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Macrophomina phaseolina is a soil-borne fungal pathogen with
a wide host range that causes charcoal rot in soybean [Glycine
max (L.) Merr.]. Control of the disease is a challenge, due to the
absence of genetic resistance and effective chemical control.
Alternative or complementary measures are needed, such as
the use of biological control agents, in an integrated approach.
Several studies have demonstrated the role of arbuscular my-
corrhizal fungi (AMF) in enhancing plant resistance or toler-
ance to biotic stresses, decreasing the symptoms and pressure
caused by various pests and diseases, including M. phaseolina
in soybean. However, the specific contribution of AMF in the
regulation of the plant response to M. phaseolina remains
unclear. Therefore, the objective of the present study was to
investigate, under strict in-vitro culture conditions, the global
transcriptional changes in roots of premycorrhized soybean
plantlets challenged by M. phaseolina (+AMF+Mp) as com-
pared with nonmycorrhizal soybean plantlets (—AMF+Mp).
MapMan software was used to distinguish transcriptional
changes, with special emphasis on those related to plant defense
responses. Soybean genes identified as strongly upregulated
during infection by the pathogen included pathogenesis-related
proteins, disease-resistance proteins, transcription factors, and
secondary metabolism-related genes, as well as those encoding
for signaling hormones. Remarkably, the +AMF+Mp treatment
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displayed a lower number of upregulated genes as compared with
the ~AMF+Mp treatment. AMF seemed to counteract or balance
costs upon M. phaseolina infection, which could be associated to a
negative impact on biomass and seed production. These detailed
insights in soybean-AMF interaction help us to understand the
complex underlying mechanisms involved in AMF-mediated
biocontrol and support the importance of preserving and stim-
ulating the existing plant-AMF associates, via adequate agri-
cultural practices, to optimize their agro-ecological potential.

Soybean is one of the most important crops worldwide,
covering 6% of the arable land (Hartman et al. 2011). The
United States, Brazil, and Argentina are the world leading
soybean-producing countries (FAOstat website). In Argentina,
soybean production increased very rapidly in the last 20 years
compared with other crops. It is, nowadays, the major extensive
crop, which is estimated to cover 20 million hectares with an
annual production of 53 million tons (Bolsa de Comercio de
Rosario website).

The Compendium of Soybean Diseases lists over 100 dis-
eases of soybean (Hartman et al. 1999), of which 30 have been
reported in Argentina (Giorda and Baigorri 1997; Wrather et al.
2010). The number and severity of infectious diseases has
increased steadily, particularly since the early 1990s (Ploper
2004). Among these, charcoal rot of soybean is one of the most
severe. In fact, it was the most prevalent disease affecting roots
and lower stems in the 2005-2006 soybean-growing season in
several Argentinean provinces (Wrather et al. 2010).

Charcoal rot is caused by Macrophomina phaseolina, a
generalist soil-borne fungus affecting about 500 plant species
in more than 100 families, including many economically im-
portant crops such as corn, sunflower, sorghum, chickpea,
and potato (Kishore Babu et al. 2007). This broad host range
is probably a result of the great number of pathogenicity-
associated genes present in the M. phaseolina genome, as
those encoding for cell wall-degrading enzymes (Islam et al.
2012; Ramos et al. 2016). Initial infection of soybean occurs at
the seedling stage. Once in the roots, the fungus moves into the
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cortical tissues, first intercellularly and then intracellularly,
finally invading the vascular system. The infected seedlings
generally continue their development without visible symptoms
of the disease. Nevertheless, under favorable conditions, such
as high temperatures (above 30°C) and low soil moisture,
charcoal rot disease symptoms usually appear (Arora and Par-
eek 2013; Kendig et al. 2000; Manici et al. 1995; Mayek-Pérez
et al. 2002). Typical symptoms are yellowing and death of
the leaves that remain attached to the stems by the petioles,
sloughing of cortical tissues from the lower stem and taproot,
and the speckled gray appearance of these infected tissues due
to abundant microsclerotia formation in vascular, cortical, and
pith tissues (Backman and Sinclair 1989; Short et al. 1978;
Smith and Carvil 1997; Wyllie 1988). Yield and seed quality
are reduced under these conditions and represent a challenge
for soybean export (Gupta et al. 2012).

Management of the disease remains challenging, due to the
absence of genetic resistance and effective chemical control
(Mengistu et al. 2013; Radwan et al. 2014). Crop rotation has
not been effective in controlling the disease because of the wide
host range and high persistence of M. phaseolina in soil as
microsclerotia, while irrigation has limited effects in the control
of the disease (Kendig et al. 2000).

Soil contains a tremendous diversity and abundance of
microbes, with millions of species or ecotypes (Declerck et al.
2015). Many of these soil microbes inhabit the rhizosphere and
are beneficial to plants, improving their nutrition, producing
plant growth—promoting metabolites, or providing protection
against root pathogens (Raaijmakers et al. 2009). Among the
beneficial microorganisms are the arbuscular mycorrhizal fungi
(AMF). These soil fungi and their hosts probably represent
the oldest and most widespread plant-microbe mutualistic
interaction on earth (Smith and Carvil 1997). They have been
reported to improve either growth, yield, or both of plants via a
better nutritional status (Cely et al. 2016). It is well-known that
AMF brings significant changes in the host plant and its envi-
ronment and can reduce the incidence or severity of diseases
caused by diverse soil-borne pathogens (Campos-Soriano et al.
2012; Karthikeyan et al. 2016; Nadeem et al. 2014; Pozo et al.
2010). Reduction in M. phaseolina colonization or disease
symptoms severity in mycorrhized plants was earlier reported
in various pathosystems, including soybean plants (Doley et al.
2014; Spagnoletti et al. 2017). Furthermore, reduction in plant
growth that could have resulted from M. phaseolina infestation
was reverted by AMF inoculation, recovering a normal growth
(Oyewole et al. 2017). Thus, AMF have been suggested as
effective agents in the biological management of diseases (Dar
and Reshi 2017; Gianinazzi et al. 2010).

Mycorrhiza-induced protection has been attributed to several
mechanisms that may operate simultaneously (Cameron et al.
2013; Pozo and Azcén Aguilar 2007). For example, AMF can
compete with soil-borne pathogens for space and nutrients
and may even alter root morphology, changing the dynamics of
pathogen infection. AMF colonization can also lead to alter-
ations in the quality and quantity of root exudates impacting the
microbial community of the rhizosphere (Azcén-Aguilar and
Barea 1997; Pivato et al. 2008). Recent findings indicate that
the primary mechanism of plant protection against pathogens
occurs through the ability of AMF to reprogram plant gene
expression and metabolism, particularly in relation to defense
(Campos-Soriano et al. 2012; Gallou et al. 2012; Guimil et al.
2005; Liu et al. 2003, 2007; Lopez-Réez et al. 2010; Rivero
et al. 2015; Sanchez-Bel et al. 2016). AMF modulation may
also result in preconditioning of the tissues for efficient acti-
vation of plant defenses upon a challenger attack, a phenome-
non that is called priming (Pozo and Azcén-Aguilar 2007).
Fitness costs of priming are substantially lower than those of

the direct induced defense against pathogens (Conrath et al.
2015; Martinez-Medina et al. 2016; Mauch-Mani et al. 2017).

Most of the defense mechanisms associated with AMF have
been reported in pot systems, under conditions that could not
prevent the presence of unwanted microbes, thus potentially
leading to confounding effects (Cameron et al. 2013). More-
over, pot systems make it difficult to observe and follow non-
destructively the different steps leading to root colonization.
In-vitro cultivation systems have been proven to be suitable for
studying underground interactions and initial infection events
(Giachero et al. 2017) as well as gene expression dynamics,
since there is no interference with other microbes or environ-
mental factors (Bressano et al. 2010; Fortin et al. 2002; Gallou
et al. 2010) and time-lapse infection can be monitored non-
destructively by microscopy. For instance, Gallou et al. (2011)
used in-vitro cultures to investigate the impact of AMF on
defense gene expression in AMF-colonized potato plantlets
challenged with Phytophthora infestans. They noticed a sys-
temic resistance in mycorrhizal potato plants, associated to the
priming of two pathogenesis-related (PR) protein—coding genes.
Likewise, the in-vitro culture system allowed the observation of
differences in behavior of M. phaseolina in the vicinity of roots
and during infection of roots of resistant vs. susceptible varieties
of sesame (Chowdhury et al. 2014).

Integrated biological management (IBM) of M. phaseolina has
become a necessity, due to its persistence in soils. AMF represent a
potential biocontrol agent in IBM programs for disease control
(Azcon-Aguilar and Barea 1997; Hooker et al. 1994; Singh et al.
2013; Sui et al. 2014). Even though it has been clearly shown that
incidence of disease caused by M. phaseolina was significantly
decreased in mycorrhizal soybean plants (Spagnoletti et al. 2017),
there is a need for deeper studies under highly controlled
conditions to understand molecular interactions between this
soil-borne pathogen and AMF-colonized plants. Therefore, the
objective of the present study was to investigate, under strict
in-vitro culture conditions, the global transcriptional change in
the roots of premycorrhized soybean plantlets challenged by
M. phaseolina as compared with nonmycorrhizal soybean
plantlets. MapMan software was used to distinguish tran-
scriptional changes, with special emphasis on those involved
in plant defense responses.

RESULTS

Root colonization by Rhizophagus irregularis.

At the end of the experiment (day 17, i.e., 72 h post-
inoculation [hpi] with M. phaseolina), plantlets were harvested
and AMF root colonization (RC) was assessed (Supplementary
Fig. S1). The percent RC was 36.2 + 12.8 and 30.3 = 7.1 in the
+AMF-Mp and +AMF+Mp treatments, respectively. The
percentage of arbuscules was 18.6 + 10.5 and 14.3 £ 4.9 in the
+AMF-Mp and +AMF+Mp treatments, respectively. The per-
centage of spores or vesicles was 2.6 = 2.3 and 3.9 + 2.7 in the
+AMF-Mp and +AMF+Mp treatments, respectively. None of
these parameters significantly differed between the two treat-
ments according to the DGC (Di Rienzo, Guzman, and Casa-
noves) test (Di Rienzo et al. 2002) (P < 0.05).

Root infection by M. phaseolina.

M. phaseolina biomass was detected by quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) in roots
of the plants from the mycorrhizal (+AMF+Mp) and non-
mycorrhizal ((AMF+Mp) treatments (Supplementary Fig. S2).
In both treatments, the pathogen biomass increased signifi-
cantly between 24 and 72 hpi. There was no significant dif-
ference between treatments during this time course according
to the DGC test (P < 0.05).
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M. phaseolina profusely developed under in-vitro culture
conditions. Root symptoms appeared 24 hpi with the path-
ogen. Brown spots to large browning surfaces turning black
were observed on the roots of either the mycorrhizal and non-
mycorrhizal plantlets close to the inoculation points of the path-
ogen. However, browning intensity was higher in —~AMF+Mp
treatment at 72 hpi (Fig. 1). This observation was comparable in
the experiments conducted for microarray and qPCR validation
assays.

Differential expression of genes.

Microarray experiments were performed to profile gene
expression in premycorrhized soybean plantlets inoculated
(+AMF+Mp) or not (+AMF-Mp) with M. phaseolina and
nonmycorrhizal soybean plantlets inoculated (—AMF+Mp) or
not (-AMF-Mp) with M. phaseolina, 72 hpi. Differentially
expressed genes were identified in the roots of the plantlets
of the +AMF-Mp, ~AMF+Mp, and +AMF+Mp treatments as
compared with the ~AMF-Mp treatment. For simplicity, we used
the term ‘gene’ for a probe set representing a given transcript.

The total number of differentially expressed genes in the
three treatments was shown in a Venn diagram (Fig. 2). The
roots of the plantlets in the + AMF-Mp treatment showed 152
upregulated and 23 downregulated genes compared with con-
trol plants (-AMF-Mp). Major transcriptional changes were
noticed in the roots of the ~AMF+Mp treatment with 776 and
117 genes up- and downregulated, respectively. Meanwhile the
roots of the plantlets in the +AMF+Mp treatment showed 512
upregulated and 152 downregulated genes. As shown in the
Venn diagram (Fig. 2), 373 genes were coregulated in the
roots of the plantlets from the —_AMF+Mp and +AMF+Mp
treatments, among which 348 were up-regulated and 26 were
down-regulated. Furthermore, the roots of the plantlets in
the + AMF-MP treatment had 86 and 38 coregulated genes
with the roots of the plantlets in the +AMF+Mp and ~AMF+Mp,
respectively. Under the three treatments (~-AMF+Mp, +AMF+Mp,
and +AMF-Mp), 29 genes were coregulated. Finally, 233 genes
were differentially expressed solely in the roots of +AMF+Mp
treatment, of which 116 were up-regulated and 117 were down-
regulated.

Functional assessment of differentially expressed genes.
MapMan was used to assign the differentially expressed
genes into the different metabolic pathways (Fig. 3). Results
revealed that 40.8%, 37.7% and 45.6% of the differentially
expressed genes had an unknown function or could not be
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Fig. 1. Necrosis initiation in roots of premycorrhized (+AMF+Mp) or
nonmycorrhized ((AMF+Mp) soybean plantlets 72 h postinoculation with
Macrophomina phaseolina under in-vitro conditions. Red arrows indicate
necrosis symptoms.
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assigned to a specific function in the + AMF-Mp, ~AMF+Mp,
+AMF+Mp treatments, respectively. The global transcrip-
tional profiling in premycorrhized soybean plantlets showed
major changes in functions related to proteins, secondary
metabolism, transport, and hormones.

After root inoculation with M. phaseolina, an important
transcriptional reprogramming was detected in mycorrhizal
and nonmycorrizal plantlets. A strong upregulation of genes
involved in secondary metabolism, hormone metabolism, stress, and
signaling was detected. However, in the roots of the +AMF+Mp
treatment, the number of genes within each functional assignment
was significantly lower compared with those in the ~AMF+Mp
treatment (Fig. 2).

In general, the number of downregulated genes was lower
than the upregulated ones. The +AMF+Mp presented more
downregulated genes than the —~AMF+Mp treatment. Most of
these genes had homology with the categories miscellanea,
transport, proteins, cell wall, and RNA. The roots in the +AMF+Mp
treatment presented major repression of cell wall-related genes as
compared with the two other treatments.

Differentially expressed genes in mycorrhizal roots.

Mycorrhizal colonization led to several transcriptional
changes in soybean roots. One of the most relevant changes was
related to protein regulation. Most of these genes encode for
two different types of proteases. Serine proteases were strongly
up-regulated while cysteine proteases were down-regulated.
Additionally, an upregulation of genes involved in development
was observed, including genes related to gibberellin (GA) sig-
naling (as those coding for Scarecrow-like 3 [SCL3] protein,
which functions as a positive regulator of GA signaling and a GA-
oxidase) and in auxin regulation (indole 3-acetic acid-amido
synthase).

Several secondary metabolism-related genes were up-regulated,
more precisely those involved in the phenylpropanoids pathway,
like cytochrome P450, 71D8, and 4-coumarate-CoA ligase-like 5.
These genes are involved in lignin and flavonoids metabolism.
The results also showed an important transcriptional regulation
of biotic stress and signaling in mycorrhizal roots. There was
an upregulation of genes encoding pathogen-related proteins
(PR1 and PRS), dirigent-like protein (DIR) (disease resistance—
responsive), plant basic secretory protein (BSP), protein P21,
lectin precursors (soybean agglutinins), and leucine-rich repeat
receptor-like protein (Supplementary Table S1; Supplementary
Fig. S3).

A -AMF+Mp B

-AMF+Mp
776 117
+AMF-Mp +AMF+Mp +AMF-Mp +AMF+Mp
152 512 23 152

Fig. 2. Venn diagrams showing the relationships between genes signifi-
cantly A, upregulated and B, downregulated in roots of premycorrhized
plantlets inoculated with Macrophomina phaseolina (+ AMF+Mp) or not
(+AMF-Mp) and in roots of nonmycorrhized plantlets inoculated with
M. phaseolina (-AMF+Mp). Genes were considered as differentially
regulated if P < 0.005 and the values of fold change compared with the
—AMF-Mp treatment was 23.0 or <3.



M. phaseolina induced transcriptional regulation
in mycorrhizal and nonmycorrhizal roots.

Among the genes differentially regulated by pathogen in-
fection, the MapMan biotic stress graph (Fig. 4) revealed the
upregulation of numerous plant defense genes. Some of them
were those related to signaling hormones (auxins, abscisic acid,
ethylene, jasmonic acid, and salicylic acid [SA]), PR proteins
(PR5-thaumatin-like protein), CAP (cysteine-rich secretory pro-
teins, antigen 5, and PR1 proteins), BSP, DIR, disease-resistance
proteins (coiled coil-nucleotide binding site-leucine rich repeat
class), endochitinases precursors, polygalacturonase-inhibiting
proteins, endo-1,3-B-glucosidase, ubiquitin, and transcription
factors (WRKY, ERF). Moreover, secondary metabolism—related
genes were overexpressed as UDP-glucosyltransferase, cyto-
chrome P450, chalcone synthase (CHS), ferulate 5-hydroxylase
(F5H), and phenylalanine ammonia lyase 1 (PALI). These last

five genes are specifically involved in the phenylpropanoid path-
way, where plant defense—related compounds arise, like lignin and
flavonoids biosynthesis.

Remarkably, transcriptional changes after M. phaseolina
inoculation were less pronounced in the roots of mycorrhizal
plants (+AMF+Mp). For instance, the number of induced genes
was consistently lower in the +AMF+Mp than —~AMF+Mp
treatment, while, conversely, the amount of repressed genes
was higher in the + AMF+Mp treatment.

A few genes were down-regulated in plantlets inoculated
with M. phaseolina. These genes had high homology with
cysteine proteases and cell wall-associated genes encoding
xyloglucan endo-transglycosylase, brassinosteroid-regulated
protein BRU1 precursor. However, in addition to the cell
wall-related genes mentioned above, + AMF+Mp treatment also
showed a noticeable repression of genes encoding fasciclin-like
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Fig. 3. Comparative analysis of transcription profiles. Functional assignment determined by MapMan software of genes significantly upregulated (right of the
y axis) or downregulated (left of the y axis) in roots of premycorrhized plantlets inoculated (+AMF+Mp) or not (+AMF-Mp) with Macrophomina phaseolina
and in roots of nonmycorrhized plantlets inoculated with M. phaseolina (-AMF +Mp). Genes were considered as differentially regulated if P < 0.005 and the
values of fold change compared with the ~AMF-Mp treatment was 3.0 or <3.
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Fig. 4. Impact of arbuscular mycorrhizal fungi (AMF) precolonization of soybean plantlets and Macrophomina phaseolina inoculation on gene expression in
soybean roots. A, MapMan biotic stress graph generated using the 893 distinctively regulated genes identified in roots after 72 h postinoculation (hpi) with
Macrophomina phaseolina versus the nonmycorrhized soybean plantlets not inoculated with M. phaseolina. B, MapMan biotic stress graph generated using the
664 genes distinctively regulated identified in roots of AMF-colonized plantlets after 72 hpi with M. phaseolina versus the nonmycorrhized soybean plantlets
not inoculated with M. phaseolina. The fold change is displayed as illustrated in the color bar of the panel (blue is downregulated and red is upregulated). Genes
were considered as differentially regulated if P < 0.005 and the values of fold change compared with the ~AMF-Mp treatment was 23.0 or <3.
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arabinogalactan-protein and SKUS similar 5 and biotic stress-
related genes encoding an endo-chitinase, MYB transcription
factors, and peroxidases.

Furthermore, fold change (FC) values comparison of coregu-
lated genes between + AMF+Mp and —~AMF+Mp treatments,
showed that most of the upregulated genes in premycorrhized
plantlets had lower FC values than nonmycorrhized plantlets
after M. phaseolina inoculation (Supplementary Table S2).

Despite this, a set of genes showed primed expression in
mycorrhizal roots upon M. phaseolina infection, as they were
induced exclusively or to a higher level in mycorrhizal roots
(Table 1). Strikingly, the genes with primed expression upon
pathogen infection in mycorrhizal plants are, in their majority,
uncharacterized, without function assignments. While the
proportion of differentially expressed genes with unknown
function according to the MapMan analysis was about 40% in
the roots of +AMF-Mp, ~AMF+Mp, +AMF+Mp treatments, it
increases to over 80% in the group of genes with primed ex-
pression in mycorrhizal roots (+AMF+Mp as compared with
—AMP+Mp) and, accordingly, could not be analyzed with the
MapMan software. Noteworthy, the small proportion of
mycorrhiza-primed genes with assigned functions are related
to regulation of transcription or postranscriptional modifica-
tions (protein modification, protein degradation) and receptor
kinases (Supplementary Fig. S4). Glutathione S transferase

(GST) genes were induced by the pathogen with primed ex-
pression in mycorrhizal plants. Moreover, there were down-
regulated genes, encoding, for example, a putative extensin
protein and a proline-rich protein, whose repression upon
M. phaseolina infection was more pronounced in +AMF+Mp
treatment.

gPCR validation of gene expression.

To validate the microarray data and their biological signifi-
cance, we selected some genes with differential regulation
patterns and analyzed their expression levels by real-time
gqPCR. Target genes were assessed at different timepoints after
pathogen infection in a new experiment, which allowed us to
explore the dynamics of the regulation upon pathogen in-
fection. We selected markers from the different transcriptional
profiles found through the microarray analysis; one gene
upregulated by mycorrhiza regardless of the presence or ab-
sence of the pathogen, coding for a lectin precursor. PALI was
selected as a pathogen-induced gene with higher expression in
nonmycorrhizal plantlets, and the gene encoding a DIR was
selected as a pathogen-induced gene with primed expression in
mycorrhizal plants. Finally, we included other genes of rele-
vance in root defense responses, such as those encoding the
phenylpropanoid-related enzyme CHS and PR1. Gene expres-
sion data were analyzed using three-way analysis of variance.

Table 1. Up- and downregulated genes with primed expression in premycorrhized (+AMF+Mp) soybean roots at 72 h postinoculation with Macrophomina

phaseolina compared with nonmycorrhized treatment (-AMF+Mp)?*

Fold change

Bin code Bin name ID no. MapMan description -AMF+Mp +AMF+Mp
16.8.3.3 Secondary metabolism BW667916.1 Cytochrome P450 93A1 31.2 68.8
20.1 Stress BU549825.1  Disease resistance-responsive (dirigent-like protein) 50.8 185.0
family protein
24.2 Biodegradation of xenobiotics BE658903.1  Lactoylglutathione lyase/glyoxalase I family protein 9.3 16.4
26.1 Miscellaneous AW349500.1  Aldolase-type TIM barrel family protein 29.3 40.0
26.10 Miscellaneous BU926443.1  Cytochrome P450 82A2 35.0 41.8
26.10 Miscellaneous BU578331.1  Cytochrome P450 93A1 23.3 354
26.10 Miscellaneous BQ079433.1  Cytochrome p450 family 27.1 52.6
26.10 Miscellaneous BU547972.1  Cytochrome P450 71D8 100.4 128.3
26.10 Miscellaneous CX710116.1  Cytochrome P450 82A2 68.3 103.0
26.10 Miscellaneous CF807834.1  Cytochrome P450 Member of CYP81D 28.4 79.4
26.21 Miscellaneous CA850987.1 14-kDa proline-rich protein DC2.15 precursor -34 -9.2
26.24 Miscellaneous BU579058.1  Acyl-CoA N-acyltransferases (NAT) superfamily protein 25.1 70.6
26.9 Miscellaneous BU762267.1  Probable glutathione S-transferase (GST) 18.5 39.3
26.9 Miscellaneous BI971101.1 Encodes glutathione transferase belonging to the tau 22.2 114.2
class of GSTs
26.9 Miscellaneous BW666684.1 Probable GST 70.9 305.7
26.9 Miscellaneous BW677943.1 Encodes glutathione transferase belonging to the tau 64.9 314.8
class of GSTs
27.3.11 RNA CX712124.1  C2H2-type zinc finger family protein 15.5 28.6
29.2.1.2.2.10  Protein CX709006.1  60S ribosomal protein L10 (EQM) 104.2 341.0
29.4 Protein BUS550168.1  Protein kinase; AGC2-1 48.5 54.7
29.5.3 Protein BW673849.1  Cysteine proteinase inhibitor (Cystatin) 9.7 14.9
30.3 Signaling BW655240.1  AtCPI encodes a novel Ca2+-binding protein 12.7 21.6
33.99 Development CX702141.1  Nodulin MtN3 family protein 8.5 13.6
35.1 Not assigned BU550330.1 SOUL-1 41.0 73.1
352 Not assigned BW670549.1 No hits -39 -10.7
35.2 Not assigned BW669369.1 No hits 15.5 20.9
35.2 Not assigned CA850553.1  No hits 60.0 68.3
352 Not assigned BE820990.1  No hits 342 474
35.2 Not assigned BE820233.1  No hits 27.7 46.5
35.2 Not assigned BW680503.1  No hits 28.0 47.6
35.2 Not assigned CF808638.1  No hits 27.6 55.7
35.2 Not assigned CD396219.1  No hits 29.3 58.0
35.2 Not assigned BQ612411.1  No hits 24.4 56.4
35.2 Not assigned CF808725.1  Stress-induced protein SAM22 52.6 100.7
35.2 Not assigned BW655785.1  No hits 22.3 80.7
35.2 Not assigned CF808824.1  No hits 86.1 173.0

# Data are organized by bin code.
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Interaction between AMEF, pathogen, and time (hpi) was sig-
nificant (P < 0,05) solely for PAL1. Nevertheless, for the other
analyzed genes, comparison of all the mean involved in the
interaction were assessed.

The results (Fig. 5) confirmed the AMF-related regulation of
the lectin gene, as it was highly expressed in mycorrhizal roots,
regardless of the presence of the pathogen (+AMFE-Mp, +AMF+Mp).
In the case of PALI, the gPCR results confirmed that the gene
was significantly induced by the pathogen and the expression
was higher in ~AMF+Mp than in +AMF+Mp at 72 hpi, as
revealed by the microarray analysis in the previous experiment.
However, expression levels were similar among both treat-
ments in earlier timepoints. Regarding DIR expression lev-
els, gene transcripts were also increased after M. phaseolina
inoculation in both mycorrhizal and nonmycorrhizal plants
(-AMF+Mp and +AMF+Mp treatments). Unfortunately, although
in the three postinoculation times analyzed, the expression levels
in +AMF+Mp treatment was higher than in —~AMF+Mp, the
increase was not statistically significant, as in the first experi-
ment. We observed a similar result with GST 10 and GST 12
genes. These genes showed primed induction in the + AMF+Mp
treatment at 72 hpi in the microarray experiment, while no
significant differences were observed during the time course by
gqPCR (data not shown).

Finally, transcriptional changes of the defense-related CHS
and PR1 genes in the roots were assessed. As for PAL1 and
DIR1, both genes were significantly induced by the pathogen
and increased between 12 and 72 hpi. When the response was
compared in the treatment with mycorrhiza (+AMF+Mp),
premycorrhized plantlets showed significantly higher expres-
sion levels of PR1 than roots in the nonmycorrhized plantlets at
12 hpi. However, this difference leveled off as the pathogen
infection proceeded. The expression levels of CHS and PR1
were not significantly different at 24 and 72 hpi, although they
were higher in +AMF+Mp treatment.

Total lignin content evaluation.

Considering the overexpression of two key genes of the
phenylpropanoid pathway (PALI and CHS) in premycorrhized
plantlets, which could lead to pathogen resistance or tolerance,
total (acid-soluble and insoluble) lignin was quantified (shown
as a percentage) in the roots 24 hpi with M. phaseolina (Fig. 6).
No differences were noticed in percent lignin between the
control (i.e., —~AMF-Mp) and +AMF+Mp treatments. Conversely,
the percent lignin in the +AMF-Mp and ~AMF+Mp treatments
was 10 and 20% lower, respectively, as compared with the
—AMF-Mp and +AMF+Mp treatments.

DISCUSSION

In the present study, plant gene-expression profiles in bi-
(soybean + AMF and soybean + M. phaseolina) or tripartite
(soybean + AMF + M. phaseolina) interactions were analyzed
using the mycelium donor plant (MDP) in-vitro culture system
developed by Voets et al. (2009).

The MDP in-vitro culture system has been recently proposed
as a suitable tool for studying the interactions between plant
and AMF or between plant, AMF, and pathogen (Giachero et al.
2017), allowing a straightforward nondestructive observation of
a belowground interaction. This system facilitates the analyses
of plant responses to fungi without the interference of other
microorganisms, which has been a problem for mycorrhizal
studies in pots (Cameron et al. 2013). Interestingly, in-vitro cul-
tivation systems have also been proven adequate for monitoring
the initial stages of root infection by M. phaseolina (Bressano et al.
2010). Chowdhury et al. (2014) further investigated the infection

process of M. phaseolina in resistant and susceptible varieties of
sesame (Sesamum indicum).

In our in-vitro experiments, we confirmed the presence
of M. phaseolina in the roots of premycorrhized and non-
mycorhized plantlets and their infectivity under these condi-
tions. Although all the plantlets showed a significant increase in
the biomass of M. phaseolina in roots, the pathogen biomass
was similar in +AMF+Mp and ~AMF+Mp treatments during
the time course of the study. M. phaseolina growth was very
profuse, causing symptoms in premycorrhizal and non-
mycorrhizal plantlets. However, the size and color of the le-
sions were more intense in —~AMF+Mp treatment at 72 hpi. The
fact that there was no significant difference in pathogen bio-
mass in mycorrhizal and nonmycorrhizal roots but symptoms
were reduced in the presence of the AMF is clear evidence that
we are in the presence of a mycorrhizal-induced tolerance more
than a phenomenon of resistance. These results agree with
previous studies demonstrating that AMF were able to enhance
the tolerance of soybean plants to M. phaseolina, alleviating
oxidative damage generated by the pathogen infection, even if
the AMF was not able to avoid pathogen infection (Spagnoletti
et al. 2016).

Several studies have reported that, after recognition between
plant and beneficial or pathogenic microorganisms, different
signaling pathways are induced in the plant (Afkhami and
Stinchcombe 2016; Liu et al. 2007; Mah et al. 2012; Zamioudis
and Pieterse 2012; Zuluaga et al. 2016). Indeed, important
changes in gene expression and metabolic profiles have been
shown in roots upon mycorrhizal colonization in different plant
species (Dermatsev et al. 2010; Handa et al. 2015; Laparre et al.
2014).

Coincidently, we observed many transcriptional changes in
soybean roots after 14 days of interaction with the AMF. Those
changes were mainly related to development, signaling, bio-
synthesis of secondary metabolites, i.e., flavonoids, and biotic
stress genes. As in previous reports from other plant systems
(Gtiimil et al. 2005; Hohnjec et al. 2005; Liu et al. 2008; Rech
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Fig. 6. Total lignin as percentage of root dry weight of premycorrhized
plantlets inoculated with Macrophomina phaseolina (+ AMF+Mp) or not
(+AMF-Mp) and in roots of nonmycorrhized plantlets inoculated with
M. phaseolina (-AMF +Mp) or not (—AMF-Mp) at 24 h postinoculation.
Data are means of four biological replicates (n = 4). Error bars represent
standard error. Different letters indicate significant differences at P < 0.05
(DGC comparison method).
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et al. 2013), genes related to serine carboxipeptidase-like
(SCPL) and lectin precursors were highly induced in the pre-
mycorrhized plantlets (+AMF-Mp and + AMF+Mp). These
genes are also induced in response to other microorganisms or
to environmental stimuli and are believed to participate in the
plant defense response (Bouwmeester et al. 2011; De Hoff et al.
2009; Guo et al. 2013; Huang et al. 2014; Liu et al. 2008;
Mugford et al. 2009; Nivedita 2017; Singh et al. 2012). In
animal systems, lectins and proteases form together the com-
plement system, which plays a fundamental role as part of the
innate immune system (Fujita et al. 2004). In our study, SCPL
and lectin precursors showed elevated levels in premycorrhized
plantlets, while pathogen infection did not alter their levels at
72 hpi. However, other studies in soybean showed the induction
of a lectin protein kinase after an incompatible interaction with
a parasitic nematode (Klink et al. 2007).

Considering a potential role in defense (Lannoo and Van
Damme 2014), whether they may contribute to a better defense
response in mycorrhizal plants remains to be addressed.

Our results demonstrated a significant impact of M. phaseolina
infection on gene expression. It is already known that, upon
pathogen attack, plants activate a number of mechanisms in
an attempt to stop or to reduce the damages caused by
the pathogen (Dodds and Rathjen 2010; Mah et al. 2012;
Pusztahelyi et al. 2015). In the present study, we evidenced
the upregulation of numerous plant defense genes related to
signaling hormones, PR proteins, disease-resistance proteins,
transcription factors, and secondary metabolism-related genes.
Moreover, we found differences in the response of mycorrhizal
and nonmycorrhizal plants to the pathogen. A remarkable aspect
is the lower number of upregulated genes in premycorrhized
plantlets compared with nonmycorrhized ones, following in-
oculation by M. phaseolina. As a matter of fact, in most of the
coregulated genes, the impact on the FC was higher as well.
Only a small set of genes showed higher expression in my-
corrhizal plants, such as those coding for DIR-like protein and
GST, potentially involved in the alleviation of oxidative dam-
age, while most of the others were unknown. Remarkably, the
proportion of genes with uncharacterized function is almost
double in the + AMF+Mp primed genes set (80 versus 40% in
the other treatments). These genes are potentially involved in
the enhanced tolerance observed in mycorrhizal plants and
may reflect the largely uncharacterized responses underlying
induced tolerance in plants.

Changes in gene-expression profiles in response to pathogens
can underlie enhanced resistance against pathogens. In fact,
priming of defense response is one of the mechanisms proposed
to mediate the induced resistance against pathogens triggered
by beneficial microbes, including mycorrhiza (Pieterse et al.
2014). However, although priming of plant defense responses
in mycorrhizal plants have been shown in other systems, our
microarray analysis did not show a significant primed response
to the pathogen at the timepoint under study (72 hpi). It is
possible that the timepoint analyzed was too late to study early
plant-defense responses, since priming is characterized by an
accelerated defense response (Conrath 2009; Martinez-Medina
et al. 2016; Mauch Mani et al. 2017). Considering that the in-
vitro system allowed a rapid colonization of the roots by the
pathogen, it was tempting to speculate that the differences in
response to the pathogen could be more evident at earlier time-
points. Following this hypothesis, we carried out a new experi-
ment, with the same treatments, and a time course analysis was
performed.

In this study, four genes involved in defense mechanisms,
DIR, PALI, CHS, and PRI, were evaluated at 12, 24, and 72 hpi
with M. phaseolina. At 12 hpi, roots of premycorrhized plant-
lets showed higher transcription levels of the defense genes
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analyzed than nonmycorrhizal roots. This trend was still visible
at 24 and 72 hpi, nevertheless, this pattern reverted for PALI at
72 hpi.

Several studies depict an induced expression of DIR and
DIR-like genes upon pathogen infection, suggesting a role of
DIRs in adaptive responses (Borges et al. 2013; Coram et al.
2008; Ponce de Ledn and Montesano 2013; Thamil Arasan
et al. 2013; Zhu et al. 2007). DIR proteins were shown to
mediate regio- and stereoselectivity of bimolecular phenoxy
radical coupling (Davin et al. 1997) and are involved in nu-
merous biological processes, including one or both, cell wall—
metabolism modification and production of antibacterial
compounds (Paniagua et al. 2017).

Although not significant in the second experiment, DIR ex-
pression levels were slightly higher in mycorrhizal plants, at
every timepoint tested, upon pathogen inoculation, reaching
maximum induction at 72 hpi. This increase in DIR expres-
sion could be associated to an induction and interplay of
the defense response to the infection by the pathogen. In this
scenario, DIR proteins could support cell-wall reinforcement
and, thus, restrict or block M. phaseolina invasion, as reported
for other plant-pathogen interactions (Ponce de Ledn et al.
2012; Ralph et al. 2006; Shi et al. 2012; Thamil Arasan et al.
2013). Borges et al. (2013) hypothesized that low level of DIR
expression during the early stages of fungal infection allows
lignin biosynthesis to build up physical barriers. Whereas, the
upregulation of DIR genes during later stages of infection
increases antifungal activities through activation of lignin
biosynthesis.

The sudden increase of the transcription levels in two key
genes of the phenylpropanoid pathway (PALI and CHS) in
premycorrhized plantlets could lead to the increased accumu-
lation of total phenols and lignin. Derivative products of this
pathway, such as lignin and flavonoids, act as a plant protectant
against biotic and abiotic stresses (Dixon and Paiva 1995).
Particularly, the lignification process may be an important step
toward pathogen resistance or tolerance, either through lignin
deposition or through formation of lignin-like compounds.
Therefore, total lignin was evaluated. As result, we found a
reduction in the amounts of lignin in the —~AMF+Mp treatment
that could be a consequence of host manipulation by the
pathogen. However, this hypothetical disruption of lignin
metabolism was not observed in the +AMF+Mp treatment,
suggesting that M. phaseolina was not able to increase the
susceptibility of mycorrhizal plants to promote its invasion.
Actually, there are evidences demonstrating that application of
thiamine and riboflavin contribute to control charcoal rot of
soybean through increased activity of defense-related enzymes
(PAL, PR, peroxidase, and polyphenol oxidase) and increased
accumulation of total phenols and lignin in soybean plants in-
fected with M. phaseolina (Abdel-Monaim 2011).

Soybean infection by M. phaseolina also resulted in the
upregulation of SA-associated PRI defense gene expression.
The number of transcripts increased in roots of both pre- and
nonmycorrhized soybean plantlets. However, premycorrhized
plantlets showed a faster response as compared with the non-
mycorrhized ones, as demonstrated by the higher transcription
level of PR1 at 12 hpi. This corroborates the study of Gallou
et al. (2011) showing the priming of two PR genes (PRI and
PR?2) in premycorrhized potato plantlets challenged with Phy-
tophthora infestans.

At 72 hpi, we observed a decrease in the transcription level of
PAL1 in the +AMF+Mp treatment. This decrease can be explained
by the absence of newly synthesized transcripts added to the
natural turnover of mRNAs.

Under this scenario, it could be postulated that after M. phaseolina
infection, premycorrhized plantlets demonstrated the great capacity



of gene transcription regulation under conditions of disease
pressure. Meanwhile, nonmycorrhizal plantlets had a direct
induction of defense after pathogen challenge. These results
are relevant, since plant defense response implies a metabolic
cost, which could be associated to a negative impact on bio-
mass and seed production (Denancé et al. 2013; Walters and
Heil 2007).

In conclusion, our transcriptomic data provides information
on the important changes in gene expression occurring in
soybean plants upon interaction with mycorrhizal fungi or the
pathogen M. phaseolina. Specific transcriptomic changes found
in mycorrhizal plants may be associated with the modulation of
M. phaseolina infestation of the roots, for example, by en-
hancing pathogen recognition capacity through SCPL and
lectin induction and allowing an earlier defense response,
leading to a better cellular homeostasis in plantlets for an op-
timum utilization of photosynthates (Barea et al. 2002). We are
convinced that the generated data will yield many opportunities
for further biological experimentation to confirm the new hy-
potheses in more natural root environments provided in pot
cultures and field experiments.

The detailed insights of soybean-AMF-M. phaseolina triple
interaction presented here will contribute to understanding the
complexity of plant responses to different organisms and their
implications to biocontrol and will eventually lead to the design
and optimization of sustainable agronomic practices, strength-
ened by existing plant-microbial interactions.

MATERIALS AND METHODS

Biological material.

A culture of Rhizophagus irregularis (Btaszk, Wubet, Renker
& Buscot) SchiiBler and Walker (2010) (as ‘irregulare’) MUCL
41833 was supplied by the Glomeromycota In Vitro Collection
associated to Ri T-DNA-transformed root organ cultures of
carrot (Daucus carota L. clone DC2). The strain was main-
tained in petri plates (90 mm diameter) on modified Strullu
Romand (MSR) medium (Declerck et al. 1998) solidified with
3 g of Phytagel (Sigma-Aldrich, St. Louis) per liter, as detailed
by Cranenbrouck et al. (2005). The petri plates were incubated
in the dark in an inverted position at 27°C for several months,
until thousands of spores were obtained.

The Mycotheque de 1’Université catholique de Louvain (MUCL)
supplied a culture of Macrophomina phaseolina (Tassi) Goidanich
MUCL 53604 on potato dextrose agar (Scharlau Chemie S.A,
Barcelona, Spain). The petri plates were incubated at 25°C in the
dark for 7 days.

Seeds of Medicago truncatula Gaertn. cv. Jemalong A 17
(South Australian Research and Development Institute, Urrbrae,
Australia) were surface-disinfected by immersion in calcium
hypochlorite (3.5% active calcium) for 12 min, were rinsed three
time in deionized sterilized water (121°C for 15 min), and were
germinated in groups of 13 on petri plates (90 mm in diameter)
filled with 35 ml of MSR medium without sucrose and vitamins
and solidified with 3 g of Phytagel per liter. The petri plates were
incubated at 27°C in the dark for 4 days and were subsequently
exposed to light for 1 day, before use.

Seeds of soybean Glycine max (L.) Merr. cv. Don Mario 4800
were surface-disinfected by immersion in ethanol 70% for
1 min and sodium hypochlorite (8% active chlorine) for 2 min.
Both steps were followed by rinsing three times in deionized
sterilized water (121°C for 15 min). Seeds were subsequently
germinated in groups of six on petri plates (145 mm in di-
ameter) filled with 60 ml of MSR medium without sucrose and
vitamins and solidified with 3 g of Phytagel per liter. The petri
plates were exposed to light for 1 day and were subsequently
incubated at 27°C in the dark for 4 days, before use.

Experimental set up for microarray experiment.

The MDP in-vitro culture system, developed by Voets et al.
(2009) for fast and homogenous AMF colonization of
M. truncatula plantlets, was adapted to soybean and was used in
the experimental set up. Briefly, a bi-compartmented culture
plate was constructed by placing the cover of a 55-mm diameter
petri plate (named root compartment [RC]) into the base of
a 145-mm diameter petri plate (named hyphal compartment
[HC]). The two compartments were thus physically separated
by the wall of the 55-mm petri plate. Both compartments were
subsequently filled with MSR medium (20 and 100 ml in the
RC and HC, respectively) lacking sucrose and vitamins and
solidified with 3 g of Phytagel per liter. Five -day-old
M. truncatula seedlings were transferred to the RC with their
roots plated on the surface of the MSR medium and shoot
extending outside the culture plate via a hole. A plug (9 x
5 mm) of MSR medium containing +100 spores of
R. irregularis MUCL 41833 was placed in the vicinity of the
roots. The culture plates were then sealed with Parafilm
(Pechiney Plastic Packaging, Chicago) and the holes were
plastered with sterilized (121°C for 15 min) silicon grease
(VWR International, Leuven, Belgium) to avoid contamina-
tions. The culture plates were covered with an opaque plastic
bag to keep the AMF and M. truncatula roots in the dark, while
the shoots developed under light conditions. The culture plates
were transferred to a growth chamber set at 20°C (day) and
18°C (night), 70% relative humidity, with a photoperiod of 16 h
per day and a photosynthetic photon flux of 225 pmol m™ s~
In total, 50 culture plates were set up.

After approximately six weeks of association, the AMF
mycelium crossed the plastic wall separating the RC from the
HC and developed a profuse extraradical mycelium (ERM)
network bearing numerous spores in the HC. At week 8, a new
hole was made in the base and the lid of the HC and a 5 days old
soybean plantlet was inserted in the culture plate with the roots
in direct contact with the ERM and the shoot extending outside
the culture plate. In parallel and following strictly the same
protocol and timing, soybean plantlets were inserted in culture
plates without AMF (i.e., the control treatment). The culture
plates were then sealed carefully and were incubated in a
growth chamber under the same conditions as above. After
7 days, the RC (i.e., the 45-mm diameter petri plate) of all the
culture plates were removed with forceps, leaving a hole that
was immediately refilled with 30 ml of solid MSR medium
without sucrose and vitamins and solidified with 3 g of Phy-
tagel per liter. Two weeks later, the culture plates with and
without AMF were randomly divided in two groups. Half of the
culture plates were inoculated with M. phaseolina, using four
plugs (3 mm in diameter), from a 7-day-old culture, the other
half remaining free of the pathogen. Treatments are represented
by two levels of two factors. Four treatments were thus con-
sidered: premycorrhized soybean plantlets inoculated (+AMF+Mp)
or not (+AMF-Mp) with M. phaseolina and nonmycorrhizal
soybean plantlets inoculated (—AMF+Mp) or not (~AMF-Mp)
with M. phaseolina. The plants were harvested 72 hpi with
M. phaseolina. Six independent biological replicates were used
per treatment. Half of the root material was used to estimate
colonization by AMF or infection by M. phaseolina or both and
the other half for RNA extraction and was stored at —80°C,
until use.

RNA extraction.

Total RNA was extracted with the RNeasy plant mini kit
(Qiagen, Valencia, CA, U.S.A.) according to the manufac-
turer’s instructions. The total RNA was treated with the
TURBO DNA-free kit (Ambion, Austin, TX, U.S.A.), accord-
ing to the manufacturer’s instructions. Concentration and purity
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of total RNA were determined in a NanoDrop-ND 1000 UV-vis
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
U.S.A.), and the total RNA quality was tested using the Agilent
2100 BioAnalyzer, as recommended by the manufacturer’s
protocol (RNA 6000 nano assay protocol) (Agilent Technolo-
gies, Santa Clara, CA, U.S.A.). For each treatment, total RNA
of two replicates were selected and pooled (i.e., biological
replicate). Thus, three independent biological replicates were
used per treatment for microarray experiment.

cDNA labeling and microarray hybridization.

Synthesis of cDNA and labeling was performed with Quick
Amp labeling kit, as described in the protocol (Agilent Tech-
nologies Inc.). A two-color microarray-based gene expression
analysis protocol was used. Labeled cDNA targets (Cy3 and
Cy5) were fragmented at 60°C for 30 min and were then hy-
bridized to the oligonucleotide arrays (Agilent 016772 G. max
Oligo Microarray 4 x 44K) at 65°C for 17 h. All treatment
replicates (including —~AMF-Mp) were hybridized with a pull
of the three biological replicates of ~AMF-Mp treatment (com-
petitive hybridization).

Hybridization and washing of slides were conducted
according to the manufacturer’s protocols. The hybridized
slides were scanned using the scanner Agilent G2505B at high
resolution of 5 um at wavelengths of 532 (Cy3) and 633 nm
(Cy5) (Agilent Technologies, Inc.). Microarray images were
imported in the Agilent Feature Extraction software (version
9.1.3.1) and were aligned with the appropriate array grid
template file (015425_D_F_20061105; Agilent Technolo-
gies, Inc.).

The microarrays were hybridized, stained, washed, and scanned
at the Institute of Life Science of the MUCL (Agilent microarray
platform).

Preprocessing of microarray data.

Data preprocessing was performed using the limma library
(Smyth 2005) from the R package (The R Project for Statistical
Computing). Background correction was performed, using
background Correct function, using the “rma” algorithm. Be-
tween arrays, normalization was performed, using normalize
Between Array function, using “quantile” method. Finally,
gene expressions were transformed to log, scale and summa-
rization of technical replicates was done calculating the me-
dian. The selected comparison among treatments was performed
by appropriate contrasts (+AMF-Mp versus ~AMF-Mp, ~AMF
+Mp versus —~AMF-Mp, +AMF+Mp versus —~AMF-Mp, and
+AMF+Mp versus —~AMF+Mp). Because of the log, trans-
formation of gene expressions, the estimated contrasts were
expressed in logtwofold change scale. To express the contrast
differences as ‘fold change’, the following transformation was
applied: FC = 2°°""* when the contrast was >0 and —2 """
when the contrast was <0. This way, FC values have positive as
well as negative values. A FC of 4 means a 4x increase of gene
expression, meanwhile a value of —4 means a 4x decrease.
Genes were considered as differentially regulated if P value
of <0.005 and FC values were 3.0 or <3.

The microarray data have been deposited in the National
Center for Biotechnology Information Gene Expression Om-
nibus (GEO) database and are accessible through GEO series
accession number GSE87740.

Gene Ontology (GO) analysis.

For GO analysis, two freely available software programs on
the MapMan Site of Analysis website were used, namely,
Mercator Automated Sequence Annotation Pipeline and MapMan.
The first generates functional predictions for each input gene to
propose a functional ‘Bin’ based on the manually curated binning
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of the reference database entries. The second enables easier data
visualization and interpretation of soybean gene expression in-
volved in biotic stress.

Experimental set up for microarray validation.

For microarray validation, a new experiment was set up
following the protocol described above. Four treatments, each
with four replicates, were considered: Premycorrhized soybean
plantlets inoculated (+AMF+Mp) or not (+AMF-Mp) with
M. phaseolina and nonmycorrhizal soybean plantlets in-
oculated (—AMF+Mp) or not (—AMF-Mp) with M. phaseolina.
Soybean plantlets were harvested 12, 24, and 72 hpi with
M. phaseolina. Half of the root material was used to confirm
colonization by AMF and the other half was stored at —80°C
until use.

Total RNA from frozen roots was extracted and was puri-
fied as described above. RT of 500 ng of total RNA was per-
formed with the Transcriptor High Fidelity cDNA synthesis
kit (Roche, Montreal, Canada), in a volume of 20 ul with oligo
(dT),g primer, at 55°C for 20 min, according to the manu-
facturer’s instructions. Four independent biological replicates
with at least two technical replicates were analyzed per
treatment, per timepoint. For each RNA sample, a reaction
without RT was performed as a control for contamination by
genomic DNA.

Real-time qPCR.

Five targeted genes were selected, a lectin precursor
(BI497881.1), DIR (BU549825.1), PALI (X52953), CHS
(XM_003537805), and PRI (NM_001251239). Real-time PCR
analysis was performed, using the iCycler iQ5 system (Bio-
Rad, Munich) and primers specifically designed in this study for
SYBR green assay. Relative quantification of specific mRNA
levels was performed using the comparative 27" method
(Livak and Schmittgen 2001). Expression values were normal-
ized using the housekeeping gene Skipl6 (CD397253.1), which
has been shown to be the most stable during gPCR, under dif-
ferent stress conditions, in soybean roots (Hu et al. 2009). The
amount of transcripts was depicted as relative to the control
level of expression (nonmycorrhized soybean plantlets non-
inoculated with M. phaseolina). The DGC test model was
conducted to identify significant differences (P < 0.05) be-
tween the groups.

Evaluation of AMF root colonization.

The root systems were cleared in 10% KOH at room tem-
perature for 3 h, were rinsed with distilled water, were bleached
and acidified with 1% HCI, and were stained with trypan blue
0.2% at room temperature for 15 min. The root systems were
subsequently mounted on microscope slides, and 200 inter-
sections were observed under a dissecting microscope (Olym-
pus BH2, Olympus Optical, GmbH, Germany) at 10 to 40x
magnifications. Total RC (% RC), abundance of arbuscules
(% A), and intraradical spores and vesicles (% V) were determined
according to McGonigle et al. (1990). The DGC test model was
conducted to identify significant differences (P < 0.05) between
the groups.

M. phaseolina infection.

M. phaseolina biomass in infected roots at 12, 24, and 72 hpi
was determined as was previously described for Verticillium
spp- (Santhanam et al. 2013).

Briefly, total genomic DNA was extracted from frozen roots,
using the innuPREP Plant DNA kit (Analytik, Jena, Germany)
and following manufacturer recommendations. Concentration
and purity of total DNA were determined in a NanoDrop-ND
1000 UV-vis spectrophotometer (NanoDrop Technologies).



Real-time PCR amplifications on total genomic DNA
extracted from roots were carried out using the iCycler 1Q5
system (Bio-Rad) and M. phaseolina—specific primers (MpSyK)
for SYBR green assay (Babu et al. 2011). The concentrations of
fungal DNA in experimental treatments were calculated by
comparing cycle threshold values to the crossing point values of
the linear regression line of the standard curve and relative to
12 hpi of the ~AMF+Mp treatment level. The DGC test model was
conducted to identify significant differences (P < 0.05) between
the groups.

To demonstrate the infective potential of M. phaseolina, six
additional culture plates with nonmycorrhized and pre-
mycorrhized soybean plantlets were inoculated with the
pathogen, using four plugs (3 mm diameter) from a 7-day-old
M. phaseolina culture. The timing of infection and associated
symptoms on the entire root system were monitored non-
destructively, with a binocular microscope (Olympus SZ61),
through the culture plate lid. Images of roots were captured
with a Canon PowerShot SX160 IS digital camera.

Lignin extraction and quantification.

Total (acid-soluble and insoluble) lignin extraction and
quantification was carried out starting from 500 mg of soybean
roots, according to the protocol of Sluiter et al. (2008), at the
Biological and Industrial Chemistry Unit of Gembloux Agro
Bio-Tech (Université de Liege, Belgium). The values are
expressed as percentage (%) of lignin per root dry weight. The
DGC test model was conducted to identify significant differ-
ences (P < 0.05) between the groups.

Statistical analysis.

Gene expression data (i.e., relative expression ratio) were
analyzed for microarray analysis and qPCR, using two-way and
three-way analysis of variance, respectively (ANOVA II and
ANOVA I1I). Percentages of AMF root colonization, pathogen
quantification, and total lignin content were analyzed using
one-way analysis of variance (ANOVA I). ANOVA was per-
formed using the software InfoStat (Di Rienzo et al. 2013).
Comparisons between treatments were performed by the DGC
test (Di Rienzo et al. 2002).
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