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The endophytic fungus Mortierella hyalina colonizes the roots
of Arabidopsis thaliana and stimulates growth and biomass
production of the aerial parts but not of roots. An exudate
fraction from the fungus induces rapid and transient cyto-
plasmic Ca®*elevation in the roots. The Ca** response does not
require the well-characterized (co)receptors BAK1, CERKI1,
and FLS2 for pathogen-associated molecular patterns, and the
Ca?* channels GLR-2.4, GLR-2.5, and GLR-3.3 or the vacu-
olar TWO PORE CHANNEL1, which might be involved in
cytoplasmic Ca®* elevation. We isolated an ethyl-methane-
sulfonate—induced Arabidopsis mutant that is impaired in this
Ca>* response. The roots of the mutant are impaired in
M. hyalina-mediated suppression of immune responses after
Alternaria brassicae infection, i.e., jasmonate accumulation,
generation of reactive oxygen species, as well as the activation
of jasmonate-related defense genes. Furthermore, they are
more colonized by M. hyalina than wild-type roots. We propose
that the mutant gene product is involved in a Ca**-dependent
signaling pathway activated by M. hyalina to suppress immune
responses in Arabidopsis roots.

The root-colonizing endophytic fungus Mortierella hyalina
belongs to the order Mortierellales, the largest genus within the
Mucoromycota (Benny 2009; Spatafora et al. 2016). The genus
Mortierella is quite diverse and estimated to contain 100 to 170
species (Nagy et al. 2011). The members of this genus live as
saprobes in soil on decaying organic material (Linnemann
1941), are globally distributed, and have been isolated from
polar and equatorial regions, from lowlands to alpine areas
(Linnemann 1958; Melo et al. 2014). The hyphae are hyaline
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and form a coenocyte, which becomes irregularly septated
when acquiring maturity (Tedersoo et al. 2014). The sporan-
giophores are mostly branched and do not form a columella
(Zycha et al. 1969). Various members of order Mortierellales
have been shown to dominate fungal communities in naturally
occurring ecosystems (Uehling et al. 2017). Many Mortierella
species can easily be cultured on synthetic media (Bonito et al.
2014) and have a garlic-like odor (Gams 1977), and the unique
lipid metabolism of some Mortierella species makes them in-
teresting for biotechnological applications (Kosa et al. 2018;
Sakuradani 2010; Sakuradani and Shimizu 2009; Sakuradani
et al. 2009, 2013). Furthermore, Mortierella elongata hosts the
endophytic betaproteobacterium (Sato et al. 2010) Mycoavidus
cysteinexigens FMR23-6 I-B1 (Ohshima et al. 2016). Uehling
et al. (2017) showed that the fungal genome features a core set
of primary metabolic pathways for degradation of simple car-
bohydrates and lipid biosynthesis, while the bacterial genome is
reduced in size and function. The phylogenomic analyses
suggest an ancient origin for M. elongata—Mycoavidus cys-
teinexigens symbiosis, most likely over 350 million years ago
and concomitant with the terrestrialization of earth (Uehling
et al. 2017).

Besides their saprophytic lifestyle, the rapidly growing fungi
with multinucleated haploid mycelia are also able to form
mutualistic mycorrhiza-like symbiosis with a broad spectrum
of host species, ranging from trees to di- and monocots and
mosses, and are found in association with macroalgae (Furbino
et al. 2014). On poor soils, Mortierella spp. were often observed
in association with the roots of trees, but the fungal association
decreased with improved growth of the plants and composition
of the soil, indicating that Mortierella is an early root colonizer.
M. chlamydospora and M. indohii are mainly found on the root
surface, but penetration of cortex cells and intercellular growth
of the fungus was also observed, indicating a closer relation
between both organisms (Ansell and Young 1982). Similar to
mycorrhizal fungi, Mortierella spp. support phosphate uptake
into the plants, which may participate in or cause the stimula-
tion of biomass production of the host (Wang et al. 2011).

We found that M. hyalina hyphae colonize the roots of
Arabidopsis thaliana, which resulted in substantial growth
promotion of the aerial parts of the hosts. To investigate
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mechanisms and chemical mediators involved in the beneficial
interaction, we focused on Arabidopsis. We describe that the
fungus releases one or more compounds that control root col-
onization and pathogen infections by activating Ca2+-dependent
innate immune responses in the roots.

RESULTS

M. hyalina promotes plant growth.

When Arabidopsis roots were cocultivated with M. hyalina
on agar plates for four days, the hyphae started branching and
were mainly found on the root surface in close contact with the
root hairs (Fig. 1A and B). After 7 days of cocultivation,
M. hyalina had successfully colonized the entire root and
started to sporulate on the root surface (Fig. 1C). Penetration of
the hyphae into the root cortex and sporulation inside the vas-
cular system after 20 days occurred rarely (Fig. 1D). After
10 days of cocultivation, the roots were entirely surrounded by
a fungal network. Already after 7 days of cocultivation, an
increase in the sizes and biomasses of the aerial parts of the host
but not of the roots can be detected (Fig. 2). The dry weights of
M. hyalina—colonized roots were even lower than that of
uncolonized control roots (Fig. 2C). The stimulatory effect on
the performance of the aerial parts was also detectable during
longer cocultivation periods, while stimulation of root growth
was never observed. This differs from the results obtained with
another beneficial endophytic fungus, Piriformospora indica
(renamed: Serendipita indica [Weil} et al. 2016]), which pro-
moted shoot and root growth (Peskan-Berghofer et al. 2004).

A cell-wall preparation (CWP) and
exudate fraction from M. hyalina induced
cytoplasmic Ca>* elevation in Arabidopsis roots.

We have previously demonstrated that CWPs from the en-
dophytic fungus S. indica (CWP-Si) (Vadassery et al. 2009) and
the pathogenic fungus Alternaria brassicae (CWP-Ab; Johnson
et al. 2014) induce [Ca2+]Cyt elevation in Arabidopsis and to-
bacco roots. This preparation was originally described by
Anderson-Prouty and Albersheim (1975) and contains mainly
nonproteinous compounds. It enriches mycelial cell-wall

Fig. 1. Light microscopic images of the interaction of Mortierella hyalina
hyphae with an Arabidopsis thaliana root. A, A main hypha (arrows) close
to the root of Arabidopsis starts branching several times 4 days after co-
cultivation. B, The hyphae grow mainly on the root surface and around the
root hairs. Hyphae are stained with Nile red. C, Sporulation of M. hyalina
(arrow) at the root surface 7 days after cocultivation. D, The hyphae pen-
etrate the root cortex after 20 days and spores were found between the
xylem vessels. Stained with Chlorazol black E.
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material that elicits defense responses in the cotyledons and
hypocotyls of bean seedlings and was used for further purifi-
cation of a polysaccharide fraction with the fungal effector. The
Ca* response induced by CWP-Si is required for growth pro-
motion induced by the beneficial fungus S. indica (Johnson
et al. 2018). Although M. hyalina did not promote root growth
(Fig. 2), an almost identical Ca** response was observed with a
CWP from this fungus (Fig. 3A). Under resting conditions, 18-
day-old transgenic apoaequorin-carrying Arabidopsis thaliana
roots in the Col-0 background (pMAQ?2) gave [Ca2+]Cyl values
of 66 = 0.9 nM (n = 24). A rapid and transient increase in the
[Ca2+]Cyt concentration is observed 40 s after the application of
the CWP from M. hyalina (CWP-Mh). Discharge at the end of
the experiment demonstrates that less than 5% of the recon-
stituted aequorin was consumed after the stimuli, which ensures
that the amount of aequorin in the sample is not limiting for the
Ca** signal. After a lag phase of 20 to 30 s, the levels of [Ca2+]Cyt
began to rise and reached a peak of approximately 550 nM
after 40 to 60 s (Fig. 3A). Subsequently, the Ca®* levels steadily
decreased and reached a plateau level (Fig. 3A). No [CazJ’]Cyt
elevation was observed with the water control (Fig. 3A). With
the amounts of CWP-Mh used for these experiments, the
magnitude of the [Ca2+]cyt response was dose-dependent
(Fig. 3B).

As initial steps to identify the Ca®*-inducing activity in
CWP-Mh, the proteins were removed by methanol pre-
cipitation. Since this had no effect on the Ca**-inducing ac-
tivity, proteins as chemical mediators could be excluded. The
remaining CWP-Mh was then passed through a Roti-Spin Mini
column with a molecular weight cut-off of 3 kDa and was
subjected to high-pressure liquid chromatography (HPLC) with
a LC-18-DB column. This resulted in a single fraction with Ca**-
inducing activity (not shown). Further purification was per-
formed with an Asahipak NH2P-50 4E column, followed by an
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Fig. 2. Mortierella hyalina colonization of Arabidopsis roots promotes
growth of the shoots but not roots. A, Two plates show Arabidopsis seed-
lings without (Ctrl) and with M. hyalina (+ M.h.) after 7 days of coculture.
WT = wild-type seedlings. B, Leaf area per plant of M. hyalina—colonized
and not colonized WT Arabidopsis 7 days after cocultivation. C and D, Dry
and fresh weights of M. hyalina—colonized WT Arabidopsis roots and
shoots 7 days after cocultivation. All bars represent means with standard
errors of four independent biological replicates. Asterisks indicate significant
differences determined by ¢ test, with P < 0.05.



Acclaim C18 column and, finally, a C18 phenyl column. In
each separation step, a single activity peak was detected. Since
further purification was unsuccessful, this fraction, called
fraction E, was used for further biochemical and physiological
characterization.

The final fraction E induced [C32+]cy1 elevation in roots and
less in shoots of Arabidopsis seedlings (Fig. 3C). Quantifica-
tion of the activities demonstrates that the Ca®* response in
the shoots is more than three times lower than in the roots.
A comparable organ-specific response pattern was observed

since the corresponding knock- out lines in the aequorm back-
ground showed comparable Ca* -inducing activity in response
to the CWP-Mh as to the wild type (WT) (Fig. 3D). Finally,
cellotriose from S. indica induces [Ca? ]Cy[ elevation in Arab-
idopsis roots (Johnson et al. 2018), and a mutant, cytoplasmic
calcium elevation mutant of S. indica (cycam-Si), fails to re-
spond to cellotriose (Johnson et al. 2018) (Fig. 3E, control). The
response of cycam-Si roots to the CWP-Mh was also identical
to the WT response, demonstrating that both responses are
different (Fig. 3E). M. hyalina also releases one or more

chemical mediators for Ca>* induction into the growth medium,
since a preparation from the growth medium, named soluble
fraction, gives the same Ca”* response as the CWP-Mh and the
E fraction (Fig. 3F).

for tobacco seedlings expressing the apoaequorin protein
(not shown). Furthermore, CERK1, BAK1 and FS2, well-
characterized (co)receptors of pathogen associated molecular
patterns, are not required for the Ca** response in Arabidopsis,
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Fig. 3. Induction of [Ca® ]Cyl elevation by Mortierella hyalina preparations in Arabidopsis roots and shoots. A, Cell-wall preparation from M. hyalina (CWP-
Mh, 100 pl) induces [Ca® ey elevation in the roots of Arabidopsis seedhngs The response of cytoplasmic calcium elevation mutant of M. hyalina (cycam-Mh)
in roots lacks the peak induction after about 90 s. B, Induction of [Ca® ]Lyl elevation by CWP-Mh is dose-dependent. C, Further purlflcatlon of the CWP
resulted in fraction E, which gave the same [Ca? chl elevation response as the CWP in roots but less in shoots. D, Induction of [Ca ch: elevation by the E
fraction from M. hyalina in wild-type (WT) roots is identical to roots of cerkl, fls2, and bakl seedlings. E, The E fraction induces [Ca” ey elevation in the roots
of WT and cycam-Si (cytoplasmic calcium elevation mutant of Serendipita indica) seedlings. As control, no induction of [Ca® ]Lyl elevation is observed in the
roots of cycam-Si seedlings by cellotriose. F, The CWP-Mh, E, and soluble fractions induce comparable [Ca ey elevation in WT roots. G, Application of the
CWP-Mh, E, or soluble fractions 6.5 min after a first application of the CWP-Mh induce only little [Ca® Jeye elevation. H, Chitin or cellotriose induce a

omparable [Ca® ]Lyt elevation in cycam-Mh roots as the CWP in the WT roots, while the E fraction mduces a [Ca® ]Lyt elevation response that lacks the first
[Ca ]cyl peak. I, CWPs from M. hyalina and Alternaria brassicae (CWP-Ab) induce comparable Ca>* responses in WT roots while the CWP-Mh induces a
Ca®" response in cycam-Mh roots that lack the initial peak observed after 90 s in WT roots. The cycam-Mh roots show a Ca®* response to the CWP-Ab that
resembles that of WT roots. All graphs are representative for more than 10 independent replicates. All graphs show the response of WT roots to water, which
was used as control, and the response to the CWP-Mh (except E).
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Initial studies suggest that perception of the chemical me-
diator from M. hyalina might be receptor-mediated. The Ca**-
inducing activity is severely reduced when the chemical
mediators (applied as CWP-Mh, E, or soluble faction) are applied
again 6.5 min after a first application, suggesting a refractory
behavior for the response (Fig. 3G). Combinations of applica-
tions of the CWP-Mh, E, and soluble fractions, applied either as
first or second stimuli, showed refractory behavior for all sec-
ond applications (Fig. 3G, only shown for CWP-Mh as first
stimulus). The results indicate that M. hyalina secretes one or
more chemical mediators responsible for the Ca** response.

Identification of an Arabidopsis mutant impaired
in the stimulation of cytoplasmic Ca** elevation
in response to the M. hyalina preparation.

A previously described (Johnson et al. 2014) and newly
generated ethylmethane sulphonate mutant populations were
screened for Arabidopsis mutants that did not respond to the
CWP-Mh. Among 104,000 individual plants that were screened
for altered Ca®* responses of the roots to the CWP-Mh, one
candidate, named cytoplasmic calcium elevation mutant of
M. hyalina (cycam-Mh), was investigated in more detail. This
line was selected because application of the CWP-Mh (or E
fraction) induced [Ca2+]Cyt elevation in cycam-Mh roots, but the
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Fig. 4. Mortierella hyalina confers tolerance to Alternaria brassicae in-
fections in wild-type (WT) and cytoplasmic calcium elevation mutant of M.
hyalina (cycam-Mh) leaves but not in cycam-Mh roots. A, Leaves of WT or
cycam-Mh seedlings, either mock-treated or pretreated with M. hyalina,
were infected with A. brassicae spores and the fitness of the seedlings was
measured as the efficiency of the electron transport through photosystem II
(Fv/Fm) for 9 days. B, A. brassicae spores were applied to roots. After 0, 3,
or 6 days, the roots were surface-sterilized, the seedlings were transferred to
pots and were cultivated in a greenhouse for 30 days, before determination
of the percent mortality. Bars represent means with standard errors of
four independent biological replicates with 100 (top) and 25 (bottom)
plants each. Asterisks indicate significant differences determined by ¢ test,
with P < 0.05.

354 / Molecular Plant-Microbe Interactions

profile lacked the initial peak observed after 90 s (Fig. 3A and
H). Approximately 4 to 5 min after the elicitor treatment, the
Ca** level reached the plateau that was also observed for the
WT. Chitin and cellotriose, the chemical mediator responsible
for the Ca”* response induced by S. indica (Johnson et al.
2018), induced the same Ca** responses as in the WT (Fig. 3H).
Also, a CWP from A. brassicae (CWP-Ab) (Johnson et al.
2014) induced a Ca®* response in the cycam-Mh mutant that
was identical to the response of the WT (Fig. 3I). When cycam-
Mh was backcrossed to WT (Col-0) or WT (La), [Ca2+]Cyt el-
evation to the chemical mediator was restored in about 25%
of F, progenies, indicating that the mutation is recessive.

When kept on agar plates or on soil in the greenhouse,
cycam-Mh did not show any visible phenotype. Interestingly,
cocultivation of the mutant with M. hyalina also resulted in
growth stimulation of the aerial parts (Supplementary Fig. S1)
while no growth response was observed for the roots, as in the
WT (fresh weight increase of aerial parts: WT, 31.2% + 4.2%
and cycam-Mh, 34.4% + 3.9%; fresh weight increase of the
roots: WT, 0.2% + 0.2% and cycam-Mh, —0.1% + 0.3%; n = 16).
Apparently, the lack of the Ca* peak in response to the CWP-
Mh did not affect stimulation of growth of the aerial parts by the
fungus.

M. hyalina confers tolerance to A. brassicae
infections in WT but not cycam-Mh roots.

The leaves of M. hyalina—colonized seedlings were more
resistant to infections with spores from the necrotrophic fungus
A. brassicae than the leaves of uncolonized control seed-
lings. For this experiment, the roots were cocultivated with
M. hyalina for 3 days before A. brassicae spores were applied
to the leaves. The disease development was measured as de-
crease in the Fv/Fm values, representing the efficiency of
the photosynthetic electron transfer through photosystem II.
Without M. hyalina precolonization, the first disease symptoms
in the infected leaves were detected 3 days after infection (dai).
At 6 dai, the Fv/Fm value was dramatically decreased (Fig. 4,
leaf). For M. hyalina—colonized seedlings, a visible retardation
of the disease development was observed and the Fv/Fm values
were higher than in the uncolonized control (Fig. 4, leaf). The
more efficient electron transport efficiency of photosystem II in
M. hyalina—colonized seedlings demonstrates that the fungus
protects the leaves against A. brassicae infection. Interestingly,
the same result was obtained for the cycam-Mh mutant, and the
Fv/Fm values were not significantly different from those for the
WT seedlings (Fig. 4, leaf). These results were further sup-
ported by determination of the mortality rates 9 days after leaf
infection; 54.8% + 6.1% (n = 8) of the WT and 55.6% = 5.2%
(n = 8) of the cycam-Mh seedlings were dead, while the mortality
rates for WT and cycam-Mh seedlings that were precolonized
by M. hyalina were reduced to 34.4% + 5.9% (n = 8) and 32.4%
+ 3.8% (n = 8), respectively. Apparently, the mutation in
cycam-Mh has little or no effect on the progression of disease
development in the leaves (Fig. 4, leaf).

A quite different picture emerged from pathogen infection
assays at the roots. To quantify the disease effects induced by
A. brassicae, the roots of M. hyalina—colonized and uncolon-
ized WT and cycam-Mh seedlings were inoculated with the
pathogen. At 3 dai, the roots were surface-sterilized, the
seedlings were transferred to pots, and the percent survival was
assayed after 30 days in the greenhouse. Surface sterilization
should prevent fungal effects after transfer to soil. When the
roots of WT seedlings were infected with the pathogen for
6 days, 42.1% + 6.5% (n = 8) of the WT seedlings did not
recover. The presence of M. hyalina reduced the lethality rate to
21.2% * 5.9% (n = 8) (Fig. 4, root). Thus, M. hyalina protects
the roots of WT seedlings against A. brassicae infection. For



cycam-Mh, the protective function of M. hyalina was no longer
detectable, and the recovery rate 6 dai with A. brassicae spores
was the same with and without M. hyalina pretreatment (no
pretreatment, 49.6% + 4.5%; with pretreatment, 50.9% + 4.5%)
(Fig. 4, root). Thus, the mutant roots but not the leaves were
impaired in M. hyalina—induced resistance against A. brassicae
infection (Fig. 4).

On agar plates, we observed an approximately 30% growth
inhibition of M. hyalina when A. brassicae was present on the
same plate, while A. brassicae growth was barely inhibited by
M. hyalina (Fig. 5SA). To test whether the mutation has an effect
on the colonization by the two fungi, WT and cycam-Mh roots
were first infected by M. hyalina or A. brassicae alone (Fig.
5B). No significant difference between the colonization of ei-
ther ecotype could be detected by qPCR analyses when the
roots were either inoculated with M. hyalina alone (0 to 9 days)
or with A. brassicae alone (0 to 6 days) (Fig. 5B). Longer
exposure of the roots to the pathogen did not give meaningful
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results because the disease symptoms were too severe.
Figure 5C shows growth of the two fungi when they are
growing together in the same roots. A. brassicae spores were
applied to WT or mutant roots that were precolonized with
M. hyalina for 3 days. Under these conditions, A. brassicae
propagated faster in the cycam-Mh roots than in WT roots (Fig.
5C). This suggests that the mutation allows faster disease de-
velopment and pathogen growth in A. brassicae—infected
cycam-Mh roots than in WT roots. It is worth noting that, during
the analyzed experimental period, M. hyalina colonization is
not significantly different in WT and mutant roots, neither when
growing alone (Fig. 5B) nor together with A. brassicae (Fig.
5C) (discussed below).

The cycam-Mh mutation restricts defense-gene activation.
Since M. hyalina pretreatment restricted A. brassicae growth

in WT but not cycam-Mh roots, we tested how the fungus in-

fluences the plant defense machinery upon pathogen infection
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Fig. 5. Disease development of Mortierella hyalina—pretreated or mock-treated wild-type (WT) or cytoplasmic calcium elevation mutant of M. hyalina (cycam-
Mh) seedlings after Alternaria brassicae infection. A, The picture shows growth of A. brassicae (black) and M. hyalina (white) on one agar plate. The graph
shows percent growth inhibition (after 7 days) of both fungi when they are cultivated together on one agar plate compared with their growth alone. Based on
three experiments, bars represent standard errors (SEs). B, The colonization of WT and cycam-Mh seedlings after infection with either M. hyalina alone or A.
brassicae alone. The value for WT roots 3 days after colonization was set as 1.0 and all other values are expressed relative to it. n.s. = not significant. C, The
colonization rate of WT and cycam-Mh roots of seedlings that were pretreated for 3 days with M. hyalina before application of A. brassicae spores. The
amounts of both fungal tissue in the same root were determined 3, 6, and 9 days after A. brassicae infection. Based on eight independent experiments with 20
seedlings each, bars represent SEs. Asterisks indicate significant differences determined by ¢ test, with P < 0.05.
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in the two plant genotypes. The roots of WT or cycam-Mh
seedlings, pretreated with M. hyalina or not for 3 days, were
harvested 24 h after A. brassicae infection (or no infection), and
the amounts of phytohormones, reactive oxygen species (ROS)
and expression levels of selected defense genes were assayed
for the eight conditions (Table 1). In WT roots, A. brassicae
induced jasmonic acid (JA) and JA-isoleucine (Ile) accumula-
tion, the production of ROS, as well as the expression of the JA-
responsive defense genes PDF1.2, VSP2, and JARI, while the
accumulation of salicylic acid (SA) and of the mRNAs for
the SA-responsive gene PRI were repressed. Pretreatment
with M. hyalina severely reduced the effects induced by
A. brassicae. Thus, the pathogen-induced jasmonate-based
defense responses are reduced and the SA responses are less
repressed in the M. hyalina—pretreated roots. The abscisic acid
(ABA) level and the mRNA levels for the ABA-responsive
genes Rd29A, RABIS8, and JAMI did not respond to the fungal
treatments. The results are consistent with previously de-
scribed systems in which beneficial root-colonizing microbes
repress plant immune responses. In the cycam-Mh mutant,
the M. hyalina pretreatment did not inhibit the A. brassicae—
induced alterations, and M. hyalina—pretreated and not-
pretreated roots showed the same response pattern to the
pathogen. These results suggest that the Ca* response induced
by exudated chemical mediators from M. hyalina is required to
restrict A. brassicae—induced jasmonate responses in Arabi-
dopsis roots.

To test whether cycam-Mh is specific for the M. hyalina
compound, we compared the responses in the WT and cycam-
Mh roots with those induced by chitin and cellotriose from the
beneficial fungus S. indica. Figure 3 shows that one or more
chemical mediators secreted from M. hyalina induce cyto-
plasmic Ca** elevation in WT but not fully in the cycam-Mh
mutant, while the Ca®* response to chitin and cellotriose is the
same in both genotypes (WT and cycam-Mh). The same holds true
for the accumulation of ROS and stimulation of JA-responsive
defense genes in WT and cycam-Mh roots (Table 2). Thus, it
appears that the cycam-Mh mutation is specific for the one or
more exudated compounds from M. hyalina.

Long exposure of the cycam-Mh mutant
to M. hyalina or S. indica results in overcolonization.

The experiments shown in Figure 4 demonstrate that short
time exposure of the cycam-Mh mutant to M. hyalina results in
root colonization comparable to that of WT seedlings, although
the mutant is impaired in the activation of immune responses
(Table 1). Therefore, we checked how the mutant responds to
long-term cocultivation with M. hyalina. Furthermore, S. indica
was included in the study. After 4 weeks on agar in jars, the
roots of WT and cycam-Mh plants were harvested and were
analyzed by qPCR for root colonization. Table 3 demonstrates
that more than twice as much DNA of both fungi is found in
cycam-Mh roots compared with WT roots. Thus, the impaired
immune response in the mutant allows more root colonization
by M. hyalina and S. indica after longer cocultivation periods.
As known from other beneficial symbiotic interactions (Camehl
et al. 2010; Sherameti et al. 2008), higher colonization of roots
often results in loss of the benefits of the host plant. We ob-
served an approximately 20% reduction of the root fresh
weights for plants colonized by either of the two fungi. Also,
the fresh weight of the aerial part of the S. indica—colonized
cycam-Mh plants was reduced by approximately 20% compared
with WT plants, while the aerial parts of the M. hyalina—
colonized cycam-Mh plant was not reduced and not different
from the WT. These results support our hypothesis that the
mutation affects primarily the response of roots but not leaves
to M. hyalina.
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The cycam-Mh gene product affects multiple genes
for Ca’*-dependent proteins and developmental programs.
Based on preliminary microarray data, we identified genes
involved in root development or for Ca2+-binding proteins and
that are regulated by either M. hyalina, A. brassicae, or the
cycam-Mh mutation. These genes were used for gPCR analyses
with M. hyalina—pretreated and not-pretreated WT and mutant
roots after infection with the pathogen or mock treatment for 24
h. Three genes responded to M. hyalina but not to A. brassicae
and CYCAM-Mh. SHORTROOT (SHR) is a GRAS transcrip-
tion factor that participates in the specification of the endo-
dermal cell fate (Benfey et al. 1993; Helariutta et al. 2000;
Nakajima et al. 2001). CARPRICE (CPC) encodes an R3-type
MYB transcription factor that is part of a protein complex in-
volved in the determination of the root-hair cell fate (Bernhardt
et al. 2005; Lee and Schiefelbein 1999; Tominaga et al. 2007;
Wada et al. 1997). The mRNA level is downregulated by
A. brassicae but remains high in M. hyalina—exposed WT and
mutant roots. ARABIDOPSIS HISTIDINE PHOSPHO-
TRANSFER PROTEIN6 (AHP6) is a negative regulator of
cytokinin signaling and the protein is involved in vascular tissue
morphogenesis (Mahonen et al. 2006). The mRNA level is
stimulated by M. hyalina and is strongly downregulated after
A. brassicae infection, in both WT and mutant roots. Interest-
ingly, the auxin-related genes AUXI (AUXIN RESISTANTI),
PINI (PINFORMEDI), PIN2, and LAX3 (LIKE-AUX3) are not
responding to M. hyalina but are down-regulated upon A. brassicae
infection. The first observation is consistent with the observation
that M. hyalina does not stimulate root growth. RHD2/RBOHC and
RRTFI (REDOX-RESPONSIVE TRANSCRIPTION FACTOR1)
(Matsuo et al. 2015) are encoded by ROS-responsive genes. They
responded to both fungi in WT but not in cycam-Mh roots, con-
sistent with the observation that both fungi do not stimulate
ROS production in the mutant. Finally, we identified four
genes for Ca®*-dependent proteins that responded only to
M. hyalina in WT but not mutant roots (Ar3g47480, At3g03410,
A15g23950, At3g60950). These genes are also induced by the E
fraction from M. hyalina and cellotriose in WT but not in mutant
roots and not by chitin. Az3g47480 and At3g03410 encode unchar-
acterized Ca**-binding EF-hand proteins, Ar5g23950 an unchar-
acterized Ca®*-dependent lipid-binding protein, and Ar3g60950 a
C2 Ca**/lipid-binding protein with predicted endo-exonuclease
or phosphatase activity. Apparently, the stimulation of their
mRNA levels in WT requires cytoplasmic Ca”* elevation in-
duced by signals from M. hyalina or S. indica but not from
A. brassicae or chitin. In the mutant, the response to the E
fraction from M. hyalina is no longer detectable, while cello-
triose from S. indica is still active. These examples demonstrate
that the mutation and M. hyalina affect a specific subset of genes.

DISCUSSION

We describe M. hyalina as a novel root-colonizing endophyte
that confers benefits to the model plant Arabidopsis (Fig. 2). As
described for other root-colonizing microbes, we observed a
rapid increase in cytoplasmic Ca”* elevation in the host roots
(Fig. 3). A mutant impaired in the Ca®* response restricts
jasmonate-dependent immune responses in A. brassicae—
infected Arabidopsis roots (Table 1). The Ca** response con-
trols the plant immune response after pathogen infection and
allows better survival of the host (Fig. 4). Since a lower level of
defense in the presence of M. hyalina allows better performance
of the A. brassicae—infected plants, control of the disease de-
velopment does not require the fully activated defense ma-
chinery induced by the necrotroph. The M. hyalina—induced
Ca®* response differs from those induced by defense-activating
pathogen-associated molecular patterns and from cellotriose of



Table 1. Amounts of phytohormones, reactive oxygen species (ROS), and mRNA levels in Arabidopsis wild-type (WT) and cycam-Mh roots®

Phytohormones, ROS, genes -M. hyaline -A. brassicae +M. hyaline -A. brassicae -M. hyaline +A. brassicae +M. hyaline +A. brassicae
WT
JA (ng/g fresh weight) 41 10£3 168 + 10** 82+7
JA-1le (ng/g fresh weight) 0.96 = 0.03 0.86 = 0.03 1.22 + 0.02* 1.01 £0.04
cis-OPDA (ng/g fresh weight) 12+2 14+4 17+4 23 + 6*
SA (ng/g fresh weight) 278 + 11 256 + 12 222 + 10 216 = 19
ABA (ng/g fresh weight) 1.8 +04 1.3 £0.3*% 22+04 1.3 +£0.4*
ROS (luminescence, RLU) 165 + 55 123 + 32 923 + 3]10%*** 234 + 88
JA-responsive PDF1.2 (relative mRNA 1.0+0.2 04+0.1 3.4 +0.2%* 12+04
level)
JA-responsive VSP2 (relative mRNA 1.0+04 0.5+0.2 2.5 £ 0.5%* 1.3+£0.3
level)
JA-responsive JARI (relative mRNA 1.0+0.2 03+0.3 3.9 + 0.6%** 1.6 £ 0.5
level)
SA-responsive PRI (relative mRNA 1.0+0.2 09 +0.2 0.4 £ 0.2%* 0.6 +0.1*
level)
ABA-responsive Rd29A (relative mRNA 1.0+£0.3 0.7+0.3 0.8+0.3 09+0.2
level)
ABA-responsive RABI8 (relative mRNA 1.0+0.2 09 +0.2 1.1£0.3 0.8+0.3
level)
ABA-responsive JAM (relative mRNA 1.0+04 1.3+0.2 0.8+0.3 1.0+0.2
level)
SHR (relative mRNA level) 1.0+0.1 2.3 +£0.4%* 1.0+04 2.2 £ (0.2%%*
CPC (relative mRNA level) 1.0+0.3 1.3+0.2 0.3 = 0.1%** 0.3 £ 0.2%%*
AHPG6 (relative mRNA level) 1.0+0.3 3.0+£05 0.2 £ 0.2%%* 0.4 £ 0.1%%*
AUX]I (relative mRNA level) 1.0+0.2 1.2+0.3 0.6 = 0.1%* 0.8 0.1
PINI (relative mRNA level) 1.0£0.2 1.1+0.3 0.5 +£0.3%* 0.7+0.1
PIN?2 (relative mRNA level) 1.0+0.3 12+0.1 0.6+0.2 0.7 £0.2*
LAX3 (relative mRNA level) 1.0+ 0.2 1.0+£0.2 0.7 £0.1* 0.7 £0.1*
RHD? (relative mRNA level) 1.0+0.3 1.9 = 0.4%* 1.8 = 0.3%** 2.0 £ 0.5%*
RRTF1 (relative mRNA level) 1.0+0.3 2.5 £ 0.4%%* 1.9 £ 0.5%* 2.9 £ 0.6%**
At3g47480 (relative mRNA level) 1.0+£0.2 4.4 + (.8%** 1.4 +£0.3 4.8 £ 0.9%**
At3g03410 (relative mRNA level) 1.0+0.3 6.4 + 0.8%** 0.7+04 5.4 £ 0.8%**
At5g23950 (relative mRNA level) 1.0+0.1 3.9 £ 0.6%** 14+04 4.5 £ 0.9%**
A3g60950 (relative mRNA level) 1.0+0.2 5.4 & 1.3%%* 0.8+0.1 4.4 + 0.9%**
cycamyp
JA (ng/g fresh weight) 7+2 14+6 228 + 27%** 215 + 38%##*
JA-Ile (ng/g fresh weight) 1.33 +£0.12 122 +0.11 1.09 = 0.04 0.88 = 0.09
cis-OPDA (ng/g fresh weight) 9+1 10£2 11+£3 13+4
SA (ng/g fresh weight) 222 + 21 265 + 24 201 =17 244 + 25
ABA (ng/g fresh weight) 1.3+0.3 22+04 1.3+0.6 1.5+0.5
ROS (luminescence, RLU) 145 + 47 154 + 28 1202 + 98** 1141 + 126%*
JA-responsive PDF1.2 (relative mRNA 1.0+0.3 0.7+0.2 3.1 £0.9% 3.0+0.7*
level)
JA-responsive VSP2 (relative mRNA 1.0+£03 0.8+04 3.2 £0.5%* 2.7 £ 0.5%
level)
JA-responsive JARI (relative mRNA 1.0+0.3 0.8+0.1 39+ 1.2% 32+ 1.2%
level)
SA-responsive PRI (relative mRNA 1.0+04 14+03 1.3+04 1.1+£0.3
level)
ABA-responsive Rd29A (relative mRNA 1.0+04 1.3+0.1 14+04 1.1+03
level)
ABA-responsive RABI8 (relative mRNA 1.0+0.3 1.0+0.2 14+04 1.1 +0.1
level)
ABA-responsive JAMI (relative mRNA 1.0+0.2 1.2+£03 09 +0.1 14+04
level)
SHR (relative mRNA level) 1.0+ 04 2.0 £ 0.3%* 0.8 +0.3 2.2 + 0.4%*
CPC (relative mRNA level) 1.0+0.3 12+0.2 02=+0.1 12+0.2
AHP6 (relative mRNA level) 1.0+0.2 2.7 + 0.4%%* 0.1 +0.1 04 +0.1
AUXI (relative mRNA level) 1.0+0.1 1.3+0.3 04+03 06+0.2
PINI (relative mRNA level) 1.0£0.2 09+0.2 0.6 £ 0.1%* 0.6 £0.3*
PIN2 (relative mRNA level) 1.0+ 0.3 1.2+0.2 0.4 £ 0.1%%* 0.5+0.1%
LAX3 (relative mRNA level) 1.0+0.1 1.3+0.3 0.5 = 0.2%* 0.7 £0.2*
RHD? (relative mRNA level) 1.0+£0.2 0.7+0.3 09 +0.3 1.3+04
RRTF1 (relative mRNA level) 1.0+0.3 1.5+0.3 1.5+05 14+04
At13g47480 (relative mRNA level) 1.0£0.2 14+03 14+0.1 12+04
At3g03410 (relative mRNA level) 1.0£0.2 09+0.2 1.0+0.1 09+0.2
At5g23950 (relative mRNA level) 1.0£0.2 1.1+03 0.7+0.2 1.1 +0.2
A3g60950 (relative mRNA level) 1.0+04 0.7+0.1 09=0.1 1.3+04

o

Roots were pretreated (+ M. hyalina) or mock-treated (-M. hyalina) with Mortierella hyalina for 3 days. Then, an Alternaria brassicae spore suspension (+A.
brassicae) was applied to the roots for 24 h, control plants were treated with water (-A. brassicae). The phytohormone data are based on five independent
experiments, the ROS and mRNA data on six independent experiments. The mRNA data for the -M. hyalina -A. brassicae treatments were set as 1.0 and
all other values are expressed relative to them. Errors represent standard errors. Asterisks indicate significant differences of the values compared with the
-M. hyalina-A. brassicae treatment, as determined by Student’s ¢ test (one asterisk [*] P < 0.1; two [**] P < 0.01; three [***] P < 0.001). JA-Ile = jasmonic
acid-isoleucine; OPDA = 12-oxophytodienoic acid; SA = salicylic acid; ABA = abscisic acid.
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the root-colonizing beneficial fungus S. indica, which monitors
cello-oligomer concentrations in the environment (Fig. 3). We
propose that the gene product restricts jasmonate-dependent
innate immune responses activated by A. brassicae infection in
Arabidopsis roots. Several plant-growth-promoting microbes
downregulate immune responses in the roots of their hosts
or repress microbe-associated molecular pattern (MAMP)-
triggered immune responses (Bastias et al. 2016; Brotman
et al. 2013; Lahrmann et al. 2013; Lakshmanan et al. 2013;
Mayer et al. 2017; Mechri et al. 2015; Pozo et al. 2015;
Verhagen et al. 2004; Zuccaro et al. 2011). S. indica utilizes JA
signaling in Arabidopsis roots to suppress early and late de-
fense responses (Jacobs et al. 2011). Identification of the mu-
tated CYCAM-Mh gene will be important for further analysis
and the connection between Ca®* and jasmonate signaling.
Beneficial microbes utilize different strategies to protect
plants against pathogen infections. They can stimulate the plant
defense machinery by activating systemic resistance mecha-
nisms that prime the entire plant for enhanced defense against a
broad range of pathogens and insect herbivores (Pieterse et al.
2014; Stein et al. 2008). These defense-stimulating processes
often involve jasmonate- and ethylene-dependent signaling
pathways (Fernandez et al. 2014; Song et al. 2015; Van Wees
et al. 2008). Among the processes that repress the pathogen-
induced defense machinery are ROS-scavenging enzymes
(Garcia-Sanchez et al. 2014; Zhang and Franken. 2014). Con-
trol or overcoming of the plant immune responses is also im-
portant for root colonization (Ivashuta et al. 2005; Wang et al.
2012; Zamioudis and Pieterse 2012), and Ca®" signaling is
well-known to participate in mediating compatibility in bio-
trophic and beneficial interactions (Chen et al. 2015). The Ca>*-
dependent immune suppression mechanism described here also
controls root colonization by M. hyalina and S. indica (Table 3)
and restricts defense responses activated by the necrotroph
(Table 1). The Glomus interaradices effector protein SP7
suppresses ethylene-induced immune responses and promotes
fungal biotrophy (Kloppholz et al. 2011), and the effector

protein MiSSP7 of the mutualistic fungus Laccaria bioclor
stabilizes the Populus JAZ6 protein and represses JA-
responsive genes, thereby promoting mutualism (Plett et al.
2014a and b). Also, S. indica expresses many genes for secreted
proteins that might function as immune-suppressive effector
molecules (Akum et al. 2015; Zuccaro et al. 2011). These ex-
amples can be extended to plant growth—promoting rhizobac-
teria, in which secreted effector proteins not only repress host
immune response but also determine host-range specificity
(Yang et al. 2010). However, the M. hyalina—induced sup-
pression of the immune response is not activated by one or more
proteinous chemical mediators, since only small molecular-
weight molecules but no proteins or peptides were found in the
Ca2+-inducing E fraction from the fungus. Nonproteinous
chemical mediators inducing immune responses are well-
characterized. Lipopolysaccharides are components of gram-
negative bacteria and are composed of conserved lipid A, core
oligosaccharide regions, and a long-chain polysaccharide (the
O antigen) that can have variable composition, length, and
branching of its carbohydrate subunits. Plants sense the O an-
tigen, core oligosaccharide, and lipid A (Bedini et al. 2005;
Silipo et al. 2005; Ye and Murata 2016). Chitin is an insoluble
polymer of B-1,4-linked N-acetylglucosamine and one of the
major components of the fungal cell wall (Sanchez-Vallet et al.
2015). Chitin derivatives are lipochitooligosaccharide (LCO)
nodulation (Nod) factors from the nitrogen-fixing rhizobacteria
that are recognized by legumes and sulfated or nonsulfated
LCO mycorrhiza (Myc) factors and other short nonimmuno-
genic chitin oligomers that are produced by arbuscular mychorriza
( Dénarié et al. 1996; Maillet et al. 2011; Walker et al. 2000).
Chitin, Nod, and Myc factors activate cell-surface receptors
with extracellular LysM domains (Limpens et al. 2015; Sanchez-
Vallet et al. 2015), and differences in LysM ectodomains allow
the plant to discriminate chitin derivatives from mutualistic
and pathogenic fungi (Broghammer et al. 2012; Maillet et al.
2011; Miyata et al. 2014; Wang et al. 2014). Mixtures of
-1—3-linked glucans have been shown to induce stomatal

Table 2. Accumulation of reactive oxygen species (ROS) and mRNAs for JA-responsive genes in Arabidopsis wild-type (WT) and cycam,, roots in response to
treatments with the fraction E from Mortierella hyalina, cellotriose, and chitin®

WT cycam-Mh

ROS, genes E fraction Cellotriose Chitin E fraction Cellotriose Chitin

ROS (luminescence, RLU) 162+ 1.3 44+04 18.1 1.5 1.2+0.1 4.6 +0.5 19.0+1.2
JA-responsive PDF1.2 (relative mRNA 4909 22+04 55+0.7 1.2+£0.3 24 +0.1 53+0.7

level)

JA-responsive VSP2 (relative mRNA level) 41204 23+0.3 4.6 0.6 1.1 £0.1 20+ 04 42 +0.6
JA-responsive JARI (relative mRNA level) 35+05 2102 44 +0.6 1.3+0.1 22 +0.1 47 0.7
At3g47480 (relative mRNA level) 49+1.0 26+0.7 0.8+0.2 09=+0.3 28+0.5 14+04
At3g03410 (relative mRNA level) 45+04 41+08 09+0.2 12+0.1 4.8+09 0.8+0.1
At5g23950 (relative mRNA level) 5.1+09 4.0+0.6 14+03 12+0.3 38+0.5 09+0.3
A3g60950 (relative mRNA level) 6.5+15 59+0.8 1.3+0.3 1.0 £0.1 5812 0.8+0.2

# Responses 30 min after application to the roots. To allow comparison, the fractions with the chemical mediators were applied in concentrations that induced
almost saturated responses (in detail: application of double the amount of the elicitor fractions resulted in less than 10% increase in the responses). Chitin:
50 pl of 10 uM in water; cellotriose: 50 ul of 10 uM in water; 50 pl of fraction E from M. hyalina. The data show fold stimulation compared with untreated
control roots, which were identical for WT and cycam-Mh. Based on six independent experiments, errors are standard errors.

Table 3. Effects of long-term cocultivation of wild-type (WT) and cycam,y;, plants with Mortierella hyalina or Serendipita indica®

M. hyalina S. indica
Colonization rate and fresh weights WT cycam-Mh WT cycam-Mh
Colonization rate [relative values] 1.0+0.3 2.7 +0.8 1.0+£0.2 24 +0.7
Root fresh weight [mg/seedling] 22+04 1.6 0.5 23+03 1.7+0.6
Fresh weight of aerial part [mg/seedling] 10.1 £ 1.0 109 £ 1.1 10.2 £ 0.7 8.0+0.8

2 After cocultivation on agar plates with the fungi, the seedlings were removed from the nylon membrane and were transferred to jars for 4 weeks. Roots and
aerial parts were harvested separately for the analyses. For root colonization (fungal DNA to plant GAPDH DNA) the values for WT seedlings were set as 1.0
and the mutant value expressed relative to it. Data are based on four independent experiments with 100 seedlings each, errors are standard errors.
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closure (Allegre et al. 2009; Fu et al. 2011). Elicitor prepa-
rations from baker’s yeast mainly contain fungal cell-wall
material, including mannan, -1—3-linked glucans, chitin,
and glycopeptides, and have been widely used as a fungal
MAMP to induce plant immune responses (Ye and Murata
2016). Oligogalacturonides are released from plant cell-wall
pectin by pathogen-derived polygalacturonases that are per-
ceived by the receptor-like kinase WAK1/2 (Benedetti et al.
2015; Brutus et al. 2010). Recently, cellooligomers were
identified as novel chemical mediators in Arabidopsis that
inform the cell about the alterations in and around the cell
wall (Johnson et al. 2018; Oelmuller 2018; Souza et al. 2017).
They can be of microbial and plant origin and represent novel
invasion patterns (Cook et al. 2015). We could not detect any
of these components in the E fraction from M. hyalina by
mass spectrometry. Furthermore, genetic evidence excludes
similarities with chitin, flg22, and cellooligomer signaling
(Fig. 3). Identification of the chemical nature of the active com-
pound will allow us to investigate the Ca2+-inducing activity in
more detail.

The Ca** signatures of the cycam-Mh mutant after applica-
tion of the stimuli from M. hyalina are interesting, since they
only lack the initial increases observed for WT roots, while the
plateau level is reached after approximately 4 min (Fig. 3A, H,
and I). Almost all other mutants described so far are impaired in
any increase in cytoplasmic Ca** levels in response to stimuli,
e.g., chitin, flg22, or cellotriose (Johnson et al. 2011a, 2018;
Ranf et al. 2015). Since the aequorin-based Ca** measurement
only shows Ca** levels after integration over defined periods of
time, the absence of any Ca”* increase may indicate that the
overall level in the cell does not change. The signature observed
here suggests that the Ca”* level increases in response to the
M. hyalina stimulus but does not reach a threshold level re-
quired for the response. Again, identification of the mutated
gene may provide more information.

This is the first report of disease inhibition by any Mortier-
ella species. We demonstrate that Ca** is a crucial second
messenger in mediating this response in Arabidopsis roots. It is
important to mention that the Ca** response is only one
mechanism by which M. hyalina promotes plant performance.
For instance, only some of the analyzed root genes that respond
to M. hyalina colonization depend on CYCAM-Mh (Table 2).
Apparently, other chemical mediators or a physical contact
between the two symbionts activate additional processes. Fur-
thermore, the fungus also promotes growth of the aerial part of
the cycam-Mh mutant (Fig. 2). Crucial players in this scenario
could be volatiles. Many but not all Mortierella species release
a quite unique bouquet of volatiles, which influence growth and
resistance as well as expression, hormone, and metabolite
patterns of their hosts (Gams 1977; R. Oelmuller unpublished).
Furthermore, many Mortierella species harbor endophytic
bacteria, some of which are interesting for scientific and evo-
lutionary studies (Uehling et al. 2017), others might be relevant
for agricultural applications. Finally, the unusual fatty acid
composition produced by some of the Mortierella species
(Zhang et al. 2018) might have an influence on plant perfor-
mance. Therefore, the M. hyalina—Arabidopsis interaction
represents an interesting model system to study beneficial root
symbioses at different levels.

MATERIALS AND METHODS

Culturing and growth conditions of fungi and Arabidopsis.
Arabidopsis seedlings (12 days old, after 2 days of stratifi-
cation and 10 days in a growth chamber under long-day con-
ditions and light from the top [60 to 70 uM m™ 5™, 16 h of light
and 8 h of dark at 22°C]) were transferred from Murashige-

Skoog plates to plates with solid plant nutrient medium and a
nylon membrane (mesh size 70 pm), as described previously
(Camehl et al. 2011). Seedlings were then grown for an addi-
tional 24 h under long-day conditions and light from the top
(80 uM m™ 5", 16 h of light and 8 h of dark) at 22°C. These
seedlings were then used for the different experiments, either
transfer to fresh plates with and without fungi or incubation of
the roots with elicitors. For the experiments in jars (Weck
Company, 500-ml glass jar), the seedlings were transferred to
nylon membranes with a hyphal lawn of M. hyalina or S. indica
(precultivated for 7 days), were then removed from the mem-
brane and were transferred to jars for 4 weeks under long-day
conditions (four seedlings per jar).

For elicitor application, the roots were soaked in a solution
containing the chemical mediators (cellotriose or chitin or the
preparations from M. hyalina, discussed below); autoclaved
H,O was used as control. The plates with the seedlings were
then transferred back to long-day conditions, before the roots
were harvested after the treatments described in the text.

Transgenic Arabidopsis thaliana expressing cytosolic
apoaequorin (Aeq™") in Col-0 background (pMAQ?2) was a gift
from M. Knight (Knight et al. 1991; Polisensky and Braam
1996). Mutagenesis was performed using 0.2% ethyl-methane
sulfonate (wt/vol).

The A. brassicae (FSU-3951) and M. hyalina (FSU-509)
strains were obtained from Jena Microbial Resource Center
(Jena, Germany). For physiological experiments, M. hyalina
was cultured and maintained on Kaefer medium (KM), pH 6.5,
as described by Johnson et al. (2011b). A. brassicae was grown
on potato dextrose agar medium (pH 6.5t06.7) at20+ 1°Cina
temperature-controlled chamber under a 12-h light and dark
cycle and 75% relative humidity for 2 weeks (Johnson et al.
2018). The beneficial fungus was inoculated to Arabidopsis
seedlings and reisolated from the infected tissues every
6 months (Johnson et al. 2013).

For the preparation of the cell-wall extract from M. hyalina,
S. indica, and A. brassicae, the fungi were grown on KM broth
for 18 days at a temperature of 22 to 24°C in darkness, on a
horizontal rotating shaker, at 50 rounds per min (Johnson et al.
2011b; Vadassery et al. 2009). The soluble fractions were
prepared as described in Johnson et al. (2018).

The A. brassicae spore suspensions were obtained from 3-week-
old fungal plates. The mycelium was transferred to 5 ml of distilled
water. After two filtrations through a sterile nylon membrane, the
spore concentration was adjusted to 10° spores per milliliter.

Root colonization.

Roots from plates were harvested and were washed in-
tensively with distilled water before RNA extraction.
A. brassicae, M. hyalina, and S. indica were monitored by
gPCR analyses (Supplementary Table S1). The fungal mRNA
levels were normalized with respect to the plant glycerin-
aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels.
Staining of hyphae and spores was performed with trypan blue
(0.05%) prior to light microscopy.

Microscopy.

Samples for light and fluorescence microscopy were pre-
pared according to the method for the cocultivation described
above. The lipid dye Nile Red (1,6-diphenyl-1,3,5-hexatriene;
Sigma-Aldrich) was employed for fungal staining. A stock
solution was produced by solubilizing 1 mg of Nile Red in 1 ml
of methanol. Solutions applied contained 1 pl of the Nile Red
stock solution dissolved in 1 ml of H,Og4.. Dependent on the
size of the testing area, 100 to 500 ul of Nile Red solution was
applied. For fungus staining Chlorazol black E (Brundrett et al.
1984) was used. Chlorazol black E (0.03% wt/vol) was dissolved
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in HyOgese and was added with equal volumes lactic acid and
glycerol. Prior to staining with Chlorazol black E at 90°C, the
roots were cleared in 1 M KOH at 90°C. The Arabidopsis roots
were imaged using an Axio Imager.M2 (Zeiss Microscopy GmbH)
equipped with a 40x objective (Plan-Apochromat 40x/0.8).
The bright field and fluorescence images (absorption 553 nm)
were recorded with a monochromatic camera (Axiocam 503
mono Zeiss). Digital images were processed with the ZEN
software (Zeiss) and were treated with Adobe PhotoShop to
optimize brightness, contrast, and coloring and to overlay the
photomicrographs.

[Caz’“]cyt measurement and mutant screen.

Aequorin-based luminescence measurements were per-
formed using 16-day-old individual M, plants grown on
Hoagland medium (Johnson et al. 2011a; Vadassery and
Oelmiiller 2009; Vadassery et al. 2009). pMAQ?2 plants served
as control (Knight et al. 1991). For [CalzJ']Cyl measurements,
approximately 70% of the roots per seedling were dissected
and were incubated overnight in 150 ul of 7.5 uM coelentrazine
(P.J.K. GmbH) in the dark at 20°C in a 96-well plate (Thermo
Fischer Scientific). Bioluminescence counts from roots were
recorded as relative light units (RLU) with a microplate
luminometer (Luminoskan Ascent, version 2.4, Thermo Electro
Corporation). For the induction of the Ca®* response, the
M. hyalina preparations, cellotriose (Sigma) or chitohexaose (a
chitin polymer) (Megazyme) were used, as described above.
The mutant screen was performed with the CWP from M. hyalina;
the putative M, mutants were rescued and were transferred to
pots containing garden soil and vermiculite at 9:1 (vol/vol) for
further screening and validation. The mutant seedlings (called
cycam-Mh) were grown in a temperature-controlled growth
chamber under a short-day condition (8-h light and 16-h dark
cycle; temperature 20 + 1°C; light intensity, 80 umol m™ s™)
for 4 weeks, followed by long-day conditions in Aracon tubes.
The seeds were harvested from individual M3 plants and were
again screened to obtain homozygote mutants.

Preparation of the Ca**-inducing fraction
from M. hyalina, S. indica, and A. brassicae.

CWP of M. hyalina (CWP-Mh, which was used for the
mutant screen and initial experiments described above), of
S. indica (CWP-Si), and of A. brassicae (CWP-ADb) were iso-
lated according to Anderson-Prouty and Albersheim (1975)
with modifications (Johnson et al. 2011b, 2014; Lee et al.
2011). Mycelia from liquid cultures were harvested by filtration
through four layers of nylon membrane (pore size, 70 um; Sefar
GmbH) and were washed five times with sterile H,O before
homogenization in sterile H,O (1:5; wt/vol) with a Waring
blender. The slurry was then filtered through four layers of
nylon membrane. The residue was collected, was washed
again (three times) with sterile H,O, then twice with
chloroform/methanol (1:1), and finally, twice with acetone. The
material representing the crude mycelial CWP-Mh was air-
dried for 2 h under sterile conditions. The material was sus-
pended in sterile H,O (1:100 g/ml, wt/vol), was filtered through
four layers of nylon membrane, followed by two layers of
Whatman filter paper and, finally, was sterilized by passing it
through a 0.22-um filter. The CWP-Mh was then purified by
passing it through a reversed phase Supelclean LC-18 SPE
cartridge (10-g bed weight, 60-ml volume) (Sigma-Aldrich).
The eluting fractions were collected and the active fraction in
the void volume identified by [Ca2+]Cyt elevation measurements
(Johnson et al. 2011b, 2014; Lee et al. 2011).

For further purification of the one or more active compounds
in the CWP-Mh, the proteins were removed by precipitation
with 80% methanol and the supernatant was collected after
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centrifuging at 6,000 x g for 5 min. The supernatant was ap-
plied to a Roti-Spin mini column with a molecular weight cut-
off of 3 kDa (Roth) and the flow-through was concentrated in a
speed vac. Further purification was performed by HPLC with a
LC-18-DB column, 25 cm x 4.60 mm ID (Suppelco), followed
by an Asahipak NH2P-50 4E column, 25 cm x 4.6 mm ID
(Schodex). The active fractions were collected by measuring
[CazJ']cyt elevation, were pooled, and were concentrated in a
speed vac. Finally, the active fractions were separated using two
ultra-performance liquid chromatographic (UPLC) columns,
first an Acclaim C18 column, 250 x 2.1 mm, 2.2 um (Dionex),
and finally, a C18 phenyl column, 150 x 2.1 mm, 1.7 um
(Phenomenex). For all HPLC and UPLC separations, an ace-
tonitrile: water gradient (0 to 100%) was used as the mobile
phase (30-min run) with a flow rate of 1 ml/min for the HPLC
and 0.3 ml/min for the UPLC column. The final fraction was
named the E fraction.

Hormone analyses.
Hormone analyses were described in detail in Scholz et al.
(2015).

Quantitative ROS measurements.

Quantitative ROS measurement from roots were performed
using the Amplex Red hydrogen peroxide/peroxidase assay kit
(Molecular Probes, Invitrogen) according to the manufacturer’s
instructions. Root sections of 2 to 3 c¢cm in length were in-
cubated in the reaction mixture for 10 min in the dark at room
temperature. The fluorescence intensity was quantified with a
fluorescence microplate reader (Tecan Infinite 200 plate reader)
with excitation at 540 nm and emission at 610 nm. The reaction
mixture without the molecular probe or without the plant ma-
terial served as control.

Gene expression analyses
by quantitative real-time PCR (qRT-PCR).

RNA was isolated from the tissues described above with
TRIzol (Fischer Thermo Scientific), according to manufacturer
protocol, followed by DNAse treatment. Total RNA was iso-
lated from at least three independent biological experiments if
not otherwise stated. RNA (1 pg) was reverse-transcribed by
use of the Omniscript cDNA synthesis kit (Qiagen). The qRT-
PCR analysis was conducted in a CFX CONNECT real time
detection system (Bio-Rad). The iQ SYBR green supermix
(Bio-Rad) was used, according to the manufacturer protocol, in
a final volume of 20 pl. The cycler was programmed to 95°C for
3 min; 40 cycles of 95°C for 30 s, 57°C for 15 s, 72°C for 30 s;
72°C for 10 min; followed by a melting curve program from
55°C to 95°C in increasing steps of 0.5°C. All reactions were
performed with three technical replicates. The mRNA levels for
each cDNA probe were normalized with respect to the plant
GAPDH mRNA level. Fold-induction values of target genes
were calculated with the AACP equation (Pfaffl 2001). Primer
pairs were designed with the CLC Main Workbench program

(Qiagen).

Chlorophyll fluorescence measurements.

The fitness of WT and cycam-Mh seedlings infected with
A. brassicae spores at the leaves were quantified with the
Fv/Fm fluorescence parameters as described by Maxwell and
Johnson (2000) after dark adaptation of the seedlings for
20 min.

Mortality rate after root infection with A. brassicae spores.
WT and cycam-Mh seedlings infected with A. brassicae

spores at the roots were removed from the petri dishes at the

timepoints indicated in the text. The roots were washed one



time with sterilium solution (lauryl sarcosine 1%, Clorix cleaner
23%) for 1 min before four rinses with distilled water (4 min
each with gentle shaking). The seedlings were then transferred to
soil in square pots and the percentages of plants that survived in
the greenhouse were determined after 30 days.
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