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1 Preface

As opposed to the floral diversity in natural biotopes, agricultural ecosystems are
characterized by the accumulation of genetically homogenous crop plants on a
comparably large area. Such conditions favour the selection and propagation of
microbes that are enabled to colonize these crops. Insufficient pathogen and pest
management strategies and the unavailability of resistant crops, respectively, can result
in disease outbreaks that can significantly reduce crop yield and yield quality. Root
diseases represent devastating stresses in crop production, whose control is often
limited due to the reduced availability of resistant germplasms as well as of chemical
protectants and application strategies. The observed disease symptoms are often
caused by local colonization-associated tissue disintegration and by systemic effects on
green parts due to malnutrition as a result of root dysfunction and blockage of the
vascular system. In contrast to pathogenic interactions, root colonization by mutualistic
microbes adds multiple beneficial effects to plants: local and systemic protection against
pathogens, increased plant biomass, and enhanced seed production (Verma et al.,
1998; Varma et al., 1999; Peskan-Berghdfer et al.; 2004, Waller et al., 2005; Liu et al.,
2007a). However, the determinants of successful root colonization by mutualistic
microbes are only partly understood (Parniske et al., 2008). Additional complexity is
added as microbial interactions and composition at the rhizosphere might significantly
affect mutualistic symbioses - even more as it is currently hypothesized that plants
determine the microbial composition at their rhizosphere (Bressan et al., 2009;
Bednarek et al., 2010). A first step towards a successful application of mutualistic
microbes in the field is to unravel the molecular concept of such interactions. Such
studies need to follow specific aspects such as the identification of plant and microbial
factors that affect mutualistic symbioses. Equally crucial are the questions: Do
mutualists recruit the same mechanisms and follow the same strategies as pathogens
to colonize roots? How do mutualists overcome plant defense and are they harmed by
root defense? Do breeding efforts against leaf and root pathogens affect mutualistic
interactions in roots and what might be the consequence of such side effects for
agricultural production? Can we stabilize mutualistic root colonization under a broad

environmental variability in order to sustain crop production?



2 Plant-microbe interactions

A plethora of microbes is found at the phylloshere and at the rhizosphere of plants.
Among these microbes, a considerable number has evolved abilities to invade plants in
order to utilize plant-derived nutrients for reproduction. These interactions range from
pathogenic to mutualistic. In dependence on their life style, pathogens are categorized
as biotrophs, necrotrophs or hemibiotrophs. These categories reflect the varying
infection strategies as biotrophic pathogens colonize living host cells, while necrotrophs
make use of toxins to kill host tissue prior to colonization. Hemibiotrophic pathogens
follow a combined strategy consisting of an initial biotrophic and a subsequent
necrotrophic colonization phase. Mutualistic interactions are considered to be biotrophic.
Hemi-/Biotrophism is thought to represent a higher degree of adaptation as colonized
host cells have to be maintained in a viable mode. Such microbes have developed
specific feeding structures (e.g. haustoria of powdery mildew fungi, arbuscules of
arbuscular mycorrhizal fungi) to absorb plant nutrients. This provokes an exposure to
the plant’s surveillance system and respective microbes are thought to dependent on an
effective arsenal of defense-suppressing means to enhance their virulence (Bent and
Mackey, 2007; Boller and Felix, 2009). In addition, biotrophs have to manipulate host
metabolism for adequate nutritient delivery and for preprocessing nutrients in order to
allow their uptake by microbes (Vogele et al.,, 2001). In all cases, successful plant
colonization is a status in which a highly adapted microbe must have overcome the
innate immune system of its host before. This adaptation is an evolution-driven
specialization process of microbes and commonly determines host ranges and
infectable plant tissues (e.g. roots, leaves) (Bent and Mackey, 2007; Jones and Dangl|,
2006). Biotrophism is generally regarded as displaying a higher degree of specialization,
which might explain the rather narrow host ranges among such microbes compared to
necrotrophic microbes. Notably, irrespective of the underlying life style, plant
colonization is the exception as plants possess a highly effective multilayered defense
system, designated as innate immunity (Jones and Dangl, 2006; Boller and Felix, 2009).
In addition to pathogens, mutualists are confronted with innate immune responses and
should need to overcome it in order to establish compatible interactions (Garcia-Garrido
and Ocampo, 2002).

2.1  Mutualistic plant-microbe symbioses



Plant-microbe interactions are categorized by their impact on the interacting partners. In
contrast to the devastating effects of pathogens, plants gain benefits in mutualistic
symbioses with endophytes, such as abiotic stress tolerance or biotic stress resistance
in roots and shoots. Mutualistic symbioses are further described by the bidirectional
nutritient flow between the interacting partners, which is unidirectional in pathogenic
interactions. Per definition, mycorrhizal symbioses are characterized by the exchange of
nutrients between the interacting partners. Based on structural characteristics
mycorrhizal symbioses are categorized as arbuscular mycorrhizas (AM),
ectomycorrhizas, ectendomycorrhizas, ericoid mycorrhizas, arbutoid mycorrhizas,
monotropoid mycorrhizas, and orchid mycorrhizas (Peterson and Massicotte, 2004).
Based on fossil records it is hypothesized that the settlement on land by plants was
achieved in symbiosis with arbuscular mycorrhizal fungi (AMF) (Remy et al., 1994).
Mycorrhization enhances the absorbance area of plant roots, thereby improving the
acquisition of nutrients, mostly phosphate, from the soil via the plant partner. In turn,
mycorrhizas are C-heterotroph and therefore are depedent on carbohydrates delivered
by the host plant. Environmental factors determine mutualistic root interactions as, for
example, mycorrhization gradually decreases with the plant accessibility of phosphorus
in the soil. This indicates the regulatory capacity of the plant on mycorrhization. Root
colonization by mutualistic symbionts needs to be seen as a strong dependence on the
successful modification of several complex cellular and molecular events inside the host.
Root cell penetration and colonization is preceded by fungal recognition in which the
receptor SYMRK (Endre et al., 2002; Stracke et al., 2002) is essentially involved.
Subsequently, nuclear Ca®" spiking is observed for which the proteins CASTOR,
POLLUX (Imaizumi-Anraku et al., 2005) as well as the nucleoporins NUP85 and 133
(Kanamori et al., 2006, Saito et al., 2007) are required. A Ca®*-CALMODULIN-
DEPENDENT PROTEIN KINASE (CCaMK) is essential for AM development (Levy et al.,
2002; Mitra et al., 2002) and might translate the Ca?* spiking into cell responses by its
interaction with CYCLOPS, which represents a protein of unknown function (Yano et al.,
2008). Intriguingly, these proteins are also essentially required for root nodulation by
rhizobia (Parniske et al., 2008). After fungal recognition, intracellular accomodation is
initiated by the formation of a prepenetration apparatus (PPA) in host cells. The PPA is
build by rearranging the cytoskeleton and the endoplasmic reticulum (ER) to form a

tunnel, which is used like an infection thread to intracellularly colonize host cells (Genre



et al., 2005; 2008). These studies indicate the complexity of processes participating in
the establsihnment of host-mutualists interactions.

2.2 The fungal order Sebacinales

The fungal order Sebacinales was recently defined by phylogenetic studies using the
nuclear DNA sequence of the large ribosomal subunit. This order takes a central
position within the Hymenomycetidae of the fungal phylum Basidiomycota. The order
Sebacinales exclusively harbours an extraordinary diversity of beneficial fungi, which
includes ectomycorrhizas, orchid mycorrhizas, ericoid mycorrhizas, cavendishioid
mycorrhizas and jungermannioid mycorrhizas in liverworts (McKendrick et al., 2002;
Selosse et al., 2002; 2007; Kottke et al., 2003; Urban et al., 2003; Weil3 et al., 2004;
Setaro et al., 2006). Based on this mycorrhizal diversity, the Sebacinales are thought to
significantly support terrestrial ecosystems (Weil3 et al. 2004).

The phylogenetic studies divided Sebacinales into two subgroups of which subgroup A
consists of ectomycorrhizas and orchid mycorrhizas. These mycorrhizas colonize roots
of achlorophyllous or rather heterotrophic orchids by forming hyphal sheaths and
intracellular hyphae (Weil3 et al. 2004). A similar colonization pattern was found in
ectendomycorrhizal sebacinoids that were isolated from Ericaceae (Selosse et al. 2007).
Subgroup B is more heterogenic as it habours Sebacina vermifera isolates from
autotrophic orchids, ericoid mycorrhizas associated with Gaultheria shallon,
cavendishioid mycorrhizas, and liverwort-associated jungermannioid mycorrhizas (Weil3
et al. 2004; Selosse et al. 2007). The various S. vermifera isolates are particularly
interesting. Warcup (1988) isolated several orchid symbionts of this S. vermifera
complex. In contrast to sebacinoid mycobionts of group A, these fungi can be axenically
cultivated. S. vermifera isolates were hypothesized to represent a conglomerate of
species rather than one diverse species (Warcup 1988; Weil3 et al. 2004) and all
members of subgroup B might belong to the S. vermifera complex (Weil3 et al. 2004).
Although saturated sampling has not been performed, Sebacinales might have a global
distribution (Verma et al. 1998; Weil3 et al. 2004; Setaro et al. 2006; Selosse et al.
2007) as members were isolated in Australia, Europe and North America (Weil3 et al.
2004; Selosse et al. 2007). It is currently unknown whether all members can be
regarded as beneficial organisms. Mutualistic activities were found to be mediated by
those members that were analyzed, including S. vermifera isolates and Piriformsopora

indica. Colonization of monocotyledonous and dicotyledonous plants by these isolates
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resulted in growth promotion and/or enhanced disease resistance (Barazani et al.,
2005; 2007; Waller et al. 2005).

2.3 Piriformosporaindica

The fungus Piriformospora indica is embedded within Sebacinales group B with the
closest relationship to S. vermifera isolates and multinucleate Rhizoctonia (Weil3 et al.
2004). Multinucleate Rhizoctonia was originally characterized by its morphological traits.
Based on recent phylogenetic studies, this fungus was identified as a member of the
Sebacinales and it is not related to the pathogenic Rhizoctonia solani spp. and
binucleate Rhizoctonia spp., which belong to the Ceratobasidiales (Ogoshi 1987; Weil3
et al. 2004; Gonzalez et al. 2006). P. indica was isolated in the rhizosphere of two
shrubs of the Indian Thar desert, northwest Rajasthan (Verma et al. 1998). However, a
physical interaction of P. indica with these plants was not reported. The natural host of
P. indica as well as multinucleate Rhizoctonia has not been determined (Williams 1985),
while S. vermifera isolates were sampled from diverse orchid plants (Warcup 1988;
Well$ et al. 2004). P. indica occasionally produced intracellular coils in maize roots
(Varma et al. 1999), reminiscent of hyphal pelotons, which represent intracellular
infection structures of orchid mycorrhizas. This observation was supported by Blechert
et al. (1999) as colonisation of protocorms and roots of autotrophic Dactylorhiza spp.
(Orchidaceae) by P. indica was associated with the formation of hyphal coils (pelotons).
In orchid mycorrhizas, these pelotons are surrounded by perifungal membranes and
interfacial matrices separating them from the host cytoplasm. These complexes at the
plant-fungus interfaces function specifically in nutrient exchange (Peterson and
Massicotte 2004). It is unknown whether intracellular hyphae of P. indica possess
perifungal membranes and interfacial matrices enabling these organs to exchange
nutrients, as reported for orchid mycorrhizas. However, recent studies monitored an
improved phosphate supply to maize shoots by P. indica (Yadav et al., 2010) as
reported for arbuscular mycorrhizal symbioses (Parniske et al., 2008). In addition,
knock-down of a phosphate transporter of P. indica resulted in reduced phosphate
transfer to the maize shoot and correlated with the inability of the fungus to promote
plant growth (Yadav et al., 2010).

The beneficial effects conveyed by P. indica to host plants have been extensively
studied in barley (Waller et al. 2005), in wheat (Serfling et al., 2007), in Arabidopsis
thaliana (Shahollari et al. 2005; Sherameti et al. 2005), and other plants (Varma et al.,
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1999). In all cases, growth promotion was observed in colonized plants. P. indica-
mediated growth promotion might not entirely rely on phosphate transfer. A cell wall
extract (CWE) of P. indica induced, although to a lesser extent, growth promotion in
Arabidopsis. This CWE was observed to increase cytosolic Ca** currents and to
activate MITOGEN-ACTIVATED PROTEIN KINASE 6 (MPK®6), which was shown to be
required for CWE-induced growth promotion (Vadassery et al.,, 2009). In addition,
ethylene and cytokinine signaling were shown to contribute to growth promotion
(Vadassery et al., 2008; Camehl et al., 2010). In barley, wheat, and Arabidopsis, root
colonization resulted in systemic resistance in leaves against adapted powdery mildew
fungi (Waller et al., 2005; Serfling et al., 2007; Stein et al., 2008). For Arabidopsis, this
phenomenon was proven to depend on induced systemic resistance (ISR) (Stein et al.,
2008). In addition, P. indica-colonized plants acquired improved disease resistance
towards the necrotrophic root pathogens Fusarium culmorum (Waller et al. 2005), F.
graminearum (Deshmukh and Kogel 2007) as well as stem base-colonizing pathogen
Pseudocercosporella herpotrichoides (teleomorph: Tapesia yallundae) (Serfling et al.,
2007).

P. indica possesses an extraordinary broad host range among mono- and
dicotyledonous plants (Verma et al., 1998; Blechert et al., 1999; Varma et al., 1999;
Waller et al., 2005). Nonhost plants have not been detected, yet. Plant factors as well
as fungal factors participating in root colonization are almost unknown. Arabidopsis
plants lacking PYK10 are more susceptible to P. indica. PYK10 encodes a -
glucosidase/myrosinase and is a homolog of PENETRATION 2 (PENZ2), which is
involved in glucosinolate-associated defense in Arabidopsis leaves against
Golovinomyces orontii (Lipka et al., 2005; Sherameti et al.,, 2008). Further, ethylene
signaling was shown to restrict P. indica colonization (Camehl et al., 2010). Although
these studies implicated that P. indica colonization is controlled by plant innate immunity,
it remains elusive, which components and signaling pathways of the immune system
are activated by the fungus and which of them control the mutualistic interaction. Since
P. indica can be genetically transformed (Zuccaro et al., 2009; Yadav et al., 2010),
future studies will reveal, which fungal factors participate in the manipulation of host
plants.



3 Plant innate immunity

In the past decades, substantial knowledge has been gained on the molecular
mechanisms that initiate, regulate, and execute plant innate immunity. Plant innate
immunity is based on a two-branched receptor-dependent system. The recognition of
microbes is achieved by the specific detection of conserved microbial structures, such
as fungal chitin, as well as bacterial molecules such as flagellin, elongation factor TU,
peptidoglycans, or lipopolysaccharides, by plasma membrane-localized pattern-
recognition receptors (PRRs) (Gomez-Gomez et al. 1999; Kunze et al., 2004; Zeidler et
al., 2004; Zipfel et al., 2006; Gust et al., 2007; Miya et al., 2007; Wan et al., 2008;
Petutschnig et al., 2010). These components are termed microbe-associated molecular
patterns (MAMPs, syn. elicitors). Therefore, the first branch of plant innate immunity is
called MAMP-triggered immunity (MTI, syn. basal defense) (Jones and Dangl, 2006). It
was the evolution-driven capacity of plant pathogens to develop molecules designated
effectors (syn. avirulence and virulence proteins) that interfere with MTI and thus
guarantee successful reproduction on plants. Effector recognition is mediated by
RESISTANCE (R) proteins, which results in the activation of immune responses termed
effector-triggered immunity (ETI, syn. R protein-mediated resistance) (Jones and Dangl|,
2006). Several studies indicated an arms race between plants and microbes. As
microbes evolve new effectors to overcome ETI, plants develop adequate R proteins to
re-establish immunity. However, the inability of microbes to colonize the majority of
plants is mediated by nonhost resistance (NHR) (Heath, 2000). NHR is genetically
determined and its high effectiveness and sustainability is based on the fast and
concerted activation of multilayered plant defense responses (Lipka et al., 2005). NHR
is currently believed to be activated by processes determined by MTI and possibly ETI
(Jones and Dangl, 2006; Lipka et al., 2008).

3.1 MAMP-triggered immunity

MAMP-triggered immunity (MT]I) is a complex defense response (Boller and Felix, 2009)
that significantly contributes to resistance against pathogens (Zipfel et al., 2004; 2006).
In most cases, MTI is already sufficient to stop plant colonization by microbes. MAMP
recognition is a highly specific process. The currently known PRRs have been mostly
identified in Arabidopsis. Immune responses activated after recognition of chitin by
CERK1, flagellin (or its active epitope flg22) by FLS2, and elongation factor TU (or its
active epitope elf18) by EFR are among the best studied. Interestingly, microarray-
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based studies indicated a high similarity in innate immune responses irrespective of the
applied MAMP (Wan et al., 2008). Common to MTI signaling is the immediate
phosphorylation and thus activation of MITOGEN-ACTIVATED PROTEIN KINASE
(MAPK) cascades after MAMP recognition (Desikan et al., 2001; Asai et al., 2002). The
various MAPK pathways activate different transcription factors such as those of the
WRKY family (e.g. WRKY22, WRKY29, WRKY33, WRKY53) (Colcombet and Hirt,
2008). WRKYs are known regulators of defense gene expression; for instance WRKY33
has been demonstrated to induce PAD3 transcription, which encodes a protein involved
in the synthesis of the phytoalexin camalexin (Qiu et al., 2008). MAMP recognition
immediately induces ion influxes (e.g. Ca*). Ca** has been shown to activate
CALCIUM-DEPENDENT PROTEIN KINASES (CDPKs), which parallels MAPK
phosphorylation (Boudsocq et al., 2010). As recently demonstrated, CDPKs activate a
set of transcription factors in a MAPK-dependent, -independent or synergistic manner
(Boudsocq et al., 2010). CDPKs further participate in the activation of plasma
membrane-bound NADPH oxidases. Among them, RESPIRATORY BURST OXIDASE
HOMOLOG D (RBOHD) is responsible for the rapid production of reactive oxygen
species, known as oxidative burst (Zhang et al., 2007). The ROS burst is discussed to
have direct antimicrobial activity and to participate in the defense-associated
hypersenstive response, which represent a single cell death to stop pathogen invasion
(Apel and Hirt, 2004). Furthermore, OXIDATIVE SIGNAL-INDUCIBLE1 (OXI1) is
thought to integrate ROS signaling by phosphorylating the MAPKs MPK3 and MPKG6
(Rentel et al., 2004). In addition to camalexin, indole glucosinolates (IGS) represent
another group of antimicrobial metabolites that are produced after MAMP recognition
and significantly contribute to halt microbial invasions (Bednarek et al., 2009, Clay et al.,
2009). IGS synthesis is mediated by the transcription factor MYB DOMAIN PROTEIN
51 (MYB51) (Gigolashvili et al., 2007). Microbial attack also results in the generation of
endogenous elicitors defined as damage-associated molecular patterns (DAMPS) such
as fragments of the plant cell wall or oligogalacturonides (Galletti et al., 2008). Recently,
Arabidopsis WALL-ASSOCIATED KINASE 1 (WAK1) was identified as
oligogalacturonide receptor that, upon stimulation, triggers defense responses against
fungal and bacterial pathogens (Brutus et al., 2010). Interestingly, MTI includes the
induction of PRECURSOR OF PEPTIDE 1 (PROPEP1) and its homologs (PROPEP2-7)
in Arabidopsis, which encode PEP1-PEP7. The plasma membrane-localized receptors
PEPR1 and PEPR2 recognize PEP1-PEP6 and PEP1-PEP2, respectively, thereby
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activating immune pathways similar to flg22 (Huffaker et al. 2006; Yamaguchi et al.,
2010). Moreover, pretreatment of leaves with PEP1-PEP7 elevates resistance against
bacterial invasion, which is dependent on functional PEPR1 and PEPR2 (Yamaguchi et
al., 2010). Nowadays, DAMP signaling is thought to sustain MTI (Ryan et al., 2007). In
addition, phytohormones such as ethylene (ET), salicylic acid (SA), and jasmonic acid
(JA) significantly contribute to and sustain innate immunity (Tsuda et al., 2009). SA
synthesis is induced downstream of MAPK activation (Tsuda et al., 2008) as well as
after Ca®" influx via the CALMODULIN-BINDING PROTEIN 60g (CBP60g) (Wang et al.,
2009). SA is well known to regulate defense genes (Wiermer et al., 2005; Tsuda et al.,
2008). Although a SA receptor has not been identified, several signaling components
have been isolated. ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and
PHYTOALEXIN DEFICIENT 4 (PAD4) are early mediators of SA-related defense
signaling (Wiermer et al., 2005). Downstream of both proteins lies NONEXPRESSOR
OF PR1 (NPR1), which takes a central role in SA-related gene regulation (Dong, 2004).
Under non-stress conditions, NPR1 is found as oligomer in the cytosol. In response to
SA, NPR1 monomerizes and interacts with the nuclear bZIP transcription factor TGAL,
thereby enhancing its DNA-binding activity and the regulation of PR genes. The NPR1-
TGAL interaction is driven by the cellular redox state. and nitric oxide is essentially
involved (Mou et al., 2003; Tada et al., 2008, Lindermayr et al., 2010). JA is another
hormone that is synthesized in response to microbial attack. JA synthesis starts from a-
linolenic acid, which is processed in successive enzymatic reactions to JA (Browse,
2009). JASMONATE RESISTANT 1 (JAR1) is encoding an amino acid transferase that
converts JA to its defense activating derivative JA-isoleucine (JA-lle) (Staswick and
Tiryaki, 2004). JA signaling is initiated by binding of JA-lle to the F-BOX protein
CORONATINE INSENSITIVE 1 (COI1). COI1 binding to JASMONATE ZIM-DOMAIN
(JAZ) proteins, which functions as repressors of JA signaling, results in their
ubiquitination and subsequent degradation via the 26S proteasome (Chini et al., 2007;
Thines et al., 2007). For instance, JAZ3 directly binds to JASMONATE INSENSITIVE 1
(JIN1), which encodes the transcription factor MYC2, and JAZ3 degradation induces
JIN1-mediated JA responses (Chini et al., 2007). The Arabidopsis genome encodes 12
JAZ proteins, whose targeted degradation is thought to give specificity to JA responses
(Browse 2009). In terms of plant immunity, JA- and ethylene (ET)-related defense
signaling are interwoven (Galzebrook 2005, Pieterse et al., 2009). In Arabidopsis,

ethylene perception is mediated by five ER membrane-bound receptors, of which
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ETHYLENE TRIPLE RESPONSE 1 (ETR1) is taking a dominant role. In the absence of
ET, these receptors activate the Raf-like kinase CONSITUTIVE TRIPLE RESPONSE 1
(CTR1). thereby negatively regulating the ET response pathway (Kieber et al., 1993).
The receptors are inactivated after ET binding, resulting in the deactivation of CTR1,
while signaling of downstream effectors like ETHYLENE INSENSITIVE 2 (EIN2) is
initiated (Guo and Ecker, 2004; Wang et al., 2002). In turn, EIN2 activation interferes
with the degradation of the positive ET regulators, transcription factors ETHYLENE
INSENSITIVE 3 (EIN3) and EIN3-like 1 (EIL1), by the F-BOX proteins EIN3-BINDING
F-BOX 1 and 2 (EBF1, EBF2) (Guo and Ecker, 2003). The transcription factors
ETHYLENE RESONSE FACTOR 1 (ERFl1) and OCTADECANOID-RESPONSIVE
ARABIDOPSIS AP2/ERF 59 (ORA59) have been found to integrate ET- and JA-related
plant immune signaling (Lorenzo et al., 2003; Pré et al., 2008). Interestingly, plants
impaired in ethylene signaling display an impaired flg22 response in Arabidopsis
(Mersmann et al., 2010). It was demonstrated that EIN3 directly regulates FLS2 in a
positive feedback loop, which is required for proper flg22-triggered immunity (Boutrot et
al., 2010).

JA/ET defense is generally regarded to effectively stop necrotrophic pathogens, while
SA defense restricts plant invasions by biotrophic microbes. Several studies indicated
the antagonism between both hormone pathways in that SA signaling suppresses
JA/ET responses and vice versa (Glazebrook 2005). Microbes were even found to
hijack this antagonism to enhance plant susceptibility. For instance, plant pathogenic
bacteria Pseudomonas syringae produce the JA mimicking molecule coronatine
(Bender et al., 1991) to suppress the otherwise antimicrobial activity of SA signaling
(Feys et al., 1994; Kloek et al., 2001). In plants, transcription factors WRKY70, TGA2, 5,
and 6 as well as GLUTAREDOXIN 480 (GRX480) have been identified as positive
regulators of SA signaling that suppress the JA pathways (Ndamukong et al., 2007; Li et
al., 2004; Zander et al., 2010). In turn, JIN1 is required to suppress SA signaling
(Laurie-Berry et al., 2006). Gibberellic acid (GA) represents a hormone that modulates
JA-SA crosstalk. GA signaling is blocked by DELLA proteins. Upon perception of GA,
the GA receptor GA INSENSITIVE DWARF1 (GID1) binds to DELLA proteins in order to
mediate their ubiquitination and proteasome-mediated degradation (Sun, 2008).
Interestingly, flg22 was found to stabilize DELLA protein REPRESSOR OF GA (RGA) in
a FLS2-dependent manner even in the presence of GA (Navarro et al., 2008). Bacteria

stabilized DELLA proteins to enhance plant susceptibility. DELLA proteins negatively
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regulate SA defense. By contrast, plants lacking DELLA proteins show enhanced
resistant against P. syringae, which is associated with a pronounced SA defense.
Consistently, GA insensitive plants are more susceptible (Navarro et al., 2008). In the
same studies, GA signaling was shown to have opposite effects on defense signaling
against the necrotrophic fungi Botrytis cinerea and Alternaria brassicicola. Plants
lacking DELLA proteins were more susceptible and GA insensitive plants were more
resistant against both pathogens. It was found that JA signaling was strongly impaired
in the della mutants, while genetically determined GA insensitivity resulted in enhanced
JA signaling (Navarro et al., 2008). In addition to GA, abscisic acid (ABA) modulates JA-
SA crosstalk as it supports JA but inhibits SA signaling (Asselbergh et al., 2008). ABA
deficient tomato plants are more resistant against B. cinerea (Audenaert et al., 2002,
Asselbergh et al., 2007). Interestingly, the resistance is associated with enhanced SA
defense indicating ABA suppression of SA signaling (Audenaert et al., 2002). In addition,
ABA suppresses basal and JA/ET-related defense, while ABA-deficiency leads to
enhanced resistance against Fusarium oxysporum in Arabidopsis (Anderson et al.,
2004). However, ABA does not have a unidirectional impact on plant-pathogen
interactions. In dependence of the interaction stage, ABA has opposite effects on
Arabidopsis leaf colonization by P. syringae pv. tomato (Pst). Stomata closure is
arranged after bacterial recognition, which is mediated by ABA and represents an
effective barrier to stop Pst entry into the intercellular space. To counteract this immune
response, Pst was shown to release coronatine to suppress ABA signaling resulting in
stomata reopening (Melotto et al., 2006). By contrast, ABA mediates susceptibility at
later interaction stages. Pst actively elevates ABA and JA in leaves by secreting
effectors into host cells, thereby abrogating callose deposition and MTI (de Torres-
Zabala et al., 2007). In addition, ABA mediates a reduction of lignin- and SA synthesis
as well as the suppression of the phenylpropanoid pathway and various defense-related
genes (Ward et al., 1989; Mohr and Cahill, 2007). In sum, these studies draw a network

of phytohormones in balancing and substantiating MTI.

3.2  Effector-triggered immunity

Effector-triggered immunity (ETI) is described as a second branch of innate immune
signaling. On the molecular base, ETI is highly similar to MTI although the immune
signaling and responses are stronger and faster (Navarro et al., 2004; Jones and Dangl|,

2006). Effectors are released by microbes in order to manipulate host targets and thus
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to establish compatibility and to enhance their virulence in susceptible hosts. This
process is termed effector-triggered susceptibility (Jones and Dangl, 2006). Effectors
might have apoplastic or cytoplasmic host targets (Kamoun, 2006). ETI is activated by
direct binding of microbial effectors to NB-LRR type receptors or by recognition of
effector-mediated alterations on host targets (syn. microbe-induced modified self
pattern) by the same type of receptors (Jones and Dangl, 2006). These receptors
contain a nucleotide binding (NB) and leucin-rich repeat (LRR) domain and are encoded
R genes. In contrast to PRRs, which detect conserved molecules that are found in a
plethora of microbes, R proteins detect race-specific effectors and thus mediate race-
specific resistance (Jones and Dangl, 2006). Direct detection of effectors follows the
principles of the gene-for-gene model. The recognition of modified self patterns due to
effector activity is described by the guard model. In this model, the effector target,
termed guardee, is guarded by the R protein, which detects target modifications. By this
means, it is hypothesized that one R protein might guard multiple guardees (Dangl and
Jones, 2001). Importantly, manipulation of the host target is thought to improve
pathogen fitness and colonization success. There is now mounting evidence that this
might not always hold true. In some cases, manipulation of the effector target does not
enhance pathogen fitness. It is proposed that plants have evolved decoys to trap
effectors in order to prevent effector action on the operative (true) host target. In the
proposed decoy model, these decoys are guarded by R proteins in order to monitor
effector action and to induce ETI (van der Hoorn and Kamoun, 2008). Surveillance of
modifications of guardees or decoys offers an essential advantage as it induces ETI in
response to effector action. The pathogen might avoid ETI by discarding the respective
effector or adjust its activity (Dangl and Jones, 2006). In sum, recognition of microbe-
induced modified self patterns might be a more effective strategy of plants compared to

direct effector binding in terms of surveillance and protection.

3.3  The endoplasmic reticulum in plant innate immun ity

Biotic stress responses of plants include an increased synthesis and release of proteins
participating in immune signaling or with a direct antimicrobial activity. A considerable
number of these proteins enter the secretory pathway to reach their final destination.
The ER is the first organelle of the secretory pathway and is essential for proper
processing and folding of glycoproteins or secreted proteins. After cotranslational

translocation via the SEC61 translocon complex, most of the native proteins are N-
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glycosylated by the OLIGOSACCHARYLTRANSFERASE complex (OST). In plants
OST consists of DAD2, OST1, OST2 (DAD1), OST3, OST4, STTA3a, STTA3b, SWP1,
WBP1 (Kelleher and Gilmore, 2006). At this stage, native proteins are attached to
LUMINAL BINDING PROTEINS (BIPs) to guarantee their retention in the ER for further
processing. After deglucosylation of the two outermost glucose units of the N-linked
oligosaccharide by GLUCOSIDASE | and |Il, native proteins enter the
CALNEXIN/CALRETICULIN (CNX/CRT) cycle for proper protein folding. In addition,
free thiol groups are converted into intramolecular disulfide bonds by PROTEIN
DISULFIDE ISOMERASE (PDIs). The process of CNX/CRT-mediated folding is
supervised by UDP-GLUCOSE:GLYCOPROTEIN GLYCOSYLTRANSFERASE (UGGT).
Incorrectly folded proteins are reglucosylated to reenter the CNX/CRT cycle. Properly
folded proteins enter the Golgi apparatus for further processing. Misfolded proteins are
determined for ER-associated degradation (ERAD), which is initiated by ER
DEGRADATION-ENHANCING a-MANNOSIDASE-LIKE LECTINS (EDEMs). EDEMs
recognize a-1,6-linked mannose of oligosaccharides and prevent protein aggregation.
All processes associated with ER-localized protein folding and assembly, are
summarized as ER-Quality Control (ER-QC).

A considerable number of proteins involved in immune signaling (e.g. PRRs) or with a
direct antimicrobial activity (e.g. several pathogenesis-related (PR) proteins) are
passing the secretory pathway. Malfunction of components of the secretory pathway
were found to impair plant innate immunity. For instance, disturbance of ER-QC
affected immune signaling as STT3a, CRT3 (and partially CRT1, CRT2), UGGT,
GLUCOSIDASE lla and I as well as STROMAL-DERIVED FACTOR 2 (SDF2) and
ERdJ3B, which build a complex with BIPs, were essentially required for processing of
the PRR ELONGATION FACTOR-TU RECEPTOR (EFR) (Li et al., 2009; Lu et al.,
2009; Nekrasov et al., 2009; Saijo et al., 2009). Interestingly, this ER-QC impairment did
not influence the PRRs CERK1 or FLS2 function. In addition, SA application, which
results in the fast induction of defense genes, up-regulated components of the ER-QC
(Wang et al., 2005). This induction was mediated or facilitated by NPR1. Promoter
studies revealed a significant enrichment of the cis element TL1 in promoters of the up-
regulated ER-QC genes. Promoter mutagenesis proved the relevance of the TL1-
element for gene induction. However, the corresponding transcription factor remains

elusive (Wang et al., 2005). Consistently, SA-dependent defense against the bacterial
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pathogen P. syringae pv maculicola (ES4326) was dependent on UGGT and STT3a
(Saijo et al., 2009).

ER working load and, thus, ER-QC activities vary depending on the developmental
stage or the occurrence of external stresses. In case ER-QC does not meet the demand
of protein processing, ER stress occurs triggered by the enrichment of misfolded
proteins. ER stress is perceived by ER-localized transmembrane receptors, which
activate the unfolded protein response (UPR). UPR is regarded as an adaptive process
of cells to reestablish ER-QC and to relieve ER stress (Malhotra and Kaufman 2007). In
mammals, the UPR comprises the induction of ER chaperones (e.g. BIPs), elevated
ER-associated degradation (ERAD), and attenuated translation of secreted proteins
(Malhotra and Kaufman 2006). A comparable UPR was also observed in plants
(Kamauchi et al., 2005; Iwata et al., 2008). However, compared to mammalian systems,
processes associated with UPR signaling are less well understood. In plants, bZIP28
and bZIP60 were shown to be important for UPR regulation and, in addition to bZIP17,
might function as ER stress sensors (lwata et al., 2008; Liu et al., 2008). This is an
astonishing analogy to mammals, in which, in addition to PERK1 and IRE, the bZIP
transcription factors XBP1, ATF4 and ATF6 take a central role (Malhotra and Kaufman,
2006). The same sensors also initiated programmed cell death (PCD) under conditions
of severe or prolonged stress (Szegedi et al., 2006). In contrast, the role of plant bZIPs
in PCD regulation is unknown, although severe ER stress ends in an genetically
determined cell death, in which the negative cell death regulator BAX INHIBITOR-1 (BI-
1) is essentially involved (Malerba et al., 2004; Watanabe and Lam, 2008). BI-1 is
thought to control Ca?* transfer from the ER into the cytosol (Ihara-Ohori et al., 2007), a
characteristic response of ER stress-induced PCD in mammals (Rasheva and
Domingos, 2009). Recently, a link of ER-induced PCD and innate immunity was given
as an ER-localized Ca®*-ATPase was shown to negatively regulate PCD as part of MTI,
ETI, and nonhost resistance against viral and bacterial pathogens (Zhu et al., 2010).

3.4  Root innate immunity

The knowledge and proposed models of innate immunity almost exclusively describe
the situations in leaves. It is currently almost unknown how root innate immunity is
organized and whether it features common or distinct characteristics of leaf defense.
This lack of information bears potential drawbacks as crop plants benefit from

interactions with mutualistic root colonization. Therefore, improving leaf or root
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resistance of crop plants against antagonists might have detrimental effects in crop
production. Furthermore, studies of the barley and rice root colonization by
Magnaporthe grisea revealed the ability of a leaf pathogen to enter aboveground tissue
via the root (Sesma and Osbourn, 2004). Notably, in dependence of the attacked tissue,
M. grisea displayed different colonization strategies. For this tissue-adaptive invasion, M.
grisea obviously required a different set of host proteins (Dufresne and Osbourn, 2001).

Recent studies indicated a MAMP-induced surveillance system in Arabidopsis roots
comparable to leaf MTI (Millet et al., 2010). It was demonstrated that root immunity was
activated in response to the MAMPs flg22, elf18, and chitin similar to the situation in
leaves. In addition, phytohormones have been reported to affect root colonization by
pathogens. Arabidopsis root colonization by the oomycete Phytophthora parasitica was
associated with the transient activation of SA- and JA-related defenses, while ET
defense was constitutively induced. All hormones contributed to plant defense as
respective mutants impaired in hormone synthesis or signaling were more susceptible
to the oomycete (Attard et al., 2010).

In mycorrhizal symbioses, early colonization of pea and rice roots was accompanied by
a transient increase in SA synthesis. An involvement of SA-related defense in restricting
mutualistic colonization was indicated in rice roots. Here, root treatment with SA
resulted in reduced root colonization (Blilou et al., 2000). Accordingly, incompatibility of
a pea mutant to arbuscular mycorrhizal (AM) colonization was associated with
prolonged SA synthesis (Blilou et al., 1999), while tobacco NahG plants that were SA
deficient displayed an increase in AM invasion and arbuscule formation (Herrera
Medina et al., 2003). It is proposed that AM fungi suppress initial SA-related defense
during early colonization stages (Gutjahr and Paszkowski, 2009). Comparable to the
situation in leaves, JA synthesis and signaling might be recruited by mycorrhizal fungi to
counteract SA-induced activities. JA levels were increased in roots of Medicago
truncatula and barley during mycorrhizal colonization (Hause et al., 2002; Isayenkov et
al.,, 2005; Stumpe et al.,, 2005). Moreover, JA deficiency in M. truncatula mutants
resulted in reduced AM colonization (Isayenkov et al., 2005).

All the above mentioned studies indicated MTI in roots during mutualistic or pathogenic
interactions and the observed responses resemble MTI in leaves. Interestingly, R
protein-mediated resistance (ETI) has not been observed in roots interacting with
oomycetes or bacteria. So far, root ETI was just reported for the rice-M. grisea
interaction (Sesma and Osbourn, 2004). Future studies will clarify whether root ETI
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against pathogens is the exception or whether our current knowledge reflects a deficit in
scientific investigations. Notably, ETI is commonly observed in roots of various plants
colonized by parasitic root-knot and cyst nematodes (Fuller et al., 2008). Mi-1-mediated
resistance against the root-knot nematode Meloidogyne javanica is among the best
studied examples for ETI in roots, which is associated with HR. Similar to foliar R
proteins, Mi-1 resistance against M. javanica is dependent on the chaperone HSP90 as
plants silenced in this protein exhibited a compromised Mi-1 immunity (Bhattarai et al.,
2007). In sum, roots obviously possess the mechanistic, genetic and biochemical
repertoire to perform ETI. It remains to be answered whether ETI is also a more
common response to stop root pathogens.
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4 Specific comments on this work

The articles 5.1-5.7 describe the colonization strategy of P. indica. In molecular studies
P. indica was found to exert a broad-spectrum suppression of root innate immunity and
to differentially regulate genes participating in the synthesis and signaling of various
phytohormones (5.1, 5.3, 5.4). The phytohormones gibberellic acid (5.1, 5.3) and
ethylene (5.2) essentially contributed to plant root colonization. Especially GA might
counteract salicylic acid-related defense, which was found to effectively restrict
colonization of Arabidopsis roots by P. indica (5.4). Successful root colonization was
dependent on the suppression of root innate immunity and this ability might explain the
extraordinary broad host range of P. indica (5.4). Cell biological studies indicated that P.
indica colonized living cells of Arabidopsis roots (5.4). By contrast, at later interaction
stages, successful root colonization was dependent on root cell death as observed in
Arabidopsis and barley (5.5-5.7). The cell death programme was found to be initiated by
an uncoupled ER stress signaling response that was induced by P. indica. This ER
stress resulted in the execution of a vacuole-mediated capase-dependent cell death
(5.7).

The fungus Piriformospora indica transfers several benefits to colonized plants including
systemic resistance in leaves against the fungus Blumeria graminis f.sp. hordei as well
as salt tolerance. The articles 5.8-5.11 describe research on the benefits mediated by P.
indica and closely related Sebacina sp. in barley, P. indica-mediated salt tolerance was
associated with reduced lipid peroxidation, metabolic heat production, and fatty acid
desaturation in addition to an increase in the antioxidative capacities in colonized barley
(5.8). Array-based studies identified genes that were systemically induced in barley
leaves as a result of root colonization by P. indica. HSP70 might be regarded as marker
for root colonization by Sebacina sp. as it was additionally induced in leaves in
response to root colonization by three Sebacina vermifera isolates, which are closely
related to P. indica (5.9). P. indica and other sebacinoid fungi showed species-specific
and endosymbiotic associations with bacteria. These bacteria mediated, although to
weaker extent, beneficial effects to co-cultured plants as reported for their fungal hosts.
The beneficial effects observed in plants colonized by sebacinoid fungi might therefore
partially rely on the activities of the endosymbiotic bacteria (5.10, 5.11). The state-of-
the-art in the field of P. indica and sebacinoid fungi-related research is comprehensively
discussed in 5.11. Special emphasis is given to the close relationship of P. indica to

orchid mycorrhizas (5.11).
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In order to functionally analyze plant proteins involved in symbiotic and pathogenic root-
microbe interactions, a fast and robust system for generation of stable transformation of
barley roots was developed (5.12). This system allows examining proteins within 6-8
weeks. A prerequisite for the release and cultivation of genetically modified crop plants
is the elucidation of transgenic effects on the plant metabolome and transcriptome. In
field-based studies, barley plants were released that express a fungal chitinase or a
chimeric bacterial B-glucanase. These studies indicated that the targeted introduction of
a transgene has little if any effects on the plant metabolome and transcriptome and
were almost undetectable in comparison to the transfer of traits by classical breeding

strategies (5.13).
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SUMMARY

Fungi of the order Sebacinales (Basidiomycota) are involved in a wide spectrum of mutualistic symbioses with
various plants, thereby exhibiting unique potential for biocontrol strategies. Piriformospora indica, a model
organism of this fungal order, is able to increase the biomass and grain yield of crop plants, and induces local
and systemic resistance to fungal diseases and tolerance to abiotic stress. To elucidate the molecular basis for
root colonization, we characterized the interaction of P. indica with barley roots by combining global gene
expression profiling, metabolic profiling, and genetic studies. At the metabolic level, we show that fungal
colonization reduces the availability of free sugars and amino acids to the root tip. At the transcriptional level,
consecutive interaction stages covering pre-penetration-associated events and progressing through to root
colonization showed differential regulation of signal perception and transduction components, secondary
metabolism, and genes associated with membrane transport. Moreover, we observed stage-specific
up-regulation of genes involved in phytohormone metabolism, mainly encompassing gibberellin, auxin and
abscisic acid, but salicylic acid-associated gene expression was suppressed. The changes in hormone
homoeostasis were accompanied with a general suppression of the plant innate immune system. Further
genetic studies showed reduced fungal colonization in mutants that are impaired in gibberellin synthesis as
well as perception, and implicate gibberellin as a modulator of the root’s basal defence. Our data further reveal
the complexity of compatibility mechanisms in host-microbe interactions, and identify gibberellin signaling as
potential target for successful fungi.

Keywords: compatibility, gibberellin, plant defence, plant hormone, symbiosis, mutualism.

INTRODUCTION

Despite the intensive measures taken to protect crops from interacting parasitic or beneficial microbial partners

diseases and pests, recent evaluations have shown that
continuously increasing total crop production is accom-
panied by increased yield losses due to biotic and abiotic
stresses (Oerke and Dehne, 2004; Lobell and Field, 2007).
One solution to this problem is to improve crop production
strategies to make them more reliable for the producer and
safer for consumers and the environment (Cook, 2006). A
key to this is to increase knowledge of the intricate and
dynamic communications between crop plants and their

© 2009 The Authors
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(Khush, 2005). By elucidating ‘compatibility mechanisms’,
i.e. mechanisms of either disease or beneficial symbiosis
development and the molecular networks supporting
microbial virulence, key processes can be identified
and exploited to develop more sustainable measures
based on either novel chemicals or genetically improved
crop plants.

In nature, plants are generally colonized by a range of
fungal microbes that may have detrimental, neutral or
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beneficial effects on their hosts. For a unifying and balanced
view on compatibility mechanisms, it is essential to study
the parasitic lifestyles of biotrophs and hemi-biotrophs as
well as those of mutualistic fungi (Kogel et al., 2006; Kogel,
2008; and references therein). Compatibility in host-microbe
systems depends on biochemical interplay between mole-
cules of the interacting partners, resulting in host recogni-
tion, host invasion, microbial nutrition, host colonization
and microbial reproduction (Végele and Mendgen, 2003;
Hickelhoven, 2005, 2007; O’Connell and Panstruga, 2006;
Robert-Seilaniantz et al., 2007; Speth et al., 2007). More
specifically, conserved microbe-associated molecular pat-
terns (MAMPs) and microbe-induced molecular patterns
(MIMPs), lead to recognition of invaders by the plant (Jones
and Dangl, 2006; Bent and Mackey, 2007). MAMP/MIMP
recognition is achieved by plasma membrane-localized
pattern recognition receptors (PRRs) initiating MAMP-trig-
gered immunity (MTI). Successful in planta development of
biotrophic and hemi-biotrophic pathogens and most prob-
ably microbial symbionts is entirely dependent on the
release of effector molecules that specifically interfere with
MTI and result in the phenomenon called effector-triggered
susceptibility (Jones and Dangl, 2006). This distinct early
phase of plant defence suppression is followed by a second
phase of effector-mediated metabolic reprogramming of the
host tissue that eventually results in successful microbial
establishment (Cui et al., 2005; Gohre and Robatzek, 2008).

The root-colonizing basidiomycete Piriformospora indica
is the archetype of the recently established mycorrhizal
order Sebacinales (Weiss et al., 2004). Hallmarks of the
mutualistic symbioses formed by these fungi with a broad
range of mono- and dicotyledonous plants are growth
promotion, yield increases, enhanced resistance to root
and leaf pathogens, and abiotic stress tolerance (Waller
et al., 2005; Deshmukh and Kogel, 2007; Shahollari et al.,
2007; Stein et al., 2008). The colonization patterns of the
various root regions show some qualitative differences that
distinguish P. indica from obligate biotrophic arbuscular
mycorrhizal fungi. The highest fungal biomass was found in
the differentiation and root hair zones, and the meristematic
zone was less extensively colonized (Deshmukh et al., 2006).
In contrast, arbuscular mycorrhizal fungi are known to
preferentially colonize younger root parts, as physiological
activity of host cells is a prerequisite for efficient nutrient
exchange between the symbiotic partners (Karandashov
and Bucher, 2005). Indeed, one of the main qualitative
differences between arbuscular mycorrhizal fungi (Glomer-
omycota) and P. indica mycorrhiza (Basidiomycota) is the
dependence on cell death for root colonization at late
interaction stages (>5 days after inoculation). However, this
cell death-associated colonization does not lead to root
necrotization as seen for hemi-biotrophic or necrotrophic
fungi. Therefore, the term necrotrophy is misleading, and
‘cell death-dependent colonization” is a more precise

description of this interaction phase (Schafer and Kogel,
2009). The dependence on host cell death was also shown in
barley plants constitutively over-expressing the negative cell
death regulator BAX INHIBITOR-1. As a result of the genet-
ically increased cell viability, fungal root colonization was
significantly reduced in these transgenic plants (Deshmukh
et al., 2006). However, recent transmission electron micro-
scopic analyses have revealed an initial biotrophic phase
preceding the cell death-dependent colonization stage
(P. Schéafer and B. Zechmann, unpublished results).

In the present study, we have assessed the response of
barley roots to P. indica colonization by transcriptional and
metabolic profiling. The most significant changes were
observed in genes associated with signal perception and
transduction, secondary metabolism, plant defence and
hormone metabolism. These studies revealed complex
interplay of P. indica with its host, during which gibberellin
may be recruited to manipulate plant defence and to initiate
the mutualistic symbiosis.

RESULTS

The transcriptome reflects a biphasic colonization of barley
roots by Piriformospora indica

In an initial microscopic study, extracellular colonization of
roots was seen within 1-2 days after inoculation (dai) with
P. indica chlamydospores, during which fungal hyphae fre-
quently fused in order to form an initial extracellular net-
work. By 3 dai, intercellular hyphae were visible and single
rhizodermal cells were penetrated without the formation of
specific penetration organs. By 7 dai, large areas of the root
surface were covered with P. indica mycelium, and inter-
and intra-cellular hyphae were abundant in the rhizodermis
and cortex. Fungal sporulation was most frequently initiated
at approximately 14 dai (Figure 1). Root colonization was
generally not accompanied by the emergence of structural
and biochemical defence barriers, and did not coincide with
tissue necrotization even at later cell death-associated
interaction stages.

The time points 1, 3 and 7 dai were chosen for further
analyses, as distinct interaction stages were covered: extra-
cellular fungal development (1 dai), penetration-associated
and early colonization events (3 dai), and progressive root
cell colonization (7 dai). For transcriptome profiling, a cus-
tom-made 44K Agilent microarray was designed, consisting
of approximately 40 000 probe sets (see Experimental
procedures). Of these, 392 (1 dai), 459 (3 dai) and 509
(7 dai), respectively, were differentially regulated P. indica-
colonized roots compared to mock-treated roots (Figure 2),
while 1107 genes were differentially regulated at one of
the three time points at least [Table S1, complete data
accessible at the National Center for Biotechnology Infor-
mation Gene Expression Omnibus (GEO) database (Edgar
et al., 2002), accession GSE13756]. However, fewer than
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Figure 1. Schematic overview of barley root
colonization by Piriformospora indica.

After chlamydospore germination (at approxi-
mately 12 h after inoculation), the fungus started
to penetrate rhizodermal cells and intercellularly
colonize the root cortex (3 dai). Subsequently,
the fungus infests the root extra-, inter- and intra-
cellularly. At approximately 7 dai, the fungus
builds inter-/intra- and extra-cellular networks.
Fungal sporulation is most frequently observed
at approximately 14 dai. Fungal structures were
stained using WGA-AF 488.
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Figure 2. Number of Piriformospora indica-responsive barley root genes.
Numbers of differentially regulated genes after root inoculation with fungal
chlamydospores at 1, 3 and 7 dai, displayed as a Venn diagram. Light grey,
induced genes; grey, suppressed genes; black, genes that are induced at one
time point but suppressed at the other given time point.

10% of the identified genes at 1 dai showed altered expres-
sion at 3 (9%) and 7 dai (9.5%). In contrast, more genes
displayed an overlapping expression pattern between 3
and 7 dai (approximately 40-50%). Interestingly, although
approximately 50% of the genes were induced or sup-
pressed at 1 dai, approximately 75% of genes were induced
and only 25% suppressed at 3 and 7 dai.

The Agilent array data were verified by quantitative
PCR with gene-specific primers for the genes encoding
terpene synthase 7, syn-copalyl diphosphate synthase and a
putative abscisic acid-induced protein (genes that showed
broad variations in induction/suppression levels; Figure S1).

P. indica-colonized roots displayed pronounced alterations
in expression of genes involved in stress responses

Annotation of differentially regulated genes resulted in 15
functional groups and two groups comprising either

© 2009 The Authors
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unknown ESTs (380 genes, 34.3%) or genes that could not be
assigned to any group (34 genes, 3.1%) (Figure 3, Table 1
and Table S1).

Genes involved in plant defence/stress responses repre-
sent the largest group of differentially regulated genes (151
genes, 13.6%). Likewise, many signalling components were
affected by P. indica (90 genes, 8.1%). Genes participating in
secondary metabolism (58, 5.2%), those encoding trans-
porters/channels/pumps (53, 4.8%), and those involved in
transcription/protein biosynthesis (48, 4.3%) also showed
pronounced transcriptional alteration. In contrast, nutrient
storage (13, 1.2%), cellular trafficking/cytoskeleton (20,
1.8%), cell-wall metabolism (21, 1.9%) and DNA metabo-
lism/genome organization (23, 2.1%) were only weakly
influenced.

Most functional groups showed a stage-dependent
expression profile. Genes associated with transcription/
protein biosynthesis and signalling were strongly transcrip-
tionally altered at 1 dai. Components of secondary metab-
olism and transporters/channels/pumps showed the
greatest differences at 3 dai. Finally, transcripts of receptors
and proteins involved in plant defence/stress responses
exhibited a higher degree of differential regulation at 3 and
7 dai (Table 1).

P. indica interferes with plant defence and affects signal
perception and transduction

The diverse set of defence/stress-responsive genes induced
or suppressed by P.indica encoded ‘defence-related’
proteins (e.g. R proteins, PR proteins) as well as genes
encoding ‘stress-responsive’ enzymes (e.g. laccases, late-
embryogenesis-abundant proteins/dehydrins), indicating
that P. indica elicited a rather non-specific defence reaction.
As approximately 4% of all ESTs on the array were defined
as defence/stress-related, their pronounced differential reg-
ulation cannot be explained by their exceeding presence on
the array. At 1 dai, 11% of differentially regulated genes (25
induced/18 suppressed) were classified in this category,
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Down-regulated transcripts

Up-regulated transcripts

Figure 3. Functional categories of genes in bar-
ley roots that were differentially regulated upon

1 dai | NN ] [ TN W . s o
1dal — Piriformospora indica colonization.
S i I Coloured bars illustrate the absolute number of
2l L
r T T T m m genes that were down- or up-regulated within
- 2 ] - s = H] g H the various categories at 1, 3 and 7 dai. See inset
for colour code.
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Table 1 Distribution of differentially regulated genes within each functional category

1 dai 3 dai 7 dai 1 dai 3 dai 7 dai
Number Percentage Percentage Percentage Percentage
of genes of genes Up Down Up Down Up Down of genes® of genes®  of genes®
Cell wall metabolism 21 1.9 5 1 2 8 4 2 1.5 2.2 1.2
Cellular traffic/cytoskeleton 20 1.8 3 1 3 2 7 5 1.0 1.1 2.4
Defence/stress response 151 13.6 25 18 69 8 69 1 11.0 16.8 15.7
DNA metabolism/genome 23 2.1 9 3 3 4 2 3.3 1.3 1.2
organization
Hormone metabolism 38 3.4 9 5 18 5 13 3 3.6 5.0 3.1
Lipid metabolism 36 33 5 5 13 4 16 3 2.6 3.7 3.7
Nutrient storage 13 1.2 7 1 3 1 0 1 2.0 0.9 0.2
Primary metabolism 33 3.0 4 8 10 2 8 4 3.1 2.6 2.4
Protein degradation 34 3.1 5 8 14 2 13 3 33 3.5 3.1
Protein metabolism 33 3.0 9 6 6 2 12 2 38 1.7 2.8
Receptor 42 3.8 7 4 17 2 25 4 2.8 4.1 5.7
Secondary metabolism 58 5.2 1" 8 34 5 27 4 4.8 8.5 6.1
Signalling 90 8.1 23 13 26 7 28 1" 9.2 7.2 7.7
Transcription/protein 48 4.3 " 1" 13 5 1" 6 5.6 3.9 3.3
biosynthesis

Transporter/channels/pumps 53 4.8 10 7 25 6 23 2 43 6.8 49
Others 34 3.1 8 8 8 2 4 5 4.1 2.2 1.8
Unknown 380 34.3 74 59 89 42 m 66 339 28.5 348
Total 1107 100 225 167 353 106 375 134 100 100 100
Total percentage - - 57.4  42.6 76.9  23.1 73.7  26.3 - -

“Total % of genes regulated at indicated time points.

while 16.8% (69 induced/eight suppressed) and 15.7% (69
induced/11 suppressed) were identified at 3 and 7 dai,
respectively. In total, only five genes encoding two putative
PR10s, a putative laccase 18, a putative germin A and a
putative syringolide-induced protein were differentially
regulated at all time points. Based on their expression pat-
tern, the 151 defence/stress-responsive genes were divided
into four regulation clusters (Figure S2a-d). Cluster A con-
sists of genes that were suppressed by P. indica (35 genes,
23%). Genes in cluster B showed a transient induction profile
at 1or 3 dai (47 genes, 31%). All genes that showed transient
induction at 3 dai but lower up-regulation at 7 dai (12 genes,
8%) were assigned to cluster C. Finally, cluster D encom-
passes genes that were steadily up-regulated (31 genes) at 3
and 7 dai or exclusively induced at 7 dai (26 genes). Based
on their expression pattern, the genes of cluster D might

exclusively code for proteins that effectively restrict root
colonization, and several germins, which are known to
restrict powdery mildew infection of barley leaves
(Zimmermann et al., 2006), were represented in this cluster.
Alternatively, cluster D might include genes involved in
regulation of cell death, which is frequently observed at
7 dai (Deshmukh et al., 2006), or genes that are activated by
cell death-derived signals released by dying cells. However,
of these 57 genes, 35% showed a fold change induction >4.
This is in accordance with the generally moderate induction
level of defence/stress-associated genes: approximately
70% of the genes showed a less than fourfold induction level
at all time points. Interestingly, the highest induction values
were found at the pre-penetration stage (1 dai) (Figure S2).

A high number of differentially abundant transcripts
encoded receptors (42 ESTs) and signal transducers (90
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ESTs) (encompassing transcription factors, DNA-binding
proteins and protein kinases) (Table S1). Again, receptor
gene expression overlap was mainly observed between 3
and 7 dai (52-68%), and to a minor extent at 1 dai (10-20%).
Similarly, approximately 45% of the genes involved in cell
signalling showed congruent expression between 3 and
7 dai.

P. indica-induced changes in auxin, ABA, and
brassinosteroid synthesis and signalling

Genes encoding for a tryptophan decarboxylase and a
putative indole-3-glycerol phosphate synthase involved in
L-tryptophan synthesis, an immediate precursor of IAA
(Ljung et al., 2005), were up-regulated at 3 and 7 dai. In
addition, a second tryptophan decarboxylase and a putative
anthranilate phosphoribosyl transferase that might be
involved in tryptophan synthesis show maximum expression
at 3 dai (Figure 4). Further, an auxin-induced protein and a
flavin-containing mono-oxygenase (YUCCA3) were up-reg-
ulated and an auxin-repressed protein was down-regulated
at 3 dai and/or 7 dai suggesting that auxin biosynthesis and
signalling might be activated during symbiotic colonization.

Changes in P. indica-induced hormone balance were also
seen for the sesquiterpenoid ABA (Figure 4). The hormone
plays a crucial role in abiotic and biotic stress responses
(Finkelstein and Rock, 2002), and often shows antagonistic
activity for other hormones (Asselbergh et al., 2008). Four
ABA-responsive proteins of unknown function were induced
at 1 dai, but repressed at later time points. The identification
of several genes encoding late embryogenesis abundant
(LEA) proteins/dehydrins might also be due to ABA

Abscisic acid

r

Brassinosterold

_

===
Etindens

Figure 4. Changes of transcripts involved in
hormone signalling during Piriformospora indica
colonization.

Genes involved in hormone metabolism and
responses that are differentially regulated at
one time point at least are shown. Colours
represent fold changes of each gene, which are
either up-regulated (red) or down-regulated
(blue) compared to mock-inoculated roots. Fold
changes (FC) were calculated by dividing antilog
signal intensities obtained from arrays
hybridized with ¢cDNA of mock- and P. indica-
ztreated roots.
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accumulation, as several members of that gene family are
ABA-responsive (Hundertmark and Hincha, 2008).

The gene encoding cycloartenol synthase (CS), which that
contributes to the synthesis of brassinosteroid (BR) precur-
sors, and BLEZ2, which encodes a BR-responsive nine trans-
membrane protein, were induced at 1 dai. In addition, two
BAKT genes encoding brassinosteroid insensitive 1-associ-
ated receptor kinases 1 that are involved in BR signalling
were induced at 3 and 7 dai.

P. indica modifies the expression of genes involved in
oxylipin synthesis

Root colonization by P. indica is associated with transcrip-
tional changes in genes associated with lipid metabolism
(Table S1). Hydrolysis of phospholipids by lipases leads to
the release of unsaturated fatty acids, which can serve as
substrates for the synthesis of oxylipins (Feussner and
Wasternack, 2002; Meijer and Munnik, 2003; Shah, 2005).
The micoarray analysis indicated that genes encoding four
oleate A12-desaturases that convert oleate to linoleic acid
were differentially regulated (three probe sets at 3 and
7 dai, and one transcript at 3 dai) and a gene encoding
cytochrome bs, which is required as an electron donor for
desaturation, was similarly induced (see lipid metabolism,
Table S1). Central to oxylipin synthesis is the action of lip-
oxygenases (LOXs) that convert linoleic or a-linolenic acid
to the oxylipin precursors (9S)- and (13S)-hydroperoxide
(Feussner and Wasternack, 2002). Two LOX genes, LOX2.1
and LOX2, which catalyse the oxidation of linoleic acid to
13-hydroxyoctadecadienoic acid (Peng et al., 1994; Voros
et al., 1998), were induced at 3 and 7 dai (Figure 4). Inter-
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estingly, oxylipin synthesis is apparently suppressed at the
pre-penetration phase (1dai), as LOX2.2 and a gene
encoding a jasmonate-induced protein (involved in the
downstream JA response) were found to be suppressed at
1 dai. Suppression of JIP23 encoding 23 kDa jasmonate-
induced protein at 3 dai might suggest synthesis of oxyli-
pins other than jasmonate.

Alterations in the methylerythritol phosphate (MEP)
pathway and synthesis of secondary metabolites

Terpenoids derive from the Cs precursors isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP),
which are synthesized either via mevalonate or the MEP
pathway. Almost all genes of the MEP pathway are induced
by P. indica at late stages (Figure 5). Genes encoding two
putative geranylgeranyl diphosphate synthases, which pro-
duce geranylgeranyl diphosphate (GGDP) from IPP and
DMAPP, were induced at 3 and 7 dai. GGDP, in turn, is the
precursor for mono-, di- and sesquiterpenes, the family to
which anti-microbial phytoalexins, carotenoids or phyto-
hormones such as gibberellins (GA) or ABA belong. Down-
stream of GGDP, the most strongly induced gene was one
encoding a terpene synthase (44-fold at 3 dai; see also
Figure S1). In parallel, a gene encoding a putative syn-
copalyl diphosphate synthase (syn-CDS) mediating the

cyclization of GGDP and a 10-deacetylbaccatin llI-10-O-acetyl
transferase-like gene, whose homologue is associated with
taxol synthesis in Taxus x media (Guo et al., 2007), were
induced at all time points. A high number of cytochrome
P450 mono-oxygenases of unknown function were also
induced by P. indica. Various members of this enzyme family
are involved in the production of both diterpene phyto-
alexins (Okada et al., 2007) and GA (Yamaguchi, 2008) in rice.

As carotenoids represent one major product class of the
MEP pathway, we examined whether transcriptional induc-
tion of this pathway and of geranylgeranyl diphosphate
synthase (GGPS) would result in elevated carotenoid pro-
duction in P. indica-colonized roots. We found that barley
roots contained minute amounts of carotenoids. Of the 10
detected carotenoids, six low-abundance carotenoid species
could be reliably quantified. Violaxanthin and neoxanthin
were the most abundant of these, and are also precursors in
ABA synthesis (Finkelstein and Rock, 2002). The violaxanthin
content was slightly lower in inoculated compared to
non-inoculated roots at 1dai, but not at later stages
(Figure 6i). The amount of total neoxanthin (cis- and trans-
neoxanthin, Figure 6j), the major carotenoid in barley roots,
was reduced at 1dai but elevated at 7 dai, indicating
increased productivity of the MEP pathway in proximal root
segments.

Figure 5. Piriformospora indica induces the
methylerythritol phosphate (MEP) pathway and
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gibberellic acid (GA) synthetic genes in barley.
(a) Scheme of the MEP pathway and GA biosyn-
thesis. Products/substrates: glyceraldehyde-3-
phosphate (G3P); 1-deoxy-b-xylulose 5-phosphate
(DXP);  2-C-methyl-p-erythritol ~ 4-phosphate
(MEP); 4-(cytidine 5’-diphospho)-2-C-methyl-p-
erythritol(CDP-ME); 2-phospho-4-(cytidine
5"-diphospho)-2-C-methyl-p-erythritol (CDP-ME2P);
2-C-methyl-p-erythritol 2,4-cyclodiphosphate
(MECDP); 1-hydroxy-2-methyl-2-(E)-buteny!
4-diphosphate (HMBDP); isopentenyl
diphosphate (IPP); dimethylallyl diphosphate
(DMAPP); geranylgeranyl diphosphate (GGDP);
copalyl diphosphate (CDP); gibberellin A12
(GA+2); gibberellin A3 (GAj3); gibberellin A4
(GA,); gibberellin A8 (GAg); gibberellin A34
(GAss). Enzymes: DXP synthase (DXS); DXP
reductoisomerase (DXR); CDP-ME synthase
(CMS); CDP-ME kinase (CMK); MECDP synthase
(MCS); HMBDP synthase (HDS); HMBDP reduc-
tase (HDR); IPP isomerase (IPl); GGDP synthase
(GGPS); ent-CDP synthase (ent-CPS); ent-kaurene
synthase (ent-KS); ent-kaurene oxidase (ent-KO);
ent-kaurenoic acid oxidase (ent-KAO); gibberellin
3 oxidase (GA3ox); gibberellin 20 oxidase
(GA200x); gibberellin 2 oxidase (GA20x).

(b) Genes involved in the MEP pathway and GA
biosynthesis that are differentially regulated in
P. indica-colonized barley roots at 1, 3 and 7 dai.
Numbers indicate fold induction of respective
genes in P. indica-colonized versus mock-treated
roots.
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Barley mutants impaired in gibberellin synthesis or
perception are less extensively colonized by P. indica

As GA is produced from GGDP, we searched for genes
involved in GA biosynthesis downstream of GGDP, and
found two differentially expressed genes encoding putative
ent-kaurene synthases at 3and 7 dai (Figure 5). Accordingly,
a GA2ox gene mediating inactivation of active GA (Yamag-
uchi, 2008) was down-regulated in response to P. indica at
3 dai. These results suggest that GA biosynthesis is raised
by P. indica.

In order to determine the impact of GA synthesis and
signalling on P. indica colonization, we analysed barley GA
mutants. M117 has a low endogenous GA content, probably
caused by a block at either geranylgeranyl diphosphate
synthase or syn-copalyl diphosphate synthase, as it fails to
accumulate ent-kaurene in the presence of tetcyclacis (which
prevents further oxidation to kaurenoic acid, J.R. Lenton and
P.M.C., unpublished results; Chandler and Robertson, 1999).
M121 is GA-insensitive due to a mutation in the gene
encoding the GA receptor GID1 (Chandler et al., 2008).
Significantly, both mutants showed reduced colonization
by P. indica (Figure 7a), which was cytologically detectable
as a reduced amount of fungal hyphae at 7 dai and reduced
intracellular sporulation at 21 dai. However, structural
defence responses (e.g. cell-wall fortifications) were not
detected in either mutant. As GA has been shown to affect
the balance between other phytohormones (Navarro et al.,
2008), we monitored defence responses known to be
associated with SA, JA and ethylene during P. indica
colonization. Alterations in barley root GA homoeostasis
were associated with elevated expression of PR70 and the
SA-responsive gene PR1B at 3 and 7 dai in both mutants
(Figure 7b). Similarly, the defence-associated gene PR5 was
induced by the fungus at 3 dai. Ethylene-responsive RAF1
expression was not affected (data not shown).

The availability of C and N assimilates is decreased in barley
roots colonized with P. indica

In contrast to defence/stress-associated genes, phytohor-
mone signalling and secondary metabolism, genes involved
in primary metabolism showed only minor differences in
transcript levels at all time points (Table 1). Nevertheless, we
expected a shift in assimilate availability in response to
P. indica colonization due to additional sink activity by the
fungus. Therefore, we assessed the amounts of free sugars
and amino acids. In general, differences in hexose, sucrose
and amino acid contents followed a developmental pattern
in the proximal parts of harvested roots (Figure 6a,b,d).
Hexose and amino acid contents decreased sharply with
increasing root age, and starch contents exhibited a slight
decrease at 7 dai, but sucrose contents increased strongly
from 1 to 3 dai. Phloem transport of amino acids such as
glutamine and asparagine decreased by 90% from 1 to 3 dai
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Figure 6. Carbohydrate, amino acid and carotenoid contents in barley roots
colonized by Piriformospora indica.

For analysis, the whole root (1 dai) or proximal 3 cm of the roots (3 and 7 dai)
from P. indica-inoculated and control plants were analysed. Contents of
hexoses (a), sucrose (b) and starch (c), total amino acid content (d), and
contents of glutamine (e), asparagine (f), glutamate (g), aspartate (h),
violaxanthine (i) and neoxanthine (j) in the proximal 3 cm of control roots
(grey) and P. indica-colonized roots (black) at 1, 3 and 7 dai are shown. Data
are the means of 12 independent samples from three independent experi-
ments; error bars represent the standard error.
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Figure 7. Amount of fungal colonization of GA mutants and alterations in
expression of defence genes in roots.

(a)Relative amount of fungal DNA in GA mutants at 3 and 7 dai as determined
by quantitative PCR.

(b) Relative expression of PR1B, PR5, PR10 and JIP23 in roots of M117 and
M121 in response to Piriformospora indica at 3 and 7 dai. The data are based
on three independent biological experiments. The barley (cv. Himalaya)
mutant lines used were impaired in GA synthesis (M117) or defective in the
GA receptor GID1 (M121). Data were analyzed by analysis of variance (ANovA)
using a block design. Asterisks indicate significance at P < 0.05.

(Figure 6e,f), as did that of many minor amino acids (data
not shown). In contrast, transport of another group of amino
acids (e.g. glutamate and aspartate) did not decrease as
strongly (Figure 6g,h).

As the results of these experiments suggested a develop-
mental decline in sugar and amino acid contents with
increasing degree of differentiation of the harvested root
portion, we determined the sugar and amino acid contents
in distal root regions encompassing the calyptra and the
meristematic (0-0.5 cm), elongation (0.5-1 cm) and differ-
entiation zones (1-1.5 and 1.5-3 ¢cm). Piriformospora indica
colonization led to a decrease of hexose content in all
sampled segments (Figure 8a), but no changes were
observed for sucrose (Figure 8c). The sucrose/hexose ratio
(Figure 8e) exhibited a stronger decrease in P. indica-
colonized roots compared to mock-treated roots when
moving from proximal root segments towards the root tip,
indicating that the supply of sugars to the sink tissue at the
root tip is diminished in the presence of P. indica. The starch
content along the root axis followed a similar pattern to the
hexose content (Figure 8g).
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Figure 8. Carbohydrate and amino acid contents in segments of barley roots
colonized by Piriformospora indica.

For analyses, roots were divided into four segments (0-0.5 cm, calyptra and
meristematic zone; 0.5-1 ¢cm, elongation zone; 1.0-1.5 and 1.5-3 cm, differ-
entiation zones), and were harvested from P. indica-colonized plants and
control plants at 3 dai. The contents of hexoses (a) and sucrose (c), the
sucrose/hexose ratio (e) and the starch content (g), as well as the total amino
acid content (b) and contents of glutamine (d), asparagine (f), glutamate (h)
and aspartate (i) in control roots (grey) and P. indica-colonized roots (black)
are shown. The results shown are those of one representative experiment out
of two. Data are the means of four independent samples, and error bars
represent the standard error.
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Similar to hexose and starch, P. indica-colonized roots
contained fewer total free amino acids in the root tip and
elongation zone (Figure 8b), due to a decrease in glutamine
(Figure 8d), asparagine (Figure 8f) and glutamate
(Figure 8h). In contrast, the higher total amino acid contents
in the differentiation zone upon colonization with P. indica
resulted from increased amounts of glutamate and aspartate
(Figure 8h,i).

DISCUSSION
Regulation of defence/stress-related genes

Although stress-related genes represent the largest group
among P. indica-induced genes in barley roots (151 genes),
induction levels are generally moderate (Figure 3, Figure S2
and Table 1). In addition, only 31 genes of cluster D were
constitutively induced, while the remaining genes were
suppressed or displayed a transient induction (Figure S2). In
general, the defence/stress-responsive genes affected by
P. indica are associated with abiotic as well as biotic stress.
This gene spectrum is rather broad and reminiscent of MTI
responses that are non-specific and moderate in terms of the
activation level of responses (Zipfel et al., 2004; Jones and
Dangl, 2006; Wan et al., 2008). Over time, the gene spectrum
alters most significantly between 1 dai and the later time
points, while approximately 50% of the differentially regu-
lated genes overlap between 3 and 7 dai. These expression
profiles most probably reflect extracellular fungal develop-
ment at 1 dai compared to inter-/intra-cellular colonization at
the later time points. The high induction levels of defence/
stress-responsive genes at 1 dai might indicate recognition
of the fungus by the plant innate immune system. It is
reasonable to speculate that fungal MAMPs (e.g. chitin) lead
to defence activation. In turn, reduced induction or even
suppression of respective genes at 3 and 7 dai might indi-
cate active manipulation of the plant surveillance system
and respective defence signalling cascades by the fungus.
The differences recorded between 3 and 7 dai corroborate
cytological studies that indicated an initial biotrophic phase
followed by a cell death-dependent phase (P. Schéafer and
B. Zechmann, unpublished results). Using transmission
electron microscopy, P. indica was shown to colonize living
Arabidopsis root cells by invaginating the plant plasma
membrane. As the interaction proceeded, colonized cells
died. However, adjacent non-colonized root cells were not
affected or impaired in viability, suggesting that the fungus
does not release cytotoxic molecules in order to kill cells
ahead of penetration. As later colonization stages were not
accompanied by tissue necrotization, it is more appropriate
to use the term ‘cell death-dependent’, instead of the
‘necrotrophic colonization phase’ (Schéafer and Kogel, 2009).
In conclusion, those genes induced or suppressed at 7 dai
but not at 3 dai might participate in cell-death regulation or
their expression might be modified by signals originating

© 2009 The Authors

Plant root responses to P. indica colonization 469

from dying cells. Liu et al. (2005) showed that cell death-
derived signals might be translocated in neighbouring cells
and exhibit pro-apoptotic activity. These authors found that
a malfunctional autophagy pathway did not restrict tobacco
mosaic virus-induced hypersensitive response cell death to
the initial infection site and resulted in a spreading cell death
phenotype. In our study, among the genes with highest
transcript abundance at 3 and 7 dai are several members of
the germin multi-gene family, some of which are develop-
mentally regulated in the roots and leaves of seedlings
under non-stress conditions and are thought to function in
cell-wall metabolism (Zimmermann et al., 2006). In barley
leaves, GerA, Gerd4c and Ger4d are strongly induced after
powdery mildew attack, and contribute to fungal growth
arrest (Zimmermann et al., 2006). Hence, germin induction
in roots may restrict P. indica invasion.

It is appealing to speculate that genes categorized as
‘defence/stress-responsive’ support the plant in balancing
the mutualistic colonisation by P. indica. For instance, two
LysM receptor-like kinases were found to be induced. The
extracellular lysin motifs of plant LysM receptor-like kinases
signify such proteins as receptors (Zhang et al., 2007).
Recently, CERK1 was identified, which encodes a LysM
receptor-like kinase that participates in chitin recognition
and MTI (Miya et al., 2007; Wan et al., 2008). In contrast,
NFR1 and NFR5 from Lotus japonicus were identified as
crucial components for rhizobial nodulation by binding to
Nod factors released by N,-fixing bacteria (Limpens et al.,
2003; Radutoiu et al., 2007). It remains to be investigated
whether either or both LysM receptor-like kinases identified
in our study support or restrict establishment of the sebac-
inoid symbiosis.

In addition, an Arabidopsis homologue of the two BAK1
genes identified in our study was previously shown to be
involved in basal defence triggered by flagellin (Chinchilla
et al., 2007). Hence, BAK1 induction might be involved in
MTI responses triggered by P. indica rather than in brassin-
olide signalling.

Reduced GA synthesis represses root compatibility

Our microarray analyses revealed comprehensive induction
of the MEP pathway, which delivers precursors for GA syn-
thesis (Figure 5). This is in line with the induction of two
putative ent-kaurene synthases that may be involved in GA
synthesis, and suppression of GA20x1, the product of which
inactivates GA (Figure 5). Subsequent genetic studies
revealed reduced colonization by P. indica of two mutants,
M117 and M121, that are impaired in GA synthesis or
perception (Figure 7a). These phenotypes might be partially
explained by an altered defence response, as the mutants
showed elevated expression of PR7, PR5 and PR10
(Figure 7b). Recently, Navarro et al. (2008) demonstrated
that Arabidopsis mutants blocked in GA signalling show
enhanced resistance against necrotrophic Alternaria
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brassicicola. In contrast, quadruple DELLA mutants that
show constitutive GA signalling exhibited increased
susceptibility (Navarro et al., 2008). Interestingly, the JA/
ethylene-responsive gene PDF1.2 showed delayed expres-
sion in DELLA in response to A. brassicicola or methyl
jasmonate treatment (Navarro et al., 2008). These results
suggest a direct connection between GA signalling and SA/
JA responses. In analogy altered GA homoeostasis might
explain induction of PR1Bin the barley-P. indicainteraction.
However, JIP23 expression was affected only marginally
(Figure 7b). Further biochemical and genetic studies are
required to elucidate at which level (synthesis, perception or
signal transduction) P. indica affects GA chomoeostasis in
barley roots, and to what extent altered compatibility in GA
mutants is a consequence of a modified defence response
(e.g. suppression of SA-triggered responses).

Impact of P. indica on salicylic acid, jasmonate and ethylene
signalling

The phytohormones salicylic acid, jasmonate and ethylene
are components of the plant innate immune system, and
have a considerable impact on pathogenic as well as
mutualistic interaction partners (Glazebrook, 2005; Loake
and Grant, 2007). Interestingly, genes encoding enzymes of
the phenylpropanoid pathway, which is involved in the
synthesis of SA, phytoalexin and lignin precursors, are
weakly or transiently induced at 3 dai or down-regulated by
P. indica (Table S1), which is consistent with the results of
cytological studies, which rarely showed cell-wall lignifica-
tion during P. indica colonization (Schafer and Kogel, 2009;
P.S., unpublished results).

Root colonization by P. indica is also accompanied by
altered expression patterns of genes that are known to
participate in oxylipin metabolism. Lipoxygenases (LOXs)
catalyse the dioxygenation of linoleic or a-linolenic acid to
(9S)- and (13S)-hydroperoxides, which are precursors of
various oxylipins (Feussner and Wasternack, 2002). As
oxylipins can act in plant defence as bioactive messengers
(Blee, 2002; Feussner and Wasternack, 2002), as anti-micro-
bial compounds (Weber et al., 1999), or as cell death-
promoting agents (Rusterucci et al., 1999; Vollenweider
et al., 2000), P. indica-responsive LOXs might affect root
colonization. The results for JA synthesis/signalling are
contradictory, as a putative S-adenosyl-L-methionine:
jasmonic acid carboxyl methyltransferase mediating methyl
jasmonate synthesis was induced at 3 and 7 dai, but JA
marker genes (e.g. JIP23) were suppressed at 3 dai. As the
enzymatic activity of the putative S-adenosyl-L-methio-
nine:jasmonic acid carboxyl methyltransferase has not yet
been demonstrated, synthesis of certain oxylipins other than
JA or methyl jasmonate might be induced by P. indica.

The microarray data paint a similar picture regarding
ethylene synthesis and signalling at later interaction stages.
Two ESTs encoding 1-aminocyclopropane-1-carboxylic acid

oxidase (ACC oxidase), which is involved in ethylene
synthesis, were induced by P. indica at 3 and/or 7 dai. In
contrast, genes encoding two transcription factors (ethyl-
ene-responsive factor, RAV2-like DNA binding protein) and
an ethylene binding protein-like gene were down-regulated
at 3 or 7 dai. This contradiction in ethylene synthesis and
signalling might indicate induction of other yet to be
identified ethylene signalling components. Alternatively,
the ACC oxidases might be post-transcriptionally or
post-translationally inactivated, thereby preventing ethylene
synthesis.

ABA and auxin may act as negative regulators of root innate
immunity

In addition to initiation after de novo ABA synthesis, ABA
signalling is facilitated by interaction of phospatidic acid
with the repressor ABI1 (Zhang et al., 2004), and active
ABA can be rapidly recruited from the glucose-conjugated
ABA pool (Lee et al., 2006). ABA regulates expression of
members of the dehydrins/LEA protein family, various
members of which were strongly induced at 1 dai.
Dehydrins/LEAs function as chaperone-like proteins and
maintain cellular functions under stress conditions (Hund-
ertmark and Hincha, 2008). In Arabidopsis, ABA mediates
susceptibility against Pseudomonas syringae pv. tomato.
Type 3 effectors released by P. syringae pv. tomato cause
elevation of ABA and JA in leaves, thereby abolishing
callose deposition and MTI (De Torres-Zabala et al., 2007).
Previous studies have shown ABA-mediated reduction of
lignin and SA synthesis, and suppression of the phenyl-
propanoid pathway and various defence-related genes
(Ward et al., 1989; Mohr and Cabhill, 2007). ABA has also
been shown to suppress basal and JA/ET-related defences,
while ABA deficiency led to enhanced resistance against
Fusarium oxysporum in Arabidopsis (Anderson et al.,
2004). Our data are consistent with the hypothesis that
ABA signalling might be used by P. indica to overcome
initial host defence and to prepare for cell penetration and
host colonization.

In addition, genes participating in auxin signalling and
synthesis were induced by P. indica. As auxin mediates
lateral root initiation and formation (Ljung et al., 2005), and
P. indica enhances lateral root formation and primary root
emergence (S. Jacobs and A. Molitor, unpublished results),
the induction of auxin biosynthetic genes at 3 and 7 dai
might support plant growth. Genetic studies in Arabidopsis
have further demonstrated reduced bacterial growth in plant
mutants that are repressed in auxin signalling (Navarro
et al., 2006). Interestingly, P. indica was also reported to
produce auxin (Sirrenberg et al., 2007). Taken together,
these results suggest that P. indica might increase auxin
signalling in order to (i) change the root morphology,
thereby improving root accessibility, and/or (ii) impair plant
defence.
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P. indica influences primary metabolite distribution in
barley roots

When we assessed the major carbohydrate and amino acid
contents at various time points after root colonization by
P. indica, most changes could be attributed to metabolite
gradients along the root axis rather than fungal colonization.
There were no consistent effects on the transcriptional reg-
ulation of primary metabolism, which contradicts our initial
assumption that the presence of the fungus would affect
metabolite redistribution. We observed high hexose and
amino acid contents at 1 dai (Figure 6), confirming that the
meristematic zone in the root tip represents a strong sink
tissue (Herbers and Sonnewald, 1998). The high starch
content in the most distal root segment is due to the pres-
ence of amyloplasts in the calyptra. Because our data sug-
gest that most differences between P. indica-colonized and
control roots might be obscured by metabolite gradients
along the root axis, we assessed metabolite contents in
various root segments at 3 dai. We found a decrease in
hexose, glutamine and asparagine contents from tip to base
(Figure 8), supporting the view that the hexose and amino
acid contents depend on root differentiation. The tips of
colonized roots showed a decrease in hexose, glutamine
and asparagine contents, suggesting that sink strength is
decreased by P. indica, and the sucrose/hexose ratio, an
indicator of lower sink strength, was higher in colonized
segments. There are two possible explanations for this. First,
the availability of assimilates transported via the phloem
might be lower at the root tip due to competition with
P. indica, which predominantly resides in the differentiation
zone (Deshmukh et al., 2006). Uptake of hexoses and amino
acids from the root has been demonstrated for arbuscular
mycorrhizal fungi (Pfeffer et al., 1999; Govindarajulu et al.,
2005), and it is known that host cells and symbiont can
compete for carbon when the supply from the phloem is
limiting (Son and Smith, 1988). Second, cell death
(Deshmukh et al., 2006) and auxin synthesis/signalling cor-
related with root colonization, which might explain the ini-
tiation of lateral roots in response to the fungus. Therefore,
the supply to the primary root tip could be lower due to
increased distribution to competing lateral root primordia.

EXPERIMENTAL PROCEDURES

Plant and fungal material

For all experiments, barley seeds (Hordeum vulgare L. cv. Golden
Promise, cv. Himalaya and GA mutants M117, M121) (Chandler
and Robertson, 1999; Chandler et al., 2008) were surface-sterilized,
pre-germinated, inoculated with chlamydospores or mock-treated
as described previously (Deshmukh et al., 2006). For the tran-
scriptome and metabolome experiments, seedlings were grown in
a 2:1 mixture of Seramis expanded clay (Mars, http://www.
seramis.de/) and Oil Dri (Damolin, http://www.damolin.dk/) under
16 h light (60 mmol m™2sec™' photon flux density) at 22/18°C
(day/night) and 60% relative humidity. Three independent bio-
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logical experiments were carried out. Barley roots were harvested
at 1, 3 and 7 dai by carefully removing the seedlings from the
substrate. Because of the higher colonization of older root parts,
the upper 3 cm of the root (next to the kernel base) were collected
at 3 and 7 dai, and aliquots were quick-frozen in liquid nitrogen.
At 1 dai, the whole root was harvested. For each sample, 96 plants
were harvested and divided into four subsets, which were used for
metabolome analyses. For the transcriptome analyses, the roots of
the four subsets were pooled and used for RNA isolation. Aliquots of
homogenized frozen root material were used to quantify fungal
biomass in inoculated roots by quantitative PCR, and for metabolite
analyses, RNA or DNA isolation (see below). For the GA mutant
analyses and metabolome studies of apical root segments, inocu-
lated plants were grown on modified plant nutrient medium
(0.5 mm KNO3z, 2 mm MgS0O,4, 0.2 mm Ca(NOs),, 0.43 mm NaCl,
0.14 mm K,HPO,4, 2 ml/I Fe-EDTA [20 mm FeSO,, 20 mm Na,EDTA])
under the same growth chamber conditions as described above. GA
mutant roots were harvested 3 and 7 dai. For determination of
metabolites in apical root segments, roots of P. indica-inoculated
and mock-treated cv. Golden Promise were removed from 1l glass
jars at 3 dai and dissected into four segments (the apical first 0.5,
0.5-1, 1-1.5 and 1.5-3 cm from the tip). Pooled material from the
individual segments was separately shock-frozen in liquid nitrogen
and analysed for metabolite content (see below).

For all experiments, roots were cytologically analysed after tissue
fixation in trichloroacetic acid solution and staining with WGA-
AF488 (Molecular Probes, http://www.invitrogen.com/) for fungal
colonization and the absence of fungal contaminants in mock-
treated roots by epifluorescence microscopy as described
previously (Deshmukh et al., 2006).

Quantification of fungal colonization by quantitative PCR

Genomic DNA of wild-type and GA mutant plants was extracted
from approximately 100 mg root material using a plant DNeasy kit
(Qiagen, http://www1.giagen.com/) according to the manufacturer’s
instructions. Aliquots (10 ng) of total DNA were used as the tem-
plate for quantitative PCR analyses. Amplifications were performed
in 20 ul SYBR Green JumpStart Tag ReadyMix (Sigma-Aldrich,
http://www.sigmaaldrich.com/) with 350 nm oligonucleotides, using
an Mx3000P thermal cycler with a standard amplification protocol
(Stratagene, http://www.stratagene.com/). The 272G method (Livak
and Schmittgen, 2001) was used to determine the degree of root
colonization. Cycle threshold (C) values were obtained by sub-
tracting the raw C, values for the P. indica Tef gene (Biitehorn et al.,
2000) from the raw C; values for plant-specific ubiquitin (see
Table S2 for the specific oligonucleotide primers used). Data were
analysed using the ‘Im’ statistical procedure (linear model) in R
using a block design. The marginal means were compared for all
variables (a, b, c).

Design of barley oligonucleotide arrays

The 444 652 barley EST sequences publically available at http://
www.harvest-web.org in June 2007 were assembled into 28 001
consensus sequences, leaving 22 937 singletons. The assembly is
available on the HarvEST website (assembly 35, http://www.
harvest-web.org). For calculation of a 44K 60-mer oligonucleotide
array using the Agilent eArray algorithm (http://earray.chem.
agilent.com/earray), 13 265 singletons with a significant hit (E-value
<107"%) in Arabidopsis or rice and the 28 001 consensus sequences
were used, together with 2600 replicate probes and internal
controls. The oligonucleotide sequences spotted on the 44K array
are available at http://www.biologie.uni-erlangen.de/bc/xkriptom.
html. The latest annotation can be obtained at http://www.harvest-
web.org.
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Transcriptome analysis

For transcriptome studies, RNA was extracted from homogenized
root material using TRIzol (Invitrogen, http://www.invitrogen.com/)
as described by the manufacturer. Aliquots (1 pg) of total RNA
were used for cDNA synthesis with a qScript cDNA synthesis kit
(Quanta Biosciences, http://www.quantabio.com/). RNA quality was
analysed using an Aligent 2100 bioanalyser (Agilent, http://www.
agilent.com/). Probe synthesis and labelling were performed
according to Agilent’s protocol for One-Color Microarray-Based
Gene Expression Analysis (version 5.0.1). Labeled probes were
hybridized to custom-designed Agilent barley 44K microarrays, and
raw data were generated using an Agilent microarray scanner and
feature extraction software.

For confirmation of array data, total RNA isolation and cDNA
synthesis were performed as described above using the same root
material as for the array experiments. Aliquots of 10-20 ng cDNA
were used as the template for quantitative PCR using primers
specific for individual genes (Table S2), and constitutively
expressed ubiquitin served as the internal standard.

Data analysis was performed using Bioconductor/R (http://
www.bioconductor.org/). The Limma package (Smyth, 2004) of
Bioconductor was used for expression analysis of differentially
regulated genes. Therefore, data were read by read.maimage,
filtered by flags, and normalized using quantile normalization of
background-corrected log,-converted intensities (normalizeQuan-
tiles). Using ImFit (Linear Model for Series of Arrays), a linear model
was fitted to the log, expression data for each probe, and contrasts.fit
(Compute Contrasts from Linear Model Fit) was used to obtain
coefficients and standard errors for contrasts of the coefficients of the
original model. An empirical Bayes method, ebayes (Empirical Bayes
Statistics for Differential Expression), was used to calculate the
moderated tstatistics. Atable of the top-ranked genes from the linear
model fit was extracted using topTable (Table of Top Genes from
Linear Model Fit). Genes with a P value <0.05 that were at least
twofold regulated at one time point were filtered and displayed by
heatmap. The data discussed here have been deposited in NCBI's
Gene Expression Omnibus database (Edgar et al., 2002), and are
accessible through GEO Series accession number GSE13756 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE 13756).

Gene expression analyses

For elucidation of candidate gene expression in GA mutants, RNA
was extracted, reverse-transcribed to cDNA, and used to analyse the
expression patterns of defence-related genes (Table S2) using
standard quantitative PCR protocols. Data were analysed using the
statistical procedure ‘Im’ (linear model) as described above.

Determination of carbohydrates and free amino acids

Frozen samples were extracted, and glucose, fructose and sucrose
were quantified using a coupled optical test at 340 nm as described
by Stitt et al. (1989) in a total assay volume of 200 pl using a
microtiter plate reader (BioTek, http:/www.biotek.com/).

Amino acids were derivatized using the fluorophore 6-amino-
quinolyl-N-hydroxysuccimidyl carbamate (AccQ Tag, http://www.
waters.com/) and subsequently resolved by HPLC analysis using a
reverse-phase column (Luna C18; particle size 5pm, length
250 mm, internal diameter 4.6 mm; Phenomex, http://www.
phenomenex.com) as described by van Wandelen and Cohen
(1997) with modifications as described by Abbasi et al. (2007).

Quantitation of carotenoids

Frozen root tissue (50 mg) was ground to a fine powder and
extracted with 400 pl methanol by homogenization. During the

following steps, samples were shielded from light and kept on ice.
After incubation for 5 min at 4°C, 400 ul 50 mm Tris/HCI pH 8.0/1 m
NaCl were added, and the mixture was incubated for 5 min before
addition of 800 pl chloroform for extraction of the carotenoids
from the methanol phase. Samples were inverted for 5 min,
incubated for 10 min, and then centrifuged at 13 000 rpm for
5 min to achieve phase separation. Extraction with chloroform
was repeated, and the lower phases were pooled and vacuum
dried in a speed-vac.

For reverse-phase chromatography, extracts were dissolved in
200 pl eluent B (methanol:acetonitrile:isopropanol:water, 73:20:5:2),
and 20 pl aliquots were resolved on a Dionex Acclaim PA C16
column (internal diameter 4.6 mm, length 150 mm, particle size
5 um) using a Dionex Ultimate 3000 HPLC system (http:/www.
dionex.com) connected to an ICS 2600 photodiode array detector
(Hamamatsu, http://sales.hamamatsu.com) with a gradient as
described by Fraser et al. (2000). Pigments were detected and
quantified based on their absorption at 450 nm, and identified
according to their specific 3D spectra between 300 and 700 nm.
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ABSTRACT

The mutualistic basidiomycete Piriformospora indica colonizes roots of mono- and
dicotyledonous plants, thereby transferring various benefits to its hosts. Given its
capability for colonizing an extraordinarily broad range of hosts, it must be
anticipated that the fungus evolved efficient strategies for overcoming plant
immunity and establishing a suitable environment for nutrient acquisition and
reproduction. Global gene expression studies with barley identified various ethylene
synthesis and signaling components that were differentially regulated in P. indica-
colonized roots. Based on these findings we initiated work to elucidate the effects of
ethylene in early steps of the symbiotic association. The data presented here propose
an increase in ethylene synthesis in barley and Arabidopsis roots during P. indica
colonization. Our data indicate the ineffectiveness of ethylene-related defense in
stopping P. indica colonization. Accordingly, Arabidopsis plants exhibiting
constitutive ethylene signaling, -synthesis or ethylene-related defense showed
enhanced susceptibility against P. indica. Based on our data ethylene might

contribute to the extraordinary ability of P. indica to colonize a multiplicity of hosts.

Key words
Compatibility, ethylene, mutualism, oxidative burst, root symbioses, root innate

immunity,
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INTRODUCTION

Ethylene plays a prominent role in senescence, plant development, and plant
immunity (Bleeker and Kende, 2000; Broekaert et al., 2006). In Arabidopsis
thaliana, ethylene is perceived by ER membrane-bound receptors (e.g. ETR1). In
the absence of ethylene, the receptors activate a Raf-like kinase (CTR1), which
negatively regulates the downstream ethylene response pathway (Kieber et al.,
1993). Binding of ethylene inactivates the receptors, resulting in the deactivation of
CTR1, which alows downstream effectors like EIN2 to function as positive
regulators of ethylene signaling (Guo and Ecker 2004; Wang et al., 2002) by
activating transcription factors EIN3 and EIN3-like 1 (EIL1) (Kendrick and Chang
2008). Congtitutive ethylene signaling is observed in ctr1 (Kieber et al., 1993) and in
ethylene overproducer 1 (etol) mutants. ETO1 negatively regulates ethylene
synthesis by inactivating and/or degrading 1-aminocyclopropane-1-carboxylic acid
synthase 5 (ACS5) and probably other ACS isoforms such as AC$4, ACS8, and
ACS9 (Chae et al., 2003; Chae and Kieber 2005; Wang et al., 2004).

Plant immunity is activated after perception of conserved microbial molecules, so
called microbe-associated molecular patterns (MAMPS), by specific pattern
recognition receptors (PRRS) (Boller and Felix, 2009). The recognition of bacterial
flagellin by the PRR FLS2 results in the activation of an array of immune responses
summarized as MAMP-triggered immunity and includes the rapid production of
ethylene and reactive oxygen species (ROS) (Felix et al., 1999). Both, ethylene and
ROS have immune signaling properties and contribute to the restriction of pathogen

invasions (Tsuda et al., 2009; Mersmann et al., 2010). In the ethylene pathway,
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EIN3 and EIL1 drive the expression of primary ethylene transcriptional activators,
e.g. ERF1. ERF1 regulates ethylene responsive-genes including defense-associated
genes such as PR3 and PDF1.2 (Adie et al., 2007). Recently, ethylene signaling was
shown to be essentia for flagellin-triggered ROS production as EIN3 (and probably
EIL1) directly mediates the regulation of FLS2 (Boutrot et al., 2010; Mersmann et
al., 2010).

Piriformospora indica is a root-colonizing basidiomycete that colonizes mono- and
dicotyledonous plants, including barley (Hordeum wulgare) and Arabidopss, in
which the fungus elicits benefits such as yield increase and adaptation to abiotic and
biotic stress (Schafer and Kogel 2009; Varma et al., 1999; Verma et al., 1998;
Waller et al., 2005). Cytological and genetic studies have shown that the
colonization of roots is dependent on cell death. This cell death-dependent
colonization is preceded by an initial biotrophic growth phase which extends to 3
days after inoculation (Deshmukh et al., 2006; Kogel, Schéafer, unpublished data).
The fungus exhibits an immune suppressing activity, which is essential for root
colonization, and may partially explain its remarkably broad host range (Schéfer et
al., 2009). Microarray analysis of barley roots colonized by P. indica detected the
differential expression of genes participating in ethylene synthesis and signaling
(Schéfer et al., 2009). In the present study, we analyzed the effect of ethylene on the
colonization of Arabidopsis and barley roots by P. indica. We demonstrate that P.
indica affects ACC synthesis and that ethylene signaling is not detrimental to fungal
growth. We discuss the possibility that ethylene is a positive modulator of the

mutualistic plant root-P. indica symbiosis.
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MATERIALSAND METHODS

Plant material and fungal inoculation.

Seeds of Arabidopsis thaliana ecotype Col-0 and mutants etol-1 (N3072), ein2-1
(N8844), ctr1-1 (N8057), etr1l-3 (N3070), 35S:ERF1 (N6142) and ACS:GUS
reporter plants (N31379, N31380, N31381, N31382, N31383, N31385, N31386,
N31387) were obtained from the European Arabidopsis Stock Centre (NASC). All
Arabidopsis plants and the respective parents were grown on %2 Murashige and
Skoog medium on squared petri dishes, which were vertically positioned. Plants
were grown at 22/18°C day/night cycle under short-day conditions (10 hours light)
at 60% rel. humidity in a growth chamber. Three-weeks-old plants were inoculated
with P. indica (500,000 spores ml™) and harvested at indicated timepoints. For
barley, all experiments were conducted with cultivar Golden Promise. Plants were
inoculated as described previously (Deshmukh et al., 2006) and transferred to 1.5 |
glas jars containing PNM 10 (Schéfer et al., 2009). Barley root treatment and

harvest were performed as described below.

Cyto-histological observationsand GUS.

For cytological examinations, the fungus was stained with wheat germ agglutinin-
Alexa Fluor 488 (WGA-AF 488) as previously described (Deshmukh et al., 2006).
Arabidopsis ACS.:GUS plants were harvested at indicated timepoints. GUS staining
was performed as described previously (Sundaresan et al., 1995). Briefly, roots were
stained with staining solution (50 mM phosphate buffer, pH 7.0, 0.5 mM potassum

ferricyanide, 0.2% Triton X-100, 0.5% DM SO, 20% methanol, 2 mM EDTA, 1 mM
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X-Gluc) and incubated overnight at 37°C. The staining reaction was stopped by
incubation in 70% ethanol. The roots were microscopically analyzed using an
Axioplan 2 microscope (Carl Zeiss, Jena, Germany). WGA-AF 488 was detected at

470/20 nm (excitation) and 505-530 nm (emission).

Application of ACC and 1-methylcyclopropene (MCP).

Two-days-old barley seedlings (cv. Golden Promise) were inoculated with P. indica
and transferred to PNM (110 (Schéfer et al., 2009) supplemented with 100 uM ACC
(Sigma-Aldrich, Munich, Germany). ACC was dissolved in water and filter-
sterilized prior to its addition to autoclaved plant growth media. For MCP (Rohm
and Haas Company, Philadelphia, USA) treatment, inoculated plants were
transferred to glass jars (volume 1.5 ) in which a via containing 16 mg MCP
(0.14% active ingredient) dissolved in 200 ul water and placed into a jar. The final
concentration of 1-MCP in the gas phase of the jar was expected to be about 500 ppt
(Tamaoki et al., 2003). Roots were harvested at 3 and 7 dai, frozen in liquid nitrogen

and subjected to DNA isolation (see below).

Deter mination of ACC content.

Two-day-old barley plants (cv. Golden Promise) were inoculated with P. indica or
mock treated and transferred to jars containing PNM 119 (Schéfer et al., 2009).
Roots were harvested at 0, 1, 3, and 7 dai. At 3 and 7 dai, the upper two centimeters
(basal part) were separately harvested form the lower apical part. Plant material was

ground in liquid nitrogen and extracted according to Langebartels et al. (1991). Free
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ACC and total ACC released by acid hydrolysis (2 N HCI for 3 h at 120°C) were
determined according to Lizada and Y ang (1979) as described by Langebartels et al.
(1991). The amount of conjugated ACC was calculated by subtracting the amount of

ACC from total ACC.

Quantitation of P. indica colonization by quantitativereal time PCR.

Genomic DNA of wild type and Arabidopsis mutant roots as well as ACC-/MCP-
and mock-treated barley roots was extracted from ~100 mg root material using Plant
DNeasy Kit (Qiagen, Hilden, Germany) according to the manufacturer’'s
ingtructions. Ten ng of total DNA served as template for gRT-PCR analyses.
Amplifications were performed in 20 ul SYBR green JumpStart Taq ReadyMix
(Sigma-Aldrich, Munich, Germany) with 350 nM oligonucleotides, using an
Mx3000P thermal cycler with a standard amplification protocol (Stratagene, La
Jolla, USA). To determine the degree of root colonization, cycle threshold (Ct)
values were obtained by subtracting the raw Ct values of the P. indica Tef gene
(PiTef) from the raw Ct values of Arabidopsis using the PiTef-specific primers 5'-
TCGTCGCTGTCAACAAGATG-3 and 5-ACCGTCTTGGGGTTGTATCC-3
(Butehorn et al., 2000), AtUBQ5-specific primers 5'-
CCAAGCCGAAGAAGATCAAG-3 and 5-ACTCCTTCCTCAAACGCTGA-3', or
HvUBQG60-specific  primers  5-ACCCTCGCCGACTACAACAT-3 and 5-

CAGTAGTGGCGGTCGAAGTG-3'.

Chitin-induced r oot oxidative bur st.
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Three-days-old barley seedlings were either treated with P. indica, Rhizoctonia
solani AG8, or mock treatment. For determination of oxidative burst, at 3 dai roots
were cut in 1 cm long pieces (10 mg per assay) and floated in water over night. The
roots were transferred to tubes with 20 puM luminol (Sigma-Aldrich, Munich,
Germany) and 1,5 pg horseradish peroxidase (Roche Diagnostics, Mannheim,
Germany). 1 mg ml™ chitin (Sigma-Aldrich, Munich, Germany) was used as dlicitor
for a luminol-based assay as described by Gomez-Gomez et al., (1999).
Luminescence measurements were performed for 30 min in a Berthold Lumat LB

9501 (Berthold, Bad Wildbach, Gemany).

Statistical analysis.
All experiments were conducted at least in triplicate and standard errors were
calculated for al mean values. Levels of significance were calculated using a

Student’ s t-test.
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RESULTS

Impair ed ethylene signaling reduces colonization of barley roots by P. indica

In global transcriptome anayses, we identified the differential regulation of
components with a putative function in ethylene synthesis and signaling (Schéfer et
al., 2009). Among the ethylene synthesis genes were three 1-aminocyclopropane-1-
carboxylic acid (ACC) oxidases (Tab. 1). The six signaling genes encoded putative
transcription factors: ethylene-responsve element binding protein, ethylene
insengitive 3-like 2, AP2 domain transcription factor EREBP, a putative RAV2-like
DNA binding protein, ethylene-responsive factor, and ethylene-binding protein-like
(Tab. 1). Interestingly, while ethylene synthesis genes were mostly induced,
signaling components were generally suppressed during P. indica colonization (Tab.
1).

The data raised the possibility that ethylene modulates P. indica’s ability to colonize
plant roots. Because barley mutants with compromised ethylene biosynthesis and
signaling were not available, we conducted pharmacological experimentsin order to
determine the significance of ethylene for a successful symbiosis. To this end, two-
days-old barley seedlings were transferred to agar containing 100 uM of the
ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC), or transferred to
ajar containing a vial with 1 mM of the ethylene antagonist 1-methylcyclopropene
(MCP), which blocks ethylene signaling by interacting with ethylene receptors
(Sider and Serek, 2003). Seedlings were inoculated with P. indica (500.000 spores
mil™) and fungal colonization was determined at 3 and 7 days after inoculation (dai)

by gquantitative real time PCR (QRT-PCR). We found a tendency for improved root



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

colonization after ACC treatment while, in contrast, treatment with the MCP
resulted in an approximately 50% reduction in the amount of fungal DNA at 7 dai
(Students t-test, P < 0.05) (Fig. 1). Neither of the compounds had adverse effects on
morphology or growth of P. indica in vitro (not shown). These data raised the
possibility that the colonization of barley roots by P. indica is supported by ethylene

signaling during the cell death-associated growth phase.

The ACC leve isincreased in colonized barley roots

While blockage of ethylene signaling reduced fungal colonization, higher doses of
ACC, the immediate precursor of ethylene, had no effect on the interaction. One
explanation could be that the ACC levels were per se enhanced in roots during
colonization. If ethylene signaling was indeed saturated, trestment with ACC would
not further impact ethylene synthesis or fungal root colonization. To test this
hypothesis, we determined ACC contents in P. indica-colonized roots. Since a
fraction of the ACC is usually malonylated, and therefore not available for ethylene
synthesis, we measured free and malonylated ACC at 1, 3, and 7 dai. Because
previous studies indicated that P. indica colonizes preferentially the maturation zone
of roots (Deshmukh et al., 2006), the upper two centimeter of the root (basal part =
maturation zone) were analyzed separately from the remaining apical root tissue
(apical part). In all samples, the amount of malonylated ACC was higher than free
ACC (Fig. 2A, B), and there were no significant changes in malonylated ACC upon

fungal colonization (Fig. 2B). By contrast, we found slightly higher amounts of free
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ACC in all colonized roots (Fig. 2A), with a significant increase in the apical root

part during the cell-death associated growth phase (7 dai).

MAM P-trigger ed root oxidative burst issuppressed by P. indica

Global gene expression analysis has previously demonstrated that P. indica does not
trigger strong defence responses in barley roots during early colonization stages
(Schéfer et al., 2009). Ethylene signaling is essentially required for MAMP-
triggered oxidative burst, one of the earliest innate immune responses (Boutrot et al .,
2010; Mersmann et al., 2010). The finding that P. indica increases the ACC levelsin
root tissue induced us to reassess the fungus ability to suppress chitin-induced
oxidative burst. To this end, we determined chitin-induced root oxidative burst in
non-colonized and P. indica-colonized roots at 3 days after inoculation. In non-
colonized roots, a strong accumulation of H,O, was measured after chitin treatment
(Fig. 3) as was reported earlier for leaves. By contrast, chitin-induced root oxidative
burst was almost completely abolished in P. indica-colonized roots. This finding
corroborates the earlier results showing that P. indica exhibits a strong capability in
suppression plant defence responses (Schéfer et al., 2009). To exclude the possibility
that the suppressing activity is a general attribute of root colonizing fungi, we also
tested the ROS-suppressing acitivty of Rhizoctiona solani. This fungus is a
pathogenic root colonizing basidiomycete that also displays a broad host range. We
found that R solani could not suppress the chitin-induced ROS accumulation

suggesting that ROS-suppressing activity is associated with the symbiotic potential
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of P. indica. Moreover, this data suggest that the ACC inducing acitivity of the

fungusis not part of a general MAMP-trigered immune response. (Fig. 3).

Colonization-associated regulation of ACC synthasesin Arabidopsisroots

ACC guantification in barley roots did not allow for any cdlular resolution of ACC
production as ACC reporter lines are not available for this cereal. Because we
wanted to study colonization-associated ACC production in more detail, we
switched to the Arabidopsis-P. indica system. Arabidopsis root colonization by P.
indica is highly similar as indicated by cell biological analyses (Kogel, Schéfer,
unpublished data). We used Arabidopsis-reporter plants for ACC synthesis that
express B-glucuronidase (GUS) fusions with promoters of genes encoding 1-
aminocyclopropane-1-carboxylic acid synthases (ACS). ACS are the rate limiting
enzymes in ethylene synthesis (Tsuchisaka and Theologis 20044a). In Arabidopss,
nine 1-aminocyclopropane-1-carboxylic acid synthase (ACS) genes (ACSl, ACX,
ACHA, ACS5, ACS5, ACS7, ACS3, ACS9, and ACSL1) have been identified
(Tsuchisaka and Theologis 2004a). Using the respective reporter lines allows for
monitoring the spatio-temporal expression of the respective ACS genes upon P.
indica colonization. To this end, Arabidopsis (reporter) plants were analyzed by
fluorescence and bright field microscopy at 7 dai upon double-staining for GUS
activity and for fungal hyphae with WGA-AF 488. Based on the AREX database
(Brady et al., 2007; Cartwright et al., 2009), all the nine ACS genes are expressed in
the meristmatic, elongation, and maturation zone, but differ in their expression level

as well as site (Tab. 2). Among all tested lines, only ACSL::GUS and ACS3::GUS
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lines showed a response to P. indica (Fig. 4, 5). We observed ACSL induction at
primordia and the base of lateral roots after colonization by P. indica (Fig. 4). Most
obvioudly, the root tip region of P. indica-colonized ACSL::GUS and ACS3::GUS
plants showed a strong GUS activation a 7 dai (Fig. 5); however, staining pattern
dightly differed among both lines. GUS activity in ACSL::GUS was detected in the
elongation zone, while GUS accumulated in ACS8::GUS also in the meristem (Fig.
5). Fungal mycelium was not detected in the elongation and meristmatic zone (data
not shown). GUS accumulation pattern did not differ in any line in non-colonized
compared to P. indica-colonized roots at 3 dai. The regulation of ACC synthases
ACSL and ACS8 at 7 dai conincided with the enhanced ACC contents determined in

barley root tipsat 7 dai (Fig. 2).

Ethylene signaling enhances colonization of Arabidopsisrootsby P. indica at the
cell death-associated interaction stage

In order to confirm in Arabidopsis that ethylene affects P. indica colonization,
fungal growth was analyzed in the Arabidopsis mutants ethylene insensitive2-1
(ein2-1), ethylene triple responsel-3 (etrl-3), and congtitutive triple responsel-1
(ctr1-1), al of which are impaired in ethylene signaling. In addition, the ethylene
synthesis mutant ethylene overproducer 1-1 (etol-1) was tested. gRT-PCR-based
quantification of the amount of fungal DNA at 3 (biotrophic colonization) and 14 dai
(cell death-associated colonization) showed higher colonization of mutants that
displayed constitutive ethylene signaling (ctrl-1) or enhanced ethylene synthesis

(etol-1) during cell death-associated colonization. Colonization of etr1-3 was not
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altered as compared to the wild-type, while ein2-1 displayed a reduced colonization
at 3 dai (Fig. 6). Subsequently, we analyzed the colonization of 35S::ERF1 plantsin
order to monitor the influence of ethylene-mediated gene transcription on fungal
development. ERF1 is a transcription factor that is central to ethylene-associated
defense signaling in Arabidopsis (Berrocal-Lobo et al., 2002). Like ctr1-1 and etol-
1, plants overexpressing ERF1 were significantly more colonized by P. indica at 14

dai (Fig. 6).
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DISCUSSION

In plant-microbe interactions, ethylene like jasmonate and salicylic acid effectively
sustains MAMP-triggered immune responses against pathogens (Broekaert et al.,
2006; van Loon et al., 2006; Tsuda et al., 2009). In a model proposed by Boutrot et
al. (2010), flagdlin recognition by FLS2 results in MAP kinase (MAPK) 3 and 6
activation that, in turn, phosphorylates and thereby stabilizes ACS2, ACS6, and
EIN3 (Liu and Zhang, 2004; Yoo et al., 2008). Consequently, rapid ethylene
production takes place after MAMP recognition and, due to the regulation of FLS2
by EIN3, a steady-state level of FLS2 at the plasma membrane is achieved (Boutrot
et al., 2010; Mersmann et al., 2010). By contrast, impaired ethylene perception and
signaling disturbs FLS2 regulation, thereby impairing MAPK3/6 activation and ROS
production. This activity might also explain the impact of ethylene on mutualistic
symbioses, since it inhibits plant root mycorrhization and rhizobial nodulation of
legumes (Penmetsa and Cook, 1997; Guind and Geil 2002; Penmetsa et al., 2008;
Riedd et al., 2008). In addition, ethylene mediates resistance against necrotrophic
pathogens through the activity of the transcription factor ERF1 (Berrocal-Lobo et
al., 2002; Broekaert et al., 2006).

The spatio-temporal events of root colonization in barley and Arabidopsis by P.
indica are very similar (Deshmukh et al., 2006; Schéfer et al., 2009; Kogel, Schéfer,
unpublished data). Our analyses revealed the significance of ethylene for P. indica
colonization athough we observed species-specific effects of ethylene signaling on
plant root colonization (Fig. 1, 6). First, blockage of ethylene signaling by MCP in

barley roots resulted in reduced root colonization. Similarly, colonization of
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Arabidopsis signaling mutant ein2-1 was compromised. Second, ctrl-1, etol-1 and
35S:ERF1 plants that display constitutive ethylene signaling, synthesis or defense,
respectively, were significantly better colonized by P. indica. The stunted root
morphology of etol-1 and ctrl-1 might contribute but cannot entirely account for
improved colonization, as we also observed increased colonization in 35S:ERF1
plants, which possess an unaltered root phenotype.

In parts, our data are inconsistent with a recent report in which ein2-1 and
35S::ERF1 seedlings did not display altered colonization by P. indica at 12 dai
(Camehl et al., 2010). We established a robust and sensitive screening system in
which plants were grown on medium in squared petri dishes to which a defined
amount of spores (500.000 spores ml™) was directly applied to roots thereby
avoiding detachment of seedlings (see Material and Methods). In addition, fungal
colonization was determined in a direct approach by quantifying fungal DNA in
relation to plant DNA via gRT-PCR. Hence, the differences might be explained by
the employed screening systems and quantification methods.

Ethylene synthesis and signaling is a stimuli-dependent process as examplified by
the spatio-temporal expression of ACC synthases (ACS) in aerial plant (Tsuchisaka
and Theologis, 2004a) and in root tissues (Tab. 2). Plant root colonization by P.
indica revealed a spatialy distinct ACC synthesis pattern. In Arabidopsis and barley,
we observed increased ACC synthesis in apical root tissue during cell death-
associated colonization (Fig. 2, 5). In Arabidops's, P. indica root colonization was
associated with increased ACC synthesis, which was presumably mediated by ACS1

and ACS8 as indicated by their induction in the elongation zone or whole root tip

16



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

region, respectively (Fig. 5). In addition, ACSL regulation was slightly enhanced at
the base of lateral roots and root primordia colonized by P. indica (Fig. 4). ACSL
induction has not been reported in roots (Tsuchisaka and Theologis, 2004a) but isin
accordance with the AREX database prediction (Tab. 2). The analyses revealed
systemic regulation of both genes as the fungus was not detected at these root sites
(data not shown). The absence of P. indica at the root tip implicates an immune-
related function of ACS1 and ACS8. Based on leaf expression data in
Genevestigator (Zimmermann et al., 2004), ACSL and ACS8 are generally not
responsive to biotic stress. ACSL is nonfunctional as homodimer, but can regain
activity by heterodimerizing with immune-responsive ACS2 or ACS6 (Tsuchisaka
and Theologis 2004b; Liu and Zhang, 2004). However, we did not detect ACS2 and
ACS6 induction at root tips during P. indica colonization (data not shown). The
pronounced GUS accumulation in P. indica-colonized ACS3::GUS roots (Fig. 5) is
reminiscent of the previously reported ACS8 induction in Arabidopsis roots after
auxin treatment (Tsuchisaka and Theologis 2004a). Notably, auxin stimulates the
activities of severa ACS (Ruzicka et al., 2007; Stepanova et al., 2007) and
antagonizes SA-mediated defense (Pieterse et al., 2009). In turn, SA defense was
found to restrict P. indica colonization, while jasmonic acid signaling, in analogy to
ethylene signaling supported root colonization (Kogel, Schéfer, unpublished data). It
is tempting to speculate that auxin might be synthesized by the plant (Schéfer et al.,
2009), and/or by the fungus as was recently hypothesized (Sirrenberg et al., 2007),
thereby regulating ACS8 expression and impairing SA-related immune processes.

An antagonistic activity of ethylene against SA-related defense has been
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demonstrated in 35S::ERF1 seedlings (Berrocal-Lobo and Molina, 2004), which
displayed enhanced susceptibility against P. indica (Fig. 6).

Taken together, we demonstrated that ethylene supports root colonization by P.
indica. The enhanced ACC contents in Arabidopsis and barley might not be
associated with MAMP-triggered immunity as indicated by the suppression of
chitin-induced root oxidative burst by P. indica. Furthermore, improved colonization
of 35S:ERF1 indicates the ineffectiveness of ethylene-triggered defense against P.
indica. These findings are in accordance with recent studies in which mutants
impaired in jasmonic acid synthesis and signaling displayed reduced P. indica
colonization (Kogel, Schéfer, unpublished data). As ethylene supports colonization
in both barley and Arabidopsis, the phytohormone might be recruited by P. indica to
establish root compatibility. We further speculate that ethylene contributes to P.

indica’s extraordinary ability to colonize a multiplicity of hosts.
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TABLES

Table 1 List of barley genes differentially regulated by P. indica and involved in ethylene synthesis or signaling.

Fold change (dai)

Gene Acc. number 1 3 7 Process Published

1-aminocyclopropane-1-carboxylate oxidase ABM74187.1 -2,3 - - synthesis  Schéfer et al. 2009
putative 1-aminocyclopropane-1-carboxylic acid oxidase BABB84460.1 - 4,3 - synthesis  Schéfer et al. 2009
putative 1-aminocyclopropane-1-carboxylate oxidase AAU44031.1 - 26 2,8 synthesis Schéfer et al. 2009
AP2 domain transcription factor EREBP AAP56251.1 - 2,0 - signaling Schéfer et al. 2009
ethylene-binding protein-like BAD38371.1 - - -3,3 signaling Schaéfer et al. 2009
ethylene insensitive 3-like 2 AAV68140.1 -3,1 - - signaling Schéfer et al. 2009
ethylene-responsive element binding protein AB093372.1 4,3 - - signaling Schéfer et al. 2009
ethylene-responsive factor ABQ52686.1 - -2,6 - signaling Schaéfer et al. 2009
Similar to probable RAV2-like DNA binding protein AAX92718.1 - -2,2 - signaling Schéfer et al. 2009
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Table 2Regulation of ACC synthase genes in Arabidopsis roots according to the AREX database.

ACS1 ACS2 ACS4 ACS5 ACS6 ACS7 ACS8 ACS9 ACS11

AT3G61510 | AT1G01480 | AT2G22810 | AT5G65800 | AT4G11280 | AT4G26200 | ATAG37770 | AT3G49700 | ATAG08040
Lateral Root
Primordia + + ++ + ++ +
Phloem CCs + + ++ +
Meta/Proto Phloem + + + ++ T+ + +
Meta/Proto Xylem + + ++ ++
Phloem Pole
Pericycle ++ + ++ + ++ +
Xylem Pole Pericycle + + ++ ++ +
Procambium ++ ++ ++ + ++ +
Endodermis + ++ + + ++ + ++ + +
Cortex + + ++ + + + +
Non-Hair + + ++ + ++ + + + +
Hair + ++ + ++ + + + +
Quiescent Center ++ + + +
Lateral Root Cap + + + + + + + + +
Columella + + ++ +
Meristmatic Zone + + + + + + + + +
Elongation Zone + + + + ++ + + + +
Maturation Zone + + ++ + ++ ++a +b + +C

+ Min. Exp. (2 0.5)
++ Max. Exp. (2 2)

a predominant expression in maturation zone 9-11

¢ predominant expression in maturation zone 12
b predominant expression in maturation zone 11
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FIGURE LEGENDS

Fig. 1. Colonization of barley cultivar Golden Promise by P. indica in response to
ACC and MCP.

Two-day-old seedlings were inoculated with P. indica and subsequently treated with
100 pM 1-aminocyclopropane-1-carboxylic acid (ACC) or 500 ppt 1-
methylcyclopropene (MCP) as described in Materials and Methods. P. indica
colonization was significantly inhibited by MCP at 7 dai. The values are normalized
to colonization in mock-treated roots (set to one). The data base on three
independent biological experiments. Student’s t-test indicated a significant

difference in P. indica-colonization of MCP-treated roots (p < 0.05).

Fig. 2. ACC contents in barley roots in dependence of P. indica colonization.

Free (A) and maonylated (B) 1-aminocyclopropane-1-carboxylic acid (ACC)
contents were determined in P. indica and mock-treated roots at 1, 3, and 7 days
after treatments. At 1 dai, the complete roots were harvested and forwarded to ACC
measurements. At 3 and 7 dai, the upper two centimeters (basal part) and the
remaining part of the roots (apical part) were separately analyzed. Absolute values
are given in nM « g FW™ for mock-treated and P. indica-colonized roots. (A) Free
ACC levels were steadily but insignificantly increased in P. indica-colonized apical
and basal tissue at al time points. Free ACC content was significantly enhanced at 7
dal in the apical zone as indicated by Students t-test (** p < 0.01). (B) Maonylated

ACC was not significantly altered during P. indica colonization at any timepoint or
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in any tissue. Data show the mean content of four biological experiments (with at

least two technical repetitions per experiment) and bars indicate standard errors.

Fig. 3. Suppression of chitin-induced oxidative burst by P. indica.

Chitin was applied to barley root segment of seedlings harvested at 3 days after P.
indica- or Rhizoctonia solani inoculation or mock-treatment, respectively. Values
are given as relative light units (RLU) over time as means with standard errors of
two biological experiments with three independent measurements per treatment and

experiment.

Fig. 4. GUS accumulation in roots of ACSL::GUS reporter plants colonized by P.
indica.

Arabidopsis line ACSL::GUS was harvested at 7 dai and, after GUS and WGA-AF
488 staining, cytologically analyzed. (A, B) ACSL::GUS colonization at the base of
lateral roots or primordia was associated with enhanced GUS accumulation. P.
indica was visualized by staining with WGA-AF 488. (C) In mock-treated
ACSL::GUS, GUS staining was weakly detectable e.g. at the lateral root base. Bars =

60 pum.

Fig. 5. GUS accumulation in roots of ACSL::GUS and ACSSB::GUS reporter plants
colonized by P. indica.
Arabidopsis line ACSL::GUS and ACS8::GUS were harvested at 7 dai and, after

GUS and WGA-AF 488 staining, cytologically analyzed. GUS staining was more
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pronounced in root tip regions of colonized roots compared to mock-treated roots
(upper images). At 7 dai, P. indica-colonized roots of both lines showed a significant
increase of dark blue tips and a significant reduction in pale blue tips compared to
mock-treated roots. GUS staining did not colocalize with colonization sites of P.
indica or extracellular fungal growth. The data base on at least two biological
experiments. Asterisks indicate significant differences between control and P.

indica-colonized roots according to Students t-test (* p < 0.05, ** p < 0.005).

Fig. 6. Colonization of ethylene synthesis and signaling mutants by P. indica.

Three-weeks-old plants were inoculated with P. indica and fungal biomassin ein2-1,
etrl-3, etol-1, ctrl-1, and 35S:ERF1 was determined by gRT-PCR at 3 and 14 dai.
The values were related to Col-O (set to one). While ein2-1 showed reduced
colonization at 3 dai, significantly more fungal biomass was detected in ctr1-3, etol-
1 and 35S::ERF1 plants at 14 dai. Colonization of etrl-3 was unaltered over all
timepoints. The data base on at least three independent experiments. Students t-test

indicated significant difference in P. indica-colonization (* p < 0.05, ** p < 0.005).
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Piriformospora indica is a mutualistic root-colonising
basidiomycete that tranfers various benefits to colonized host
plants including growth promotion, yield increases as well as
abiotic and biotic stress tolerance. The fungus is characterized
by a broad host spectrum encompassing various monocots and
dicots.1? Our recent microarray-based studies indicate a general
plant defense suppression by P indica and significant changes
in the GA biosynthesis pathway.®> Furthermore, barley plants
impaired in GA synthesis and perception showed a significant
reduction in mutualistic colonization, which was associated
with an elevated expression of defense-related genes. Here, we
discuss the importance of plant hormones for compatibility in
plant root-P. indica associations. Our data might provide a first
explanation for the colonization success of the fungus in a wide
range of higher plants.

Introduction

As sessile organisms plants have to cope with their environ-
ment and have developed efficient strategies to face harmful
abiotic or biotic challenges. The underlying molecular network
is extremely complex due to the multitude of perception
and signaling systems combined with a multilateral crosstalk.
Phytohormones are embedded in these signaling events and
are well known integrators of stress responses as observed by
their challenge-responsive synthesis and signaling.#® Salicylic
acid (SA), jasmonate (JA) and ethylene are the best character-
ized phytohormones in terms of averting invasions by plant
pathogens. In a simplified model, SA is seen as a resistance
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mediator against biotrophic organisms, while JA and ethylene
are involved in effective defense responses against necrotrophic
pathogens.”10 Other studies could also decipher the signifi-
cance of abscisic acid (ABA) and gibberellins (GAs) for the
outcome of plant-microbe interactions by modulating defense
responses.4’“’14 Plant hormones are known to have antagonistic
acitivity in plant developmental processes and this antagonism is
also observed in plant defense responses (e.g., SA-JA-, GA-ABA
antagonism).s'&ls’16 In contrast, other hromones (e.g., JA and
ethylene) act mostly synergistically in defense processes.!”18
Hence, it is not further astonishing that microbes have evolved
sophisticated strategies to efficiently establish compatible interac-
tions by synthesising and mimicking phytohormones, or directly
manipulating hormone signaling.4’5’19’20

The mutualistic root colonising fungus Piriformospora indica
has been characterized as a exceptionally efficient organism as
indicated by its ability to colonize a broad variety of monocot
and dicot plant species.!"? Interestingly, a nonhost has not been
identified. Related to our recent studies, we discuss GA and other
hormones as significant components for the colonization success
of this mutualist.?

Hormone Synthesis and Signaling during Mutualistic Root
Colonization

The molecular and biochemical events activated in plants
in response to P indica colonisation are mostly unknown. First
cytological studies draw a more complex picture on these mutu-
alistic interactions as was initially believed. In Arabidopsis, the
fungus was shown to colonize root cells by an initial biotrophic
phase followed by a later cell death-dependent colonization phase
(Schiifer P and Zechmann, unpublished data).!»?! At the biotrophic
phase the plasma membranes of colonized cells is invaginated and
the cell is alive. A similar infection strategy is expected for barley
roots. Hence, the fungus is not simply colonising dead root cells
or killing cells prior to or during penetration. Provided that the
fungus is certainly recognized by plasma membrane localized
pattern recognition receptors, which perceive microbe-derived
molecules (e.g., chitin), the fungus should activate innate immune
signaling. Interestingly, our microarray studies revealed defense
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suppression by P indica during barley
root colonization. As this corrumption
obviously supports fungal establish-
ment, it remains to be determined by
which means the fungus suppresses
plant defense.

In recent studies, ABA and GA were
shown to affect Arabidopsis colonization
by fungal and bacterial pathogens. ABA
was shown to suppress basal defense
in Arabidopsis thereby facilitating leaf
colonization by Pseudomonas syringae
pv. tomato.'® In addition, Arabidopsis
mutants blocked in GA signaling
enhanced  susceptibility
against Pseudomonas syringae DC3000
and enhanced resistance against two

showed

necrotrophic pathogens (Alternaria bras-
sicicola, Botrytis cinerea).® In contras,
quadruple DELLA mutants with a
constitutive GA signaling phenotype
were more resistant against the bacte-
rium but highly susceptible against both

necrotrophs. Interestingly, the quadruple

Himalaya — 21 dai

Modified plant
defence/
metabolism

GID2/
SLy1 e

gid1 — 21 dai

mutant displayed enhanced levels of
free SA after P syringae DC3000 attack,
which was also reflected by elevated
PRI and PR2 transcripts, while the JA/
ethylene-responsive PDFI1.2 exhibited
a delayed expression.* This indicates a
direct connection of GA signaling with
SA and JA responses.

Barley root colonization was also
accompanied by changes in plant
hormone metabolism. During extracellular fungal development
(1 day after inoculation, dai) the expression of ABA-responsive
genes was induced. This, however, changed at penetration/early
colonization (3 dai) and progressed colonization stages (7 dai).
At these time points GA synthesis was observed to be obviously
elevated as indicated by the induction of almost all genes of the
non-mevalonate pathway and two putative kaurene synthases. In
contrast, SA and JA-related defense genes only showed a weak
and transient induction pattern or were even suppressed.® It is
tempting to speculate that ABA might be recruited by 2 indica to
suppress defense at pre-penetration stages while GA is taking over
this job at subsequent interaction stages (3, 7 dai). However, our
studies showed the GA-dependence of barley root colonisation by
P indica as a GA synthesis mutant and the GA receptor mutant
gid1 were significantly less colonized by the mutualist. Moreover,
PR gene expression was significantly elevated by P indica in both
mutants compared to wild type roots at 3 dai.? Subsequent,
cytological studies showed a substantial reduction extracellular
fungal growth and of extra- und intracellular sporulation in gidI
compared to wild type Himalaya (Fig. 1). In gid1, fungal coloni-
zation might be stopped at the penetration stage. The resulting

www.landesbioscience.com

Figure 1. Impaired GA perception reduces barley root colonisation by P. indica. GA-responsive gene
transcription is inhibited by SLENDER1 (SLN1) in the absence of GA (upper). After GA synthesis, GA
gets attached to the GA receptor GID1. Thereafter, SLN1 binds to GID, which results in SLNT ubiquti-
nation and its proteasomal degradation. By removing SLN1, GA-responsive transcription is initiated
that is thought to modify plant defense signaling and metabolism (upper). In the barley mutant gidT,
GA-responsive franscritption is inhibited and P. indica root colonisation is markedly reduced at 21 dai
(lower right) compared fo parent line Himalaya (lower left). Intracellular sporulation was almost absent in
gid1 (inset, lower right). The fungus was stained with wheat germ agglutinin-Alexa Fluor 488 (WGA-AF
488) and visualized by fluorescence microscopy (Bars = 20 pum).

restriction in nutrient acquisition might explain its impaired
extracelullar development and sporulation.

In summary, plant hormone signaling is obviously recruited
by P indica in order to manipulate plant defense and most prob-
ably plant metabolism. Plant hormones might further be a key to
explain the broad host spectrum of P indica. Current studies are
directed to decipher the phytohormonal state and signaling during
plant colonization by P indica.
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Ahstract

Firiformaspara indica is a oot colonizing basidiomycere that conlers a wide ange of
benehicial eans 1wz host, This muwalistic funpus was discovered in the Indian Thar
desert, Dospite or maybe doc e s noderal habita, the fungus evolved an
clraondinary capaciy in the colontzation of diverse plants. s broad hast spectm
CACQIMPASSES  EYIENOSpernE, mona- as well as dicotyledonous -.mgjwpcnus, which
moplics an efficient interference with the bost immunity, Morcover, our studies
showed a biotrophic colontzation of Adrabidopyis thaliong roms by Poondica, a
colonization strategy that has not se1 been reported for tung o ronts of Arabidopais.
This biotrophic stage is ransicat and followed by o cell denth-pzsocinted colonization
phase. Although our molecular sod genctic data clearly wwdicate that P iwdicer s
eonfronted with a fenctonal rool imnate mmune system, detense responscs are only
margimilly induceld during eolonization. Our studies exclude an evasion of defense
activation by the fungus, Instcad, P fndica cxhibits en cfficient and broad-specinum
suppression of sool mmmunity trigeersd by fungal or bacterial microbe-gssociated
molecular patterns (MAMPS), This extmonlinery efficicney in the suppression of root
ety s mindinieey for matoobstic colontmion and could explain P mdica’s
capubiliey to intzer a so far unlimited range of plant kosts. Our studies clearly indicale
that mutualists like pathogens are confronted with an elfective innate imimune system
aml that colonization suceess essentially depends on the evolution ol irrimune-

Suppressive strmiogios,



Tt rerd uetion

The success of microbes 1o invade plants reflects their obility to munipukite immuonde
regpanses gnd reproeeam host metbolizm (O Coneell e al., 200670 These activities ane
antagonizad in plants by o two levered imomune system, The firgl induced defense
mstance relics on the recognition of conserved miceobial structures, 5o called
microbe-associated molceular pattcins (MAMPs), and i5 defined s MAMP-triggered
inmunity (MTI)L Microbes subverting M1 are confromted with the sceond, monc
coally bt highly clficient effector-tiggersd imoumity (ETIL ETL 5 activared atter
recopnition of virulenee fuetors, called eflectors, or the products of their activiiy, by
intracellular receptors {fones and Dangl, 20086:).

Bacterial Magelin, clongation factor-TU (EFSTUY or fungal chitin are well-dehned
MANDPs that are recognized by (e pattern recognition recepiors [PREs) FLEE EFK,
or CERK L, respectively, eading to the petivation of M1 (Comes-Ciomez et al., 19949
FKumee e1al, 2004; Zipfel et al., 2004; Muva ot al., 2007 MAMP perception leads o
thiz actividion of mirogen-nctivared protein kingse (MAPK) puthways and subseguent
defense gpene exprossion regulated by imnseripiion fhewes (ep. WRKY=L M1 also
relics an the accumulation of antmicrobial glucesinelates and camalexin (Bednarck ¢l
al.. 2008 Clay et ab., 204005, ('a- contributes to ATLas MAMDP-induce! Ca™' influx
activites MAPK= and Ca”'-dependent protein kinese (COPK) signaling {Boudsoey ot
al., 2000}, CDOMEs also eogelete the production of reactive oxygen specics {ROS),
defcetable a5 the oxidative burst (Boudsoog el al. 20000 that s thought o be
senentted by plasma membrane localized NADPH oxidese RBOHD (Zhang ot al.
2007). MT1 is further substantinted by the action of phytohormanzs like salicylic acid
(SAL clhylene (ET), and jasmonate (JA) {Tsuda et al., 2009).

M1 warranls a bagic protection as i1 derenmines the nonhost stabus of plants towasds
most pathogens (e et al. 2000 amd resivicts discase progression in compatible
intcractions {Ziplel et al, 20043, Models of nnate immunity are bazed almost
exelusively on snalyaes of interaetions with foliar pathogens, and i 35 cornently
unknow o whitt extent MTI s Gssuc~/organ-speciic or ponspecilic. Compared 1o
ather plant organs, reots anc confmoniod with the highest diversity of microbes. Plant
healtl and development. are intimnlely associated with proper nueeient and water
aequisition by rools, It erop production, root diseases are of global concen due to &
lack of reaistant germplisms ond their limited soecessibility For chemical proection.

Mor ekl recentdy the presence of a sensilive MAMDP-trippered immune system wis
¥ P

LN



describisd in Avahichpsic thaliono coots (Miller et al., 2000) However, arganizalion
and protective propertics of oot mnate immunity are almost unknown, Furthermore,
we do mod kaose 16 root surveillance systems discominade between muatealists and
pathogens or 1f colonization success rather reflects the efficiencics of microbial
strategies o deactivate inhate immunity.

The rept-cotonizing basidisnyeete Piriformosrg fndice represents a vselul model
13 $l|_||,|._:,' |:||.'i|'||_"ij_:|!E‘.=-." al |'4'l|_'|l-5.':,'|:'r'|'|‘:-[|"|r'|5 intermetions: i terms ol ool bissn and rood
colonreation, As mutuabsl 11 confees Feachoal imois such 2 nereased _:,'il_-.lu;]. abpaiLe
stress tolevince, oo dizcase registance w0 plants (Vaona ¢b al, 1999 Waller et al.
2005). Sundar te myeosthies] nterachions, fungal phosphate supply o roots =
mnperative oo eeowth prometion (Yuaday el al, 20000, P e 15 an ellicient oot
colenizer as indicated by its cxceptionally broad host range. and 2 nonhost plant has
not yot been discovered. This angeests an enormous capacity to cvade or suppreas
plnt innaie immune ReEponses.

In thas work we atimed ar elucidaing the colsnization sirmeny of & jadica ool al
identifving crocial companents of cont MT] by aking advantage of s ability o
codomrze . Arbidopsis, By émploving  tnmsmission  eleciron- and  epifluorescence
microscopy. slong with ceporer and muatmt plonts, we desenbe for the Brst tme o
batrophic colonpsaion ol Arbilopsis rools by a funzus, This inlesction stage is
[ollowed by a cell death-associated colomzation phase that nesds to be distmzuished
fromm necrotrophy. Our oenetic and molecular analvies demonsirate the efficicncy of
the rool innate unmune system fo balt nacrobial colonizstion and indicate the
signelicance of root MT] suppression rather than evasion by P fedicg as precegusile
far successful colonization, Fumhemmare, our data reveal similarities batween leat and
food immwnity and that muotualistic like pathopgenic coloazation success 15 mtimastely

dependent on efficient immute Suppression sieatepios.



Rusulis

The biphasic lifestvle of £ indica: biotrophy followed by cell death. Microscopic
studies revealed the fallowing spatiostenyporal  chronology  of colonfzation  of
Arabidopsis roots. by P omclice (Fig.1). Koot coloneation swred aficr spore
senmination with inter- and intsccilular penctration of dizodermal and cortical tisspe
at I days after inoculation (daik. AL 3 dar, intracelular colomzation of fizodennal-,
cortical-, and oot hair cells was prominent (Fig: 1A, By Fungal hyphas conscquentiy
branchod (Fig. FA) and occasionally (omed whorls (Fig. 18) as repored for archid
myciorthiza (Pelerson and Muossicotte, 2004; Schiifer and Kopel, 2009 Finally,
extemal and intracellular sporbkation staried o the maturation zones (W23 and 11 a7
arl 14 dan, respectively (e 107 Geowth of P fndiea was restricted 1o thizodermal
nnd eortiznl cells, and coloniztion increased with tissue are and reached its higlest
bevel in ME LL In contrast, meristematic and clongation gongs wemined free of
hyphac except tor occasional infecton ofan epdenmal vell.

Transmussion  electron microscopy revealed that the intracellular coloniation is
initiated by plasma mombeane invagination {Fig. 2A) The well preserved
ultrastuciue . of the cytosol, plasma membranes, and sl organelles ar carly
colomzation stages (3 dai) demonstrated that colonized cells were alive (Fig, 24, B,
Riotrophic colonizution by @ fradica was substantiated with Arabidopsis line GFP-Chi,
in which ER and ER bodies are tagged with the green Nuorescent protemn (Fllickiger ¢
al., 20030 The integrity of ER and nuclens were confirmed in living root cells in M
11 by comfoeal mictoscopy (3 daty (Fig 5A-C, Video 51A, BE Ividence for ocll
inteprity was also provided by failed staining of intrzcelbalar hyphoz (Fis. 383 with
chitin-specitic dyes WHA-AFARE or -633 in contrast 10 oxtracellular hyphae (Fig. 34,
Cyoand intracellular bvplie o desd cells lacking an intact plasmalemma (Fig, S2).
Coll death as indicated by the absence of ER and nucleus (Fie. 52) was frequently
poserved in M 1T ol GEP-Chi plants @l laler mterction stages (>3 dai). Adjacent
non-colonieed  chizodermal cells displaved  intact nuclei and ER (Fig. 827, The
subcellular sequence of eell death started with the disintegration of cytoplasm and Hhe
endomembrane system (Fig. 53A), The plasma membrane, while s1ill present, showed
inversions (Fig. 538} remintscent of membrone blebbing (in senss Minder ¢ al,
1997}, Adjucent non-colonized cells were intact ag demenstrated by well preserved
cytoplasm (Fig. 53C) We did pou lind Gssue necrosis or browaing in colonized root

areis (nol shown) and cell demh was not nceompanicd by whele cell aotefluorcseence,



P, indice suppresses a conserved set of lissuc-nonspecific MTI responscs. In
leaves, invasion by biotrophic fungi is contrelled by locally confined cell wall
appositions (CWAS) und single e2ll hyperscusitive response (HR) (Lipha ot al., 2005
Hiickelhoven, 20070, In clear contrast, we rely detected CWAS or HR-like responses
during hictrephic rool colonization of P, bedfoa (Fig 54} This ehscrvation promyled
us 1o ezl whether Popedien evades ar suppresses basal immune respanses, I leaves,
the active epitopes of bicterial Oagellin (M422), of clongaton facmor-TL tellfl18), or
the octamer of lungal chitin (N-acctylehitooetzose, GleR) trigper the oxidative burs!
and mcheee defenee. gene rnseription (Gomes-Gomes ¢ oal, 1999 Kunme of al..
2004 Aiplel ctal., 2004; Miva ctal, Z007). In addition, plantiels reated with 222 op
¢IlT& exhibit growth inhibition, Aceordingly, & senes of experiments wene conducted.
in which £ indica-colonized rools wene treated 3 dai (hictrophic stage) with 1522, P
indicq abolished the lp22-medisted growth inhibition ss indicated by unimpaired
secdling root length and fresh weight as compared we non-eolonlzed controls {Fig. A
Ag reported for leaves, we deleeted oo ransient axidative burst in non=cakmized roods
ipon treatment with flg22. By conirst, P fmdica-colonized rocls wore olmost son

responsive to flg22 (Fig 4B}, To test the moge of the suppression we also tested the
sensilivily of colomized roots 1o GleB and ciff1 8. £ fudice was also eble w aholish
Uleh-nduced oxidative burst (Fig. 400 as well a8 the elf] $-induced seedling prowih
inhibition sad oxidative burst (Fig. 554, B) Bext. we tested wherher suppression of
MAMI™triggered responses was also evident on the basis of defense marker zene
expression. To this end, at 3 dai with P dnafes, Toots were teated with tlg22,
harvested at 2, 24, and 72 howes after treatment (), end amulyzed for transcriptional
actividion of marker genes by quantitative real ime PCR (qRT-PCR), Consizient with
earlier results, marker pencs for M (IWREY22, WREKYZD, WRKYIZ, R YT
(Colcombet and Hirt, 2008), oxidative stress (QATS, 8ROHDD, RECHET, (Rentel et al,,
M Porres el al, 2005) salicylic acid (SA) (CAPilz, SIND2 (Wang o al., 2009),
and jasmonee acid (LA) (DR, were indoced either at 2, orat 2 and 24 hat 0 noen-
cologieeed  roots (Fig. 40, S6) 1o addition, MYBESL, whicl participates in fhe
bivsynthesis of antimicrabial indole glucosinalates (Cloy et al., 20093, wis induced. In
marked comtrast, e manscriptional induetion of all rested penes by 22 woy

suppressed by £, indica colonization. Interestingly, although A2FT, 2 was upregululed



in colonized roots at atl time points, the induction level was clearly reduced in

seliva-colonized roots treated with tip22.

MAMEPs of mutualistic microbes can activate a highly effective root MTIL Crr
results revenlad that 2 fedlica efficiently suppresses MANP-triggered résponses, We
subsequently wanted to clucsdate the sipmbeinee of ool MTI i the maleahiste
aymibicais. Two-weeks-old seedlings were f1g22- or mock-treated at 1 day prior o
imoculation, Fungal growih was quantified at biotrophie (3 dai) and at cell death-
azssociated colonization stages (7 dai), MNg22 treatment led o reduced colonization at
both tme pomnts (P SAY To undechine e cole of MTTin P ardicn colonization, we
employed two mutants with aliered M responses, The plunt U-box pype B3 abiguatin
ligase (PUBY wiple nutant peb222324 does not exhibit 2 constitutive defonse
response but MTI is hypersetivared after MAMP applicatien (Trujillo ct al., 2008).
Colomzation of prbld/23/24 wias sigmilicanily reduced in compnnson 1o Col-8 (Fig
5B By comirast, the cerkd-2 (chivm eficivor recepror Eaase T-20 muant, which is
impaiced i percepton of chitm and o yet unidenntied donger zignal associated with
hacterial attack {{Fimence-Thancz et al, 20093 ellowed ngher colontzbion (Fig. 58).
The redspeed colonizztion of puehl 2723024 conld be cavsed by redoced suppression of
RATE by P fadico, Therefore, we detenmined the oxidative burst in the puhd 2723724
mutant. In contrast o the parent fine Col-£, the fig22ariggered oxidmive bussi
tncreased 1 colomzed pahd22324 mools (B SC. 57 We also anulyzed the
expression of the same sei of stTesy gencs in peh2 272524 and Col-8 roots a1 1, 3, and
T days aller P indieg- or mock-incculation, As expected, MT] markers were nol
induced in nan-colomzed roots of pab 222324 While WRAVZS WEKYIS, CHPalg
and MFES] were moderutely vpresulated ot 7 dotan Col-¥, ol tested penes displuved
a sronger induction in pred2 223024 wt T orat 1 and 7 dai (Fig. 50, S8 Interestingly,
i Col-%, opposite to the incressed expression of the SA marker CEAA, induction ol
1A mnrker POFL2 pradually decrensed, Similarly, CEPoier and 5002 induction in

pub2 223024 was assocmted with the suppeassion of POFL 2

Hormones balance root colonization by &% indico. The mdoction of S4-, 1A= and
glucosinoline marker genes by P indice in Col-8, prompied s 0 twse their
stgmihicapce for symbicsis. Fungal biomass was quantified in 5A cipnaling muotais

nped-f {menexpressaor of PRI, eyl {ewhareed disense susecpribiline 1), in 8A



syithesis mutant sid@2-2 (alievlie acla-indiecible defeciive 2420, as well as in JA
signaling mutants Sl <1 [avmoncie invensiiive -1, codi-16 (covanatine sensiiive
F=di), and in JA synthens motont jioed- 4 (fasmanare resistont T-0h Exeepl Tor nped -4,
nll B4 muetmts showed higher eolonization ar 3 and 7 dai (Fig. 591, By contrast, root
colonization wos seduced n geed-0 and find-0 at 7 dai (Fig. 59 codl-T6 colonizalion
was comparable 1 wild type, coid =46 bears o sceond mutation in PENI {Westphal €1
al., 2008), which might compensate the expeeted colomizanon decrease i codd-16.
Comsistently, pend-1 displuyed a higher colontzntion at 7 dat (Fig, 59). Finally, we
exomined padd (phvtealevin doficieni3), which shows a marked reduction in the
symihesis of antimicrobial camalezin (Gliechrook and  Awsubel, 1994),  pad3

colonization was similar 1o that of wild tvpe.



Discussion

Bazed on the presented data, we propose a root colonization madel conzisting of four
consecutive colomzation stages (Fie. @F (1) Extracellular coloniztion of the root
surface by P Jpdiea {1 di). (i) Biotmophic colontzion phase (< 3dai), at which
lyphae eolonize hving chozodermal and cortical cells (Fig, 3,3, Video S1A, B, Alle
penctration, hyphae grow mio cells but emam extreytosehc by mvagimaimg the
plimma membrane. (i) Cell denth-pssociated colonization phise (=3 dai) amd (iv)
fungal reproduction by cxtmecllular {7 daiy and intracellular sporatation (14 dat).
Biotropky i3 undedined by the Bk ol altrssirsetural changes fe.g. lysiz of the eylosel
or ruptured tomeplast), which start Lo occur ol the cell death-azsociated colontzation
st (Fig 52, 531 The hiotophic el aolomegtion demonswates that  Tungsl
development s neither dependent on dead cells nor 1= cell death 3 preregusite for
ponctraticn. Importantly, hiotrophic colontzntion did ot coincide with any defenss
responses. several ndications contradict an imomunity-related  role of cell death
pasocinted with colonpeamon: (i) the absence of whale cell autafuorcscence or
browning caused by the accumulation ol phenolic and antimicrobial compounds as
repanted for HR- ectls (Heath, 2000) and as marcly obscrved in voung rooc tissue (Fig.
sA0i, MY, () the alsence o HR lalmarks seeh a8 miochondria swelling, clevined
vosicle formation, vacuohzahon of the cytoplasm, and pretoplsst shrnkiee (Hewth,
2000; Mur et al., 208, (G the nom-deletenons impact of cell death on £ indica
colonization as repofcd for barley (Deshmukh et al, 20063 and  indicaed by
transcellular fungal geowth (Fig, 53% Together, these Iindings implicane o profound
atdaptation ol & Jedico 10 Amsbidopsis rools

The mtracellular colonation of hving eells provokes an exended exposune of [unzal
siruciores to plasma membrane-localized paticrn recoanition receptors (PRES) and the
subsequent activation of immune responses. The vhiquitnus sxpression of PREs such
as FLSZ throughout differenn tssues (Robatesx er al, 20067, indicaes that signaling
processes are comserved im leaves and moots. Fasst evidences for this were shown by
Millze and colleagues {Miller et al, 20100, and more charactcristics of oot M1 are
presented heee (Fig. 4, 56} The activation of MAMDPrigoered reapoazes in wild tvpe
roots by Qe (Fip, 4) or in gaef22423°24 oo by Ponefice (Fip, 51 implicioies o
conserved Immunc syvstem in lepves and roots. oandica effectively counteracts
immune signaling az seen by the 1omal abolishment of MAMP-Tigrered seedline

arowth mlabificn (Fig. 44, 5540 as well as by the suppression of the MAMP-mduced

I



nxidative hurst (Fig. dB, O 558} and induction of gene expression (e 40, Sa). The
supprossian of R YE2, WREY2G. WRAYIS, amd WWREYTE tmnscription in £ Oadica-
colontzed mwots By Ned? anphes thoe the fngus impais o brond ser of MAPE.
mediabed signaling pathways and thus, the backbone of MTI (Coleombet and Hirg
20083, MT1 suppression by 7 idon requires fusther empocal and spatial clucidatinn
temporal beeausa ™ fraices suppresses both escly (oxidative burse) and Later immune
responses (gene induction). and spatinl beeanse these responses gre activated
distinet  subcellufar locations. More significantly, & fedica nollifies  imomme
responses usimlly ingeencd by diverse bactedal (1g22, elf18) and fungal MAMP:
[chinn) {Fig 4, 330 1 was demenstrated that these MARMPs activate a sinvilar ot of
MAPK= and induce an overlapping nene set (Wan et al., X008), Therefore, £ indica
muzl fargel a component or process, which is upstream of the immune signaling
cascadels) and s recruded by o difforent perception systems. A staighiforward
explanation would be the deactivation of & major hab that mtegrates multiple PRR
sipnals. Alermanvely though, P fedfea might secrete a plethara of cffectors, which
are fungtioml n distinel and evolutionary distantly related heses, o silence maliiple
key components roquiced by diflereot MAMP-niggeed  responses, The reduced
eolonization and cnhanced MT1 activation in gl 2025024 excludes an impaimment of
FER funchion by P dmdice. The ubigmtin hipnses PUB22, PUR23, and PLIR24
negutively regulate leal’ MTL These U-Box prodeins are thonght o gommol PIE-
derivaed asignaling upstresun of the MAPK @iscade, By fargeting the activity of the
hgases or immediale downstream signaling components, P, focice would be able o
imiir defense sianaling. Irespective of the exisicnce of o major or several immunge
signaling integratons, these wrges shonld be conseryed in P inaien hosts. Supporting
this view, wi observed suppression of defense gene cxpression and chitin-induced
aidative burst by P fudice in barley roots {Schifer o al,, 2002, unpublished data)
Few stdics have deseribed the existence of root MT1 ¢Amard ¢t al., 2000 Millet ot al..
200, However, e present study denonstrates 15 mvolvernent i halting micrbial
rood colonization as evidmeosd by the reduced colonization of 1322 pre-weated rools
and pebh? 223024 by P.oindica as well as the enhaneed ¢olonization of cerkd-2 {Fie.
5A, BY. The eedueed colonization of Ag22-treated W plants and luiled inhibition of
MTL i pnelZ 2023723 suppest thay P odica follows a stritopy of suppression eather
than evasion of M1 It further indicates that the pecception off MAMPs released by
the mwteabstie symbiont nggers imumunity sinulac to pathogen MAMPs. poebh 2272324
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im am exeeiient roal fo deteot Swch responscs as 0 doss por show edesated 8T under
normal growth conditions (Truplio ef ol 20083, Reduced preb2 272324 colonization
comrelnted with an elevaed oxidagive: burst, induection o MAPK-netivated senes
(HWERYZZ, WRKY2Y), and also genes paticipating in KOS mctabolisie (REDHD,
CIXETY, Thig might sellest clevanad signabing aetivitios of existing receptors or an
elevarsd die povo symthesis of receplers 05 o consegquence of M. fdica colomizaton,
Altematively, it 14 templing oo speculite, thal the PUR triplet is tingeted by cffector
prodens, wluch mediate e stabihzation n a similar manner as P, ifeseony AVREL
stahilizes the U-Box protein CMPG, therchy suppressing host cell death doring
Brotrephic celonization (Bos o al,, 20140},

In leaves, SA, JA, camatexin, and glucasinolates substantinte M1 { Bednarck <t al.,
200%; Tsudn e al.. 2009). This might also hold true for rooe MTI ag sogaesied by the
mproved codontztion of eddd, sid2-20 and pend| respeciively, by Poasdica (Fig 59,
Im toen, camalexin and A, which stop necrotrophic pathegens (Thomma et al. 20309,
are nod eflechve ool MTI components against % fndicr 25 indicaned by wnaliered
oot aml reduced colomzation of feed-1 and find-7. In disngreement with our former
resuls (Stetn ot ol Z008), peed-0 did not exhibit an alicred colonization in Gve
independent experiments. As otr former syatem was pioas 1o mool njumes dunnge sol
detachment o Arabidopsis roots prior o0 2 frafos inoculation, we introduced nn
mpar-bosed  sereeming system, therchy  ehimineting root imunies and  enhancins
sereemne sensitiviey. Hence, SA-mediated defense aganse the funss was NPR1-
independent (Fig. 59 as has been reported for daddd ) cped, ol cpes, and cpr3d,
which exern g constitutive 8A defense (Clarke ecol,, 20005 Genger et al., 2008 Goo ot
ik, 2000, Civen that #0412 cxpression decrcases stepwise (JA marker), and that
simullaneonsly CEAGdr (5A marker) is upregnlated in Col-8 (Fig. 509, the fungues
might recrnt JA signaling o couniebalance SA defense. JA-SA amazonism is known
lrom stiedics in cod and find, where bath meants displaved on incrensed SA sigrnaling
after bactecial clallenge (Kloek et al, 20015 Laune-Bemmy et ul, 2(8M). Henee,
reduced colonization of Jard-F and fof-F might reflect increased SA defense in these
mwtants triggered by P ineliea. In secordance, P, dfior stromgly induced 54 mackers
CHPAOO and N2 i puh2 22324 roots, while POEL2 exprossion was suppressed
(Fig 513, 58],

In conclusion, hased on our amalyses, we propose a madel (Fia, 6} in which coof

WA MP-trigeered immunity efficiently restrict penemation and root eolonization of the
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mtealisn 2 peelica. This imoune bamier can be overcome by Pooosdier by the
manipilation of MAMP-rigrered responses, The pene expression data (Fia. S137 and
mutant analysis (Fig. 59 suggest that  5A and plucosinolates  represent. MT
compencnts that elfligiently control rout coleniention. The climination of rect-bascd
ity 18 nol only pivatal Do the colonization suceess but might alzo eaplain &
imelicer's broad hust spectrum. Funthermone, the ped2 22 3249 mueant sdies implicae
thiat the mutualist P fodice releases MAMPs therchy activating imunune responses s
reparmed for pathopens. In fiutwee, it will be inteeesting o elucidate to which exteat the
ot surveillance sysem diseriminarcs between pathogens and muatualists. Based on
our sues 1 s appareal 1hal 1001 possess o pereeplion system and immune reperoine

stk 1o e
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Materials nod Methods

Plan! muterind and inoculation. Sceds of Arafichgels falioes cootype Col-0, Col 8,
Cal-3ehl, mutemis fnd -0 (NS17005 Yogered - {NBOT 2, procl3 (MNIROS), marl -1 (N3T20),
and Ad (NedT35) were obtninod rom the Nouinghom Ambidopsis Stock Center,
el f-0f foeds were kindly provided by B Hoose, Halle, edsd by J, Parker. Cologne,
CiFP-Uhi seeids by €30 P di Sanschastuno, Leece, and sla2-2 seeds by Fo M. Ausubel,
Boston, cerk -2, pend-1, v peih2 2023/24 weere publizhed earlier (Lipka et al., 20035
Trujillo e al,, 2008, Gimenes-lbanes: et al, 20097 AL plants were grown on % M3
medinm without sugrose ar 2WTEC daviight eyele (8 hours light) ot 0% eel,
humidity. Yor fungal quantification and gene cxpression enalysis, moots of three-
weels-old pluets were imnculaicd with P dndiea (300,000 spores ml") and harvested

at the mmdicated Gme points,

Cruantitation of Munpal eolonization by gRT-FCR, Geoomic DNA was extracicd
fromm roots with the Plant DNeasy Kit (Qizgon), Ten ng DNA served as temiplate for
ral-time quantilative PCR analyses by wsing 20 pl SYBR green JumpStad Tug
BeadyMix (Sigma-Aldrich) with 350 abM oliponuclectides and o 7500 FAST thermal
cvcler with & standard protocel (Applicd Biosysiems), Fungal colonization was
determined by the 2 it T (Schmitgen and Livak, 2008) by subtzeting the mw
Ct walues of &, dndica FEY rom those of 00800 (For primer sequences see Tnble 517

Drara were amalvzed by Stodent’s fest.

Cyiulogical apalyses. Root samples were gither lixed or directly stained with chitin-
specilic WGEA-AFRE andior <633 (Maolecular Probes) as described {Deshnukh et al.,
200K Images were taken usimg an Axiopian 2 miceoscops (£ciss ), WG A-ATAHE and
GFF emission was detected  ae S05-3300 um (exeittion: 47020 nm). Cell
autelluorescence emission wis detected at 546/12 nm (excitation: 590 am}. Confocal
images were weorded on a TOS SP2 microscope ( Leica). WGA-AFIRE and GFP were
excited with o 483 nm laser ling and detected at S05-340 om, WGA-AFR3S was
excied with a 546 nm laser fine and detecled at 600-660 nm. For olirastructural
studics, roots were cmbodded as described (Zechmann ¢ al., 2007 and ultrachin
scctions (80 nen) wers investigated after post-staining with iyl acente and Lead

chirare with a Philips T 10 TEM.
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Creme expressiom analyvsis by qRT-PCR. For gone expression analysis, plants were
imeculated with P dmcfica or mock-treated. Three days Later, plants were transferred 1o
liguid M5 medivm conteining (L1 ub flg22 or moek solution. Roos were hrmeested
at 2, 24, and 72 hat. RNA was extmcted using TRIzel (Invitrogen) and aliquets were
used for CDNA synthesis with a gheript eDMNA synthesis ki (Quantd Bioscienees).
Ten op cDMA were psed os wmplate for gRET-PCE oy deseribed above for fingal
quantification. The 2" methed was vsed ta deteemine differential gene expression

{far primer s2quences see Tabla 510

MAMP-indoced root oxidative borst and growth refardalion. Dwo-woeeks-old
plant roots wene éither weated with | phd g, | ph Mocetylehitoncinge, nr 1 ph
elf18, respectively, a1 3 duwi with P Jeadies or moek treatment, For determination of the
oxidntive burst, roats were oul in | om long pieces (10 mg per essay) and subjected o
a homnob-bised assay as described (Gomes-Gomes ot al, 1999, For the oLl
retiandasion assay, plants were treated witls 1O phd Me22 or 1M el f18 at 3 dai with &
freliem or mock treatment. Plant fresh weight was detenmined en days afler irgatment,
N2 ? and elf] 8 peptide sequence was used vy described (Gomez-Gomez ot al., 1999,

Koumze et al., 20045,
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Firure legends

Figere 1. Colonization of an Arafidopsis rool by P odedice o e merstemalic,
clompaiion and metuention zones (MZ). Colonization s restneted Lo shizodermal, roct
bair and cortieel cells while the root endedermis (boown cells) and root vasculatore is
et eolonized. The lemers and arrows in the middle pasel points to interactions sites
displayed in images A<C. A: Epiflusrcscence image of cpidemal roat cells that are
penettated (arrows] withont specialized penetraticn ergans. Intracellular hyploe
{nmrawhend=) show 4 kranched maephalogy,

B Epiflusrescence tmaae of Intracellulae hyphae that are characterized by o distind
alobular structure (aerowheads ). Penetration gites are indicated by wrrows, O Braght
fichl image of intmeellulyr sporulation thal strs arcand b5 dain the M4 TL [l

hyphaz were staned with WG A-AFSER. Bars © 20 o,

Figure 3. Early bictrophic stapes of the Araebidopeiv-lt Jmditca intcraetion.
Tramsmission electron micrographs show intzet voot colls of drabidopei contype Col-
{1 colonized with fungal hyphac (1. A, B Root cclls with dense oyiesal, et
plastids (), mutochondria (M vocuoles (Y ER (amowhends in A), dictyosome
erow tnoamagpe By, end cell walls (OW)L AL Imape shows parts ol a rool cell it e
plasma membrine closely surounding the hyphae (amews) Bas = 0.2 pm (Al 1 pm

(],

Figure 3, Bictrophic eolontztion by & fwdice In MZ I a1 3 din, A-C: Conlocal
microscopy of living cortical ectl (CC) from colonlzed Arabidopsis line GFP-Chi with
GFP-tapped ER. ER bodics {4}, and nucleus [(¥1. Exiracellular (arvows) bul nal
intracellular hyphue (amowheads) are stained with WGA-AFSER in A and with WGiA-
AFG33 in C. Bars = 15pm.,

Fipure 4, £ indica suppresses MAM Paripgened growih retardution, onidative bursl,
and gene transeription during biotrephic colonization 3dw). For oall amalyses,
MAMPs were applied 0 two-weeks-old plants gt 3 days atier P, jnefed noculatica,
A Suppression of g2 2-induced growil setardation by P dadicr, B, L Suppresssion
ol flp22- and N-acetyichitooctacss (GleBy-induced root oxidative burst by £ avdecar.

Values are ziven as relatve light units (RELY over time as meass will stodind cas
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of four independent measurements per treatment of ong experintent. Bxperiments
were repeated thrce with zimilar results, Asterizks imlicate sipnificance w1 < 00001
[*** ) amalyzed by Student’s -test. D Suppression of Mp22-indueed gene transcoption
determined by RTgPCR. Three days aller P bfice inocelilion or mock-tnentment,
roots were treated with Aip22 or mock and harvested 2, 23 snd 72 h after weatments.
[hduced tmnscript suppression wis observed for markers of MTI #FREVIQ. of
sulieylic aced (CEMAle) and of jasmonie acid (POFL2) as well as glucosinolale
{MYA3 0, The values represent means with standard error and are bised on three

mdependent biolostcal experiments.

Figure 5. MAMP-tniggered immunity restricts colonization of drpbidupyiv roots by 2,
incdiva, Three-wecks-old planta. were inoculated with 2 dndice and fungal Biomass
wits dotermined during biotraphic (3dai) and call death-associaled colomzation siages
(7dai) by RT-qPCR. A: Col-0 rools were treated with 10 gh 1222 or mock-treated |
iy privr to % iudfoa inoculation. Ag22 pre-rreatment fed o edoeed eolonization at
3 oand 7 dal. [Standard emors ae Toom iwe independent experiments. ] B Reduced
colomization of MAMP-hypermesponsive triple motant peb2 202324 and eabancod row
colonization ol chitm-msensihive mutent cerkJ-2, [Three independent experiments
with 2000 plants per motant, wild type and time point: sipnificance at < Q05 (4]
M2 incheeed root oxtdntive burst n the ped2 22324 mutant iz not suppressed by £
incficer. Values nre given as relative light units (ELUY over tume, [Standard crrors are
ffomy [our independenl. mewsurements per treatment in one experiment]. The
experiment was repeared three with similae resolis, D: Failed auppreasios of g2
imduced defense by P ojwdice in mulant peh22/23/.24. Three-woeks old Col-4 wdld
type or pab2 223024 mutant were moculsted with 2 fedice and analveed at 1.3 o0 7
dwi with RT-gPCR for transeripnion of WK V29 (M1 marker), CHEPOOe (SA marker),
COFE2 [IA marker). and MYESS {marker for astimicrobial  plucosinolates).
Expression valucs wene caleulated by the 1 method by relating Cr threshalds of
candidates 10 thive of the housekeepimg gene wbigeids 5, The values ace given as fold
changes (FC) and represent means with standard esror end are based on iwo

mdependent biologival experiments,

Figure f. Model of the spatio-temporal colonization pattern of deadidvpmis roots,

Rool colonizelion by £ indica can be divided into four stages, Aller pemmination of

2h



the spores and extracellular growth, hyphae penetmle epidermal or corical cells and
establish an cardy biotrephic colonization phase. Biotrophic stages can be proceded by
intereeliular celonization. The carly and late hictrophic stapes are eharaeterized by
coarpleie itactness of the cell orgaancllcs (e nuckas, Bhe) and plasma membrane
mvagination (dark ey lines meade cells). Biotrophically colonieed cells dic (figh
srey filling of cells) dunng subsequent cell death-nssocited colomzation, Hast eoll
death s indicaled by orgunetle disruption, while the plasing membrane {dack groy
lines mside the cell) sUll surteunds inwsccilular yphac, Intacellelar spoolation tkes
place o cpidenmal and corlical cells al alweut 14 dai. Eedesdeomis cells (Broswn colar]
are el colomized. CC, centrzl eyhinder; B, endodermis; O, comex: 2, ehezoderises.

MT1 15 restricting voot colonization by P dedice from cady through lade mdenclion
stages. The fungug schigves brotrophic rool volentzation by the suppression of carly
MTL Salieylic acid (5A) -mediated defense and antimicrobial indole glucosinolaics
(105) partciapic o MTL and are mot suppressod by the fungus, As oshicied by
mutant colonization {Fig. 59] and gene expression profiles (Fig, 3D 84 and 106G
mipht take o dominant role ar later solonization stapes a1 which P feslies might recroit

1A zignaling and oaher yet o be defined pathwavs o countericl SA-supporled MT.



Supplemental Matenials

Video S1A Fluarcseent channel deteetion of the bicirophic celonization of o cortical

cell by P inddiea,

YVideo 518 Transmission channel deteciion of the biotrophie colenization of a coricul

celb by Podmffoa.

Figure 82 Cell death-ssseciated coloneation by 2 fscice i the matoeations zane E.

Figure 33 Cell death-assecmied coloareabon of Arabidepsis rools by P inaice.

Figure 54 Delense responses during carly slages of the Ambidopsis-rf indica

interaciion.,

Filguwre 88 Suppression of clfl 8-riggered responscs by & diaieer,

Figore 86 Suppression of flal 2-induced gene expression by P smelicer in Arabidopss

reels

Figare 57 flg22-induced oxidwtive hurst in peh2 202324 05 not suppressed by 7

rridie,

Ficure 58 Enlanced defense gene induction s pef2 2023024 wats by P indlica.

Fizure 8% 5A and plucosinolate defense restricls colonization of Arshidopsis roots by

P inelicer.

Table 51 Primers nsed lor gRT-PUR



Maturation zone |l

Maturalion zone | Y,

Elongation zone

Meristematic zone

Figure 1. Colonization of an Arabidopsis root by P. indica in the meristematic,
elongation and maturation zones (MZ). Colonization is restricted to rhizoder-
mal, root hair, and cortical cells while the root endodermis (brown cells) and
root vasculature is not colonized. The letters and arrows in the middle panel
points to interactions sites displayed in images A-C. A: Epifluorescence
image of epidermal root cells that are penetrated (arrows) without specialized
penetration organs. Intracellular hyphae (arrowheads) show a branched mor-
pholagy.

B: Epifluorescence image of intracellular hyphae that are characterized by a
distinct globular structure (arrowheads). Penetration siles are indicated by
arrows. C: Bright field image of intracellular sperulation that starts around 14
dai in the MZ Il. Fungal hyphae were stained with WGA-AF488. Bars = 20
pm.



A T AN o5 S R ()
Figure 2. Early biotrophic stages of the Arabidopsis-P.
indica interaction. Transmission electron micrographs
show Intact root cells of Arabidopsis ecotype Col-0 colo-
nized with fungal hyphae (H). A, B: Root cells with dense
cytosol, intact plastids (P), mitochondria (M), vacuoles
(V), ER (arrowheads in A), dictyosome (arrow in image
B), and cell walls (CW). A: Image shows parts of a root
cell with the plasma membrane closely surrounding the
hyphae (arrows). Bars = 0.2 pym (A), 1 um (B).




Figure 3. Biotrophic colonization by P. indica in MZ I
at 3 dai. A-C: Confocal microscopy of living cortical
cell (CC) from colonized Arabidopsis line GFP-Chi
with GFP-tagged ER, ER bodies (+), and nucleus (*).
Extracellular (arrows) but not intracellular hyphae
(arrowheads) are stained with WGA-AF488 in A and
with WGA-AF633 in C. Bars = 15pum.
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Figure 4. P. indica suppresses MAMP-triggered growth re-
tardation, oxidative burst, and gene transcription during bi-
otrophic colenization (3dai). For all analyses, MAMPs were
applied to two-weeks-old plants at 3 days after P. indica in-
oculation, A; Suppression of flg22-induced growth retarda-
tion by P. indica. B, C: Suppresssion of flg22- and N-
acetylchitooctaose (Glc8)-induced root oxidative burst by
P. indica. Values are given as relative light units (RLU)
over time as means with standard errars of four indepen-
dent measurements per treatment of one experimant. Ex-
periments were repeated thrice with similar results. Aste-
risks indicate significance at P < 0.001 (***) analyzed by
Student’s t-test. D: Suppression of flg22-induced gene
transcription determined by qRT-PCR. Three days afier P.
indica inoculation or mock-treatment, roots were treated
with fig22 or mock and harvested 2, 24 and 72 h after
treatments. Induced transcript suppression was observed
for markers of MTI WRKY22, of salicylic acid (CBPE0g)
and of jasmonic acid (PDF1,2) as well as glucosinolate
(MYB51). The values represent means with standard error
and are based on three independent biological experi-
ments.
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Figure 5. MAMP-triggered immunity restricts colonization of Arabidopsis
roots by P. indica, Three-weeks-old plants were inoculated with P. indica
and fungal biomass was determined during biotrophic (3dai) and cal|
death-associated colonization stages (7dai) by qRT-PCR. A: Col-0 roots
were treated with 10 uM fig22 or mock-treated 1 day prior to P. indica in-
oculation. fig22 pre-treatment led to a reduced colonization at 3and 7
dai. [Standard errars are from two independent experiments.] B: Redu-
ced calonization of MAMP-hyperresponsive triple mutant pub22/23/24
and enhanced root colonization of chitin-insensitive mutant cerk1-2.
[Three independent expariments with 200 plants per mutant, wild type
and time point; significance at P < 0.05 (*)] C: fig22-induced root oxidati-
ve burst in the pub22/23/24 mutant is not suppressed by P. indica.
Values are given as relative light units (RLU) over time. [Standard emors
are from four independent measuraments per treatment in ong experi-
ment]. The experiment was repeated thrice with similar results. D Failed
suppression of flg22-induced defense by P indica in mutant
pub22/23/24. Three-weeks-old Col-8 wild type or pub22/23/24 mutant
were inoculated with P, indica and analyzed at 1, 3 or 7 dai with gRT-
PCR for transeription of WRKY28 (MT| marker), CEPB0g (SA marker),
PDF1.2 (1A marker), and MYB51 (marker for antimicrobial glucosinola-
tes). Expression values were calculated by the AACt method by relating
Ct thresholds of candidates to those of the housekeeping gene ubiguitin
9. The values are given as fold changes (FC) and represent maans with
standard error and are based on two independent biclogical experi-
ments.
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Figure 6. Model of the spatio-temporal colonization pattermn of Arabidopsis
roots. Root colonization by P. indica can be divided into four stages. After ger-
rination of the spores and extracellular growth, hyphae penetrate epidermal or
cortical cells and establish an earty biotrophic colonization phase. Biotrophic
stages can be preceded by intercellular colonization. The early and late biotro-
phic stages are characterized by complete intactness of the cell organelles (e.g.
nucleus, biue) and plasma membrane invagination (dark grey lines inside calls).
Biotrophically colonized cells die (light grey filling of cells) during subsequent
cell death-associated calonization. Host cell death is indicated by organelle dis-
ruption, while the plasma membrane (dark grey lines inside the cell) still sur-
rounds intracellular hyphae. Intracellular sporulation takes place in epidermal
and cortical cells at about 14 dai. Endodermis cells (brown color) are not coloni-
zed. CC, central cylinder; E, endodermis; C, cortex; R, rhizodermis.

MTI is restricting root colonization by P indica from early through late interac-
tion stages. The fungus achieves biotrophic root colonization by the suppressi-
on of early MTI. Salicylic acid (SA) -mediated defense and antimicrohial indole
glucosinolates (IGS) particiapte in MTI and are not suppressed by the fungus.
As indicated by mutant colonization (Fig. S9) and gene expression profiles {Fig.
oD), SA and IGS might take a dominant role at later colonization stages at
which P. indica might recruit JA signaling and aother yet to be defined pathways
to counteract SA-supporied MTI,



Supporting Information

Supplemental Figure Legends

Vitleo STA Fluorescent channel deteetion of the bictrophic colonization of a cortical cell by 1.
imeice. The movie consists of 29 2-stacks wken with a multichannel TCS SP2 confocal laser-
scanning microscope {Leica). Displayed i the interaction site described in Fig. 3. See
description in Fig. 3 for identification of fungal and plant structores. The movie displays a
eolonization site m maturation xone 11 of Ambidopsis ling GPP-Chi in which the BR, ER
bodies. and nucleus are GFP-labeled. Optical sections were taken afler excitation with laser

line 488 snd 633 nm, which were merged for the movie,

Video S1B Transmission channel detection of the biotraphic colonization of 2 cortical cell by
r. incice. The movie consists of 29 z-stacks laken with a mulichamne| TCS SP2 confocal
microseope (Leica). isplaved is the interaction site described in Fig, 3, Sce description in Fig.
3 for wentification ol fungal and plant structures. The movic displavs a colonization =ile in
maturation zone 11 of Arabidopsis line GFP-Chi. Optical sections were tnken by transmission

chinmel.

Figure 52 Cell death-associated colonization by P fadice in the meturation zone 11, A-C:
Confocel microscopy of colonized dead rhizedermal cell (RCY lacking ER and nucleus. P.
indlica was double staincd with WGA-AT4RE (A) and WGA-AFR3E (C), Arrows indicale
tungal penetration sites ol thizedermal cell {RC). RC is dead as indicated by the absence of
ER and nucleus. Metghboring chizodermal colls are alive as ER bodies {cross in A, B) and ER
are visible (top cell) as well es the nucleus {asterisk, oul of Tocus) in a lower cell. B:

Tramsmission chanoel image of A, Labels are as deseribed in AL C: Same as A Bars = |5 pm.

Figurc 53 Cell death-associated colonization ol Arabidopsis roots by £ indica. Transmission
eleetron micrographs show root cells with disintegrated eyviosel (*) and tangal hyphae (H). A:
Phe early stage of cell death-gssocisted colonization (CA) is charsoterized by intact
mitochondria (M), the presence of lipid bodies (L13), and multivesicular hodies (MYVE), The
evtosal (%) is slightly dissolved. B Late stage of CAD, lmage shows twa roed cells, The cell
i the lelt part s coomplately pervaded by the hypha, whereas the cell in the right part of the

image 15 parly colonized. Penetration of the latter takes place directly through the cell walls



ag plasmodesmata cannot be seen at the penetration site (arrowhead). The plesma membrane
s visible and appenars intaet throughout the colonized cells {arrows) although the eviosol is
disintegrated in somc ancas of the cell (*), Mitochondria and plastids (P) are soll intact. Inset
shows a close up of a plasma membrane protrusion close o the penetralion site reminsicent of
membrane blebbing, L Four root cells separated by cell walls (W), The middle cell is
colonized with hyphae and containg a partly dissolved cytosol (*), whereas the two cells
below and one upper cell, that are not colonized, show a dense cytosal {CY), intact plastids

and tonoplasts (V) Bars = | pm (A, B, O, 0.5 pm (inset in B,

Figure 54 Defonse responses during carly stapes of the Arabidopsis-2 frefica intersetion, P,
fefive induced very infrequently siructural and biochemical defense respanses in Arabidopsis
roots, A: Epifluorcscence image displays the rare observation of cell wall appositions
(arvowheads) associated with [ungal penetration attempts of a rhizodermael cell, B: Brishi field
image of A shewing cell wall appositions (CWAs, arrowheads). C. D: Epifluorescence and
bright feld image of fungal penetration allempts associated with CWAs (black arrowhead),
Focal accumulation of peroxisomes was vissalized using Arabidopsis line A3 in which
peroxisomal tetrafunctional protein is GFP-mpgged [Cutler SR, Fhrhardt W, GioilTites J5.
Somerville CR(2000) Random GFPuicDNA - fusions enable visulabmtion of subcellular
structures in cells of Ambidopsis at o bigh frequency. Proc Nl dcad Sci US4 97:371 8-3723).
White amowheads indicate penetration ottempts and focal perarisome accumulation in
another focal plane. E, F: Epiflucrescence and hright field image of fungal penctration sites in
the absence of CWAS (armowheads) indicate the reduced focal accumulation of peroxisomes
in comparison to C. Note the lower number of peroxisomes in the absence of CWAs in 15
compared o C, Armmows in D and F show extracellular hyphae, G, H: Epifluorescence image
of WOA-AFBS stained intracelloar hyphae in elongating cells (G, arrowheads) showing
strong autolluorgscence (H, arrowheads) indicative of 8 HR=like defense response at T dai. G-
Fungal intracellular colonization s restricted to single epidermal eells. Arrowheads indicate
intracellular hyphae at another focal plane that were confionted with an identical FUSMIDIES

Bars = 20 pm,

Figure 55 Suppression of elf18-riggered respanses by . fudica. £ indica suppresses ell18-
trigzered responses such os seedling growth cetandation and exidative burst, A: Roots of two-
weeks-old Col-00 plants were ineculated by P fndica or mock-treated and subsequently

challenged with | uM elfl8 or with & control trestment ar 3 dai. Plant fresh weighl was

B



determined 10 days after treatment, Data represent mean values of theee hiological
experiments, B: Roots of two-weeks-old Col-0 plants were either inoculated with P, inefice or
mivcktreated and challenped with 0.1 pM elf1 8, Oxidative burests was measured in 10 mg root
sepments (1 cm each scament] by a luminol-based asssy directly afier application of elf1§.
Volues are given as relative light units (RLU) over time, Da displeyved are micans with
standard crrors of four independent measurements per trextment of one biclogical gxperiment.
Experiments were repeated thrice with similar results. Asterisks indicate significance g1 P =

LOGE (***)y analvzed by Stedent’s f-lest.

Figure 56 Suppression of Ap22-induced gene expression by &2 fmedice in Arabidopsis roots,
indice suppresses Tle22-triggercd gene transeription as evidenced by gRT-PUR analysis.
Roms of two-weeks-old plants were inoculated with 2 imaica, Threee davs afler inoenlation
roots were cither mock-treated or treated with 122 and harvested at 2, 24, or 72 hat, Data
dizplays the Crt thresholds of the indicsted gene candiates relative 1o the CL thresholds of the
housekeeping gene wfiguitin 3 using the **Ct method. The values are means with standard

error and are based on three independent biological experiments,

Figuee 8T (p22-induced oxidative buest in preh22/23/24 is not suppressed by P indice,

Roots of two-wecks-old Col-8 or puh22/23/24 plants were either inoculated with P, inelica or
mock-treated. The oxidative burst was measured in roet segmenls by o luminal-based assay
izht units (RLUs) ablained

in Fig, 4C. B: Peak RLUs recorded in Fig, 40, Data displayed are means with standard errors

directly afler application of 0.1 pM 222, A Sum of the relative

ol Tour independent measurements  per treatment of one bialogical experiment. The

experiment was repeated thrice with similar results.

Figure 58 Cnhanced defense gene induction in gl 2223224 roots by P indica. For qRT-PCR
analysis of the indicated penes, three-weeks-old Col-8 or pub22/2324 plants were mock-
treated or inoculated with P indica. Roots were harvested a1, 3, or 7 hat, The obtained Ct
threshalds of the candiates were reflnted to the Ot thresholds of the housekeeping gene
whiguitin 3 using the **CL method, Displaved are the fold changes of the penes relative Lo
mack-treated roods, The values are means with standard error and are based on two

independent binlogical experiments,



Figure 5% 5A and glucosinolate defense restricls colonization of Ambidepsis rools by £,
imcdice. Three-weeks-old plants were inoculated with P fmdica amd fungal biomass was
determined during biotrophic (3 dai) and cell desth-associated colonization (7 daiy by gRT-
PFCHE. For all mutant experiments the relative amount of furpal biomass was related to Cal-0
{set to ome). Results shown are means of ot least three independent experiments. For each
experiment 200 plants were analysed per mutant or wild type and per time paint, Asterisks

indicate signilicance at P < 0.05 {*} analyred by Student’s st



Figure 52 Cefl death-associated colonization by P. indica in the ma-
luration 2one I, A-C: Confocal microscopy of colonized dead rhizo-
dermal call (RC) lacking ER and nudieus. P. indica was double stai-
ned with WGA-AF488 (A} and WGA-AFE33 (C). Arrows indicate
fungal penstration sites of rhizodermal cell (RC). RC |s dead as in-
dicated by the absence of ER and nucleus. Neighboring rhizoder-
mal cells are alive as ER bodies (cross in A, B) and ER are visible
(top call) as well as the nusleus (asterisk, out of facus) in a lower
cell, B: Transmission channel image of A. Labels are as described
in A, C: Same as A Bars = 15 pm,
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Figure 53 Cell death-associated colonezation of Arabidogsis
roots by P.indica. Transmission electron micrographs show
rool cells with disintegrated cytosal {*) and fungal hyphae (H).
A: The early stage of cell death-associated colonization (CAD)
is characterized by intact miacchondna (M), the presence of
lipid bodies (LE). and mativesicular bodies (MVE]. The cylosol
("} iz sightly dissolved. B: Late stage of CAD. Image shows
two rood cells. The cell in the lefl par is completely penvaded
Ty the hypha, whergas the cell in the right part of fe image is
party colonized, Penetration of the lailer fakes place directly
Thrgagh e coll walls as plasmodesmata cannct b sean at the
penetration sde {arrowhesd). The plasma membrans is visible
and appears intact throughout e colonized cells {amows) all-
haugh the eylosal is disinlegrated in some areas of the csll (*).
Mitochondriz and plastids (P) are still infact. Inget shows 3
cloze up of 3 plasma membrane prolrusicn dose o the penet.
raticn sile reminsicent of membrane blebbing. C: Four root
cells separated oy call walls (CW). The middle cell is coknized
with hyphae and conieins a partly dissolved cytosal (*), wihe-
reas the twe calis below and one upper cell, that are not coloni-

zed, show & dense cylosol (CY), intact plastids end fonopiasis
(V). Bare =1 pm (A, 8, C), 0.5 pm (insat in B



Figure 54 Defonse responses dunng early stages of the Arabi-
dopsis-P, Indica interaction. P. indica induced very infrequently
streclural and biochemical defense responzes in Arabidopsis
roots. A: Epifivorescence image displays the rare observation
of cell wall appositions (amowheads) associated with fungal pe-
netration attempts of a rhizodermal cell. B: Bright field image of
A showing cell wall appositions (CWas, amowheads). C, O;
Epifluorascence and bright field image of fungal penetralion
attempls associated with CWAs (black armowhead). Focal accu-
mudation of peroxisomes was visualizad using Arabidopsis line
A3 in which peroxisomal fetrafunctional pretein is GEP-tagged
[Cutler SR, Ehrhardt DWW, Griffitts JS, Somenvile CR {2000)
Random GFPeDMA fusions enabla visulzization of suboallulas
structures in cells of Arabidopsis at a high frequency. Proc Mall
Acad 5o USA 07,3718-3723]. White arrowheads indicate pe-
nelration attempts and focal peroxisome accumulation in ang-
ther focal plane. E, F: Epifluorescence and brght field image of
fungal penetration sites in the sbsence of CWAS (arrawheads)
indicate the raduced focal acoumulation of peraxisemes in
cemparizon e G Mote the fower number of peroxizomes in the
absence of CWAS in E compared to C. Arrows in D and F show
exfracellular hyphae, G, H: Epifuorescence image of WEA-
AF488 stained intraceliuar hyphan in elongating cells (G, ar-
rewheads) showing strong autofluorescence (M, armowheads)
indicative of a HR-like defense responsa at ¥ dai. G: Fungal in-
tracedlular colonization is restricted to single epdermal cells.
Amowheads indicate intracallular hyphae at another focal plane
tnat were confronted with an identical response. Bars = 20 pm.
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Figure 55 Suppression of elf13-friggered responses by P,
indica. P, indica suppresses eif18-riggered responses such as
seedling growth retardation and oxidative bursl. A Roots of
two-weeks-old Col-0 plants wera inoculated by P indica or
mack-treated and subseguentiy challenged wilh 1 pbd 218 or
with a control treatment at 3 dal. Plant fresh waight was detar-
mmined 10 days after treatment. Dala reprasent meaan values of
three bislogical exparimenis, B: Rools of two-weeks-old Col-0
plants wera adher inoculated with P, indica or mock-ireated
and challanged with 0.1 pbd eif18, Oxidative bursts was
measurad in 10 mg root segmenis (1 cm each segment) by a
luminol-based assay directly after application of elf13. values
are given as relative light units (RLLY over time, Data display-
ed are means with standard emrors of four independent
measurements per freatment of one biological expenment. Ex-
perments weare repaated thnce wilh similar results. Astensks
indicaie significance at P < 0,001 {***} analyzed by Student’s
t-test.
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Flgurn 56 Suppressen of fig22-induced gens expressan by P indica in Arebidepss roots. P indica suppresses 22 -rigge.
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Figure 37 fg22-induced axidative burst in pub22/2224 is nel
suppressed by P indica.

Roota of two-weeks-old Col-8 or pub22023°24 plants were
eidher moculaled with P indica aor mock-trealed. The oxidalive
Burst was meaasurad in neat segmants By a luminol-baged
assay directly after apglication of 0.1 M flg22. A Sum of the
relathve light units (RLUS) abtained in Fig. 40 B: Peak BLUs
recorded in Fig. 4C. Dala displayed are maans with standard
errors of faur independent measwrements per treatment of ane
blalogical experment The axperment was repeated three
with similar rasults.
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Figure 59 54 and glucosinoiate defense restricts colonization of .ﬁ.mhn:lnps:s roots I:ry' P
indica. Three-wesks-old plants were inoculated with P. indica and fupgal biomass was de-
termined during biotrophic (3 dai) and cell death-associated colonization {7 dad) by gRT-
PCR. For all mutant experiments the relative amownt of fungal biomass was related to Cal-0
{=et to one). Results shown are means of at lzast three independent experiments. For each
experiment 200 plants were analysed per mutant or wild type and per time paint. Astensks
indicate significance at P <= 0.05 ("] analyzed by Studant’s t-test.



supplemental Tables

Tuble S1 Primers used for qRT-PCR

i
REUHI
RBOHF
X1
WREY2E
WRKY
WREY3F
WHEYSS
1P
SiD?

PEN 12
MY IS
VmiE

I1ns

AlH

ATEGATH0
AN NG
ATHG2E250
ATHGO] 250
ATACDISS0
ATHIESTD
ATAGEEE I
ATHEHIZE0
ATI4TIO
ATEGH0
ATIGISETD
ATIGEIZSD

Farward
COTCAACAACACCACCTOCT
AUCAGAADGAGCATCACCTT
TCATE TACATIOOCGTGTT
ATCTOCUACGALCACTATTG
TOCGGTACGTTTICACCT IO
CAAAGOAAAGGAGAGOATOD
GUAACGAAALAAGITTAGAG

AAGAAGAATTUTCUGAGAGGAG

TCOGTGACCTIGATOCTTIC
AACCTTOAAGGAGUUAAATA
ACCAACCTOGAATCTTOITTG
CCAAGCCGAAGAALATTAAG
CAACACATOTOCACGTOGAT

Feverse
GTAAGAGGUUGTTOLAATCA
COATTCGATCTUGLGATITCA
COTCOCTOCATACAAUATCT
TCATOGCTAACUACCGTATC
AGAGACCGAGCTTGTGAGGA
GIAGACTGAGGTTTAGGA TG
GO TTEACCATCATC AAGUTT
GOGUGAGTTTATGAAGCALUAL
ACAGUGATCTTGCC AT TAGL
CACAUGATITAGCACCAAAGA
TTTCAACACAAGACTOCTUCA
ATGAUTCUHCCATGAAAGTTT
CCAATGIGUATTCAOAALLA
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Introduction

Plants are exposed to various abiotic and biotic stresses and
therefore evolved defensive strategies to ensure reproduction. In
contrast to hostile confrontations with pathogenic organisms
plants commit mutualistic associations with equally invasive
microorganisms, resulting in bilateral benefits for the interact-
ing partners (Harrison, 2005; Hause & Fester, 2005; Kogel et al.,
2006). The processes involved in the establishment of mutualis-
tic symbioses, which may comprise microorganism recognition
events in addition to sophisticated counter defense strategies
and host cell reprogramming conducted by the mutualist, are
only partially understood (Gianinazzi-Pearson, 1996; Garcia-
Garrido & Ocampo, 2002; Parniske, 2004; Harrison, 2005).
The root-colonizing fungal mutualist Piriformospora in-
dica was discovered in association with woody shrubs in the
Indian Thar desert in 1997. Since then, the fungus has been
shown to confer growth promotion to a broad spectrum of
host plants, including Arabidopsis (Varma et al., 1999;
Peskan-Berghofer et al., 2004; Waller et al., 2005). The

FEMS Microbiol Lett i (2007) 1-7

Abstract

The root systems of most terrestrial plants are confronted with a huge variety
of invasive microorganisms that either can cause detrimental effects or in case
of mutualistic symbiosis provide benefits for the host. In either case, establishment
of the parasitic or mutualistic interaction is the result of a highly sophisticated
cross-talk between the partners. Despite the ecological importance of mutualistic
symbioses, the molecular events accompanied by this phenomenon are far from
being understood. Piriformospora indica represents a recently discovered fungus
that transfers considerable beneficial impact to its host plants. In this review, the
current knowledge on this novel symbiosis is summarized by focusing on its
biological effects in hosts and the role of programmed cell death in the establish-
ment of the mutualistic interaction.

commonly observed enhanced stress tolerance in colonized
plants (Sahay & Varma, 1999) is mirrored in barley by an
enhanced salt tolerance (Waller et al., 2005). In addition, the
fungus is able to induce resistance systemically in leaves of
barley and Arabidopsis against the powdery mildew fungi
Blumeria graminis f.sp. hordei and Golovinomyces orontii,
respectively (Waller et al., 2005; E. Stein, A. Molitor, K.-H.
Kogel & F. Waller, unpublished data). The interaction of
Arabidopsis and P. indica together with the phenomenon of
systemically induced resistance provides a significant
combination to unravel processes involved in the establish-
ment of a mutualistic association and beneficial conse-
quences thereof. Furthermore, this association may be
supportive for the investigation of the genetic basis of
programmed cell death in roots as a consequence of
microorganism invasion. It is intriguing that P. indica is able
to colonize large areas of the root without provoking
tissue necrotization although root colonization and sporula-
tion occur together and strongly depend on root cell
death (Deshmukh et al., 2006). We discuss here the current
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knowledge of molecular and biochemical mechanisms
supporting root colonization and systemic effects mediated
by the endophyte along with its status as a member within
the order Sebacinales.

Biological activities of P, indica

Phylogenetic analyses revealed that P. indica belongs to the
newly formed order Sebacinales within the Hymenomycetes
in which it shows a close relationship with the majority of
Sebacina vermifera isolates. The order Sebacinales houses a
great variety of ericoid, orchid, jungermannioid and ecto-
mycorrhizae, which can be regarded as distributed world-
wide although their global occurrence is far from being
thoroughly analyzed (Weif3 ef al., 2004; Setaro et al., 2006).
Thus, it is not further surprising that the beneficial effects
(growth promotion and induced resistance) conferred by
P. indica on barley have also been observed with all Sebacina
sp. investigated so far (Deshmukh et al., 2006). Hence,
P. indica might be regarded as a representative member of a
huge group of microorganisms with a considerable biologi-
cal activity and a significant agronomic potential.

Like arbuscular mycorrhizal fungi (AMF), P. indica is able
to transfer growth-promoting activity to its host plants but it
possesses a broader host range among mono- and dicotyledo-
nous plants (Verma et al., 1998; Varma et al., 1999; Pham
et al., 2004; Barazani et al, 2005; Sherameti et al., 2005;
Deshmukh et al., 2006). In spring barley, the enhanced plant
biomass is accompanied by grain yield increases of up to 11%
(Waller et al., 2005). Apart from these effects on vegetative and
generative plant development, P. indica mediates stress toler-
ance to infested plants. Pham et al. (2004) reported stimula-
tory effects on adventitious root formation in ornamental
cuttings while enhanced salt tolerance has been observed in
barley (Waller et al., 2005). It still has to be elucidated to what
extent the host physiology is redirected by the endophyte to
cause all the effects mentioned. However, plant growth
promotion might be partially explained by an elevated nitrate
assimilation and/or starch degradation because a nitrate
reductase and glucan-water dikinase have been shown to be
stimulated by the fungus in Arabidopsis and tobacco roots
(Sherameti et al, 2005). In contrast, improved phosphate
supply as a fundamental trait of AMF-based symbioses might
not be involved. Firstly, a conserved phosphate transporter of
potato that is activated by distinct AMF is not induced
by P indica (Karandashov et al, 2004) and, secondly,
higher transcript abundance of a specific phosphate transpor-
ter induced by AMF in barley roots could not be detected after
P. indica colonization (S. Deshmukh & F. Waller, unpublished
data). Recent findings point towards an involvement of auxin
in P indica-triggered growth promotion. Oelmiiller and
colleagues isolated two P. indica-responsive Arabidopsis pro-
teins showing similarity to a myrosinase-binding and a
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myrosinase-associated protein, respectively. Both proteins
might influence glucosinolate turnover and, thus, raise the
amount of indole-3-acetic acid (IAA) in plants (Peskan-
Berghofer et al, 2004; Grubb & Abel, 2006). Moreover,
P. indica-infested Arabidopsis was found to exhibit stunted
but highly branched roots on Murashige-Skoog medium
containing 2% sucrose, a phenotype that could be mimicked
by the application of IAA. Interestingly, these effects were also
observed on roots that are growing close to the fungus but are
not thought to be in physical contact with it. The detection of
sufficient quantities of IAA in culture filtrate of axenically
grown P, indica and the observation that the culture filtrate
caused the described root phenotype implicate a production
of auxin by the fungus (Sirrenberg ef al., 2007). In addition,
the fungus may induce auxin production in the plant.

Pathogen resistance

The general resistance transmitted by P. indica against
abiotic stress could also be confirmed for biotic strains. In
barley, P. indica was shown to protect plants from deleter-
ious effects caused by fungal root pathogens, e.g. Fusarium
spp., Cochliobolus sativus and Rhizoctonia solani (Waller
et al., 2005; S. Deshmukh & K.-H. Kogel, unpublished data).

An additional beneficial effect associated with the mutua-
listic interaction is a systemic protection against leaf patho-
gens. In general, systemic resistance represents a defense
strategy of plants to restrict microbial invasions to initial
infection sites and, hence, to protect yet uninfected plant
organs. In barley, P. indica triggers respective plant defense
responses, which eventually lead to a systemic protection
against the leaf pathogen B. graminis f.sp. hordei (Waller
et al.,, 2005). However, the phenomenon of systemically
induced resistance as a consequence of P. indica infestation
is not restricted to barley. Recently, identical responses could
be observed in ‘mutualized’ Arabidopsis toward the leaf
pathogen Golovinomyces orontii. Using Arabidopsis mutants
compromised in known defense pathways showed the
requirement of an intact Nprl gene for P. indica-mediated
systemic resistance. Significantly, a compromised nuclear
localization as caused by the mprl-3 mutation was not
sufficient to abolish the resistance response, suggesting that
the jasmonate pathway is also required. In conclusion, the
studies of Arabidopsis signal transduction mutants support
the hypothesis that increased foliar resistance against
G. orontii conferred by P. indica should be regarded as ISR
(induced systemic resistance) (E. Stein, A. Molitor, K.-H.
Kogel & F. Waller, unpublished data).

Root colonization by P. indica

Detailed cyto-histochemical studies have been undertaken
to understand the infestation process of P. indica in barley
roots (Deshmukh et al., 2006). The symbiosis is entirely

FEMS Microbiol Lett i (2007) 1-7



Root cell death and systemic effects of Piriformospora indica

Fig. 1. Barley root 36h after inoculation (hai) with Piriformospora
indica. The fungus was stained with Wheat Germ Agglutinin-Alexa Fluor
488 and the root cell walls were stained with congo red. Root coloniza-
tion starts with the extracellular establishment of the fungus. Globular
fungal structures represent chlamydospores that are used for root
inoculation (scale bar=30 um).

different from plant—AMF associations. It is characterized by
extensive cellular and extracellular fungal growth in epider-
mal and cortical tissue, although fungal mycelium never
reaches the stelar tissue. Plant colonization starts with the
germination of chlamydospores on the root surface and
subsequently, fungal mycelia derived from different spores
frequently fuse as observed during cytological studies (Fig.
1). At 24-36h, the fungus starts to invade host tissue by
penetrating epidermal cells via the anticlinal cell walls or by
colonizing the intercellular space between cells (Fig. 2).
Fungal intracellular colonization patterns greatly depend
on tissue maturation. While the infestation of the younger
differentiation zone initiates from single cells that are
completely packed with fungal hyphae before the penetra-
tion of adjacent cells, cells of the root hair zone are quickly
traversed by single hyphae, which apparently use plasmo-
desmata for cell-to-cell movement (Deshmukh et al., 2006).
Besides, root hairs are frequently invaded by the endophyte.
If at all, the physiologically highly active root tip is solely in-
tercellularly infested. PCR-based quantification of P. indica
revealed that root colonization gradually increases with
tissue maturation. Concomitantly, the fungus preferentially
sporulates in cortical, epidermal and root hair cells of older
root tissue. Piriformospora indica infestation progresses
rapidly (Fig. 3) with sporulation starting around 7 days after
germination (Deshmukh et al., 2006).

Molecular study of the Arabidopsis—P. indica
interaction

The mutualistic Arabidopsis—P. indica association is an
intriguing new model system for the elucidation of the

FEMS Microbiol Lett i (2007) 1-7

Fig. 2. Barley root 60 hai with Piriformospora indica. The fungus was
stained with Wheat Germ Agglutinin-Alexa Fluor 488 and the root cell
walls were stained with congo red. Single cells are infested by the
fungus. These cells are entirely packed with intracellular hyphae before
the colonization of neighboring cells. Eventually, the fungus will build a
net of inter- and intracellular hyphae (scale bar =30 pm).

Fig. 3. Barley root colonization 8 dai with Piriformospora indica. The
fungus was stained with Wheat Germ Agglutinin-Alexa Fluor 488 and
the root cell walls were stained with congo red. The fungus has
developed a dense network of extra-, inter- and intracellular hyphae
(scale bar=200 pm).

molecular mechanisms responsible for host recognition,
root colonization and subsequent beneficial activities ac-
companied by microbial plant symbiosis. The symbiosis
leads to morphological, physiological and molecular
changes in host plants (Peskan-Berghofer et al., 2004).

The introduction of proteomic approaches has led to the
identification of several P. indica responsive Arabidopsis
proteins. Among them, a MATH [meprin and tumor
necrosis factor receptor-associated factor (TRAF) homol-
ogy] domain containing protein (Oelmiiller et al., 2005), a
leucine-rich repeat protein and a leucine-rich repeat

© 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



containing receptor kinase (Shahollari et al., 2005, 2007) are
the most thoroughly described ones. These proteins show a
transient expression pattern during early interaction stages
and are localized at the plasma membrane and endoplas-
matic reticulum, respectively, of Arabidopsis root cells.
Hence, the proteins are thought to be involved in signal
perception or transduction and to be required for the
establishment of a compatible association (Shahollari et al.,
2005, 2007). In mammals, MATH-domain containing pro-
teins are known to exert proteolytic activity and to be
essential for signal transduction, suggesting an analogous
function in recognition processes preceding P. indica colo-
nization (Oelmiiller et al., 2005). Other proteins comprise a
glycosidase II o subunit and a DnaJ-chaperone domain
containing protein, which might be involved in cell wall
synthesis and plant growth via a role in protein processing
(Peskan-Berghofer et al., 2004). The function of several
identified P. indica-stimulated proteins obviously depends
on their posttranslational modifications, e.g. the MATH-
domain containing protein, a glycosyl hydrolase and a
glutathione S-transferase (Peskan-Berghofer et al., 2004).
Interestingly, the structural alteration of the MATH-domain
containing protein was not detected in P. indica-insensitive
Arabidopsis mutants that do not exihibit a growth promo-
tion phenotype (Oelmiiller et al., 2005). One of these
mutant plants was shown to carry a deletion in a leucine-
rich repeat protein (Shahollari et al., 2007).

Plant programmed cell death and fungal
lifestyle

The gradual increase of fungal biomass with tissue matura-
tion was found to reflect the occurrence of host cell death.
The coincidence of host cell death with fungal proliferation
demonstrates a new type of mutualistic interaction attrib-
uted to P indica (Deshmukh et al., 2006). In general,
programmed cell death (PCD) is considered as being an
active process of plants to face physiological constraints
provoked by internal or external stimuli (Hiickelhoven,
2004; Lam, 2004). For instance, PCD is a metabolically
regulated mechanism (e.g. nutrient recycling) important
for plant development or in case of the hypersensitive
response (HR) has a protective function in local and
systemic tissue, characterized by defense gene expression to
avert pathogen ingress (Heath, 2000; Hoeberichts & Wolter-
ing, 2003). Interestingly, the kind of cell death occurring
during P. indica infestation in barley may not be regarded as
a microorganism-antagonizing plant response as defense
marker genes (e.g. PR1b, PR5 and 1,3-B-glucanase) are
weakly and transiently up-regulated solely at early interac-
tion stages (Deshmukh & Kogel, in press) as opposed to
their pronounced induction during pathogen-induced HR
(Heath, 2000). In addition, accumulation of reactive oxygen
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species (ROS), e.g. hydrogen peroxide (H,0,), as well as
whole-cell autofluorescence mediated by phenolic com-
pounds as hallmarks of HR (Lamb & Dixon, 1997; Heath,
2000; Apel & Hirt, 2004) have never been detected in
colonized roots. In contrast, ROS accumulation has been
observed in AMF-colonized Medicago truncatula, Nicotiana
tabacum and Zea mays (Salzer et al., 1999; Fester & Hause,
2005) as well as in nodulated legume root cells (Matamoros
et al., 2003), and is thought to reflect a plant repsonse to
control symbiotic infestation and to restrict cellular plant—
symbiont associations (Fester & Hause, 2005; Puppo et al,
2005). Hence, the observation that P. indica suppresses the
accumulation of H,0, in colonized tissue may be crucial to
achieve and maintain compatibility (P. Schifer, unpublished
data). Together, the endophyte might recruit host pathways
used by developmentally regulated suicide program (e.g.
senescence, xylogenesis) in order to guarantee its reproduc-
tion. However, this strategy faces certain limitations con-
trolled by host roots, resulting in the sharp restriction of the
fungus to the root cortex (Deshmukh et al., 2006). To what
extent the induction of the antioxidative ascorbate glu-
tathione cycle is involved in host cell death regulation and
the pattern of infestation is a focus of the present research
(see below). However, the observed coincidence of tissue
colonization and root cell death is regarded as being actively
regulated by the fungus rather than being a fungal sensing of
dead root tissue before infestation. A first evidence has been
given by introducing the DNA-binding fluorescent dye 4',6-
diamidin-2’-phenylindoldihydrochlorid (DAPI). Intrigu-
ingly, heavily infested root regions consist of DAPI-nega-
tive/nucleus-free host cells as proof for cell death while
adjacent noninfested cell clusters contain DAPI-positive
nuclei. Secondly, cellular occupation was observed to coin-
cide with the absence of the host cytoskeleton as compared
with noncolonized adjacent cells. Final evidence comes from
the regulation and expression of antiapoptotic BAX INHI-
BITOR-1 (BI-1). The expression of BI-1 in P. indica-infested
barley is repressed from 5 days after inoculation (dai)
onwards, which coincides with cellular mycelial prolifera-
tion and in contrast does not match with earlier root
penetration events. Constitutive overexpression of HvBI-1
in barley leads to a significant reduction in fungal biomass at
20 dai compared with wild-type plants. These findings are in
accordance with the significant role of BI-1 in plant defense
and cell survival. In barley, overexpression of HvBI-1 caused
enhanced susceptibility to the biotrophic leaf pathogen
B. graminis fsp. hordei (Hiickelhoven et al., 2003;
Hiickelhoven, 2004). Enhanced susceptibility correlated
with a decrease in local H,O, accumulation at the penetra-
tion site and reduced HR (Eichmann et al, 2006; V.
Babaeizad et al., unpublished data). Consistently, HvBI-1
overexpression elevates resistance in carrot against Botrytis
cinerea (Imani et al., 2006), a fungal pathogen that exerts a

FEMS Microbiol Lett i (2007) 1-7



Root cell death and systemic effects of Piriformospora indica

necrotrophic life style and thus relies on host cell death for
successful host colonization.

Host antioxidative activities and defense
responses under P, indica infestation

The mutualistic symbiosis of barley and P. indica is accom-
panied by an increased antioxidative status conferred by the
ascorbate—glutathione cycle. Piriformospora indica-infested
barley showed an increased accumulation of ascorbate in
roots while the glutathione contents were only significantly
elevated in leaves in comparison with noninfested plants
(Waller et al., 2005). Colonized plants display an enhanced
salt and drought stress tolerance, which is in accordance
with the findings of Eltayeb et al. (2007). The latter authors
demonstrate that the transgenic enhancement of reduced
ascorbate in tobacco increases tolerance to ozone, salt and
drought. In addition, the tobacco plants were significantly
reduced in H,O, (Eltayeb et al., 2007) as were P. indica-
infested barley roots (P. Schifer, unpublished data).

Although the ascorbate—glutathione cycle functions as a
scavenging system facing ROS accumulation and, hence, to
prevent oxidative damage in cells, ascorbate and glutathione
are not regarded as simple cell protecting guards but
thought to act as key signaling compounds by linking
(oxidative) stress perception with cellular responses (Ball
et al., 2004; Foyer & Noctor, 2005). Ascorbate is known to be
an important cofactor of enzymes (e.g. ascorbate perox-
idase, 2-oxoglutarate-dependent oxygenase, ACC oxidase)
involved in ROS scavenging or in the biosynthesis of cell wall
compounds, defense-related secondary metabolites (e.g.
phenylpropanoids, alkaloids) and hormones (e.g. systemins,
ethylene, abscic acid) (Wolucka et al., 2005). In contrast,
ascorbate deficiency was shown to result in elevated abscisic
acid and salicylate glycoside contents in Arabidopsis mutants
(vtcl, vtc2) as well as in increased defense gene expression
accompanied by an enhanced resistance against Pseudomo-
nas ssp. and Peronospora parasitica (Pastori et al., 2003;
Barth et al., 2004; Pavet et al., 2005). It is tempting to
speculate that ascorbate supports root colonization by
P. indica due to its antioxidative activity or via ethylene
synthesis, which is known to be involved in root cell death
regulation associated with aerenchyma formation or xylo-
genesis (Kuriyama & Fukuda, 2000; Jones, 2001). However,
the reported unchanged status of PR gene expression in
P. indica infested roots (Deshmukh & Kogel, in press)
implies that the defensive potential of ascorbate might not
be triggered by the mutualist.

The glutathione metabolism is thought to affect antiox-
idative and stress-related gene expression (Ball et al., 2004).
Glutathione is required for fundamental physiological pro-
cesses such as plant growth, flowering, the termination of a
plant’s life cycle as well as cell-death intrinsic developmental
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events like senescence and tracheary element differentiation
(Ogawa, 2005). The impact of glutathione on plant defense
responses has been shown in the Arabidopsis lesion mimick
mutant Isd1 in which the regulation of PR-1 expression and
the restriction of the runaway cell death phenotype are
dependent on total glutathione contents (Senda & Ogawa,
2004). Its diverse action on these processes is thought to be
mediated via the glutathionylation of proteins and phyto-
hormones, thereby altering and/or activating proteins as
well as creating signaling metabolites (Ogawa, 2005). Alter-
natively, glutathione might directly or indirectly reduce
disulfide groups to convert protein properties as described
for the monomerization and concomitant activation of the
defense regulator NPR1, whose monomeric state allows its
translocation to nuclei as a prerequisite for defense gene
induction (Mou et al., 2003). However, defense gene
expression appears to be unaffected in leaves of P. indica
infested barley (Waller et al., 2005) despite the accumulation
of glutathione.

Conclusion and perspectives

Piriformospora indica has substantial relevance as a mutua-
listic symbiont regarding two aspects: first, its significance as
a beneficial representative within the new order Sebacinales
that exhibits a considerable potential regarding agronomic
application. This is particularly manifested by its influence
on vegetative and generative reproduction, its impact on
biotic and abiotic stress tolerance as well as on its compat-
ibility with a broad spectrum of mono- and dicotyledonous
plants. Second, its association with Arabidopsis makes it a
unique model system to investigate the basic molecular and
genetic processes that are defining this mutualistic symbio-
sis. The system offers vast opportunities compared with
other mutualistic systems due to the wealth of genetic and
molecular tools available for Arabidopsis. In addition,
P. indica can easily be reproduced in axenic culture, so that
the fungus can easily be used for genetic dissections and
manipulation. Its broad host range enables comparative
studies on molecular mechanisms required for root coloni-
zation and systemically induced resistance in mono- and
dicotyledonous plants.

A crucial step in deciphering the symbiotic interaction
surely lies in understanding the underlying mechanisms
related to the invasive character of the fungus. Right now,
the system appears to be paradoxical with respect of the
detrimental effects of P. indica on infested root tissue
although the root does appear to be the initiation site of all
beneficial effects. Just one of several questions left to be
answered is how the fungus can redirect root cells to accept
its invasive and PCD-dependent growth without provoking
the plant defense machinery.
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Fungi of the recently defined order Sebacinales (Basidiomycota)
are involved in a wide spectrum of mutualistic symbioses (includ-
ing mycorrhizae) with various plants, thereby exhibiting a unique
potential for biocontrol strategies. The axenically cultivable root
endophyte Piriformospora indica is a model organism of this fungal
order. It is able to increase biomass and grain yield of crop plants.
In barley, the endophyte induces local and systemic resistance to
fungal diseases and to abiotic stress. To elucidate the lifestyle of P.
indica, we analyzed its symbiotic interaction and endophytic de-
velopment in barley roots. We found that fungal colonization
increases with root tissue maturation. The root tip meristem
showed no colonization, and the elongation zone showed mainly
intercellular colonization. In contrast, the differentiation zone was
heavily infested by inter- and intracellular hyphae and intracellular
chlamydospores. The majority of hyphae were present in dead
rhizodermal and cortical cells that became completely filled with
chlamydospores. In some cases, hyphae penetrated cells and built
a meshwork around plasmolyzed protoplasts, suggesting that the
fungus either actively kills cells or senses cells undergoing endog-
enous programmed cell death. Seven days after inoculation, ex-
pression of barley BAX inhibitor-1 (HvBI-1), a gene capable of
inhibiting plant cell death, was attenuated. Consistently, fungal
proliferation was strongly inhibited in transgenic barley overex-
pressing GFP-tagged HvBI-1, which shows that P. indica requires
host cell death for proliferation in differentiated barley roots. We
suggest that the endophyte interferes with the host cell death
program to form a mutualistic interaction with plants.

biodiversity | mycorrhiza | rhizosphere | Sebacinales | systemic resistance

ost plants studied in natural ecosystems are infested by

fungi that cause no disease symptoms. These endophytic
fungi are distinguished from pathogens that lead to disease and
reduce the fitness of their host plants (1). In many cases,
endophytes form mutualistic interactions with their host, the
relationship therefore being beneficial for both partners. Mutu-
alism frequently leads to enhanced growth of the host. The
beneficial effects for the plant can be a result of an improved
nutrient supply by the endophyte as known for arbuscular
mycorrhizal symbiosis, the most intensely studied mutualistic
plant—fungus interaction (2). In addition to providing mineral
nutrients, endophytes also can improve plant resistance to
pathogens as demonstrated for arbuscular mycorrhiza fungi
(AMF) in roots (3) and for a highly diverse spectrum of
ascomycete endophytes in leaves (4, 5).

Mutualism requires a sophisticated balance between the de-
fense responses of the plant and the nutrient demand of the
endophyte. Hence, a mutualistic interaction does not imply
absence of plant defense. Defense-related gene expression has
been well studied during host colonization by obligate biotrophic
AMF. Induction of defense genes was most prominent at early
time points during penetration (6) but could also be detected
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during arbuscule development (7). On the other hand, there is
clear evidence for impeded defense reactions during the estab-
lishment of mycorrhization. It is therefore a rather fine-tuned
balance that keeps a mutualistic interaction in a steady state
without disadvantages for both partners (8).

In the present work we aimed at studying fungal development
and host reactions in the mutualistic symbiosis of the fungal root
endophyte Piriformospora indica and barley (9, 10). The basid-
iomycete is a model organism for species of the recently de-
scribed order Sebacinales, fungi that are involved in a uniquely
wide spectrum of mutualistic symbioses (mycorrhizae) with
plants (11). The axenically cultivable P. indica increases biomass
and grain yield of crop plants. In barley, the endophyte induces
root resistance against Fusarium culmorum, one of the fungal
species causing head blight, and systemic resistance to barley
powdery mildew Blumeria graminis f.sp. hordei via an unknown
mechanism probably independent of salicylate or jasmonate
accumulation. Moreover, P. indica protects barley from abiotic
stress, such as high salt concentrations (10).

P. indica was originally discovered in the Indian Thar desert in
northwest Rajasthan. In vitro experiments have shown a broad
host spectrum of the fungus (12), including members of the
Brassicaceae, like Arabidopsis, which are not colonized by AMF.
As in barley, P. indica enhances seed yield, reduces the time for
seed ripening, and increases tolerance to abiotic stress in Ara-
bidopsis (13). How the fungus penetrates plant roots, how roots
are eventually colonized, or whether the mutualistic fungus has
a facultative biotrophic or a necrotrophic lifestyle are issues that
have not yet been studied. In Arabidopsis, mycelium covers the
surface of the roots. Hyphae penetrate root hairs and rhizoder-
mis cells and eventually form chlamydospores in these cells (13).
Our previous observations in barley revealed that the fungus, in
contrast to obligate biotrophic AMF, colonizes dead root cells,
suggesting a previously uncharacterized type of mutualism. Here
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Phylogenetic placement of the strains tested in this study within the Sebacinales, estimated by maximum likelihood from an alignment of nuclear rDNA

coding for the 5’ terminal domain of the ribosomal large subunit. Branch support is given by nonparametric maximum likelihood bootstrap (first numbers) and
by posterior probabilities estimated by Bayesian Markov chain Monte Carlo (second numbers). Support values of <50% are omitted or indicated by an asterisk.
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we provide cytological and molecular evidence that P. indica
proliferates in dead host cells and that colonization gradually
increases with tissue maturation. The expression level of the cell
death regulator BAX inhibitor-1 (HvBI-1) appears critical for P.
indica development in barley, suggesting that the recently dis-
covered endophyte interferes with the host cell death machinery.

Results

P. indica Belongs to the Recently Defined Order Sebacinales. Based
on the nuclear genes coding for the large ribosomal subunit
(nucLSU), available strains of the Sebacina vermifera species
complex (Sebacinales group B) are closely related to P. indica
(Fig. 1). We addressed the question whether strains of the S.
vermifera complex exhibit comparable biological activities as
P. indica. To this end, barley seedlings were inoculated with P.
indica or different isolates of S. vermifera and shoot length and
biomass were determined (Table 1). Despite obvious variation,
we found consistent biological activities in the same order of
magnitude as with P. indica. To determine the potential for
systemic induction of resistance, barley third leaves from endo-
phyte-colonized and noncolonized, 21-day-old plants were in-
oculated with the conidia of B. graminis f.sp. hordei, and powdery

mildew pustules were counted after 7 days. We found consistent ~ dense meshwork of fungal hyphae. Eventually arrays of single =
resistance-inducing activity of all strains of the S. vermifera  spores developed from intracellular hyphal tips (Fig. 3 b and c). E &
complex, although there was considerable variation of the fungal ~ The fungus also penetrated basal parts of root hair cells, in which é‘ =
activity of the different isolates (Table 1). These data supportthe ~ branching hyphae form large numbers of chlamydospores start- g =
view that the order Sebacinales is a source of endophytes with a  ing from the base of the root hair until a stack of spores fills the <

feasible agronomical impact.
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Endophytic Development in Barley Roots. To track endophytic
development in barley, root penetration and colonization were
analyzed by fluorescence microscopy. In general, we observed a
gradual increase of fungal colonization and proliferation asso-
ciated with root maturation (Fig. 2a). Colonization initiates from
chlamydospores, which, upon germination, finally form a hyphal
network on and inside the root. Hyphae enter the subepidermal
layer through intercellular spaces where they branch and con-
tinue to grow (Fig. 2 b—e). In young differentiated root tissue, the
fungus then often colonizes and completely fills up single cells
(Fig. 2 f and g) before adjacent cells are colonized, whereas an
unrestricted net-like intra- and intercellular colonization pattern
is observed in mature parts. Intracellulary growing hyphae show
necks at sites where the fungus traverses a cell wall (Fig. 2h).
Occasionally, subepidermal hyphae penetrate the space between
the cell wall and plasma membrane of rhizodermal or cortical
cells. After branching, these hyphae enwrapped protoplasts,
which showed cytoplasmic shrinkage (Fig. 3a). At later coloni-
zation stages, fungal hyphae excessively occupied rhizodermal
and cortical cells. In some cases, transverse cell walls of adjoining
cortical cells were absent, with the protoplasts covered by a

root hair (data not shown). In addition to this intracellular spore
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Table 1. Effect of different Sebacinales species on barley biomass and systemic resistance

to powdery mildew

Reduction in leaf

Increase in Increase in shoot infection by B.
Species/isolate shoot length, % fresh weight, % graminis, %
P. indica 13.66** 26.45%* 70.85*%*
S. v./MAFF305830 23.25%* 48.24%* 79.45%*
S. v./MAFF305842 16.87** 15.48* 56.36*
Multinucleate Rhizoctonia/DAR29830 7.56%* 10.76* 56.27*
S. v./MAFF305828 14.97** 28.72*%* 10.89
S. v./MAFF305837 16.34** 32.01** 58.19**
S. v./MAFF305835 7.80* 9.82 50.74*
S. v./MAFF305838 7.72%* 6.41 44.89*

Species/isolates are shown with their culture collection numbers. Isolates of Sebacina vermifera (S. v.) were
obtained from the National Institute of Agrobiological Sciences (Tsukuba, Japan); the isolate DAR29830 was
kindly provided by Karl-Heinz Rexer (University of Marburg, Marburg, Germany). Values are means of three
independent experiments, each consisting of 60 endophyte-inoculated and mock-inoculated plants, respectively.
Powdery mildew infection was calculated from the number of fungal colonies developing on third leaf segments
7 dai with B. graminis f.sp. hordei, race A6 (15). Asterisks denote statistically significant differences between the
respective values of endophyte-colonized and noncolonized plants (¥, P < 0.05, Student’s t test; **, P < 0.01,

Student’s t test).

formation, chlamydospores also were generated in the mycelial
mats at the root surface.

P. indica Proliferates in Dead Cells. We addressed the question of
whether cortical and rhizodermal cells heavily occupied by
fungal hyphae and chlamydospores were alive. In a cell viability
assay with the fluorescent marker fluorescein diacetate, colo-
nized cells did not show enhanced green fluorescence, suggesting
that they were dead. In addition, these cells did not show any
visible cytoplasmic streaming. Staining of colonized root hairs
with an Alexa Fluor-488-labeled anti-actin antibody failed to
show any host cytoskeleton, whereas noncolonized root hairs
showed intact actin filaments (data not shown). To confirm that
fungal colonization associates with dead cells, we double-stained
root segments with DAPI for intact plant nuclei and wheat germ
agglutinin-Alexa Fluor 488 (WGA-AF 488) for fungal chitin. We
found a close spatial association of strong fungal colonization
(Fig. 3 d and f) and DAPI-negative cells (Fig. 3 e and g), further
suggesting that massive development of P. indica takes place in
dead host cells.

Microscopic analyses demonstrated a fungal colonization pat-
tern that strongly associated with the developmental stage of the
host tissue (Fig. 2a). To substantiate this finding, we determined
the amount of P. indica in different root zones by quantitative
PCR using P. indica genomic DNA as a template for the
quantification of the P. indica translation elongation factor gene
Tef relative to the plant ubiquitin gene. Ten days after inocula-
tion, the roots were cut into 0.5-cm-long apical segments of the
root tip with the root cap and a basipetal segment including the
differentiation zone. Consistent with the cytological data, we
found a 5-fold higher relative amount of P. indica in the
differentiation zone as compared with the apical root segment
(2.53 = 0.23 compared with 0.52 £ 0.12).

Analysis of fungal growth in the apical elongation zone
revealed fungal development in intercellular spaces and forma-
tion of subepidermal intercellular hyphal mats. In contrast to its
development in the differentiation zone, neither host cell wall
degradation nor heavy fungal sporulation could be observed in
this tissue, supporting the notion that there is a correlation
between root tissue and fungal development. Juvenile tissue,
which is considered to display less developmental cell death, is
thus less occupied by P. indica. To support this observation, we
tested for genomic DNA fragmentation by probing gel blots of
high-molecular-weight DNA isolated from different root seg-

18452 | www.pnas.org/cgi/doi/10.1073/pnas.0605697103

ments with radioactively labeled DNA probes. Genomic DNA
fragmentation results from programmed cell death (PCD). As
expected, the proportion of low-molecular-weight DNA frag-
ments resulting from DNA fragmentation was lower in root tips
than in mature parts of the root. P. indica did not change the
amount of DNA fragmentation in root tips, whereas a small
increase of 5-9% low-molecular-weight DNA was detected in
the mature zone 10 days after inoculation with P. indica. To
visualize DNA fragmentation in the root tissue, we used in situ
DNA nick-end labeling and observed DNA fragmentation in
nuclei of protoplasts enwrapped by P. indica (Fig. 3h). However,
this was a rare event perhaps indicating a transient status before
nuclei completely dissolved in invaded cells. Taken together,
these results indicate that invasive growth of P. indica mainly
occupies dead and dying cells in barley roots. Consistently, the
fungus infested only dead cells of the root cap at the root tip
zone, whereas the central meristematic tissue was always free of
fungal hyphae (Fig. 3i). In adjacent cortical tissue, the fungus was
present in the intercellular spaces of cells differentiating into
cortical and epidermal tissue apparently without affecting dif-
ferentiation. Accordingly, lateral root development from cam-
bial cells that differentiate in root tip meristems was not com-
promised in roots infested by P. indica.

We measured the ratio of fungus to plant DNA (fungus/plant
DNA ratio, FPDR) over time to check whether P. indica
overgrows barley roots at late interaction stages. We observed an
early moderate increase of the FPDR (1.8-fold) followed by a
decrease and a final steady state (data not shown). This pattern
reflects the symbiotic interaction in which the fungus develops
moderately, subsequently induces plant growth (reflected in a
decrease of FPDR), and finally reaches a steady-state level of
fungal structures in the plant root. This growth pattern indicates
a final balance of root growth and fungal proliferation.

Balancing of Host Cell Death and Impact of the Cell Death Regulator
BAX Inhibitor-1. Because the cytological analysis of root coloni-
zation suggested that P. indica proliferates in dead host cells, we
addressed the question of whether root invasion by P. indica
interferes with the host’s cell death machinery. Therefore, we
kinetically analyzed expression of barley HvBI-1. BI-1 is one of
the few conserved cell death suppressor proteins that apparently
controls PCD in all eukaryotes and is considered a regulator of
endoplasmic reticulum-linked Ca?* signaling. In plants, BI-1 is
often activated in response to biotic or abiotic stresses (15-17).

Deshmukh et al.
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Fig. 2. Infestation pattern of P. indica in barley roots. (a) By 8 dai, hyphae excessively occupy rhizodermal and cortical cells of the differentiation zone. The
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elongation zone is less colonized, with occasional intercellular subepidermal hyphal structures. The root cap is heavily infested with hyphae. (b-e) After
penetration (arrows) fungal hyphae colonize the subepidermal layer. (b) To better visualize the position of hyphae in the z axis, a confocal laser scanning image
consisting of 30 frames of adjacent focal planes (z axis) was displayed as a maximum projection with the fluorescent signal of the wheat germ agglutinin-stained
fungal hyphae displayed in red for the upper (abaxial) 15 frames and in green for the lower (adaxial, subepidermal) 15 frames. (c and d) For visualization of plant
cell walls, two close-up bright-field images of two different focal planes are superimposed with the respective frames of the fluorescence images. Intercellular
hyphae start branching and proliferate within the subepidermal space. (c) Subepidermal hyphae crossing cell walls (arrowheads) without exhibiting morpho-
logical changes (e.g., neck formation, asin h) revealing their periclinal localization. (d) The upper focal plane is characterized by hyphae penetrating the anticlinal
space of adjacent rhizodermis cells. (e) Projection of the fluorescent signals of cand d in the y axis (vertical) and z axis (horizontal). Absence of fluorescent signals
between adaxial (green) and abaxial hyphae (red) indicates a layer of rhizodermal cells free from hyphae. The penetration site is indicated by an arrow. (f)
Colonization of a single cell within young differentiated tissue. After penetration, the cell is completely filled with intracellular hyphae before the colonization
of adjacentcells. (g) The cell wall of the colonized cell is strongly stained with Congo red because of better dye accessibility compared with noncolonized neighbor
cells (asterisks). Penetrated cells did not show autofluorescence. (h) Intracellular mycelium in mature root tissue. Overlay of bright-field image and fluorescence
image. Intracellular hyphae form necks (arrowheads) at sites of cell wall crossing. Fungal structures are visualized by WGA-AF 488. [Scale bars: a, 300 um; b and

d, 10 um (c and d are of the same scale); 7~h, 30 um.]

Quantitative PCR analysis of HvBI-1 expression showed it slowly
increasing during root development throughout the course of the
experiment (Fig. 4a). In contrast, when roots were colonized by
P. indica, HvBI-1 expression was significantly reduced as com-
pared with noncolonized roots from 7 days after inoculation
(dai) onwards (Fig. 4a). These data support the idea that P.
indica interacts with the host cell death machinery for successful
development but does not cause plant stress.

To gain evidence for a role of host PCD and requirement of
HyBI-1 down-regulation for fungal success, we overexpressed a
functional GFP-HvBI-1 fusion protein in barley under control of
the constitutive cauliflower mosaic virus 35S promoter and
analyzed fungal development. GFP-HvBI-1 expression was con-
firmed by PCR and by observation of the fluorescence of
GFP-HVBI-1 at the nuclear envelope and in the endoplasmic
reticulum in all transgenic plants used for further analysis (Fig.
5, which is published as supporting information on the PNAS
web site). Root development in all independent GFP-HvBI-1

Deshmukh et al.

barley lines tested was macroscopically indistinguishable from
wild type. We microscopically observed development of P. indica
in GFP-HvBI-1 barley. Fungal epiphytic growth and sporulation
were not strongly affected by GFP-HvBI-1. In contrast, invasive
inter- and intracellular fungal growth was significantly reduced
in GFP-HvBI-1 roots at 20 dai. To quantify the impact of
GFP-HvBI-1 on fungal proliferation, the amount of P. indica
was measured by quantitative PCR. At 20 dai, the relative
amount of P. indica DNA in transgenic plants was only 20-50%,
compared with wild-type plants depending on the transgenic line
tested (Fig. 4b).

Discussion

P. indica and barley form a mutualistic symbiosis in which the
endophyte colonizes the plant root, proliferates by inter- and
intracellular growth and produces chlamydospores in dead root
tissue. After establishment of the symbiosis the fungus confers
improved growth, disease resistance and abiotic stress tolerance

PNAS | December5,2006 | vol. 103 | no.49 | 18453
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Fig.3. Association of fungal structures with living and dead cells of the host tissue. (a) Fungal hyphae swathe a plant protoplast, which undergoes cytoplasmic

shrinkage. Hyphae and nucleus stained with WGA-TMR and DAPI, respectively, are superimposed with the bright-field image. (b) Bright-field interference
contrast image of chlamydospores in a root cortex cell. (c) Fluorescence image of the same cell stained with fuchsin-lactic acid. Arrows indicate hyphae on which
the chlamydospores are formed. (d-g) Root colonization spatially associated with the absence of intact plant nuclei. Root segments (60 hours after inoculation)
double-stained for intact plant nuclei (DAPI; e and g) and fungal hyphae (WGA-AF 488; d and f). (d and e) A root segment heavily colonized by fungal hyphae
(d) contains only a few DAPI-stained nuclei (e). (f and g) A root segment with minor fungal colonization (f) contains a high number of DAPI-stained nuclei (g).
(h) Hyphae swathing a cortical cell protoplast with a TUNEL-positive (green) nucleus. (/) Schematic drawing of a P. indica-infested root showing the different
tissues and the associated colonization pattern, with hyphae depicted in red and DAPI-positive plant nuclei depicted in blue. (Scale bars: a, 30 um; ¢, 10 um; d-g,

300 um; and h, 20 um.) [Modified from ref. 37 (Copyright 1998, Sinauer, Sunderland, MA).]

to the host plant. Based on the nucL.SU sequences our data show
that strains of the S. vermifera species complex (Sebacinales
group B) are closely related to P. indica (Fig. 1). These strains
yield comparable biological activities in terms of biomass in-
crease and systemic resistance to the biotrophic powdery mildew
fungus (Table 1). Hence, the order Sebacinales, of which P.
indica is considered a model organism, is a source of endophytes
with a prospective agronomical impact.

To gain a better understanding of the cellular events leading
to the establishment of the mutualistic symbiosis, we microscop-
ically analyzed the interaction of the fungus with the root during
the first days of development. After germination of chlamydo-
spores, fungal hyphae grow closely aligned to the topography of
rhizodermal cells before penetration of the root at the anticlinal
interface of adjacent rhizodermal cell walls (Fig. 2 b—e). At such
sites, hyphal branching initiates the formation of subepidermal
intercellular networks. Intercellular growth is followed by the
penetration of rhizodermal cells, which preferentially occurs in
differentiated tissue. In young differentiated tissue, single pen-
etrated cells are completely filled with fungal hyphae (Fig. 2 fand
g)- Such cells may provide resources for further invasive fungal

18454 | www.pnas.org/cgi/doi/10.1073/pnas.0605697103

growth. Mature root tissue is occupied by a network of intra-
cellular hyphae, whose cell to cell “movement” is indicated by
hyphal constrictions (“necks”; see Fig. 24). In either case, fungal
colonization proceeds by intra- and intercellular infestation of
surrounding tissue and gradually increases with tissue matura-
tion. Further proliferation of fungal hyphae finally leads to the
development of extra- and intraradical “mats” of hyphae. At this
stage, we visualized a clear spatial association of dead root tissue
with strong mycelial growth. Dead tissue is characterized by the
absence of intact plant nuclei, which were detectable in adjacent,
less infected tissue (Fig. 3 d—g). This close association of host cell
death with massive fungal growth suggests that the fungus
contributes to host cell death. Although P. indica can induce cell
death in poplar under specific conditions on artificial medium
(18), fungal culture filtrate did not show any phytotoxic activity
on barley (data not shown). At particular interaction sites, we
obtained cytological evidence that the fungus can attack and
enwrap living (DAPI-positive) protoplasts (Fig. 3a). Because P.
indica can grow between and penetrate into living cells, we
suggest that close association of the fungus with living tissue
contributes to host reprogramming and, finally, cell death. The

Deshmukh et al.
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Fig. 4. Influence of HvBI-1 on the development of P. indica in barley roots.
(a) Quantitative PCR analysis of HvBI-1 expression. As compared with non-
colonized roots, expression of the gene is significantly lower from 7 dai
onward up to 20 dai. Error bars represent standard deviations. (b) The relative
amount of P. indica DNA in transgenic GFP-HvBI-1 roots was determined at 20
dai. Error bars represent standard deviations. GP represents wild-type plants
(Golden Promise). E14L1, E4L3, and E8L1 represent independent transgenic
GFP-HvBI-1 GP lines, with five plants tested per line. All three lines were
significantly different from the wild type (P <0.005, Student'’s t test). Similar
results were obtained in three experiments with plants of an independent
transgenic GFP-HvBI-1 line.

inter- and intracellular growth pattern indicated that the fungus
is also able to digest plant cell walls and we observed the
elimination of transverse cell walls of adjoining cortex cells
colonized by the fungus and/or filled with spores (data not
shown). In summary, these observations indicate the fungus’
capacity to attack and enter host tissue and to proliferate and
sporulate in dead cells, most notably in the root differentiation
zone (Figs. 2a and 3i). To obtain molecular evidence for a
requirement of host cell death regulation, we analyzed the role
of the cell death regulator HvBI-1. Although levels of HvBI-1
mRNA slowly increased during barley root development, P.
indica-colonized roots showed a significant reduction of HvBI-1
mRNA levels compared with noncolonized roots from 7 dai
onward (Fig. 4a). These data suggest a lowered threshold for
PCD in endophyte-colonized roots and support the idea that P.
indica influences intrinsic plant PCD. In barley leaves, HvBI-1 is
strongly expressed in incompatible interactions with the obligate
biotrophic leaf pathogen B. graminis (15) and may have a role in
restricting resistance-associated hypersensitive cell death reac-
tions. The fact that P. indica attenuates expression of HvBI-1
therefore indicates that PCD observed in the interaction with P.
indica is different from hypersensitive cell death in pathogen
defense. It remains to be shown what kind of PCD might be
controlled by P. indica.

Previous work showed that HvBI-1 has a central role in the
outcome of host—pathogen interactions (16, 19, 20). To func-
tionally confirm the role of host PCD and a requirement of
HyBI-1 down-regulation for fungal proliferation, we constitu-
tively overexpressed a GFP-HvVBI-1 fusion protein in barley. All
transgenic lines showed enhanced resistance to cell death in-
duced by transient expression of mouse BAX in epidermal leaf
cells (R. Eichmann, unpublished results). Comparison of the
transgenic plants with the respective wild type showed a signif-
icant reduction of invasive growth of P. indica in GFP-HvBI-1

Deshmukh et al.

barley at 20 dai, when fungal proliferation is in a steady state. In
contrast, transient overexpression of HvBI-1 in barley leaf epi-
dermis supported early biotrophic invasion of B. graminis into
resistant barley (15, 21). Additionally, all GFP-HvVBI-1 lines that
restricted proliferation of P. indica showed enhanced suscepti-
bility to a virulent isolate of B. graminis. This effect relied on a
lower ability of the plant to stop the fungus by hypersensitive cell
death, which is involved in basal barley disease resistance (V.
Babaceizad, R. Eichmann, and J.I., unpublished results). Hence,
the expression level of HvBI-1 might inhibit or support fungal
proliferation depending on the microbial lifestyle. Quantifica-
tion of P. indica confirmed that fungal growth was significantly
restricted in GFP-HvBI-1 barley (Fig. 4b). Taken together, we
provide genetic evidence that P. indica requires host cell death
for successful proliferation. We suggest that the mutualistic
symbiosis between P. indica and barley involves a sophisticated
regulation of the plant’s cell death machinery. The close spatial
association of root cell death with massive infestation by P. indica
might reflect the fungus’ success to manipulate host cell PCD.
Thereby P. indica might take advantage of naturally occurring
root cell death in mature parts of the root. However, the main
part of the root further develops and is not necrotized when
colonized by the fungus.

Conclusion and Perspectives

The mutualistic symbiosis of crop plants and Sebacinales has a
great potential for sustainable agriculture. In contrast to AMF,
P. indica and other members from the same order mediate
resistance to root pathogens and systemic resistance to biotro-
phic leaf pathogens. From an agronomical point of view, it is
most promising that P. indica can enhance crop yield in cereals
(10). Exploitation of endophytic fungi like P. indica may, how-
ever, not only complement crop production strategies, which
presently rely on a high input of fungicides, but additionally may
be an eminent source of molecular traits affecting both disease
resistance and grain yield in cereals. For future utilization, it is
important to gain additional information on effective application
strategies (e.g., spore formulation), growth conditions, and the
influence of environmental factors. The prospected huge biodi-
versity in the Sebacinales (11) and the physiological variation
between the Sebacinales strains yield the perspective that for a
given crop plant an optimal sebacinalean mutualist might be-
come available. This latter notion is supported by the results of
our molecular phylogenetic analysis (Fig. 1), which shows that
the type of the interaction between Sebacinales and their plant
hosts is probably influenced to a greater extent by the plant than
by the fungus. Strains of the S. vermifera species complex that
interacted with barley similar to P. indica were originally isolated
from Australian orchids (11). In orchid mycorrhizae, however,
the fungus invades vital cortical root cells of the host to form
intracellular hyphal coils. The strains tested in the present study
also are closely related to members of the Sebacinales that form
cavendishioid mycorrhizas (14) with certain hemiepiphytic eri-
cads (Fig. 1). In this mycorrhizal association, the fungal partner
also predominantly invades vital cortical cells. It is evident that
the mutualistic symbiosis between plants and fungi of the
Sebacinales is a treasure chest to discover mechanisms to protect
plants from biotic and abiotic stresses. Although evidence has
been provided that the plant’s antioxidant system plays a pivotal
role in the P. indica-mediated stress tolerance (10), the precise
mechanism and underlying signaling pathways remain to be
elucidated. In this respect, P. indica has another important
advantage: In contrast to AMF, P. indica colonizes Arabidopsis,
and our recent results provide evidence that the fungus induces
systemic resistance in this model plant similar to the resistance
provided to the powdery mildew fungus in barley (our unpub-
lished data). The power of the Arabidopsis signal transduction
mutants available and reverse genetics will soon accelerate
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disclosure of the molecular basis of the symbiosis and its
beneficial effects on the host. Despite this perspective, differ-
ences in signaling pathways relevant for agronomically important
traits exist between Arabidopsis and cereals, justifying strong
emphasis on future cereal research.

Materials and Methods

Plant and Fungal Material and Plant Inoculation. Barley (Hordeum
vulgare L.) cultivar Golden Promise was obtained from Jorn
Pons-Kithnemann (University of Giessen, Giessen, Germany).
P. indica isolate WP2 was propagated as described (10). S.
vermifera isolates (culture collection numbers; see Table 1) were
propagated in MYP medium (aqueous solution of 7 g/liter malt
extract, 1 g/liter peptone and 0.5 g/liter yeast extract).

For inoculation, barley kernels were sterilized with 6% sodium
hypochloride, rinsed in water, and germinated for 2 days.
Subsequently, seedling roots were immersed in an aqueous
solution of 0.05% Tween-20 containing 5 X 10° ml~! P. indica
chlamydospores or homogenized mycelial solution (1 g/ml) of S.
vermifera, respectively. Inoculated seedlings were grown in a 2:1
mixture of expanded clay (Seramis; Masterfoods, Verden, Ger-
many) and Oil Dri (Damolin, Mettmann, Germany) (10).

Molecular Phylogenetic Analysis. We used nuclear DNA sequences
coding for the 5’ terminal domain of the ribosomal large subunit
to estimate the phylogenetic position of the Sebacinales strains
used in the present study. An alignment covering a representa-
tive sampling of nucLSU sequences available for this fungal
group was constructed with MAFFT 5.850 (22). The alignment
was analyzed by using heuristic maximum likelihood as imple-
mented in PHYML 2.4.4 (23), with a general time-reversible
model of nucleotide substitution and additionally assuming a
percentage of invariant sites and I'-distributed substitution rates
at the remaining sites (GTR+1+G; the I distribution approxi-
mated with four discrete rate categories), starting from a BIONJ
tree (24). All model parameters were estimated by using maxi-
mum likelihood. Branch support was inferred from 1,000 repli-
cates of nonparametric maximum-likelihood bootstrapping (25),
with model parameters estimated individually for each bootstrap
replicate. Additionally we performed a Bayesian Markov chain
Monte Carlo analysis with MrBayes 3.1 (26). We ran two
independent Markov chain Monte Carlo analyses, each involving
four incrementally heated chains over two million generations,
using the GTR+I+G model of nucleotide substitution and
starting from random trees. Trees were sampled every 100
generations, resulting in an overall sampling of 20,000 trees per
run, from which the first 5,000 trees of each run were discarded
(burn in). The remaining 15,000 trees sampled in each run were
pooled and used to compute a majority rule consensus tree to get
estimates for the posterior probabilities. Stationarity of the
process was controlled by using the Tracer program (27).

Generation of Transgenic Barley Plants. For constitutive overex-
pression and for tagging expression, we cloned a cDNA fusion of
GFP and HvBI-1 by digestion of pGY1-CaMV35S::GFP-HvBI-1
(15, 21) into appropriate sites of the binary vector pLH6000
(DNA Cloning Service, Hamburg Germany), which was then
introduced into Agrobacterium tumefaciens strain AGL1 (28) to
transform barley cultivar Golden Promise as described (29, 30).
PCR analysis was used to confirm integration of the transfer
DNA. The GFP reporter was visualized with either a standard
fluorescence microscope or a confocal laser scanning micro-
scope as described below.

Root Fixation, Staining and Microscopy, and DAPI Staining. Root
segments were fixed as described in ref. 31, with noted excep-
tions. Fixed root segments were transferred to an enzyme
solution containing 10 mg/ml driselase and chitinase, 16 mg/ml

18456 | www.pnas.org/cgi/doi/10.1073/pnas.0605697103

B-D-glucanase (InterSpex Products, San Mateo, CA) and 1
mg/ml BSA (Sigma, St. Louis, MO) dissolved in 25 mM phos-
phate buffer (PB) (4.0 g of NaCl/0.1 g of KCl1/0.7 g of Na,HPO4
2H,0/0.1 g of KH,PO4 in 500 ml water, pH 6.8) at room
temperature for 15 min. After rinsing in PB, roots were further
treated with 0.5% Triton X-100 in PB for 10 min. After
additional rinsing in PB, plant nuclei were stained with 1 pg/ml
DAPI for 30 min. During incubation, segments were vacuum-
infiltrated three times for 1 min at 25 mmHg (1 mmHg = 133 Pa)
and then rinsed with PB. Additionally, root material was stained
with WGA-AF 488 as described below. All segments were
analyzed with an Axioplan 2 microscope (excitation 365 nm and
emission 420-540 nm; Zeiss, Jena, Germany).

A TUNEL assay was performed using an in situ cell death
detection kit (Fluorescein; Roche Applied Science, Penzberg,
Germany) according to the instruction manual. Root segments
were fixed as described above. In addition, root segments were
dehydrated and dewaxed by passage for 15 min through series of
increasing concentrations of ethanol in water (from 10% to
100% in 10% increments) and back from 100% to 0% in 10%
increments). Subsequently, segments were incubated in 50 wl of
TUNEL reaction mixture. Grade 1 DNase I-treated roots were
used as positive controls. Solutions were vacuum-infiltrated as
described above and incubated for 60 min at 37°C in humidified
atmosphere in the dark. Subsequently, segments were washed
and transferred to 1X PB (pH 7.4) for destaining. Destained
segments were counterstained with wheat germ agglutinin-
tetramethylrhodamine (WGA-TMR) as described below.
TUNEL-positive nuclei were excited at 488 nm and detected at
505-540 nm. Fluorescein diacetate vitality staining and actin
staining of barley root was performed according to refs. 32 and
33, respectively.

Staining of P. indica in Root Tissue. Hyphae in root segments were
either stained by 0.01% acid fuchsin-lactic acid (10) or with the
chitin-specific dyes WGA-AF 488 and WGA-TMR (Molecular
Probes, Karlsruhe, Germany). Depending on the studies, root
material was either fixed for some experiments, dehydrated as
described above, or transferred to trichloroacetic acid fixation
solution [0.15% (wt/vol) trichloroacetic acid in 4:1 (vol/vol)
ethanol/chloroform]. Subsequently, segments were incubated at
room temperature for 10 min in 1X PBS (pH 7.4) containing
each respective dye at 10 ug/ml. During incubation, segments
were vacuum-infiltrated three times for 1 min at 25 mmHg. After
rinsing with 1X PBS (pH 7.4), segments were mounted on glass
slides. In cases that Congo red (Merck, Darmstadt, Germany)
was used for counterstaining, it was added to WGA-AF 488
staining solution at a final concentration of 10 wg/ml. Confocal
fluorescence images were recorded on a multichannel TCS SP2
confocal microscope (Leica, Bensheim, Germany). WGA-AF
488 was excited with a 488-nm laser line and detected at 505-540
nm. WGA-TMR was excited with a 543-nm laser line and
detected at 560—630 nm. All segments that were analyzed with
an Axioplan 2 microscope were either excited at 470/20 nm and
detected at 505-530 nm for WGA-AF 488 or excited at 546/12
nm and detected at 590 nm for Congo red.

Genomic DNA Isolation, Real-Time PCR, and Transcript Analysis. The
degree of root colonization was determined by using the 272Ct
method (34). Cycle threshold (Ct) values were generated by
subtracting the raw Ct values of the P. indica internal transcribed
spacer or Tef gene (35) from the raw Ct values of plant-specific
ubiquitin.

Roots were harvested, frozen, and ground in liquid nitrogen,
and genomic DNA was isolated from ~100 mg of root powder
with the Plant DNeasy kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. For quantitative PCR, 5-10
ng of total DNA was used. Amplifications were performed in 20

Deshmukh et al.
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wul of SYBR green JumpStart Tag ReadyMix (Sigma—Aldrich,
Munich, Germany) with 350 nM oligonucleotides, using an
Mx3000P thermal cycler (Stratagene, La Jolla, CA). After an
initial activation step at 95°C for 7 min, 40 cycles (94°C for 30 s,
60°C for 30 s, 72°C for 30 s, and 82°C for 15 s) were performed,
and a single fluorescent reading was obtained after the 82°C step
of each cycle. A melting curve was determined at the end of
cycling to ensure amplification of only a single PCR product. Ct
values were determined with the Mx3000P V2 software supplied
with the instrument.

For quantitative two-step RT-PCR, 2 ug of total RNA were
reverse-transcribed to first-strand cDNA with the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Aliquots of 20 ng of
first-strand cDNA were subsequently used as a template for
quantitative PCR with gene-specific primers. The plant-specific
ubiquitin gene served as a control for constitutive gene expres-
sion in roots. Ubiquitin expression was consistent after inocu-
lation with P. indica when compared with the amount of 18S
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ribosomal RNA. Specific PCR conditions were as described
above, and comparative expression levels (274¢t) were calcu-
lated according to ref. 36. Expression levels are relative to the
level of ubiquitin expression, which was constant in all RNA
samples used and was set to 1. Values are the means of four
samples of one biological experiment (infected roots) assayed by
quantitative PCR in triplicate. The oligonucleotides used were as
follows: ubiquitin (accession no. M60175), 5'-CAGTAGTG-
GCGGTCGAAGTG-3" and 5'-ACCCTCGCCGACTACAA-
CAT-3'; P. indica Tef (accession no. AJ249911) 5'-ACCGTCT-
TGGGGTTGTATCC-3" and 5'-TCGTCGCTGTCAA-
CAAGATG-3'; Bax inhibitor-1 (accession no. AJ290421) 5'-
GTCCCACCTCAAGCTCGTTT-3" and 5’-ACCCTGTCAC-
GAGGATGCTT-3; and P. indica ITS (accession no. AF
019636) 5'-CAACACATGTGCACGTCGAT-3' and 5'-
CCAATGTGCATTCAGAACGA-3’
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SUMMARY

Colonization of Arabidopsis roots by the mutualistic sebacinoid fungus Piriformospora indica
comprises an initial biotrophic followed by a host cell death-associated interaction phase
where fungal reproduction takes place. We aimed to clarify the molecular base of
colonization-associated cell death which is unique to sebacinoid symbiosis. Cytological
analysis revealed endoplasmic reticulum (ER) swelling and vacuolar collapse indicative of ER
stress induction during symbiotic P. indica colonization. Consistently, tunicamycin-triggered
ER stress was enhanced in colonized roots although canonical markers for ER stress sensing
(e.g. bZIP60) and the unfolded protein response (UPR) (e.g. BIP3) were at the same time
suppressed. Arabidopsis mutants compromised in caspase 1 activity and cell death-mediating
vacuolar processing enzymes (VPESs) showed reduced fungal colonization and concomitantly
decreased cell death incidences in colonized roots. We hypothesize that P. indica intervenes
with ER stress signalling thereby activating a VPE-mediated cell death, which is required for

establishing a successful symbiosis with Arabidopsis.

Highlights

Piriformspora indica disturbs ER integrity during root colonization

ER stress induction results in the activation of programmed cell death (PCD)
ER stress-induced PCD is dependent on vacuolar processing enzymes (VPES)

Root colonization by P. indica is dependent on VVPE-/caspase-mediated PCD



INTRODUCTION

The endoplasmic reticulum (ER) is a convergent point in the processing of glycoproteins
destined for secretion. These secretory proteins pass the ER in order to obtain their proper
three dimensional structures, which is a prerequisite for their functionality. The ER essentially
contributes to the protein composition of the plasma membrane, extracellular matrix
(apoplast), and vacuoles. Because of these functions, the ER is intimately involved in plant
developmental processes as well as plant innate immune responses. For instance, the proper
function of the plasma membrane-localized immune receptor EFR is dependent on proper ER
processing (Nekrasov et al., 2009; Saijo et al., 2009). In addition, defective proteins are
recognized by the ER machinery and are discarded as demonstrated for the plasma membrane
standing brassinosteroid receptor BRI-1 (Jin et al., 2007). Moreover, a considerable number
of anitmicrobial proteins have an apoplastic destination and traverse the ER and Golgi
apparatus prior to their vesicle-mediated transport and exocytosis at the plasma membrane
(Jelitto-van Dooren et al., 1999; Wang et al., 2005; Lipka et al., 2007; Kwon et al., 2008).
Accurate protein folding is controlled by at least three systems, which are mutually defined as
ER quality control (ER-QC): the SDF2-ERdj3b-BIP complex, the calreticulin/calnexin cycle,
and the protein disulfide isomerase (PDI) system (Anelli and Sitia, 2008). After co-
translational translocation into the ER, nascent proteins are N-glycosylated by the
oligosaccharide transferase complex (OST) and bind to the SDF2-ERdj3b-BIP complex.
Thereafter, protein folding is mediated by the composed action of calreticulins (CRTs) and
calnexins (CNXs). In certain glycoproteins, intramolecular disulfide isomerization is
eventually required for correct folding, which is executed by proteins disulfide isomerases
(PDIs). Misfolded proteins are sorted and degraded by cytosolic proteasomes (Anelli and Sitia,
2008; Vitale and Boston, 2008). The ER processing machinery is apparently highly conserved

among eukaryotes including plants (Liu and Howell, 2010). ER working load and, thus, ER-



QC activities varies depending on the developmental stage, the type of tissue, or the
occurrence of external stresses. In case ER-QC does not meet the demand of protein
processing, ER stress is triggered by the enrichment of misfolded proteins. In mammals, ER
stress is sensitized by the ER membrane standing receptors inositol requiring protein-1 (IRE1),
activating transcription factor-6 (ATF6), and protein kinase RNA (PKR)-like ER kinase
(PERK), which activates the unfolded protein response (UPR) (Schroder, 2006). UPR
functions as an adaptive process of cells to enhance quality control and to relieve ER stress
(Malhotra and Kaufman, 2007). In mammals, the UPR consists of induction of ER chaperones,
elevated ER-associated degradation (ERAD), and attenuated translation of secreted proteins
(Malhotra and Kaufman, 2007). In contrast, prolonged ER stress or malfunctional UPR results
in proapoptotic signaling and programmed cell death (PCD), which is mediated by the same
set of ER stress sensors that are activating UPR. ER stress-induced apoptosis relies on the
activation of a set of cell-death associated cysteine proteases, so called caspases (Szegezdi et
al., 2006; Rasheva and Domingos, 2009). In contrast to the knowledge on plants’ ER-QC, ER
stress sensing/-signaling and ER stress-induced cell death are less well understood albeit
molecular studies implicate that ER stress sensing/signaling and UPR is conserved in plants
(Kamauchi et al., 2005; Vitale and Boston, 2008). Recent studies identified the transcription
factors bZ1P28 and bZIP60 as ER membrane-localized ER stress sensors that are involved in
the induction of UPR (Liu et al., 2007; Iwata et al., 2008). Both proteins are very similar to
mammalian bZIP transcription factor ATF6 (Urade, 2009). Moreover, the ER is known to
participate in plant PCD pathways as it modulates drought stress-induced PCD (Duan et al.,
2009) or even initiates PCD as a result of ER dysfunction (Malerba et al., 2004; Watanabe
and Lam, 2006). While a regulatory role of the ER in plant cell death initiation has been
demonstrated (Watanabe and Lam, 2009), the molecular basis of PCD initiation and execution

in response to ER stress remained elusive.



In the present study, we investigate the colonization strategy of the mutualistic fungus
Piriformospora indica in Arabidopsis roots. Our recent studies indicated a biphasic
colonization strategy (Schéfer, unpublished data): After an initial colonization of living cells
(biotrophic phase), a cell-death associated colonization strategy was observed which is
consistent with previous reports on interactions of P. indica with barley (Deshmukh et al.,
2006). In barley, the latter phase involved regulation of ER membrane-localized Bax-Inhibitor
1 (BI-1) raising the possibility that the fungus recruits a host cell death program in order to
establish a successful interaction. Based on cytological and molecular studies, we suggest
here that P. indica successfully colonizes Arabidopsis roots by triggering ER stress and
simultaneously suppressing the adaptive UPR. Furthermore we hypothesize that the inability
of colonized plant cells to relieve ER stress results in the induction of a caspase-dependent
vacuolar cell death program. We propose a model in which fungal colonization success is

intimately dependent on ER stress-induced cell death.



RESULTS

P. indica Impairs the Integrity of the Endoplasmic Reticulum thereby Improving
Mutualistic Root Colonization

We performed transmission electron microscopy, to analyze subcellular changes during cell
death-associated colonization of Arabidopsis roots by P. indica. Colonization-associated cell
death was characterized by the lysis of cytoplasm, followed by swelling of the ER, and
tonoplast rupture. In contrast, plastids and mitochondria remained ultrastructurally unaltered
(Figures 1A and 1B). As these studies indicated ER disintegration by P. indica, colonization
of Arabidopsis line GFP-tmKKXX, in which the ER is GFP-tagged (Benghezal et al., 2000),
was analyzed by confocal laser-scanning microscopy. While ER structures in non-colonized
cells of this line remained intact, P. indica-colonized cells showed ER collapse (Figure 1C).
As our cytological analyses implied an impairment of the ER by the fungus, we examined to
what extend the disturbed ER function would affect colonization success. Arabidopsis
mutants were selected that lack central components of the ER-QC. These mutants, which were
deficient in the chaperone BIP2 (binding protein 2, bip2), in a subunit of the oligosaccharide
transferase DAD1 (defender against apoptotic death 1, dadl), or in a component of the SEC61
translocon complex (SEC61a, sec6la), were analyzed for fungal colonization. To this end,
bip2, dadl, sec6la, and parent line Col-O were checked for altered colonization at 3 and 7
days after inoculation (dai) with P. indica by gRT-PCR. All mutants exhibited enhanced
fungal colonization rates at 7 dai as compared to Col-0 (Figure 1D). suggesting that impaired
ER-QC supports fungal growth in the roots. As altered colonization might be explained by
malfunctional immunity in these ER-QC mutants, we examined their responsiveness to
microbe-associated molecular patterns (MAMPS). In the first assay, we analyzed the flg22-
induced seedling growth inhibition (SGI) in Col-0 and mutant plants. The plant biomass of

Col-0 and all mutants was significantly reduced by flg22 treatment, as opposed to flg22-



insensitive fls2c mutant (Figure S1A). Secondly, we analysed the occurrence of flg22-, or
chitin-induced oxidative burst in mutant roots. Consistently, we observed transient root
oxidative bursts upon treatment with flg22 or chitin in bip2, dadl, sec61a mutants and Col-0
but not in flg22- and chitin-insensitive mutants fls2c and cerk1-2, respectively (Figure S1B,

C), indicating intactness of MAMP-triggered immunity in the mutants.

P. indica-Colonized Plants Are Hypersensitive to ER Stress but Disturbed in the
Unfolded Protein Response

Since analysis of fungal growth in roots indicated improved colonization of mutants lacking
crucial components of the ER-QC, we investigated whether P. indica affects tolerance of the
colonized plants to ER stress. We applied ER stress inducer tunicamycin (TM), which
specifically blocks UDP-N-acetylglucosamine:dolichol phosphate N-acetylglucosamine-1-P
transferase and thereby inhibits protein N-glycosylation in the ER (Pattison and Amtmann,
2009). P. indica-colonized (3 dai, biotrophic stage) and mock-treated Col-O plants were
treated with TM or DMSO (control). Plant fresh weights were determined 7 days after
treatment. In non-colonized plants, TM treatment resulted in a ~ 20% reduction of fresh
weight compared to DMSO-treated plants. Significantly, in P. indica-colonized plants, TM
reduced the plant biomass by ~ 60% as compared to untreated controls (Figure 2A). This
suggests that P. indica-colonized plants are hypersensitive to ER stress.

Since our data suggest induction of ER stress by P. indica, we next tested whether
colonization-associated ER stress might result in both activation of ER stress sensing and
subsequent UPR. To this end, we harvested P. indica-colonized and non-colonized roots at 1,
3, and 7 dai and monitored gene expression levels of putative ER stress sensors (bZIP17,
bZIP28, bZIP60) and markers of the UPR (sPDI, BIP3, CNX2) by qRT-PCR. Unexpectedly,
none of the tested genes was induced during colonization (Figure 2B). Instead, bZIP28, BIP3,

and CNX2 were even suppressed in colonized roots at some of the time points (Figure 2B). In



order to elucidate if the selected ER stress markers were induced by ER stress in roots and if
P. indica might suppress ER stress signaling, we treated non-colonized and P. indica-
colonized roots (3 dai, biotrophic stage) with tunicamycin or DMSO (control). The root
samples were harvested at 1 and 3 days after TM treatment and the expression levels of ER
stress sensors (bZIP17, bZI1P28, bZIP60) and UPR markers (sPDI, BIP3, CNX2, BI-1) were
analyzed by gRT-PCR. All genes (except bZIP28) were induced by TM treatment (Figure 2C).
By contrast, all candidates (except bZIP28) exhibited a reduced induction by TM treatment in
P. indica-colonized roots (Figure 2C). To further support this finding, we investigated if
impaired ER stress signaling was also detectable at the protein level. First, we tested the
accumulation of the luminal binding protein (BIP) in dependence of P. indica colonization as
described above. P. indica-colonized and non-colonized roots were harvested at 0, 3, and 7
dai and subjected to immunoblot analyses using a polyclonal anti-BIP antibody. Consistent
with our gRT-PCR analyses, BIP protein levels were reduced in colonized roots particularly
at 7 dai as compared to non-colonized roots (Figure 2D). In addition, we monitored BIP
accumulation after TM treatment in dependence of P. indica colonization. For this, P. indica-
colonized (3 dai) or non-colonized roots were treated with TM or DMSO (control) and roots
were harvested two days later. BIP accumulated in response to TM treatment in non-
colonized roots (Figure 2E). By contrast, this accumulation was clearly suppressed by P.

indica. Taken together, the analyses suggest that the fungus is affecting ER stress signaling.

Vacuole-Mediated Cell Death Is Downstream of ER Stress Induction and Affects
Mutualistic Root Colonization

Our electron microscopical studies indicated co-occurrence of ER swelling and vacuolar
collapse in colonized cells at later interaction stages (Figure 1B). This prompted us to test
whether vacuole collapse is essential for root colonization. Vacuolar processing enzymes

(VPEs) were shown to mediate vacuolar collapse and execution of virus-induced cell death



(hypersensitive response) in tobacco (Hatsugai et al., 2004). VPEs have a small gene family
consisting of four members (aVPE, BVPE, yYVPE, 6VPE) (Hatsugai et al., 2006). In a first
assay, we quantified root colonization of avpe, fvpe, yvpe, dvpe, and the quadruple mutant
vpe-null, which is deficient in the four VPEs, at 3 and 7 dai by qRT-PCR. We observed
significantly reduced colonization of avpe, yvpe, and vpe-null mutants at 7 dai, while pvpe and
ovpe mutants showed little if any enhancement in colonization (Figure 3), indicating that
VPE-mediated activities contribute to successful fungal colonization. Interestingly, yvpe and
vpe-null mutants showed higher fungal colonization at earlier stages (3 dai), consistent with
the view that cell death-mediating enzymes are obstructive on the biotrophic phase. Since
severe ER stress results in cell death in mammalian organisms, we were also interested to test
if VPE-mediated cell death acts downstream of ER stress induction. Therefore, we generated
ype dadl double mutants and quantified P. indica colonization by gRT-PCR. pvpe dadl
displayed reduced colonization at 7 dai, which resembled the colonization phenotype of yvpe

(Figure 3). These data suggest that ER stress-induced cell death might be executed by VPEs.

VPE- and Caspase 1 Activities Are Enhanced in P. indica-Colonized Roots

In addition to VPE activity, VPEs were shown to have caspase 1 activity. These protease
activities was important for vacuolar-medicated plant cell death execution (Hatsugai et al.,
2004; Kuroyanagi et al., 2005). To confirm the significance of vacuolar-mediated cell death
for root colonization, we measured VPE- and caspase 1 activities in wild type, yvpe, vpe-null,
dadl, and yvpe dadl roots in dependence of P. indica colonization. To this end, we set up an
assay to measure VPE- and caspase 1 activities in root extracts from P. indica-colonized and
non-colonized roots during cell death-associated colonization (7 dai). We applied either 1 mM
of VPE-specific substrate Ac-ESEN-MCA or caspase 1-specific substrate Ac-YVAD-MCA to
root extracts and spectrometrically measured VPE-mediated cleavage of MCA. Both, VPE

and caspase 1 activities were increased in P. indica colonized compared to non-colonized



roots (Figure 4A). As expected, enzyme activities were weakly detectable in vpe-null (Figure
4A). We could hardly detect caspase 1 activity in yvpe roots and VPE activity was strongly
reduced as compared to wild type roots suggesting that in roots yYVPE might be mainly
responsible for both enzyme activities. Interestingly, although non-colonized dadl roots
displayed basal levels of VPE and caspase 1 activities, enzyme activities were strongly
enhanced in colonized dadl roots and even higher when compared to respective wild type
roots (Figure 4A). In order to confirm whether reduced colonization of the double mutant yvpe
dadl might be associated with altered enzyme activities, we measured VPE- and caspase 1
activities in dependence of P. indica colonization. Both enzyme activities were hardly
detectable in colonized or non-colonized yvpe dadl roots and resembled enzyme activities
detected in yvpe (Figure 4B) In summary, the results of the enzyme activity assay are
consistent with the colonization phenotypes (Figures 1D and 3) suggesting that VPE- and

caspase 1 activities might be essential for cell death execution and successful colonization.

ER Dysfunction Enhances P. indica- and TM-Induced Cell Death in a VPE-Dependent
Way

In order to relate our enzyme and colonization studies to the occurrence of cell death, we
performed a fluorescein diacetate (FDA)-based assay. In viable cells, esterases will cleave off
the fluorescein and the degree of cleavage can be quantified spectrometrically. In a first assay,
we treated bip2, dadl, vpe-null, yvpe, yvpe dadl mutants and respective wild type plants with
TM and stained root segments with FDA at 3 days after treatment (dat). bip2 and dadl
mutants showed ~ 20% less fluorescence intensity than wild type segments, which indicated a
reduced number of living cells (Figure 4C). By contrast, vpe-null and yvpe mutants showed an
increase of fluorescence intensity (> 30%) compared to wild type root segments. Similarly,
root segments of yvpe dadl double mutant exhibited enhanced fluorescence intensities (Figure

4C). In a second assay, we determined FDA cleavage in the same mutants during cell death-
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associated colonization by P. indica (7 dai). Similar to the results obtained in the TM assay,
bip2 and dadl exhibited reduced fluorescence intensities, while fluorescence intensities were
enhanced in vpe-null, yvpe, and yvpe dadl (Figure 4D). Together, this data confirm enhanced
ER stress- and P. indica-induced cell death in mutants impaired in ER integrity. Our data
identify yVPE as a key factor in the execution of ER stress-induced cell death triggered by

fungal colonization in the mutualistic interaction of P. indica and Arabidopsis.
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DISCUSSION

We formerly showed that plants root colonization by the mutualistic fungus Piriformospora
indica is based on an initial biotrophic followed by a cell death-associated colonization phase
(Deshmukh et al. 2006; Schafer, unpublished data). In the present study, we propose that the
colonization-associated cell death in Arabidopsis roots is initiated by an uncoupled ER stress
response and the suppression of the UPR, which ends up in a vacuolar-mediated, caspase 1-
dependent cell death (Figure 5). ER stress during mutualistic colonization was evident from
cytological and pharmacological analyses (Figures 1A-C and 2A). Most probably, fungal
suppression of ER stress signaling (Figures 2B-E), known as the unfolded protein response
(UPR), was essential for cell death initiation. UPR encompasses translational attenuation,
induction of ER chaperones (e.g. BIPs), and elevated degradation of misfolded proteins in the
ER by the proteasome. By these means, eukaryotic cells aim to relieve ER stress that occurs
under abiotic and biotic stress conditions as well as at certain developmental stages (Malhotra
and Kaufman, 2007; Vitale and Boston, 2008). Microarray studies with Arabidopsis plants
exposed to TM-induced ER stress revealed the induction of a set of genes including those
involved in protein folding (e.g. BIPs, CNXs, PDIs) and protein degradation (e.g. HRD1,
DER1) (Kamauchi et al., 2005; Iwata et al., 2008). We found that P. indica suppresses TM-
induced ER stress as indicated by the expression levels of randomly selected members of the
protein folding machinery (BIP3, sPDI, CNX2) in P. indica-colonized (3 dai; biotrophic
stage) compared to non-colonized roots. In accordance with this, constitutive and TM-
triggered BIP protein levels were suppressed by P. indica. bZIP28 and bZIP60 are important
for UPR regulation and might function as ER stress sensors (lwata et al., 2008; Liu et al.,
2008). However, none of these transcription factors were induced and the expression of
bZIP28 was even suppressed during P. indica colonization (Figure 2B). In accordance with

studies on leaves, we found only bZIP60 (and transiently bZIP17) induced by TM (lwata et al.,
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2008; Liu et al., 2007) while expression of bZIP28 was non-responsive to TM (lwata et al.,
2008). Although bZIP28 was suppressed by P. indica, TM application to P. indica-colonized
roots caused its induction (Figures 2B and C). An explanation might be that the combined
stress induced by P. indica and TM activates stress pathways, which recruit bZIP28. For
instance, bZIP17 was found to sense ER stress induced by salt stress in a way similar to ER
stress signaling. Importantly, bZIP28-induced UPR genes (e.g. BIP3) were not induced by P.
indica (Figure 2C).

Failed ER stress adaptation or severe ER stress have been shown to result in the activation of
cell death (Szegezdi et al., 2006). In mammals, the principles of ER stress-induced
proapoptotic signaling have been intensively studied (Szegezdi et al., 2006; Rasheva and
Domingos, 2008). Here, the same plasma membrane localized ER stress sensors that induce
UPR also initiate apoptotic signaling under severe ER stress by activating the bZIP
transcription factor ATF4, the c-Jun N-terminal kinase (JNK) pathway, and a caspase cascade.
Central to this proapoptotic state is the activation of BAX and BIM, which contribute to the
execution of apoptosis by enhancing Ca®* release from ER and mitochondria. In addition,
BAX and BIM mediate cytochrome c release from mitochondria thereby activating the
apoptosome (Szegezdi et al., 2006). By contrast, the molecular basis of ER stress-induced
PCD in plants is less clear. Several studies implicate, however, a conservation of ER stress
signaling between plants and mammals. Bax Inhibitor-1 (BI-1) is a negative cell death
regulator in mammals as it antagonizes BAX-induced cell death (Xu and Reed, 1998).
Although BAX homologues have not been found in plants, barley BI-1 and other plant BI-1
proteins suppress BAX-induced cell death in planta (Eichmann et al., 2006; Watanabe and
Lam, 2009). Although its antiapoptotic mode of action is unknown, BI-1 controls Ca?* release
from the ER under stress in plants and mammals (Chae et al., 2004; Watanabe and Lam,
2009). Arabidopsis plants overexpressing Bl-1 exhibited enhanced TM tolerance, which

indicates its antiapoptotic function in ER-PCD (Watanabe and Lam, 2008). In barley, P.
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indica suppresses BI-1 transcription and BI-1 overexpression resulted in reduced P. indica
colonization (Deshmukh et al., 2006). Consistently, we observed a slight suppression of AtBI-
1 by P. indica after TM application (Figure 2C) but did not observe altered P. indica
colonization in atbi-1 roots (data not shown). In accordance with mammlian ER-PCD
(Szegezdi et al.,, 2006), caspase 1 activity was enhanced during cell death-associated
colonization (7 dai) which mainly relied on yVPE (Figure 4A). Instead, we did not detect
altered caspase 1 activity during the biotrophic phase (at 3 dai, not shown). The significance
of caspase 1 activity for P. indica-induced ER-PCD execution was further shown by the
reduced colonization-associated- and TM-induced cell death in yvpe (Figure 4C and D). These
analyses also underlined the significance of ER dysfunction as ER-PCD initiator. dadl
mutants displayed an elevated caspase 1 activity during cell death-associated colonization and
an increased cell death after TM treatment. However, execution of ER-PCD was crucially
dependent on yVPE-/caspase 1 activity as indicated by the highly similar TM- and
colonization-induced cell death phenotypes in yvpe dadl double mutants and yvpe (Figure 4C
and D). Consistently, yvpe dadl and yvpe showed a similar degree of P. indica colonization at
7 dai (Figure 3). However, yvpe dadl displayed a colonization phenotype comparable to dadl
at 3 dai being consistent with the alternative hypothesis that ER stress induction is not
upstream of yYVPE-mediated PCD. But this hypothesis would contradict the virtually identical
caspase 1 and VPE activities in yvpe and yvpe dadl (Figure 4A and B). Moreover, both
mutants consistently show reduced cell death after TM application and during late P. indica
colonization (7 dai) (Figure 4C and D). Therefore, we speculate that, in the biotrophic root
colonization (3 dai), dad1 might counteract a yet unknown process in yvpe that is unlinked to
ER-PCD. Our studies further indicated that not all VPE members support P. indica
colonization. Bvpe and dvpe mutants even showed a higher (but insignificant) colonization by
P. indica. Future studies will reveal if these enzymes have caspase activities or even have an

antiapoptotic function. However, aVPE and yVPE might function in the same signaling
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cascade as indicated by the similar colonization at 7 dai. The enhanced colonization of yvpe at
3 dai (biotrophic stage) might indicate an additional immunity-related function of yVPE.
Accordingly, this enzyme was formerly identified to participate in vacuolar collapse
associated with virus-induced hypersensitive response (Hatsugai et al., 2004).

Impairment of ER integrity might not only serve PCD induction and, thus, improvement of
root compatibility. The ER takes a crucial role in plant innate immunity by processing
antimicrobial proteins (Wang et al., 2005). In leaves, focal secretion processes and formation
of locally confined cell wall appositions (CWAS) efficiently control colonization by non-
adapted biotrophic pathogens. These immune responses base on vesicle-mediated transport
processes of compounds partially generated in the ER (Lipka et al., 2005; Hickelhoven,
2007). In addition, specific components of the ER machinery were identified to mediate
processing of the pattern recognition receptor (PRR) EFR (Nekrasov et al., 2009; Saijo et al.,
2009), which activates innate immunity after recognition of the bacterial MAMP elongation
factor TU (Zipfel et al., 2006). Recently, we found that P. indica is suppressing early root
immune signaling and that this is essential for root compatibility (Schafer, unpublished data).
In the present study, we recorded a disturbance in ER homeostasis as early as 3 dai (Figures
2C-E). It will be interesting to see in future studies to which extent ER dysfunction in
colonized roots impair generation and secretion of MTI components (e.g. antimicrobial
proteins, PRRs). Furthermore, it is tempting to speculate that impaired ER function also
affects vacuole load with antimicrobial proteins. This would explain that VPE-mediated
vacuolar collapse is not stopping fungal growth as reported for bacterial pathogens (Hatsugai

et al., 2009) but even supporting root colonization by P. indica.
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EXPERIMENTAL PROCEDURES

Plant, Fungal Material and Plant Inoculation

bip2, dadl, and sec61a mutants were provided by X. Dong, avpe, Svpe, yvpe, ovpe, and vpe-
null were provided by I. Hara-Nishimura, cerkl1-2 mutant was provided by V. Lipka, fls2c
mutant was provided by C. Zipfel, and GFP-tmKKXX was provided by A. Hardham. yvpe
dadl mutant was generated within this study by crossing dadl and yvpe. The isolate of P.
indica DSM11827 was obtained from German collection of microorganisms and cell cultures
in Braunschweig, Germany. For inoculation, all Arabidopsis seeds were sterilized in 3%
sodium hypochlorite and grown on % Murashige and Skoog under 8 h light (180 pmol m?2 s™
photon flux density)/16 h night, 22°C/18°C, and 60% relative humidity. If not stated
otherwise, 3-week-old plant roots were inoculated with P. indica chlamydospores at a

concentration of 500,000 spores ml™.

Quantification of Fungal Colonization by QPCR

Genomic DNA was isolated from 100 mg root material with the Plant DNeasy Kit (Qiagen,
Hilden, Germany). In QPCR analysis, 40 ng of genomic DNA served as template. The
amplification reaction was performed using 10 pl of SYBR green JumpStart Taq ReadyMix
(Sigma-Aldrich, Munich, Germany) and 350 nM of oligonucleotides. The standard
quantification program from 7500 fast thermal cycler (Applied Biosystems, Heidelberg,
Germany) was applied. To determine the relative amount of P. indica in plant roots, the 2-*t
method (Schmittgen and Livak, 2008) was used. The cycle threshold (Ct) values were
obtained by subtracting the raw Ct values of P. indica ITS from the raw Ct values of AtUBIS5.
The sequences for AtUBQ5-specific primers were 5-CCAAGCCGAAGAAGATCAAG-3’
and 5-ACTCCTTCCTCAAACGCTGA-3’. The sequences for P. indica ITS-specific primers

were 5"-CAACACATGTGCACGTCGAT-3" and 5"-CCAATGTGCATTCAGAACGA-3".
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Gene Expression Analysis by qRT-PCR

For gene expression studies, three-weeks-old plants were inoculated with P. indica or mock-
treated and harvested at 1, 3, and 7 dai. For tunicamycin treatment, inoculated or mock-treated
plants were treated with tunicamycin (TM) (5 pg mI™) or DMSO (control) at 3 dai. Roots
were harvested at 12, 24, 48 and 72 hours after TM treatment. RNA was extracted from
homogenized root material using TRIzol (Invitrogen, Darmstadt, Germany). For cDNA
synthesis, 500 ng of RNA was DNase-1 digestion and transcribed into cDNA using a gScript
cDNA synthesis kit (Quanta Biosciences, Gaithersburg, USA). For QPCR analysis, 10 ng of
cDNA was used as template for determing the amplification of candidate genes. As described
above the 2-*“* method was applied to evaluate the level of gene expression. Primers were
used as listed.

Table 1. List of primers used in this study.

Gene AGI Forward Reverse

BIP3 AT5G28540 | GGAGAAGCTTGCGAAGAAGA ATAACCGGGTCACAAACCAA

Bl-1 AT5G47120 | GCAGCAGCAATGTTAGCAAG CACCACCATGTATCCCACAA
CNX2 AT5G07340 | AGACTTTGAGCCTCCGTTGA TCTTCCTCGTCATCCCAATC

sPDI AT1G77510 | GCCACTAAGGCGATGATGTT GCTCTCTGCATCACCAACAA
bzIP17 AT2G40950 | ACAGGAGATCGGGAGAGGAT GCTCCTCGACGTAATGCTTC
bz1P28 AT3G10800 | GCCAGTGATCCTCTCTTTGC CAGAAGACAGTGCACCAGGA
bZIP60 AT1G42990 | CGGAGGAATTTGGAAGCATA TGCTGATCCAATTCCACAAA

Growth Retardation Assays

For the growth retardation assay with tunicamycin (TM), Arabidopsis seedlings were grown
on Y2 MS medium containing 1% sucrose for 14 days. Plants were inoculated with P. indica or
mock-treated and transferred to liquid ¥2 MS medium containing 1% sucrose and TM (25 ng
ml™) or DMSO (control). Seedling fresh weight was determined 7 days after TM/DMSO

treatment. For the growth retardation assay with flg22, plants were grown on ¥2 MS medium
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containing 1% sucrose for 14 days and, thereafter transferred to liquid ¥2 MS medium
containing 1% sucrose and 10 puM flg22. Plant fresh weight was determined ten days after

treatment. flg22 peptide sequence was used as described (Gomez-Gomez et al., 1999).

MAMP-Induced Root Oxidative Burst and Growth Retardation
Two-week-old plant roots were either treated with 1 uM flg22 or 1 UM N-acetylchitooctaose.
For determination of the oxidative burst, roots were cut in 1 cm long pieces (10 mg per assay)

and subjected to a luminol-based assay as described (Gomez-Gomez et al., 1999).

Protein Extraction and Immunodetection of BIP

Roots were inoculated with P. indica or mock-treated and harvested at 1, 3, and 7 dai. For
tunicamycin assays, P. indica or mock-treated roots were treated with TM 5 pg/ml or DMSO
(control) at 3 dai and harvested at 2 dat. Total protein was extracted with a buffer containing
250 mM sucrose, 50 mM HEPES-KOH, 5% glycerine, 1 mM Na,MoO,4 x 2H,0, 25 mM NaF,
and 10 mM EDTA. Subsequently, 20 ug of each protein sample was separated by SDS-PAGE
and transferred to Roti®-PVDF membrane (Roth, Germany). The proteins were probed with
an anti-rabbit lIgG-alkaline phosphate antibody (Sigma-Alderich, Germany) matching the
Arabidopsis anti-BIP antibody (Santa Cruz Biotechnology). The gels were stained in a
solution containing (v:v) 20% Coomassie Brilliant Blue R250 (Roth, Germany) and 20%
methanol and were later de-stained with a solution of (v:v:v) 40% methanol / 10% glacial acid

/ 50% water.

Cell Death Assay

Root segments (1.5 cm) from two-week-old plants were transfered to 2 MS containing

fluorescein diacetate (FDA). After 10 minutes incubation, root segments were washed 5 times
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and the fluorescence intensities were measured at 535 nm after excitation at 485 nm using a

fluorescence microplate reader (TECAN infinite® 200).

Caspases and VPE Activity Assays

Three-week-old roots were inoculated with P. indica or mock-treated, and the roots were
harvested at 7 dai. A buffer containing 100 mM sodium acetate (pH5.5), 100 mM NacCl, 1
mM EDTA and 1mM phenylmethylsulfonyl fluoride was applied to get root extracts. In order
to measure caspase 1 and VPE activity, 1 mM fluorogenic caspase 1 substrate (Ac-YVAD-
MCA) and VPE substrate (Ac-ESEN-MCA) (Peptide Institute, Japan) were added to the root
extracts. Fluorescence intensities were measured at 465 nm after excitation at 360 nm using a

fluorescence microplate reader (TECAN infinite® 200).

Cytological Analyses

Root samples were either fixed or directly stained with chitin-specific WGA-AF488
(Molecular Probes) as described (Deshmukh et al., 2006). Confocal images were recorded on
a TCS SP2 microscope (Leica). WGA-AF488 and GFP were excited with a 488 nm laser line
and detected at 505-540 nm. For ultrastructural studies, roots were embedded as described
(Zechmann et al., 2007) and ultrathin sections (80 nm) were investigated after post-staining

with uranyl aceate and lead citrate with a Philips CM10 TEM.
Statistical Analyses
Results are expressed as means £ SD and represent at least three similar experiments.

Differences were analyzed with the Student’s t-test. p < 0.05 was considered as significant.
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FIGURE LEGENDS

Figure 1. Impaired ER Integrity in Arabidopsis Root Cells during Late Colonization
Phases (7 dai) of P. indica is Correlating with Improved Colonization

(A and B) Transmission electron micrographs (TEM) show intracellular fungal hyphae. A:
Cell death-associated colonization at which the ER is partially swollen (arrowheads). Intact
ER is also visible (arrows). Tonoplasts of non-colonized neighbouring cells are intact
(asterisk). B: At later cell death stages, the ER disintegrates (arrows) and vacuolar collapse
(arrowheads) is visible. H, hyphae; CW, cell wall; M, mitochondria; V, vacuole. Bars = 2 um.
(C) Confocal microscopy of P. indica-colonized GFP-tmKKXX (ER marker) transgenic plant
roots. The fungus penetrated (arrows) two cells and intracellular hyphae are visible
(arrowheads). The ER of the upper colonized cell is still intact, while ER disintegration is
associated with colonization of the lower cell (asterisk). Note the ER of surrounding, non-
colonized cells is intact. P. indica was stained with WGA-AF488. Intracellular hyphae are
faintly stained due to limited dye diffusion. WGA-AF488 and GFP were excited with a 488
nm laser line and detected at 505-540 nm using a TCS SP2 CLSM (Leica). Bar = 20 um.

(D) Three-week-old Arabidopsis WT plants and sec6la, dadl, and bip2 mutants were
inoculated with P. indica. Root samples were harvested at 3 and 7 dai. The fungal biomass at
both biotrophic (3 dai) and cell death-associated colonization stages (7 dai) were determined
by qRT-PCR using AtUBI5 and PilTS-specific primers. The root fungal colonization levels in
all mutants were normalized with WT colonization. Results shown are means of three
independent experiments. For each experiment, around 200 plants were analyzed per line at
each time point. Asterisks indicate significance at P < 0.05 (*), 0.01 (**) analyzed by

Student’s t-test.
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Figure 2. P. indica-Colonized Plants Are Hypersensitive to ER Stress but Disturbed in
the Unfolded Protein Response

(A) Arabidopsis Col-0 plants were grown on MS gelrite plates containing 1% sucrose for 10
days. Thereafter, plants were inoculated with P. indica or mock-treated. Three days later,
seedlings were transferred to liquid MS solution (+ 1% sucrose) containing 25 ng ml™
tunicamycin (TM) or DMSO (mock). Fresh weights of seedlings were determined at 7 days
after treatments. The experiment was repeated three times with similar results. For each
experiment, 10 plants were analyzed per treatment. Letters indicate significantly reduced
biomass of the sample compared to samples without TM analyzed by Student’s t-test; p <
0.05 (a), p <0.001 (b).

(B) Expression of ER stress sensors (bZIP17, bZIP28, bZIP60) and markers for the unfolded
protein response (sPDI, BIP3, CNX2) was measured by qRT-PCR. For the analyses, three-
week-old Arabidopsis WT plants were inoculated with P. indica or mock-treated. Root
samples were harvested at 1, 3 and 7 dai. The obtained Ct thresholds of the candidate genes
were related to the Ct thresholds of the housekeeping gene AtUBI5 using the ““Ct method.
Data shown represent fold changes of candidate genes and display the ratio of candidate
expression in colonized roots relative to mock-treated roots. The values are means with
standard error and base on three independent biological experiments.

(C) Three-week-old Arabidopsis WT plants were inoculated with P. indica (Pi) or mock-
treated. Three days later, inoculated and mock-treated plants were treated with tunicamycin (5
ng ml™) or DMSO (control). Root samples from different treatments (Pi + TM, Pi + control;
mock + TM, mock + control) were harvested at 1 and 3 dat. Data represent the Ct thresholds
of the indicated candidate genes relative to the Ct thresholds of the housekeeping gene
AtUBI5 using the “*Ct method. *“Ct values obtained from Pi + TM samples were divided by

AACt values of Pi + control to obtain the displayed fold changes. Similarly, *Ct values of
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samples mock + TM were divided by *“Ct values of mock + control. The values are means
with standard error and base on three independent biological experiments.

(D) BIP protein accumulation during P. indica colonization. For the analyses, Arabidopsis
WT roots were inoculated with P. indica or mock-treated and harvested for protein extraction.
(E) BIP protein accumulation indicative of ER stress in dependence of TM treatment and P.
indica inoculation. Samples were run on the same blot but the lanes were arranged for
presentation. For the analyses, Arabidopsis WT roots were inoculated with P. indica or mock-
treated. At 3 dai (biotrophic stage), roots were treated with TM (5 pg ml™) or DMSO (control)
and harvested 2 dat. For all experiments, 20 pg total protein was separated per sample by
SDS-PAGE. Immunoblot analyses were performed with anti-BIP antibodies. The staining

with Coomassie Brilliant Blue indicates equal loading of all samples.

Figure 3. Colonization of Arabidopsis Roots by P. indica Is Dependent on Vacuolar
Processing Enzymes (VPEsS).

For the analysis, three-week-old Arabidopsis WT, avpe, fvpe, yvpe, dvpe and vpe null mutants
were inoculated with P. indica. Root samples were harvested at 3 and 7 dai. The fungal
biomass at both biotrophic (3 dai) and cell death-associated colonization stages (7 dai) were
determined by gRT-PCR using AtUBI5 and PilTS-specific primers. The root fungal
colonization levels in all mutants were normalized with WT colonization. Results shown are
means of three independent experiments. For each experiment, around 200 plants were
analyzed per line at each time point. Asterisks indicate significance at P < 0.05 (*) analyzed

by Student’s t-test.

Figure 4. Vacuolar Processing Enzymes Are Required for P. indica Colonization

Associated and Tunicamycin-Induced Cell Death
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(A and B) VPE- and caspase 1 activities during cell death-associated colonization of roots by
P. indica. Three-week-old Arabidopsis WT and mutant plants were inoculated with P. indica
or mock-treated. Root samples were harvested at 7 dai (cell death-associated colonization
stage). For the assay, 100 nM VPE substrate of Ac-ESEN-MCA or caspase 1 substrate Ac-
YVAD-MCA were added to the root extracts to determine VPE and caspase 1 activities,
respectively. Fluorescence intensities were spectrometrically detected at 465 nm after
excitation at 360 nm. The values are given as relative fluorescence units (RFU). Data
displayed are means with standard errors of four independent measurements per treatment of
one biological experiment. Experiments were repeated twice with similar results. Letters
indicate significance of respective enzyme activities between P. indica-colonized and non-
colonized roots at P < 0.05 (a), 0.01 (b), 0.001 (c) analyzed by Student’s t-test.

(C and D) Fluorescein diacetate (FDA)-based assay indicative of cell death in dadl, yvpe,
vpe-null and yvpe dadl roots compared to WT (set to one) after TM treatment (C) or P. indica
inoculation (D). Two-week-old Arabidopsis WT plants, dadl, yvpe, vpe-null and yvpe dadl
mutants were treated with TM (5 pug ml™®) or mock-treated (C). Alternatively, WT and
mutants plants were inoculated with P. indica or mock-treated (D). Roots were harvested at 3
dat (C) or at the cell death-associated colonization stage (7 dai) (D). For either treatment, root
segments were cut in 2 cm pieces and stained with fluorescein diacetate (FDA). After staining,
root segments were washed and the fluorescence intensities were spectrometrically
determined at 535 nm after excitation at 485 nm. The values are given as relative fluorescence
units (RFU) relative to WT roots. Data displayed are means with standard errors of eight
independent measurements per treatment of one biological experiment. Experiments were
repeated thrice with similar results. Letter (a) indicate significance at P < 0.05 analyzed by

Student’s t-test.
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Figure 5. Overview of Molecular Events Associated with Cell Death-Dependent
Colonization of Arabidopsis Roots by P. indica.

We formerly demonstrated partial suppression of immune signaling by P. indica (indicated by
dashed line) downstream of its recognition by the root surveillance system (Schéfer,
unpublished). Based on the presented data, P. indica is inducing ER stress but is
simultaneously suppressing the unfolded protein response (UPR) in colonized cells. This
results in ER swelling and the subsequent activation of a yVPE/caspase 1-mediated cell death
program, which is preceded by vacuolar collapse. Impaired ER integrity is thought to disturb

vesicular protein secretion. TF, transcriptions factors (e.g. WRKY?).

SUPPLEMENTAL FIGURE LEGENDS

Figure S1. MAMP-induced responses in Seedlings of sec6la, dadl, and bip2 Mutants.

(A) Roots of two-week-old WT plants together with sec6la, dadl, bip2, and fls2c (flg22
insensitive) mutants were challenged with 10 uM flg22. All mutants displayed WT-like
growth inhibition. fls2c mutants served as flg22-insensitive control. Plant fresh weights were
determined 10 days after flg22 treatment (n = 20 plants per treatment and experiment). Data
represents mean values of three independent biological experiments.

(B and C)Roots of two-week-old WT plants together with sec6la, dadl, bip2, fls2c (flg22
insensitive), and cerk1-2 (chitin insensitive) mutants were challenged with 0.1 pM flg22 (B)
or 1 uM N-acetylchitooctaose (chitin) (C). fls2c and cerk1-2 mutants served as flg22- or
chitin-insensitive control, respectively. Oxidative bursts were measured in 10 mg root
segments (1 cm each segment) by a luminol-based assay directly after application of

respective MAMPs. Values are given as relative light units (RLU) over time. Data displayed
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are means with standard errors of four independent measurements per treatment of one

biological experiment. Experiments were repeated three times with similar results.
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Introduction

Summary

¢ The root endophytic basidiomycete Piriformospora indica has been shown to
increase resistance against biotic stress and tolerance to abiotic stress in many plants.
¢ Biochemical mechanisms underlying P. indica-mediated salt tolerance were studied
in barley (Hordeum vulgare) with special focus on antioxidants. Physiological markers
for salt stress, such as metabolic activity, fatty acid composition, lipid peroxidation,
ascorbate concentration and activities of catalase, ascorbate peroxidase, dehydro-
ascorbate reductase, monodehydroascorbate reductase and glutathione reductase
enzymes were assessed.

® Root colonization by P indica increased plant growth and attenuated the
NaCl-induced lipid peroxidation, metabolic heat efflux and fatty acid desaturation
in leaves of the salt-sensitive barley cultivar Ingrid. The endophyte significantly
elevated the amount of ascorbic acid and increased the activities of antioxidant
enzymes in barley roots under salt stress conditions. Likewise, a sustained up-regulation
of the antioxidative system was demonstrated in NaCl-treated roots of the salt-
tolerant barley cultivar California Mariout, irrespective of plant colonization by
P indica.

¢ These findings suggest that antioxidants might play a role in both inherited and
endophyte-mediated plant tolerance to salinity.

Key words: antioxidant enzymes, ascorbic acid, calorimetry, ethane release, fatty
acid unsaturation, Hordeum vulgare (barley), Piriformospora indica, salt stress.
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in the aerial parts with heavy damage to plant metabolism,
which leads to stunted growth and reduced yield (Shannon,

High salt concentrations in soil and irrigation water are a
major threat to agricultural production in arid and semiarid
regions. The presence of excess ions in the rhizosphere causes
injury to plant roots, followed by their gradual accumulation

*These authors contributed equally to this work.
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1997). Plants have evolved complex mechanisms to counter
NaCl toxicity and low water potential in soil caused by salinity
as well as drought (reviewed by Munns & Tester, 2008).
Furthermore, mutualistic symbiosis with mycorrhizal and
endophytic fungi can confer salt tolerance to plants and decrease
yield losses in cultivated crops grown in saline soils (Rodriguez
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etal., 2004). Recently, a root-endophytic basidiomycete,
Piriformospora indica, has been shown to improve plant
resistance against root and leaf diseases and alleviate salt stress
in barley (Waller et 4., 2005).

Piriformospora indica was isolated from the rhizosphere of
Prosopis juliflora and Zizyphus nummularia in the Thar Desert in
Rajasthan, India (Verma et al., 1998). This fungus colonizes roots
and increases the biomass of both monocot and eudicot plants
(Varma et al., 1999). In contrast to arbuscular mycorrhizal fungj,
P indica can be easily grown on synthetic media allowing for
large-scale propagation and a possible use in plant production.

The aim of this study was to investigate the 2 indica-mediated
protective plant responses to moderate (100 mm NaCl) and
high (300 mm NaCl) salt stress in barley. In order to elucidate
physiological responses of P indica-colonized barley plants to
salinization, we measured important indicators of salt stress, such
as metabolic heat production, lipid peroxidation and fatty acid
composition; furthermore, we analysed antioxidant activities.

Earlier studies have demonstrated that salt-treated barley shows
reduced metabolic activity and respiration rates (Criddle ez aL.,
1989; Jolivet et al., 1990). Thus, calorimetrical determination of
heat output can serve as a valuable tool for screening plants for
salt tolerance (Criddle ez al., 1989; Schabes & Sigstad, 2004).

Lipid peroxidation is associated with cellular membrane
damage elicited by salinity stress (Fadzilla ez a/., 1997). NaCl
treatment resulted in higher rates of lipid peroxidation in
salt-sensitive plants than in salt-tolerant cultivars (Herndndez
et al., 1995; Yang ez al., 2004). These observations suggest that
the rate of lipid peroxidation can also be used to characterize
how effectively P indica-treated plants cope with salt stress.

Fatty acid desaturation is associated with salt stress in plants
as well (Elkahoui ez al., 2004; Liang et al., 2005). Previously,
Berberich ez al. (1998) have found that ®-3 desaturase genes
are induced in roots of maize under high salt conditions. In
agreement with this result, it has been shown that linolenic
acid plays a pivotal role in the tolerance of tobacco plants to
salt stress (Im ez al., 2002). Therefore, composition of fatty
acids was analysed in leaves of uncolonized and P indica-
colonized salt-sensitive barley plants under salt stress conditions
to characterize fatty acid desaturation.

Drought, salt and temperature extremes all induce the
accumulation of reactive oxygen species (ROS), such as
superoxide, hydrogen peroxide and hydroxyl radicals (Apel &
Hirt, 2004). Plants are endowed with an array of radical
scavengers and antioxidant enzymes that act in concert to
alleviate oxidative stress. An imbalance between antioxidant
defences and the amount of ROS results in cellular injury
(Foyer & Noctor, 2000). An increasing body of evidence suggests
that high salinity induces oxidative stress in plants that is at
least partly responsible for tissue damage (Herndndez ez al.,
2000; Mittova et al., 2004). Several studies have demonstrated
that salinity increases antioxidant activities in salt-tolerant
plants above the levels found in salt-sensitive plants (Gossett
et al., 1994; Gueta-Dahan ez al., 1997; Mittova et al., 2004).
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It has been previously shown that P indica also induces
antioxidants: the amount of ascorbic acid, the ratio of reduced
to oxidized ascorbate and the activity of dehydroascorbate
reductase were elevated in barley roots (Waller ez /., 2005).
We addressed the question of whether antioxidants play
a role in P indica-mediated protection of barley against salt
stress. Cultivated barley is a relatively salt-tolerant crop but
there is a rather high variability among barley cultivars in this
trait (Epstein ez al., 1980). Two contrasting genotypes, the salt-
tolerant cultivar California Mariout and the salt-sensitive
cultivar Ingrid, were chosen for this study to define antioxid-
ant responses.

Materials and Methods

Plant inoculation and NaCl treatment

Seeds of salt-sensitive barley (Hordeum vulgare L.) cv. Ingrid
and salt-tolerant cultivar California Mariout (Epstein e 4/.,
1980) were surface-sterilized for 10 min in 0.25% sodium
hypochlorite, rinsed with water and germinated at 22°C on
sheets of Whatman No. 1 filter paper in Petri dishes. After 2 d,
one part of the germinating seeds was transferred to pots and
grownina2 : 1 mixture of expanded clay (Seramis, Masterfoods,
Verden, Germany) and Oil-Dri (equivalent to Terra Green,
Damolin, Mettmann, Germany) in a growth chamber at
22 : 18°C day : night cycle, 60% relative humidity and a
photoperiod of 16 h (200 pmol m™ s™! photon flux density),
and fertilized weekly with 0.1% Wuxal top N solution (Schering,
Diisseldorf, Germany, N : P : K, 12 : 4 : 6). The other part of the
seeds was inoculated with P indica: developing roots of 2-d-old
germinating seeds were immersed in P indica homogenate
before transferring to pots and grown under the same conditions.

Piriformospora indica was propagated in liquid Aspergillus
minimal medium (PeSkan-Berghéfer ez al., 2004). Fungal
mycelium was prepared for root inoculation as described by
Druege ez al. (2007). Root colonization was determined in 1-
wk-old plants by the magnified intersections method (McGo-
nigle ez al., 1990) after staining root fragments with 0.01%
(w/v) acid fuchsin in lactoglycerol (Kormanik & McGraw,
1982). Fungal structures were visualized in the roots with a
Zeiss Axioplan 2 microscope.

Salt-treated sets of uncolonized and P indica-infected plants
were exposed to salt from the age of 3 wk, continuously bottom-
watered with sterile water containing 100 or 300 mm NaCl.
Leaf and root samples were harvested after 1, 2, 3 and 4 wk
periods of salt treatment. Control sets of barley plants were
irrigated with sterile water.

Isothermal microcalorimetry

Four-centimetre-long apical leaf tips were excised from the
youngest fully expanded leaves of 5-wk-old plants. Two leaf
cuttings from different barley plants were placed into a sample

www.newphytologist.org  © The Authors (2008). Journal compilation © New Phytologist (2008)
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ampoule and heat production was recorded by a Thermal
Activity Monitor LKB-2277 (Thermometric, Jirfilla, Sweden)
as described by Fodor et al. (2007).

Lipid extraction and separation

Leaf tissue (1.5 g) was ground in 7 ml of methanol-chloroform
(2:1) with a mortar and pestle at 0—4°C, and vortexed
thoroughly. The homogenate was centrifuged at 2000 g for
20 min at 7°C and the supernatant fluid was transferred to a
clean tube. The residual pellet was extracted a second time with
2 ml of the same extraction mixture, vortexed and centrifuged
as before. Subsequently, the supernatants were combined.
Phase separation and isolation of particular lipid fractions was
performed according to Zur et al. (2002).

Analysis of fatty acids

Fatty acid composition of phospholipids was analysed by a gas
chromatograph (Hewlett Packard 5890 Series II) using capillary
column GS-Alumina (30 m length, 0.542 mm in diameter
purchased from J&W Scientific, Folsom, CA, USA) as described
previously (Zur ez al., 2002). The relative amount of particular
fatty acids was compared with internal standards (C17:0, Sigma-
Aldrich, Munich, Germany). Double bond index was calculated
by dividing by 100 the sum of the percentages of the unsaturated
fatty acids, each multiplied by the number of its double bonds.

Ethane assay

Lipid peroxidation was monitored by detection of thermally
produced ethane. Leaf samples from the youngest fully
developed leaves of 5-wk-old plants (c. 400 mg) were placed
into a 16 ml flask and sealed under nitrogen atmosphere. /7 situ
decomposition of ®-3 unsaturated hydroperoxy fatty acids
into ethane was accelerated by a brief heat treatment of the
samples using a microwave oven according to Degousée ez al.
(1995). Gas chromatographic measurements were carried out
as described by Fodor ez al. (2007). Ethane was quantified by
comparison to an authentic standard (Sigma-Aldrich).

Antioxidant assays

Activities of ascorbate peroxidase (APX), catalase (CAT),
dehydroascorbate reductase (DHAR) and glutathione reductase
(GR), and the concentration of reduced and oxidized forms of
ascorbic acid were detected in root extracts spectrophoto-
metrically as described earlier (Harrach ez al., 2008).

Monodehydroascorbate reductase (MDHAR) activity was
determined in 50 mm Tris-HCI buffer (pH 7.8) containing
1 mM ascorbate, 0.1 mmM NADH and 0.2 U ml™! ascorbate
oxidase (Hossain ez 4l., 1984). The reaction was started by the
addition of ascorbate peroxidase and followed by monitoring
the consumption of NADH at 340 nm.

© The Authors (2008). Journal compilation © New Phytologist (2008)
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Statistical analysis

At least three independent experiments were carried out in
each case. Statistical analysis was performed using Student’s
t-test and MANOVA. Differences were considered to be
significant at P < 0.05.

Results

Piriformospora indica enhances shoot biomass
under salt stress

Hyphal colonization of 1-cm-long root segments was estimated to
be 50—-60% in Ingrid barley and only the colonized plants were
used in each experiment. The rate of colonization was not affected
significantly by 3 wk exposure to salt stress (data not shown).

Barley plants irrigated with saline water for 2 wk showed
stunted growth and underwent early senescence. The biomass
of the youngest developed leaves slightly decreased under saline
conditions, while older leaves exhibited chlorosis and subsequent
necrosis. Mild salt stress (100 mm NaCl) caused a slight, but not
significant, reduction in shoot fresh weight of barley plants.
However, high-salt (300 mm NaCl) treatment caused substantial
biomass reduction in uncolonized and P indica-colonized
cv. Ingrid and cv. California Mariout plants as well (Fig. 1).

Compared with uncolonized plants, shoot fresh weight of
P indica-colonized barley cv. Ingrid was enhanced about
twofold under both control and saline conditions (Fig. 1).
Even after exposure to 300 mm NaCl, P indica-colonized
plants produced shoot biomass comparable to uncolonized
Ingrid barley grown under nonsaline conditions. Among
plants grown in a highly saline environment, shoot fresh
weight of salt-tolerant cv. California Mariout was significantly
higher compared with the uncolonized cv. Ingrid, but the highest
shoot biomass production was detected in P indica-colonized
Ingrid plants.

Shoots (g FW)

5=
o -

NaCI NaCl NaCI NaCl

Ingrid Ingrid + P. indica California Mariout

Fig. 1 Shoot fresh weight of 5-wk-old barley (Hordeum vulgare)
plants, untreated (control) or treated with NaCl from 3 to 5 wk after
germination. Ingrid is a salt-sensitive cultivar, California Mariout is a
salt-tolerant cultivar, and plants of cv. Ingrid were uncolonized or
Piriformospora indica-colonized. Letters indicate significant
differences among treatments (P < 0.05).
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Piriformospora indica counteracts the salt-induced
decrease in heat efflux

The metabolic heat rates of leaf samples were reduced by .
30% when Ingrid plants were exposed to 300 mm NaCl for
2 wk (Fig. 2a). Infection of roots with P indica did not cause
significant changes in heat production of leaves under
nonsaline conditions.
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Fig. 2 Effects of salt treatment on metabolic heat efflux detected by
isothermal calorimetry (a) and on lipid peroxidation estimated by
thermally produced ethane (b) in leaves of 5-wk-old barley (Hordeum
vulgare) cv. Ingrid plants. Control, untreated 5-wk-old barley;

P. indica, Piriformospora indica-colonized plants; NaCl, plants
treated with 300 mm NaCl from 3 to 5 wk after germination; DW, dry
weight. Letters indicate significant differences among treatments

(P <0.05).
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When P indica-colonized Ingrid plants were grown in a
high-saline environment, the amount of heat production was
significantly (P < 0.05) above that observed in uninfected
plants.

Changes in fatty acid composition

Fatty acid composition of phospholipid fractions prepared from
leaves of salt-sensitive Ingrid barley is listed in Table 1. The
major fatty acid species were palmitic (C16:0), palmitooleic
(C16:1), stearic (C18:0), oleic (C18:1), linoleic (C18:2) and
linolenic (C18:3) acids. Analysis of fatty acid composition in
barley leaves indicated that the fully saturated C16:0 palmitic
acid was the predominant C16 fatty acid, whereas C18 fatty
acids mostly consisted of unsaturated species (Table 1). We
found a slight salt-induced shift from C16 fatty acids to
C18:3 fatty acid upon high-salt treatment. This increase was
accompanied by a small but significant rise in the overall
proportion of unsaturated fatty acids, in the ratio of C18:3 to
C18:2 fatty acids and in the double bond index, which is a
more precise indicator of fatty acid desaturation (Table 1).

In leaves of 2 indica-colonized plants, the proportion of
C16:1 fatty acid increased, whereas the molar percentage of
C18:1 fatty acid significantly decreased compared with the
uninfected plants (Table 1). The proportion of linolenic acid
and the derived values for indicators of fatty acid desaturation
were slightly elevated upon inoculation with the endophyte.
Interestingly, when P indica-inoculated Ingrid plants were
subjected to salt, we could not find further changes in the
molar percentages of C16 or C18 fatty acids, except for C16:1,
which was again down-regulated to the concentration detected
in leaves of salt-treated uninfected plants (Table 1).

Piriformospora indica reduces lipid peroxidation
in leaves of salt-treated barley

High salinity stress induced the peroxidation of membrane
lipids as demonstrated by the emission of thermally produced

Table 1 Fatty acid composition in phospholipids isolated from leaves of barley (Hordeum vulgare) cv. Ingrid

Fatty acid Untreated NacCl Piriformospora indica P indica + NaCl
16:0 16.9+0.7 15.4+0.7* 15.8+1.0 16.3+1.1

16:1 23+0.2 1.8+0.4 2.8+0.2* 19104
18:0 24+05 23103 22105 23106

18:1 27+0.2 25+0.2 1.9+0.3% 22+0.1*
18:2 259122 23.0+1.2 22.6+41 23.1+0.9

18:3 499+25 55.0+1.9* 547+56 541 +£2.5%
18:3:18:2 1.95+0.25 2.39+0.19* 247 +0.70 2.32+0.19*
u:S 4.17 £0.29 4.65+0.28* 454 +£0.39 4.33+0.46
DBI 2.06 £0.04 2.15 1 0.04* 2.13+0.08 2.12 +0.06

Molar percentages of fatty acids + SD are shown. NaCl, treatment with 300 mM NaCl from 3 to 5 wk after germination; 18:3 : 18:2, ratio of
linolenic to linoleic acid; U : S, ratio of unsaturated to saturated fatty acids; DBI, double bond index = Z(mol % fatty acid x number of double

bonds)/100.

*Significant difference between treated and control plants at P < 0.05 level.
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Table 2 Statistical analysis (MANOVA) for testing the effect of salt concentration, time-point of sampling and root colonization by
Piriformospora indica on activities of APX, CAT, GR, DHAR and MDHAR antioxidant enzymes in roots of barley (Hordeum vulgare) plants

F

Factors APX CAT GR DHAR MDHAR df

Salt 79.15 639.74 324.52 1042.74 527.26 2.69
Time 22.04 58.15 54.16 93.84 12.46 3.69
P indica 144.55 335.00 30.12 279.90 124.46 1.69
Salt x time 24.95 81.22 26.78 87.67 24.78 6.69
P. indica x salt 77.40 48.39 61.41 26.41 93.78 2.69
P indica x time 38.93 174.46 2.29 6.80 5.09 3.69

Plants were treated with NaCl between the ages of 3 and 7 wk after germination. The salt factor has three concentrations: 0, 100 and 300 mm
NaCl, the time factor has four levels: 1, 2, 3, 4 wk after NaCl treatment; the P. indica factor has two levels: uncolonized and P. indica-colonized
cv. Ingrid; df, degrees of freedom; APX, ascorbate peroxidase; CAT, catalase; GR, glutathione reductase; DHAR, dehydroascorbate reductase;
MDHAR, monodehydroascorbate reductase. Significant (P < 0.05) F-values are indicated by bold characters.

ethane derived from the decomposition of the 16-hydroperoxide
of linolenic acid. P indica by itself did not affect the emission
of ethane from leaves of cv. Ingrid (Fig. 2b). The rate of ethane
release from the leaves of salt-treated Ingrid plants increased
by 60% compared with the unsalinized control. However,
high salt exposure accelerated the rate of lipid peroxidation by
only 20% in leaves of P indica-colonized plants (Fig. 2b).

Piriformospora indica further increases antioxidant
enzyme activities induced by salt treatment
in barley roots

Statistical analysis revealed significant (P < 0.05) effects of salt
concentration, duration of salt treatment and root colonization
by P indica on the activities of antioxidant enzymes (Table 2).
Enzyme activities were affected in barley roots by NaCl in the
following order (from highest to lowest effect): DHAR, CAT,
MDHAR, GR and APX. MDHAR activity was the least
affected by the time points. On the other hand, GR activity
was the least affected by P indica, which exerted a very
high effect on CAT and DHAR activities. Changes in salt
concentration significantly affected the time-dependent responses
of plants, as evaluated by enzyme activities. Furthermore, root
colonization by the endophyte also had significant time-
dependent effects on enzyme activities, particularly on CAT
and APX, and to a lesser extent on DHAR and MDHAR. Its
effect on GR activity was not significant.

In roots of uncolonized Ingrid plants, enzyme activities were
markedly increased after salt treatment, peaked at 1 wk after
salt exposure and then gradually returned to the corresponding
basal levels over the next 3 wk. Only MDHAR activity was
found to be enhanced by salt throughout the experiment
(Fig. 3). Both the increase and then the decline of enzyme
activities were modest when the plants were exposed to 100 mm
NaCl compared with the plants subjected to high salt.

In P indica-colonized Ingrid and in California Mariout
plants, the salinity-induced changes in enzyme activities were

© The Authors (2008). Journal compilation © New Phytologist (2008)
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different from those associated with salt stress in uninfected
Ingrid barley. First, the time for antioxidant enzymes to reach
the peak activities was longer: 3 wk after salt exposure. Second,
the ceiling rates of the enzyme activities were significantly
higher. Third, a less pronounced decrease was observed in
enzyme activities at 4 wk after salt treatment (Fig. 3).

Piriformospora indica enables barley roots to maintain
ascorbate in its reduced state under salt stress

Colonization of barley by P indica enhanced both ascorbic
acid concentration and the ratio of reduced to oxidized
ascorbate about twofold in plant roots after saline exposure
(Fig. 4). We could not detect ascorbate in P indica grown
axenically in liquid medium.

Strikingly, salt treatment had the opposite effect on ascorbic
acid concentrations in uncolonized than in 2 indica-colonized
Ingrid plants (Fig. 4), and therefore salt did not affect signif-
icantly the amount of ascorbate (Table 3). However, the
P indica-dependent response of ascorbate to salinization was
highly significant. The amount of reduced ascorbate strongly
declined in uninfected roots after 1 wk of high-salt treatment.
By contrast, salinization further increased the ascorbate con-
centration in the colonized plants at the first time-point of
sampling (Fig. 4a). The amount of ascorbate then gradually
decreased but still remained above the values recorded for the
control plants grown under nonsaline conditions. Furthermore,
P indica-colonized plants maintained efficient redox balance of
ascorbate even after 3 wk of salt treatment (Fig. 4b). Statistically
significant (2 < 0.05) time-dependent or endophyte-dependent
effect of salinization was not observed for the ascorbate : DHA
ratio (Table 3). Nevertheless, both P indica and salinity exerted
significant effect on ascorbate redox state (Table 3). Remarkably,
in uninfected plants, a strong decrease in the ratio of reduced
to oxidized form of ascorbate was already detectable 1 wk after
salinization: the ascorbate : DHA ratio decreased by c. 80%
(Fig. 4b).

New Phyrologist (2008) 180: 501-510
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Fig. 3 Relative enzyme activities of catalase (CAT), glutathione reductase (GR), ascorbate peroxidase (APX), dehydroascorbate reductase
(DHAR) and monodehydroascorbate reductase (MDHAR) in roots of salt-sensitive barley (Hordeum vulgare) cv. Ingrid, Piriformospora indica-
colonized cv. Ingrid and salt-tolerant cv. California Mariout after 1 (a), 2 (b), 3 (c) and 4 wk (d) of salt exposure. Plants were treated with NaCl
from 3 to 7 wk after germination. Enzyme activities were normalized to the activities of enzymes measured in roots of unsalinized (S0) Ingrid
plants at 1 wk after treatment. Activity level of 1 represents 72.25, 0.34, 1.15, 0.83 and 0.60 mmol g~' FW min~" activities of CAT, GR, APX,
DHAR and MDHAR, respectively. SO, $100, S300, treated with 0, 100 and 300 mm NaCl, respectively; LSD, o5, least significant difference

between means at P = 0.05.

Table 3 Statistical analysis (MANOVA) for testing the effect of salt
concentration, time-point of sampling and root colonization by
Piriformospora indica on ascorbic acid content and ratio of reduced
ascorbate to oxidized ascorbate in roots of barley (Hordeum vulgare)
cv. Ingrid

F

Factors ASC ASC : DHA df

Salt 0.38 194.78 1.77
Time 30.53 26.16 2.77
P. indica 454.30 208.49 1.77
Salt x time 11.88 0.67 2.77
P. indica x salt 105.53 0.03 1.77
P. indica x time 20.40 8.07 2.77

Barley plants were treated with NaCl from 3 to 6 wk after
germination. ASC, ascorbic acid; DHA, dehydroascorbic acid; df,
degrees of freedom. The P. indica factor has two levels: uncolonized
and P. indica-colonized cv. Ingrid; the time factor has three levels: 1,
2 and 3 wk after NaCl treatment; the salt factor has two levels: 0 and
300 mm NaCl. Significant (P < 0.05) F-values are indicated by bold
characters.

New Phytologist (2008) 180: 501-510

Discussion

As a result of the symbiosis with 2 indica, barley tolerates a
moderate salt stress (100 mm NaCl) in hydroponic culture
(Waller et al., 2005). Here we could show that P indica
protects batley even from high salt stress (300 mm NaCl).
However, the mechanism of P indica-induced salt tolerance
has not yet been investigated.

In order to get a better understanding of the impact of
P indica on the establishment of salt tolerance, we assessed
biochemical markers for salt stress, such as metabolic activity,
fatty acid composition and lipid peroxidation. Previous studies
have demonstrated a salt-induced increase in lipid peroxidation
(Herndndez et al., 1995; Yang ez al., 2004) and a marked
reduction in metabolic heat production (Criddle et 4/, 1989)
in salt-sensitive plants, while these parameters were unaltered in
salt-tolerant cultivars. We provide clear evidence that salt-
induced responses indicated by heat emission and ethane
production in the P indica-infected salt-sensitive barley cv.
Ingrid resemble those found in salinity-tolerant plants. Our
calorimetric studies indicated that the rate of metabolic activity
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Fig. 4 Amount of reduced ascorbate (a) and ratio of reduced to
oxidized ascorbate (b) in roots of salt-sensitive barley (Hordeum
vulgare) cv. Ingrid plants after 1 (grey bars), 2 (black bars) and 3
(white bars) wk of salt exposure. The plants were untreated or treated
with 300 mm NaCl from the age of 3 wk, and uncolonized or
Piriformospora indica-colonized. ASC, reduced ascorbic acid;

DHA, dehydroascorbic acid.

Untreated

increased in leaves of P indica-infected plants after salt treatment.
Therefore, the endophyte seemed to overcompensate the
salt-induced inhibition of leaf metabolic activity. Previous
results have shown that the extent of natural herbicide resistance
of wild oat biotypes is tightly correlated with the rate of heat
production upon herbicide exposure, owing to the activation
of metabolic pathways required for defence responses (Stoktosa
et al., 2006). This suggests that enhanced tolerance to salt
stress can be associated with higher metabolic activity in
P indica-colonized barley.

Previous studies have shown that exogenously applied
unsaturated fatty acids can protect barley during NaCl-induced

© The Authors (2008). Journal compilation © New Phytologist (2008) www.newphytologist.org
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stress (Zhao & Qin, 2005). Thus, lipid desaturation could be
an important component of plant tolerance in response to salt
stress. 12 indica colonization leads to a significant reduction in
the proportion of oleic acid in batley leaves, as was previously
found in salt-treated barley roots (Zhang ez al., 2002; Liang
et al., 2005). Similar to salinity, P indica slightly increased the
proportion of C18:3 fatty acid in the phospholipid fraction
isolated from barley leaves. With one exception (C16:1),
P indica induces changes in fatty acid compostion similar to
those induced by salinity. Such effects on the fatty acid com-
position of host plants may display a symbiotic adaptive
strategy mediated by the endophyte to cope with salt stress in
hostile environments (Rodriguez e a/., 2008). We speculate
that P indica might induce similar effects on fatty acid com-
position of the host plants in its original habitat, the arid
Thar desert.

Salt-induced lipid peroxidation was significantly attenuated
in P indijca-treated plants. Cellular membrane damage as a
result of salt stress is associated with an accumulation of ROS
(Herndndez ez al., 1995), which can be toxic to living cells
causing oxidative damage to DNA, lipids and proteins. On
the other hand, ROS can act as signalling molecules for stress
responses (Apel & Hirt, 2004). According to a recent report,
endophytic fungi characterized by their broad host ranges can
confer effective tolerance to ROS under abiotic stress condi-
tions such as salinity (Rodriguez ez al., 2008). Interestingly,
the clavicipitaceous fungal endophyte, Epichloé festucae, which
has a restricted host range, can generate superoxide by a
NADPH oxidase to establish a mutualistic association with
Lolium perenne (Tanaka et al., 20006). In P indica-colonized barley
roots, we could not detect H,0, accumulation at penetration
sites or in the infected cells (data not shown).

Our previous report demonstrated that P indica enhances
the ratio of reduced to oxidized ascorbate and induces DHAR
activity in colonized barley (Waller ez 4., 2005). Since ascorbate
was not found in P indica, we can assume that the fungus
induces the accumulation of ascorbate in plant root cells.
Ascorbic acid acts as a primary substrate in the ascorbate-
glutathione cycle for detoxification of hydrogen peroxide. In
addition, it acts directly to neutralize oxygen free radicals
(Foyer & Noctor, 2000). Under the high salt stress condition,
P indica-infected Ingrid plants maintained an efficient redox
balance of ascorbate and contained higher ascorbate concen-
tration than the unsalinized control, although the concentration
of reduced ascorbate decreased over time in roots of salt-treated
infected plants. Strikingly, ascorbate content and the ratio of
reduced to oxidized ascorbate dramatically decreased in roots
of salt-treated uninfected plants soon after 1 wk of salt exposure.
These findings are consistent with those presented by Mittova
et al. (2004), who found that the ratio of ascorbate to DHA
decreased in the salt-sensitive Lycopersicon esculentum under salt
stress, and increased in the salt-tolerant Lycopersicon pennellii.
Other investigators have shown that ascorbate content decreased
in salt-sensitive and salt-tolerant pea cultivars as well, but the
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decline was greater in the NaCl-sensitive plants (Herndndez
et al., 2000). The importance of ascorbate in cellular protection
under salt stress has also been demonstrated on an ascorbate-
deficient Arabidopsis mutant. Impaired in the ascorbate-
glutathione-cycle, it accumulated high amounts of ROS
and showed increased sensitivity to salt stress (Huang ez al.,
2005). Consistently, exogenously applied ascorbate increased
the resistance to salt stress and attenuated the salt-induced
oxidative burst (Shalata & Neumann, 2001).

Alternatively, ascorbate can improve the tolerance of barley
to high salinity via processes related to root growth. Ascorbic
acid and high ratio of reduced to oxidized ascorbate accelerate
root elongation and increase root biomass (Cérdoba-Pedregosa
et al., 2005).

Earlier studies have suggested that tolerance of plants to salt
stress is associated with the induction of antioxidant enzymes
(Herndndez et al., 2000; Bor ez al., 2003, Sekmen ez al.,
2007). We found that NaCl increased the activities of CAT,
APX, DHAR, MDHAR and GR in roots of salt-stressed barley.
Although enzyme activities decreased after an initial induction
in both salt-sensitive and -tolerant plants, their decline was
delayed and less pronounced in P indica-colonized Ingrid
barley and in the salt-tolerant cv. California Mariout. Our data
highlight the importance of these enzymes in tolerance of
barley to salinity. MDHAR activity remained elevated up to
4 wk under high saline conditions in roots of both salt-sensitive
and -tolerant barley cultivars. CAT and APX showed a sustained
increase in the activities in P indica-infected Ingrid barley
after long-term exposure to NaCl. By contrast, their activities
decreased in uninfected Ingrid barley after 4 wk of salt exposure.
In agreement with these data, overexpression of CAT, APX or
DHAR in transgenic plants enhanced tolerance to salt stress
(Badawi ez al., 2004; Ushimaru ez al., 2006; Nagamiya ez 4l.,
2007). Surprisingly, Arabidopsis double mutant plants deficient
in cytosolic and thylakoid APX also show enhanced tolerance
to salinity, suggesting that ROS such as H,0, could be
responsible for activation of an abiotic stress signal that leads
to enhanced stress tolerance (Miller et /., 2007).

The mechanism responsible for P indica-mediated up-
regulation of the plant antioxidant system is not known. It has
been shown recently that 2 indica is able to produce auxin
when associated with plant roots (Sirrenberg ez al., 2007).
Exogenous auxin has been found to transiently increase the
concentration of ROS and then prevent H,O, release in
response to oxidative stress (caused by paraquat) and enhance
APX activity, while decreasing CAT activity (Joo et al., 2001;
Pasternak ez /., 2007). On the other hand, P indica increased
the amount of methionine synthase, which plays a crucial
role in the biosynthesis of polyamines and ethylene (Peskan-
Berghofer ez al., 2004). Transgenic tobacco plants overproducing
polyamines also have enhanced tolerance toward salt stress,
and salt treatment induces antioxidant enzymes such as APX,
superoxide dismutase and glutathione S-transferase more
significantly in these transgenic plants than in wild-type controls
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(Wi ez al., 2006). Sebacina vermifera, an endophyte closely
related to P indica, down-regulates ethylene production in
Nicotiana attenuata (Barazani et al., 2007). Interestingly, our
preliminary results suggest that 2 indica induces ethylene
biosynthesis in barley roots. Ethylene signalling may be required
for plant salt tolerance (Cao ¢t al., 2006), and ethylene may
induce some antioxidant enzymes when plants are exposed to
heat stress (Larkindale & Huang, 2004). However, further
experiments are necessary to clarify the function of phytohor-
mones in P indica-induced salt tolerance in batley.

In conclusion, our results demonstrated that a high-saline
environment is well tolerated by salt-sensitive barley when
previously inoculated with the mutualistic basidiomycete
P indica. This endophyte appears to confer tolerance to salt
stress, at least partly, through the up-regulation of ascorbate
and antioxidant enzymes. Our observations are only correlative
but supported by the fact that elevated antioxidant activities
are also demonstrated under saline conditions in batley cv.
California Mariout, which is genetically tolerant to salt.
However, several possible symbiotic mechanisms could account
for salt tolerance. For example, root endophytes may act as a
biological mediator allowing symbiotic plants to activate
stress response systems more rapidly and strongly than non-
symbiotic plants (Rodriguez et al., 2004). Since P indica has
a broad host range and can easily be propagated in axenic
culture on a large scale, we emphasize the high potential of the
endophyte in protecting crops against salt stress in arid and
semiarid agricultural regions.
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Piriformospora indica is a fungus of the order Sebacinales (Basidiomycota) infesting
roots of mono- and dicotyledonous plants. Endophytic fungal colonization leads to
enhanced plant growth while host cell death is required for proliferation in
differentiated root tissue to form a mutualistic interaction. Colonization of barley
roots by P indica and related Sebacina vermifera strains also leads to systemic
resistance against the leaf pathogenic fungus Blumeria graminis f.sp. hordei due to a
yet unknown mechanism of induced resistance. In order to elucidate plant response
pathways governed by these root endophytes, we analyzed gene expression in barley
plants exhibiting an established symbiosis with P. indica 3 weeks after inoculation.
P. indica-colonized roots showed no induction of defence-related genes, while other
genes showed a differential regulation pattern indicating a faster P. indica-dependent
root development. Gene expression analysis of leaves detected only few systemically
induced mRNAs. Among differentially regulated transcripts, we characterized the
pathogenesis-related gene HvPr17b and the molecular chaperone HvHsp70 in more
detail. HvPr17b shows similarity with TaWCI5, a wheat gene inducible by chemical
resistance inducers and salicylate, and was previously proven to exhibit antifungal
activity against B. graminis. HvHsp70 is the first gene found to systemically indicate
root colonization with endophytic fungi of the order Sebacinales. Both genes are
discussed as markers for endophytic colonization and resulting systemic responses.
© 2007 Elsevier GmbH. All rights reserved.

Abbreviations: AMF, arbuscular mycorrhizal fungi; cv., cultivar; hai, hours after inoculation; ISR, induced systemic resistance;
JA, jasmonic acid; MeJA, methyl jasmonate; SA, salicylic acid, SAR, systemic acquired resistance; WGA, wheat germ agglutinin
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Introduction

As a member of the fungal order Sebacinales
(Basidiomycota; WeiB et al., 2004), Piriformospora
indica infests roots of a broad range of mono- and
dicotyledonous plants (Verma et al., 1998; Pham
et al., 2004). Endophytic root colonization by this
fungus confers enhanced growth to the host plant
(Varma et al., 1999; Peskan-Berghdfer et al., 2004)
and provides protection against biotic and abiotic
stresses. We have shown that P indica repro-
grammes barley to salt stress tolerance, resistance
to diseases and higher yield (Waller et al., 2005).
Disease resistance is provided not only to the roots
but also to the shoots. As endophytic growth of
P. indica is restricted to the root, the fungus is able
to provide systemic protection due to a yet
unknown mechanism of induced resistance. As
P indica can easily be cultured without a host
plant (Varma et al., 1999), it is suitable as a model
system to study both compatible plant-microbe
interactions and to identify potentially new modes
of systemic regulation of resistance. Due to its
broad host range, resistance induction in crop
plants and the availability of related fungi of the
order Sebacinales exhibiting a similar activity in
host plants, the system also presents a promising
potential for applications in agriculture.

To analyse the mechanism of the root endophyte
P indica to systemically influence the leaf’s
defence status, two main approaches have been
undertaken: (1) A microscopic study of the inter-
action of P. indica with barley root cells and the
requirements for fungal development in the root.
(2) An analysis of putative defence signalling
pathways by means of candidate marker gene
expression studies.

Deshmukh et al. (2006) reported co-localization
of P indica-infested barley root areas with dead
cortical root cells and a proliferation of the fungus
in such cells, being in contrast to the differentia-
tion processes that take place in living cortical root
cells of the arbuscular mycorrhiza. A reduced
fungal biomass was observed in transgenic barley
roots over-expressing the cell death inhibitor Bax-
inhibitor 1 (BI-1; Hickelhoven, 2004) providing
genetic evidence that P. indica requires host cell
death for successful colonization. In addition,
barley BI-1 transcripts were down-regulated in
P. indica-infested barley roots 7 days after inocula-
tion (dai), suggesting that the mutualistic symbiosis
between P. indica and barley involves a tight
regulation of the plant cell death machinery.
Spatial association of root cell death with massive
infestation by P. indica might thus reflects success-
ful fungal manipulation of programmed cell death

in host root cells. At the same time, cell walls of
colonized root tissue did not show elevated auto-
fluorescence using short-wavelength excitation
light in an epifluorescence microscope, indicating
the absence of a plant defence reaction. As root
development in general was not negatively af-
fected, Deshmukh et al. (2006) conclude that the
compatible interaction of P. indica and barley
depends on a sophisticated bi-directional regula-
tion of the plant cell death machinery.

A different approach was to study the expression
of genes indicative of signalling pathways known to
play important roles in induced resistance. This
type of resistance against pathogens is defined as
an activation of plant defence prior to contact with
a challenging microbe, and includes ‘priming’,
defined as a more rapid expression of defence due
to a ‘state of alert’ of the plant (Sticher et al.,
1997; Conrath et al., 2002; Kogel and Langen,
2005). The phenomenon has been studied exten-
sively in salicylic acid (SA)-mediated systemic
acquired resistance (SAR) in dicotyledonous plants
triggered by necrotizing pathogens (Durrant and
Dong, 2004), and in induced systemic resistance
(ISR) triggered by non-pathogenic rhizobacteria
(Verhagen et al., 2004). In contrast to SAR, ISR
does depend on both NPR1 and the jasmonate (JA)/
ethylene pathway, but not on SA (Pieterse et al.,
1998). Cereal plants share many components of
these resistance pathways, e.g. resistance induc-
tion by SA analogues (Kogel et al., 1994; Kogel and
Langen, 2005) and functional NPR 1 homologs that
have been identified in rice (Chern et al., 2005).

Waller et al. (2005) determined expression levels
of SA- and JA-induced genes in leaves of P. indica-
infested barley plants. Both JA-induced protein-23
(JIP-23) and pathogenesis-related 5 (PR5) mRNAs
were not consistently stronger expressed in
P indica-infested plants. Therefore, constitutively
elevated SA or JA levels are unlikely to be required
for the observed systemic resistance. Together with
the observation that elements of the antioxidative
system were greatly enhanced in leaves of
P indica-infested plants, a metabolic modulation
of systemic tissues due to a yet unknown signalling
pathway was assumed.

To gain more insight into the mechanism of this
modulation, we analysed gene expression both in
roots and in leaves of P. indica-infested and non-
infested barley. Gene expression reflected a faster
development of roots when infested by P. indica,
and the absence of an induction of defence-related
transcripts. In systemic leaves, a pilot experiment
using the Affymetrix Barley 1 gene chip revealed a
low number of regulated genes due to P. indica root
colonization. We detected two genes specifically
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induced in systemic tissues by P. indica, which can
now be used as markers to study and dissect
pathways involved in systemic modulation of
defence responses in barley.

Materials and methods
Plant and fungal material

Barley (H. vulgare cv. Ingrid) was grown in pots with a
2:1 mixture of expanded clay (Seramis, Masterfoods,
Verden, Germany) and Oil-Dri (Damolin, Mettmann,
Germany) as described in Waller et al. (2005). For root
experiments, barley cultivar Maresi was used, which shows
no significant differences in phenotype and P. indica
infestation levels compared with cv. Ingrid. Isolates of
S. vermifera were obtained from the National Institute of
Agrobiological Sciences (Tsukuba, Japan). For inoculation
with P. indica or S. vermifera isolates, 2g of crushed
mycelium was added to 300¢g of substrate before sowing.
P. indica and S. vermifera isolates were propagated in
liquid Aspergillus minimal medium (Peskan-Berghdfer
et al., 2004) on a rotary shaker at 18-22°C. Mycelium
from liquid culture was washed with water to remove
remaining traces of medium, and crushed using a Waring
Blendor (VWR International, Darmstadt, Germany).

Macroarray preparation, hybridization and data
analysis

The c¢DNA macroarray used for root gene expression
analysis contained 4608 cDNA fragments, with 1536 cDNA
fragments from each of the cDNA libraries GW, GCW, GNW,
which were prepared from unchallenged barley roots and
Fusarium culmorum-challenged roots of a highly suscep-
tible and a less susceptible barley cultivar (Eichmann
et al., 2006). Filter hybridization and data acquisition
were performed as described in Sreenivasulu et al. (2002)
and Eichmann et al. (2006). Genes that were more than
2.5-fold up- or down-regulated 20 days after P. indica
inoculation compared with non-inoculated controls in at
least two of three biological experiments were considered
as P. indica-regulated. We further enhanced stringency of
data analysis by statistics. Normalized signal intensities
were transformed to mean differences in signal intensities
that were the basis for statistical analysis. We performed a
one-sample t-test over the three pairs of P. indica versus
control probes (Zierold et al., 2005). Only genes with p-
values <0.05 were considered as up- or down-regulated
upon P, indica inoculation.

Expression analysis using the Affymetrix Barley 1 Gene
Chip

In three independent experiments, RNA was extracted
from second and third leaves of 3-week-old barley plants
either infested or non-infested with P. indica. Labelling
was performed using the Affymetrix ‘One cycle label-
ling kit’ according to the manufacturer’s instructions.
Hybridization followed the Affymetrix protocol, Barley1

arrays (Close et al., 2004) were processed using the
EukGE-WS2 protocol on an Affymetrix GeneChip Fluidics
Station 400, and scanned on an Affymetrix GCS3000.
After normalization, GeneChip Operating Software
(GCOS, Microarray Analysis Suite 5, Affymetrix) was used
for comparison expression analysis. As three chips were
hybridized each for control plants and P. indica-infested
plants, nine pair-wise comparisons were performed. For
each Contig (representing one cDNA) in each chip-to-chip
comparison, the presence of a significant hybridization
signal (detection call), a statistical value for detected
differences (change call) and the fold-difference be-
tween the two calculated hybridization signals (fold
change) was obtained. To identify significant changes in
gene expression, we considered only those Contigs which
(1) were detected as present in at least three of the six
chips, (2) showed in at least six out of nine comparisons a
change call as ‘induced’ for induced candidates or as
‘repressed’ in down-regulated candidates and (3) showed
an at least 2-fold change of the calculated means of the
three biological repetitions.

RNA isolation and expression analysis by quantitative
RT-PCR and gel-blot analysis

Total RNA was isolated from plant material harvested
in liquid nitrogen according to Logemann et al. (1987).
For quantitative two-step reverse-transcription polymer-
ase chain reaction, 500ng of total RNA was reverse
transcribed to first-strand cDNA using the SuperscriptTM
cDNA Synthesis Kit (Invitrogen GmbH, Karlsruhe, Ger-
many). Aliquots of 10ng first-strand cDNA were subse-
quently used as template for qPCR with gene-specific
primers. The plant-specific Ubiquitin gene (M60175)
served as control for constitutive gene expression. PCR
amplifications were performed as described in Deshmukh
et al. (2006). Expression levels (272°%) were calculated
according to Livak and Schmittgen (2001) and are relative
to the level of ubiquitin expression. For RNA gel blot
experiments, procedures were as described by Eichmann
et al. (2006), except that 20 ug of total RNA was used.

Oligonucleotides used: ubiquitin (M60175): 5'-CAG-
TAGTGGCGGTCGAAGTG-3/, 5’-ACCCTCGCCGACTACAA-
CAT-3’, 18S rRNA: 5'-GCGAGCACCGACCTACTC-3, 5'-GGA
CCGGAATCCTATGATGTT-3'; HvPr17b: 5-CGAGGTTCCTC-
GACTACTGC-3/, 5-ATCACATTCAGCCTCCGAAC-3’; HvH-
sp70:  5-CCAAGAAGTCGCAGGTTTTC-3,5-GGAATGCCA-
GAAAGGTCAAA-3"  PIP1;3:  5'-CGGCTAGTGGACCAATCA
GT-3', 5-ATGCACGCTGGATTAAATGG-3’; PIP1;2: 5'-CAT-
CGGGTACAAGCACCAGT-3/, 5-CCGTACCGCACGTAGTAGGA
-3’; drought-induced protein: 5-TGCYGCTTCTTCACAT-
GGTC-3, 5-TCTTCCTCAAGTTCGGATGC-3’;  horcolin:
5'-GCTCCTAGTGGGAACAAGCA-3’,  5-TTCTGCCAGCTAA-
CAAAGGTG-3'.

Microscopic procedures

Hyphae in root segments were stained with WGA-AF
488 (Molecular Probes, Karlsruhe, Germany) and analyzed
by fluorescence microscopy as described in Deshmukh
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et al. (2006). For Figure 1A, Congo red (Sigma Aldrich,
Munich, Germany) was included in the staining procedure
in order to visualize plant cell walls.

Results

Characteristics of Sebacinales interacting
with barley roots

Using fluorescence microscopy, the development of
P indica stained with fluorescently labelled wheat

Figure 1. Barley root infestation with Sebacinales. (A)
Barley root 36 h after inoculation with P. indica. Fungal
structures are stained with WGA-AF 488, while plant cell
walls are stained with Congo red. This section of an
infested barley root is focused on intra- and intercellular
hyphae (arrowheads). Extracellular fungal mycelium and
chlamydospores (arrows) are in a different focal plane.
(B) Barley root 6 days after inoculation with Sebacina
vermifera (MAFF305828) and (C) 6 days after inoculation
with S. vermifera (MAFF305830). Fungal structures are
stained with WGA-AF 488. Overlays of the bright-field
image with the fluorescent image are shown. Scale bars
in A-C represent 20 um.

germ agglutinin (WGA-AF 488) was followed over
time. Chlamydospores germinate on the root surface,
with the growing hyphae closely attached to rhizo-
dermal cell walls. About 24-36 hours after inoculation
(hai), hyphae penetrating intercellular spaces be-
tween rhizodermal cells grow in sub-rhizodermal
areas before accessing rhizodermal cells and filling
these cells with a network of hyphae. Figure 1A shows
barley roots 36 h after inoculation stained with WGA-
AF 488 (detecting the chitin of fungal structures) and
Congo red (to visualize plant cells). Intra- and
intercellular hyphae originating from extracellular
fungal mycelium and chlamydospores are visible. In
developmentally ‘older’ root areas, a meshwork of
intra- and intercellular hyphal growth is observed. In
addition, P indica-related fungi belonging to the
order Sebacinales were shown to promote growth and
systemic resistance to barley (Deshmukh et al., 2006).
Therefore we analyzed the development of two
Sebacina vermifera isolates (MAFF 305830, 305828)
in roots to assess possible differences in fungal
development in the host tissue. In general, develop-
ment of these isolates with respect to extracellular
growth, hyphal structures and infestation patterns
was similar to P indica, while some variation was
observed for the speed of fungal development. For
instance, S. vermifera (305828) shows intercellular
growth 6 dai, with hyphae growing intercellularly be-
tween rhizodermal cells (Figure 1B), while S. vermi-
fera (305830) at the same time point is already
growing intracellularly in several adjacent rhizoder-
mal cells with a meshwork of hyphae (Figure 1C).

Gene expression patterns in P. indica-
infested roots indicate a root-age-dependent
regulation of host mRNA levels

Three-week-old barley plants show a steady-state
level of P indica root infestation, representing an
established symbiosis (Deshmukh et al., 2006). At this
stage, barley is displaying an increased systemic
resistance against powdery mildew (Waller et al.,
2005). To analyze whether P, indica-infested roots are
showing an enhanced expression of defence-related
transcripts, we used a cDNA macroarray containing
4806 cDNAs from cDNA libraries of barley roots,
including libraries of roots challenged with the root
pathogenic fungus Fusarium culmorum (see Materials
and methods). Roots from 3-week-old plants inocu-
lated or mock-inoculated with P. indica 3 days after
seed germination were used as probes. This proce-
dure was performed in three independent experi-
ments. In general, a low number of genes was found
to be differentially regulated, with moderate induc-
tion levels and a bias towards down-regulated genes
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in P indica-infested samples (Figure 2A). Applying
stringent selection criteria (see Materials and meth-
ods), 18 cDNAs were identified to be repressed and 3
to be induced. Tests by northern blot or quantitative
PCR confirmed the expression pattern for 11 of these
candidates (Table 1). Sequence homology of candi-
date cDNAs did not indicate typical defence-related
transcripts. Five randomly picked cDNAs of identified
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Figure 2. (A) Normalized signal intensities of control and
P. indica-treated barley root samples hybridized to the
cDNA macroarray. Radioactive-labelled cDNAs from one
experiment with P. indica-inoculated and non-inoculated
roots 20 days after inoculation or control treatment were
each hybridized to a cDNA macroarray. Log 2 of normal-
ized signal intensities of all 4806 cDNAs (x-axis: control,
y-axis: P. indica-inoculated) are plotted. Outer diagonal
lines include the area of hybridization signals varying less
than 2.5-fold. (B) Northern blot hybridization of two root
gene candidates identified in the cDNA macroarray
screen for P. indica-regulated genes. Samples are from
P. indica-infested and non-infested barley roots har-
vested 10, 20 and 30 days after inoculation with P. indica
3 days after germination. Upper panel: ethidium-bro-
mide-stained gel image before blotting shows equal
loading of RNA samples. Middle and lower panel: gel
blots hybridized with radioactive-labelled probes derived
from amplified cDNA fragments from clones 3GNW00415
(ATP sulphurylase) and 2GCWO001E14 (LIM domain pro-
tein), respectively.

candidates were then tested in a northern blot
hybridization experiment for expression levels in
roots of 10-, 20- and 30-day-old plants infested with
P indica. All candidates showed a root-age-depen-
dent regulation of mRNA levels (as exemplified in
Figure 2B for an ATP sulphurylase and a LIM domain
protein), providing molecular evidence for the
observed faster development of P indica-infested
roots. Differences in gene expression in 20-day-old
roots detected in the cDNA macroarray screen might
therefore rather reflect faster root development than
a strong constitutive higher or lower level of
transcripts induced by P. indica (Figure 2B).

Systemic induction of gene expression in
leaves of P. indica-inoculated plants

To elucidate possible signal transduction path-
ways responsible for P. indica-induced systemic
resistance in barley, we analysed gene expression

Table 1. Root gene candidates identified in a cDNA
macroarray screen for P. indica-regulated genes
cDNA clone Sequence Detected
on the homology to regulation,
macroarray confirmed by RNA
gel blot (Blot) or
qPCR (gPCR)
3GNWO00415 ATP Sulphurylase 1 (Blot)
3GNWOO3N8 Peroxidase 1 (Blot)
2GCW001K11  Unknown protein 1 (Blot)
2GCWO001E14  LIM domain | (Blot)
protein
3GNWO004P16  TDP glucose 1 (Blot)
dehydratase
1GW001G8 Plasma membrane | (Blot)+(gPCR)
intrinsic protein
(PIP) 1;3
(Aquaporin)
1GWOO03E1 Vacuolar ATPase 1 (Blot)
subunit G
1GW001B5 Ascorbate | (Blot)
peroxidase
1GW00101 PIP1;2 1 (gPCR)
(Aquaporin)
3GNWO001115 Drought-induced 1 (gPCR)
protein
2GCW003B1 Horcolin 1 (gPCR)

Genes that were more than 2.5-fold up- or down-regulated 20
days after P. indica inoculation compared with mock-inoculated
controls in at least two of three biological experiments were
considered as P. indica-regulated. Sequence homology is given as
the closest homolog after performing a BLASTn homology search
(Altschul et al., 1997) with the cDNA sequence of the respective
clone. All p-values for these homologies were lower than
6.5e—47, except 3GNWOO3N8 (Peroxidase) for which it was
3.1e—05.
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using the Affymetrix Barley 1 gene chip (Close
et al., 2004). Leaves from 3-week-old barley plants
with roots inoculated or mock-inoculated with
P. indica 3 days after seed germination were used
to extract RNA, labelled and taken as probes on the
gene chips. Applying stringent selection criteria
(see Materials and methods), 27 cDNAs were
identified to be systemically induced (19) or
repressed (8) in the leaf by P. indica root coloniza-
tion. We tested the expression of seven of the
induced candidate genes by quantitative PCR, using
RNA from five independent experiments. Each of
these experiments consisted of four treatments:
P. indica non-infested and infested plants, and, in
addition, P. indica-infested and non-infested plants
that were harvested 12h after inoculation with
powdery mildew (Blumeria graminis f.sp. hordei
(Bgh)). Two genes showed consistently higher
expression levels in P. indica-colonized plants: (1)
probe set Barley1_49394, corresponding to a
Hordeum vulgare Hsp70 (heat-shock protein 70)
precursor (Chen et al., 1994; Genbank accession
L32165) and (2) probe set Barley1_00590, corre-
sponding to H. vulgare pathogenesis-related 17b
(HvPR17b) (Christensen et al., 2002).

Without Bgh challenge, Hsp70 consistently
showed a two-fold higher expression in leaves of
P. indica-infested plants as compared with the non-
infested control (Figure 3A). Twelve hours after
challenge with Bgh, Hsp70 transcript levels were
elevated 4.1-fold compared with plants not chal-
lenged with Bgh. Comparison of Hsp70 levels
between Bgh-treated P. indica non-infested plants
and Bgh-treated P. indica-infested plants showed
slightly, but not significantly, elevated levels of
Hsp70 transcript in response to P. indica infestation.

HvPR17b mRNA levels were slightly, but not
significantly, elevated in unchallenged plants in-
fested with P. indica (Figure 3B). In plants not
infested with P. indica, challenge with Bgh leads to
a 5.5-fold induction of transcript levels 12 hai. At
this time point, after Bgh challenge, we observed a
consistent 1.5-fold higher expression in the
P indica-infested plants as compared with non-
infested plants.

An Hsp70 precursor mRNA is systemically
induced in barley by related fungi of the
order Sebacinales

Fungi of the order Sebacinales closely related to
P. indica have also been shown to promote growth
and resistance against powdery mildew in barley
too (Deshmukh et al., 2006). To analyze whether
these fungi induce similar plant responses, we
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Figure 3. Relative expression of HvHsp70 and HvPr17b in
barley leaves. Quantitative real-time PCR experiments
from second and third leaves of 3-week-old plants
inoculated with P. indica 12 h after challenge inoculation
with Blumeria graminis are shown. Expression levels of
the genes were calculated relative to the constitutively
present 18S rRNA amplified from the same cDNA. Fold-
induction of detected expression levels was calculated
for three comparisons: control plants (C) vs. P. indica-
infested plants (P), control plants vs. Bgh-inoculated
plants (12 hai) and Bgh-inoculated plants vs. P. indica-
infested Bgh-inoculated plants (12hai). Values shown
represent average values from four independent biologi-
cal experiments, with error bars depicting standard
errors and asterisks indicating p<0.05 in a one-sample
t-test. (A) HvHsp70. (B) HvPr17b.

quantified the expression of HvHsp70 in leaves of
barley plants infested with three S. vermifera
strains (MAFF 305830, 305828 or 305835 (Table 2)).
P indica-infested plants showed a 2.3-fold induc-
tion of HvHsp70 transcripts, compared with non-
infested controls, whereas induction of the three
tested S. vermifera strains was 2.7-, 2.6- and 3.8-
fold. This systemic induction of HvHsp70 in leaves
of S. vermifera-infested barley plants was observed
in two independent biological experiments. In
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Table 2. Relative expression of HvHsp70 in leaves of
barley plants infested with different Sebacinales root
endophytes

Barley infested with Fold expression of
HvHsp70 in leaves relative

to control plants

Control (non-infested) 1
Piriformospora indica 2.3
Sebacina vermifera MAFF 2.7
305830

Sebacina vermifera MAFF 2.6
305828

Sebacina vermifera MAFF 3.8
305835

Expression of Hsp70 relative to ubiquitin in third leaves of 3-
week-old barley plants non-infested (control), or infested with P.
indica, Sebacina vermifera 305830, 305828 or 305835 was
assessed by quantitative PCR. Shown are results of the qPCR
with expression levels relative to the constitutively expressed
barley ubiquitin gene. Fold-induction was calculated relative to
expression levels in non-infested plants set to 1. Similar
expression and induction levels were obtained in two indepen-
dent experiments.

parallel, we also quantified expression of the
pathogen-induced pathogenesis-related gene 1b
(Pr1b) in leaves. Similar to P. indica, S. vermifera-
colonized barley showed low levels of Prib expres-
sion (data not shown).

Discussion

P. indica root colonization has been shown to
severely affect the outcome of an interaction of
the biotrophic pathogen B. graminis f.sp. hordei
with barley leaves (Waller et al., 2005). To analyze
the mechanism behind this phenomenon, we
compared gene expression patterns of P indica
infested and non-infested barley plants, both in the
root and in the shoot.

Host root interaction — an undercover
fungus?

P. indica-infested plants are characterized by
enhanced growth, accompanied by elevated salt
stress tolerance and biotic stress resistance (Varma
et al., 1999; Waller et al., 2005). Deshmukh et al.
(2006) showed evidence for a requirement of plant
cell death for fungal proliferation, while it is not
clear whether P. indica actively kills host cells.
Interestingly, the endophyte is able to digest plant
cell walls and to induce plant cell death under
certain axenic conditions related to ammonium
supply (Kaldorf et al., 2005). However, fungal

culture filtrate is not phytotoxic. Moreover, the
fungus grows both inter- and intracellularly within
root cortex cells (Figure 1A), without inducing
visible cell wall reinforcements typical for a host
defence response.

In line with these microscopic observations, gene
expression analysis using a cDNA macroarray with
4806 cDNAs revealed that no typical defence-
related transcripts were up-regulated in the estab-
lished P indica-barley symbiosis in the root
(Table 1). Several transcripts identified in this
screen are regulated depending on root-age, sug-
gesting an effect of fungal colonization on plant
development (Figure 2B). We speculate that P
indica-mediated differential gene expression is
probably the cause or consequence of a faster
development of P. indica-infested roots. Thus, the
pattern might reflect first molecular evidence for
the consistent faster growth and development of P
indica-infested plant roots (Varma et al., 1999).
Faster root development could be also advanta-
geous for the fungus, which relies rather on
developmentally older root tissue for its own
propagation (Deshmukh et al., 2006).

PR1b, a gene known to be induced 10-100-fold by
pathogens, is only slightly (about 3-fold) up-
regulated in the roots between 1 and 3 days after
P. indica inoculation, with even lower expression
compared with non-infested control roots 6dai
(Deshmukh and Kogel, 2007). These data suggest
that P. indica is rather able to suppress expression
of PR genes once it is established in the host root.
On the other hand, fungal growth is restricted to
the root cortex and especially newly formed roots
are often free of fungal structures. Hence, it is
likely that the plant exerts some control on the
degree of endophytic colonization.

Both a limited or absent defence reaction and a
fungal proliferation limited to specific tissues are
also characteristic for the mutualistic arbuscular
mycorrhizal fungi (Hause and Fester, 2005). Liu
et al. (2003) identified 67 genes from a set of 2268
cDNAs to be specifically regulated during the
interaction of the AM fungus Glomus versiforme
with Medicago truncatulata roots. A set of defence
and pathogen-related genes had elevated expres-
sion levels in the early phase of interaction and
were suppressed in the established interaction
(Liu et al., 2003). This corresponds to the absence
of P. indica-induced defence-related genes in the
root identified in this study, which was performed
with roots 3 weeks after inoculation. While AMF
induced, for example, 224 genes in a whole-
genome transcriptome analysis of rice roots (Guimil
et al., 2005), the number of P. indica-induced genes
in barley roots was low. This is not unexpected, as



Systemic modulation of plant responses by Piriformospora indica 67

AMF form nutrition organs in living host cells and
induce specific morphological changes in the host
root, such as plasma membrane extensions to form
an interface for nutrient exchange, which has not
been observed for P. indica. An important beneficial
effect of AMF is an improved nutrient uptake,
specifically for phosphate provided to the host
(Smith and Read, 1997; Smith et al., 2003), which
does not seem to cause the observed beneficial
effects of P. indica provided to barley (Karandashov
et al., 2004; B. Achatz, unpublished results). In
summary, root colonization by P. indica is char-
acterized by faster root development, colonization
of dead root cells and a spatially restricted
endophytic growth with only weak elicitation of a
defence response.

To identify specific signals of the obvious com-
munication between the endophyte and the root
tissue, a gene expression profiling experiment
during the early phase (establishment of the
fungus) in parallel with a metabolome analysis is
currently performed within the DFG research group
FOR-666.

Reprogramming and systemic resistance
induction

Although interaction with the barley powdery
mildew fungus is severely disturbed in P. indica-
colonized plants, transcripts of PR5 and BCI1 known
to be induced by elevated SA levels were not
increased in leaves of infested barley plants (Waller
et al., 2005). Alike, JIP23, a marker gene for
elevated JA and MeJA levels was not responding to
P. indica. A pilot experiment utilizing the Barley 1
Gene Chip aimed to identify systemically induced
genes. A small number of genes were identified,
and induction levels, compared with non-infested
control plants, were low. Using specific primers in
four independent experiments, consistent systemic
expression of two genes could be confirmed.
HvHSP70 is up-regulated in the leaves of P. indica-
infested plants and is therefore a useful tool to
analyze systemic effects of fungal colonization. A
second gene, coding for PR17b, is up-regulated in P,
indica-infested plants only after challenge with
powdery mildew fungus, indicating that priming
might be a mechanism involved in P indica-
mediated plant responses.

An Hsp70 gene as a marker gene for systemic
modulation of plant responses

An mRNA coding for a HSP70 was identified as
systemically up-regulated due to the presence of

P indica in the roots (Figure 3). S. vermifera
strains that induce systemic resistance in barley
(Deshmukh et al., 2006) revealed elevated expres-
sion levels of Hsp70 as well (Table 2). Heat-shock
proteins play important roles as ‘molecular chaper-
ones’ assisting in the correct folding of proteins and
are known to play important roles in stress
responses. They are induced either by high tem-
perature or by biotic stress (e.g. Gjetting et al.,
2004). Hsp70 homolog Contig590_at shows an
elevated expression from 8h after inoculation of
barley leaves both with compatible and incompa-
tible powdery mildew fungus (Bgh isolates K1 and
5874) (Caldo et al., 2004). On the other hand,
barley spikes inoculated with Fusarium graminear-
um and sampled at 24, 48, 72, 96 and 144 h after
treatment did not show a significant up-regulation
of HvHsp70 (Barley Base experiment BB9; Boddu
et al., 2006; Shen et al., 2005). Therefore, it is
possible that Hsp70 is regulated locally not in
response to necrotrophic but only to biotrophic
fungi. Up-regulation of Hsp70 could also be an
indirect consequence of metabolic reprogramming,
such as the changed antioxidant status (Waller
et al., 2005) caused by the root endophyte. The
observed powdery mildew-dependent up-regula-
tion may indicate a role in defence, as shown for
a HSP90 required for Mla13-mediated race-specific
powdery mildew resistance (Hein et al., 2005).
However, two Hsp70 cDNAs different from the
HvHsp70 shown here were expressed stronger in
barley single epidermal cells infected by Bgh as
compared with resistant cells (Gjetting et al.,
2007), suggesting a possible role in compatibility.

HvPR17b is a marker gene of P. indica-
infested barley systemically up-regulated
after powdery mildew challenge inoculation

HvPR17b was first identified as an mRNA induced
by powdery mildew challenge in barley leaves
(Christensen et al., 2002). Its amino acid sequence
contains typical hydrophobic signal peptides.
Several homologous plant proteins exist, with a
highly conserved part of members of this protein
family showing similarity to the active site and to
the peptide-binding groove of the exopeptidase
aminopeptidase N from eukaryotes and the endo-
peptidase thermolysin from bacteria. Gjetting et
al. (2007) report that HvPR17b is up-regulated 18 h
after Bgh inoculation both in cells in which a
haustorium initial is formed and in cells producing a
papilla stopping fungal penetration. HvPR17b is not
only induced by Bgh but also induced in barley
spikes challenged with F. graminearum from 48 hai,



68

F. Waller et al.

with the highest induction 72 hai (Boddu et al.,
2006; Barley Base experiment BB9; Shen et al.,
2005).

HvPr17b belongs to the same family of PR genes
as WCI5 (wheat chemically induced 5), which
is induced by the chemical resistance inducer
BTH (benzo(1,2,3)thiadiazole-7-carbothioic acid
S-methyl ester), an SA analog in wheat (Gorlach
et al., 1996). Recently, Pasquer et al. (2005)
identified WCI5 as being induced not only by BTH
but also by the fungicides fenpropimorph and
azoxystrobin 24h and 1 week after treatment,
indicating that these chemicals exploit resistance
inducing side effects. When transiently over-ex-
pressed in wheat epidermal cells as a GUS fusion
protein, WCI5 reduced the relative penetration
efficiency of B. graminis f.sp. tritici by about 20%
(Schweizer et al., 1999). With HvPr17b amino acid
identity of 66% to WCI5 and highly conserved
protein domains, it is thus possible that HvPR17b
is directly involved in P. indica-mediated powdery
mildew control. The protein might exhibit direct
antifungal activity. However, protease activity of
HvPR17b could not be detected in vitro, leading
Christensen et al. (2002) to propose that HvPR17b
might influence cell wall metabolism, or is involved
in recognition and signalling in the cell wall, e.g. by
releasing components of particular pathogens,
thereby producing elicitors.

We suggest that enhanced systemic expression of
HvPR17b after powdery mildew challenge indicates
a ‘state of alert’ in the plant and is therefore a
molecular marker for priming by a fungal root
endophyte. In addition, HvPR17b expression shows
that there are conserved elements in resistance
induction effective against powdery mildew in
cereals, both by P. indica infestation and in plants
treated with SA.

As P. indica obviously is not changing large sets of
genes in systemic tissue, it resembles ISR (Pieterse
et al., 1998), which in the absence of a challenging
pathogen is accompanied with systemic up- or
down-regulation of rather low numbers of tran-
scripts in Arabidopsis (Cartieaux et al., 2003;
Verhagen et al., 2004; Wang et al., 2005). Pathogen
resistance induced by AMF occurs in plant roots and
has been discussed to be similar to ISR, as the JA
pathway is induced in AM roots (Hause et al., 2002)
and seems to play a role in protecting systemic
tomato roots against Phytophthora parasitica (Pozo
et al., 2002). A second well-studied mechanism of
induced resistance is the SA-mediated SAR, which is
thought to be induced by pathogens causing
necrotic lesions and/or leading to elevated local
SA levels (Durrant and Dong, 2004). However, in
barley no typical defence-related transcripts could

be identified in roots 20dai, and systemic up-
regulation of genes typically implicated in SA
responses was not observed. Therefore, an SAR
mechanism seems to be rather unlikely. This notion
is strongly supported by experiments exploiting
Arabidopsis mutants, which demonstrated that
P. indica-mediated resistance is not affected by a
compromised SAR pathway (Stein et al., unpub-
lished). Still, up-regulation of the WCI5 homolog
HvPR17b can be accomplished by SA treatment and
a convergence of pathways mediated by SA, JA and
other compounds upstream of HvPr17b is possible.
A promoter analysis of systemic P. indica-induced
genes such as HvPri17b will help to clarify signal
transduction pathways of systemic resistance in-
duced by the compatible interaction of cereal
plants with fungal root endophytes.
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Summary

Because of their beneficial impact on plants, the
highly diverse mycorrhizal fungi grouped in the order
Sebacinales lay claim to high ecological and agricul-
tural significance. Here, we describe for the first time
associations of Sebacinoid members with bacteria.
Using quantitative PCR, denaturating gradient gel
electrophoresis and fluorescence in situ hybridi-
zation, we detected an intimate association between
Piriformospora indica and Rhizobium radiobacter, an
o-Proteobacterium. The stability of the association,
vertical transmission of the bacteria during asexual
fungal reproduction and fungal plant colonization
was monitored using R. radiobacter-specific primers.
Treatment of mycelium or fungal protoplasts with
antibiotics highly efficient against the free bacteria
failed to cure the fungus. Barley seedlings dip-
inoculated with R. radiobacter showed growth promo-
tion and systemic resistance to the powdery mildew
fungus Blumeria graminis comparable to P.indica

Received 22 February, 2008; revised 1 July, 2008; accepted 2 July,
2008. *For correspondence. E-mail Karl-Heinz.Kogel@agrar.
uni-giessen.de; Tel. (+49) 641 99 37490; Fax (+49) 641 99 37499.
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inoculation. By screening additional isolates of the
Sebacina vermifera complex, three species-specific
associations with bacteria from the genera Paeniba-
cillus, Acinetobacter and Rhodococcus were found.
These findings suggest that Sebacinales species
regularly undergo complex interactions involving
host plants and bacteria reminiscent of other ectomy-
corrhizal and endomycorrhizal associations.

Introduction

In natural ecosystems, plants experience complex inter-
actions with microorganisms on physical, metabolic and
functional levels, and hardly a single plant family has been
recognized, which is not living in symbiosis with micro-
organisms (Smith and Read, 1997; Frey-Klett et al.,
2007). Plant symbiotic microbes can grow, propagate and
interact not only in form of individual cells but also as
multitrophic communities. In many cases this might be the
key for the widespread success of host-microbe sym-
bioses because of the immense biochemical and physi-
ological diversity among microbial species and the ability
of microbial cells and microbial communities to precisely
sense and properly respond to changing environments.
Here we describe symbiosis of barley with species of
the fungal order Sebacinales with emphasis on fungus-
associated bacteria. Sebacinales, the most basal Basidi-
omycota group with known mycorrhizal members, are
ubiquitously distributed and are found on all continents
in temperate and subtropical climates associated with
orchids, liverwort thalli and Ericaceae as ectomycorrhizal
and endomycorrhizal fungi (Selosse et al., 2007; Schéfer
and Kogel, 2008). Recent studies indicate that they
also form a novel type of mutualistic symbiosis with a
broad spectrum of monocotyledonous and dicotyledo-
nous plants (Weiss et al., 2004; Matheny et al., 2007),
including crop plants such as barley, maize, tomato and —
in contrast to arbuscular mycorrhiza fungi — Brassicaceae
(Varma et al., 1999; Peskan-Berghoefer et al., 2004,
Deshmukh et al., 2006). Sebacinales are divided into
two clades (Selosse et al., 2007). Clade A consists of
ectomycorrhizae and ectendomycorrhizae species
whereas Clade B includes ericoid along with cultivable
orchid root colonizing mycorrhiza species of the complex
Sebacina vermifera and Piriformospora indica (Varma
etal.,, 1998; Weiss et al., 2004). Plants colonized by these
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species display improved growth and fitness. Barley
plants colonized by P indica show higher grain yield
and superior resistance against various root and leaf
pathogens (Waller et al., 2005; Deshmukh et al., 2006).
Because of its remarkable beneficial activity the Sebaci-
nales have attracted considerable interest as potential
biocontrol agents, especially because these fungi are not
obligate biotrophs and thus axenically cultivable.

Many recent reports on mycorrhizal interactions suggest
that biological activities brought about by the symbiosis
ought to be considered under the premise of a more
complex tripartite interplay of the host plant with the myc-
orrhiza fungus and fungus-associated bacteria. These
bacteria can associate with fungal spores (Walley and
Germida, 1997), hyphae (Nurmiaho-Lassila et al., 1997;
Sbrana et al., 2000), or are present as endobacteria inside
fungal cells (Bertaux et al., 2005; Lumini et al., 2006). In
many cases these associations show a certain type of
specificity (Artursson et al., 2006). In 1994, Garbaye
(1994) introduced the term mycorrhization helper bacteria
for bacteria associated with mycorrhizal fungi which
consistently promote mycorrhizal development. There is
a wide variety of beneficial effects mediated by these
bacteria to the mycorrhizal partner which include inhibition
or promotion of germination and alterations to foraging
behaviour, hyphal branching (fungal architecture), growth,
survival, reproduction, exudate composition and pro-
duction of antibacterial metabolites (Rainey et al., 1990;
Frey-Klett and Garbaye, 2005; Aspray et al, 2006;
Riedlinger et al., 2006; Frey-Klett et al., 2007). Although
most studies of bacterial interaction have been conducted
in ectomycorrhizal systems, the interaction between
bacteria and arbuscular mycorrhizal (AM) symbioses has
also been shown (Bianciotto et al., 1996; Duponnois and
Plenchette, 2003). Bacteria have been shown to increase
the germination and growth of AM fungi thus helping in
the symbiosis (Artursson et al., 2006). These benefi-

Table 1. Sebacinales analysed for bacterial presence.

cial mycorrhizal associates belong to diverse bacterial
groups, including Gram-negative Proteobacteria, e.g.
Agrobacterium, Azospirillum, Azotobacter, Burkholderia,
Bradyrhizobium, Enterobacter, Pseudomonas, Klebsiella
and Rhizobium, Gram-positive Firmicutes like Bacillus,
Brevibacillus and Paenibacillus, as well as Gram-positive
Actinobacteria (Rhodococcus, Streptomyces and Arthro-
bacter). The contribution of the bacterial partners on plant’s
physiology and —on another scale —on natural ecosystems
is not understood.

We demonstrate here stabile associations of fungal
species of the order Sebacinales with bacteria known to
interact with ectomycorrhiza and endomycorrhiza. We
show that P indica is associated with a strain of the
species Rhizobium radiobacter and that this bacterium
exhibits a considerable biological activity to the host plant.

Results
Piriformospora indica is associated with R. radiobacter

Under standard culture conditions as used for fungal
propagation, P. indica develops spherical fungal colonies
within 3—4 weeks in the transparent medium. However,
crushing the mycelium with a fine blender and subse-
quent microscopic examination of the supernatant upon
bacterial live—dead staining indicated the presence of
rod-shaped bacteria of 1-1.5 um in length. This initial
observation suggested that there is a tight association
of P. indica with bacteria. To check this notion, we traced
the presence of specific bacteria in the original P. indica
isolate P. indica-DSM11827 deposited in 1997 immedi-
ately after the discovery of the fungus in the Indian Thar
desert (Table 1). Using universal primers, almost full-
length fragments of the entire bacterial 16S-rRNA gene
were amplified from the fungal metagenomic DNA of
P. indica-DSM11827 as well as in other fungal cultures

Isolate Host

Associated bacteria

Piriformospora indica-DSM11827¢2 Prosopis julifora and

Zizyphus nummularia®

. vermifera-MAFF305838°
. vermifera-MAFF305828°
. vermifera-MAFF305835°
. vermifera-MAFF305837°
. vermifera-MAFF305830°
. vermifera-MAFF305842°
ultinucleate Rhizoctonia-DAR29830°

Caladenia tesselata
Eriochilus cucullatus
Caladenia catenata
Caladenia dilatata
Crytostylis reniformis
Microtis uniflora

SOOLLLOLO

Rhizobium radiobacter (GenBank Accession No. EU669179)

Paenibacillus sp. (GenBank Accession No. EU669180)

Acinetobacter sp. (GenBank Accession No. EU669181)

Rhodococcus sp. (GenBank Accession No. EU669182)
d

i

Pd

Pd

a. Type species Piriformospora indica was obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany.

b. Fungus was originally isolated from rhizosphere of these plants.

c. Culture collection numbers: Isolates of Sebacina vermifera were obtained from the National Institute of Agrobiological Sciences, Tsukuba,

Japan.
d. Present (P) but bacterial identity not yet determined.

e. The isolate DAR29830 was kindly provided by Karl-Heinz Rexer, University of Marburg, Germany.

© 2008 The Authors
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Fig. 1. Detection of P. indica-associated bacteria by DGGE. The
16S-rRNA gene fragments of 500 bp were obtained from the
metagenome of bacterial communities associated with different
isolates of P. indica. Lane 1, reference pattern composed with three
known bacterial strains (E. coli, H. frisingense Mb11, Acinetobacter
sp.); lane 2, Acinetobacter sp.; lane 3, P. indica-DSM11827; lane 4,
P. indica-JE1; lane 5, R. radiobacter PABac-DSM isolated from

P. indica-DSM11827; lane 6, R. radiobacter PABac-JE isolated from
P. indica-JE1; lane 7, E. coli; lane 8, Herbaspirillum frisingense
Mb11. Sequence data from the bands in lanes 3 and 4 showed
100% identity with the 16S-rRNA gene sequences of the bacterial
isolates PABac-DSM and PABac-JE in lanes 5 and 6.

including P indica-JE1, P indica-HA and P, indica-
ND (Fig. S1). Fragments showed identical 16S-rRNA
gene-coding sequences, designating the bacterium as
o-Proteobacterium of the genus Rhizobium (GenBank
Accession No. EU669179) with the highest similarity to the
species R. radiobacter (synonym Agrobacterium radio-
bacter or Agrobacterium tumefaciens) (Young et al., 2001).
These data suggested that P indica contains a single
bacterial strain. To confirm this finding, we employed
denaturing gradient gel electrophoresis (DGGE) of the
seminested PCR products of the 16S-rRNA-coding gene.
DGGE revealed the presence of a single high intensity
band in P. indica-DSM11827 and P. indica-JE1 (Fig. 1).

1—? y-protecbacteria
L protecbacteria

other a-proteobacteria

Bradyrhizobium spp.
R hainanensis, UT1078
R h?mwmmm bv. viciae, DQ156418
R atl, U28939
R rhizogenes, D12788
R trepici, AY 117667
R mongolense, UB9816
E. galhcum, AF00B127
R indigoferae, AF364068
R vanglingense, AF003375
R galegae, D12753
R huautlense, AF025852
R huanglingense, AY034026
AF 364069

outgroups

R radrobacter, AJ389893
R radiobacter, AEQDTEES
R radiobacter, AT3893909
PABac-DSM
R radiobacter, AEODBEET
L R radiobacter, AT01220%9

Ensifer spp.
0.10 Shinorkizobim spp

© 2008 The Authors

! P, indica-DSM11827
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Direct PCR amplification also showed the same pattern
of bands (not shown). DNA sequences of the PCR product
were identical to a 500 bp region of the 16S-rRNA
gene obtained from metagenomic DNA of P indica-
DSM11827.

For further characterization we attempted to isolate bac-
teria from the fungal mycelium of P. indica-DSM11827 and
P. indica-JE1. Growth of isolated bacteria —named PABac-
DSM and PABac-JE respectively — was observed 3 days
after inoculation of bacteria released from mechanically
sheared fungal hyphae in Luria—Bertani (LB) medium
supplemented with 0.8% sucrose. Microscopic analysis
revealed the presence of a pure culture of rod-shaped
bacteria of 1-1.5 um in length (Fig. S2). By using the
primer pair 27f and 1495r to amplify the 16S-rRNA gene, a
PCR product of the expected size was obtained (Fig. S1).
Cloning, sequencing and comparative 16S-rRNA gene
sequence analysis showed that all obtained sequences
were identical to each other and were also identical to
those isolated from metagenomic DNA of different P. indica
isolates. After BLAST search and phylogenetic analysis with
ARB software (Fig. 2) and EzTaxon server (Chun et al.,
2007), the sequence was identified as belonging to an
a-Proteobacterium of the genus Rhizobium (GenBank
Accession No. EU669179) with the highest similarity
and 100% homologue to the species R. radiobacter-
AJ389909. The phenotypic characters (data not shown)
were congruent with those reported for R. radiobacter
(Young et al., 2001 and references therein).

Denaturing gradient gel electrophoresis profiles of a
direct and seminested PCR assay using 16S-rRNA gene

Fig. 2. Phylogenetic classification of

P. indica-associated bacteria. Phylogenetic
tree based on comparative sequence
analysis of 16S-rRNA-coding genes of

P. indica-associated bacteria and
representatives of related Rhizobium

i radiobacter/ Agrobacterium tumefaciens group.
The bar indicates 10% sequence divergence.

genus Rhizobium
Rhizobiaceae
o-protecbacteria

Journal compilation © 2008 Blackwell Publishing Ltd, Cellular Microbiology, 10, 2235-2246
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Table 2. Efficacy of antibiotics against R. radiobacter.

ODeoo after

Antibiotic 48 h

Spectinomycin (300 ug mi-) 0.000
Spectinomycin (200 pug ml') 0.010
Ciprofloxacin (200 pug ml™) 0.013
Ciprofloxacin (100 pug ml™") 0.017
Cefatoxime (300 pug ml™") + 0.019

Ticarcillin (150 pg ml™")

Oxytertacycline (100 ug ml-") 0.030
Rifampicin (100 pg ml™") 0.032
Cefatoxime (500 ug mi-") 0.050
Oxytertacycline (200 pg ml-") 0.070
Cefatoxime (250 ug mi™) 0.091
Ticarcillin (150 pg mi-) 0.501
Lincomycin (100 ug ml-") 2.160
Carbenicillin (100 ug ml") 2.243
Gentamicin (100 pg ml™") 2.510
Gentamicin (50 ug ml™") 2.450
Control 2.499

Bacteria (PABac-DSM) were grown in LB medium containing various
antibiotics at 25°C. OD600 was measured 48 h after inoculation.

primers corroborated presence of a single high intensity
band in PABac-DSM and PABac-JE identical in electro-
phoretic mobility and proved to have the same sequence
as obtained from the metagenomic DNA of P. indica-
DSM11827 and P. indica-JE1 (Fig. 1). The quantification
of the ratio of bacterial to fungal DNA in different fungal
cultures by real-time quantitatve PCR showed an
average of 0.035 ng of R. radiobacter DNA per 100 ng of
P. indica DNA.

Treatments for potential curing P. indica from
R. radiobacter

With the aim of eliminating R. radiobacter from P. indica-
DSM11827, bacteria (R. radiobacter PABac-DSM) were
first cultivated in LB medium in the presence of various
antibiotics while the efficacy of the chemicals was proved
by ODsoo measurement after 48 h (Table 2). Among other
antibiotics spectinomycin and ciprofloxacin were found to
be highly efficient in completely inhibiting the growth of
R. radiobacter PABac-DSM in vitro. However, after axenic
culturing of P, indica-DSM11827 for 2 months at 25°C in
the presence of ciprofloxacin (200 ug mI~') and/or specti-
nomycin (300 ug mI~') bacteria were neither eliminated
from the hyphae nor eliminated from chlamydospores
as evidenced by PCR analysis. In analogy to the strategy
followed in arbuscular mycorrhiza (Lumini et al., 2007),
P. indica was intended to be cured from bacteria by
producing successive vegetative generations starting from
single chlamydospores. Five generations of single spores
(G1, G2, G3, G4, G5) were grown on agar plates contain-
ing 300 ug ml-' spectinomycin and 10 colonies from each
generation were tested for bacterial presence by conven-
tional PCR using universal eubacterial primers. However,

bacteria were detected in all generations (data not shown).
In a complementary approach, young growing hyphae
were transferred to freshly prepared plates containing
antibiotics every fourth day for five times. In all seven
tested P. indica colonies, conventional PCR with universal
primes as well as real-time quantitative PCR with primers
specific for the Rhizobium/Agrobacterium intergenic tran-
scribed spacer resulted in PCR products of the appropriate
sizes, confirming the presence of R. radiobacter. In
another attempt, hyphal protoplasts were isolated and
subsequently regenerated on plates containing Asperqgil-
lus minimal medium with 0.3 M sucrose, spectinomycin
(300 pug ml") and ciprofloxacin (300 ug ml-') at 30°C and
growing mycelium was transferred every second day for
eight consecutive days, to fresh medium plates containing
antibiotics. All seven independent regenerated P. indica
colonies gave positive signals after real-time quantitative
PCR analysis for the presence of bacterial 16S-23S rRNA
intergenic transcribed spacer (ITS) sequences.

Piriformospora indica is intimately associated with
R. radiobacter

In order to locate bacteria associated with P. indica, fungal
preparations from axenic cultures of P. indica-DSM11827
as well as cells of a pure culture of strain PABac-DSM
were stained by fluorescence in situ hybridization (FISH).
The presence of bacterial rRNA in the fungal mycelium
was proven by application of a probe specific for eubac-
teria (EUB-338-mix) (Table 3). Concomitantly, a colocal-
ized signal was detected by using the Rh-1247 probe,
which is specific for rRNA of bacteria belonging to
the Rhizobium group (Fig. 3A-C). In order to exclude
the detection of unspecific hybridizations EUK-516 pro-
bes were introduced that are specific for 18S-rRNA of
eukaryotes. These analyses further implicated associa-
tion of bacteria with mycelium and chlamydospores of
P. indica and further confirmed the low number of asso-
ciated bacteria as was already indicated by real-time
PCR-based quantification.

Rhizobium radiobacter induces growth promotion and
disease resistance in barley

Most substantial biological activities of P indica and
related S. vermifera species in various host plants are
growth promotion and systemic induced resistance to
fungal pathogens (Deshmukh et al., 2006). To assess the
biological activity of isolated bacteria, roots of 3-day-old
barley seedlings were dip-inoculated with PABac-DSM
(ODeoo 1.6). Upon 3 weeks, treated plants showed an
increase in shoot fresh weight of 17% over control plants
demonstrating the growth promoting activity of the bacte-
rium (Table 4). Moreover, the same plants were more

© 2008 The Authors
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Table 3. Phylogenetic oligonucleotide probes used for FISH analyses.

Probe? Target® Position®® Sequence (5’-3')* FA (%)*° Specificity®

EUK-516 18S-rRNA 502-517 ACCAGACTTGCCCTCC 0-50 Eukarya

EUB-338 16S-rRNA 338-355 GCTGCCTCCCGTAGGAGT 0-50 Most bacteria

EUB-338 Il 16S-rRNA 338-355 GCAGCCACCCGTAGGTGT 0-50 Planctomycetales

EUB-338 Il 16S-rRNA 338-355 GCTGCCACCCGTAGGTGT 0-50 Verrucomicrobiales

LGC-354-a 16S-rRNA 354-371 TGGAAGATTCCCTACTGC 35 Firmicutes (Gram-positive bacteria with
low DNA G + C content)

LGC-354-b 16S-rRNA 354-371 CGGAAGATTCCCTACTGC 35 Firmicutes (Gram-positive bacteria with
low DNA G + C content)

LGC-354-c 16S-rRNA 354-371 CCGAAGATTCCCTACTGC 35 Firmicutes (Gram-positive bacteria with
low DNA G + C content)

Rh-1247 16S-rRNA 1247-1252 TCGCTGCCCACTGTG 35 Rhizobium sp., Agrobacterium sp.,

Ochrobactrum sp., some Azospirilla sp.,
few Sphingomonas sp.

a. Data taken from probe base (http://www.microbial-ecology.net/probebase) (Loy et al., 2003; 2007).

b. Position according to Brosius et al. (1981).
c. Formamide in the hybridization buffer.

resistant to the biotrophic fungal leaf pathogen Blumeria
graminis f.sp. hordei. Barley leaves showed a decrease in
the frequency of powdery mildew pustules of 64% over
control (plants treated only with LB medium; Table 4). To
compare the bacteria-mediated activity with that from the
fungus, we inoculated roots with P, indica. We found an
increase in fresh shoot biomass (27%) and a decrease
in the number of powdery mildew pustules (54%) as
compared with non-colonized plants (Table 4).

In order to further characterize the bacterium, we grew
R. radiobacter PABac-DSM in mineral salt medium
supplemented with 0.5% glucose and 500 pg ml~" of tryp-

Fig. 3. Detection of fungus-associated bacteria by fluorescence

in situ hybridization (FISH). Fixed fungal mycelia of

P. indica-DSM11827 (A-C) and S. vermifera-MAFF305838 (D-F)
were used for FISH analysis. FISH was performed with
EUB-338-mix-FITC (green), specific for the domain Bacteria (A and
D) and with either Rh-1247-Cy3 probe (red), specific for the
Rhizobium group (B—C) or LGC-mix-Cy3 (red), specific for the
Firmicutes group to which Paenibacillus sp. belongs (E-F). While
Fig. 3A and D shows the green channel, Fig. 3B and E shows the
red channel and Fig. 3C and F shows the superimposed images. In
Fig. 3C and F, the composed rgb-images result in a yellow colour
for the bacteria, indicating colabelling by EUB-338-mix-FITC and
Rh-1247-Cy3 (C) and colabelling by EUB-338-mix-FITC and
LGC-354-Cy3 (F). In A- C, arrows indicate the bacterial signals.
Scale bar =10 um.

© 2008 The Authors

tophan. Under this cultivation conditions, the bacterium
exhibited a substantial production of indole-3-acetic acid
(IAA) up to 40 pug mi- after 24 h at 25°C in the presence of
tryptophan. In the absence of this amino acid, however,
there was no production of IAA demonstrating tryptophan-
dependent IAA synthesis by R. radiobacter PABac-DSM.

Bacterial associations are common in Sebacinales

The hypothesis was followed that other species of the
order Sebacinales commonly contain endocellular bacte-
ria. Therefore, seven S. vermifera isolates were selected,
which were originally collected from different autotrophic
orchids in Australia (Warcup, 1988). All the strains were
previously proven to exhibit beneficial biological activity in
barley (Deshmukh et al., 2006). After PCR and sequencing
analyses using bacterial universal primers we provided
evidence that all S. vermifera isolates contained bacteria
although from different genera (Table 1). We studied the
bacterial association of S. vermifera-MAFF305838 in more
detail. Using FISH and confocal laser scanning microscopy
on axenically grown fungal cultures, we detected an intra-
cytoplasmic localization of bacterial cells within hyphae
(Fig. 3D—F). Spherical bacteria of 0.5-1 um size were
detected with the probe EUB-338-mix, indicative for almost
all bacteria, and colocalized with probe LGC-354-mix,

Table 4. Biological activity conferred by R. radiobacter in barley.

Increase in shoot
weight over

Decrease in powdery
mildew pustules over

Treatment control (%) control (%)
R. radiobacter 17.07** 63.90**
P. indica 27.35** 53.56**

Asterisks denote statistically significant differences between the
respective values of endophyte-colonized and non-colonized plants
(**Student’s t-test P < 0.001).

Journal compilation © 2008 Blackwell Publishing Ltd, Cellular Microbiology, 10, 2235-2246
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L

Fig. 4. Transmission electron micrograph of fungal mycelium of
S. vermifera-MAFF305838 containing endocellular bacteria (B),
a nucleus (N) and mitochondria (M) (Scale bar = 200 nm).

specific for the Firmicutes group to which Paenibacillus
belongs (Table 3). The number of bacteria varied from
one to three per hyphal cell. To exclude unspecific probe
labelling, the samples were hybridized with EUK-516
probe (specific for 18S-rRNA of eukaryotes). To further
substantiate the presence of endobacteria, transmission
electron microscopy of S. vermifera-MAFF305838 was
done. The mycelium from liquid culture was frozen at high
pressure and cryosubstituted in glutaraldehyde and uranyl
acetate. Examination of the samples confirmed the pre-
sence of endobacteria within the cytosol of intact cells of
S. vermifera-MAFF305838 (Fig. 4).

Discussion

We demonstrate here that species of the Sebacinales
regularly undergo complex symbioses involving plants
and bacteria of different genera. Sebacinoid fungi were
formerly shown to possess a broad plant host spectrum
(Varma et al., 1999; Weiss et al., 2004) and, so far inves-
tigated, exhibit beneficial biological activities to their hosts
(Deshmukh et al., 2006). Our finding that the Sebacinoid
symbiosis involves bacteria leads to a more complex
picture and requires reconsideration of the role played
by the fungus in its symbiotic interaction with the plant.
However, not only complexity but also intimacy apparently
constitutes a crucial trait in bacteria—Sebacinoid asso-
ciations. First, associations of bacteria with Sebacinoid
fungi are rather diverse. We found bacterial species
belonging to three different genera, namely Paenibacillus,
Acinetobacter and Rhodococcus in three phylogenetically
and morphologically distinct members of the S. vermifera
species complex and R. radiobacter closely associated

with P. indica. Second, isolation and subsequent axenic
cultivation of fungus-associated bacteria were successful,
so far, only with R. radiobacter from P. indica. Third,
bacteria-free Sebacinoid fungi could not be obtained so
far. These tight relational characteristic impedes investi-
gations on the importance of each partner for mediating
biological activity and for plant colonization. Intriguingly,
these close associations of Sebacinoid fungi with bacteria
resemble those previously detected in other mycorrhizal
associations (Frey-Klett et al., 2007).

Bianciotto et al. (2004) recently demonstrated for the AM
fungus Gigaspora margarita a continuous vertical trans-
mission of its endobacteria from one generation to another
guaranteeing the enduring nature of the association. Com-
parably, R. radiobacter was found in developing P. indica
chlamydospores and in fungal colonies regenerated from
single spores or from hyphal tip cells. Moreover, bacteria
were still traceable in the fungal cultures after five fungal
root passages (data not shown).

Different strategies to obtain bacteria-free fungus failed,
which further argues against a rather temporal or loose
association. Neither cultivation of hyphae in axenic culture
under high antibiotic concentrations nor successive in
vitro single-spore isolation steps nor the exposure of
fungal protoplast to antibiotics in the regenerating medium
resulted in bacteria-free P. indica. In presence of antibiot-
ics, the fungus grew slowly that may indicate an adverse
antibiotic effect on bacteria or on the fungus itself.
However, after removing the antibiotics, the amount of
bacterium was in range as found in untreated P. indica.
These findings suggest that either the bacterium is pro-
tected inside the fungus or its absence would reduce
fungal fitness as reported for G. margarita cured from its
endocellular bacteria (Candidatus Glomeribacter gigas-
porarum) (Lumini et al., 2007). However, R. radiobacter
could be isolated from fungal mycelium and multiplied in
liquid cultures demonstrating that the bacterium is not
entirely dependent on the fungus. That the association
bases on a critical balance between bacterium and fungus
is suggested by an experiment in which R. radiobacter
was added in abundance to fungal suspension cultures.
Here, the bacteria overgrew and entangled the hyphae
and the fungus eventually died (data not shown). Inter-
estingly, incubation of crushed hyphae, containing hy-
phae and bacteria released from mechanical shearing,
resulted in clearance of the medium after 2 days. This
finding suggests a certain affinity between fungal hyphae
and bacteria. Further analysis will show how specific this
absorption is.

Using various molecular strategies (16S-rRNA gene
sequences analysis, DGGE analysis and real-time quan-
titative PCR analysis), the intimate association between
P. indica and R. radiobacterwas further characterized. We
could unequivocally prove the presence of the identical
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bacterial strain in the original isolate P. indica-DSM11827
deposited in 1997 by A. Varma and in all fungal cultures
derived thereof, i.e. P indica-JE1, P. indica-HA and
P. indica-ND. All bacterial sequences from P, indica iso-
lates and the bacterial cultures isolated from P. indica were
identical within the amplified region of the bacterial 16S-
rRNA gene. Consistently, DGGE analysis of single-step
and seminested PCR assay using 16S-rRNA gene primers
revealed a single dominant band for P. indica-DSM11827
and P, indica-JE1 as well as for PABac-DSM and PABac-
JE, further emphasizing that only one distinct bacterial
species was associated with P. indica.

A cytohistochemical approach using FISH in combina-
tion with the Rhizobium-specific probe Rhi-1247 showed
an association of R. radiobacter with spores and hyphae.
In general the number of bacteria per hypha was low,
which is consistent with the low number of endobacteria
(2—20 per cell) present in the ectomycorrhizal fungus Lac-
caria bicolor (Bertaux et al., 2003; 2005). Quantitative
PCR analysis further supported the microscopic data
revealing a ratio of 0.02-0.035 ng of bacterial DNA per
100 ng of P indica DNA. The low number of bacteria
within hyphae may explain why we failed to detect
R. radiobacter by electron microscopy. In contrast, a
combined strategy that included electron microscopy and
FISH detected the endobacterial nature of Paenibacillus
sp. in S. vermifera-MAFF305838 with roughly 1-3 bacte-
ria per fungal cell. Different to other fungus—endobacterial
associations (Partida-Martinez et al., 2007), there was no
evidence for a focal accumulation of R. radiobacter or
Paenibacillus in fungal hyphae.

It is certainly of interest to clarify the impact of each
Sebacinoid symbiosis partner on beneficial effects in
colonized plants. A first step has been done by examining
the biological potential of R. radiobacter (PABac-DSM)
in barley. The bacterium qualitatively and quantitatively
induced symbiosis phenotypes comparable to those
induced by P indica, e.g. growth augmentation and
systemic resistance to powdery mildew. Consistently,
the potential of specific strains of R. radiobacter for
improvement of plant performance in integrated production
systems has been reported earlier. R. radiobacter strain
204 increased barley root and shoot length as well as
improved crop yield in barley and wheat leading to its
commercial distribution as biofertilizer in Russia (Humphry
et al., 2007).

Rhizobium radiobacter (syn. A. tumefaciens) is well
known as a soil-borne bacterium that infects dicotyledon-
ous plants and often causes crown gall disease character-
ized by the neoplastic growth of infected plant tissue.
Tumour induction is dependent on the integration of a
bacterial virulence plasmid (Ti) into the plant genome,
which contains genes encoding the phytohormones auxin
and cytokinin. In our experiments, PABac-DSM did not
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trigger any harmful effect on barley. The virD2 gene was
detected in PABac-DSM by PCR analyses indicating that
the Ti plasmide is present in this strain. However, the
isopentenyltransferase (ipt) gene, which is associated with
cytokinin biosynthesis, could not be detected (S. Wagner,
unpublished). Hence, the lack of the ipt gene may explain
the non-pathogenic nature of this bacterial strain. Concor-
dantly, a non-pathogenic strain of A. radiobacter contain-
ing virD2but not jptwas previously described by Haas et al.
(1995). These authors speculated that the strain arose
from a pathogenic progenitor through a deletion in the
T-DNA. Moreover, coexistence of symbiosis- and path-
ogenicity-determining genes has been shown to occur
in strains of Rhizobium rhizogenes enabling this bacte-
rium to induce nodules or tumours in plants (Velazquez
et al., 2005).

A recent report by Sirrenberg et al. (2007) demon-
strated production of IAA in liquid culture of P indica,
which might induce growth promotion. Because bacteria-
free fungus is not available, it remains vague whether
the fungus itself, the bacterium or even both partners
produced the hormone. We found that R. radiobacter
(PABac-DSM) produces IAA in the presence of
tryptophan. Despite the fact that Salkowski reagent
also detects indole pyruvic acid and indole acetamide
in addition to IAA (Glickmann and Dessaux, 1995),
the method is fairly accurate because IAA is usually
known as the main excreted microbial auxin. IAA is best
known for its role in plant signal transduction (Quint
and Gray, 2006). However, this hormone can act as a
signal molecule in bacteria and fungi (Leveau and
Preston, 2008) and induce adhesion and filamentation
of Saccharomyces cerevisiae (Prusty et al., 2004).
Importantly, IAA has been implicated in plant-microbe
compatibility (Robert-Seilaniantz et al., 2007). This could
be accomplished by suppression of defence reactions
otherwise elicited by fungal Microbe-Associated Mole-
cular Patterns (Navarro et al., 2006; Wang et al., 2007).
Notably, in barley and Arabidopsis, root colonization by
P. indica leads to suppression of pathogenesis-related
(PR) genes (Deshmukh and Kogel, 2007). Thus, it is
tempting to speculate that bacteria-derived auxin contri-
butes to successful root colonization by Sebacinoid fungi.
Further research is required to demonstrate that the bac-
terium is the only source of auxin and that auxin would
mimic interaction phenotypes mediated by host plant
colonization.

Experimental procedures
Fungal material

Piriformospora indica isolates were obtained from the following
sources: P, indica-DSM11827 from Deutsche Sammlung von
Mikroorganismen und Zellkulturen, Braunschweig, Germany;
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P indica-JE1 from Dr Ralph Olmiller, Jena, Germany;
P. indica-HA from Dr Holger Deising, Halle, Germany; P. indica-
ND from Dr Ajit Varma, New Delhi (Table 1). All isolates stem from
one original sample collected in the Thar desenrt, India in 1997
(Varma et al., 1998). They were propagated in liquid Aspergillus
minimal medium at room temperature (Pham et al., 2004).
S. vermifera strains (Table 1) were propagated in Malt-Yeast-
Extract-Pepton medium (aqueous solution of 7 g I' malt extract,
1 g I peptone, 0.5 g I"', yeast extract).

DNA isolation, PCR and sequencing

High chromosomal weight DNA from 2-week-old P. indica cul-
tures was isolated using the NucleoSpin® Tissue Kit (Macherey-
Nagel, Germany) according to the instruction manual. 16S-rRNA
gene was amplified by using the bacterial universal primer pair
27f (5'-GAGAGTTTGATCCTGGCTCAG-3’) and 1495r (5"-CTAC
GGCTACCTTGTTACGA-3’). A conventional PCR amplification
was performed in a Gene Amp® PCR System 9700 PE Applied
Biosystem thermo cycler in a total volume of 25 ul containing
2x PCR Master Mix (Fermantas, Life Sciences, St Leon-Rot,
Germany), 75—-100 ng of DNA and 1 uM of each primer. After an
initial denaturation step at 95°C for 5 min, 34 cycles with dena-
turation at 95°C for 1 min, primer annealing at 59°C for 1 min,
elongation at 72°C for 1.45 min and a final extension at 72°C
for 10 min were performed. The obtained PCR products were
purified using a Gel Extraction Kit (Promega, Mannheim,
Germany) and cloned into the pGEM-T vector (Promega) follow-
ing the manufacturer’s instructions. DNA from 25 plasmids
was extracted with Wizard® Plus SV Minipreps (Promega) and
submitted for sequencing to AGOWA GmBH, Berlin, Germany.
Direct sequencing of PCR products was also performed with
the primer pair 27f and 1495r. Sequences were assembled with
the Sequencher 3.1.1 software (Gene Codes Corporation) and
analysed with the ARB software package (http://www.arb-home.
de) (Ludwig et al., 2004).

Phylogenetic analysis

The 16S-rRNA-coding gene sequences obtained from the
sequenced plasmids and from direct sequencing were added
to an existing database of well-aligned small-subunit rRNA gene
sequences by using the fast alignment tool implemented in the ARB
software package (http://www.arb-home.de) (Ludwig et al., 2004).
Sequences were proof read according to the chromatograms and
wrong positions in the alignments were manually corrected if
needed. Phylogenetic analyses were performed by applying
maximum likelihood, maximum parsimony and neighbour-joining
methods by use of respective tools in the ARB software package.

Isolation of bacteria

Mycelia of 14-day-old P. indica-DSM11827 and P. indica-JE1 cul-
tures were crushed in Gamborg B5 medium (Duchefa
Biochemie, the Netherlands) supplemented with 0.45 M mannitol
using a fine blender. Homogenate was filtered through a mira-
cloth (22-25 um) filter and centrifuged at 100 g for 7 min. The
supernatant was collected and subsequently centrifuged at
3200 g for 10 min. The bacterial cell pellet was resuspended in
LB medium containing 0.8% sucrose and inoculated in the same

medium at 22°C for 2 days under gentle shaking. The bacterial
culture was streaked on LB medium plate and incubated for
2 days at 25°C. Thirty bacterial colonies were randomly picked
from the plates and identified by sequencing the 16S-rRNA gene
using a universal primer pair 27f and 1495r as described above.
Phenotypic characterization and identification at the species level
were performed using fatty acid analysis of whole cell extract as
described by Kémpfer and Kroppenstedt (1996) and physiologi-
cal characterization using 90 physiological biochemical tests was
performed by the method described by Kampfer et al. (1991).

Denaturing gradient gel electrophoresis

DNA extraction for DGGE analysis was performed using the
FastDNA® Spin Kit for soil (MP Biomedicals, LLC., llkirch, France)
according to the manufacturer’s protocol. A seminested PCR was
performed to amplify a 500 bp region of the bacterial 16S-rRNA-
coding gene. First, almost the entire 16S-rRNA gene was amplified
using the above mentioned bacterial primer pair. The cycle con-
ditions differ in 25 cycles of amplification. Subsequently, next PCR
was performed using 27f (with a 42 bp GC clamp on the 5" end)
and reverse R518 (5-ATTACCGCGGCTGCTGG-3’) universal
primers (Vanhoutte et al., 2005). The PCR mix contained
(final concentrations) 1x Thermophilic DNA Polymerase Buffer
(Promega), 2.5 mM MgCl, (Promega), 0.025 mM of each dNTP
(Fermantas, Life Sciences), 0.25uM of each primer and
0.05 U pl-'Tag DNA polymerase (Promega). One microlitre of first
PCR product was used as template in a total volume of 50 pl
reaction. Thermal cycling conditions consisted of an initial dena-
turation step at 94°C for 5 min, followed by 25 amplification cycles
with heat denaturation at 94°C for 1 min, primer annealing at 59°C
for 45 s and extension at 72°C for 40 s. A final elongation step at
72°C for 10 min completed the reaction. The PCR products were
analysed with standard horizontal agarose gel electrophoresis on
a 1% agarose gel.

Additionally a single-step PCR amplification of a 500 bp region
of the 16S-rRNA was performed using the forward primer 27f or
F357 (5"-TACGGGAGGCAGCAG-3’) (Vanhoutte et al., 2005),
with a 42bp GC clamp on the 5" end, in combination with
the reverse primer R518. PCR was performed under the above
mentioned conditions. The cycle conditions differ only in 32
cycles of amplification.

Denaturing gradient gel electrophoresis analyses were
performed using an 8% (wt/vol) acrylamide-bisacrylamide gel
(Liqui-Gel™ 37.5:1; MP Biomedicals) with a 35-75% linear
urea-formamide (Fluka, Seelze, Germany) denaturing gradient
(100% denaturant corresponds to 40% formamide plus 7 M
urea). After adding the loading buffer (0.05% bromophenol
blue and 0.05% xylene cyanol in 70% glycerol), 20 ul of each
sample was loaded on the DGGE gel and submitted to elec-
trophoresis in 1x TAE buffer at 60°C with a constant voltage
of 50 V for 20 h using a Bio-Rad DCode™ Universal Mutation
Detection System. The gels were stained in the dark for
20 min in ethidium bromide and subsequently washed with
1x TAE buffer. The following bacterial strains were used as
reference: Escherichia coli, Herbaspirillum frisingense strain
Mb11 and Acinetobacter sp. The obtained DGGE bands for
P. indica-DSM11827, P. indica-JE1, PABac-DSM and PABac-JE
isolate were excised; the DNA fragments were purified using
Wizard® Plus SV Minipreps (Promega) and submitted for
sequencing to AGOWA GmBH, Berlin, Germany.
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Real-time PCR quantification

Genomic DNA of PABac-DSM was used as template to amplify the
16S-23S-rRNA intergenic transcribed spacer region, using primer
ITSF  (5-GTCGTAACAAGGTAGCCGTA-3") and ITS_Reub
(5"-GCCAAGGCATCCACC-3’) (Cardinale et al., 2004). A PCR
product of the expected size (1.4 kb) was cloned and sequenced
as described earlier. The sequences obtained were used to design
the Rhizobium/Agrobacterium-specific primer pair ITS_Rhf (5'-
TCAGCACATAACCACACCAATCGCG-3) and ITS_Rhr (5"-TG
CTTTGTACGCTCGGTAAGAAGGG-3). These primers were
used in real-time PCR to quantify the amount of bacterium in
P. indica cultures. Amplifications were performed in 25 ul SYBR®
Advantage® qPCR Premix (Clontech Laboratories, CA, USA)
according to manufacturer’s instructions with 200 nM oligonucle-
otides, 100—300 ng of fungal genomic DNA, and carried out with
a Stratagene-Mx3000P® QPCR SystemMx3000P (Stratagene
Research, La Jolla, CA, USA). After an initial activation step at
95°C for 1 min, 45 cycles (95°C for 5 s and 65°C for 25 s) were
performed and a single fluorescent reading was obtained at 65°C
of each cycle step. A melting curve was determined at the end of
cycling to ensure the amplification of a single PCR product. Cycle
threshold values were determined with the Mx3000P V2 software
supplied with the instrument. A standard curve using different
dilutions of bacterial DNA was prepared and was used to calculate
the amount of bacterial DNA in fungal samples.

Treatment of P. indica with antibiotics

Hyphae were cultured for 5 generations in the presence of either
spectinomycin (300 ug mi~') or ciprofloxacin (200 and 500
ug mi=") and in combination. Both antibiotics were effective
against PABac-DSM in vitro (Table 2). Additionally, single-spore
culturing was performed in the presence of these antibiotics.
Chlamydospores were harvested from 4-week-old plates using a
0.05% Tween-20 solution, and purified three times by centrifuga-
tion at 100 g for 7 min. The pellet was resuspended before each
centrifugation step in 0.05% Tween-20 containing 300 ug mi
spectinomycin. Spores were finally treated with spectinomycin
(300 ug mI") for 3 h and subsequently plated on Aspergillus
minimal medium plates containing spectinomycin (300 ug mi).
A single germinating spore was picked using a stereomicroscope
(MZ16F, Leica, Germany) and used as inoculum on antibiotic
containing agar plates. This was termed generation 1 (G1) of
the single-spore culture. Spores were harvested after 3 weeks
from these plates and plated to produce further generations
of single-spore cultures (G2—-G5) in the same way. After every
generation, fungal samples were taken and bacterial detection
was performed by conventional PCR using universal eubacterial
primers and with real-time PCR using specific primers as
described above.

Additionally, young growing mycelium from P indica was
picked with the help of a stereomicroscope and transferred to
new plates containing Aspergillus minimal medium with antibiot-
ics (spectinomycin 300 ug mlI~" and ciprofloxacin 300 pug mi™)
and incubated at 24°C. Every fourth day the growing mycelium
was transferred alternatively to fresh plates or to liquid Aspergil-
lus minimal medium containing antibiotics for a total of five times.
Finally young mycelium was transferred on Aspergillus minimal
medium plates and liquid medium without antibiotics, grown
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for 3 weeks and used for DNA isolation. Seven independent
treated colonies were checked for bacterial presence as
described above.

Piriformospora indica protoplast isolation and treatment
with antibiotics

Fresh mycelia from P. indica-DSM11827 were crushed and
filtered through miracloth. The filtrate was collected by centrifu-
gation and resuspended in liquid Aspergillus minimal medium.
After 3 days the young mycelium was collected using a mira-
cloth filter, washed twice with 0.9% NaCl and resuspended in
SMC buffer (1.33 M sorbitol, 50 mM CaCl,, 20 MM MES buffer
pH 5.8) containing 2.5% lysing enzymes from Trichoderma
harzianum (L1412 Sigma). The suspension was incubated for
1h at 37°C. The activity of the lysing enzymes was stopped
by adding STC buffer (1.33 M sorbitol, 50 mM CaCl,, 10 mM
Tris-HCI; pH 7.5). Protoplasts were filtered through miracloth
and collected by centrifugation. The pellet was washed three
times in STC buffer containing spectinomycin (300 ug ml™")
and ciprofloxacin (300 ug ml™") and diluted to a final concen-
tration of 1x 108 cells per ml. The preparation was checked
under a phase-contrast microscope to ensure the absence of
any mycelial fragments or spores. Liquid Aspergillus minimal
medium containing 0.3 M sucrose, spectinomycin (300 pug mi™)
and ciprofloxacin (300 ug mlI™") was used for regeneration of
protoplasts. Regeneration was observed after 72 h incubation
at 30°C. Young growing mycelium from seven colonies were
picked with the help of a stereomicroscope and transferred
to new plates containing Aspergillus minimal medium with
antibiotics. Every second day for eight consecutive days the
growing mycelium was transferred to fresh Aspergillus minimal
medium plates containing antibiotics. Finally young mycelium
was transferred on medium plates without antibiotics, grown for
3 weeks and used for DNA isolation and checked for bacterial
presence as described above.

Fluorescence in situ hybridization

Two to four-week-old fungal cultures or overnight grown bacterial
cultures were fixed by adding 50% ethanol and incubation at 4°C
for 3—4 h. Thereafter, cultures were washed three times in
1x PBS and finally resuspended in a 1:1 mixture of 1x PBS and
Ethanol,psoute- Samples were stored at —20°C. Fixed fungal mate-
rial was dehydrated in an increasing ethanol series (50%, 80%
and 96% ethanol, 3 min each). FISH was performed as described
by Manz et al. (1996). Hybridization was carried out for 90 min
at 46°C, followed by a stringent washing step at 48°C for
10-15 min. All steps of FISH with fungal material were carried out
in eppendorf tubes (humid chamber). After the washing step,
the material was spread onto glass slides. Two microlitres of the
fixed bacterial suspension were immobilized on hydrophobic
Teflon-coated slides in 8 mm hybridization wells (Roth GmbH,
Karlsruhe) and hybridization was carried out as described above.
Before observation, the slides were mounted in AF1 antifading
reagent (Citifluor, London, UK).

The fluorescent tagged oligonucleotide probes used in this
study were purchased from Thermo Electron Corporation
GmbH, Ulm, Germany. These were EUB-338-mix [an equimolar
mixture of EUB-338 (Amann et al. 1990), EUB-338-Il and
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EUB-338-Ill (Daims et al., 1999)], LGC-354-mix [an equimolar
mixture of LGC-354-a, LGC-354-b and LGC-354-c (Meier et al.,
1999)], Rhi-1247 (Ludwig et al, 1998) and EUK-516 (Amann
et al, 1990) (Table 3). All of them were labelled either with
FITC, Cy3 or Cy5.

Microscopic analysis

Hybridized samples were analysed with a confocal laser
scanning microscope (CLSM 510 Axiovert 100 M; Zeiss, Jena,
Germany) equipped with an argon laser (laserline 488 nm) and
two helium—neon lasers (laserlines 543 and 633 nm), for the
excitation of FITC, Cy3 and Cy5 respectively. Plan-Neofluar 100
X/1.3 oil and Apochromat 63 X/1.2 water immersion lenses were
used for all analysis and image acquisitions. Monochrome
images were taken sequentially at each wavelength to optimize
scan conditions and laser settings. Artificial colours were
assigned to the fluorescent images resulting from each excitation
wavelength: green for 488 nm, red for 543 nm and blue for
633 nm. Superimpositions were processed with the Zeiss soft-
ware package LSM 510, version 3.5.

Electron microscopy

For ultrastructural studies, cells were fixed and micrographs were
taken as described by Straube et al. (2006).

Colorimetric assay for indole-3-acetic acid determination

Production of IAAby R. radiobacter was determined according to
Tsavkelova et al. (2007). H. frisingense strain Mb11 (aux* refer-
ence strain) and Herbaspirillum hiltneri strain N3 (aux™ reference
strain) were included in the analyses as positive and negative
control respectively.

Plant materials and growth conditions

Kernels of barley cv. Golden Promise were sterilized with 3%
sodium hypochloride for 2 h, rinsed in water and germinated for
3 days. Subsequently, roots of seedlings were inoculated in
a homogenized mycelial solution (1 g mI™") or bacterial suspen-
sion in LB medium (ODgy 1.6) for 1.5 h. Inoculated seedlings
were transferred to pots containing a 2:1 mixture of expanded
clay (Seramis®, Masterfoods, Verden, Germany) and Oil-Dri®
(Damolin, Mettmann, Germany). Plants were grown in a growth
chamber at 22°C/18°C day/night cycle, 60% relative humidity and
a photoperiod of 16 h (240 umol m2s™' photon flux density).
Plants were fertilized once after 2 weeks with 20 ml of a 0.5%
Wouxal top N solution (Schering, N/P/K: 12/4/6) per pot containing
three plants.

Biological activity of PABac-DSM

Golden Promise plants were harvested 3 weeks after root inocu-
lation with bacteria or P indica, and shoot fresh weight was
measured. For the assessment of systemic resistance induction,
the youngest leaves were harvested for a detached leaf-segment
test with B. graminis f.sp. hordei (Waller et al., 2005).
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I. Introduction

Plants are potential targets (hosts) for a broad
spectrum of microbial organisms. The outcome of
these associations can be roughly categorised into
mutualistic, commensalistic or pathogenic rela-
tionships. Interactions with certain mutualistic
fungal microbes can benefit plants, resulting for
example in an improved plant development even
under unfavourable environmental conditions
(Chap. 15). Simultaneously, the microbial part-
ners acquire nutrients from the host and can be
protected from environmental stress or competi-
tors (Schulz and Boyle 2005). In other cases it is
the microbes that primarily profit from the asso-
ciation, with the host fitness being either appar-
ently unaffected (commensalism) or thoroughly
impaired (pathogenesis; Redman et al. 2001).
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Prokaryotic or eukaryotic organisms with the
capability of colonising plants are generally called
endophytes. An endophytic lifestyle was reported
amongfungi,bacteria,algae,plantsand eveninsects
(Schulz and Boyle 2005). This broad defintion of
endophytism was later specified to more strongly
emphasise infection strategies or the physiological
character of interaction types. However, due to the
broad spectrum of endophytes and their flexibility
(phenotypic plasticity) in host colonisation, along
with their ability to adapt to environmental factors
and the host’s physiological status, a more restric-
tive general definition does not exist. Focusing
on fungal microbes, endophytes were defined as
organisms that grow in living plant tissue during
their entire life cycle (or a significant part of it)
without causing disease symptoms (Petrini 1991;
Saikkonen et al. 1998; Brundrett 2004). Schulz
and Boyle (2005) broadened this definition by
describing endophytes as plant inhabitants that
have not yet triggered disease symptoms in plants
at the time of detection. This definition excludes
the impact of endophytes on host fitness at later
interaction stages; depending on their lifestyle in
plants or impact on host fitness such fungal endo-
phytes range under this definition from mutual-
istic to pathogenic microbes (Redman et al. 2001;
Schulz and Boyle 2005). In order to simplify this
heterogeneity, we follow a rather restricted defini-
tion of endophytes encompassing microbes with
an asymptomatic lifestyle throughout their inter-
action with plants. The intention of this definition
is to address those fungi whose association and
reproduction in plants cause neutral or beneficial
rather than detrimental effects in their hosts.

Described in a broad sense, mycorrhizas are
highly specialised beneficial associations between
plant roots and fungi based on the bilateral
exchange of nutrients, defence against pathogens
and abiotic stress or an improved water balance.
Variations in the benefits for each symbiotic part-
ner gave rise to the terms balanced and exploitive
mycorrhizas. Whereas in the former both partners
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benefit equally from each other, the latter type of
interaction favours the plant partner. Due to their
beneficial potential for plants, mycorrhizal fungi
are among the best-characterised fungal symbionts
(Chaps. 13, 14). According to the above definition,
mycorrhizal fungi would be considered as endo-
phytes displaying mutualistic interactions with
plants. However, in order to distinguish mycor-
rhizas from endophytes, a more precise definition
was conceived: Endophytic plant-microbe asso-
ciations lack a synchronised plant-fungus devel-
opment, specialised microbial structures serving
as localised plant-microbe interfaces and nutrient
transfer to the plant (Brundrett 2004). Irrespective
of these characteristics and as mentioned above,
host plants are well known to benefit from non-
mycorrhizal endophytes to their hosts. A common
example is the release of toxic or antimicrobial
compounds distracting herbivoric and microbial
competitors (Schulz et al. 2002; Chap. 15). In other
cases plant fitness is enhanced by improved water
use efficiency, drought tolerance and enhanced
germination rates (Saikkonen et al. 1998; Brun-
drett 2004). In addition, several endophytes
promote plant growth and confer local and
systemic induced resistance to plant pathogens
(Varma et al. 1999; Schulz and Boyle 2005; Waller
et al. 2005).

The fungal basidiomycete Piriformospora indica
has drawn attention since its discovery in India
during the final decade of the past century - not
least due to its versatile beneficial effects con-
ferred to a broad variety of host plant species, e.g.
barley, maize, parsley, poplar, tobacco and wheat
(Sahay and Varma 1999; Varma et al. 1999; Waller
et al. 2005; Serfling et al. 2007). This broad host
range, combined with its easy handling, makes
the fungus a potential agent for protecting plants
against abiotic and biotic stresses under green-
house or field conditions. Hence, P. indica could
support sustainability in horticulture and agricul-
ture. Because of the reported beneficial effects, it
was rather unexpected that colonisation of barley
roots was found to be associated with cell death
(Deshmukh et al. 2006). In agreement with other
endophytic plant-fungus interactions, colonised
plants were observed to lack visible disease symp-
toms (e.g. stunted root and shoot development,
or root necrosis). Due to its colonising behaviour,
the lack of distinctive colonisation structures and
the as yet missing evidence for nutrient transfer
to its host plants, P. indica was suggested to be a

fungal endophyte rather than a representative of
the mycorrhizal fungi. In this chapter we discuss
current results showing beneficial associations of
P. indica with plants, especially emphasising its life
strategies in host plants. Intriguingly, it has been
shown that root colonisation by P. indica and its
lifestyle in planta may vary depending on envi-
ronmental factors, the genetic predisposition and
the developmental stage of host plants and plant
organs, respectively. These findings are discussed
in the context of the phylogenetic classification
of P. indica within the newly defined mycorrhizal
order Sebacinales.

II. The Mycorrhizal Order Sebacinales

Based on morphological and ultrastructural char-
acteristics, members of the order Sebacinales were
originally classified as wood-decaying basidi-
omycetes of the order Auriculariales (Bandoni
1984; Weiss et al. 2004). However, recent phyloge-
netic studies using the nuclear DNA sequence of
the large ribosomal subunit resulted in the defi-
nition of the fungal order Sebacinales, occupying
a central position within the Hymenomycetidae.
The order Sebacinales exclusively harbours ben-
eficial fungi; however these show an extraordinary
diversity, encompassing ectomycorrhizas, orchid
mycorrhizas, ericoid mycorrhizas, cavendishioid
mycorrhizas and jungermannioid mycorrhizas in
liverworts (McKendrick et al. 2002; Selosse et al.
2002, 2007; Kottke et al. 2003; Urban et al. 2003;
Weiss et al. 2004; Setaro et al. 2006). Hence, the
Sebacinales might possess remarkable significance
in natural ecosystems (Weiss et al. 2004).
Phylogenetic analysis divided the Sebacinales
into two subgroups. Subgroup A harbours ecto-
mycorrhizas and orchid mycorrhizas that usually
form hyphal sheaths and occasionally intracellu-
lar hyphae. Fungi of this group are associated with
achlorophyllous or rather heterotrophic orchids
(Weiss et al. 2004). Recently, ectendomycorrhizal
sebacinoids were isolated from Ericaceae. In addi-
tion to hyphal sheaths, colonised roots showed
intercellular networks as well as intracellular struc-
tures (Selosse et al. 2007). Since some members of
subgroup A are thought to form tripartite symbi-
oses connecting trees with orchids, it is speculated
that most of these fungi are able to form both ecto-
and orchid mycorrhizal interactions. Subgroup B
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is more heterogenic with respect to the types of
mycorrhizal associations. It mainly consists of
Sebacina vermifera isolates from autotrophic
orchids, ericoid mycorrhizas associated with
Gaultheria shallon, cavendishioid mycorrhizas
and liverwort-associated jungermannioid mycor-
rhizas (Weiss et al. 2004; Selosse et al. 2007). Within
this group, isolates of S. vermifera represent a par-
ticularly interesting complex. These fungi can be
axenically cultivated, which distinguishes them
from sebacinoid mycobionts of group A. Inter-
estingly, Warcup (1988) isolated several orchid
symbionts of the S. vermifera complex that were
shown to form hyphal coils in orchids. However,
only those isolates that were isolated from ectomy-
corrhizal hosts were able to establish ectomycor-
rhizal interactions. Furthermore it was confirmed
that the symbionts can only colonise a limited
number of orchid hosts (Warcup 1988). In conclu-
sion, S. vermifera isolates were proposed to rep-
resent a conglomerate of species rather than one
diverse species (Warcup 1988; Weiss et al. 2004). It
is even speculated that all members of subgroup B
belong to the S. vermifera complex. However, this
open question can only be answered when more
knowledge on teleomorph stages of jungerman-
nioid and ericoid mycorrhizas becomes available
(Weiss et al. 2004).

Although exhaustive fungal sampling has not
been performed, Sebacinales have been identified
worldwide (Verma et al. 1998; Weiss et al. 2004;
Setaro et al. 2006; Selosse et al. 2007) with specific
branches isolated in Australia, Europe and North
America (Weiss et al. 2004; Selosse et al. 2007). To
date it is not known whether all Sebacinales are
beneficial for their hosts. However, those mem-
bers of the Sebacinales (S. vermifera isolates, P.
indica, multinucleate Rhizoctonia) that have been
examined for their mutualistic activity were able
to promote growth and/or enhance disease resist-
ance in monocotyledonous and dicotyledonous
plants (Waller et al. 2005; Deshmukh et al. 2006),
or support seed germination in orchids (Warcup
1988). These studies revealed that the fungi exhibit
broad host specificity, although the majority were
isolated from orchids, where they exhibit a rather
narrow host range (Warcup 1988).

The recently described fungus P. indica was
shown to be embedded within this group of mutu-
alistic fungi, with the closest relationship to S. ver-
mifera and multinucleate Rhizoctonia (Weiss et
al. 2004). Although the latter was originally desig-

nated as Rhizoctonia sp., due to its morphological
traits, recent phylogenetic studies clearly identi-
fied this fungus as a member of the Sebacinales.
Hence, this isolate is not closely related with the
pathogenic Rhizoctonia solani spp. (teleomorphs
= Thanatephorus) and binucleate Rhizoctonia
spp. (teleomorphs = Ceratobasidium), which are
grouped within the Ceratobasidiales (Ogoshi
1987; Weiss et al. 2004; Gonzalez et al. 2006). Con-
sidering the beneficial effects caused by P. indica
and the related Sebacina spp. or the multinucle-
ate Rhizoctonia, P. indica might be regarded as a
representative member of a huge group of micro-
organisms with considerable biological activities,
significant agronomical potential and high ecologi-
cal relevance.

III. Piriformospora indica - an Orchid
Mycorrhizal Fungus?

P indica was isolated for the first time from an
association with a spore of Glomus mosseae in
the rhizosphere of two shrubs of the Indian Thar
desert, northwest Rajasthan (Verma et al. 1998).
The fungus shows morphological traits common
to members of the Sebacinales. In particular it pos-
sesses dolipores with imperforated parenthosomes
(Verma et al. 1998) and does not have clamp con-
nections. The structure of the basidia is unknown,
since teleomorphs have not yet been isolated.
However, these ultrastructural characteristics are
in accordance with the phylogenetic analyses clas-
sifying P. indica as a member of the Sebacinales
(Weiss et al. 2004). Whether P. indica coexists with
Glomus spp. under natural conditions, or if its iso-
lation from Glomus mosseae reflects a coincidence
of circumstances, has not yet been investigated. It
is known that Sebacinales often live in association
with ascomycetes in their hosts and even colonise
the same cells (Selosse et al. 2002; Urban et al. 2003;
Setaro et al. 2006); but the reason for this coexist-
ence is not known.

As mentioned above, the order Sebacinales
harbours almost all mycorrhizal types other than
vesicular arbuscular mycorrhizal (AM) fungi,
which belong to the phylum Glomeromycota.
Within the Sebacinales, P. indica exhibits the clos-
est relationships to S. vermifera and multinucleate
Rhizoctonia. The various S. vermifera isolates were
sampled from diverse orchid plants and shown to
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support orchid seed germination (Warcup 1988;
Weiss et al. 2004). The natural mycorrhizal plant
partner(s) of multinucleate Rhizoctonia has not
been definitively determined. Interestingly, the
endophyte was isolated from vesicles of Glomus
fasciculatum in pot cultures of Trifolium subter-
raneum L. (Williams 1985). In analogy to P. indica,
the interfungal relationship to this AM fungus in
nature is unknown. Both S. vermifera isolates and
multinucleate Rhizoctonia exhibit a pronounced
host specificity among orchids regarding their
beneficial impact, e.g. by supporting seed ger-
mination. These fungi were determined to form
intracellular hyphal coils (Milligan and Williams
1988; Warcup 1988), which represent characteristic
traits of orchid mycorrhizas (Peterson and Massi-
cotte 2004). In contrast to its closest neighbours, P
indica was reported to be isolated from the rhizo-
sphere of the shrubs Zizyphus nummularia and
Prosopis juliflora which belong, respectively, to the
Rhamnaceae and Fabaceae (Verma et al. 1998).
Specific colonisation types classify each member
of the Sebacinales to defined mycorrhizal categories.
Sebacinoid fungi develop hyphal sheaths, Hartig
nets and intracellular coils (ericoid and cavend-
ishioid mycorrhiza, arbutoid ectendomycorrhiza),
solely build intracellular coils (orchid mycorrhiza),
or even colonise roots intercellularly (ectomycor-
rhiza ;Brundrett 2004; Peterson and Massicotte
2004; Selosse et al. 2007). Compared to these myc-
orrhizal types, epifluorescence microscopy revealed
a divergent colonisation type for P. indica in barley
and Arabidopsis thaliana roots (Deshmukh et al.
2006; Schifer, unpublished data). Upon root contact,
the fungus starts forming extracellular hyphal mats,
which progressively develop. In parallel, it initiates
intercellular root colonisation and frequently pene-
trates rhizodermal and cortical cells. As colonisation
proceeds, the root is densely covered with extracellu-
lar hyphae and harbours thorough inter- and intra-
cellular networks. However, the fungus never enters
vascular tissue. Eventually, fungal colonisation leads
to extracellular and intracellular sporulation (for-
mation of chlamydospores; Deshmukh et al. 2006).
Some of these colonisation traits bear similarities
to mycorrhizal symbioses. For instance, although the
mycelium of P, indica is less densely packed and never
covers the whole root surface, the extracellular colo-
nisation pattern of P. indica is reminiscent of hyphal
sheaths (Deshmukh et al. 2006). External hyphal
growth was regarded not to be a characteristic of
endophytes and rather treated as a mycorrhizal trait

(Saikkonen et al. 1998). Some dark septate endo-
phytes (DSE) exhibit an asymptomatic colonisation
pattern intringuingly similar to that of P. indica
(Jumpponen and Trappe 1998). Phialocephala
fortinii, a representative member of DSE, forms an
extensive extracellular hyphal net prior to inter- and
intracellular colonisation of rhizodermal, cortical,
or root hair cells. Moreover, the fungus often builds
intracellular coiled structures in ericaceous plants
and even forms Hartig nets or labyrinthine hyphae
when associated with ectomycorrhizal hosts. Simi-
larly, P. indica was shown to occasionally produce
intracellular coils in the monocotyledonous hosts
maize and barley (Varma et al. 1999; Deshmukh et
al. 2006), reminiscent of hyphal pelotons seen in the
cortical cells of orchid mycorrhizas. Similar struc-
tures have occasionally been observed in A. thaliana
(Fig. 5.1). Hllustratively, Blechert et al. (1999) ana-

Fig. 5.1. Formation of intracellular coil-like structure of
Piriformospora indica. Rhizodermal cell of the Arabidop-
sis thaliana root differentiation zone showing intracel-
lular colonisation by P. indica at 7 days after inoculation.
The fungus has begun to form coil-like hyphal structures
(arrowheads) that eventually fills the entire plant cell (A).
P indica was stained with chitin-specific WGA-AF488. B
Bright-field interference contrast image from the same col-
onised plant cells. Images were taken using an Axioplan 2
microscope. Root segments were excited at 470/20 nm and
detected at 505-530 nm for WGA-AF 488. Bar 20 um
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lysed the colonisation of protocorms and roots of
autotrophic Dactylorhiza spp. (Orchidaceae) by P
indica and found hyphal coils (pelotons) to be the
typical intracellular structure. In these experiments,
P, indica was shown to support the development of
D. maculata. Moreover, comparison of the intracel-
lular pelotons formed in protocorms of two Dacty-
lorhiza spp. by P. indica were similar in morphology
to pelotons formed in naturally grown D. majalis by
an unknown orchid mycorrhiza. In orchid mycor-
rhizas, these pelotons are surrounded by perifungal
membranes and interfacial matrices separating them
from the host cytoplasm. These complexes represent
plant-fungus interfaces and function specifically in
nutrient exchange (Peterson and Massicotte 2004).
In analogy to plant-P. indica associations, orchid
mycorrhizas do not build the Hartig nets or arbus-
cules commonly observed, respectively, in ecto-
mycorrhizas or arbuscular mycorrhizas (Peterson
and Massicotte 2004). Recapitulating, following the
definition of Brundrett (2004) it might be tempting
to classify P. indica as an orchid mycorrhizal fun-
gus. However, it remains of principal importance to
determine whether the coiled or non-coiled intra-
cellular hyphae possess perifungal membranes as
well as interfacial matrices enabling these organs to
exchange nutrients, as reported for orchid mycor-
rhizas. Interestingly, most members of the Sebaci-
nales exhibit some host flexibility, enabling them to
form ectomycorrhizas or orchid mycorrhizas (War-
cup 1988; Weiss et al. 2004). It should be emphasised
that all of the above-mentioned mycorrhizal traits
are variable and depend on environmental factors
as well as the colonised host. As a consequence, AM
and ectomycorrhizal fungi colonise non-host plants
or older root regions of hosts in an endophytic
manner, presumably in order to guarantee survival
(Brundrett 2004, Johnson et al. 1997). Thus, based on
the above presumptions, P. indica might be regarded
as a mycorrhizal fungus in associations with certain
hosts (e.g. orchids), while its endophytic non-myc-
orrhizal activity might be predominant in alterna-
tive hosts such as barley and A. thaliana.

IV. Benefits of P. indica Symbiosis for
Host Plants

The beneficial effects conveyed by P. indica and
related Sebacina spp. to the plant companion have
been extensively studied in barley (Waller et al. 2005;

Deshmukh et al. 2006). Colonised plant seedlings
show up to 30% increase in shoot biomass under
greenhouse conditions. Importantly, this positive
growth effect is also verifiable under field test con-
ditions: When the spring barley elite cultivar Anna-
bel grown in Mitcherlich test pots is colonised by
P indica,both the plant biomass compared to non-
colonised plants and the grain yield are increased
by about 10%. Unlike arbuscular mycorrhiza,
growth promotion governed by P. indica has been
demonstrated to be unaffected by P or N fertilisa-
tion (Achatz and Waller, unpublished data).
Pindica-colonisedplantsalsoacquireimproved
disease resistance towards the necrotrophic root
pathogens Fusarium culmorum (Waller et al. 2005)
and F graminearum (Deshmukh and Kogel 2007).
The molecular mechanism of this antifungal
activity is not clear, because most of the defence-
related PR genes in barley roots are only moder-
ately and transiently induced by P. indica at early
penetration stages (Schifer et al., unpublished
data), and evidence for antimicrobial compounds
was not found. Significantly, barley leaves are very
efficiently protected from infections by the pow-
dery mildew fungus Blumeria graminis f.sp. hor-
dei (up to 70% reduction in pustule frequencies),
suggesting that a systemic resistance response is
elicited by root colonisation. Systemic activation
of the plants’ defence machinery is corroborated
by the detection of P. indica-mediated elevation
of subcellular plant defence responses, such as
cell wall apposition (papillae) and hypersensitive
response, in association with attempted infection
by B. graminis. Likewise, seven S. vermifera isolates
originating from Australian and European sources
confirmed a systemic protection activity in barley
seedlings ranging from 10% to 80% reduction of
powdery mildew colonies. It remains to be shown
to what extent this activity spectrum may reflect
a variable constitutive biological potential of sin-
gle Sebacina strains or, alternatively, host cultivar-
specific associations and thus varying degrees of
specialisation of the mutualistic symbiosis.
Growth promotionaswellasenhancedresistance
conferred by P, indica against pathogens colonising
roots (Fusarium culmorum), stem bases (Pseudocer-
cosporella herpotrichoides (teleomorph: Tapesia yal-
lundae) and leaves (B. graminis f.sp. tritici) were also
observed in wheat under greenhouse conditions.
Interestingly, the effects were mainly recorded when
plants were grown on sand. However, similar effects
could not be observed under field conditions, with
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the exception of a reduced disease development of
P, herpotrichoides and a higher straw production in
a field with poor soil quality (Serfling et al. 2007).
It is noteworthy that the defence potential of Pirifor-
mospora indica against Pseudocercosporella herpot-
richoides might rely on systemic effects, since both
fungi colonise different plant organs.

Unexpectedly, A. thaliana is also among the wide
range of host plants of Piriformospora indica (Pham
et al.2004). Fungal colonisation influences expression
of specific genes in roots of A. thaliana, both before
and after root contact with the fungal mycelium and
promotes plant growth (Shahollari et al. 2005; Shera-
meti et al. 2005). In addition, colonised plants exhibit
better growth performance and are more resist-
ant against Golovinomyces orontii, the causal agent
of powdery mildew on A. thaliana leaves. This sys-
temic character of the induction of disease resistance
becomes apparent in the reduced potential of the
pathogen to propagate, due to reduced numbers of
conidiophores per area unit mycelium and reduced
numbers of conidia produced per leaf fresh weight
(Stein and Molitor, unpublished data).

V. Cell Death Makes a Difference

Despite extensive colonisation by P. indica, bar-
ley and A. thaliana roots do not display any

Fig. 5.2. A. thaliana root
responses towards P. indica
colonisation. A. thaliana
plants at 7 days after inocu-
lation with P. indica (A) or
mock-treatment (B). Plants
were grown for 3 weeks on
0.5MS medium (mod. 4;
Duchefa, The Netherlands)
in Petri dishes before inocu-
lation of plants with spore
suspension (500 000 spores
ml™!) or mock-treatment
with 0.02% Tween water.
At this stage, roots show
intensive inter- and intrac-
ellular colonisation without
causing visible colonisation
symptoms in host roots -

e e

macroscopic evidence for impairment or even
necrotisation (Fig. 5.2). Importantly, the colonisa-
tion patterns of the various root regions harbour
some quantitative as well as qualitative differ-
ences, which additionally distinguish P. indica on
barley (and Arabidopsis) from endomycorrhizal
fungi. Fungal root colonisation increases with root
maturation and the highest fungal biomass has
been found in the differentiation and particularly
the root hair zones. Cytological studies revealed
the various interaction types of P, indica with dif-
ferent barley root regions and showed that the root
hair zone (as oldest root zone) was mostly severely
colonised by intracellular hyphae. In contrast, cells
of the differentiation zone were often filled with
fungal hyphae reminiscent of hyphal coils (Desh-
mukh et al. 2006), while the meristematic zone was
barely and solely extracellularly colonised. Root
colonisation by P. indica differs from that of AM
fungi, which are known to preferentially colonise
younger root parts, since the physiological activity
of host cells is a prerequisite for efficient nutrient
exchange between the symbiotic partners.

One of the main qualitative differences between
P, indica and other mycorrhizas is the requirement
of cell death for root colonisation (Deshmukh et al.
2006). Recent transmission electron microscopic
studies revealed that cells are not dead at pen-
etration stages, but show ultrastructural changes
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as cell colonisation becomes established (Schiafer
and Zechmann, unpublished data). These find-
ings suggest that the fungal colonisation strategy
is not simply focused on the perception and sub-
sequent colonisation of dead cells. In other words,
penetrated host cells obviously die at one defined
point of cell colonisation. The fact that this coloni-
sation strategy crucially depends on host cell death
at a certain interaction stage was shown in barley
plants constitutively overexpressing the negative
cell death regulator Bax Inhibitor-1. As a result of
the genetically increased cell viability, fungal root
colonisation was significantly reduced in these
transgenic plants (Deshmukh et al. 2006). Conspicu-
ously, in roots of wild-type barley inoculated with P.
indica, Bax Inhibitor-1 was found to be suppressed
5 days after inoculation and thereafter. The ques-
tion arises whether this cell death-associated host
response reflects a general colonisation strategy of
the endophyte to benefit from plants. Alternatively,
it may reflect some kind of imbalanced interaction
with unfavourable host plants. As mentioned above,
other mycorrhizal fungi are capable of colonising
non-host roots and older root regions of host plants
in an endophytic manner (Brundrett 2004). Never-
theless, AM fungi are incapable of initiating repro-
duction in these situations and nutrient supply is
apparently not sufficient to guarantee long-term
survival. In other words, the AM fungus is changing
its life strategy in order to survive hostile conditions
(Brundrett 2004). In contrast, P. indica is able to
sporulate in barley and A. thaliana roots and, dur-
ing the establishment of an initial biotrophic phase,
the fungus does not induce apparent molecular and
structural defence mechanisms, implying a certain
degree of adaptation to these plants (Schifer and
Zechmann, unpublished data).

VI. Parasitic Associations of Plants with
P. indica

Despite the flexibility of endophytes in colonising
plants, the environmental factors, developmental
stages and genetic predispositions of the interact-
ing organisms can turn an asymptomatic associa-
tion into parasitic or incompatible interactions, in
which the endophyte either exhibits detrimental
growth in plants traceable by disease development
(and yield decrease), or has lost the capability to
enter the plant tissue. Schulz and Boyle (2005)
found that endophytes tended to exhibit a parasitic

lifestyle on host plants in laboratory or greenhouse
studies, most probably due to unfavourable
environmental conditions, whereas symptomless
associations were observed in field experiments.
This view is supported by investigations on dark
septate endophytes in which experimental condi-
tions resulted in a switch to a parasitic lifestyle
(Jumpponen and Trappe 1998). Another example
is given by Lophodermium. This endophyte was
shown to asymptomatically colonise young needles
of white pines but to switch to a more extensive
and parasitic colonisation pattern during needle
senescence (Deckert et al. 2001). Experiments
with the root endophyte Epichloé festucae showed
that such switches in endophytic life strategies do
not necessarily depend on polygenetic traits. In
contrast to the symptomless colonisation of the
wild type in the host Lolium perenne, endophytic
mutants defective in a NADPH oxidase (noxA) and
a proposed regulator (noxR) displayed pathogenic
colonisation (Takemoto et al. 2006; Tanaka et al.
2006; Chap. 15). Interestingly, the cucurbit patho-
gen Colletotrichum magna was also converted into
a fungal mutualist by disruption of a single gene,
although the respective gene has not yet been iden-
tified (Freeman and Rodriguez 1993; Redman et
al. 1999). Hence, endophytism and even parasitism
is a matter of harbouring or lacking certain genes
or sets of genes. Such rather simplified genetic
switches might represent a significant advantage.
For example they might support a physiological
flexibility under various environmental condi-
tions and, thus, promote fungal reproduction.
These genes might represent determinants of the
life strategy of these microbes and help them to
occupy ecological niches.

Schulz and Boyle (2005) hypothesised a “bal-
anced antagonism” of endophyte-plant interac-
tions,meaning an equilibrium between endophytic
virulence factors and host defence responses that
enable restricted non-pathogenic tissue colonisa-
tion. As soon as external or internal factors are
misbalanced the asymptomatic interaction can
turn into a parasitic one.

Conditions that are unfavourable for P. indica-
plant associations, for example an antagonistic
genetic background of the host plant or environ-
mental factors, have been reported to impair or
even change the outcome of the symbiosis (Kaldorf
et al. 2005). However, stunted root development,
as recently observed in sterile culture (Sirrenberg
et al. 2007), might neither display unfavourable con-
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ditions nor be misinterpreted as a parasitic trait of P
indica. It rather indicates the auxin-producing capaci-
ties of the fungus that are pronounced under certain
inoculation conditions. Under natural conditions,
similar plant reactions might not be triggered by the
fungus. For example, the use of chlamydospores of
P. indica for plant root inoculation under compa-
rable sterile conditions does not provoke stunted
root growth (Fig. 5.2), despite intensive root coloni-
sation. Plant root inhabitation by P. indica appears
to depend on the developmental stage of the root
tissue. In healthy roots, younger root tissue of the
meristematic region is barely colonised in A. thal-
iana and barley; and in those rare cases only extra-
cellular colonisation occurs. Deshmukh et al. (2006)
comparatively quantified colonisation of root tip
regions and the rest of the root and reported on
significantly reduced fungal biomass in the former
tissue. At the interaction sites of the meristematic
zone, where P. indica started occupying rhizodermal
cells, the plant showed a hypersensitive response-
like defence reaction (Fig. 5.3). These defence
responses were not detected in equally invaded
cells of older root parts (Fig. 5.1; Schéfer, unpub-
lished data). The assumption that mature root
zones represent an accumulation of dead or inac-
tive cells, and thus unprotected entry points, can be

Fig.5.3. Defence response in a cell colonised by P. indica.
A rhizodermal cell of the meristematic A. thaliana root
zone reacts with a hypersensitive-like response after pen-
etration by P. indica at 3 days after inoculation. A P. indica
was stained with WGA-AF488. B Under UV light the colo-
nised cell shows autofluorescence. Images were taken using
an Axioplan 2 microscope. Root segments were either
excited at 470/20 nm and detected at 505-530 nm for WGA-
AF 488, or excited at 546/12nm and detected at 590 nm for
detection of autofluorescence. Bar 20 pm

excluded. By investigating diverse A. thaliana plants
in which both the structural components of root
cells (e.g. actin, tubulin) and the cellular organelles
(e.g. nucleus, endoplasmic reticulum, plasma mem-
brane) were tagged with green fluorescing protein, it
became obvious that even mature cells were alive at
the time of fungal penetration (Schifer, unpublished
data). Taken together, these studies demonstrate a
clear preference of the fungus for mature root tissue.
Second, the fungus is obviously recognised by its
host. The colonisation pattern might be due either
to a less active host immunity surveillance system
in mature root parts, or to a facilitated access due to
the elimination of adverse host activity by the fun-
gus. In contrast, due to the exceptional importance
of the meristematic zone for plant survival, this zone
might be particularly guarded by the innate immu-
nity system. Obviously the host is capable of restrict-
ing fungal colonisation; and this control appears to
gradually decrease as root tissue matures.

As discussed above for other plant-endophyte
associations, environmental conditions can pro-
voke a pathogenic lifestyle of P. indica in host
plants, as described by Kaldorf et al. (2005), whose
study showed that the beneficial effects of P. indica
on populus seedlings were redirected into reduced
root growth and leaf necrosis when ammonium
instead of nitrate was provided as single nitrogen
source during plant-fungus co-cultivation. Under
these experimental conditions, the fungus exhib-
ited an unrestricted invasion of all plant organs
including aerial parts. By adopting the same
experimental setup, we reproduced these detri-
mental effects of P. indica in A. thaliana and barley
(Schéfer and Kogel, unpublished data).

VII. Factors Involved in Plant
Colonisation by P. indica

As mentioned in the previous sections, the host
range of endophytes can be restricted by their
genetic predisposition as well as by plant factors.
Under natural conditions some endophytes dis-
play a certain degree of host specificity, so that not
all plant taxa are equally infested. Failed colonisa-
tion may be accompanied by the development of
disease symptoms (Schulz and Boyle 2005).
Sofar,P.indicahasnotbeen shown to possessa
distinct host specificity, nor have non-host plants
been detected. The fungus colonises monocoty-
ledonous and dicotyledonous plants equally well.
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Hosts include orchids (Dactylorhiza sp.) and mem-
bers of the Poaceae (e.g. barley, maize, rice, wheat)
and Brassicaceae (e.g. A. thaliana; Verma et al. 1998;
Blechert et al. 1999: Varma et al. 1999; Waller et al.
2005); and colonisation is asymptomatic, although
these plants are both inter- and intracellularly colo-
nised. The question arises to what extent the plant
innate immunity is activated by P. indica. In bar-
ley, defence genes are moderately and transiently
induced, as indicated by a marker gene (PR-1, PR-2,
PR-5) expression study (Deshmukh and Kogel 2007;
Waller et al. 2008) and microarray-based investiga-
tions (Schéfer et al., unpublished data). This is remi-
niscent of findings reported for plants colonised by
AM fungi (Harrison 2005). Some common defence
reactions were found in plant-endophyte interac-
tions, e.g. papillae formation, cell wall lignification,
H,0, accumulation, enhanced peroxidase activity,
or accumulation of phenolic compounds (Schulz
and Boyle 2005). Whether these responses signifi-
cantly contribute to the restriction of endophytic
colonisation is unknown. Studies with tobacco and
Nicotiana sylvestris constitutively expressing dif-
ferent plant chitinases demonstrated that defence-
related proteins do not per se exhibit antimicrobial
activity against the AM fungus Glomus mosseae
(Vierheilig et al. 1993, 1995). Certain chitinases are
even reported to support mycorrhizal root colo-
nisation by hydrolysing chitin (Salzer et al. 1997),
which would otherwise be recognised by the plant
innate immunity system and induce pathogen-
associated molecular pattern (PAMP)-triggered
immunity (Jones and Dangl 2006; Kaku et al. 2006;
Miya et al. 2007). Analogously, greenhouse experi-
ments revealed that barley plants constitutively
overexpressing an endochitinase of the soilborne
fungus Trichoderma harzianum were equally well
colonised by G. mosseae as control plants. Since
these plants were shown to synthesise and secrete
a highly active recombinant protein, antimicrobial
activities of chitinases might not impair the myc-
orrhizal fungus (Kogel, von Wettstein and Schifer,
unpublished data).

However, recent studies identified some host
genes of A. thaliana which restrict or support the
colonisation of plants by P. indica. As reported
above, root cell death regulation might be of
importance since overexpression of the negative
cell death regulator Bax Inhibitor-1 reduces fun-
gal colonisation in barley and in A. thaliana roots
(Deshmukh et al. 2006; Schifer and Kogel, unpub-
lished data). In a genetic screen for host factors

regulating fungal colonisation of plant roots, the
ethylene-insensitive A. thaliana mutant line etrI-3
was identified (Khatabi and Schéfer, unpublished
data). QPCR-based quantification of fungal bio-
mass revealed a lower colonisation of this mutant,
which was defective in an ethylene receptor and
thus impaired in ethylene-mediated signalling
responses (Bleecker et al.1988; Benavente and
Alonso 2005). Despite the lower colonisation rate of
etrl-3, induction of P. indica-mediated resistance
to powdery mildew was not impaired. Similarly,
the A. thaliana mutant line ctr1, which is defective
in a serine/threonine protein kinase and acts as a
negative regulator of the ethylene response path-
way (Kieber et al. 1993), displayed a constitutive
expression of ethylene responsive genes (Zhong
and Burns 2003) and showed 3- to 4-fold higher
colonisation. The extent to which ethylene produc-
tion is affected in roots of A. thaliana interacting
with P. indica is currently under investigation.
Recent studies on the Nicotiana attenuata-S.
vermifera interaction indicated that infested seed-
lings showed reduced sensitivity to the ethylene
precursor 1-aminocyclopropane-1-carboxylic acid
(ACC). After applying ACC to dark-grown seed-
lings, morphological effects known as the triple
response (a shortened and thickened hypocotyl,
the inhibition of root elongation growth, a pro-
nounced apical hook) were no longer detected in
S. vermifera-colonised tobacco plants. Moreover,
silencing of 1-aminocyclopropane-1-carboxy-
lic acid oxidase (ACO) in N. attenuata, which is
involved in ethylene synthesis, led to taller plants
under non-inoculated conditions. Furthermore,
the respective mutants no longer showed growth
promoting effects after inoculation with S. vermif-
era (Barazani et al. 2007). Hence, it was postulated
that endophyte-triggered growth performance
might be the result of impaired ethylene synthesis
and/or signalling in colonised plants. Interestingly,
Barazani et al. (2005) detected a reduced herbiv-
ore resistance in N. attenuata leaves after inocula-
tion with S. vermifera. After application of an oral
secretion of a herbivore to N. attenuata leaves, S.
vermifera-inoculated plants displayed a reduced
ethylene burst and suppressed transcript accumula-
tion of ethylene synthesis genes (NaACS3, NaACO1,
NaACO3).1n these experiments, neither the accumu-
lation of jasmonic acid (JA) and JA-isoleucine nor JA
signalling was affected (Barazani et al. 2007). Taken
together, the inhibition of ethylene production
by S. vermifera has positive and negative effects
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on the plant. While growth is promoted, herbiv-
ore resistance is impaired. The studies of Bara-
zani et al. (2007) and our results with A. thaliana
may indicate that the beneficial systemic effects,
growth promotion of plants and resistance induc-
tion against Golovinomyces orontii, mediated by
sebacinoid mycobionts, are not mediated by the
same pathways.

VIII. Impact of Various Plant Mutations
on P. indica-Induced Resistance

P indica-induced systemic resistance to the pow-
dery mildew fungus G. orontii is largely com-
promised in A. thaliana mutants defective in
components of the JA/ethylene (ET) defence path-
way. However, this resistance is independent of
the salicylate (SA) pathway. A. thaliana genotypes
showing enhanced resistance to G. orontii after P.
indica colonisation can be clearly distinguished
from those with no response to P. indica: While
induced resistance still occurs in NahG plants not
accumulating SA and in the SAR regulatory mutant
non-expressor of PR genes1-3 (npri-3), it is abol-
ished in jasmonate responsel-1 mutants (jarl-1,
insensitive to jasmonate; Stein et al., unpublished
data). Unlike npr1-3,the npri-1 null mutant (which
exhibits compromised pathways for both salicylate
and jasmonate) is also non-responsive to P. indica
and thus shows a higher susceptibility to G. oron-
tii. In contrast to nprl-1, the mutant npri-3 still
supports a cytoplasmic function of NPR1, in spite
of the fact that nuclear localisation of this protein
is impaired in both mutants. Hence, a compro-
mised defence response in npri-1 demonstrates
a requirement for the cytoplasmic function of
NPRI1 for P. indica-induced resistance. Since root
colonisation with P. indica is not compromised in
the non-responding mutants, the mutant analyses
suggest that JAR1 and NPR1 are genes required for
P indica-mediated resistance to powdery mildew.
Interestingly, the jarl-1 mutant is characterised
by reduced JA sensitivity, leading to an impaired
induced systemic resistance (ISR) reaction and
reduced resistance to the opportunistic soil fun-
gus Pythium irregulare (Staswick et al. 1992, 1998;
Pieterse et al. 1998). JAR1 is able to adenylate JA,
an enzymatic step initiating covalent modifica-
tions such as coupling to amino acids (Staswick
et al. 2002). JA-isoleucine was recently shown to
promote the binding of COIl and JAZ1, crucial

elements in JA signalling and possible JA receptor
candidates (Chini et al. 2007; Thines et al. 2007).
The requirement for JAR1 thus suggests that P
indica-mediated resistance requires the formation
of JA conjugates. These are active in transmitting
several, but not all, JA-mediated responses.

IX. Bacterial Endosymbiotic
Associations Within Sebacinales

Recent molecular analyses have shown that both
P indica and S. vermifera are intimately associated
with bacteria (Sharma et al. 2008). Based on PCR
analyses and sequencing of the 16S ribosomal
RNA, an association of P. indica with Rhizobium
radiobacter, a gram-negative oi-proteobacterium,
was traced back to the original P. indica isolate
deposited in the culture collection of the German
Resource Centre for Biological Material, Braun-
schweig. This isolate had been deposited imme-
diately after its discovery in the mid-1990s. While
bacterial cells are not present in culture filtrates
of P. indica, they are released after crushing the
fungal mycelium, suggesting that R. radiobacter is
closely associated with the hyphal walls or even
lives endosymbiotically. Isolated bacteria show
biological activities on barley similar to those
mediated by P. indica, including systemic resist-
ance induction against powdery mildew and
growth promotion. Since R. radiobacter has not
been successfully eliminated from P. indica, it
remains an open question to what extent fungus
and bacterium contribute to the biological effects
on their host plants.

A PCR-based screen of various Sebacina ver-
mifera cultures for the presence of bacteria clearly
revealed fungal isolates from various original
sources to be stably associated with single bac-
terial species. For instance, Sebacina vermifera
strain MAFF305838 lives associated with Paeni-
bacillus spp. Using fluorescence in situ hybridisa-
tion (FISH) with eubacterial fluorescent primers,
bacterial cells were localised inside fungal hyphae
and chlamydospores (Fig. 5.4). In contrast to R.
radiobacter, Paenibacillus could not be cultivated
in axenic cultures. Thus the biological activity of
this bacterium and its contribution to a more com-
plex tripartite symbiosis has not been resolved. In
essence, the above findings show that the Sebaci-
nales undergo complex symbioses involving host
plants and bacteria.
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Fig.5.4. Sebacina vermifera strain MAFF305838 harbours
endosymbiotic bacteria. Bacteria (Paenibacillus sp.) asso-
ciated with S. vermifera strain MAFF305838 were localised
within hyphal cells by using fluorescent in situ hybridisa-
tion (FISH) and confocal laser-scanning microscopy. Bac-
teria in association with the fungus were labeled with: (A)
a EUB-338 FITC-labeled probe mix (excitation/emission:
488 nm/517 nm) for detection of eubacteria and (B) a LGC-
354 Cy3-labeled probe mix (543nm/562nm) for specific
detection of Firmicutes, to which Paenibacillus sp. belongs.
Merged images (C) show the congruence of both labels,
indicating the endosymbiotic localisation of the bacteria.
A EUK-516 Cy5-labeled probe for detecting eucaryotes
(633nm/664nm) did not bind to endosymbiotic bacteria
(data not shown). Bar 10 um

There are several reports showing a mutual-
istic association of mycorrhizal fungi with bacte-
ria in which, for instance, bacteria improve spore
germination and the formation of mycorrhizal
interactions. In addition, plant growth-promoting
bacteria (PGPR) have been shown to interact phys-
ically with fungal hyphae. Rhizobium and Pseu-
domonas species attach to germinated AM fungal
spores and hyphae (Bianciotto et al. 1996a), but no
specificity for either fungal or inorganic surfaces
could be detected among the bacteria tested.

True endosymbiotic bacteria have been
reported in only a few fungi, including members of
the Glomeromycota (e.g. Gigaspora sp., Geosiphon
pyriforme) and the ectomycorrhizal basidiomycete
Laccaria bicolor. For example, endobacteria have
been detected in five species of Gigasporaceae and
various fungal cells, including spores, germtubes
and extra- and intraradical hyphae, but not in
arbuscules (Bianciotto et al. 1996b). Endosymbi-
otic bacteria were first identified in the AM fungus
Glomus margarita, and this association is the best
studied interaction of AM fungi and endobacteria
(Bianciotto et al. 1996b). Recent studies estimated
an average of about 20 000 bacteria per G. mar-
garita spore (Bianciotto et al. 2004; Jargeat et al.
2004). Although initially assigned to the genus
Burkholderia, recent phylogenetic analyses based
on 16S ribosomal RNA gene sequences proposed
the introduction of a new taxon termed Candida-
tus Glomeribacter gigasporarum (Bianciotto et al.
2003). The small bacterial genomes (about 1.4 Mb)
consist of a single chromosome and a single plas-
mid (Jargeat et al. 2004). Recently, Lumini et al.
(2007) published a procedure for dilution of the
bacteria by using successive in vitro single-spore
inocula. The absence of bacteria severely affected
presymbiotic fungal growth with deficiencies
in spore shape and hyphal elongation, delays in
growth onset of germinating mycelium and in
branching after root exudate treatment. These
results suggest that endobacteria contribute to
regular development of its fungal host.

In the plant pathogen Rhizopus microsporus
endosymbiotic bacteria play a crucial role in fun-
gal infection strategies. Until recently, R. micro-
sporus was thought to produce a toxin that kills
plant root cells. However, Partida-Martinez and
Hartweck (2005) demonstrated that the toxin was
not produced by the fungus but by endogenous
bacteria. On the basis of the 16S ribosomal RNA
gene sequence, they found that the bacteria belong
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to the genus Burkholderia, a member of the beta
subdivision of proteobacteria. The bacteria and
bacteria-free fungus were each isolated in pure
culture. There was a strong correlation between
the presence of bacteria and the toxin-producing
capability of Rhizopus. In the absence of endo-
bacteria, Rhizopus macrosporus was not capable
of vegetative reproduction (Partida-Martinez et al.
2007). Formation of sporangia and spores was
restored only upon reintroduction of endobacte-
ria. The motile rod-shaped bacteria appeared to be
prone to chemotaxis, since they migrated toward
the tips of the hyphae, the region best supplied
with nutrients and where sporangia were formed.

X. Conclusions

Present knowledge characterises P. indica as a
potential orchid mycorrhiza fungus that can be
clearly distinguished from ectomycorrhizas or
arbuscular mycorrhizas. However, its endophytic
life style might be predominant in associations
with certain plants. Even during these types of
evolutionarily inappropriate interactions, the fun-
gus is able to confer beneficial effects to its hosts;
this phenomenon distinguishes P. indica from
ectomycorrhizal and AM fungi.

P. indica is a model organism of the newly
defined order Sebacinales within the phylum
Basidiomycota, comprising a group of mycorrhizal
fungi that form mutualistic symbioses with an as
yet widely unrevealed function in natural eco-
systems as well as cropping systems. In contrast
to AM fungi, P. indica and related species of the
S. vermifera complex confer systemic resistance
against root and leaf pathogens to a wide range
of monocotyledonous and dicotyledonous plants.
Moreover, these fungi bear a significant agro-
nomical potential, since they increase grain yield.
Their application in horticulture or agriculture is
economically and practically feasible through the
facilitated propragation of fungal inoculum using
liquid or axenic cultures. The huge prospective
biodiversity in the Sebacinales provides the per-
spective that appropriate sebacinalean mutualists
mightbe discovered for many crop plants. Research
on Sebacinales, however, may not only enable new
crop production strategies but additionally may
eminently expand our basic knowledge on host-
microbe interactions. Recent discovery of fun-
gus-associated endobacteria demonstrated that

Sebacinales can participate in a more complex
symbiosis. Although the exact contributions of
the partners are not fully elucidated, it is clear that
the bacteria perform activities that were formerly
ascribed to the fungal partner. In addition, it is
obvious that P. indica shows properties that clearly
contrast with those ascribed to AM fungi:

1. In comparison to known endophytic strategies,
P indica requires host cell death for successful
plant colonisation, implying that fungal effec-
tor molecules interfere with the host cell death
machinery.

2. P indica conveys systemic disease resistance to
fungal leaf pathogens, which has rarely been
observed in monocotyledonous plants.

3. P. indica is the sole fungal mutualist identified
to date that colonises A. thaliana and mediates a
type of systemic resistance to powdery mildew
which depends on jasmonate signal pathways.

The power of available A. thaliana signal trans-
duction mutants and reverse genetics will further
accelerate disclosure of the molecular basis of the
symbiosis and its beneficial effects on the plant.
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Abstract

Large data sets are generated by the various “Ompiaforms defining transcriptomes,
proteomes, and metabolomes. Currently, the limgtgp is the functional analysis of
proteins and thus translation of the data intoadolgical and physiological context. The
unavailability of robust and fast transformatiostgyns for monocotyledonous plants is a
major restriction in functional analyses. Here wesent a stable root transformation
system for barley, designated STARTS, that alldvesfast overexpression and silencing
of genes. By applying STARTS, functional analysas be reduced to 6-8 weeks, which
makes the system incomparably faster than convaltiansformation approaches.
Thus, STARTS represents a highly efficient methadffinctional analyses of proteins.
We demonstrate that STARTS can be reliably applied non-invasive protein
localization, for the analyses of root developmkeptacesses as well as the examination
of mutualistic and pathogenic barley root-microb#eiactions. We propose that

STARTS can be established in other cereals (e.gatyhice).



Introduction

Roots are the central organ for supplying plantthwiutrients and water and are
suggested to improve plant adaptation and thus ugtodty under changing
environmental conditions (White and Brown, 2010} A is pivotal for a sessile
organism like plants, this adaptive potential h&® aonsiderable relevance for crop
production. Food security is a global concern ahd tentral task of agricultural
production systems to provide food for a growingld/@opulation (FAO, 2009). Abiotic
stresses such as low nitrogen supply, drought alidssess and heavy metal toxicity
(Witcombe et al., 2008) as well as biotic stresa assult of pathogen (fungi, bacteria)
and insect invasion affect crop production (CodQ2 Fuller et al., 2008). Furthermore,
roots are also entry point for leaf pathogens ($eanmd Osbourn, 2004). Root disease
represent a serious threat as protective cultimatreethods, resistant germplasms or
chemical control strategies are missing. Therefer®ancement of crop production
menas to improve cropping systems and to increlase productivity. Support is given
by the interaction of plant roots with mutualistiecrobes, such as mycorrhizal fungi or
N-fixing bacteria, which considerably improve natri and water uptake of roots and
enhance plant growth. Importantly, plants are gsatected against abiotic and biotic
stresses (Parniske, 2008; Oldroyd and Downie, 2(®éhafer and Kogel, 2009).
However, the molecular base of root colonizatiod afh the benficial effects are just
partly understood.

In addition to classical breeding strategies, lwlot®logical approaches bear the potential
to improve stress adaptation of crop plants (Mitd@d Blumwald, 2010). The post-

genome era provides a multiplicity of “omics” infeation including transcriptome,



proteome or metabolome data sets whose translatiem biological significant
phenotypes is a major limitation. The function &t proteins during plant development
or under stress condition is commonly determinedsitsncing (via RNA interfernce,
RNAI) or overexpression of respective genes. Varimansient and stable transformation
systems have been developed to transfer genes Ai Bivistructs into leaf tissue in
monocotyledonous (e.g. barley) and dicotyledonolesntp (e.g. tomato, tobacco,
Arabidopsis) in order to study protein functions (Newell, 2D00ransient transformation
is mostly done by virus-based techniques or byiafittoation, which is aAgrobacterium
tumefaciens-based transfection, have been used to overexpresfence plant genes
(Kumagai et al., 1995; MacFarlane and Popovich,020d@allory et al., 2001). In
addition, biolistic approaches are widely used imclv small plasmid coated particles
(tungsten, gold; diameter of ~ 1 um) harboring geee of interest are bombarded into
host cells unsing a gene gun (Kikkert et al., 200Mjhough these approaches are
unquestionable faster than stable transformatiamsterred genes are not inserted into
the plant genome and the plant tissue is just grtiransformed. Consequently, the
synthesis of recombinant protein is mostly lowercampared to stable transformation
(Chung et al., 2006). This is partly overcome bynbmming an improved TMV vector
with Agrobacterium tumefaciens-based transfection (agroinfiltration) thereby emtiag
transient transformation efficiencies in plantuiss (Marillonet et al., 2005).

The predominant method for stable plant transfoionais Agrobacterium tumefaciens-
mediated gene transfer (Herrera-Estrella et aB3LA. tumefaciens has a broad host
spectrum (Newell, 2000) and naturally incorpordtes well-characterized transferred

DNA (T-DNA), which is part of the bacterial tumarducing (Ti)-Plasmid, into the plant



genome (Tzfira and Citovsky, 2006). By this meahgumefaciens replicates in plants.
By replacing the T-DNA with a gene of intereAt,tumefaciens can be used to achieve
the expression of recombinant proteins in plantg atudy their effect on plant
developmental aspects, plant reproduction or biatic abiotic stress. VariouA.
tumefaciens-mediated transformation procedures have been dcese@l For instance,
Arabidopsis is transformed by the floral dip method (Clougld 8ent, 1998). In barley,
cells of the scutellum of immature embryae transformed by co-cultivating bacteria
with A. tumefaciens. The partially transformed scutella are used generate calli prior
to induce shoot growth from single transformed scelhd to regenerate whole plants
(Tingay et al., 1997). However, this procedure abokious and time-consuming and
functional studies can be started after obtainioghézygous T2 plants, which takes
about 12 months. It makes this system highly icedffit for root-related functional
studies but alternative transformation system ateawailable. An efficient barley root
transformation system would require the robust f@stl introduction of candidate genes
into roots and each cell should be transformed.

We present here a stable root transformation sy{8WARTS) for barley, which
combines the robustness of conventional stablesfibamation approaches with a highly
time-efficient generation of transformed root. Wentnstrate here that STARTS is
applicable to generate roots in which barley geocas be specifically targeted for
silencing and overexpression. We provide evidehaee $TARTS is suitable to robustly
silence genes irrespective of their transcriptevel and to perform non-invasive protein

localization studies. Importantly, STARTS can bé&cedntly applied to for functional



studies in root developmental as well as mutualisthd pathogenic root-microbe

interaction.



Results

Development of the stable root transformation systa (STARTS)

We aimed to establish a fast and robust root toamsition system for the functional
characterization of proteins in roots. In a firgjperiment, we set up conditions that
allowed the fast and efficient generation of rdodsn barley calli. As summarized in Fig.
1, the scutellum of immature barley embryos werdaied and transferred to callus
induction medium allowing rapid cell division to tain calli. These calli were
transferred to root induction medium and multipkes/eral roots differentiated from
single cells of calli. This procedure reduced theetfor the generation of roots to about 6
weeks compared to approximately 12 months requoedoot generation homozygous
T2 transformants by classical techniques. By ceht@ur new approach would allow the
direct usage of regenerated roots. To test theeusfghe system to generate stably
transformed roots, we perform@drobacterium tumefaciens-mediated transformatiom.
tumefaciens was carrying the green fluorescent protein (GFRpen control of
constitutive promoter of maiagiquitin. The isolated scutella of immature embryos (Fig.
2A, B) were co-cultivated for two days with thAs tumefaciens to allow transformation
of scutella cells with GFP. GFP expression was iveskin scutella cells at 1-2 days after
co-cultivation (Fig. 2B) and in dividing scutell@lls at 1-2 weeks aftek. tumefaciens
transformation (Fig. 2C). Later expression of GFRswalso was observed in calli
regenerated from transformed scutella at 2-3 wedtes co-cultivation (Fig 2D). The
calli were subsequently transferred into root inguc medium and roots were
developing from single callus cells within 2-3 weeleFP expression was observed in all

root cells (Fig. 2E, F). This experiment confirmig accessibility of the system for



stable genetic transformation and the generatiostalbly transformed roots within 6
weeks. The system was defined as stable_root tnanafion_system (STARTS).

Next, we addressed the question whether STARTSddoeilapplied for gene silencing.
Therefore, we monitored silencing of the endogenbadey gene HEXPANSIN Bl
(HVEXPB1) which is required for root hair development (Kwisvski and Szarejko,
2006). Scutella were co-cultured with A. tumefasi@arrying a silencing construct for
HVEXPB1. Six weeks after transformation, the number of rbairs were counted in
three different section of the root: (I) Elongatipone, (lI) young maturation zone, and
(1M old maturation zone (Fig. 3A). Roots genethfeom scutella of wild type cultivar
Golden Promise as well as scutella co-cultured atlempty vector construct developed
root hairs. By contrast, HiXPB1-silenced roots exhibited a significantly reduced
number of root hairs in all root zones (Fig. 3B).dddition, quantitative real time PCR
(qRT-PCR) was performed to determine the degrdév&XPBL1 silencing. The levels of
HVEXPBL1 transcripts were normalized to barlefiquitin. The amount of HEZXPB1
transcript was strongly reduced in silenced roatsch correlated with the reduction of
root hairs (Fig.3C).

Although these analyses proved the ability of STSRMD silence genes, we were
interested to determine the efficiency and stabibf STARTS-mediated silencing.
Therefore, scutella derived from immature barleyogmos stably overexpressing GFP by
the Cauliflower Mosaic Virus 35S promoter (35S) &ep-cultured withA. tumefaciens
carrying a GFP-RNA interference (RNAI) constructFRs silencing was observed in
generated barley calli (Fig. 4A-F). Furthermore, RGEilencing was stable and was

observed in shoots generated from GFP-silenced(Eall 4G, H). As expected, different



degrees of silencing were obtained in differemmigfarmed calli. However, in 80% of all
cases, >50% of calli cells were silenced as inditély the absence of GFP (Fig. 5A). In
addition, the extent of GFP silencing in roots gatexl from GFP-silenced calli was
determined. About 50% of all roots dispayed anrmggliate or complete reduction in
GFP expression (Fig. 5B). Subsequent qRT-PCR dralggealed a drastically reduced
level of GFP transcripts even in those roots that exhibitediraarmediate silencing
phenotype (Fig. 5C). This might be explained bylihghtness of GFP under fluorescent
light that results in an overestimation of GFP acglation. According to the reduced
transcript levels in GFP-silenced roots, GFP prosgcumulation was strongly reduced
in all samples (Fig. 5D). In sum, the analyses atag the efficiency of STARTS to
overexpress and silence genes. STARTS can be dppls&lence genes that are strongly
regulated at the transcript level. Further, STARWM&diated gene silencing is stable and

transferred to shoots.

STARTS is suitable for protein localization studies

The subcellular localization of proteins helps teedict their function. In order to
investigate the suitability of STARTS for this kimd analysis, we transformed scutella
with a modified version of Green Fluorescent Pro{enGFP4-ER), which is provided
mit a 5"-terminal signal peptide sequence and ter®nal HDEL sequence to ensure
Endoplasmic Reticulum (ER) localization (Haseloff a., 1997). For our analysis,
mMGFP4-ER was under control of the constitutive 35S promotes. an independent
control, we generated barley plants that stablyresgedmGFP4-ER. In root tissue

derived from roots transformed and generated byFSITI&\ (Fig. 6A, right panels) as well



as in roots germinated from seeds of stably tranmsfd (Fig. 6A, left panelshGFP4-ER
plants, the GFP was clearly detected in the ERiartde nuclear periphery by confocal
laser-scanning microscopy (Fig. 6A). In transfornced GFP appeared in the ER. These

results demonstrated the suitability of STARTSgdwstein localization studies.

STARTS is an efficient method to analyze protein foction in pathogenic and
mutualistic barley root-microbe interactions

We were interested whether STARTS is applicablsttioly the effect of barley proteins
in barley root-microbe interactions. More preciselye studied the impact of BAX
INHIBITOR-1 overexpression on barley root coloniaat by the mutualistic fungus
Piriformospora indica and the pathogenic fungésisarium graminearum. Both microbes
follow a cell death-dependent root colonizationattgy (Deshmukh et al., 2006;
Babaeizad et al., 2009). BI-1 is a negative cedltleegulator and the roots of barley
plants stably overexpressing BIl-1 exhibited reducmmonization by both fungi
(Deshmukh et al., 2006; Babaeizad et al., 2009).tk® analyses, two types of barley
roots were generated by STARTS. In one case, $muteere transformed with
Agrobacteria that carry a construct with UHBE-1 while another set of scutella were co-
cultured with Agrobacteria carrying a construct without gene (empty vectov,) End
thus served as control. Thereafter, roots stablgressing eitheBI-1 or EV were
generated. The roots generated by STARTS expressitngr Bl-1 or EV were
morphological indistinguishable. Both sets of roetye inoculated either with spores of
P. indica or F. graminearum and harvested at two different time points in otdefollow

fungal developments. For the quantification of falngplonization, roots were separately



harvested and subjected to DNA extraction. By ugdnigners specific forP. indica
internal transcribed spacer (PiITS (Deshmukh et al., 2006) or fd¥. graminearum
tubulin (FgTUB) (Reischer et al., 2004), fungal DNA was eventuaktermined by
guantitative real time-PCR (QRT-PCR). In additipimers specific for barleybiquitin
(HvUBI) (Deshmukh et al., 2006) were used to quantifydaheunt of plant DNA by
gRT-PCR, which served as internal standard in thentification of fungal DNA in roots
expressindl-1 or EV.F. graminearum (Fig. 6B) as well a®. indica (Fig. 6C) showed a
significantly reduced ability to colonize STARTSrgeated roots overexpressiBg1 at
different time points after inoculation. These teswere highly comparable to previous
studies with barley plants stably overexpressing BDeshmukh et al., 2006; Babaeizad
et al., 2009) and indicated the applicability ofARITS to analyze the impact of proteins

on barley root colonization by microbes.



DISCUSSION

Stable transformation of barley plants is a robusthod for functional studies or for
biotechnological approaches (Langen et al., 20@GHhaBizad et al., 2009; Kogel et al.,
2010). However, the generation of transgenic badeyne-consuming and laborious and
thus too inefficient for high-troughput functionaléxaminations of proteins. Therefore,
transient system have been developed for cereadg&chweizer et al., 1999; 2000) but
respective system are not existing for barley rodtese transient root transformation
systems that have been established, e.g. Tobacdtie Rdirus (TRV)-based
transformation of roots dflicotiana benthamiana (MacFarlane and Popovich, 2000) or
Agrobacterium rhizogenes-mediated transformation (Limpens et al., 2004)ncanbe
transferred to barley due to host specificitieghaf virus or microbe. In addition, those
systems bear certain disadvantages:hizogenes-mediated gene transfer is mostly not
achieved in all cells of a root resulting in patdgnsformation genotypes (Limpens et
al., 2004). In addition, progenies of transformethnts are discussed to be
morphologically abnormal (Newell, 2000).

We describe here the establishment of a stable transformation system for barley,
which we called STARTS. We demonstrate that START& certain advantages
compared to above mentioned systems. As Agnobacterium tumefaciens-based
transformation technique, scutella of immature embrwere transformed by co-
cultivation. The transfer of obtained scutellaétcon media allowed generation of calli.
The novelity of the approach was the transfer eséhcalli to a root inducing medium
(Fig. 1). As a principle of the method, regenerataats were originating from one cell

thereby obtaining roots in which all cells are hg®ous in a given trait. Therefore, we



observed variation in the efficiency of silencingig. 4, 5). Notably, STARTS is
obviously capable to suppress genes under straagsdriptional regulation as we
observed silencing of GFP even under control of $heng constitutive ubiquitin
promoter of maize (Fig. 5). Most importantly, STAR&ccelerates functional studies in
roots. Currently, about 52 weeks are required lier generation of transgenic roots by
conventional methods. STARTS allowed the functicaxahlyses of proteins in about 6
weeks (Fig. 1, 2). The applicability of the systdéar functional studies might be
indicated by a series of experiments. We were #blperform non-invasive protein
localization studies using roots overexpressing @g&ipped with a signal peptide and
an endoplasmic reticulum retention sequeno#SHP4-ER) (Haseloff et al., 1997) (Fig.
6A). Interestingly, a root hairless phenotype whtamed by silencing odEXPANSN B
(Fig. 3). As this experiment visualized gene silegdy STARTS, it further suggests that
the system might represent a powerful tool for identification and functional
characterization of plant factors influencing ramganization, root architecture, root
development, cell differentiation, root-leaf comraation, as well as nutrient and water
uptake. Particularly, nutrient (e.g. phosphorus) amater availability in soils represent
limiting factors in modern crop production. It isrfher believed that global climate
changes will elevate these constricts in futurg gnaduction (FAO, 2009; Gilbert, 2009;
Smit et al., 2009). Current strategies are focusedupplying plants with more efficient
root systems thereby optimizing water uptake (Waitd Kirkegaard, 2010). In this field
major achievements have been made in model plants asArabidopsis. In addition to
directly improve barley traits, STARTS might fatalie the translation of these findings

to barley and other cereals. In this respect, nisticaroot-colonizaing microbes, such as



the fungus Piriformospora indica, have been shown to enhance nutrient-/ water
recruitment and to increase abiotic stress tolerariglants. conveys various beneficial
effects to colonized host plants (Waller et al.020Sherameti et al., 2008; Schafer and
Kogel, 2009; Yadav et al., 2010). The potentiathefse mutualistic symbioses might be
accessible if we will understand the molecular bafséhese interactions. For instance,
which plant factors stop root pathogen inavsion &heth processes support mutualistic
root symbioses. STARTS might accelerate the ideatibn of respective traits (proteins)
and the timely introduction into crop plants. Weepously reported that stable
overexpression ofBAX INHIBITOR-1 (BI-1) in barley plants exhibited enhanced
resistance to the pathogenic fungbgsarium graminearum as well asP. indica
(Deshmukh et al., 2006; Babaeizad et al., 2009 Asoof of concept, we confirmed the
reduced susceptibility of STARTS-generated rootsrexpresssin@AX INHIBITOR-1
(BI-1) to both microbes (Fig. 6B, C).

An inherent drawback of STARTS might be seen inuhpredictability of inserted gene
copy numbers in single cells from which roots a@generated. However, the system
allows the simultaneous and fast generation of m®zef roots originating from
independent transformation events. Therefore, praeecific phenotypes should be
consistently detectable in almost all roots therelyen reducing the occurrence of
misinterpretations or transformation artefacts tugenome insertion effects. Our data
suggest that STARTS allows to pre-screen the etiecandidate genes in a given trait.
Importantly, calli can be immediately transferredéspective media to regenerate stably

transformed plants in which observed phenotypedeandependently confirmed.



In sum, STARTS is suggested to elucidate the eff@ct function of proteins in root
development, stress tolerance/resistance or ogpaces. With the fast development of
the next generation sequencing technology, moret gjanomes will be sequenced in
near future. Efficient determination of the functiof identified genes/proteins on a large
scale is a major challenge to improve the proditgtand quality traits of crop plants. In
addition, roots are the organs most subject to fieale and microbial interactions,
STARTS might provide an efficient method for anatgg the function of proteins in

mutualistic and pathogenic interactions.
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Figure legends

Figure 1. Comparision of the conventional transformationtirod and the stable root
transformation system (STARTS). Scutella are igaldtom immature embryos (A) and
co-cultured with Agrobacterium tumefaciens for sfammation. Calli are regenrated
from scutella (B). For conventional transformatiapproaches, calli are subjected to
shoot and thereafter to root induction medium tmiobTO plants. After two generations,
homozygous T2 plant are obtained, which takes Sk total. For STARTS, calli (B)
are subjected to root induction medium to regeeeradt from individual, transformed

cells. Transformed roots are obatined within 6 veeek

Figure 2. Overexpression of green fluorescent protein irelparoots by STARTS. (A)
scutellum separated without the embryo axis 2 d#igs transformation by co-cultivation
with Agrobacterium tumefaciens. (B) Same as A. GFP expression in cells of the
scutellum. (C) 1-2 weeks after co-cultivation exgsien of GFP is observed in dividing
scutellum cells. (D) 2-3 weeks after co-cultivatiaallus is formed from transformed
scutellum cells. (E, F) GFP expressing roots thatewegenerated from single GFP-
transformed callus cells. GFP was visualized byitatton at 450-490 nm and emission
was detected at 510-530 nm using a stereofluoresemcroscope (Leica, Germany).

Bars =2 mm (a, b, ¢, d) and 2 cm (e, f).

Figure 3. Silencing of HEXPANSN B by STARTS. (A) Root hairless phenotype was
observed at the elongation- (1), young maturati@f); and old maturation zone (llI)

using a binocular microscope. A, C, E: Root haeritype in wild type Golden Promise.



B, D, F: Root hair phenotype in roots transformethwhe HVEXPB RNAIi construct.
Bars= 2 mm. (B) Number of root in the root zonesfited in A) of roots obtained from
wild type, after empty vector transformation (coiitr and after HEXPB RNAI
(silencing). Displayed are means of three independeperiments with standard errors.
Asterisks indicate significance at p < 0.001 uding-tailed Student’$-test. (C) Amount
of HVEXPBL transcript determined by quantitative Real TimeRPi@ Golden Promise
roots (GP), empty vector transformed roots (EVY aarious roots silenced in EXPB1

(S1-S6). Displayed are means of three independgrienents with standard errors.

Figure 4. Silencing of GFP in callus, regenerated roots] aegenerated leaves by
STARTS. (A, B) Partial silencing of GFP in calliC( D) GFP silencing in roots
regenerated from GFP-silenced area of a calluF)Eomplete silencing oGFP in a
callus. (A, C, E) Bright field images. (B, D, F)ueresnce immage showing GFP
expression. (G) Leaf of transgenic plant expres&RE under control of the Cauliflower
Mosaic Virus 35S. (HGFP silencing in shoot regenerated fronG&P-silenced callus.
GFP was visualized by excitation at 450-490 nm emission was detected at 510-530

nm using a stereofluoresence microscope (Leican&ey). Bars = 2 mm.

Figure 5. GFP silencing by STARTS. For the experiments sleuteere isolated from
immature embryos constitutively overexpressing G).Degree of GFP-silencing in
calli regenerated from scutella overexpressing G&mRl co-cultivation with A.
tumefaciens carrying an GFP-RNAI construct. The bemnof calli were determined that

were not silenced (a), partially silenced (b), ompletely silenced (c). Data are means of



60 independent calli obtained from two independ®eriments. Error bars represent
standard deviations. (B) Degree of GFP-silencingowts regenerated from calli. Three
different silencing phenotypes were determined. Nwlenced roots (no), partially
silenced roots (partial) and completely silencedtso(complete). Data displayed are
means of 120 independently regenerated roots autaiftom two independent
experiments. Error bars represent standard demgtiBar = 2 cm. (C) Degree of GFP-
silencing in Golden Promise (GP), roots of GFP expressing plants (GFP), and roots
displaying various degrees of GFP silencing (asrnilgsd in B) using quantitative Real
Time-PCR. (D) Immunodetection of GFP using monoalanti GFP antibody. Samples

were the same as described in C.

Figure 6. Functional analyses of proteins using STARTS. Nwasive mGFP4-ER
localization using confocal laser-scanning micr@sco(A, left panels) mGFP-ER
localization in the ER (upper left) and nuclearipeery (lower left) in roots of stably
transformed plants. (A, right panels) mGFP-ER lizedion in the ER (upper right) and
nuclear periphery (lower right) in roots derive@drfr STARTS. GFP emmission was
detected at 510-530 nm after excitation with a A88laser line using a TCS-SP2 CLSM
(Leica, Germany). Bars = 20m.

(B) Fusarium graminearum infection was reduced in barley roots overexpres&FP-
fusedBAX INHIBITOR-1 (GFP-BI-1) as compared to roots overexpressing GFP (GFP) at
5 days after inoculation (dai). Fungal structuree aisualized by WGA-AF488
(excitation: 485 nm, emmission: 510-530 nm) using Axioplan epifluorescence

microscope (Zeiss, Germanyj. graminearum colonization was determined in barley



roots at 2 and 5 dai by quantitative Real Time-PRBot colonization was significantly
reduced in theGFP-BI-1 expressing roots as compared to GFP expressints. roo
Displayed are means with standard errors of tweepeddent biological experiments.
p<0.05, two-tailed studenttstest.

(C) Piriformospora indica colonization was reduced in barley roots overesgirgjGFP-
fusedBAX INHIBITOR-1 (GFP-BI-1) as compared to roots overexpressing GFP (GFP) at
3 and 7 days after inoculation (dd?).indica colonization was determined in barley roots
by quantitative Real Time-PCR. Root colonizatiorswggnificantly reduced in theFP-

BlI-1 expressing roots as compared to GFP expressing. lD@splayed are means with
standard errors of three independent biologicaberents. p<0.05, two-tailed student’s

t-test.



Materials and Methods

Generation of transgenic barley root by STARTS

Transformation was carried out with spring barléjordeum vulgare L.) cv. Golden
Promise grownin a climate chamber at 18°C/14°C (light/dark) with 658#ative
humidity, a 16 h photoperiod and a photon flux dgnsf 240 umol m? s*. For barley
transformation, the below mentioned vectors weteottuced into theAgrobacterium
tumefaciens AGL-1 strain through electroporatiok.(coli Pulser, Bio-Rad). Two weeks
post anthesis, spikes from barley plants were Istede After removing awns, kernels
were put in a bottle and placed on ice. For eaahsformation 100-200 kernels were
surface sterilized in 70% ethanol for 5 min and ssguently incubated in sodium
hypochlorite (3% active chlorine) for further 20mirhe kernels were washed once with
sterilized water (pH 3) and then rinse 3 times vgtérile distilled water under sterile
conditions. Immature embryos were taken from thgyamses, and the embryonic axis
was removed with a sharp scalpel using a binocolaroscope. Immediately, the
obtained scutella were placed upside down ontaisatiiduction medium (BCID, Tab. 1)
(Tingay et al., 1997). 25-30 scutella were colldatethe middle of a petri dish on callus
induction medium. 20Q overnight Agrobacterium tumefaciens culture (OD=0.6) was
added drop wise onto the scutella. Thereafter,elont were turned downside-up and
co-cultivated at 24°C for 40-60 minutes in the darkereafter, 10-12 scutella were
transferred to a new plate and co-cultivated urttler same conditions for 48 h. To
support the preferential formation of transgenitlusaand to remove the persisting
Agrobacteria, the scutella were cultured on BCID medium supeleted with 50 mg t

hygromycin and 150 mgtticarcillin/clavulanate (1:15). The calli were suittured at an



interval of 2 weeks under the same conditions urttdt were harvested. For root
induction transgenic calli were transferred intodified root induction medium (Tab. 2)

(Jensen et al., 1983). Roots developed from céhiimtwo weeks.

Transformation vectors

For overexpression of GFP, GFP BI-1, and for I@edion studies in barley roots, the
binary vectors pLH6000-Ubi-GFP; pLH6000-Ubi-GFP-Bl(Deshmukh et al., 2006),
and pLH6000-35S-mGFP-ER were used, respectively.FRIGER was previously
published (Haseloff et al., 1997). For silencingbafleyExpansin B (HVEXPANSIN B) a
155 bp sequence was cloned into the entry pENTRaPD vector (Invitrogen). The
HVEXPANSIN B segment was then inserted into the destinatiortoveglPKb007
(Himmelbach et al., 2007) substituting for tbedb gene using the LR reaction (Gateway
system). For GFP-silencing a 280 bp of the codegusence oGFP was cloned into the

p7U-RNAI vector (DNA-Clonig service Hamburg).

Preparation of fungal inoculum and root inoculation

Fusarium graminearum wild-type (strain 1003) was used throughout tmgestigation.
The fungus was routinely cultured on SNA (synthetigtrient poor agar) plates
containing 0.1% KKHPQ,, 0.1% KNQ, 0.1% MgS04.7kD, 0.05% KCL, 0.02% glucose,
0.02% sucrose, and 2% agar. Plates were incubatedomn temperature and under
constant illumination from one near-UV tube (PpsIiTLD 36 W/08) and one white light
tube (Phillips TLD 36 W/830HF). Conidial suspensiwas scratched from one-week-old

plates by using sterile water and filtered througina-cloth (Calbiochem) prior to the



adjustment of conidia concentrations to 1.Zx4pores ml*. STARTS-generated roots
were inoculated with 1.2x£@pores mL* in 0.02% tween 20 (v/v) + 0.5% gelatine (w/v)
for 2 h. Thereafter, inoculated roots were transfitto agar plates. Root samples were
harvested at 2 and 5 days after inoculation (dad) subjected to DNA isolation, which
was used for determining the amount of fungal DNAghantitative Real Time-PCHR.
indica isolate was propagated as described (Deshmukh et al., 26@8)inoculation,
STARTS-generated roots were immersed in an aqusolugion of 0.05% Tween-20
containing 5 x 10spores mf' for 2 h. Root samples were harvested at 3 and ardh
subjected to DNA isolation, which was used for detaing the amount of fungal DNA

by quantitative Real Time-PCR.

Extraction of genomic DNA and quantitative Real Time PCR

Transcript levels oGFP, HVEXPANSIN B, P. indica internal transcribed spacer (Fy),
and F. graminearum beta-tubulin (F§UB) were determined via the”2“' method by
relating the amount of target transcript to plaiquitin (Schmittgen and Livak, 2008).
Genomic DNA was isolated from 100 mg root tissueubiyng the DNeasy plant Mini Kit
(Qiagen) according to the manufacturer’'s instrudio~or quantitative Real Time-PCR,
10 ng of total DNA were used. Amplifications wererfjormed in 7.5l of SYBR green
JumpsStart Tag ReadyMix (Sigma-Aldrich) with 0.7 graligonucleotides, using an 7500
Fast cycler (Applied Biosystems). After an initedtivation step at 95°C for 5 min, 40
cycles (95°C for 30 s, 60°C for 30 s, 72°C for 3@usd 65°C for 15 s) were performed.
Respective melting curves were determined at thé eh each cycle to ensure

amplification of only one PCR product. Ct valuesreveetermined with the 7500 Fast



software supplied with the instrument. The primesed for all anlyses are listed in Tab.

3.

Immunoblotting

Proteins were isolated from 3-week-old roots bydjng 100 mg of root tissue in liquid
nitrogen, prior to resuspension in extraction buf® mM TRIS-acetate, pH 7.4, 10 mM
potassium-acetate, 1 mM EDTA, 5 mM DTT, 0.5 mM PNISBllowed by two
subsequent centrifugation steps at 1000 rpm fomitband at 15 000 rpm for 30 min.
The supernatant was used for analysis. Proteinetdrations were determined using the
Bio-Rad Protein Assay (Bio-Rad). 20 ug proteinsensgparated on a 12.5% SDS-PAGE
gel. After electrophoresis, proteins were blottedoonitrocellulose and subjected to
1:4000 diluted mice anti-GFP antibody (Moleculaolf®s) followed by 1:10000 diluted
mice anti-HRP antibody. Signals were detected usingeCL Plus Western Blotting
Detection Kit for HRP (Amersham Biosciences). Tqaitein was stained by Coomassie

Brilliant Blue (Bio-Rad) to check equal sample |oad

Staining of F. graminearum in root tissue
For visualization of root coloniazion, hyphae Fafgraminearum were stained with the
chitin-specific dye WGA-AF 488 (Molecular Probes)daprepared for Confocal laser-

scanning microscopy (CLSM) as described (Deshmtilh,e2006).

Confocal laser-scanning microscopy and non invasiveGFP4-ER localization



Sunbcellular localization of mMGFP4-ER and WGA-ARB48ainedF. graminearum was
performed by CLSM. In both cases, root and fungdlisovere excited with a 488 nm

laser line to detect emmission of MGFP-ER and W@A488 at 505-530 nm.
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Table 1. Barley callus induction medium (BCID)

MS-stock (Duchefa M0221) 439
CuSQ.5H,0 1.2 mg
Maltose 30g
Thiamin HCI 1 mg
Myo-inositol 250 mg
Caseinhydrosylate 1lg
L-Proline 690 mg
Dicamba 2.5 mg
Phytoagar (Duchefa) 50
H20 1000 ml




Table 2. Barley root induction medium

Cacbh.2H,0 295 mg
KH,PO, 170 mg
KNO; 2200 mg
MgSo4.7HO 310 mg
NaHPq,.H,O 75 mg
(NH4)2SO, 67 mg
NHsNO3 600 mg
COCL,.6H,0O 0.025 mg
CUSQ,.5H,0 0.025 mg
HsBO3 3 mg
MnSO,.H,O 5 mg
NapM00O,.2 H,O 0.25 mg
ZnSQ, 7 HO 5 mg
Fe-citrat 5 HO 20 mg
Fe-EDTA*** 28 mg
Nicotinamid 1 mg
Pyridoxine-HCL 1 mg
Thinmin-HCL 10 mg
Arginin 25 mg
Asparagin 50 mg
Asparaginsaure 30 mg
Glutamin 120 mg
Proline 50 mg
Threonin 25 mg
Pepton from Casein| 125 mg
Myo-inosit 100 mg
Coconutmilk* 25 ml
Glucose 70
Saccharose 20 g
Charcoal** 1lg
Phytoagar (Duchefa) 5g
H.O 1000 ml

* Filter sterilization required

** Filter sterilized and

added after media has badjusted to pH 5,3




Table 3 List of primers used f

or qRT-PCR-basedistud

HvUbiquitin (GenBank

accession no. M60175)

Forward 5-ACCCTCGCCGACTACAACAT-3’

Reverse 5'- CAGTAGTGGCGGTCGAAGTG-3’

FgTubulin (GenBank

accession no. AY635186

Forward 5-GGTCTCGACAGCAATGGTGTT-3’

Reverse 5'-GCTTGTGTTTTTCGTGGCAGT-3’

HvExpansin B (genbak|

accession no. AY351786)

Forward 5’- CTGGTTCTGCAATTTGTGAG-3’

Reverse 5'-CTTTGCTGTGACTACAACTG-3’

Synthetic GFP  (GenBank

accession no. AM261415)

forward 5’-ACCATCTTCTTCAAGGACGA-3’

Reverse 5'- GGCTGTTGTAGTTGTACTCC-3’

PiITS (GenBank accession n

AF 019636)

oforward 5’-CAA CAC ATG TGC ACG TCG AT-3

Reverse5’- CCA ATG TGC ATT CAG AAC GA-3’
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The aim of the present study was to assess possible adverse effects
of transgene expression in leaves of field-grown barley relative to
the influence of genetic background and the effect of plant
interaction with arbuscular mycorrhizal fungi. We conducted tran-
script profiling, metabolome profiling, and metabolic fingerprinting
of wild-type accessions and barley transgenics with seed-specific
expression of (1,3-1, 4)-8-glucanase (GluB) in Baronesse (B) as well as
of transgenics in Golden Promise (GP) background with ubiquitous
expression of codon-optimized Trichoderma harzianum endochiti-
nase (ChGP). We found more than 1,600 differential transcripts
between varieties GP and B, with defense genes being strongly
overrepresented in B, indicating a divergent response to subclinical
pathogen challenge in the field. In contrast, no statistically signifi-
cant differences between ChGP and GP could be detected based on
transcriptome or metabolome analysis, although 22 genes and 4
metabolites were differentially abundant when comparing GluB
and B, leading to the distinction of these two genotypes in principle
component analysis. The coregulation of most of these genes in
GluB and GP, as well as simple sequence repeat-marker analysis,
suggests that the distinctive alleles in GluB are inherited from GP.
Thus, the effect of the two investigated transgenes on the global
transcript profile is substantially lower than the effect of a minor
number of alleles that differ as a consequence of crop breeding.
Exposing roots to the spores of the mycorrhizal Glomus sp. had little
effect on the leaf transcriptome, but central leaf metabolism was
consistently altered in all genotypes.

food safety | glucanase | chitinase | sustainability

Breeding for improved grain weight, higher grain yield, disease
resistance, and climatic adaptation by selection of sponta-
neous mutations shaped the modern barley (Hordeum vulgare L.)
crop plant beginning as early as 10,000 years ago. With the
technical advance to generate transgenic crops with improved
agronomic performance, it has become necessary to assess the
substantial equivalence of transgenic crop plants; that is, validate
that no undesired side effect of the genetic modification has
occurred relative to their parental lines (see ref. 1 for review).
The availability of the “omics” techniques opens the possibility to
probe substantial equivalence in nontargeted global analyses,
providing unbiased results.

We have recently developed a 44-K barley microarray based
on the assembly of 444,652 barley ESTs into 28,001 contigs and
22,937 singletons, of which 13,265 are represented on the array
(2). In contrast, a comprehensive analysis of the metabolome
(i.e., all metabolites in a specimen) is not possible because of the
immense diversity of primary and secondary plant metabolites
(3, 4). Thus, investigating the metabolome requires the prioriti-
zation of metabolite subsets as defined by their physicochemical
properties or abundance. Although approaches to metabolite
profiling are fueled by a multitude of individual targeted

6198-6203 | PNAS | April 6,2010 | vol. 107 | no. 14

metabolite assays of high specificity and accuracy, metabolite
fingerprinting aims at obtaining global metabolite patterns by
NMR- or MS-based applications, only allowing for suboptimal
recovery of individual metabolites (3).

When applied to pathway-engineered transgenic plants, global
transcriptome and metabolome analyses could not reveal sub-
stantial differences between genetically modified (GM) and non-
GM plants. No significant alterations in transcriptome were
exhibited in wheat plants expressing Aspergillus fumigatus phytase
compared with the corresponding non-GM variety, except for
changes associated with seed development (5). Similarly, GC-
MS-analyzed fructan-producing transgenic potato tubers did not
exhibit significant changes, except for metabolites directly con-
nected to the introduced pathway (6), and Arabidopsis expressing
up to three Sorghum bicolor genes involved in the biosynthesis of
the cyanogenic glucoside dhurrin did not exhibit any robust
transcriptional changes compared to the parental lines (7).

Assessing the influence of natural genotypic variation and
environmental factors on multiparallel datasets is of paramount
importance to better evaluate the impact of transgene expres-
sion. To avoid unnecessary bias, the regarded transgene should
not directly influence metabolic pathways in the target plant. An
NMR comparison of wheat-flour metabolome derived from
field-grown transgenic wheat expressing high molecular weight
glutenin and the corresponding parental line revealed that,
despite some differences in central free amino acid and sugar
metabolism between GM and non-GM varieties, year and field
site had a stronger effect on the dataset than expression of the
transgene (8). Metabolome analysis of Bf-maize by NMR also
revealed significant differences in free amino acid contents of the
parental line; however, other likely-influential factors were not
assessed in this study (9). Comparative transcript profiling of
different maize cultivars harboring an identical Bt transgene
insertion event revealed that the variability between cultivars was
much greater than the influence of the transgene (10, 11).
Independently, comparison of the potato tuber proteome of 21
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tetraploid cultivars with eight potato landraces and five trans-
genic potato lines led to the same conclusion (12).

In the present study, we investigated two transgenic barley
cultivars. The first, hereafter termed ChGP, was designed for
ubiquitous expression of a secreted, codon-optimized 42-kDa
endochitinase ¢cThEn(GC) from Trichoderma harzianum (13) in
the variety Golden Promise (GP). Trichoderma chitinases can
degrade rigid fungal cell walls of mature hyphae, conidia, chla-
mydospores, and sclerotia, in addition to the soft structure of
hyphal tips (14-16). Recombinant cThEn(GC) conferred growth
inhibition to the necrotrophic fungal root pathogens Rhizoctonia
oryzae and Rhizoctonia solani AG8 in vitro (13). Overexpression
of ¢ThEn(GC) in tobacco and potato yielded high levels of
transgene expression, and the transgenics displayed medium-
level to complete-resistance phenotypes toward the necrotrophic
fungal pathogens Alternaria alternata, Alternaria solani, Botrytis
cinerea, and R. solani (17).

The second transgenic line employed in the study was pJH271
Beta-Glu-307 (271.06 x Baronesse), hereafter termed GluB, that
exhibits hordein-D-promoter-driven, endosperm-specific expres-
sion of the chimeric heat-stable (1,3-1,4)-p-glucanase from Bacil-
lus amyloliquefaciens and Bacillus macerans (18). The GluB
transgenics were generated in the GP background, outcrossed to
the elite cultivar Baronesse (B), and selected for high yield and
good field performance by the single-seed descent method. GluB
plants accumulate the recombinant enzyme in storage protein
vacuoles and lack p-glucan in endosperm cell walls (19, 18).
Expression of (1,3-1,4)-p-glucanase in the endosperm improves
the nutritional value of barley for poultry (20, 21).

Making use of comparative, parallel transcriptome profiling, tar-
geted metabolome profiling, and nontargeted metabolite fingerprint-
ing, the present study assesses substantial equivalence in leaves of field-
grown transgenic barley relative to the variation between cultivars and
to the effects caused by the interaction with mycorrhizal fungi.

Results

Generation and Analysis of Transgenic Barley Plants Expressing Recom
binant Trichoderma Endochitinase. We constitutively expressed the
codon-optimized recombinant 7. harzianum endochitinase Th-
En42(GC) (13) in barley cv. Golden Promise either (i) fused to
the barley chitinase 26 (HvChi26) secretion signal peptide driven
by the Cauliflower mosaic virus 35S (CaMV 35S) promoter (Fig.
S1A) or (i) fused to the chitinase 33 (HvChi33) secretion signal
peptide and driven by the maize ubiquitin promoter (Fig. S1B).
After identification of primary transformants with expression of
recombinant endochitinase by immunological detection and sub-
sequent selection for homozygous T; transformants (SI Materials
and Methods), we chose for further study two Ubi::ChGP (Ubi::
ChGP-9 and -19) transgenic lines and one 35S::ChGP transgenic
line that exhibited the strongest endochitinase expression. We
assayed tissue specificity of chitinase activity (Fig. 14 and SI
Materials and Methods, with a quantitative method using the flu-
orogenic substrate methylumbelliferyl-chitotrioside (Fig. S24).
Chitinase activity was highest in coleoptiles, reaching up to 320
pg-g~' FW in both Ubi::ChGP lines and 280 pg-g~' FW in 35S::
ChGP-36 (Fig. 14). Although CaMV 35S-driven chitinase ex-
pression in roots was close to that in leaves, ubiquitin-promoter-
driven chitinase expression was 6- and 3-fold lower in roots com-
pared with primary leaves or coleoptiles, respectively. Both Ubi::
ChGP lines yielded very similar results.

To assess, whether chitinase expression confers antifungal
activity, we checked if resistance to R. solani AG8 was increased
in the transgenics, being quantified as number of wilted leaves
per plant (Fig. 1B and SI Materials and Methods). Compared
with the GP wild-type, only 35S::ChGP plants exhibited sig-
nificantly milder disease symptoms after 1 week of cocultivation
with R. solani AGS. This finding suggests that, despite the proof
of concept obtained from the 35S::ChGP plants, endochitinase
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Fig. 1. Characterization of ChGP transformants tissue-specific accumulation of
endochitinase ThEn42 in ChGP transformants and its effect on root infections by R.
solani AGS8. (A) Amounts of endochitinase in tissues of ChGP transformants.
Seedlings of the transgenic barley lines Ubi::ChGP-9 (black bars), Ubi::ChGP-19 (light
gray bars), and 355::ChGP-36 (dark gray bars). Endochitinase content in root tips,
upper parts of the roots, coleoptiles, hypocotyls, and first leaves (Left to Right) were
determined with a fluorometric assay (Fig. S2A and S/ Materials and Methods). Data
are the mean of five replicate samples + SEM (B) Reduced disease symptoms on
ChGP transformants after root inoculation with R. solani AG8 (SI Materials and
Methods). Significant differences to GP with P < 0.05 are indicated by an asterisk
above the bars and were calculated with a Welch’s modified t test (29).

amounts might be too low in roots of the two Ubi::ChGP lines to
diminish susceptibility toward the highly virulent R. solani AGS.
Nevertheless, we selected line Ubi::ChGP-9 for further experi-
ments to minimize effects of chitinase expression on the growth
of challenging fungi in the field, which could influence both the
transcriptome and the metabolome.

Metabolome Analysis of Field-Grown Barley Leaves. We conducted
both a targeted metabolite profiling and a metabolite finger-
printing approach with field-grown plants of the four barley
genotypes GP, ChGP, B, and GluB that were cultivated in the
field at the Giessen Experimental Station (Giessen, Germany;
SI Materials and Methods). The plants were grown with and
without amendment of soil in the plots with Amykor (Amykor
Waurzel-Vital), a mixture of the mycorrhizal fungi Glomus mos-
seae and Glomus intraradices. Targeted analysis of 72 metabo-
lites, including major carbohydrates, free amino acids,
carboxylates, phosphorylated intermediates, major antioxidants
(such as ascorbate, glutathione, and tocopherol), as well as car-
otenoids (for complete dataset, see Table S1), revealed only
three differences associated with endochitinase expression in the
GP background. In contrast, the contents of sucrose, starch, the
amino acids GIn, Ala, and Leu, as well as of the carboxylate
oxoglutarate were significantly reduced in GluB compared to B
(Table S1). Comparisons of the two unmodified varieties B and
GP revealed more consistent differences (e.g., UDPGIc and
the amino acids, Tyr, Phe, Ala, Leu, and Cys) (Fig. 24). Fur-
thermore, several consistent changes in central leaf metabolism
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in response to Amykor treatment were revealed (Fig. 2B):
although the amounts of free hexoses and central phosphory-
lated intermediates (3PGA, PEP, RuBP, GIc1P), free inorganic
phosphate and the carboxylates isocitrate and malate increased
upon treatment, the contents of sucrose, the two major amino
acids Glu and Asp, as well as chlorophyll, lutein, and glutathione
all decreased in response to mycorrhizal inoculation (Fig. 2B).

The elevated pool sizes of several phosphorylated inter-
mediates indicate improved phosphate availability as a possible
consequence of successful mycorrhizal root colonization. Thus, it
was instructive to determine the extent of mycorrhizal root col-
onization in plots with and without treatment with Amykor.
Quantification of fungal genomic DNA by qPCR based on the
G. mossae ITS sequence relative to host ubiquitin revealed
increased fungal abundance in roots from treated compared with
untreated plots (Fig. S3), despite considerable amounts of fungal
DNA in plants (e.g., in GP) from untreated plots. Furthermore,
microscopic analysis of plants grown in plots treated with Amy-
kor confirmed arbuscle formation in all specimens (SI Materials
and Methods), demonstrating that mycorrhiza were intact and
functional. To validate that the characteristic changes in the leaf
metabolome were brought about by improved mycorrhizal col-
onization of plants in the Amykor-treated plots, we determined
the same targeted metabolome profile of ChGP and GP plants
grown under controlled conditions in the greenhouse with soil
that was either devoid of mycorrhizal inoculum or fortified with
the same dosage of Amykor as in the field experiment. The
contents of phosphorylated intermediates and hexoses were
altered in a similar fashion between mycorrhizal and non-
mycorrhizal plants of both examined genotypes in the field and in
the greenhouse experiment (Table S2), providing strong indica-
tion for successful symbiotic interactions in all genotypes in the
field experiment (SI Materials and Methods).
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In a principal component analysis (PCA), the targeted
metabolome data were able to distinguish both the effect of
mycorrhizal infection and cultivar-specific differences by princi-
pal components 1 (PC1) and PC2, respectively (Fig. 34; see Fig.
S4A4 for the corresponding hierarchical cluster analysis). Inter-
estingly, the metabolite profile in GluB transgenics was less
affected by mycorrhizal infections compared to the other geno-
types, and GluB was more distant to non-GM B plants than the
ChGP transgenics was from their wild-type counterpart. As
indicated by individual metabolite contents (mentioned in the
previous paragraph), sugars, major amino acids, and phos-
phorylated intermediates strongly loaded on PC1 in response to
mycorrhizal infections. Likewise, sugar and free amino acid
contents contributed strongly to PC2, distinguishing cultivar-
specific differences. Nearly identical results were obtained when
data from the 307 most significant mass signals of a metabolite
fingerprinting approach were fed into the PC analysis (Fig. 3B),
except that GP and ChGP were more distant to each other in the
Amykor treatment compared to untreated samples.

Transcriptome Analysis of Field-Grown Barley Leaves. Our next goal
was to compare the discriminatory power of the metabolome
analysis to that of the corresponding transcriptome dataset
obtained from identical sample pools (SI Materials and Methods).
PCA resulted in a similar discrimination of genotypes as reported
for the metabolome analyses, with GluB again being distant from
B (Fig. 3C; see Fig. S4B for the corresponding hierarchical cluster
analysis). In contrast to the metabolome analysis, treatment with
Amykor could not be clearly resolved in the PC analysis; indeed, no
statistically significant differentially transcribed genes were
detected in three of the four examined genotypes in response to
the Amykor treatment. Only in GP, 4 out of 31,198 features
detected on the array were differentially expressed in response to
the mycorrhizal fungi (Table S3). However, 1,660 genes (697 up
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Fig. 2. Differentially abundant metabolites in barley leaves. Overview of differentially abundant metabolites from the targeted profiling approach with leaf
material from 4-month-old, field-grown barley plants representing the treatments (A) cultivar or (B) Amykor. The schematic metabolic diagrams in (A) and (B)
represent a map of all analyzed metabolites. The heat map strips next to the metabolite names were taken from the hierarchical cluster analysis (Fig. S4A) conducted
with the program Cluster v2.11 (30), with red signals denoting an increased metabolite content relative to average and green signals indicating decreased metabolite
contentsrelative to average. The consistent sample order in these strips is indicated at the bottom of the figure using the genotype and treatment abbreviations used
throughout the text and as explained below. The entire dataset, including the results of the significance tests, are given in Table S1. Please note that the color pattern
has no implications on statistically significant differences in pairwise comparisons, which were calculated with a Welch-Satterthwaite test embedded in the VANTED
software v1.7 (31) and are displayed in Table S1. GP, Golden Promise; B, Baronesse; ChGP, Chitinase GP; GluB, Glucanase B; M, Amykor treatment.
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Fig. 3. Principal component analysis (PCA) of multiparallel datasets obtained from field-grown barley leaves. (A) PCA based on 72 metabolites that were

analyzed in a targeted fashion (complete dataset displayed in Table S1): For PCA, mean values of four replicate samples per genotype and treatment were
taken and the resulting data points labeled as described below. (Left) PCA plot of principal component 1 (PC1) versus principal component 2 (PC2). Circles are
drawn around spots derived from the genotype of identical cultivar or treatment and are labeled by letters as indicated below. (Right) loadings plot for PC1
and PC2. The 72 metabolites are individually labeled. (B) PCA of metabolite fingerprinting data. The analysis was computed for the 307 most significant mass
signals obtained by metabolite fingerprinting and is based on mean values from four replicate samples (see Materials and Methods). Compounds are labeled
according to the quantified transition. Data arrangement and labeling are as described in A. (C) PCA of transcriptome data. PCA was performed based on
data from two replicate hybridizations per genotype and treatment. RNA was extracted from aliquots of pooled sample material also used for metabolome
analysis. From the 1,660 genes differentially expressed between cultivars B and GP (Table S3), five of the most significant ones were confirmed by qRT-PCR
analysis of independent sample aliquots (Fig. S2B). GP, Golden Promise; B, Baronesse; ChGP, Chitinase GP; GluB, Glucanase B; M, Amykor treatment.

and 863 down) were differentially transcribed between the culti-
vars GP and B (Tables S3 and Dataset S1), indicating strong cul-
tivar-specific expression patterns. The result of the microarray
data analysis was confirmed in independent sample pools by qRT-
PCR, picking five genes with cultivar-specific transcript abundance
(Fig. S2B). Along with genes involved in carbohydrate metabolism
and genes coding for storage proteins, defense-associated genes
were strongly overrepresented among the differentially regulated
genes in the GP to B comparison (Fig. S2C). This result likely reflects
a greater level of disease resistance obtained deliberately or fortu-
itously over years of breeding and selection for ever better-adapted
and higher-yielding modern barley varieties. Of particular interest, 22
differentially transcribed genes were found between GluB and its
non-GM counterpart B (Table S3), corresponding with the distance
of these two genotypes in the PCA. Sixteen of these 22 differential
genes, (i.e., approx. 73%) were also discriminated in the GP to B
comparison. Although surprising at first glance, this finding can
be explained by the pedigree of GluB. GluB was produced by trans-
formation of GP with glucanase transgene, which was later intro-
duced into the cultivar B by outcrossing and selection of single-seed
descendants. Thus, differential gene expression between GluB and B
could be caused by retention of a few GP alleles in the GluB genotype.
To obtain data in support of this hypothesis, we attempted to refine
the chromosomal location of the 16 genes that were differentially
transcribed in both the GluB to B and the GP to B comparisons on
the current genetic map of barley (http:/www.harvest-web.org/hweb/
bin/gmap.wc?wsize=1263 x 854). Although 14 of the unigenes had
no assigned map position, 2 could be located between 142 ¢cM and
167 cM on the lower arm of chromosome 7H. Analysis of two simple
sequence repeat (SSR) markers located in the region of interest
revealed that both carried the GP allele (Fig. 4 and Fig. S5).

Discussion

The comprehensive dataset generated in the present study pro-
vides a comparison of the alterations in leaf transcriptome and

Kogel et al.

metabolome caused by (i) the presence of transgenes, (ii) cul-
tivar, and (iii) biotic interactions in the root. This dataset leads
us to four major conclusions.

First, the effect of recombinant Trichoderma chitinase on both
the metabolome and transcriptome was negligible compared to
the differences between the wild-type cultivars GP and B.

Second, the metabolome analysis has proven to be as sensitive
as the survey of the corresponding transcriptome as a means to
detect minor differences between B and the out-bred transgenic
GluB. In addition, both targeted and untargeted metabolome
analyses discerned an influence of mycorrhizal infection on leaf

cM 7H probe set or marker
0
142 P35_22152 - related to small spelt
transcription factor X1
142 EBmag0757
156 Bmac0156
167 P35_15377 — PR protein
182

Fig. 4. Inheritance of GP alleles in GluB on the lower arm of barley chro-
mosome 7H. Two of the 16 unigenes differentially expressed in both the B vs.
GP and the B vs. GluB comparisons could be mapped to the current physical
barley map (www.harvest-web.org) and were located at 142 ctM and 167 <M
on chromosome 7H, respectively. Analysis of the two polymorphic SSR
markers EBmag0757 (142 cM) and Bmac0156 (156 cM) revealed retention of
the respective GP alleles in GluB that had been generated by introgressing
the GluB transgene from GP into B. Locations of the employed markers and
the two unigenes of interest on the genetic map are given on the left, their
names and annotations are to the right to the chromosomal sketch.
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metabolism that was not achieved by transcriptome analysis
alone. In targeted experiments, on the other hand, differential
display was used successfully to identify transcripts of five dif-
ferentially expressed genes from leaves of mycorrhiza-colonized
tomato (22). Based on our results, metabolome analysis repre-
sents a more immediate probe of physiological status of the plant
than the transcriptome. We have found that a subset of phos-
phorylated intermediates of central metabolism was more
abundant in leaves of Amykor-treated than in control plants,
reflecting improved phosphate availability in treated plants.

Third, comparisons of the metabolome and transcriptome
between the transgenic GluB and wild-type B revealed four dif-
ferentially abundant metabolites and 22 deregulated transcripts,
suggesting a more distant positioning in the PCA between these
two lines, as compared to ChGP and GP. Although the reason for
the deviation in the metabolome of GluB and B remain elusive,
about 73% of the differentially transcribed genes between GluB
and B were similarly deregulated between GP and B. The evidence
for genetic linkage of 2 out of the 16 coregulated genes between
GluB and GP by SSR marker analysis indicates that the differences
in the transcript profiles of GluB and B could be attributed to
retention of introgressed GP traits in the GluB background. This
finding could also hold true for the differences in the GluB and B
metabolome profiles. Our finding suggests that introgression of a
few alleles can convey a stronger effect on substantial equivalence
than the introduction of the two regarded transgenes.

Fourth, compared with the previously addressed slight changes,
the data compiled for GP and B revealed 1,660 differentially regu-
lated genes and a considerable, albeit minor, number of steady-state
metabolite pools that were substantially different. Targeted qRT-
PCR analysis of five genes that strongly differed in expression
between GP and B disclosed that, for most of them, transcripts were
only specifically abundant in one of the two cultivars. Defense-
associated genes such as pathogenesis-related gene-4 (PR-4) were
overrepresented in the 1,660 genes. Because we did not include a
substantial number of defense-related metabolites in our targeted
metabolome analysis, the difference in defense priming between GP
and B remained obscure in the metabolite dataset. As no symptoms
of infection were visible on any genotype at sampling date, our data
indicates that subclinical or latent infections at the field site had
triggered defense-gene expression. Thus, our results suggest that B,
unlike GP, was in an alert state with basal expression of patho-
genesis-related genes. The variety GP lacks most resistance genes
(23) and exhibits a much weaker defense response compared to bred
high-end varieties. We can thus estimate that past breeding of elite
lines, such as B for putative disease resistance, represent the
strongest effect on global gene expression between cultivars in the
field, where plants are subjected to perpetual challenge by microbial
pathogens and pests. Such large differences are not expected to be
caused by single transgenes, although evidence on pathogen-chal-
lenged disease-resistant GM crops is thus far unavailable. Although
resistance toward pathogen challenge in the field should be
increased in ChGP because of the presence of endochitinase,
transcript profiles of ChGP, and because GP did not exhibit sig-
nificant differences, unlike the B to GP comparison described
above. This result means that endochitinase expression did not
affect the transcriptome in challenged plants. In comparison, strong
differences in transcript profiles of Bt maize compared with non-
GM cultivars were to be expected upon corn borer infestation,
representing sick and healthy plants, respectively.

1. Cellini F, et al. (2004) Unintended effects and their detection in genetically modified
crops. Food Chem Toxicol 42:1089-1125.

2. Schéfer P, et al. (2009) Manipulation of plant innate immunity and gibberellin as factor
of compatibility in the mutualistic association of barley roots with Piriformospora indica.
Plant J 59:461-474.
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Conclusion

In summary, our results substantially extend observations that cul-
tivar-specific differences in transcriptome and metabolome greatly
exceed effects caused by transgene expression. Furthermore, we
provide evidence that, (i) the impact of a low number of alleles on
the global transcript and metabolite profile is stronger than trans-
gene expression and that, more specifically, (if) breeding for better
adaptation and higher yields has coordinately selected for improved
resistance to background levels of root and leaf diseases, and this
selection appears to have an extensive effect on substantial equiv-
alence in the field during latent pathogen challenge.

Materials and Methods

Barley Seed. The seed used in this study represented barley lines pYW210-9-
(4001-4360), pYW210-19-(4701-6100), pYW300-36-(7121-7187), pJH271-Beta
Glu-307 and the cultivars Golden Promise and Baronesse. Line pYW210-9-
(4001-4360), termed ChGP, and lines pYW210-19-(4701-6100) and pYW300-
36-(7121-7187), which are constitutively expressing endochitinase ThEn42
(GQ) from T. harzianum (13), were produced for this study (see below). Line
pJH271-Beta Glu-307, termed GluB, constitutively expresses a thermostable
(1,3-1,4)-p-glucanase and was described earlier (18).

Double-Cassette Vector Construction with the Ubiquitin Promoter and Barley
Transformation. For construction of plasmid pYW300 (Fig. S1A), the Cauli-
flower mosaic virus 35S promoter was amplified from plasmid pB/221 (Clon-
tech Inc.), digested with Hindlll and Pstl, and inserted into Hindlll- and Pstl-
digested plasmid pAM110-cTHENn42(GC) (Fig. S1C). The Hindlll-Notl fragment
of this plasmid was moved into pAM300b (Fig. S1D), and the Hindlll-EcoRI
fragment from this intermediate vector was then inserted into the pJH 260
binary vector as described for the vectors with the ubiquitin promoter (see
below). The sequence of the plasmid pYW300 has been assigned GenBank
Accession number DQ469639.

Plasmid pYW210 (Fig. S1B) was constructed in the binary cloning vector
pJH260 derived from pBIN19, as follows: The fragment containing cThEn42(GC)
provided with the pUbi 1 promoter and the SP(HvChi33) signal sequence was
excised from plasmid pAM110-cThEn42(GC) (Fig. S1C) with Hindlll and Notl. The
resulting fragment was inserted into Hindlll-/Notl-digested plasmid pAM300b
(Fig. S1D), yielding plasmid pAM300. A Hindlll / EcoRI fragment of the insert was
cloned into pJH260 to produce plasmid pYW210 (GenBank Accession Number
DQ469636). For barley transformation, see S/ Materials and Methods.

Metabolome Profiling and Metabolite Fingerprinting. Targeted analysis of free
amino acids (24), major leaf carbohydrates (25), ascorbic acid, tocopherols
and glutathione (26), carotenoids (2), phosphorylated intermediates and
carboxylates (27) was conducted as previously described.

Untargeted metabolome profiling by ESI-MS was carried out on a
QTrap3200 mass spectrometer (Applied Biosystems) after metabolite
extraction and ion exchange chromatography as described (26). Negative
lons were generated at —4.5 kV and a declustering potential of —20 V. The
entrance potential was from —6 to —4 V, and gas pressures were 20 psi
(curtain), 30 psi (nebulizer), and 20 psi (turbogas). A mass range of m/z 60—
610 was recorded with one scan per second over 80 min. Peak alignment was
performed after import into Marker View (Applied Biosystems) with a
retention time tolerance of 0.75 min and a mass tolerance of 1.0 amu.
Maximal number of peaks was set to 500. Retention time corrections and
normalization was done with the internal standard pipes (m/z 301.1; RT 16.6
min). For PC analysis of fingerprinting data, quality control samples were
generated as described (28) by pooling equal-volume amounts from all
analyzed samples. Artifact peaks were removed before the analysis was
conducted with MarkerView.
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S| Materials and Methods

Barley Transformation and Analysis of Primary Transformants. Barley
cultivar Golden Promise (GP) was transformed by cocultivation of
immature zygotic embryos with Agrobacterium tumefaciens strain
AGLI carrying a disarmed Ti plasmid and plasmid pYW210 or
pYW300 (Fig. S1 A and B) as previously described (1). Genomic
DNA of bialaphos-resistant regenerated T, plantlets was ex-
tracted from 3-cm long segments and tested for the presence of
ThEn42(GC). Primers SPThEnUP 5-CTTCTGCAGATGAG
ATCGCTCGCGGTGG-3’ and SPThEnDOWN 5'-GCGAGCT
CCTAGTTGAGGCCGCTGC-3' were used to amplify a 1,170-bp
fragment of cThEn42(GC).

Field Experiments for Global Transcriptome- and Metabolome-Profiling
Analyses. The field trial from which the samples for joint tran-
scriptome and metabolome analyses were taken was carried out at
the Giessen experimental station in 2007 in a replicated
randomized block design. Each block consisted of eight 0.8- X
0.5-m plots in which genotypes were randomly distributed and
half of the plots were pretreated with Amykor (see below). Plots
were separated by a 0.5-m wide strip of fallow and the entire field
was isolated by a guard strip consisting of a 1-m wide fallow and
5-m wide corridor planted with summer barley variety cv. Scarlett
after plot preparation. Plots were prepared by conventional till-
age. Subsequently arbuscular mycorrhiza inoculum using Amykor
Waurzel-Vital (Amykor) was shallowly incorporated into the soil
of half of the plots one day before planting. Amykor consists of
expanded clay-based inoculum mainly containing Glomus intra-
radices and Glomus mosseae. The other part of the plots was
treated with expanded clay lacking fungal inoculum. On the fol-
lowing day, barley grains (300 grains per square meter) were
planted with a dedicated Wintersteiger Precision Space Planter.
Roots were harvested 10 weeks after planting to assess mycor-
rhizal colonization; ten pools of leaf material of at least ten leaves
per pool were sampled in the middle of the light period 4 months
after planting for combined transcriptome and metabolome
analysis as described (2).

Challenge with Rhizoctonia solani. Mycelium of Rhizoctonia solani
AGS grown for 4 to 5 d in potato dextrose broth was vacuum
filtrated and chopped in a Waring blender in de-ionized water.
Barley seeds of the lines Ubi::ChGP-19, Ubi::ChGP-9, and 35S::
ChGP-36 were surface-sterilized in a solution of 10% sodium
hypochlorite and germinated for 2 d on wet filter paper at room
temperature. Seedlings were planted in a Turface:Oldri Mix (2:1
vol/vol) and incubated in a growth chamber (70% relative hu-
midity, 16-h photoperiod for 7 d). After removal from the sub-
strate, the roots of the plants were rinsed with tap water and
immediately dipped into the mycelial suspension. Plants were
then wrapped in wet filter paper, placed in 50-mL microfuge
tubes, and incubated in a growth chamber for 1 week. For
analysis, seedlings were unwrapped and the number of yellow
leaf tips per seedling was determined.

Quantitative Determination of Endochitinase Activity in Plant Tissues.
Tissues were ground after adding 400 pL of extraction buffer
(50 mM Na-acetate with 100 pg/mL BSA, pH 5.5), vortexed, and
centrifuged for 10 min at 18,000 x g. The supernatant was trans-
ferred into a fresh tube and stored at 4 °C. For the quantitative assay,
5 pL of protein solution were mixed with 45 pL. Na-acetate buffer.
Five microliters of 1:20 diluted sample were mixed with 45 pL. Na-
acetate buffer and 0.5 pg methylumbelliferyl-chitotrioside (Sigma).

Kogel et al. www.pnas.org/cgi/content/short/1001945107

Samples were incubated at room temperature for 10 min with gentle
shaking. Fifty microliters of 0.3 M glycine/NaOH buffer (pH 10.6)
were added to stop the reaction. Fluorescence was measured using a
Safire spectrophotometer (Tecan) (excitation/emission 455 nm/360
nm). The amount of enzyme was determined with a standard curve
using ThEn-42 enzyme expressed in Pichia pastoris.

Western blot analysis of ChGP T, transformants. PCR-positive T
plantlets were tested for the production of the recombinant enzyme
by Western blot. Ten milligrams of young leave or root material
was harvested and ground in 100 pL (leaves) or 300 pL (roots) of
protein extraction buffer [SO mM NaPO, pH7.0, 10 mM EDTA,
1% Triton X-100, 1 mM PMSF, and 0.1% polyvinylpyrolidone
(40,000)] using a homogenizer. This suspension was then centri-
fuged at 18,000 x g for 10 min, and 50 pg of total protein was sep-
arated by SDS/PAGE, transferred to nitrocellulose membranes,
and probed with antibodies raised against the purified recombinant
endochitinase expressed in P. pastoris (3).

Isolation of ChGP T, transformants. The T plants that showed pres-
ence of the ThEn-42 gene by PCR in the developing seedling
leaves and the endochitinase protein in leaves and roots were
tested for inheritance of the transgene in 20 seeds from each of
the harvested T plants. Leaf pieces of each T, plant were tested
by PCR for the presence of the ThEn-42 gene. The forward
primer Y 28 5'-CTACGCCGACTACCAGAAGC-3’and the re-
verse primer Y 29 5-TAGTCCTTGATGGCCTGCTC-3" were
used for amplification.

Selection of homozygous ChGP T, transformants. For determination of
the presence of Trichoderma endochitinase in single seeds, a high
throughput qualitative screening test was developed (Fig. S24).
Single seeds were cut and incubated in 200 pL sodium acetate
buffer (pH 5.5) containing 2 pg methylumbelliferyl-chitotrioside
(Sigma) for 10 min at room temperature in the dark. Placement
on an UV transilluminator shows intense fluorescence of the
methylumbelliferon after cleavage from the chitotrioside. Grains
lacking the Trichoderma endochitinase do not elicit the fluo-
rescence. Grain of T, plants carrying the ThEn-42 gene as
identified by PCR were propagated in the greenhouse or field. T,
seeds of these plants were screened for homozygosity.

Southern blots of ChGP T, plants. Because Southern blots of the T
plants could not be made, these were simulated by pooling the leaf
pieces of 20 seedlings from each T; progeny, extracting the DNA,
and performing the blotting as previously described (4). Ten mi-
crograms of SstI-digested genomic barley DNA was separated by
agarose gel electrophoresis and blotted onto nylon membranes.
The 4.8-kb plasmid pPICZa-Sp-FSP-FAP-ThEnCh(GC) harbor-
ing the 1.3-kb codon-optimized ThEn-42 was linearized and served
as the positive control. The hybridization probe was obtained by
amplifying a 800-bp product with the primer Y28 5-CTACGCC-
GACTACCAGAAGC-3" and Y29 5'-TAGTCCTTGATGGC-
CTGCTC-3' and labeling it with [a->*P]JdCTP using the all All-in-
One random labeling system (Sigma). The transformants giving
single-insertion bands were analyzed further.

Cytological Analysis of Mycorrhizal Colonization. Intracellular fungal
structures (arbuscules) of the root samples were microscopically
determined (Axioplan 2 microscope; Zeiss). After clearing of the
roots in 10% KOH and subsequent Trypan blue staining, 100
randomly selected 1-cm root segments were examined per sample.

Quantitation of G. mosseae by Determination of the Large Subunit

Ribosomal RNA Gene from Genomic Fungal DNA. Barley roots of six
to eight plants per plot were harvested in liquid nitrogen and total
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DNA then isolated using Qiagen DNeasy Plant Mini Kit (Qia-
gen). For detection of endomycorrhizal fungal DNA in barley
roots, real-time PCR was used. The 28S rDNA (GenBank
accession no. AY541918) was amplified, with the specific primer
pair Mos-F 5-GAAGTCAGTCATACCAACGGGAA-3’ and
Mos-R 5-CTCGCGAATCCGAAGGC-3’ (5). The reactions
were set up with SYBR Green Jump Start Taq Ready Mix
(Sigma-Aldrich). The procedure was performed as described (6).
The threshold cycle (Ct) was calculated by the MxPro-Mx3000P
Stratagene software. The Ct values obtained were calculated
relative to barley ubiquitin content (2).

Transcript Profiling. All transcript analyses were performed with
the Gene Spring software (Agilent) using data generated with the
custom-designed Agilent microarrays, as described (2).

Transcript Quantitation of Barley Genes Differentially Transcribed
Between GP and Baroness by qRT-PCR. Total RNA was isolated as
described in the materials and methods section and treated with
DNase I (Fermentas). cDNA was synthesized from 2.5 pg total
RNA using the RevertAid H Minus M-MuLV Reverse Tran-
scriptase (Fermentas) and transcript amounts of the indicated
genes relative to barley ubiquitin were analyzed in 1:100 dilu-
tions of the reverse transcriptase reactions by qRT-PCR on a
Mx3000P qPCR system (Stratagene) using the Brilliant II SYBR
Green QPCR Master Mix (Stratagene) following the manu-
facturer’s instructions. Cycling conditions were 10 min 95 °C,
followed by 40 cycles of 15 s 95 °C, 20 s 60 °C, and 15 s 72 °C.
Primers for three genes with significantly higher transcription
level in Golden Promise (GP) and two in Baronesse (B) were

. Horvath H, et al. (2000) The production of recombinant proteins in transgenic barley
grains. Proc Nat/ Acad Sci USA 97:1914-1919.

2. Schafer P, et al. (2009) Manipulation of plant innate immunity and gibberellin as factor
of compatibility in the mutualistic association of barley roots with Piriformospora
indica. Plant J 59:461-474.

3. Wu YC, von Wettstein D, Kannangara CG, Nirmala J, Cook RJ (2006) Growth inhibition

of the cereal root pathogens Rhizoctonia solani AG8, R. oryzae and Gaeumannomyces

graminis var. tritici by a recombinant endochitinase from Trichoderma harzianum.

Biocontrol Sci Technol 16:631-646.
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derived from the consensus sequence of the respective unigenes
and are listed below along with the best BLASTX hit; barley
ubiquitin primers were taken from Schéfer et al. (2).

p35_17228 (PRA4, Triticum monococcum):
Hv_17228 F 5'-CAGCCCGCAGAAGAACAAC-3’
Hv_17228 R 5-GGTCCAGCCGTACTTGGAG-3’
p35_22781 (uncharacterized protein, rice):
Hv 22781 F 5’- CCGTCATTTCCATGTTGACC-3’
Hv 22781 R 5’- ATCAGACGTTGGCTCACTCC-3’
p35_14133 (Thaumatin-like protein TLPS, barley):
Hv_14133_F 5- GACCAGACCAGCACCTTCAC-3’
Hv_14133_R 5'- GTCCTTATTCCTTATTGACCCAAG-3’
p35_9462 (ent-kaurene synthase, rice):
Hv_9462_F 5'- TTACTCGGCTCATTGCTCAC-3’
Hv_9462 R 5- AGGGTTCTTCCTAAATCACATCC-3’
p35_27344 (putative cytochrome P450 protein, rice):
Hv_27344 F 5- AGGTGCTGGGATACGATGTG-3’
Hv 27344 R 5’- GTCGGGCCAGTAGAGCTTG-3’

Simple Sequence Repeat Marker Analysis. Seven simple sequence
repeat and simple sequence-length polymorphism markers of the
region between 142 and 167 cM on barley chromosome 7H were
tested for being polymorphic between B and GP. The two simple
sequence repeat markers, EBmag0757 and Emac0156, were
amplified from pooled B, GluB, and GP leaf material in standard
PCR reactions as described by Ramsay et al. (7).

4. Kleinhofs A, et al. (1993) A molecular, isozyme and morphological map of the barley
(Hordeum vulgare) genome. Theor Appl Genet 86:705-712.

. Alkan N, Vijay G, Yarden O, Kapulnik Y (2006) Analysis of quantitative interactions
between two species of arbuscular mycorrhizal fungi, Glomus mosseae and G.
intraradices by real-time PCR. App! Environ Microbiol 72:4192-4199.

. Alkan N, Vijay G, Coburn J, Yarden O, Kapulnik Y (2004) Quantification of the
arbuscular mycorrhizal fungus Glomus intraradices in host tissue usig real-time
polymerase chain reaction. New Phytol 161:877-885.

7. Ramsay L, et al. (2000) A simple sequence repeat-based linkage map of barley. Genetics

156:1997-2005.
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Fig. S1. (A-D) Maps of vectors used in this study.
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Table S2. Consistent effects of Amykor treatment of soil on the barley metabolome in field and greenhouse

experiments

Field experiment

Greenhouse experiment

Mean ratio GPM/GP ChGPM/ChGP BM/B  GIuBM/Glu field +M/~-M GPM/GP ChGPM/ChGP greenhouse +M/—M
Phosphate 1.8 1.9 1.5 1.1 1.58 £ 0.18 2.1 1.3 1.7 £ 0.57
G1P 1.9 2.3 1.7 1.5 1.85 + 0.17 6 2.3 4.15 + 2.62
3PGA 1.6 1.4 1.1 1.5 1.4 +0.11 2.6 2.6 26+0

PEP 1.4 1.3 1.3 1.2 1.3+ 0.04 2.3 2.4 2.53 +0.07
Ru1,5bP 25 3.2 3.4 1.4 2.63 = 0.45 2 1.7 1.85 + 0.21
Hexoses 1.8 2.9 2.2 1.3 2.05 +0.34 1.6 0.7 1.15 + 0.64

Differences of leaf metabolite contents between Amykor treated an untreated barley plants in the field experiment with all four
barley genotypes and a greenhouse experiment with lines in the Golden Promise background. Columns with metabolite ratios of
treated over nontreated barley plants (+M/—M) were calculated based on the average of all examined genotypes. B, Baronesse; ChGP,

Chitinase GP; GluB, Glucanase B; GP, Golden Promise; +, Amykor treated; +M/—M, metabolite ratios treated vs. untreated.

Table S3. Differentially transcribed genes between field grown barley varieties

Genotype comparisons

No. of differentially transcribed genes

Indicated barley types

GP vs.ChGP
B vs. GIuB
B vs. GP

B vs. GP n B vs. GluB

+ Amykor (Glomus sp.) treatment

GP vs. GPM

ChGP vs. ChGPM

B vs. BM

GluB vs. GluBM

22

o O o b

1,660

Field grown barley plants were cultivated as described in SI Materials and Methods and pooled leaf samples
were harvested after 10 weeks. The number of differentially transcribed genes between the indicated barley
genotypes (Top) and between Amykor treated and untreated plots of the same genotype (Bottom) is displayed.
The microarray flag pass list was filtered for fold-change > 2 and P > 0.05 after Benjamini-Hochberg multiple
test correction (see spreadsheets in Dataset S1).

Other Supporting Information Files

Dataset S1 (XLS)
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6 Summary

The sebacinoid fungus Piriformospora indica colonizes roots of an extraordinary broad
range of monocotyledonous and dicotyledonous plants. Root colonization is associated
with the transfer of muliple beneficial effects to the host plants. This includes abioitic
stress tolerance, biotic stress resistance against root and leaf pathogens as well as
growth promotion and yield increase. The studies presented here indicated that root
colonization by P. indica did not result in strong transcriptomic changes in barley leaves
that might explain the systemic resistance in leaves against Blumeria graminis f.sp.
hordei. The fungus might rather alter the metabolic status of leaves as root colonization
significantly reduced lipid peroxidation, fatty acid desaturation, and metabolic heat
emission but strongly elevated the antioxidative capacity in leaves. These metabolic
alterations were also observed in salt tolerant barley cultivar California Mariout and thus
might reflect salt tolerance mediated by P. indica. Interestingly, P. indica and closely
related Sebacina species were found to be colonized by endosymbiotic bacteria in a
species-specific manner. Moreover, these bacteria were able to transfer beneficial
effects to plants as reported for sebacinoid fungi (e.g. P. indica). Although plant benefits
mediated by bacteria were weaker as compared to their fungal hosts, this adds more
complexity to the mutualistic interaction of plants with sebacinoid fungi.

Plant root colonization by P. indica is a sophisticated process and the fungus evolved
effective strategies to suppress root innate immunity. Based on molecular and genetic
data, immune suppression is a prerequisite for successful root colonization. As effective
immune suppression was observed in Arabidopsis and barley roots, it might explain the
ability of P. indica to colonize a broad spectrum of plants. In addition, the manipulation
of hormone metabolism by P. indica might essentially contribute to its colonization
success. For instance, gibberellic acid (GA), ethylene, and jasmonate were required for
root compatibility. Among these hormones, GA might be recruited by P. indica for
defense suppression. Reduced root colonization of barley mutants impaired in GA
signaling and synthesis by P. indica was associated with an elevated root immune
reponse. Cell biological studies revealed a high adaptation of P. indica to Arabidopsis
roots. The fungus initially colonized living root cells as indicated by the ultrastructural
intactness of cell organelles such as the endoplasmic reticulum (ER), the nucleus or
mitochondria. This biotrophic colonization phase was followed by a cell death-
dependent colonization phase. P. indica initiated this cell death by inducing ER stress

that resulted in the activation of a vacuole-mediated and caspase-dependent cell death.
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Comparable results in the barley root-P. indica interaction implicate that root cell death
is a common colonization strategy by the fungus. Moreover, as cell death-dependent
colonization was reduced in barley plants overexpressing the negative cell death
regulator BAX INHIBITOR-1 (BI-1). BI-1 is a known integrator of ER stress that supports
cell viability under unfavorable environmental conditions.

A stable barley root transformation system was developed, which allowed studying the
effect of barley proteins on the mutualistic interaction of roots with P. indica as well as
with the pathogen Fusarium graminearum. The system was suitable for efficient
overexpression and silencing of candidates and drastically accelerated molecular as
well as genetic studies in barley roots.

In order to investigate the effect of transgenes on the barley metabolome and
transcriptome, investigation were performed under field conditions. These studies
revealed that the stable expression of neither a fungal chitinase nor a chimeric bacterial
B-glucanase in barley significantly altered the plant transcrptome or metabolome in
comparison to the respective parent lines. Moreover, the studies indicated that
alterations in the genome of cultivars generated by classical breeding strategies result

in more pronounced changes of the metabolome and transcriptome.
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7 Zusammenfassung

Der zu den Sebacinales gehdrende Pilz Piriformospora indica besiedelt die Wurzeln
eines ungewdhnlich breiten Spektrums an monokotylen und dikotylen Pflanzen. Die
Wurzelbesiedlung ist dabei fir die Wirtspflanze mit mehreren nitzlichen Effekten
verbunden. Diese umfassen Toleranz gegenuber abiotischen Stressfaktoren, Resistenz
gegenuber biotischen Stressfaktoren wie Blatt- und Wurzelpathogenen sowie
Wachstumsforderung und Verbesserung des Ertrags. Die hier prasentierten Studien
zeigen, dass die Wurzelbesiedlung durch P. indica nicht zu starken Verdnderungen im
Transkriptom von Gerstenblattern fiihren, die die systemische Resistenz gegentiber
Blumeria graminis f.sp. hordei erklaren koénnten. Vielmehr scheint der Pilz den
metabolischen Status von Blattern zu beeinflussen, da die Besiedlung von Wurzeln zu
einer  signifikant  reduzierten  Lipidperoxidation,  Fettsauredesaturation  und
metabolischen Warmeemission flhrt, die antioxidative Kapazitat in Blattern jedoch stark
erhoht. Diese Veranderungen im Metabolismus konnten ebenfalls in dem salztoleranten
Gerstenkultivar Mariout beobachtet werden und konnten daher die von P. indica
vermittelte Salztoleranz erklaren. Interessanterweise werden P. indica und nahe
verwandte Sebacina Arten selbst von endosymbiotisch lebenden Bakterien in einer
Species-spezifischen Weise besiedelt. Diese Bakterien vermitteln dieselben ntzlichen
Effekte fur Pflanzen, wie sie fur die sebacinoiden Pilze (z.B. P. indica) beschrieben
wurden. Allerdings sind die von den Bakterien hervorgerufenen nutzlichen Effekte
schwacher als die ihrer pilzlichen Wirte. Dies zeigt jedoch eine zusatzliche Komplexitét
der mutualistischen Interaktion von Pflanzen mit sebacinoiden Pilzen.

Die Besiedlung von Pflanzenwurzeln durch P. indica ist ein vielschichtiger Prozess. Der
Pilz hat offenbar effektive Strategien entwickelt, um das Abwehr-/Immunsystem der
Wurzel zu supprimieren. Molekulare und genetische Daten zeigen, dass diese
Immunsuppression eine Voraussetzung fir eine erfolgreiche Wurzelbesiedlung darstellt.
Die effektive Abwehrsuppression konnte sowohl in Arabidopsis- als auch in
Gerstenwurzeln beobachtet werden, und konnte die Erklarung fir die Fahigkeit von P.
indica sein, dieses breite Spektrum an Wirtspflanzen besiedeln zu kdnnen. Dartber
hinaus konnte auch die Beeinflussung des pflanzlichen Hormonstoffwechsels
wesentlich zum Besiedlungserfolg von P. indica beitragen. Beispielsweise tragen
Gibberellinsaure (GA), Ethylen und Jasmonsaure zur Wurzelkompatibilitat bei. GA
konnte von P. indica sogar fur die Abwehrsuppression benutzt werden. Wurzeln von

Gerstenmutanten, die entweder in der GA Signalweiterleitung oder GA Synthese gestort
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sind, werden schlechter durch P. indica besiedelt, was mit einer erhéhten Immunantwort
in den Wurzeln in Zusammenhang zu stehen scheint. Zellbiologische Studien zeigen ein
hohes Mal3 an Anpassung von P. indica an Arabidopsis Wurzeln. Der Pilz besiedelt
zunachst lebende Wurzelzellen, was anhand der ultrastrukturellen Integritat des
Endoplasmatischen Retikulums (ER), des Zellkerns und der Mitochondrien gezeigt
werden kann. Diese biotrophe Phase der Besiedlung wird von einer Zelltod-abh&ngigen
Phase gefolgt. P. indica scheint diesen Zelltod zu initiieren, indem er ER-Stress
verursacht, der in der Aktivierung eines Vakuolen-vermittelten, Caspase-abhangigen
Zelltods miindet. Ahnliche Ergebnisse zur Gersten-P. indica Interaktion implizieren,
dass der Wurzelzelltod generell zur Besiedlungsstrategie des Pilzes gehort. Die
Tatsache, dass Gerstenpflanzen, die den negativen Zelltodregulator BAX INHIBITOR-1
(BI-1) Uberexprimieren, schlechter besiedelt werden, unterstiitzt ebenfalls die These
einer Abhangigkeit der Besiedlung von Zelltod. BI-1 ist ein bekannter Integrator von ER-
Stressreaktionen, der das Uberleben von Zellen unter ungiinstigen Umweltbedingungen
sicherstellt.

Im Rahmen dieser Arbeit wurde aufRerdem ein stabiles Wurzeltransformationssystem
fur Gerste entwickelt, das helfen soll, die Funktion von Gerstenproteinen in der
mutualistischen Interaktion mit P. indica oder mit Pathogenen wie Fusarium
graminearum zu Uberpriifen. Das System ist sowohl fiir die Uberexpression als auch
das Silencing von Kandidatengenen geeignet und wird die Mdglichkeit der molekularen
und genetischen Untersuchungen in Gerstenwurzeln stark verbessern.

Um mdgliche Effekte von Transgenen auf das Gerstenmetabolom und —transkriptom zu
untersuchen, wurden Freisetzungsversuche durchgefiihrt. Diese Studien belegen, dass
weder die stabile Expression einer pilzlichen Chitinase noch einer chimaren bakteriellen
B-Glucanase das Gerstentranskriptom oder Metabolom signifikant im Vergleich zu den
jeweiligen nicht-transgenen Elternlinien veranderte. Diese Studien zeigen zudem, dass
Verdnderungen im Genom von Kultivaren, die durch klassische Zichtung erstellt

wurden, sehr viel grof3ere Auswirkungen auf das Metabolom und Transkriptom haben.
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