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Abstract

To explore the pathogenesis of Rhizoctonia solani and its phytotoxin phenylacetic acid
(PAA) on maize leaves and sheaths, treated leaf and sheath tissues were analyzed and
interpreted by ultra-performance liquid chromatography-mass spectrometry combined with
chemometrics. The PAA treatment had similar effects to those of R. solani on maize leaves
regarding the metabolism of traumatin, phytosphingosine, vitexin 2” O-beta-D-glucoside,
rutin and DIBOA-glucoside, which were up-regulated, while the synthesis of OPC-8:0 and
12-OPDA, precursors for the synthesis of jasmonic acid, a plant defense signaling molecule,
was down-regulated under both treatments. However, there were also discrepancies in the
influences exhibited by R. solaniand PAA as the metabolic concentration of zeaxanthin
diglucoside in the R. solaniinfected leaf group decreased. Conversely, in the PAA-treated
leaf group, the synthesis of zeaxanthin diglucoside was enhanced. Moreover, although the
synthesis of 12 metabolites were suppressed in both the R. solani- and PAA-treated leaf tis-
sues, the inhibitory effect of R. solaniwas stronger than that of PAA. An increased expres-
sion of quercitrin and quercetin 3-O-glucoside was observed in maize sheaths treated by R.
solani, while their concentrations were not changed significantly in the PAA-treated sheaths.
Furthermore, a significant decrease in the concentration of L-Glutamate, which plays impor-
tant roles in plant resistance to necrotrophic pathogens, only occurred in the R. solani-
treated sheath tissues. The differentiated metabolite levels may be the partial reason of why
maize sheaths were more susceptible to R. solanithan leaves and may explain the underly-
ing mechanisms of R. solani pathogenesis.

Introduction

As one of the most important crops, maize has been cultivated widely around the world. In
addition to providing food for people, maize is also used to produce bioenergy [1]. Maize
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production is reduced by various factors [2, 3]. Plant pathogens may cause severe yield losses.
Rhizoctonia solani, a plant pathogen, is a necrotrophic fungus that has a wide range of plant
hosts [4]. R. solani infection on plants primarily occurs on roots and lower stems. During the
infection of R. solani, enzymes and small molecular toxins are released to damage host plants
[5]. The known toxins isolated from R. solani are phenylacetic acid (PAA) and its derivatives
[6]. However, the roles of PAA and its derivatives in the pathogenesis of R. solani on maize are
not yet understood. Another secreted toxin was found to be a polysaccharide with a currently
unknown structure [7]. There are a few reports about the interactions between maize and R.
solani. When maize was infected by R. solani, modulations of gene expression involved in tran-
scription, regulation, signal transduction, cellular transport, protein processing, metabolism,
and defense were discussed [8, 9]. A novel PCR removal approach developed by our group was
applied to isolate regulated genes in the maize leaf after the R. solani infection [10]. No research
has been reported investigating the metabolomics of maize infected by R. solani.

Metabolomics is becoming a popular tool for studies in crops and pathogens. In maize,
metabolic profiling-related studies have mostly been on environmental stresses and genetic
modifications. Genetically modified and non-modified maize plants were compared and char-
acterized by NMR metabolic profiles [11]. Metabolic variations related to osmolytes and
branched amino acids were studied in the genetically modified maize [12]. Functional evalua-
tion of the gene hdal01 was conducted in mutant maize plants by metabolic profiling, which
confirmed its role in cell cycle control [13]. Accumulations of phenylalanine and tyrosine were
found in maize mutants that were deficient for two glutamine synthetase isoenzymes using an
NMR-based profiling technique [14]. When maize was treated with salt and profiled with
NMR, the impact of high salinity on shoots was stronger than on roots [15]. Silk extracts from
seven maize landraces were characterized based on NMR metabolic profiles in southern Brazil
[16]. Impacts of genetics and the environment on the metabolic composition of maize grain
were also evaluated [17, 18]. By metabolic profiling of six different maize hybrids in water defi-
ciency together with data generated from morphophysiological measurements, several metab-
olites were shown to be correlated to drought and certain physiological traits [19]. Metabolic
profiling was also conducted to analyze the genetic diversity of maize kernels [20]. Metabolite
profiling and metabolic fingerprinting of the developmental stages and chemotaxonomy of R.
solani species were also reported [21, 22].

To explore the effect of root treatments of R. solani and phenylacetic acid on leaf and sheath
metabolism in maize, the ultra-performance liquid chromatography quadrupole time-of-flight
mass spectrometry (UPLC-QTOF-MS) technique was applied to evaluate the metabolic alter-
ation of the Z. mays inbred line B73 after treatment. The sheath and leaf samples from above
ground were collected and analyzed using the UPLC-QTOEF-MS technique. The structural
information of metabolites was deduced from online database analysis using the MetFrag
annotation method. The data were mainly analyzed using principal component analysis
(PCA) and partial least square discriminant analysis (PLS-DA) as well as univariate Student’s
t-test to compare variances among groups and metabolites. The changes in metabolites caused
by R. solani or PAA were explored. Our aim is to explore the role of PAA as a phytotoxin in
the pathogenesis of R. solani and to try to explain why maize sheaths are more susceptible to R.
solani infection than leaves.

Materials and methods
Biological materials

The maize inbred line B73 and Rhizoctonia solani AG-1-1A were used in this study. After treat-
ment with 7% hypochlorite solution for 30 min and washing with sterilized water, the seeds
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were sowed in pots with autoclaved moist composite soil. Seed germination and cultivation
were performed in growth chambers with the following cycle conditions: 28/20°C (day/night)
and 16/8 h (light/darkness). The R. solani AG-1-IA isolate was maintained on potato dextrose
agar (PDA: 200 g/1, peeled potatoes; 20 g/, dextrose; 15 g/l agar powder). Agar plugs from
starter cultures were placed on PDA in Petri dishes (9 cm in diameters) and grown at 28°C in
the dark. Based on the results of previous research, the concentration of PAA used for this
study was set as 7.34 mM [23]. The PAA solution was prepared by dissolving 0.1 g of PAA
(chemically pure) in 100 ml of distilled water and was filtrated through 0.22 um filters. To test
whether R. solani could infect maize tissues and PAA could cause the typical symptoms, a
PDA plug (9 mm in diameters) with R. solani colonies and one filter paper (same size as the
PDA plug) containing a PAA solution (7.34 mM, 200 pL) were placed on the surface of the
maize sheaths, while one filter paper (9 mm in diameters) containing distilled water (200 pL)
was used as a blank control. The results were observed after 48 hours.

Sample collection of treated leaf and sheath tissues

To obtain metabolic responses in leaf and sheath tissues after maize plants were treated by R.
solani and its phytotoxin PAA, the leaf and sheath tissues of the treated maize were analyzed.
For each plant in the R. solani-treated group, three agar plugs (1 cm in diameter) cut from the
growing edges of R. solani colonies with 1 ml distilled water were set close to the root, which
was 3 cm under the soil. In the PAA-treated group, three PDA plugs and 1 ml of PAA solution
were set close to the root of each plant. In the control group, three PDA plugs with 1 ml dis-
tilled water were placed close to the root of each plant. Inoculated plants were watered on the
surface of the leaf and sheath once per 12 h to maintain a proper humidity. All of the maize
plants were grown under the same conditions. Per our experience, it takes R. solani 24-48
hours to invade maize tissues successfully. Seventy-two hours, on one hand, should be suffi-
cient for R. solani infection; on the other hand, the time point ensured that the maize tissue
samples were not contaminated by metabolites from R. solani during the interactions. Then,
the sheath samples were harvested 5 cm above the surface of the soil, and the leaf samples were
harvested from the leaf closest to the ground where the sampling positions were 1 cm away
from the sheath node. All of the samples were processed and inactivated immediately in liquid
nitrogen. The location of the R. solani infection and the posterior sampling procedure on
maize were illustrated in S1 Fig. Six groups were collected: three groups of maize leaves and
three groups of maize sheaths. Each sample group consisted of five replicates.

Metabolite extraction

The extraction of maize tissues followed the reported protocol with minor modifications [24].
Generally, the inactivated samples were ground into a fine powder using liquid nitrogen and
were lyophilized in a frozen dryer for 48 hours. Fifty milligrams of each replicate and 1.5 ml of
ice-cold methanol (UPLC graded, 0.1% HPLC graded formic acid) were added into a 2-ml
tube. The samples were vortexed for 30 s and sonicated for 20 min in a water bath at 20°C.
After centrifugation for 20 min at 14,000 g at room temperature, 1 ml of the upper suspensions
was transferred into another 2-ml Eppendorf tube and was centrifuged for a second time at
4°C and 20,000 g. Suspensions of 0.8 ml were filtered into the auto samplers using 0.22 pm fil-
ters. Each sample was injected once for analysis. One sample was randomly selected from each
group, and 0.1 ml from this sample was transferred to form a quality control (QC) sample. The
QC sample was injected three times before the injection of maize leaf and sheath samples.
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UPLC-QTOEF-MS analysis and data output

The Waters Ultra Performance Liquid Chromatography system (XEVO-G2XSQTO-
F#YEA677) was equipped with an ACQUITY C;g column (10 cm x 2.1 mm, particle size

1.7 um, Waters, USA). The injection volume for each sample was 1 pL. The column was eluted
using the following binary gradient solutions: A (deionized water with 0.1% formic acid) and
B (acetonitrile, UPLC graded) with a flow rate of 0.4 ml/min: 99:1 at min 1, 80:20 at min 2,
60:40 at min 5, 45:55 at min 6, 20:80 at min 13, 5:95 at min 15 and 99:1 at min 20. The mass
spectrometry was performed on the Waters QTOF MS equipped with an electrospray ioniza-
tion source. The scan range was set from 50 Da to 1200 Da with a scan rate of 1 Hz. The mass
detection was set both in positive and negative modes. The data were collected in the centroid
mode. The low energy and high energy were set as 15 and 45 eV, respectively. The system
parameters were referenced in our previous report and are listed concisely as follows: capillary
voltage 1000 V, cone voltage 30 V, desolvation gas flow 800 1/h, desolvation temperature
400°C, cone gas flow 50 I/h, and source temperature 100°C [25]. The lock spray was set at 20 s
to ensure accuracy and reproducibility, and leucine—enkephalin was used as the lock mass at a
concentration of 0.8 ng/uL with a flow rate of 10 uL/min.

Data analysis

The original data from the UPLC-QTOEF-MS analysis were converted into four NetCDF data-
sets using the DataBridge unit of MassLynx (4.1). The first two CDF files were used for data
analysis and metabolite annotation. The R package XCMS was used for the peak picking pro-
cess with the following parameters: method “CentWave”, ppm 30, snthresh 10, peakwidth
from 5 to 20. The parameters for peak grouping were set as follows: bw = 2, minfrac = 0.5, and
mzwid = 0.015 [26]. The peak annotation was performed using the CAMERA package with
default parameters [27]. The ion modes during the peak-picking and annotation procedures
were consistent with those in the corresponding UPLC-QTOF-MS test.

After each variable was scaled in the column by the standard scaling method and normal-
ized in the row, PCA was used for preliminary analysis, and PLS-DA combined with Student’s
t-test was used for variable selection. The statistics were performed using the R environment
(http://cran.r-project.org/) with the “ropls” package [28]. For each PLS-DA analysis, a predic-
tive model was established, where the value R2X and R2Y was used to explain the variation of
the model and the value Q2Y was used to estimate the ability of prediction. Each PLS-DA
model was validated by performing the 7-fold validation-test and the Root Mean Square Error
of Estimation (RMSEE) value. The 7 groups during validation were generated by the consecu-
tive method. Further, the permutation test was used to evaluate whether each PLS-DA model
was over-fitted or not (permutation times equal to 100). After the PLS-DA analysis, the vari-
ables that importantly contributed to the discrimination of groups were selected using the
threshold VIP > 3 in each PLS-DA model. The significance of each variable was further veri-
fied using Student’s t-test with the threshold p-value < 0.01. The parent ions derived from the
finally selected variables were used for the identification of structural information. The m/z
value of each parent ion mass was used to retrieve metabolites using the online databases
Metlin, KEGG and Lipidmaps with the parameter ppm less than 30. To obtain the best result
among candidate compounds for each parent ion, every compound was first fragmented, and
the fragmental information was aligned with the fragment peaks corresponding to the parent
ion. The compound was then scored using the m/z values and signal intensities of matched
peaks simultaneously, and the metabolite with the highest score was selected as the best solu-
tion [29].
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Results
Exploratory analysis using the PCA method

Symptoms on maize sheaths due to R. solani and PAA treatments are presented in Fig 1. Com-
pared to the blank control, the R. solani and PAA treatments both caused severe disease symp-
toms in the sheath tissues. Compared with R. solani, PAA resulted in faded pigments in sheath
tissues, and the cell necrosis caused by PAA in sheaths was similar to those that were caused by
R. solani. The PAA was an effective phytotoxin in the process of R. solani infection.

The leaf and sheath samples for UPLC-QTOF-MS spectra analyses were collected from the
Zea mays inbred line B73. Six groups were collected, and there were five replicates for each
group. The infection and sampling procedure was presented in S1 Fig. The data generated
from the UPLC-QTOF-MS tests for maize leaves and sheaths were presented as S1-S4 Tables.
The PCA was applied for the preliminary analysis. Due to the inherent difference in the metab-
olism of the maize blade and sheath tissues, they were analyzed separately. For the leaf samples,
the PCA analyses for the positive and negative ion modes were constructed, and their score
plots based on the first two principal components were presented as Fig 2(A) and 2(B). The
first two components explained 49.7% and 48.0% of the total variances in the positive and neg-
ative ion mode, respectively. The control samples separated clearly from the R. solani- and
PAA-treated samples along the PC1 direction. However, the R. solani- and the PAA-treated
samples were not different. The results suggested that the R. solani and PAA treatments both
induced changes in maize leaf metabolism and that the changes in the maize leaf induced by
the two treatments overlapped. For the sheath samples, the PCA analysis was performed sepa-
rately for the positive and negative ion modes, and their individual score plots were con-
structed based on the first two components and were presented in Fig 2(C) and 2(D). The first
two components explained 41.4% and 44.1% of the total variances for the positive and negative
ion modes, respectively. Per the score plot for the positive ion mode, the control samples sepa-
rated clearly from the R. solani- and PAA-treated samples along the PC1 direction, while the
separation of two treatments was not clear. The results showed that there were similarities and
differences in metabolic changes caused by R. solani and PAA in the sheath samples. The
results in the negative ion mode were not ideal because the separation among the three groups
was not clear. Due to the complexity in the metabolic composition of maize tissues, the results
derived from PCA analysis were still obscure.

Supervised analysis of samples and metabolite identification

A PLS-DA model was built to investigate the variance among the three groups of two maize
tissues, separately. The score plots derived from the PLS-DA models built for the leaf tissues

Fig 1. Symptoms induced in the maize sheaths inoculated by Rhizoctonia solani and phenylacetic acid. (A), filter
paper (0.9 cm in diameters) with sterilized water. (B), a PDA plug (0.9 cm in diameters) cut from the growing edge of
R. solani AG-1IA colonies. (C), filter paper (0.9 cm in diameters) with phenylacetic acid solution (7.34 mM, 200 pL,
filtered by a 0.22 pm filter).

https://doi.org/10.1371/journal.pone.0192486.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0192486 February 6, 2018 5/17


https://doi.org/10.1371/journal.pone.0192486.g001
https://doi.org/10.1371/journal.pone.0192486

@° PLOS | ONE

Metabolites contributing to Rhizoctonia solani AG-1-lA pathogenesis

1 Positive Mode Negative Mode

-200 -100 O 100 200
PC 1(33.5 %)

(C)
100+

9 50+
2 0
= 01
g

-100 501

Positive Mode -1004{ Negative Mode
-200 -100 0 100 -100 0 100
PC 1(27.1 %) PC 1(28.8 %)

Fig 2. Score plots for the principal component analysis. (A) and (B), the score plots based on the first two
components derived from the PCA analysis of the leaf tissues analyzed in positive and negative ion modes, respectively.
(C) and (D), the score plots based on the first two components derived from the PCA analysis of the sheath tissues
analyzed in positive and negative ion modes, respectively. In the PCA results (A), (B), (C) and (D), the first two
components explained 49.7%, 48.0%, 41.4% and 44.1% of the total variances, respectively. Samples bF 1-5, pF 1-5 and
rF 1-5 were collected from the control, the phenylacetic acid and R. solani treated leaf tissues, respectively. Samples bS
1-5, pS 1-5 and rS 1-5 were collected from the control, phenylacetic acid and R. solani treated sheath tissues,
respectively.

https://doi.org/10.1371/journal.pone.0192486.g002

tested in positive and negative ion modes are presented in Fig 3(A) and 3(B). Their corre-
sponding permutation test plots are presented in S2(A) and S2(B) Fig. For the positive ion
mode of the leaf samples, the PLS-DA model was built based on the first three latent compo-
nents, which explained 50.6% (R2X) of the total variance. In this PLS-DA model, R2Y, Q2Y
and RMSEE were 0.884, 0.463, and 0.187, respectively. For the leaf samples tested in the nega-
tive ion mode, the PLS-DA model was built on the first two latent components, which
explained 43.1% (R2X) of the total variance. Its R2Y, Q2Y and RMSEE were 0.854, 0.486, and
0.202, respectively. The score plots derived from the PLS-DA models built for the sheath tis-
sues tested in positive and negative ion modes are presented in Fig 3(C) and 3(D). Their corre-
sponding permutation test plots are presented in S2(C) and S2(D) Fig. For the sheath tissues
tested in the positive ion mode, the PLS-DA model was built on the first two components,
which explained 35.1% (R2X) of the total variance. The R2Y, Q2Y and RMSEE for this
PLS-DA model were 0.795, 0.319 and 0.238, respectively. For the sheath tissues tested in the
negative ion mode, the first two latent components were used and explained 38.9% (R2X) of
the total variance. The R2Y, Q2Y and RMSEE in the PLS-DA model were 0.725, 0.289 and
0.276, respectively. The results suggested that for the leaf and sheath samples tested in both ion
modes, a separation was clearly observed between the two treated and control samples. The
results suggested that changes in metabolism were induced by both treatments. After multivar-
iate and univariate analyses were performed, the selected parent ions were retrieved using
online databases to obtain the corresponding candidate compounds. For each parent ion, the
retrieved compounds were analyzed in three steps to select the optimal one, including the frag-
mentation of compounds, the alignment of the fragmented peaks, and the scoring based on
the matched fragmented peaks. In addition to L-Glutamate and DIBOA-glucoside, a range of
fatty acids, phospholipids, flavonoids, carotenoids, and alkaloids have been identified as having
significant changes in their concentrations from extracts of maize tissues. The identified
metabolites are listed in Table 1.
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Fig 3. Score plots for the PLS-DA results. The score plots based on the first two components derived from the
PLS-DA results for the leaf tissues analyzed in positive and negative ion modes were presented as (A) and (B),
respectively. The score plots based on the first two components derived from the PLS-DA analysis results for the sheath
tissues analyzed in positive and negative ion modes were presented as (C) and (D), respectively. The first two
components in the PLS-DA models (A), (B), (C) and (D) explained 50.6%, 43.1%, 35.1% and 38.9% of the total
variances, respectively. Samples bF 1-5, pF 1-5 and rF 1-5 were from the control, the phenylacetic acid and R. solani
treated leaf tissues, respectively. Samples bS 1-5, pS 1-5 and rS 1-5 were from the control, the phenylacetic acid and R.
solani treated sheath tissues, respectively.

https://doi.org/10.1371/journal.pone.0192486.9003

Metabolites significantly changed in treated leaf tissues

The mass abundances for corresponding metabolites in each sample and the fold change value
and p-value for each metabolite among the three groups are presented in S5 and S6 Tables.
Metabolites with expression fold changes (Log2 transformed) in leaves treated by R. solani and
PAA are presented in Fig 4(A) and 4(B), separately. The metabolic levels of 10 metabolites
were elevated in the R. solani- and PAA-treated groups. The expressions of traumatin, MGDG
(18:3(9Z,127,157)/18:3(9Z,12Z,15Z)), phytosphingosine, rutin, cassine and DIBOA-glucoside
were all significantly (p-value < 0.01) elevated (fold change value > 1) in both leaf treatment
groups. Additionally, the expression levels of D-glycero-beta-D-manno-heptose 1,7-bispho-
sphate, vitexin 2"-O-beta-D-glucoside, PC(16:0/18:1(9Z)) and 2-ketospirilloxanthin in the R.
solani-treated leaves were 3.61, 1.27, 14.32 and 1.81 times higher than those in the control
group, respectively (p-value < 0.01). The expression of zeaxanthin diglucoside was increased
by 1.27-fold in the PAA-treated group, but its expression was inhibited by 0.19-fold in the R.
solani group (p-value < 0.05).

There were 12 metabolites with decreased expression in the R. solani- and PAA-treated leaf
tissues compared to the control. Among them, the expressions of metabolites in both treat-
ment groups, such as prephytoene diphosphate, 13(S)-HPODE, thymyl acetate and 3’,4’-dihy-
drorhodovibrin, were significantly (p-value < 0.05) inhibited. The fold change values of the
expressions of 12-OPDA, OPC-8:0, and 13(S)-HPOT were decreased by 0.31, 0.33, and 0.24,
respectively, in the R. solani-treated leaves (p-value < 0.001). The inhibition of the metabolic
expressions of 12 metabolites in both treatment groups is presented in S3 Fig, in which the
results suggested that the inhibition by R. solani was stronger than that of PAA. Compared
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Table 1. Identification of metabolites with significant changes in expression.

Parent mass Mass Adduct Mass error (ppm) Name Tissues
175.1120 192.1150 [M+H-H20] 5.2 thymyl acetate Leaf
213.1485 212.1412 [M+H]+ 3.8 traumatin Leaf
275.2006 274.2005 [M+H]+ 20.1 (2R,3R)-3-Methylornithinyl-N6-lysine Leaf
320.0946 281.1263 [M+K]+ 20.3 harzianopyridone Leaf
275.2007 292.2038 [M+H-H20)] 4.1 12-OPDA Leaf
295.2265 294.2195 [M+H]+ 1.7 OPC-8:0 Leaf
298.2740 297.2668 [M+H]+ 4.0 cassine Leaf
289.1801 306.1831 [M+H-H20] 2.9 capsiate Leaf
333.2039 310.2144 [M+Na]+ 1.3 13(S)-HPOT Leaf
335.2190 312.2301 [M+Na]+ 0.3 13(S)-HPODE Leaf
318.3002 317.2930 [M+H]+ 3.2 phytosphingosine Leaf
342.0818 343.0903 [M-H]- 6.7 DIBOA-glucoside Leaf
369.0016 370.0066 [M-H]- 6.5 D-glycero-beta-D-manno-Heptose 1,7-bisphosphate Leaf
403.2479 402.2406 [M+H]+ 1.0 dehydrocholic acid Leaf
489.3571 488.3502 [M+H]+ 4.5 asiatic acid Leaf
625.4320 586.4750 [M+K]+ 20.5 3’,4-Dihydrorhodovibrin Leaf
593.1513 594.1585 [M-H]- 2.5 vitexin 2”-O-beta-D-glucoside Leaf
609.1447 610.1534 [M-H]- 0.7 rutin Leaf
649.4098 610.4386 [M+K]+ 28.5 2-Ketospirilloxanthin Leaf
745.4122 722.4440 [M+Na]+ 27.7 prephytoene diphosphate Leaf
761.5846 760.5856 [M+H]+ 7.4 PC(16:0/18:1(9Z)) Leaf
797.5162 774.5282 [M+Na]+ 8.0 MGDG(18:3(9Z7,127,152)/18:3(9Z,12Z,15Z)) Leaf
891.5227 892.5337 [M-H]- 0.3 zeaxanthin diglucoside Leaf
146.0444 147.0532 [M-H]- 1.4 L-Glutamate Sheath
211.0219 188.0321 [M+Na]+ 11.2 cis-Homoaconitate Sheath
376.2596 375.2410 [M+H]+ 29.3 icaceine Sheath
381.0895 380.0896 [M+H]+ 30.5 diphyllin Sheath
447.0922 448.1006 [M-H]- 5.8 quercitrin Sheath
465.1034 464.0955 [M+H]+ 1.1 quercetin 3-O-glucoside Sheath
551.5017 550.4961 [M+H]+ 0.2 DG(P-14:0/18:1(9Z)) Sheath
599.4073 576.4179 [M+Na]+ 12.0 3-Hexaprenyl-4-hydroxy-5-methoxybenzoate Sheath
601.4235 600.4179 [M+H]+ 0.2 capsorubin Sheath
609.1459 610.1534 [M-H]- 0.7 rutin Sheath
617.1476 594.1585 [M+Na]+ 0.8 vitexin 2”-O-beta-D-glucoside Sheath

https://doi.org/10.1371/journal.pone.0192486.t001

with PAA, R. solani is suggested to have a stronger inhibitory effect on the synthesis of these
metabolites.

Metabolites significantly changed in treated maize sheath tissues

The metabolites with significant changes in their synthesis among sheath groups treated by R. solani
and PAA are presented in Fig 5(A) and 5(B), separately. In both treated sheaths, the expression of
capsorubin was increased, while the metabolic level of 3-Hexaprenyl-4-hydroxy-5-methoxybenzo-
ate was inhibited. In the R. solani-treated group, the fold change values in the metabolic levels of
quercitrin, cis-homoaconitate, quercetin 3-O-glucoside, vitexin 2"-O-beta-D-glucoside, and rutin
were 1.50, 2.40, 1.37, 1.28, and 3.98 times higher than that of corresponding metabolites in the con-
trol group (p-value < 0.05), respectively. Additionally, in the R. solani-treated group, the expression
of L-Glutamate was inhibited by 0.45-fold (p-value < 0.05).
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Fig 4. Scatter plots of the metabolites significantly changed in leaf tissues. (A), the scatter plot of metabolites that significantly changed in the R. solani infected
group. (B), the scatter plot of the metabolites that significantly changed in the phenylacetic acid treated group. The fold change value for each metabolite was Log2
transformed, and the corresponding p-value was -Log10 transformed.

https://doi.org/10.1371/journal.pone.0192486.9004

Discussion

During the infection process, degradation enzymes and toxins play major roles in the patho-
genesis of necrotrophic pathogens. Plants can prevent the further infection of pathogens by
strengthening the cell walls, initiating oxidative cross-linking reactions to produce lignin and
antimicrobial proteins, or forming physical barriers that are resistant to pathogen infection.
Based on these pathogenesis strategies, we speculated that metabolic profiling should be an
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Fig 5. Scatter plots of the metabolites significantly changed in sheath tissues. (A), the scatter plot of the metabolites that significantly changed in the R. solani infected
group. (B), the scatter plot of the metabolites that significantly changed in the phenylacetic acid treated group. The fold change value for each metabolite was Log2
transformed, and the corresponding p-value was -Log10 transformed.

https://doi.org/10.1371/journal.pone.0192486.9005
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efficient method to explore the mechanisms of interactions between plants and necrotrophic
pathogens. R. solani is a typical necrotrophic pathogen that has a wide host range. Our results
demonstrated that metabolic profiling is an efficient strategy to explore the pathogenesis of
necrotrophic pathogens and the mechanisms of susceptibility or resistance of maize. Our
results revealed that R. solani could up-regulate a range of metabolites. Some key metabolites
related to different pathways were involved in maize resistance to R. solani infection. Metabo-
lites that should be associated with the successful infection of R. solani were also revealed.

Fatty acids and lipids related to signal transduction

Expressions of detected fatty acids varied. In leaf tissues, the metabolism of traumatin was sug-
gested to respond to both R. solani and PAA treatments as the concentrations were elevated in
both treatment groups. Traumatin is an oleic acid and is involved in the metabolism of alpha-
linolenic acid. As a plant hormone, it responds to plant wounds [30]. It cooperates with other
plant hormones to stimulate growth, adapt to stresses, and regulate metabolic pathways [31].
Its application enhances the activity of various antioxidant enzymes, including sodium dismut-
ase, catalase, ascorbate peroxidase, NADH peroxidase, and glutathione reductase [32]. The
metabolisms of 12-OPDA, OPC-8:0 and 13(S)-HPOT, which are alpha-linolenic acids, were
down-regulated in the R. solani- and PAA-treated leaf tissues. OPC-8:0 and 12-OPDA are pre-
cursors used for the synthesis of jasmonic acid (JA). JA is recognized as an important signaling
molecule involved in various pathways that can respond to different biotic or abiotic stresses.
It is speculated that oxidation regulation of unsaturated fatty acids can be used for long-dis-
tance transport in wounded plants [33]. The speculation is consistent with similar studies
since the expression levels of mRNA that are involved in several JA synthesis pathways in long
distance transport were not significantly increased in injured tomato plants [34]. The
enhanced expression of long chain fatty acids in Arabidopsis thaliana is closely related to pro-
moting the antibacterial ability of A. thaliana [35]. The metabolism of fatty acids suggested
that traumatin-dependent pathways were increased to respond to R. solani and PAA treat-
ments while the JA-mediated defense pathways were not significantly enhanced.

There were also differences in the expression levels of phospholipids. The concentrations of
MGDG (18:3(9Z,127,157)/18:3(9Z,12Z,15Z)) and PC (16:0/18:1(9Z)), both of which are phos-
pholipids, were elevated in both treated leaf tissues. The metabolic level of DG (P-14:0/18:1
(9Z)) was decreased in both treated sheath tissues. Phospholipids often act as signaling mole-
cules during the interaction between plants and microorganisms. The infection of plant tissues
induces changes in the synthesis, modification or redistribution of lipid metabolism. There are
three ways to regulate the interactions between plants and pathogens by lipids, including pro-
ducing oxylipin or JA in the lipoxygenase pathway, remodeling the membrane lipid composi-
tion and defense signaling in the unsaturated fatty acid pathways, and synthesizing very long
chain fatty acids [36]. The expressions of phospholipids were elevated in rice, tomato, potato
and A. thaliana and other plants after pathogen infection or treatment by induction factors
[37-40]. Phytosphingosine, a type of sphingolipid, was increased in both treated leaf groups.
Sphingolipids play important roles in membrane structures and signal transduction in eukary-
otic cells. Plant sphingolipids have important roles in the processes of programmed cell death
(PCD), HR reaction, ABA-dependent defense cell closure, pathogen-plant interactions, and
signal transduction under abiotic stresses [41]. Sphingolipids may identify interactions
between plants and pathogens and induce plants to initiate a defense. In a double knockout
mutant of A. thaliana, a decrease in resistance to diseases and the significant reduction in
sphingolipid levels were observed [42]. When the R. solani infection or PAA treatment occurs
at the root, enhancing the cell wall to resist infection may be a preferred strategy for maize.
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Carotenoids and flavonoids resistant to infection

In leaf tissues, the metabolic levels of zeaxanthin diglucoside were increased in the PAA-
treated group but decreased in the R. solani-infected group. Additionally, the expression of
capsorubin was increased in both treated sheaths. The functional metabolism of carotenoids
includes stabilization of membrane lipid bilayers, removal of free radicals caused by ROS, and
protection against membrane lipid peroxidation [43-45]. Carotenoids can be used as signal
molecules to control mycorrhizal colonization [46]. Some carotenoid lysates are root-specific
and can accumulate well after the inoculation of mycorrhizal fungi [47]. The metabolic differ-
ences of canthaxanthin and zeaxanthin in the two treated maize leaves suggested that the appli-
cations of R. solani and PAA resulted in different metabolic responses and reflected differences
in the infection patterns of R. solani and PAA.

In the leaf and sheath tissues under both treatments, for the metabolism of flavonoids, the
concentrations of vitexin 2”-O-beta-D-glucoside and rutin were higher than in the corre-
sponding blank control groups. Furthermore, the concentrations of quercitrin and quercetin
3-O-glucoside in the two treated sheath samples were also increased. Flavonoids are produced
from shikimic acid in plant phenylpropanoid pathways, from by-products of lignin pathways,
or from decomposition products of lignin and cell wall polymers. The functions of flavonoids
include UV protection, antioxidation, pigments, plant auxin transport regulators, anti-patho-
genic defense compounds and regulators in the symbiotic process [48]. Flavonoids can inhibit
the formation of ROS by inhibiting related enzyme activities, chelating trace elements during
free radical production, and removing reactive substances or regulating antioxidant defense
[49]. Flavonoids can also inhibit different pathogens and pests, including bacteria, fungi and
insects [50]. The flavonoids in seeds or roots can be used to protect against diseases or insects
[51]. Rutin can inhibit inflammation and shows a strong antioxidation effect. Rutin has a spec-
ified antibacterial effect on bacteria, including Xanthomonas campestris, Agrobacterium tume-
faciens, and Xylella fastidiosa [52, 53]. Additionally, rutin can be used to reduce the normal
physiological functions of reactive oxygen species in microbes [54]. The application of 2 mM
rutin can induce rice, tobacco, and A. thaliana resistances to Xanthomonas oryzae pv. oryzae,
Ralstonia solanacearum, and Pseudomonas syringae pv. tomato strain DC3000, respectively.
The functional metabolism of rutin is also presumably associated with the SA-dependent sig-
naling pathway [55]. Quercetin, a widely distributed flavonoid, shows inhibitory activities in
the conidial germination test of fungus Neurospora crassa [56].

The enhanced synthesis of DIBOA-glucoside in leaves

DIBOA-glucoside, a benzoxazinoid, had elevated concentrations in both treated leaf groups.
DIBOA-glc is a 1,4-benzoxazine-3-one (BX), which is an important secondary metabolite for
defense in maize. The antimicrobial activity against phytopathogens of BXs can be induced by
aphids, worms, pathogens or plant rhizosphere-promoting bacteria (PGPR) [57-60]. Among
them, DIMBOA, which is synthesized from DIBOA, is the major BX in maize against herbivo-
rous insects and pathogens [61]. When treated with elicitors from the pepper pathogen Phy-
tophthora capsici, the contents of BXs (DIBOA and DIMBOA) and the expressions of defense-
related genes in maize roots and shoots were increased [62].

Glutamate metabolism in sheath tissues was inhibited by R. solani infection

The concentration of L-Glutamate was significantly decreased in the R. solani-treated sheath
groups. Glutamate plays vital roles in the interactions between plants and necrotrophic patho-
gens with functions in nitrogen transport, cellular redox regulation, and energy reprogram-
ming in the tricarboxylic acid cycle. When plants are infected by biotrophs or necrotrophs, the
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metabolic changes of glutamate are determined by the response strategies from plant hosts or
the strategies adopted by pathogens. The host cell death during the necrotrophic pathogen
infection may be due to the N deficiencies in the Gln synthetase (GS)/Gln-oxoglutarate amino-
transferase (GOGAT) cycle, ROS generation, or TCA cycle [63]. The virulence strategies of
necrotrophic pathogens include overconsumption of cytosolic glutamate, inhibition of the GS/
GOGAT-supplying glycine decarboxylase (GDC) enzyme, overactivation of Glu dehydroge-
nase (GDH) used for facilitating host cell death, and reduction in the levels of glutathione
(GSH) for inhibiting the host antioxidant capacity [64-66]. However, it is still unknown
whether the inhibition in the concentration of L-Glutamate is due to the strategies of maize
resistance or the strategies of R. solani infection. L-Glutamate metabolism was significantly
inhibited only in the sheaths of R. solani-treated groups. This may be one of the reason of
maize sheath being more susceptible to R. solani infection than the maize leaf. Additionally,
our results once again illustrated the complexities of the pathogenesis of R. solani because the
PAA did not significantly alter the glutamate concentration in sheaths. This point was also
confirmed by the comparison between symptoms caused by R. solani and PAA on sheaths.

Conclusion

Metabolomics is a promising tool to investigate the interactions between two maize tissues
and the necrotrophic pathogen R. solani as well as its phytotoxin PAA. A number of metabo-
lites with significant changes in their concentrations were observed in the leaf and sheath tis-
sues when the biotic stresses from R. solani and abiotic stresses from PAA occurred on the
roots. Our results revealed that PAA played an important role in the pathogenesis of R. solani
in maize tissues as PAA elicited changes similar to R. solani on the metabolism of maize. In
both treated leaf tissues, the synthesis of traumatin, MGDG(18:3(9Z,12Z,15Z)/18:3(9Z,12Z,
15Z)), DIBOA-glucoside and PC(16:0/18:1(9Z)) were elevated. The concentrations of OPC-
8:0 and 12-OPDA, which are precursors for the synthesis of jasmonic acid, were reduced in
both treated leaf tissues. The increased concentration of phytosphingosine, a type of sphingoli-
pid, was observed in two types of treated leaves. The concentrations of flavonoids such as
vitexin 2”-O-beta-D-glucoside and rutin were up-regulated in the leaf and sheath tissues of
both treated groups. However, our results also demonstrated variations in the influences of
PAA and R. solani on maize metabolism. In maize leaves, there were 12 metabolites whose syn-
thesis was inhibited in both treated groups, and R. solani showed a stronger inhibitory effect
on the synthesis of these metabolites than PAA. Further, in the R. solani treated leaves, the
expression of zeaxanthin diglucoside was decreased, while in the PAA treated leaves, its syn-
thesis was increased. Meanwhile, the significantly increased expressions of quercitrin and
quercetin 3-O-glucoside were only observed in the R. solani-treated sheaths. The metabolic
responses for resistance in the two maize tissues varied after R. solani infection of the roots
because elevated concentrations of quercitrin and quercetin 3-O-glucoside were observed in
the sheaths, while the concentrations of DIBOA-glucoside were increased in the leaves. Fur-
thermore, the concentration of L-Glutamate, which plays key roles in plant resistances to
necrotrophic pathogens, was significantly suppressed only in the sheath tissues of the R. solani
infected group.

Supporting information

S1 Table. The UPLC-QTOEF-MS test in positive modes for maize leaves.
(CSV)
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S2 Table. The UPLC-QTOEF-MS test in negative modes for maize leaves.
(CSV)

§3 Table. The UPLC-QTOF-MS test in positive modes for maize sheaths.
(CSV)

S4 Table. The UPLC-QTOEF-MS test in negative modes for maize sheaths.
(CSV)

S5 Table. The mass abundances of corresponding metabolites in each sample.
(CSV)

S6 Table. Fold changes and their significances for each metabolite among groups of leaf
and sheath tissues. Gpb: Each value represented the ratio of the average concentration of a
given metabolite in the phenylacetic acid treated group divided by the average concentration
of the same metabolite in the control group. Grp and Grb: Each value represented the ratio of
the average concentration of a given metabolite in the Rhizoctonia solani infected group
divided by the average concentration of the same metabolite in the phenylacetic acid treated
group and the control group, respectively. The leaf and sheath tissues were compared sepa-
rately. ***: p-value < 0.001. **: p-value < 0.01. *: p-value < 0.05.

(DOCX)

S1 Fig. Illustration of the inoculation of Rhizoctonia solani and phenylacetic acid and the
sampling of sheath tissues. The inoculation of group A consisted of three PDA plugs with R.
solani colonies and 1 ml distilled water. The inoculation of group B consisted of three PDA
plugs and 1 ml phenylacetic acid solution. The inoculation of group C consisted of three PDA
plugs and 1 ml distilled water. The leaf tissues that were close to the ground and 1 cm away
from the sheath node were collected. The sheath tissues that were 5 cm away from the ground
were sampled.

(TIF)

S2 Fig. The plots derived from the permutation tests for each PLS-DA model. (A) and (B),
the plots from the permutation test results of the PLS-DA models for the leaf tissues analyzed
in positive and negative ion modes, respectively. (C) and (D), the plots from the permutation
test results of the PLS-DA models for the sheath tissues analyzed in positive and negative ion
modes, respectively. The number of each permutation test equals 100. The results suggested
that all PLS-DA models were not over-fitted.

(TIF)

S3 Fig. The bar plot used to express the inhibitory ratios in the expressions of 12 metabo-
lites in the Rhizoctonia solani and phenylacetic acid treated leaf groups. Grb and Gpb: Each
value represented the ratio of the average concentration of a given metabolite in the R. solani
(Grb) or phenylacetic acid (Gpb) treated leaf group divided by the average concentration of
the same metabolite in the control leaf group.

(TIF)

Acknowledgments

We would like to thank Drs. Guoying Wang and Yunjun Liu for comments and suggestions
on the experimental design and data analysis. This work was supported by the National Major
Project for Transgenic Organism Breeding (2016ZX08003-001) and the Hubei Provincial
Technology Innovation Program (2016ABA093).

PLOS ONE | https://doi.org/10.1371/journal.pone.0192486 February 6, 2018 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192486.s009
https://doi.org/10.1371/journal.pone.0192486

@° PLOS | ONE

Metabolites contributing to Rhizoctonia solani AG-1-lA pathogenesis

Author Contributions

Conceptualization: Wenjin Hu, Xinli Pan, Wubei Dong.

Data curation: Wenjin Hu, Fengfeng Li.

Formal analysis: Wenjin Hu, Xinli Pan, Fengfeng Li, Wubei Dong.

Funding acquisition: Wubei Dong.

Investigation: Wubei Dong.

Methodology: Wenjin Hu, Xinli Pan, Fengfeng Li.

Project administration: Wubei Dong.

Supervision: Wubei Dong.

Validation: Wenjin Hu, Xinli Pan, Fengfeng Li, Wubei Dong.

Writing - original draft: Wenjin Hu.

Writing - review & editing: Wubei Dong.

References

1.

10.

11.

12.

13.

14.

Yuan JS, Tiller K, Alahmad H, Stewart NR, Stewart CN. Plants to power: bioenergy to fuel the future.
Trends Plant Sci. 2008; 13(8):421-9. https://doi.org/10.1016/j.tplants.2008.06.001 PMID: 18632303

Li X, Takahashi T, Suzuki N, Kaiser HM. The impact of climate change on maize yields in the United
States and China. Agric Syst. 2011; 104(4): 348-53.

Oerke EC. Crop losses to pests. J Agr Sci. 2006; 144(01): 31—43.

Bernardes-de-Assis J, Storari M, Zala M, Wang W, Jiang D, Shidong L, et al. Genetic structure of popu-
lations of the rice-infecting pathogen Rhizoctonia solani AG-1 |A from China. Phytopathology. 2009; 99
(9): 1090-9. https://doi.org/10.1094/PHYTO-99-9-1090 PMID: 19671012

Jayasinghe CK, Wijayaratne SC, Fernando TH. Characterization of cell wall degrading enzymes of Tha-
natephorus cucumeris. Mycopathologia. 2004; 157(1): 73-9. PMID: 15008348

Aoki H, Sassa T, Tamura T. Phytotoxic Metabolites of Rhizoctonia solani. Nature. 1963; 200(4906):
575.

Vidhyasekaran P, Ponmalar TR, Samiyappan R, Velazhahan R, Vimala R, Ramanathan A, et al. Host-
specific toxin production by Rhizoctonia solani, the rice sheath blight pathogen. Phytopathology. 1997;
87(12): 1258-63. https://doi.org/10.1094/PHYTO.1997.87.12.1258 PMID: 18945027

Zhang Z, Liu L, Lin H, Yuan G, Zeng X, Shen Y, et al. Identification of genes differentially expressed in
maize (Zea mays L.) during Rhizoctonia Solani Kuhn infection by suppression subtractive hybridization.
AfrJ Biotechnol. 2012; 11(12): 2827.

Gao J, Chen Z, Luo M, Peng H, Lin H, Qin C, et al. Genome expression profile analysis of the maize
sheath in response to inoculation to R. solani. Mol Biol Rep. 2014; 41(4): 2471-83. https://doi.org/10.
1007/s11033-014-3103-z PMID: 24420865

Huan J, Wan K, Liu Y, Dong W, Wang G. Removing PCR for the elimination of undesired DNA frag-
ments cycle by cycle. Sci Rep. 2013; 3:2303. https://doi.org/10.1038/srep02303 PMID: 23892515

Manetti C, Bianchetti C, Bizzarri M, Casciani L, Castro C, D’Ascenzo G, et al. NMR-based metabonomic
study of transgenic maize. Phytochemistry. 2004; 65(24): 3187-98. https://doi.org/10.1016/j.
phytochem.2004.10.015 PMID: 15561185

Manetti C, Bianchetti C, Casciani L, Castro C, Di Cocco ME, Miccheli A, et al. A metabonomic study of
transgenic maize (Zea mays) seeds revealed variations in osmolytes and branched amino acids. J Exp
Bot. 2006; 57(11): 2613-25. https://doi.org/10.1093/jxb/erl025 PMID: 16831843

Castro C, Motto M, Rossi V, Manetti C. Variation of metabolic profiles in developing maize kernels up-
and down-regulated for the hda107 gene. J Exp Bot. 2008; 59(14): 3913—-24. https://doi.org/10.1093/
jxb/ern239 PMID: 18836140

Broyart C, Fontaine JX, Molinie R, Cailleu D, Terce-Laforgue T, Dubois F, et al. Metabolic profiling of
maize mutants deficient for two glutamine synthetase isoenzymes using '"H-NMR-based metabolomics.
Phytochem Anal. 2010; 21(1): 102-9. https://doi.org/10.1002/pca.1177 PMID: 19866455

PLOS ONE | https://doi.org/10.1371/journal.pone.0192486 February 6, 2018 14/17


https://doi.org/10.1016/j.tplants.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18632303
https://doi.org/10.1094/PHYTO-99-9-1090
http://www.ncbi.nlm.nih.gov/pubmed/19671012
http://www.ncbi.nlm.nih.gov/pubmed/15008348
https://doi.org/10.1094/PHYTO.1997.87.12.1258
http://www.ncbi.nlm.nih.gov/pubmed/18945027
https://doi.org/10.1007/s11033-014-3103-z
https://doi.org/10.1007/s11033-014-3103-z
http://www.ncbi.nlm.nih.gov/pubmed/24420865
https://doi.org/10.1038/srep02303
http://www.ncbi.nlm.nih.gov/pubmed/23892515
https://doi.org/10.1016/j.phytochem.2004.10.015
https://doi.org/10.1016/j.phytochem.2004.10.015
http://www.ncbi.nlm.nih.gov/pubmed/15561185
https://doi.org/10.1093/jxb/erl025
http://www.ncbi.nlm.nih.gov/pubmed/16831843
https://doi.org/10.1093/jxb/ern239
https://doi.org/10.1093/jxb/ern239
http://www.ncbi.nlm.nih.gov/pubmed/18836140
https://doi.org/10.1002/pca.1177
http://www.ncbi.nlm.nih.gov/pubmed/19866455
https://doi.org/10.1371/journal.pone.0192486

@° PLOS | ONE

Metabolites contributing to Rhizoctonia solani AG-1-lA pathogenesis

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Gavaghan CL, Li JV, Hadfield ST, Hole S, Nicholson JK, Wilson ID, et al. Application of NMR-based
metabolomics to the investigation of salt stress in maize (Zea mays). Phytochem Anal. 2011; 22(3):
214-24. https://doi.org/10.1002/pca.1268 PMID: 21204151

Kuhnen S, Bernardi Ogliari J, Dias PF, da Silva Santos M, Ferreira AG, Bonham CC, et al. Metabolic fin-
gerprint of Brazilian maize landraces silk (stigma/styles) using NMR spectroscopy and chemometric
methods. J Agric Food Chem. 2010; 58(4): 2194—200. https://doi.org/10.1021/jf9037776 PMID:
20088591

Frank T, R6hlig RM, Davies HV, Barros E, Engel K-H. Metabolite Profiling of Maize Kernels—Genetic
Modification versus Environmental Influence. J Agric Food Chem. 2012; 60(12): 3005—12. https://doi.
org/10.1021/jf204167t PMID: 22375597

Skogerson K, Harrigan GG, Reynolds TL, Halls SC, Ruebelt M, landolino A, et al. Impact of genetics
and environment on the metabolite composition of maize grain. J Agric Food Chem. 2010; 58(6):
3600-10. https://doi.org/10.1021/jf903705y PMID: 20158212

Witt S, Galicia L, Lisec J, Cairns J, Tiessen A, Araus JL, et al. Metabolic and phenotypic responses of
greenhouse-grown maize hybrids to experimentally controlled drought stress. Mol Plant. 2012; 5(2):
401-17. https://doi.org/10.1093/mp/ssr102 PMID: 22180467

Wen W, LiD, Li X, Gao Y, Li W, Li H, et al. Metabolome-based genome-wide association study of maize
kernel leads to novel biochemical insights. Nat Commun. 2014; 5: 3438. https://doi.org/10.1038/
ncomms4438 PMID: 24633423

Aliferis KA, Cubeta MA, Jabaji S. Chemotaxonomy of fungi in the Rhizoctonia solani species complex
performing GC/MS metabolite profiling. Metabolomics. 2013; 9(1): 159-69.

Aliferis K, Jabaji S. 1TH NMR and GC-MS metabolic fingerprinting of developmental stages of Rhizocto-
nia solani sclerotia. Metabolomics. 2010; 6(1): 96—-108.

Bartz FE, Glassbrook NJ, Danehower DA, Cubeta MA. Elucidating the role of the phenylacetic acid met-
abolic complex in the pathogenic activity of Rhizoctonia solani anastomosis group 3. Mycologia. 2012;
104: 793-803. https://doi.org/10.3852/11-084 PMID: 22466798

De Vos RC, Moco S, Lommen A, Keurentjes JJ, Bino RJ, Hall RD. Untargeted large-scale plant metabo-
lomics using liquid chromatography coupled to mass spectrometry. Nat Protoc. 2007; 2(4): 778-91.
https://doi.org/10.1038/nprot.2007.95 PMID: 17446877

Hu W, Pan X, Abbas HMK, Li F, Dong W. Metabolites contributing to Rhizoctonia solani AG-1-1A matu-
ration and sclerotial differentiation revealed by UPLC-QTOF-MS metabolomics. PloS one. 2017; 12:
e€0177464. https://doi.org/10.1371/journal.pone.0177464 PMID: 28489938

Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G. XCMS: Processing Mass Spectrometry Data
for Metabolite Profiling Using Nonlinear Peak Alignment, Matching, and Identification. Anal Chem.
2006; 78(3): 779-87. https://doi.org/10.1021/ac051437y PMID: 16448051

Kuhl C, Tautenhahn R, Béttcher C, Larson TR, Neumann S. CAMERA: An integrated strategy for com-
pound spectra extraction and annotation of LC/MS data sets. Anal Chem. 2012; 84(1): 283-9. https://
doi.org/10.1021/ac202450g PMID: 22111785

Thévenot EA, Roux A, Xu Y, Ezan E, Junot C. Analysis of the Human Adult Urinary Metabolome Varia-
tions with Age, Body Mass Index, and Gender by Implementing a Comprehensive Workflow for Univari-
ate and OPLS Statistical Analyses. J Proteome Res. 2015; 14(8): 3322-35. https://doi.org/10.1021/
acs.jproteome.5b00354 PMID: 26088811

Ruttkies C, Schymanski EL, Wolf S, Hollender J, Neumann S. MetFrag relaunched: incorporating strat-
egies beyond in silico fragmentation. J Cheminform. 2016; 8(1): 3.

Howe GA, Schilmiller AL. Oxylipin metabolism in response to stress. Curr Opin Plant Biol. 2002; 5
(3):230-6. PMID: 11960741

Siedow JN. Plant Lipoxygenase: Structure and Function. Annu Rev Plant Physiol Plant Mol Biol. 1991;
42(1): 145-88.

Pietryczuk A, Czerpak R. Effect of traumatic acid on antioxidant activity in Chlorella vulgaris (Chlorophy-
ceae). Plant Growth Regul. 2011; 65(2): 279-86.

LiL, Li C, Lee Gl, Howe GA. Distinct roles for jasmonate synthesis and action in the systemic wound
response of tomato. Proc Natl Acad Sci U S A. 2002; 99(9): 6416—21. https://doi.org/10.1073/pnas.
072072599 PMID: 11959903

Strassner J, Schaller F, Frick UB, Howe GA, Weiler EW, Amrhein N, et al. Characterization and cDNA-
microarray expression analysis of 12-oxophytodienoate reductases reveals differential roles for octade-
canoid biosynthesis in the local versus the systemic wound response. Plant J. 2002; 32(4): 585-601.
PMID: 12445129

Raffaele S, Vailleau F, Léger A, Joubés J, Miersch O, Huard C, et al. A MYB Transcription Factor Regu-
lates Very-Long-Chain Fatty Acid Biosynthesis for Activation of the Hypersensitive Cell Death

PLOS ONE | https://doi.org/10.1371/journal.pone.0192486 February 6, 2018 15/17


https://doi.org/10.1002/pca.1268
http://www.ncbi.nlm.nih.gov/pubmed/21204151
https://doi.org/10.1021/jf9037776
http://www.ncbi.nlm.nih.gov/pubmed/20088591
https://doi.org/10.1021/jf204167t
https://doi.org/10.1021/jf204167t
http://www.ncbi.nlm.nih.gov/pubmed/22375597
https://doi.org/10.1021/jf903705y
http://www.ncbi.nlm.nih.gov/pubmed/20158212
https://doi.org/10.1093/mp/ssr102
http://www.ncbi.nlm.nih.gov/pubmed/22180467
https://doi.org/10.1038/ncomms4438
https://doi.org/10.1038/ncomms4438
http://www.ncbi.nlm.nih.gov/pubmed/24633423
https://doi.org/10.3852/11-084
http://www.ncbi.nlm.nih.gov/pubmed/22466798
https://doi.org/10.1038/nprot.2007.95
http://www.ncbi.nlm.nih.gov/pubmed/17446877
https://doi.org/10.1371/journal.pone.0177464
http://www.ncbi.nlm.nih.gov/pubmed/28489938
https://doi.org/10.1021/ac051437y
http://www.ncbi.nlm.nih.gov/pubmed/16448051
https://doi.org/10.1021/ac202450g
https://doi.org/10.1021/ac202450g
http://www.ncbi.nlm.nih.gov/pubmed/22111785
https://doi.org/10.1021/acs.jproteome.5b00354
https://doi.org/10.1021/acs.jproteome.5b00354
http://www.ncbi.nlm.nih.gov/pubmed/26088811
http://www.ncbi.nlm.nih.gov/pubmed/11960741
https://doi.org/10.1073/pnas.072072599
https://doi.org/10.1073/pnas.072072599
http://www.ncbi.nlm.nih.gov/pubmed/11959903
http://www.ncbi.nlm.nih.gov/pubmed/12445129
https://doi.org/10.1371/journal.pone.0192486

@° PLOS | ONE

Metabolites contributing to Rhizoctonia solani AG-1-lA pathogenesis

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Response in Arabidopsis. Plant Cell. 2008; 20(3): 752—67. https://doi.org/10.1105/tpc.107.054858
PMID: 18326828

Raffaele S, Leger A, Roby D. Very long chain fatty acid and lipid signaling in the response of plants to
pathogens. Plant signaling & behavior. 2009; 4(2): 94-9.

van der Luit AH, Piatti T, van Doorn A, Musgrave A, Felix G, Boller T, et al. Elicitation of Suspension-
Cultured Tomato Cells Triggers the Formation of Phosphatidic Acid and Diacylglycerol Pyrophosphate.
Plant Physiol. 2000; 123(4): 1507—16. PMID: 10938366

de Torres Zabela M, Fernandez-Delmond |, Niittyla T, Sanchez P, Grant M. Differential Expression of
Genes Encoding Arabidopsis Phospholipases After Challenge with Virulent or Avirulent Pseudomonas
Isolates. Mol Plant-Microbe Interact. 2002; 15(8): 808—16. https://doi.org/10.1094/MPMI.2002.15.8.
808 PMID: 12182338

Suzuki K, Yano A, Nishiuchi T, Nakano T, Kodama H, Yamaguchi K, et al. Comprehensive analysis of
early response genes to two different microbial elicitors in tobacco cells. Plant Sci. 2007; 173(3): 291—
301.

Yamaguchi T, Minami E, Ueki J, Shibuya N. Elicitor-induced Activation of Phospholipases Plays an
Important Role for the Induction of Defense Responses in Suspension-cultured Rice Cells. Plant Cell
Physiol. 2005; 46(4): 579-87. https://doi.org/10.1093/pcp/pci065 PMID: 15695430

Magnin-Robert M, Le Bourse D, Markham J, Dorey S, Clement C, Baillieul F, et al. Modifications of
Sphingolipid Content Affect Tolerance to Hemibiotrophic and Necrotrophic Pathogens by Modulating
Plant Defense Responses in Arabidopsis. Plant Physiol. 2015; 169(3): 2255—74. https://doi.org/10.
1104/pp.15.01126 PMID: 26378098

Li Y, Beisson F, Koo AJ, Molina I, Pollard M, Ohlrogge J. Identification of acyltransferases required for
cutin biosynthesis and production of cutin with suberin-like monomers. Proc Natl Acad Sci U S A. 2007;
104(46): 18339—44. hitps://doi.org/10.1073/pnas.0706984104 PMID: 17991776

Johnson MP, Havaux M, Triantaphylidés C, Ksas B, Pascal AA, Robert B, et al. Elevated Zeaxanthin
Bound to Oligomeric LHCII Enhances the Resistance of Arabidopsis to Photooxidative Stress by a
Lipid-protective, Antioxidant Mechanism. J Biol Chem. 2007; 282(31): 22605—18. https://doi.org/10.
1074/jbc.M702831200 PMID: 17553786

Lim BP, Nagao A, Terao J, Tanaka K, Suzuki T, Takama K. Antioxidant activity of xanthophylls on per-
oxyl radical-mediated phospholipid peroxidation. Biochim Biophys Acta. 1992; 1126(2): 178-84. PMID:
1627620

Havaux M. Carotenoids as membrane stabilizers in chloroplasts. Trends Plant Sci. 1998; 3(4): 147-51.

Strack D, Fester T. Isoprenoid metabolism and plastid reorganization in arbuscular mycorrhizal roots.
New Phytol. 2006; 172(1): 22—-34. https://doi.org/10.1111/j.1469-8137.2006.01837.x PMID: 16945086

Klingner A, Bothe H, Wray V, Marner F-J. Identification of a yellow pigment formed in maize roots upon
mycorrhizal colonization. Phytochemistry. 1995; 38(1): 53-5.

Hassan S, Mathesius U. The role of flavonoids in root-rhizosphere signalling: opportunities and chal-
lenges for improving plant-microbe interactions. J Exp Bot. 2012; 63(9): 3429—44. https://doi.org/10.
1093/jxb/err430 PMID: 22213816

Grassmann J, Hippeli S, Elstner EF. Plant’s defence and its benefits for animals and medicine: role of
phenolics and terpenoids in avoiding oxygen stress. Plant Physiol Biochem. 2002; 40(6-8): 471-8.

Makoi J, Ndakidemi PA. Biological, ecological and agronomic significance of plant phenolic compounds
in rhizosphere of the symbiotic legumes. Afr J Biotechnol. 2007; 6(12).

Ndakidemi PA, Dakora FD. legume seed flavonoids and nitrogenous metabolites as signals and protec-
tants in early seedling development. Funct Plant Biol. 2003; 30(7): 729-45.

Maddox CE, Laur LM, Tian L. Antibacterial activity of phenolic compounds against the phytopathogen
Xylella fastidiosa. Curr Microbiol. 2010; 60(1): 53-8. https://doi.org/10.1007/s00284-009-9501-0 PMID:
19813054

Taguri T, Tanaka T, Kouno . Antibacterial spectrum of plant polyphenols and extracts depending upon
hydroxyphenyl structure. Biol Pharm Bull. 2006; 29(11): 2226-35. PMID: 17077519

Guo R, Wei P, Liu W. Combined antioxidant effects of rutin and vitamin C in Triton X-100 micelles. J
Pharm Biomed Anal. 2007; 43(4): 1580-6. https://doi.org/10.1016/j.jpba.2006.11.029 PMID: 17196356

Yang W, Xu X, Li Y, Wang Y, Li M, Wang Y, et al. Rutin-Mediated Priming of Plant Resistance to Three
Bacterial Pathogens Initiating the Early SA Signal Pathway. PloS one. 2016; 11(1): e0146910. https://
doi.org/10.1371/journal.pone.0146910 PMID: 26751786

Parvez MM, Tomita-Yokotani K, Fuijii Y, Konishi T, Iwashina T. Effects of quercetin and its seven deriva-
tives on the growth of Arabidopsis thaliana and Neurospora crassa. Biochem Syst Ecol. 2004; 32(7):
631-5.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192486 February 6, 2018 16/17


https://doi.org/10.1105/tpc.107.054858
http://www.ncbi.nlm.nih.gov/pubmed/18326828
http://www.ncbi.nlm.nih.gov/pubmed/10938366
https://doi.org/10.1094/MPMI.2002.15.8.808
https://doi.org/10.1094/MPMI.2002.15.8.808
http://www.ncbi.nlm.nih.gov/pubmed/12182338
https://doi.org/10.1093/pcp/pci065
http://www.ncbi.nlm.nih.gov/pubmed/15695430
https://doi.org/10.1104/pp.15.01126
https://doi.org/10.1104/pp.15.01126
http://www.ncbi.nlm.nih.gov/pubmed/26378098
https://doi.org/10.1073/pnas.0706984104
http://www.ncbi.nlm.nih.gov/pubmed/17991776
https://doi.org/10.1074/jbc.M702831200
https://doi.org/10.1074/jbc.M702831200
http://www.ncbi.nlm.nih.gov/pubmed/17553786
http://www.ncbi.nlm.nih.gov/pubmed/1627620
https://doi.org/10.1111/j.1469-8137.2006.01837.x
http://www.ncbi.nlm.nih.gov/pubmed/16945086
https://doi.org/10.1093/jxb/err430
https://doi.org/10.1093/jxb/err430
http://www.ncbi.nlm.nih.gov/pubmed/22213816
https://doi.org/10.1007/s00284-009-9501-0
http://www.ncbi.nlm.nih.gov/pubmed/19813054
http://www.ncbi.nlm.nih.gov/pubmed/17077519
https://doi.org/10.1016/j.jpba.2006.11.029
http://www.ncbi.nlm.nih.gov/pubmed/17196356
https://doi.org/10.1371/journal.pone.0146910
https://doi.org/10.1371/journal.pone.0146910
http://www.ncbi.nlm.nih.gov/pubmed/26751786
https://doi.org/10.1371/journal.pone.0192486

@° PLOS | ONE

Metabolites contributing to Rhizoctonia solani AG-1-lA pathogenesis

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Betsiashvili M, Ahern KR, Jander G. Additive effects of two quantitative trait loci that confer Rhopalosi-
phum maidis (corn leaf aphid) resistance in maize inbred line Mo17. J Exp Bot. 2015; 66(2): 571-8.
https://doi.org/10.1093/jxb/eru379 PMID: 25249072

Robert CA, Veyrat N, Glauser G, Marti G, Doyen GR, Villard N, et al. A specialist root herbivore exploits
defensive metabolites to locate nutritious tissues. Ecol Lett. 2012; 15(1): 55-64. https://doi.org/10.
1111/j.1461-0248.2011.01708.x PMID: 22070646

Neal AL, Ahmad S, Gordon-Weeks R, Ton J. Benzoxazinoids in root exudates of maize attract Pseudo-
monas putida to the rhizosphere. PloS one. 2012; 7(4): e35498. https://doi.org/10.1371/journal.pone.
0035498 PMID: 22545111

Ahmad S, Veyrat N, Gordon-Weeks R, Zhang Y, Martin J, Smart L, et al. Benzoxazinoid metabolites
regulate innate immunity against aphids and fungi in maize. Plant Physiol. 2011; 157(1): 317-27.
https://doi.org/10.1104/pp.111.180224 PMID: 21730199

Niemeyer HM. Hydroxamic acids derived from 2-hydroxy-2H-1,4-benzoxazin-3(4H)-one: key defense
chemicals of cereals. J Agric Food Chem. 2009; 57(5): 1677-96. https://doi.org/10.1021/jf8034034
PMID: 19199602

Ding X, Yang M, Huang H, Chuan Y, He X, Li C, et al. Priming maize resistance by its neighbors: activat-
ing 1,4-benzoxazine-3-ones synthesis and defense gene expression to alleviate leaf disease. Front
Plant Sci. 2015; 6: 830. https://doi.org/10.3389/fpls.2015.00830 PMID: 26528303

Seifi HS, Van Bockhaven J, Angenon G, Hofte M. Glutamate metabolism in plant disease and defense:
friend or foe? Mol Plant-Microbe Interact. 2013; 26(5): 475-85. https://doi.org/10.1094/MPMI-07-12-
0176-CR PMID: 23342972

Navarre DA, Wolpert TJ. Victorin Induction of an Apoptotic/Senescence—like Response in Oats. The
Plant Cell. 1999; 11(2): 237. PMID: 9927641

Dulermo T, Bligny R, Gout E, Cotton P. Amino acid changes during sunflower infection by the necro-
trophic fungus B. cinerea. Plant Signal Behav. 2009; 4(9): 859-61. PMID: 19847103

Brauc S, De Vooght E, Claeys M, Héfte M, Angenon G. Influence of over-expression of cytosolic aspar-
tate aminotransferase on amino acid metabolism and defence responses against Botrytis cinerea infec-
tion in Arabidopsis thaliana. J Plant Physiol. 2011; 168(15): 1813-9. https://doi.org/10.1016/j.jplph.
2011.05.012 PMID: 21676488

PLOS ONE | https://doi.org/10.1371/journal.pone.0192486 February 6, 2018 17/17


https://doi.org/10.1093/jxb/eru379
http://www.ncbi.nlm.nih.gov/pubmed/25249072
https://doi.org/10.1111/j.1461-0248.2011.01708.x
https://doi.org/10.1111/j.1461-0248.2011.01708.x
http://www.ncbi.nlm.nih.gov/pubmed/22070646
https://doi.org/10.1371/journal.pone.0035498
https://doi.org/10.1371/journal.pone.0035498
http://www.ncbi.nlm.nih.gov/pubmed/22545111
https://doi.org/10.1104/pp.111.180224
http://www.ncbi.nlm.nih.gov/pubmed/21730199
https://doi.org/10.1021/jf8034034
http://www.ncbi.nlm.nih.gov/pubmed/19199602
https://doi.org/10.3389/fpls.2015.00830
http://www.ncbi.nlm.nih.gov/pubmed/26528303
https://doi.org/10.1094/MPMI-07-12-0176-CR
https://doi.org/10.1094/MPMI-07-12-0176-CR
http://www.ncbi.nlm.nih.gov/pubmed/23342972
http://www.ncbi.nlm.nih.gov/pubmed/9927641
http://www.ncbi.nlm.nih.gov/pubmed/19847103
https://doi.org/10.1016/j.jplph.2011.05.012
https://doi.org/10.1016/j.jplph.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21676488
https://doi.org/10.1371/journal.pone.0192486

