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Abstract

Soybean germplasm exhibits various levels of resistance to Fusarium tucumaniae, the main causal agent of sudden
death syndrome (SDS) of soybean in Argentina. In this study, two soybean genotypes, one susceptible (NA 4613) and
one partially resistant (DM 4670) to SDS infection, were inoculated with F tucumaniae. Disease symptoms were
scored at 7, 10, 14, and 25 days post-inoculation (dpi). The greatest difference in the area under the disease progress
curve (AUDPC) values among genotypes was observed at 25 dpi. In order to detect early metabolic markers that could
potentially discriminate between susceptible and resistant genotypes, gas chromatography-mass spectrometry (GC-
MS) analyses of root samples were performed. These analyses show higher levels of several amino acids and the
polyamine cadaverine in the inoculated than in the uninoculated susceptible cultivar at 7 dpi. Principal component
analysis (PCA) revealed that the metabolic profile of roots harvested at the earliest time points from the inoculated
susceptible genotype was clearly differentiated from the rest of the samples. Furthermore, variables associated with
the first principal component were mainly amino acids. Taken together, the results indicate that the pathogen induced
the susceptible plant to accumulate amino acids in roots at early time points after infection, suggesting that GC-MS-
based metabolomics could be used for the rapid characterization of cultivar response to SDS.
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Introduction

Soybean [Glycine max (L.) Merr.] is the most important crop
in Argentina. Its production can be greatly limited by diseases.
One of the most important diseases is sudden death syndrome
(SDS). In Argentina, SDS is caused by at least four Fusarium
species: F. tucumaniae, F. virguliforme, F. brasiliense, and
F. crassistipitatum (Aoki et al., 2005, 2012; O’Donnell et al.,

2010), with F. tucumaniae being the dominant species. The
fungus is a soil-borne pathogen that infects plants through
the roots, but foliar symptoms typically become discernible
only after flowering. Severely infected plants exhibit poor
root growth, brownish discoloration of the cortical tissue,
and sometimes blue spore masses can be observed on the root
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surface. The disease is characterized by the sudden develop-
ment of foliar chlorosis and necrosis, followed by premature
defoliation (Rupe and Hartman, 1999; Navi and Yang, 2008;
Gongora-Canul and Leandro, 20115; Gongora-Canul et al.,
2012). Additional symptoms include mottling of leaves on
the upper part of the plant, vascular discoloration of the
lower part of the stem, pod abortion, petiole retention, and
red coloration on the basal stems, although the pith remains
white (Rupe and Hartman, 1999).

Selection for field resistance to SDS caused by F. virgu-
liforme is difficult due to the quantitative nature of the trait
and interactions between resistance loci and environmental
factors (Njiti et al., 1996; Rupe et al., 1996). Infection and
disease development are highly dependent on environmental
conditions. Soil moisture and warm/cool temperatures play
important roles in the occurrence and severity of SDS, with
foliar symptoms being more severe during wet seasons when
soils are saturated (Gongora-Canul and Leandro, 2011«
Leandro et al., 2013). Thus, any soybean variety available to
growers can develop disease in particularly favourable condi-
tions for the pathogens, such as high inoculum density, abun-
dant soil moisture, or presence of the soybean cyst nematode
(SCN) (Gongora-Canul et al., 2012; Leandro et al., 2012).
Various levels of resistance to F. tucumaniae have also been
observed in Argentinean soybean germplasm (Scandiani
etal.,2011; Lenzi et al., 2013).

Because root infection occurs prior to expression of foliar
symptoms, pathogen effects on root metabolism in pre-symp-
tomatic plants may be important for discriminating resist-
ant and susceptible genotypes. In fact, metabolite profiling
has been proposed as a highly valuable and well established
method in identifying plant responses to biotic stresses
(Colebatch et al., 2004; Desbrosses et al., 2005; Parker et al.,
2009; Hofmann ez al., 2010; Bazzini et al., 2011). Here, gas
chromatography-mass spectrometry (GC-MS) analyses
were used with the aim of detecting early alterations in plant
metabolic pathways following infection by F. tucumaniae.
The experimental design involved the use of a single strain
of F. tucumaniae, two genetically diverse soybean cultivars,
one susceptible (NA 4613) and one partially resistant (DM
4670) to SDS infection, and sampling at different stages of
plant pathogenesis. Thirty-eight metabolites including amino
acids, organic acids, soluble sugars, alcohols, fatty acids, and a
miscellaneous group were identified. In addition, two uniden-
tified sugars and two unidentified analytes were discovered.
To the best of the authors’ knowledge, this is the first report
that provides information concerning primary metabolic
changes that are triggered in soybean roots by F. tucumaniae
infection.

Materials and methods

Plant and pathogenic materials

Two commercial soybean cultivars with contrasting levels of resist-
ance to SDS, based on previous field evaluations, one susceptible
(NA 4613) and one partially resistant (DM 4670), and F. tucumaniae
isolate CCC130-11 [CCC=Culture Collection of the CEREMIC
(Centro de Referencia de Micologia), Facultad de Ciencias

Bioquimicas y Farmacéuticas, UNR] were used in the experiments.
Both soybean cultivars were of the same maturity group and they
shared a similar growth habit.

Fungal infections

Inoculum was prepared by culturing F. tucumaniae CCC130-11 on
potato dextrose agar (PDA, Britania) supplemented with 100mg 1!
streptomycin in 9cm plastic Petri dishes for 1 week at 25 °C in the
dark, after which agar plugs (6mm in diameter) were excised from
the growing edge of the colony. Five plugs were added to 125¢g of
sorghum grain that had been autoclaved for 60min at 121 °C in a
500ml flask on two consecutive days, following a published protocol
(Hartman et al., 1997). The flask was incubated at 25 °C in the dark
for 2 weeks and shaken daily.

Figure 1 shows a schematic representation of the experimental
design. A nursery substrate (120 g, Grow Mix, Multipro, Terrafertil
S.A., Buenos Aires, Argentina) (Barros et al., 2014) was placed in
8% 11cm plastic pots (Scandiani et al, 2011). A layer of infested
sorghum seeds (3 g) was distributed in half of the experimental pots
and covered with 2cm of the same substrate. The other pots were
not inoculated. Five seeds of the susceptible or partially resistant
soybean cultivar were then added to inoculated and uninoculated
pots and covered with another 2cm of the same substrate (Aoki
et al., 2005; Scandiani et al., 2011). Soil was watered to saturation
after planting and maintained at near field capacity throughout the
study in a greenhouse under a natural photoperiod at 25+ 3 °C for
7,10, 14, and 25 d. Each biological replicate consisted of a pot with
4-5 plants. All plants were cultivated in parallel under equal growth
conditions. The experimental design, comprising (i) the presence
and absence of fungal infection, (ii) two soybean cultivars display-
ing different resistance to fungal infection, and (iii) four time points
after inoculation, allowed the discrimination of effects that were due
to progression of the plant-fungal interaction from those related
either to genotype or to developmental effects of the plant.

Pathogenicity tests

Plants were rated for height, disease incidence, shoot and root fresh
weight, and foliar and root severity at 7, 10, 14, and 25 days post-
inoculation (dpi). Disease incidence was based on the percentage of
plants with foliar symptoms typical of SDS (Roy, 1997; Rupe et al.,
2001). Symptoms ranged from leaf curling and rugosity, marginal
cupping, mottling, chlorotic interveinal spots, interveinal chlorosis
and necrosis, to leaf drop and stunting (Rupe and Hartman, 1999).

Foliar disease severity was rated at each time point based on a
scale of 1-5 where 1=no symptoms, 2=light symptom development
with mottling and mosaic (1-20% foliage affected), 3=moderate
symptom development with interveinal chlorosis and necrosis (21—
50% foliage affected), 4=heavy symptom development (51-80% foli-
age affected), and 5=severe symptom development with interveinal
chlorosis and necrosis and/or dead plants (81-100% foliage affected)
(Huang and Hartman, 1998). Plants were then removed from the
soil and cut off at the soil line for the determination of fresh shoot
weight. Roots were then washed under running water before rating
rot using a 1-5 scale where 1=healthy roots and tap root, 2= <25%
of lateral roots and tap root with necrosis, 3=25-50% of lateral roots
and tap root with visible necrosis, 4=51-90% of lateral roots and
tap roots with necrosis, and 5= >90% of root system with necrosis,
plants dead (Achenbach et al., 1996). Finally, fresh root weight was
determined and root samples were ground in liquid N, into powders
that were stored at —80 °C for further analyses.

At the end of the experiment, the area under the disease progress
curve (AUDPC) was estimated. The AUDPC was calculated using
the following equation:

n=1

AUDPC = Z(J’i V) [ 2X (1 — 1)
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Fig. 1. Schematic representation of the experimental design. A nursery substrate was placed in 64 plastic pots. A layer of infested sorghum seeds with
F. tucumaniae was distributed in 32 pots and covered with 2cm of the same substrate. The other 32 pots were uninoculated controls. Five seeds of
either a susceptible (NA 4613) or a partially resistant (DM 4670) genotype to F. tucumaniae infection were added to 16 inoculated and 16 uninoculated
pots. Pots were then placed on a greenhouse bench and grown under natural photoperiod at 25+3 °C. At 7, 10, 14, and 25 days post-inoculation (dpi),
plants resistant (inoculated and uninoculated control) and susceptible (inoculated and uninoculated control) to £ tucumaniae infection from four pots (four
biological replicates named Ry, R,, Rs, and R,, each comprising 4-5 plants) were rated for plant height, disease incidence, shoot and root fresh weights,
and shoot and root severities. Afterward, root samples were immediately harvested, frozen, and ground in liquid N,, and powders were stored at —80 °C

for further experiments.

where 7 is the number of evaluations, y the measure of the disease
level, and (#;,,—¢;) the time interval (days) between two consecutive
evaluations (Campbell and Madden, 1990). (¢, »)=(0,0) was included
as the first evaluation. The AUDPC values reported here are the
sum of AUDPC values for incidence, and root and foliar severities
expressed as percentages. Consequently, the scale of severity ratings
was converted into a percentage using the midpoint value (Huang
and Hartman, 1998).

Metabolic analysis

Metabolites were extracted as described previously (Lisec et al.,
2006). A 100mg aliquot of root powder was mixed with 1.4ml of
methanol, and 100 pl of ribitol (0.9 mg mI™') was added for quantifi-
cation purposes. The mixture was extracted for 15min at 70 °C and
then spun for 10min at 11 000 g. The supernatant was transferred to
a reaction tube and 750 pl of chloroform and 1.5ml of water were
added. After centrifugation for 15min at 2200 g, the upper phase was
dried under vacuum and stored at —80 °C. Samples were then deri-
vatized by shaking them for 10 min with 40 pul of pyridine containing
methoxyamine (20mg ml!). After incubation for 90min at 37 °C,
70 ul of N-methyl-N-trifluoroacetamide (MSTFA) was added. The
mixture was vortexed and allowed to react for 1h at 37°C. A 1 pl ali-
quot of each derivatized sample was injected into an Autosystem XL
(Perkin Elmer) gas chromatograph coupled to a Perkin Elmer mass
spectrometer (model TurboMass). Chromatography was performed
on a 30 m ZEBRON® ZB-5MS with a 0.25mm inner diameter and

0.25 pm film thicknesses (Phenomenex, Sutter Creek, CA, USA).
The injector temperature was 250 °C. The gas flow rate through the
column was 1ml min™'; the column temperature was held at 70 °C
for 5min, then increased by 5 °C min! to 310 °C, and held there
for 1 min. Ions were generated by a ionization voltage of 70eV with
a scan range of 70-600 Da. Metabolic profiling was performed on
two biological replicates. Each biological replicate consisted of a pot
with 4-5 plants. For each biological replicate, four technical repli-
cates were performed. Metabolites were identified by comparison of
retention indexes and mass spectra data in the NIST MS Search 2.0
libraries and an in-house database. The amount of metabolites was
normalized by the sample fresh weight and by the peak area of the
internal ribitol standard, and expressed as relative response ratios.
Data from the experiments are shown in Supplementary Table S1
available at JXB online, according to recent recommendations for
reporting metabolite data (Fernie et al., 2011). Heatmap visuali-
zation of log,-transformed fold changes was performed using the
MultiExperiment Viewer software [MeV v4.9, http://www.tm4.org/;
(Saeed et al., 2003)].

Data analysis

Data from the pathogenicity tests and metabolite screen were
interpreted using a two-factorial analysis of variance (ANOVA)
for a completely randomized design (CRD). Two levels were con-
sidered for the genotype factor (NA 4613, susceptible; and DM
4670, partially resistant) and four for the dpi factor (7, 10, 14, and
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25). Differences between genotype and dpi factors were assessed
using a multiple comparison method (Di Rienzo et al, 2002).
Data comprise four biological replicates for pathogenicity tests or
two biological and four technical replicates (2=8) for the meta-
bolic screen. Each biological replicate consisted of a pot with 4-5
plants.

For principal component analysis (PCA), a correlation matrix
of the variables involved was estimated based on a standard-
ized data matrix. The results were then plotted out in a two-
dimensional diagram where circles and triangles correspond to
data obtained from susceptible and partially resistant cultivars,
respectively, filled and open symbols correspond to data from
inoculated and uninoculated control plants, respectively, and
the different time points were indicated by the corresponding
number. For the hierarchical cluster analysis (HCA), squared
Euclidean distances were calculated using the average from each
genotype—dpi. Statistical analysis of the corresponding den-
dogram was obtained using Infostat software (Balzarini et al.,
2008).

Results

Pathogenicity tests of susceptible and partially
resistant soybean cultivars infected with F. tucumaniae

Two commercial soybean cultivars displaying different
resistance to fungal infection (NA 4613, susceptible; and
DM 4670, partially resistant) were used in the experiment.
Figure 1 shows a schematic representation of the experi-
mental design. Progression of the host-pathogen inter-
action was monitored by measuring plant height, disease
incidence, root and shoot fresh weight, and root and foliar
disease severity at 7, 10, 14, and 25 dpi (Figs 2-4). At 7
dpi, there were no differences between cultivars in plant
height (Fig. 2A), shoot weight (Fig. 3A), and root weight
(Fig. 4A), and no visible foliar symptoms were observed on
either cultivar infected with F. tucumaniae (Figs 2B, 3B).
However, because root infection occurred prior to foliar
symptom appearance, both infected cultivars displayed
slight root rot symptoms along the main tap root (Fig. 4B).
By 10 dpi, foliar and root rot disease severity of the sus-
ceptible cultivar was 2.3 and 2.7, respectively, based on a
rating scale from 1 to 5 (Figs 3B, 4B). The partially resist-
ant cultivar only showed 2.0 and 2.3 foliar and root rot
severity, respectively (Figs 3B, 4B). Plant height, and shoot
and root weight were similar or slightly lower on infected
cultivars compared with uninfected plants (Figs 2A, 3A,
4A). Disease symptoms progressed rapidly such that differ-
ences between cultivars caused by the infection were more
pronounced at 14 dpi. The incidence of plants with stem
and foliar disease symptoms was rated at 90% and 70%
for the susceptible and partially resistant cultivars, respec-
tively (Fig. 2B). In addition, susceptible plants had more
severe foliar and root rot symptoms than the partially
resistant cultivar (Figs 3B, 5B). By 25 dpi, infected suscep-
tible plants showed severe foliar (4.1 based on the rating
scale) and root (3.9) disease symptoms, whereas foliar and
root rot severity of infected partially resistant plants did
not differ significantly from data obtained at 14 dpi (Figs
3B, 4B).
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Fig. 2. (A) Variation in plant height of susceptible (horizontal lines)

and partially resistant (vertical lines) soybean cultivars inoculated with

F. tucumaniae (dark grey) or uninoculated (light grey). (B) Incidence of
SDS-like symptoms on foliage of susceptible (horizontal lines) and partially
resistant (vertical lines) soybean cultivars inoculated with £ tucumaniae.
Means with the same letter were not significantly different (P<0.05). dpi,
days post-inoculation.

Multivariate analysis of the pathogenic responses to
F. tucumaniae in susceptible and partially resistant
soybean cultivars

The disease data (incidence, foliar severity, and root and crown
rot severity) were examined cumulatively as the AUDPC
(Campbell and Madden, 1990) (Fig. SA). AUDPC values
ranged from 39 to 2083 for the susceptible soybean cultivar
(NA 4613) and from 11 to 794 for partially resistant plants
(DM 4670). The greatest difference in AUDPC values among
genotypes was observed at 25 dpi. All the pathogenicity data
were then evaluated by PCA, with two principal components
explaining 93.9% of the overall variance (Fig. 5B). The first
principal component (PC1) alone accounted for 59.9% of the
total variation and was dominated by shoot weight and root
and crown severity. The second principal component (PC2)
contributed to 34.0% of the total variation and was domi-
nated by the other four traits. Projection of the PC1 and PC2
variables onto a plane revealed five different groups (Fig. 5B).
Inoculated and uninoculated control genotypes were associ-
ated at 7 dpi. Regardless of the genotype, the variables of
the uninoculated control plants grouped together and sepa-
rately from those of the inoculated cultivars at 10 and 14 dpi.
Interestingly, the distance between inoculated and uninocu-
lated control cultivars was higher for the susceptible cultivar
than for the partially resistant cultivar at 25 dpi.
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Fig. 3. (A) Variation in fresh aerial plant weight of susceptible (horizontal
lines) and partially resistant (vertical lines) soybean cultivars inoculated
with £ tucumaniae (dark grey) or uninoculated (light grey). (B) Effect of

F. tucumaniae on foliar disease severity of susceptible (horizontal lines)
and partially resistant (vertical lines) soybean cultivars. Leaves were rated
for foliar disease severity using a 1-5 scale where 1=no symptoms (0%
foliage affected), 2=slight symptom development with mottling and mosaic
on leaves (1-20% foliage affected), 3=moderate symptom development
with interveinal chlorosis and necrosis on foliage (21-50% foliage
affected), 4=heavy symptom development with interveinal chlorosis and
necrosis (51-80% foliage affected), and 5=severe interveinal chlorosis and
necrosis (81-100% foliage affected). Means with the same letter were not
significantly different (P<0.05). dpi, days post-inoculation.

Metabolic profiling of roots from susceptible and
partially resistant soybean cultivars infected with
F. tucumaniae

To establish whether differences in primary metabolite accu-
mulation occurred during F. tucumaniae infection of soybean
plants, a time-course analysis was performed by GC-MS. Root
tissues were collected at four time points from infected and
uninfected susceptible and partially resistant plants. Using
the NIST (National Institute of Standards and Technology)
MS Search 2.0 reference library, 38 metabolites were iden-
tified (Supplementary Table S1 at JXB online). Changes in
the metabolite composition were compared using a heatmap
(Fig. 6). Metabolites were classified into the following bio-
chemical groups: amino acids, organic acids, soluble sugars,
alcohols, fatty acids, and a miscellaneous group. In addition,
results for two unidentified sugars and two unidentified ana-
lytes (UAs) were determined. Changes expressed as log, ratios
are shown in red or green when the levels of each metabo-
lite was higher or lower, respectively, in the infected versus
uninfected root tissues at each time point (Fig. 6A), in the
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A e
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03 r

Root weight (g)

02 r

01 r
0

Root and crown rot severities

dpi

Fig. 4. (A) Variation in fresh root weight of susceptible (horizontal

lines) and partially resistant (vertical lines) soybean cultivars inoculated
with £ tucumaniae (dark grey) or uninoculated (light grey). (B) Effect of

F. tucumaniae on root and crown rot severity of susceptible (horizontal
lines) and partially resistant (vertical lines) soybean cultivars. Roots were
rated for rot using a 1-5 scale where 1=healthy roots and tap root, 2=
<25% of lateral roots and tap root with necrosis, 3=25-50% of lateral roots
and tap root with visible necrosis, 4=51-90% of lateral roots and tap roots
with necrosis, and 5= >90% of the root system with necrosis, plants dead.
Means with the same letter were not significantly different (P<0.05). dpi,
days post-inoculation.

susceptible versus the partially resistant cultivar (Fig. 6B), or
in the susceptible (Fig. 6C) or partially resistant (Fig. 6D) soy-
bean cultivars after different experimental time points versus
the first time point. These relative values indicate metabolite
changes in the infected cultivars at each time point associ-
ated with the genotype or produced as a consequence of plant
development.

Levels of amino acids were significantly affected by geno-
types and time post-inoculation. Of the 13 amino acids identi-
fied, 10 displayed higher levels in the inoculated than in the
uninoculated susceptible cultivar at 7 dpi (Fig. 6A). At this
early time point, f-alanine, y-aminobutyric acid (GABA),
and glycine were not significantly elevated. At 10 dpi, levels of
alanine, asparagine, glutamate, and leucine were statistically
higher in inoculated roots of the susceptible cultivar compared
with the uninoculated control (Fig. 6A). At 14 dpi, amino
acid levels were relatively constant and by 25 dpi most of the
amino acids were below the detection limit. This is reflected in
the amino acid content of both cultivars that showed a trend
towards lower levels in roots from older plants (Fig. 6C, D).
Comparisons between genotypes at equivalent time points
indicated that amino acid levels were only slightly affected by
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Fig. 5. (A) Calculated cumulative area under the disease progress curve (AUDPC) of incidence and foliar and root severity. (B) Principal component
analysis of the entire pathogenicity data set of inoculated and uninoculated soybean plants using susceptible and partially resistant genotypes at different
time points. The first (PC1) and second (PC2) principal components explain 93.91% of the variance. Circles and triangles correspond to data obtained
from susceptible (S) and partially resistant (R) cultivars, respectively. Filled and open symbols correspond to data from inoculated (I) and uninoculated
control (C) plants, respectively. Different time points are indicated by numbers (7, 10, 14, and 25). The table shows the percentage contribution of each
evaluation to both vectors. dpi, days post-inoculation.

genotype, except for the absence of alanine and proline in the With respect to organic acids, malonate, malate, citrate,
partially resistant cultivar (Fig. 6B). The levels of some amino and succinate showed a co-ordinated increase in roots of
acids affected by the infection are shown in Fig. 7. the partially resistant and susceptible genotypes over time
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Fig. 6. Heat map of relative metabolite content of £ tucumaniae-infected soybean plants detected by GC-MS. (A) Metabolite levels in roots of
susceptible (S) and partially resistant (R) soybean cultivars were expressed as log, ratios of values from inoculated (I) over uninoculated control (C) at
7,10, 14, and 25 days post-inoculation (dpi). (B) Metabolite levels in uninoculated control roots at different time points (7, 10, 14, and 25 dpi) were
expressed as log, ratios of susceptible (S) over partially resistant (R) soybean cultivars. (C) Metabolite levels in uninoculated roots of susceptible (SC)
soybean cultivars at different time points (7, 10, 14, and 25 dpi) were expressed as log, ratios of 10, 14, and 25 dpi over 7 dpi. (D) Metabolite levels

in uninoculated roots of resistant (RC) soybean cultivars at different time points (7, 10, 14, and 25 dpi) are expressed as log, ratios of 10, 14, and 25
dpi over 7 dpi. Red indicates increased metabolite levels and green represents decreased levels (see colour scale bar); grey indicates levels below the
detection limit in either denominator or numerator values. Metabolites were classified in the following major classes: amino acids, organic acids, soluble
sugars, alcohols, fatty acids, miscellaneous, and unidentified analytes (UAs). RT, retention time.

(Fig. 6C, D). This increase was barely noticeable in the inocu-
lated genotypes (Fig. 6A).

Although the sugar pattern was diverse, no significant dif-
ferences were observed between genotypes (Fig. 6B). However,
the levels of ribose, fructose, and sucrose displayed significant

differences between time points, peaking at 7, 14, and 25 dpi,
respectively. Two unidentified compounds designated sugar 1
and 2 were detected in all of the root extracts (Supplementary
Fig. S1A, B at JXB online). Sugar 1 showed a similar pat-
tern to sucrose. Comparisons related to the progression of
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the infection indicated that the inoculated susceptible culti-
var contained significantly higher concentrations of glucose
and ribose at 10 dpi compared with the uninoculated control
plant. Moreover, the inoculated partially resistant genotype
showed higher concentrations of sucrose at 14 and 25 dpi
when compared with the uninoculated control.

Two sugar alcohols, inositol and myoinositol, showed a
dramatic increase in roots of both genotypes over time. In
roots of the inoculated plants, these metabolites displayed
a rapid increase, but this increase did not reach the levels
observed in the uninoculated control cultivars at the late time
points. Arabitol was found in higher concentrations in the
inoculated cultivars than in the uninoculated control plants.
However, arabitol levels in most of the control plants were
below the detection limit.

No difference in the levels of palmitic and stearic fatty
acids was observed between genotypes, time points, and in
the infected cultivars. Among the miscellaneous group, levels
of cadaverine and urea modestly accumulated at 7 and 10 dpi,
respectively, but decreased thereafter.

Two unidentified analytes, referred as UA1 and UA2, were
also discovered. These analytes had not been observed previ-
ously according to an exhaustive search of the NIST mass
spectra libraries. These compounds possessed unique mass
fragments (Supplementary Fig. SIC, D at JXB online).
Significantly high levels of UA1 and UA2 were detected in
inoculated samples of the partially resistant cultivar at 25 dpi.

In summary, the majority of the metabolites that accumu-
lated in root extracts of the susceptible genotype at 7 dpi were
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amino acids (i.e. alanine, asparagine, aspartate, glutamate,
leucine, proline, 5-oxoproline, serine, threonine, and valine)
and the polyamine cadaverine.

Multivariate analysis of metabolic responses of
susceptible and partially resistant soybean cultivars to
F. tucumaniae infection

A multivariate non-parametric statistical analysis was per-
formed in order to obtain a global view of the metabolic
changes in partially resistant and susceptible soybean geno-
types infected with F. tucumaniae (Fig. 8). Results of the PCA
showed that the first seven principal components explained
90.1% of the overall variance of metabolite profiles (43.3,
17.6, 8.6, 6.6, 5.2, 4.7, and 3.9% for principal components
1-7, respectively). Variables associated with PC1 were mainly
amino acids (Supplementary Table S2 at JXB online). The
plane defined by PC1 and PC2 showed that the metabolic
profile of roots harvested at the earliest time points (7 and
10 dpi) from the inoculated susceptible genotype were clearly
differentiated from those of uninfected plants (Fig. 8A). Data
from samples of infected and uninfected partially resistant
plants within these short periods after inoculation clustered
together with data from the uninoculated susceptible cultivar.
The metabolic composition of infected and uninfected geno-
types obtained at 14 and 25 dpi grouped together.

Data were then analysed with Infostat software in order to
construct a dendogram (Fig. 8B). It is noteworthy that the
metabolic profiles of roots harvested at 7 and 10 dpi from
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Fig. 7. Variation in amino acid content detected by GC-MS. (A) Glutamate, (B) leucine, (C) serine, and (D) valine levels in root extracts of susceptible
(horizontal lines) and partially resistant (vertical lines) soybean cultivars inoculated with £ tucumaniae (dark grey) or uninoculated (light grey) at different
time points after inoculation. Means with the same letter are not significantly different (P<0.05). dpi, days post-inoculation.
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data obtained from susceptible (S) and partially resistant (R) cultivars, respectively. Filled and open symbols correspond to data from inoculated (l) and
uninoculated control (C) plants, respectively. Different time points are indicated by numbers (7, 10, 14, and 25). (B) Dendogram generated using squared
Euclidean distances based on metabolic profiles of all samples studied.

infected susceptible plants were highly similar. Samples similarity and those from uninoculated control tissues were
obtained at 25 dpi grouped together. The metabolic compo- also comparable. Finally, the remaining data clustered
sition of roots from inoculated genotypes exhibited greater together in a heterogeneous group.
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Discussion

Fusarium tucumaniae colonized roots and caused root and
crown rot severity at 7 dpi in the susceptible (NA 4613) and
partially resistant (DM 4670) host plants. By 10 dpi, the first
foliar symptoms were visible, but both cultivars were equally
affected. At 14 dpi, shoot and root fresh weight were similar in
the inoculated susceptible and partially resistant plants, while
root infection and foliar symptoms were slightly higher in
the susceptible cultivar compared with the partially resistant
cultivar. By 25 dpi, the disease-associated variables (height,
incidence, root and shoot weight, and root and foliar severity)
were significantly different between the inoculated genotypes.
These data were supported by the AUDPC and PCA results.

In order to identify early specific responses of soybean roots
to F. tucumaniae infection, a metabolic profiling approach
was used. Previous reports have used isoflavonoid accumula-
tion (Lozovaya et al., 2004) or transcriptional changes (Igbal
et al, 2005; Radwan et al., 2011) to characterize soybean
response to F. virguliforme infection. However, studies involv-
ing F. tucumaniae are limited to date. Furthermore, little is
known regarding the primary metabolic changes that are trig-
gered in soybean roots by fungal infection.

Of the various metabolite groups, amino acid synthesis
appeared to be most affected in the infected susceptible culti-
var, a pattern frequently observed in host—pathogen interac-
tions (Colebatch et al., 2004; Desbrosses et al., 2005; Depuydt
et al., 2009; Parker et al., 2009; Hofmann et al., 2010). In fact,
a dramatic shift in carbon and nitrogen metabolism has been
proposed as a general plant response to pest insect infec-
tions (Zhu et al., 2008). Furthermore, evidence is available
that nitrogen metabolism is expressed differentially in com-
patible and incompatible interactions (Tavernier et al., 2007).
The present results support these previous observations. The
major transport amino acids (aspartate and glutamate) accu-
mulated significantly in the inoculated susceptible cultivar at
very early stages after inoculation (196% and 91% for aspar-
tate, at 7 and 10 dpi, respectively, and 205% and 214% for
glutamate, at 7 and 10 dpi, respectively). Aspartate is one
of the central regulators for carbon/nitrogen metabolism.
Aspartate-derived amino acids (asparagine and threonine)
were also elevated (216% and 117%) in the inoculated suscep-
tible cultivar at 7 dpi. Other amino acids were also enriched in
the inoculated susceptible cultivar at 7 dpi, including alanine
(454%), proline (213%), serine (147%), valine (104%), leucine
(101%), and 5-oxoproline (97%). Glutamate, alanine, and
proline are known to accumulate in plants under biotic stress
(Choi et al., 2004; Allwood et al., 2008; Lima et al., 2010),
and proline, serine, threonine, and aspartate are reported
to be up-regulated significantly in plants during compatible
interactions (Zhu et al., 2008). It is also well known that pro-
line accumulation is related to plant susceptibility to patho-
gen infection (Jubault ez al., 2008; Haudecoeur et al., 2009).
In addition, increased levels of valine and leucine could be
expected due to the abundance of small peptides (di- and
tripeptides) composed of branched amino acids in plant
roots (Moussaieff et al, 2013). Likewise, 5-oxoproline, a
major contributor to glutamate steady-state levels, mainly
accumulates in roots (Ohkama-Ohtsu et al., 2008).

Cadaverine, an essential diamine for normal root develop-
ment in germinating soybean seeds (Gamarnik and Frydman,
1991), also accumulated in infected roots of the susceptible
cultivar at 7 dpi. This result is consistent with a previous
report that indicates that Phytophthora sojae preferentially
colonizes soybean roots that contain high levels of cadaverine
(Chibucos and Morris, 2006).

Nitrogen remobilization processes may also involve regula-
tion of arginase activity. This enzyme hydrolyses arginine to
urea and ornithine. It has been shown that arginase expres-
sion is induced in response to pathogen infection (Chen et al.,
2004). Accordingly, a significant increase in urea was found
in fungus-infected roots of the susceptible cultivar at 10 dpi.

An increase in amino acids and nitrogen-containing com-
pounds should be comparable with a decrease in intermedi-
ates of the glycolytic pathway and tricarboxylic acid (TCA)
cycle. However, insignificant changes (P<0.05) in citrate,
fumarate, malate, and succinate were observed at early time
points, possibly due to compensatory mechanisms. Likewise,
low levels of TCA intermediates have been attributed to the
up-regulation of the gene coding for isocitrate dehydrogenase
(Hofmann et al., 2010).

The level of glucose and ribose increased significantly in
roots of the susceptible cultivar at 10 dpi as compared with
the uninoculated control. A higher concentration of glucose
could suggest a role in host—pathogen interactions (Morkunas
et al, 2005). A higher concentration of ribose was also
reported in Tobacco mosaic virus (TMV)-infected tobacco
plants at 1 dpi (Bazzini et al., 2011). Levels of inositol and
myoinositol also showed a rapid increase in the infected cul-
tivars, but this increase was not as high as observed in the
uninoculated control cultivars at the late time points. It is well
known that these sugar alcohols accumulate in plants under
stress (Taji et al., 2006).

Finally, it is interesting to note that global analysis of the
whole data set, using PCA and HCA, indicated that the meta-
bolic profile of roots harvested at the earliest time points (7
and 10 dpi) from the inoculated susceptible genotype were
clearly differentiated from the rest of the samples obtained
from both cultivars at different time points. Furthermore, the
variables associated with PC1 were mainly amino acids.

In summary, a detailed primary metabolic profile of
inoculated soybean roots from two genotypes with contrast-
ing resistance to F. tucumaniae infection is presented. The
study showed that inoculated susceptible plants accumulated
amino acids during early stages of infection, suggesting that
GC-MS-based metabolomics could be a suitable approach
for the rapid characterization of the cultivar response to SDS.
These results deserve further validation with a large number
of susceptible and partially resistant genotypes to provide
more assurance that the screening method can predict culti-
var response to F. tucumaniae infection in the field.

Supplementary data

Supplementary data are available at JXB online.
Figure S1. GC-MS mass spectra of unidentified com-
pounds. (A) 476 Sugar 1 (RT=23.85), (B) Sugar 2 (RT=27.95),
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(C) unidentified analyte (UA) 1 (RT=10.43), and (D) UA2
(RT=11.73). Inserts show the level of these metabolites in
root extracts of susceptible (horizontal lines) and resistant
(vertical lines) soybean cultivars inoculated with F. tucuma-
niae (dark gray) or uninoculated (light gray) at different time
points after infection. Means with the same letter were not
significantly different (P<0.05).

Table S1. Metabolite profiling data set from roots of sus-
ceptible and resistant soybean cultivars either uninoculated
or inoculated with F. tucumaniae.

Table S2. Contribution of each metabolite to each princi-
pal component.
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