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Arbuscular mycorrhiza (AM) fungi (Glomeromycota) form symbiosis with and deliver
nutrients via the roots of most angiosperms. AM fungal hyphae are taken up by living
root epidermal cells, a program which relies on a set of plant common symbiosis genes
(CSGs). Plant root epidermal cells are also infected by the plant growth-promoting fungus
Piriformospora indica (Basidiomycota), raising the question whether this interaction relies
on the AM-related CSGs. Here we show that intracellular colonization of root cells and
intracellular sporulation by P indica occurred in CSG mutants of the legume Lotus
japonicus and in Arabidopsis thaliana, which belongs to the Brassicaceae, a family that
has lost the ability to form AM as well as a core set of CSGs. A. thaliana mutants of
homologs of CSGs (HCSGs) interacted with P, indica similar to the wild-type. Moreover,
increased biomass of A. thaliana evoked by P indica was unaltered in HCSG mutants.
We conclude that colonization and growth promotion by P, indica are independent of the
CSGs and that AM fungi and P, indica exploit different host pathways for infection.

Keywords: Piriformospora indica, Lotus japonicus, Arabidopsis thaliana, biotrophy, common symbiosis genes,
intracellular colonization, growth promotion

Introduction

Plants form mutualistic interactions with fungi from different taxonomic groups. Arbuscular
mycorrhiza (AM) is a widespread symbiosis between plants and fungi of the phylum
Glomeromycota (Parniske, 2008; Smith and Read, 2008) and is considered a key factor that
allowed plants to colonize land more than 400 million years ago (Schiiffler and Walker, 2011).
The ancestral nature of this interaction raises the question to what extent other and potentially
younger interactions between plant roots and fungi evolved by co-opting the genetic framework
for AM formation. Candidates for such interactions include endomycorrhizal interactions formed
with fungi of the order Sebacinales of the phylum Basidiomycota (Selosse et al., 2009).

An experimental model for this group of fungi is Piriformospora indica, which infects various
taxonomically unrelated hosts and can increase plant growth and biomass (Peskan-Berghofer et al.,
2004; Waller et al., 2005; Shahollari et al., 2007; Sherameti et al., 2008; Camehl et al., 2010, 2011;
Hilbert et al., 2012; Nongbri et al., 2012; Lahrmann et al., 2013; Venus and Oelmiiller, 2013).

Phythormones like ethylene, jasmonic acid and gibberellins seem to positively
influence root colonization by P. indica, while salicylic acid has an inhibitory effect
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(Peskan-Berghofer et al., 2004; Shahollari et al., 2007; Sherameti
et al, 2008; Camehl et al, 2010, 2011; Nongbri et al., 2012;
Lahrmann et al,, 2013; Venus and Oelmiiller, 2013), we explored
the influence of the substrate and nutrient availability. We
evaluated the effect of P. indica on L. japonicus and A. thaliana
grown in soil with two different nutrient concentrations. In

both plant species, co-cultivation with P. indica in soil with high
nutrient concentrations had little or no effect on the mean stem
height. However, in soil with lower nutrient contents, P. indica
inoculation roughly doubled the mean stem height of A. thaliana
plants at 21 dpi, whereas there was only a small but significant
effect on L. japonicus (Figure 4).

FIGURE 2 | Colonization of A. thaliana root cells by P. indica. Hyphae (indicated by asterisks) were detected 4 dpi with P indica chlamydospores within
root cells of wild-type (Col-0) and the indicated HCSG mutants. Extracellular hyphae were stained with WGA-AF488 (green) but intracellular hyphae were not or
weakly fluorescent, probably due to limited access of WGA-AF488 to the fungal cell wall within root cells. FM4-64-stained plant material (red) within invaded

host cells is indicative of stage 1 or 2 of the infection process. Scale bar 10 um.

FIGURE 3 | Quantification of P. indica in L. japonicus (A) and A. thaliana (B) wild-type and mutant roots. Real-time qPCR was used to quantify DNA from
surface-washed P, indica-colonized roots at 14 dpi grown on modified HO medium using primers for the fungal gene Transcription Elongation Factor (TEF) and for A.
thaliana and L. japonicus Ubiquitin (UBI) genes. Differences between the wild-type and mutants were investigated with a two-sided, unpaired t-test. *P < 0.05,

P < 0.01.
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When A. thaliana plants were grown on agar plates with 2MS  [supplied as Ca(NO3); and/or KNOs], phosphate (KH;POj),
medium and no sugar, and inoculated with chlamydospores of ~ or ammonium (NH4Cl) on modified HO medium influenced
P. indica, a growth promoting effect was observed. In contrast,  the growth promotion of A. thaliana plants by P. indica.
when 0.05% sucrose was added to the medium, the plants were =~ Co-cultivation with the fungus had a positive effect on the
generally bigger and no increase was observed in the mean fresh ~ mean fresh weight of the plants under all nutrient conditions
weight of P. indica-inoculated plants compared to mock-treated  tested, except on a medium that limited plant growth due to
plants (Supplementary Figure 5). the lack of a nitrogen source (Supplementary Figure 6). For

Since A. thaliana plants grown in the presence of P.  the subsequent experiments, including those already reported
indica exhibit increased uptake of nitrogen and phosphate  in Lahrmann et al. (2013), we used modified HO medium,
(Shahollari et al., 2007; Kumar et al, 2011; Das et al,  which consistently supported the growth-promoting effect by P.
2014), we investigated whether the concentration of nitrate  indica.
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FIGURE 4 | Effect of P. indica on the stem height of L. japonicus and A. thaliana grown in high or low nutrient soil. Box-plots represent the stem height of
ca. 20 plants per treatment at the indicated dpi. (A,B) In high-nutrient soil (500 mg =T N, 500 mg =1 P, 500 mg =1 K), inoculation with P, indica did not change plant
stem height at 21 dpi (p > 0.05). (C,D) On low-nutrient soil (50-100 mg =1 N, 50-100 mg =1 B, 100-150 mg -1 K), P, indica inoculation led to an increase in the
mean stem height at 21 dpi (p < 0.05). Statistical analyses were performed with a Kruskal-Wallis test followed by a Bonferroni-Holm correction using the
mock-inoculated plants as control group. For each mock/P, indica-inoculated pair, box-plots sharing the same letter do not significantly differ (at the 5% significance
level). White boxes: mock; gray boxes: P, indica-inoculated; open circles: outliers. (E,F) Exemplary pictures of R indica- and mock-inoculated plants grown in low
nutrient soil. Experiments were performed three times with similar results.
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FIGURE 5 | Effect of P, indica or P. williamsii on the biomass of A.
thaliana. (A) Box-plots show the fresh weight of the indicated A. thaliana
genotypes (ca. 15 plants/genotype) grown in the presence or absence of P
indica or R williamsii. All plant genotypes accumulated more biomass upon
co-cultivation with P, indica but not with P williamsii. White box: mock; light
gray box: R indica; dark gray box: P. williamsii. Open circles: outliers. Statistical
analyses were performed using a Kruskal-Wallis test followed by a
Bonferroni-Holm correction using the mock-inoculated samples as control
group. Groups that do not share the same letter are significantly different (at
the 5% significance level). Comparisons between the three treatments were
made for each genotype separately. Plant biomass was determined 7 dpi.

(B) Representative plates showing sets of 14-day-old plants grown on
modified HO medium are shown 7 days after mock-treatment with Tween
water (left) or inoculation with either P, indica (center) or R williamsii (right)
chlamydospores. 1: pollux; 2: sec13 x nup133; 3: nup133; 4: sec13; 5: Col-0.

A. thaliana homologs of Common Symbiosis
Genes are not required for P. indica-induced
Growth Promotion

We investigated the influence of A. thaliana HCSGs on the
host growth-promoting effect of P. indica. As a control, we
included the closely related sebacinoid fungus P. williamsii
(Basiewicz et al., 2012; Lahrmann et al., 2013), which did not
induce or induced very little growth promotion of A. thaliana
Col-0 (Lahrmann et al, 2013). Wild-type and mutant plants
inoculated with P. indica had a significant higher mean fresh
weight than control or P. williamsii-inoculated plants (Figure 5).
Importantly, wild-type and mutant roots did not differ in their
biomass upon P. indica inoculation. We conclude that the HCSGs
POLLUX, NUP133, and SECI3 are not required for the growth

promotion of A. thaliana by P. indica, confirming previous
observations with atpollux mutants (Shahollari et al., 2007).

Conclusions

Despite the similarities between colonization of plant roots
by AM fungi and P. indica, our data indicate that CSGs
which are essential for AM development (Gutjahr and Parniske,
2013) are not required for root colonization by P. indica.
In the AM symbiosis, signal transduction for the initiation
of the intracellular accommodation program is mediated by
the products of CSGs (Takeda et al., 2012). Since P. indica
intracellular colonization was observed in the absence of
individual CSGs or existing homologs in A. thaliana, we conclude
that alternative pathways must exist that support intracellular
accommodation of P. indica. Conceptually this could be achieved
through the manipulation of general programs such as polarized
secretion, endocytosis, plant immunity, and/or phytohormone
signaling (Schéfer et al., 2009; Dérmann et al., 2014; Evangelisti
et al., 2014). Identification of such compatibility programs is
of prime interest because they might offer entry ports not only
for beneficial fungi like P. indica but also to hyphal pathogens
with similar infection strategies. This is in agreement with
the recent observation that CSG mutants of M. truncatula
show unaltered infection and haustorial development by the
phytopathogenic oomycete Phytophthora palmivora (Rey et al,,
2014). However, little is known about plant factors that are
directly involved in the intracellular accommodation of P.
indica. Tubby-like proteins, implicated in vesicle trafficking in
mammals (Mukhopadhyay and Jackson, 2011), are required
for normal colonization of A. thaliana roots by P. indica, and
have been pinpointed as possible compatibility factors during
the early stages of plant-fungus interaction (Reitz et al., 2012,
2013).
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