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Abstract
Purpose: Phytophthora sojae does not infect the nonhost maize (Zea mays L.) but could infect the nonhost common bean (Phaseolus
vulgaris L.). Soybean seed exudates participate in mediating host resistance to P. sojae before infection. This study aimed to elucidate
the role of nonhost seed exudates in mediating nonhost resistance to P. sojae before infection.

Methods: The response behavior of P. sojae zoospores to the seed exudates was determined using an assay chamber and a concave
slide, and the proteomes of P. sojae zoospores treated with the seed exudates were analysed with the tandem mass tag (TMT) method.
The key proteins were quanti�ed by parallel reaction monitoring (PRM).

Results: Maize seed exudates exerted a repellent effect on zoospores, whereas common bean seed exudates did not exhibit any
attraction to zoospores but could dissolve the cysts. The key proteins related to zoospores chemotaxis showed no signi�cant changes in
response to maize seed exudates, but the key proteins in arachidonic acid pathway were downregulated and controlled the repellent
behavior of zoospores. Proteins protecting the cell membrane structure were signi�cantly downregulated in zoospores responding to
common bean seed exudates, which con�rmed the bacteriolytic effect of common bean seed exudates on cysts.

Conclusion: Maize and common bean seed exudates mediate part of the nonhost resistance via different mechanisms prior to P. sojae
infection. The immune of maize to P. sojae is due to the repellent effect of maize seed exudates on zoospores. Common bean seed
exudates participate in mediating nonhost resistance by dissolving cysts.

1 Introduction
Phytophthora sojae Kaufmann & Gerdemann only infects cultivated soybean [Glycine max L. (Merr)] in nature (Davison 1998) and
causes Phytophthora root and stem rot which results in great losses per year in soybean production (Sui et al., 2010). It does not infect
nonhost maize (Zea mays L.) but infects nonhost common bean (Phaseolus vulgaris L.) under inoculation (Schmitterenner 1985).

P. sojae overwinters in soil as sexual oospores (Schmitthenner 1985). These oospores germinate to produce sporangia that release
zoospores (motile spores with two �agella and no cell walls) to infect host seeds and roots; hence, zoospores are the primary infectious
propagules (Barz and Mackenbrock 1994). The zoospore develops into an adhesive cyst with a cell wall once it comes into contact with
the seed or root surface and germinates to produce a germ tube that penetrates the plant to complete colonization (Zuo et al. 2005).

The chemotaxis of zoospores plays an important role in the success of P. sojae infection (Hua et al. 2015). Soybean is the only natural
host of P. sojae, which depends on the chemotactice effects of iso�avones in soybean seed and root exudates on zoospores (Morris and
Ward 1992). Zoospores swim towards soybean seed and roots when sensing the chemotactic substances (Tyler et al. 1996) and a series
of programmed developmental changes are initiated (Penington et al. 1989), including cyst formation and germination. Some
substances in seed and root exudates act as signal molecules that regulate the zoospores chemotaxis and germination (Deason and
Saxena 1998).

Researchers have only focused on the attraction of soybean seed or root exudates to zoospores, which determines part of host
resistance to P. sojae prior to infection (Zhang et al. 2020). As a matter of fact, nonhost seed or root exudates also exert inhibitory effects
on the pathogen. Several defence-related proteins in cowpea (Vigna unguiculata L.) (Rose et al. 2006) and wishbone bush (Mirabilis
jalapa L.) seed exudates protect seeds from nonhost pathogens (Cammue et al. 1992). Common bean root exudates also inhibit the
mycelial growth of Botrytis cinerea (El-Gali 2015), while maize root exudates exhibit inhibitory effects on Fusarium oxysporum and
Phytophthora parasitica var. nicotianae (Zhang et al. 2015; Ma et al. 2016). But the stable and durable nonhost resistance mechanisms
of common bean and maize to P. sojae is still unclear.

It has been found that the G protein signaling pathway, as a molecular switch of P. sojae zoospores, participates in the speci�c
recognition of zoospores to their hosts (Hua et al. 2015). G protein also participates in the response of zoospores to extracellular
iso�avones in seed or root exudates (Hua et al. 2015) and regulates the chemotaxis of zoospores (Zhang et al. 2020). Many other
proteins related to G protein also participate in the regulation of P. sojae physiological activities. GTP (guanosine triphosphate)-activated
protein, which binds to and inactivates the Gα subunit (Kha�zov et al. 2009), participates in the response of zoospores to soybean with
different resistances (Zhang et al. 2020). Palmitoylation can regulate the function of G protein-coupled receptors, which can affect
downstream signal transduction (Liu et al. 2012). G protein-dependent signal transduction pathways are also involved in chemotaxis
regulation: These include the cAMP (cyclic adenosine monophosphate) and MAPK (mitogen-activated protein kinase) pathways, which
have been extensively studied (Ye et al. 2016). The MAPK-like protein PsMPK1 and the C2H2 zinc �nger protein PsCZF1 of P. sojae not
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only affect zoospore production (Wang et al. 2009), but also participate in the response of P. sojae to soybean seed exudates (Zhang et
al. 2020). The Gβ subunit, Ca2+-transport ATPase and Ca2+ channel proteins positively regulate the developmental behavior
(encystment) of zoospores (Zhang et al. 2020). The G protein-related proteins are involved in the pathogenic process and affect mycelial
growth, sporangia formation and germination of P. sojae (Zhang et al. 2016b).

In addition to G protein, some other proteins in P. sojae also participate in regulating its developmental behavior. PsTATD4, a key protein
regulating DNA degradation during cell apoptosis, plays an important role in sporangia production (Tani et al. 2005; Chen et al. 2014). At
the stage of zoospore formation, the protein kinase PIPKZ1 is upregulated. The interaction of the BZIP transcription factor with PIPKZ1
also affects the behavior and chemotaxis of zoospores (Ye et al. 2013).

Currently, proteomics is widely used to analyse the key proteins in pathogen infection. By iTRAQ (isobaric tags for relative and absolute
quantitation), Taylor et al. (2008) found that 72 proteins participate in the Fusarium graminearum infection process to maize and wheat.
Grenville et al. (2005) also found that some proteins in Phytophthora infestans involved in amino acid synthesis and metabolism
regulate the appressorium formation and sporangium germination.

The G protein regulated the chemotaxis of zoospores to signal substances in host seed exudates and determined host selection (Zhang
et al. 2020). However, the responding behavior of zoospores to nonhost seed exudates have been ignored. This study thus aimed at
understanding the dialogue mechanisms between P. sojae and nonhosts in the rhizosphere prior to infection. We accordingly analysed
the behavior and proteome of zoospores in response to nonhost seed exudates. This work not only lays a foundation for understanding
the pathogenic mechanism of soilborne P. sojae and nonhost resistance mechanism but provides a theoretical basis for the prevention
of P. sojae infection.

2 Materials And Methods

2.1 Strain and varieties
Phytophthora sojae strain Eps597-3, a transgenic strain that was previously used in our laboratory (Li et al. 2012), was utilized for the
experiments. The strain has an enhanced green �uorescent protein (EGFP) label and exhibits no changes in either developmental
behaviour or pathotype compared with the wild-type strain (Li et al. 2012). It was selected for this study because it grows rapidly on
carrot agar medium and produces abundant zoospores to meet the protein extraction requirement of zoospores sample. The nonhost
maize variety Suiyu23, which is widely planted in Heilongjiang Province, China and rotated routinely with soybean, is immune to P. sojae
both in nature and under inoculation conditions. The nonhost common bean variety Zihuayoudou cannot be infected by P. sojae in
nature but can be infected under inoculation conditions and exhibits a hypersensitive reaction (HR).

2.2 Collection of seed exudates
Seed exudates were collected as described by Zhang et al. (2020). The disinfected seeds (20 g) of maize and common bean were placed
in 20 mL of sterile distilled water and maintained at 25°C in the dark overnight. A certain amount of sterile distilled water was added to
obtain a total volume of 20 mL. The seeds were immersed in the water at 25°C for 48 h, and the water containing seed exudates was
then collected and �ltered through a 0.22-µm Millipore �lter (Xiya Reagent, Shanghai, China).

2.3 Preparation of zoospore suspension and chemotaxis assay
The preparation of zoospore suspension and chemotaxis assay were performed as described by Zhang et al. (2020).

2.4 Protein extraction, trypsin digestion and tandem mass tag (TMT) labelling
The fresh zoospore suspension (2 × 104 zoospores/mL) was treated with nonhost seed exudates (diluted with four volumes of sterile
water) at 25°C for 30 min and then centrifuged at 6,000 r/min for 5 min, and the zoospore precipitate was frozen in liquid nitrogen before
being stored in a freezer at -80°C for protein extraction. Sterile distilled water instead of seed exudates was used as the blank control.

The protein extraction, trypsin digestion and TMT labeling of zoospore samples were performed as described by Zhang et al. (2020).

2.5 HPLC fractionation and LC-MS/MS analysis
The tryptic peptides were fractionated by high-performance liquid chromatography (HPLC) using an Agilent 300 Extend C18 column (5-
µm particles, 4.6-mm ID, 250-mm length). The chromatographic process was designed according to the method described by Zhang et
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al. (2020). MaxQuant (v1.5.2.8) was used to retrieve the secondary mass spectrometry data. The retrieved parameter settings are
detailed in the Phytophthora sojae proteome database (25,721 sequences).

2.6 Protein annotation and analysis
A Gene Ontology (GO) annotated proteome was derived from the UniProt-GOA database (http://www. ebi.ac.uk/GOA/). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was used for the annotation of protein pathways. Two-tailed Fisher’s exact test
was employed to test the enrichment of differentially expressed proteins against all identi�ed proteins. GO terms and KEGG pathways
with a corrected P-value < 0.05 were considered signi�cant.

2.7 Parallel reaction monitoring (PRM) veri�cation
The zoospore sample was ground in liquid nitrogen into cell powder and then transferred to a 5 mL centrifuge tube. The protocols used
for protein extraction of zoospore samples were described by 2.4.

The tryptic peptides were dissolved in 0.1% formic acid (solvent A) and directly loaded onto a homemade reversed-phase analytical
column. The gradient comprised increases from 6–23% solvent B (0.1% formic acid in 98% acetonitrile) over 38 min, 23–35% over 14
min and from 35–80% over 4 min, followed by maintenance at 80% for the last 4 min. The �ow rate was maintained constant at 700
nL/min, and an EASY-nLC 1000 ultra performance liquid chromatography (UPLC) system was used for the separation.

The peptides were subjected to an nanoelectrospray ionization (NSI) source followed by tandem mass spectrometry (MS/MS) with a Q
Exactive™ Plus instrument (ThermoFisher, Shanghai, China) coupled online to the UPLC. The electrospray voltage applied was 2.0 kV.
The m/z scan range for the full scan was 350 to 1,000, and intact peptides were detected with the Orbitrap at a resolution of 35,000.
Peptides were then selected for MS/MS using the normalized collision energy (NCE) setting of 27, and the fragments were detected with
the Orbitrap at a resolution of 17,500. A data-independent procedure that alternated between one MS scan followed by 20 MS/MS scans
was used. Automatic gain control (AGC) was set to 3E6 for the full MS scan and 1E5 for the MS/MS scan. The maximum IT was set to
20 ms for the full MS scan and to auto for the MS/MS scan. The isolation window for MS/MS was set to 2.0 m/z.

2.8 Data analysis
The statistical analyses of the results from the behavior tests were performed using Microsoft Excel 2010 (Microsoft, Redmond, WA,
USA). The resulting MS data were processed using Skyline (v.3.6). The peptide settings were the following: The enzyme was set to
trypsin [KR/P], and the maximum number of missed cleavages was set to 2. The peptide length was set to 8 to 25, the variable
modi�cation was set to carbamidomethyl on Cys and oxidation on Met, and the maximum number of variable modi�cations was set to
3. The transition settings were set to the following: the precursor charges were set to 2 and 3, the ion charges were set to 1 and 2, and the
ion types were set to b, y, and p. The product ions were set from ion 3 to the last ion, and the ion match tolerance was set to 0.02 Da.

3 Results

3.1 Behavior of zoospores in response to nonhost seed exudates
The number of zoospores attracted by maize seed exudates was signi�cantly lower (P < 0.05) than that of control, which indicated that
maize seed exudates repelled the zoospores. However, common bean seed exudates exerted no signi�cant effect on the chemotaxis of
zoospores (P < 0.05, Fig. 1a).

Both maize and common bean seed exudates signi�cantly promoted encystment (P < 0.05), and no signi�cant difference was found
between the two exudates (Fig. 1b). Two hours after treating with the seed exudates, the cysts subjected to the control (Fig. 2a) and
maize treatment (Fig. 2b) were intact, but those treated with the common bean exudates had dissolved (Fig. 2c).

3.2 Quantitative proteomic analysis of zoospore responses to seed exudates
TMT technology was used to analyse differentially expressed proteins in zoospores responding to the seed exudates. A total of 2,714
proteins were quantitatively detected, and these included 245 (146 up- and 99 downregulated) and 428 (264 up- and 164 downregulated)
differentially expressed (a fold change greater than 1.3 was considered to indicate signi�cant up- or downregulation) proteins found in
zoospores treated with maize and common bean seed exudates, respectively. Some key proteins identi�ed in the zoospores were divided
into two clusters based on their expression patterns (Fig. 3). The proteins in the red cluster were upregulated, whereas the proteins in the
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blue cluster were downregulated (Fig. 3). The roles of these proteins in the responses of zoospores to seed exudates are analysed in the
following sections.

3.3 GO and KEGG analysis of differentially expressed proteins
A Gene Ontology (GO) functional analysis of the proteins in zoospores of P. sojae was performed (Fig. 4). Differentially expressed
proteins were analysed in three categories of GO secondary annotation (biological process, cellular component and molecular function).
These proteins (fold change greater than 1.3) were analysed and derived from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/).
The results showed that the proteins in zoospores that responded to both seed exudates participate in the same processes (Fig. 4). The
signi�cant enrichment of biological processes mainly affected metabolic processes (89 and 162 proteins in zoospores responding to
maize and common bean seed exudates, respectively) and cellular processes (66 proteins to maize and 139 to common bean).
Signi�cant enrichment of the cellular components was mainly found for membrane (48 proteins to maize and 103 to common bean)
and cell (44 proteins to maize and 76 to common bean). In addition, the effects of seed exudates on molecular function mainly included
binding activity (103 proteins to maize and 184 to common bean) and catalytic activity (97 proteins to maize and 151 to common bean)
(Fig. 4). The abundances of the differentially expressed proteins found in zoospores responding to common bean seed exudates were
two-fold higher than those observed in response to maize. Proteins participating in metabolic processes are closely related to the
chemotaxis and encystment of zoospores. Some upregulated proteins in zoospores responding to nonhost seed exudates participate in
fatty acid metabolism and biosynthesis pathways to regulate behavioral activity. Proteins on the cell membrane participate in
intercellular communication, transport and maintenance of the stability of the cell structure, which indicates that nonhost seed exudates
communicate with zoospores through these membrane proteins. Most signal transduction proteins with binding and catalytic activity
participate in the zoospores response process.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) classi�cation results indicated that 14 and seven proteins in zoospores were
signi�cantly upregulated or downregulated in response to maize seed exudates, respectively (Fig. 5a). Among the upregulated proteins,
four participate in the unsaturated fatty acid biosynthesis, �ve are involved in the fatty acid metabolism, three participate in the fatty
acid biosynthesis, and two take part in the biotin metabolism. Among the downregulated proteins, three, two and two proteins participate
in leucine, valine and isoleucine degradation, arachidonic acid (AA) metabolism and starch and sucrose metabolism, respectively.

The results also showed that 75 and 10 proteins of zoospores in response to common bean seed exudates were signi�cantly
upregulated or downregulated, respectively (Fig. 5b). Among the upregulated proteins, 19 participate in the antibiotic biosynthesis, while
13, 11 and �ve proteins participate in carbon metabolism, the amino acid biosynthesis and cysteine and methionine metabolism,
respectively. Six, �ve and four proteins take part in glycine, serine and threonine metabolism, unsaturated fatty acid biosynthesis and
fatty acid biosynthesis, respectively. Three differentially expressed proteins are involved in the biotin metabolism pathway and sulphur
metabolism pathway, and six proteins participate in fatty acid metabolism. Among the downregulated proteins, four participate in
glutathione metabolism, three participate in the mismatch repair, and three participate in AA metabolism.

3.4 Correlation between the phenotype and proteome of zoospores
responding to maize seed exudates
The chemotaxis assay of P. sojae zoospores showed that maize seed exudates repel the zoospores (Fig. 1a). The signi�cant repellent
effect of maize seed exudates on zoospores indicates that the nonhost resistance of maize is mediated by seed exudates prior to P.
sojae infection. The repelling mechanism of zoospores can be explained as follows: When zoospores sense the signal molecules in
maize seed exudates, the Gα subunit on the cell membrane, which regulates the chemotaxis of zoospores, shows no signi�cant change
in expression. This result is consistent with the behavior that zoospores show no chemotaxis in response to maize seed exudates.

Zoospores transform signal molecules from extracellular signals into intracellular signals through G proteins on the cell membrane after
sensing signal molecules in maize seed exudates. The expression of G protein showed no signi�cant change, but the key downstream
protein, intracellular phosphatidylinositol-4-kinase (PI4K, G4ZCQ6 in the phosphatidylinositol signalling pathway) was upregulated,
which is involved in maintaining the dynamic balance of the phosphatidylinositol system. (Fig. 6, online resource 1). A calcium channel
protein downstream of PI4K (G4ZC26) was also upregulated, which resulted in continuous promotion of the production of
phospholipase A2 (PLA2) (Fig. 6, online resource 1). PLA2 is a key enzyme in the regulation of cellular metabolism and is responsible for
information transmission. This enzyme is also a marker of the occurrence of tissue damage and in�ammation, which indicates that
maize seed exudates exert adverse effects on the normal life activities of zoospores.
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PLA2 is also a rate-limiting enzyme in the production of AA and prostaglandin bioactive substances. The upregulation of PLA2 and the
downregulation of prostaglandin-D-synthetase G4YV08 reduced the synthesis of prostaglandin prostaglandin D2 (PGD2) (Fig. 6, online
resource 1), which blocked the physiological functions of PGD2.

AA is a second messenger that conducts intracellular signals. AA can also promote or amplify other second messenger systems, such as
cAMP and cyclic guanosine monophosphate (cGMP), by regulating their concentration in response to extracellular signals. Therefore, the
downregulation of proteins involved in AA metabolism weakens the chemotaxis of zoospores.

Maize seed exudates also affected the normal activities of zoospores by decreasing the degradation of valine and isoleucine, protein
synthesis and glutathione metabolism in zoospores (G4Z179, G4ZY60 and G4YKE2 in online resource 1). The Ca2+ channel protein
G4ZC26 was upregulated, which resulted in the opening of the Ca2+ channel and thereby the activation of protein kinase C (PKC) (Fig. 6,
online resource 1) on the plasma membrane. When zoospores sensing maize seed exudates, the Ca2+ concentration increased to
promote the encystment, which is also consistent with the encystment behavior of zoospores.

3.5 Correlation between the phenotype and proteome of zoospores
responding to common bean seed exudates
Common bean seed exudates exerted no effect on the chemotaxis of zoospores because no signi�cant changes were detected in both
the expression of G protein and some other proteins that participate in the phosphatidylinositol pathway to transmit the chemotactic
signal. Common bean seed exudates promoted the encystment of zoospores. During the response of zoospores to common bean seed
exudates, the expression of the key proteins β-glucosidase G4ZCH5 and 1,4-β-glucanase G5A663 involved in cellulose degradation
decreases, which lead to the increasing of cellulose synthesis (Fig. 7, online resource 2). However, after these effects, some cysts (resting
zoospores) are dissolved by common bean seed exudates. The proteome results also showed that glutathione peroxidase G4ZXP6
(Fig. 7, online resource 2), which is responsible for protecting the cell structure, was signi�cantly downregulated in zoospores responding
to common bean seed exudates. The increasing glutathione is also an early signal of apoptosis. This �nding explains the dissolution of
some zoospores after 2 h of treatment with common bean seed exudates; common bean seed exudates also participate in the nonhost
resistance process by dissolving zoospores.

When zoospores stop swimming to form a resting spore (cyst), they do not need energy for movement. This process is accompanied by
�agella shedding and cell wall formation because the proteins (G4Z179, G4YKE2 and G4ZXP6) that power zoospores were signi�cantly
downregulated and the glucose for energy supply was reduced due to the downregulation of G4ZCH5 (Fig. 7, online resource 2). The
changes in these proteins explain the signi�cant promotion of the encystment behavior of zoospores by common bean seed exudates.

Pyruvate and phosphodikinase G4YKE2 (online resource 2), a terminal enzyme of oxidative phosphorylation responsible for adenosine
triphosphate (ATP) synthesis, were downregulated, which resulted in signi�cant inhibition of ATP synthesis. Approximately 95% of the
ATP molecules that maintain normal activities originate from the oxidative phosphorylation process. In cells, a decline in oxidative
phosphorylation leads to an abnormal physiological state. The effect of common bean seed exudates on the oxidative phosphorylation
level affects the life activity and preference of zoospores. As proteins upstream of oxidative phosphorylation, acetyl-CoA carboxylase
G5A3T5 (online resource 2) and very-long-chain 3-oxocarbonyl CoA reductase G4ZKM7 (online resource 2), which are involved in fatty
acid metabolism in zoospores, led to an abnormal cellular state. In addition, the content of glutathione, which participates in
detoxi�cation and free radical scavenging in zoospores, was increased (due to the downregulation of G4YKE2) (online resource 2), which
indicates that common bean seed exudates are involved in nonhost resistance to P. sojae.

3.6 Protein-protein interaction (PPI) analysis
In the PPI network map (used for establishing protein networks), the most signi�cantly enriched proteins in zoospores in response to
nonhost seed exudates, which exhibited high connectivity, are shown in Fig. 8.

Little interaction was found among the differentially expressed proteins during the response process of zoospores to maize seed
exudates. The interacting proteins mainly participate in protein synthesis, ATP synthesis, amino acid metabolism, phosphatidylinositol
signal transduction and glutathione metabolism. When zoospores sense the signal molecules in maize seed exudates, the extracellular
signals are transformed into intracellular signals, and the energy supply and nutrient metabolism in the zoospores are signi�cantly
affected (Fig. 8a).
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However, the interaction network of the differentially expressed proteins during the response process of zoospores to common bean seed
exudates is complex. The proteins in the interaction network are mainly responsible for regulating the citric acid cycle, amino acid
metabolism, phosphatidylinositol signalling pathway, DNA replication, transcription and translation, and oxidative phosphorylation.
When zoospores sense the signal molecules in common bean seed exudates, the extracellular signals are transformed into intracellular
signals. The metabolism of various nutrients (sugar, lipid and protein), the process of gene replication and the supply of cellular energy
in zoospores are signi�cantly affected (Fig. 8b).

3.7 PRM veri�cation of the candidate differentially expressed proteins
The analyses of proteomics revealed that the proteins signi�cantly changed during the responses of zoospores to nonhost seed
exudates. Maize seed exudates mediate stronger nonhost resistance than common bean seed exudates that were selected to verify the
changes of some candidate proteins.

PRM (a type of multiple reaction monitoring for peptides) mass spectrometry was used to verify the target peptides found in the TMT
analysis of the zoospores treated with maize seed exudates, and the 11 candidate peptides of the target protein were subjected to LC-
PRM/MS analysis. The peptides used to quantify the candidate proteins are shown in Table 1.

Table 1
Quantitative results for eight candidate proteins determined by the PRM and tandem mass tag (TMT) methods

Protein
ID

Peptide sequence PRM TMT Consistency
between
PRM and
TMT

Participating
pathways

Protein type

G4ZC26 GFSALTDLAEK//SAQAAQQLLQVENPR 1.65 1.33 Yes Phosphatidylinositol
pathway

Ca2+ osmotic
pressure gate
cation channel
protein

G5A3T5 SVLQGYFAPEDLTQK 1.70 1.51 Yes Fatty acid
metabolism and
biosynthesis
pathway

Acetyl-CoA
carboxylase

G4ZKM7 SFGQWGVVTGATDGIGK 1.88 1.38 Yes Fatty acid
metabolism
pathway

Very-long-chain
3-oxocarbonyl
CoA reductase

G4YV08 NALANFDGFSLK 0.87 0.59 Yes Arachidonic acid
metabolism

Haematopoietic
prostaglandin D
synthase

G4ZZG9 NVPGWVAGQSPFHSDR 1.73 2.79 Yes Glutathione
metabolisms

NADH
dehydrogenase

G4Z179 FFDFLPLNNK 0.86 0.71 Yes Degradation of
valine and
isoleucine

Acetyl-CoA
carboxylase
mitochondria

G4ZY60 VVVLCNLK//STGAILLVANDK 0.80 0.52 Yes Protein synthesis tRNA amidation
cofactor

G4YKE2 ALGVTFADAANPLLVSVR//VHTSSGAEVVLR 0.90 0.44 Yes Glutathione
metabolism

Pyruvate and
phosphodikinase

A quantitative analysis with LC-PRM/MS of the expression levels of eight candidate proteins associated with response-induced
resistance was performed to validate the TMT results. The trends obtained for the candidate proteins by quantitative PRM results were
similar to those found with TMT, which indicated that the data obtained using the experimental TMT technique combined with LC/MS
are reliable (Table 1).

4 Discussion
P. sojae, a typical soil-borne pathogen, only infects host soybean seed and root through zoospores under suitable conditions. The
speci�c recognition and movement of zoospores towards soybean is the �rst and crucial step which determines the host selection of P.
sojae (Tyler 2002). P. sojae cannot infect other nonhost plants (Schmittenner 1985). Interestingly, P. sojae exhibits pathogenicity to
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legume common bean under inoculation conditions but cannot infect gramineous plants maize (Sui et al. 2010). We previously found
that soybean seed exudates participate in mediating part of host resistance prior to infection (Zhang et al. 2020). In this study, the
repellent effect of nonhost maize seed exudates on zoospores of P. sojae also indicated that seed exudates are involved in mediating
part of nonhost resistance before infection.

The signaling molecules in maize exudates which repelled the zoospores determined the immunity of maize to P. sojae. Maize root
exudates contain some inhibitory substances, such as hydroxamic acid, which widely exists in Gramineae crops with broad-spectrum
resistance (Niemeyer 1985). Hydroxamic acid can inhibit the spore germination and mycelial formation of Septoria nodorum (Baker and
Smith 2010), Exserohilum turcicum and Fusarium moniliforme (Couture et al. 1971). 6-Methoxy-2-benzoxazolinone (MBOA) and
benzothiazole (BZO) in maize root exudates also signi�cantly inhibit the zoospore activity, cyst germination and mycelial growth of P.
sojae (Zhang et al. 2019). Maize seed exudates exert a repellent effect on zoospores, which con�rms that maize is immune to P. sojae.

Common bean seed exudates can dissolve some cysts, and the remaining cysts look for an opportunity to infect, which con�rms that the
HR response of common bean to P. sojae. Previous studies have shown that cumin acid in Cuminum cyminum seed exudates can
destroy the cell wall and inhibit the cyst germination of Phytophthora capsici (Feng et al. 2012). Further research is needed to identify the
substances responsible for dissolving cysts in common bean seed exudates.

The numbers of differentially expressed proteins are quite different in zoospores responding to the two nonhost seed exudates.
Speci�cally, 428 differentially expressed proteins were found in response to common bean seed exudates. This number was 1.7-fold
higher than that found in response to maize seed exudates. The �nding indicated that the response mechanisms of zoospores to
common bean seed exudates were more complex. This could because only repellent signal molecules in maize seed exudates act on P.
sojae, whereas both chemotactic signal molecules and substances that can dissolve cysts in common bean seed exudates act on P.
sojae.

As a membrane protein with an important signal transduction function, G protein of P. sojae has been widely studied. G protein is
involved in the regulation of zoospore chemotaxis to iso�avones in soybean seed exudates (Hua et al. 2015; Zhang et al. 2020). In this
experiment, the expression of the G protein α subunit almost did not change during the response of zoospores to nonhost seed exudates.
The G protein α subunit showed 1.24- and 1.16-fold upregulation in zoospores in response to susceptible and resistant soybean seed
exudates, respectively (Zhang et al. 2020). But host and nonhost seed exudates had no signi�cant difference in the degree of promotion.
However, host and nonhost seed exudates exerted quite different effects on zoospore behaviors. It has been speculated that the G
protein α subunit regulates the behavior of zoospores through protein modi�cation rather than the expression level. We also found that
PI4K, a key protein of the phosphatidylinositol signalling pathway that is also involved in signal transduction, showed 2.71-fold
upregulation in response to maize seed exudates. But 13.63-fold and 5.05-fold upregulation of PI4K was found in response to
susceptible and resistant soybean seed exudates, respectively (Zhang et al. 2020). This �nding suggests that PI4K might transmit
different signals from host and nonhost seed exudates through different expression levels. Maize, susceptible soybean and resistant
soybean seed exudates signi�cantly upregulated Ca2+ channel proteins in zoospores by 1.33-fold, 1.36-fold and 1.29-fold, respectively.
This �nding indicated that Ca2+ channel proteins are involved in the identi�cation of zoospores to host and nonhost by expression
multiples. The responses of zoospores to host and nonhost seed exudates signi�cantly downregulated cellulose-degrading enzymes and
promoted cell wall formation, which was consistent with the signi�cant promotion of encystment obtained after treating with host and
nonhost seed exudates (Zhang et al. 2020).

The response of P. sojae to nonhost seed exudates destroys the immune function. Pyruvate, phosphodikinase and acetyl-CoA
carboxylase were downregulated and inhibited the metabolic process, which are the key proteins in leucine, isoleucine and valine
metabolism. Thus, the biosynthesis of macrolides and type II polyketide skeletons, which serve important roles in immunity and
pathogenicity, was also inhibited (Adusumilli et al. 2010). In response to nonhost seed exudates, key proteins in zoospores that
participate in fatty acid metabolism, unsaturated fatty acid biosynthesis and biotin metabolism were upregulated. Beauveria bassiana
can reduce the external oxidative pressure from plants by increasing lipid catabolism and sugar metabolism function to protect DNA and
enzymes from being damaged by external pressure (Zhang et al. 2016a). This �nding indicates that some substances in nonhost seed
exudates play a role in nonhost resistance through putting oxidative pressure on zoospores. The secondary metabolites salicylic acid
and ferulic acid in seed exudates also participate in nonhost resistance (Nelson 2004). It is necessary to identify the substances in maize
and common bean seed exudates that act in nonhost resistance against P. sojae.

The upregulation proteins in zoospores responding to common bean seed exudates participate in carbon metabolism, sulphur
metabolism, amino acid synthesis and glycine-serine-threonine-methionine-cysteine metabolism. Many fungicides affect the carbon
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metabolism process of pathogens through the above processes (Wang et al. 2016). During the response of zoospores to nonhost seed
exudates, glutathione-Px and glutathione-S-transferase are downregulated, resulting in the inhibition of GSH oxidation process, the
enhancement of glutathione reduction process and the increasing glutathione to mediate nonhost resistance. Previous studies have
found that the content of glutathione in Fusarium oxysporum (Cohen et al. 1986) and Phytophthora infestans (Ellner 1990) increases
after treating with fungicides. Glutathione and its metabolites act as detoxi�cation and free radical-scavenging substances in cells to
protect important proteins from oxidation and ensure energy metabolism.

In this experiment, the key protein of AA metabolism was downregulated in zoospores responding to maize seed exudates, which led to a
decrease in the cAMP concentration. This change is involved in regulating the repellence of zoospores to maize seed exudates. The
concentration of cAMP was closely related to the process of protein phosphorylation (Randall et al. 2005). Therefore, The pathogenicity
might was affectted by the decreasing in the concentration of the second messenger cAMP in zoospores of P. sojae after treating with
maize seed exudates. In response to maize seed exudates, key proteins of zoospores involved in fatty acid metabolism and synthesis
were upregulated: These effects included phosphorylation, acetylation and deacetylation of a large number of proteins (Sun et al. 2017).
Protein modi�cation might also be related to the pathogenicity, recognition and selectivity of P. sojae to maize seed exudates. Further
research will investigate the function of these proteins in the response of zoospores to nonhost seed exudates.

All the above-described results indicated that nonhost seed exudates are involved in mediating part of nonhost resistance via different
mechanisms prior to P. sojae infection. The immune response of maize to P. sojae is due to the repellent effect of maize seed exudates
on zoospores, and this response involves the downregulation of the key proteins in the AA pathway. Common bean seed exudates
participate in mediating nonhost resistance by dissolving cysts, and this effect is manifested by the downregulation of proteins that
protect the cell membrane structure in zoospores.

Abbreviations
TMT Tandem mass tag

PRM Parallel reaction monitoring

EGFP Enhanced green �uorescent protein

HR Hypersensitive reaction

GTP Guanosine triphosphate

cAMP Cyclic adenosine monophosphate

MAPK Mitogen-activated protein kinase

iTRAQ Isobaric tags for relative and absolute quantitation

EGFP Enhanced green �uorescent protein

HPLC High-performance liquid chromatography

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes

UPLC Ultra performance liquid chromatography

NSI Nanoelectrospray ionization

MS mass spectrometry

NCE Normalized collision energy

AGC Automatic gain control



Page 10/17

AA Arachidonic acid

PI4K Phosphatidylinositol 4-kinase

PLA2 Phospholipase A2

PGD2 Prostaglandin prostaglandin D2

cGMP Cyclic guanosine monophosphate

PKC Protein kinase C

(ATP) Adenosine triphosphate

PPI Protein-protein interaction

MBOA 6-Methoxy-2-benzoxazolinone

BZO benzothiazole

Declarations

Con�ict of Interest:
The authors declared that they have no con�ict of interest.

Author contributions
All authors contributed to the study conception and design. Material preparation, data collection and analysis were mainly performed by
Zhuoqun Zhang, Yifan Zhao, Tai An, Haixu Liu, Xiangqi Bi, Han Yu, Ying Xu, Yufei Chen, and Zhiyue Yang. The �rst draft of the
manuscript was written by Zhuoqun Zhang with help from Jingzhi Wen, and all authors commented on previous versions of the
manuscript. All authors read and approved the �nal manuscript.

Acknowledgments
Thanks for the technical support and bioinformatics analysis of PTB BioLabs. This research was supported by the National Natural
Science Foundation of China [Grant Numbers 32071637 and 31670444] to Jingzhi Wen.

References
Adusumilli S, Armand M, Sparer T, Meyers W, Hayman JA, Small PLC (2010) Mycobacterium ulcerans toxic macrolide, mycolactone
modulates the host immune response and cellular location of M. ulcerans in vitro and in vivo. Cell Microbiol 7: 1295-1304.
http://doi.org/10.1111/j.1462-5822.2005.00557.x.

Baker EA, Smith IM (2010) Antifungal compounds in winter wheat resistant and susceptible to Septoria nodorum. Ann Appl Biol 87: 67-
73. http://doi.org/10.1111/j.1744-7348.1977.tb00660.x.

Barz W, Mackenbrock U (1994) Constitutive and elicitation induced metabolism of iso�avones and pterocarpans in chickpea (Cicer
arietinum) cell suspension cultures. Plant Cell Tiss Org 38: 199-211. http://doi.org/10.1007/BF00033878.

Cammue BP, De Bolle MF, Terras FR, Proost P, Van Damme J, Rees SB, Vanderleyden J, Broekaert WF (1992) Isolation and
characterization of a novel class of plant antimicrobial peptides form Mirabilis jalapa L. seeds. J Biol Chem 267: 2228-2233.
https://doi.org/10.1016/j.toxicon.2007.05.005.

https://doi.org/10.1016/j.toxicon.2007.05.005


Page 11/17

Chen L, Shen D, Sun N, Xu J, Wang W, Dou D (2014) Phytophthora sojae TatD nuclease positively regulates sporulation and negatively
regulates pathogenesis. Mol Plant-Microbe In 27: 1070-1080. http://doi.org/10.1094/mpmi-05-14-0153-r.

Cohen E, Gamliel A, Katan J (1986) Glutathione and glutathione-S-transferase in fungi: Effect of pentachloronitrobenzene and 1-chloro-
2,4-dinitrobenzene; Puri�cation and characterization of the transferase from Fusarium. Pestic Biochem and Phys 26: 1-9.
http://doi.org/10.1016/0048-3575(86)90056-8.

Couture RM, Routley DG, Dunn GM (1971) Role of cyclic hydroxamic acids in monogenic resistance of maize to Helminthosporium
turcicum. Physiol Mol Plant P 1: 515-521. http://doi.org/10.1016/0048-4059(71)90013-0.

Davison EM (1998) Phytophthora diseases worldwide. Plant Pathol 47: 224-225. http://doi.org/10.1046/j.1365-3059.1998.0179a.x.

Deason JW, Saxena G (1998) Germination triggers of zoospores cysts of Aphanomyces euteiches and Phytophthora parasitica. Mycol
Res 102: 33-41. http://doi.org/10.1017/S0953756297004358.

El-Gali ZI (2015) In�uence of seeds and roots extracts and exudates of bean plant on growth of some pathogenic fungi. Open Access
Library J 2: 1-10. http://doi.org/10.4236/oalib.1101666.

Ellner H (1990) In�uence of antifungal compounds on the glutathione content of Phytophthora infestans (Mont) Debary. Archiv für
Phytopathol und P�anzenschutz 26: 201-204. http://doi.org/10.1007/BF02098392.

Feng J, Han L, Fan R, Chen C, Zhang X (2012) Effects of cuminic acid on the growth and development of Phytophthora capsici Leonian.
Sci Agricul Sin 45: 2628-2653. http://doi.org/10.3864/j.issn.0578-1752.2012.13.007.

Grenville-Briggs LJ, Avrova AO, Bruce CR, Williams A, Whisson SC, Birch PRJ, van West P (2005) Elevated amino acid biosynthesis in
Phytophthora infestans during appressorium formation and potato infection. Fungal Genet and Biol 42: 244-256.
http://doi.org/10.1016/j.fgb.2004.11.009.

Hua C, Yang X, Wang Y (2015) Phytophthora sojae and soybean iso�avones, a model to study zoospore chemotaxis. Physiol Mol Plant P
92: 161-165. http://doi.org/10.1016/j.pmpp.2015.05.003.

Kha�zov K, Lattanzi G, Carloni P (2009) G protein inactive and active forms investigated by simulation methods. Proteins 75: 919-930.
http://doi.org/10.1002/prot.22303.

Li L, Yang M, Cui R, Song C, Wen J (2012) Transformation and expression of enhanced green �uorescent protein gene in Phytophthora
sojae. Acta Phytophylacica Sin 39: 59-60. http://doi.org/10.13802/j.cnki.zwbhxb.2012.01.008.

Liu J, Baloucoune GA, Chun L (2012) Palmitoylation modi�cation regulates G-protein-coupled receptors effects. Chin J Biochem Mol Biol
28: 99-107. http://doi.org/10.13865/j.cnki.cjbmb.2012.02.007.

Ma Z, Chen H, Meng M, Qu Y, Hu J (2016) Effect of corn, wheat and soybean root exudates on Fusarium oxysporum infecting potato.
Chin Potato J 30: 235-239. http://doi.org/10.3969/j.issn.1672-3635.2016.04.008.

Morris PF, Ward EWB (1992) Chemoattraction of zoospores of the soybean pathogen, Phytophthora sojae, by iso�avones. Physiol Mol
Plant P 40: 17-22. http://doi.org/10.1016/0885-5765(92)90067-6.

Niemeyer HM (1988) Hydroxamic acids (4-hydroxy-1,4-benzoxazin-3-ones), defence chemicals in the gramineae. Phytochemistry 27:
3349-3358. http://doi.org/10.1016/0031-9422(88)80731-3.

Nelson EB (2004) Microbial dynamics and interactions in the spermosphere. Annual Review of Phytopathol 42: 271-309.
http://doi.org/10.1146/annurev.phyto.42.121603.131041.

Penington CJ, Iser JR, Grant BR, Gayler KR (1989) Role of RNA and protein synthesis in stimulated germination of zoospores of the
pathogenic fungus Phytophthora palmivora. Experiment Mycol 13: 158-168. http://doi.org/10.1016/0147-5975(89)90021-2.

Randall TA, Dwyer RA, Huitema E, Beyer K, Cvitanich C, Kelkar H, Fong A, Gates K, Roberts S, Yatzkan E (2005) Large-scale gene discovery
in the oomycete Phytophthora infestans reveals likely components of phytopathogenicity shared with true fungi. Mol plant-microbe in
18: 229-243. http://doi.org/10.1094/MPMI-18-0229.

https://pubag.nal.usda.gov/?f%5bjournal_name%5d%5b%5d=Archiv+fu%CC%88r+Phytopathologie+und+Pflanzenschutz&f%5bpublication_year_rev%5d%5b%5d=7987-2013&f%5bsource%5d%5b%5d=2013+v.46+no.20


Page 12/17

Rose TL, Conceição ADS, Xavier-Filho J, Okorokov L, Fernandes K, Marty F, Marty-Mazars D, de Olverira Carvalho A, Gomes VM (2006)
Defense proteins from Vigna unguiculata seed exudates: Characterization and inhibitory activity against Fusarium oxysporum. Plant
Soil 286: 181-191. http://doi.org/10.1007/s11104-006-9036-0.

Schmittenner AF (1985) Problems and progress in control of Phytophthora root rot of soybean. Plant Dis 69: 362-368.
http://doi.org/10.1094/PD-69-362.

Sui Z, Huang J, Ma Z, Shi X, Xie J, Wen J (2010) Evaluation of resistant genes to phytophthora root and stem rot in soybean from Jilin
and Liaoning provinces. Chin J Oil Crop Sci 32: 094-098. http://doi.org/10.1136/ard.2010.144980.

Sun X, Li Z, Liu H, Yang J, Liang W, Peng Y, Huang J (2017) Large-scale identi�cation of lysine acetylated proteins in vegetative hyphae
of the rice blast fungus. Sci Rep-UK 7: 15316-15416. http://doi.org/10.1038/s41598-017-15655-4.

Tani S, Kim KS, Judelson HS (2005) A cluster of NIF transcriptional regulators with divergent patterns of spore-speci�c expression in
Phytophthora infestans. Fungal Genet Biol 42: 42-50. http://doi.org/10.1016/j.fgb.2004.09.005.

Taylor RD, Saparno A, Blackwell B, Anoop V, Gleddie S, Tinker N, Harris LJ (2008) Proteomic analyses of Fusarium graminearum grown
under mycotoxin-inducing conditions. Proteomics 8: 2256-2265. http://doi.org/10.1002/pmic.200700610.

Tyler BM, Wu M, Wang J, Morris PF (1996) Chemotactic preferences and strain variation in the response of Phytophthora sojae
zoospores to host iso�avones. Appl Environ Microb 62: 2811-2817. http://doi.org/10.1006/anae.1996.0035.

Tyler BM (2002) Molecular basis of recognition betwween phytophthora pathogens and their hosts. Annu Rev Phytopathol 40: 137-167.
http://doi.org/10.1146/annurev.phyto.40.120601.125310.

Wang H, Wang J, Chen Q, Wang M, Hsiang T, Shang S, Yu Z (2016) Metabolic effects of azoxystrobin and kresoxim-methyl against
Fusarium kyushuense examined using the Biolog FF MicroPlate. Pestic Biochem Phys 130: 52-58.
http://doi.org/10.1016/j.pestbp.2015.11.013.

Wang Y, Li A, Wang X, Zhang X, Zhao W, Dou D, Zheng X, Wang Y (2009) GPR11, a putative seven-transmembrane G protein-coupled
receptor, controls zoospore development and virulence of Phytophthora sojae. Eukaryot Cell 9: 242-250.
http://doi.org/10.1128/EC.00265-09.

Ye W, Li A, Wang X, Wang Y (2016) Identi�cation and transcriptional analysis of the MAPK genes in Phytophthora sojae. Acta
Phytopathol Sin 46: 338-346. http://doi.org/10.13926/j.cnki.apps.2016.03.007.

Ye W, Wang Y, Dong S, Tyler BM, Wang Y (2013) Phylogenetic and transcriptional analysis of an expanded bZIP transcription factor
family in Phytophthora sojae. BMC Genomics 14: 839. http://doi.org/10.1186/1471-2164-14-839.

Zhang C, Wang W, Lu R, Jing S, Chen Y, Fan M, Huang B, Li Z, Hu F (2016a) Metabolic responses of Beauveria bassiana to hydrogen
peroxide-induced oxidative stress using an LC-MS-based metabolomics approach. J Invertebr Pathol 137: 1-9.
http://doi.org/10.1016/j.jip.2016.04.005.

Zhang H, He Y, Wu J, Yang Y, Zheng K, Yang M, Zhu S, He X, Zhu Y, Liu Y (2019) Inhibitory activity of antifungal substances in maize root
exudates against Phytophthora sojae. Plant Protect 45: 124-130. http://doi.org/10.16688/j.zwbh.2018487.

Zhang L, Fang Y, Ji S, Jiao Y, Liao J, Li J, Deng W. Zhu S, Yin J, Yang M (2015) Inhibitory activity of maize root exudates against
Phytophthora nicotianae and antifungal compounds analysis. Chin J Biol Control 31: 115-122. http://doi.org/10.16409/j.cnki.2095-
039x.2015.01.016.

Zhang X, Zhai C, Hua C, Qiu M, Hao Y, Nie P, Ye W. Wang Y (2016b) PsHint1, associated with the G-protein α subunit PsGPA1, is required
for the chemotaxis and pathogenicity of Phytophthora sojae. Mol Plant Pathol 17: 272-285. http://doi.org/10.1111/mpp.12279.

Zhang Z, Liu H, Bi X, Yu H, Xu Y, Chen Y, Yang Z, Wen J (2020) Differential response of Phytophthora sojae zoospores to soybean seed
exudates provides evidence of seed exudates participate in host resistance. Plant Soil 452: 601-614. http://doi.org/10.1007/s11104-020-
04607-z.

http://doi.org./


Page 13/17

Zuo Y, Kang Z, Huang L, Han Q (2005) Cytology on infection process of soybean hypocotyls by Phytophthorasojae. Acta Phytopathol Sin
35: 235-241. http://doi.org/0412-0914(2005)03-0235-07.

Figures

Figure 1

(a) Number of Phytophthora sojae zoospores attracted by seed exudates of nonhost maize and common bean. (b) Effects of the two
seed exudates on the cysts formation of Phytophthora sojae. Maize and common bean refer to the maize and common bean seed
exudate treatments, respectively. Different letters indicate signi�cant differences in the number of zoospores and in the rate of cyst
formation among the different treatments at the same time at a signi�cance level of 0.05.

Figure 2

Intact cysts were observed after 2 h of the CK (a) and maize seed exudate (b) treatments, whereas dissolved cysts were found after 2 h
of treatment with common bean seed exudates (c). The blue arrows point to intact cysts, and the red arrows indicate dissolved cysts.
Maize and common bean indicate the common bean and maize seed exudate treatments, respectively.
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Figure 3

Volcano plot of differentially expressed proteins in Phytophthora sojae zoospores in response to maize and common bean seed
exudates. The red and blue dots indicate upregulated and downregulated proteins (fold change greater than 1.3), respectively, after
maize or common bean seed exudate treatments. The yellow dots indicate some key proteins that are mentioned in the text to explain
the mechanisms involved in the response of zoospores to seed exudates. Maize and common bean indicate the common bean and
maize seed exudate treatments, respectively.

Figure 4

Distribution of biological processes, cellular components and molecular functions associated with the differentially expressed proteins
in Phytophthora sojae zoospores in response to nonhost maize and common bean seed exudates. A differentially expressed protein was
de�ned as a protein showing a fold change greater than 1.3 and a signi�cance P-value < 0.05.
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Figure 5

Enrichment of metabolic pathways involving the differentially expressed proteins in Phytophthora sojae zoospores in response to maize
(a) and common bean (b) seed exudates. Maize and common bean indicate the common bean and maize seed exudate treatments,
respectively.

Figure 6

Schematic diagram of the G protein signal and arachidonic acid metabolism pathways in Phytophthora sojae zoospores. The red and
green text indicates upregulated and downregulated proteins in zoospores in response to maize seed exudates, respectively. PI:
phosphatidylinositol; PIP: phosphatidylinositol phosphate; PIP2: phosphatidylinositol diphosphate; PLC: phospholipase C; IP3: inositol
triphosphate; DAG: diacylglycerol; DGK: diacylglycerol kinase; PA: phosphatidic acid; PLA2: phospholipase A2; AA: arachidonic acid;
PGD2: prostaglandin D2; PKC: protein kinase C.
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Figure 7

Schematic diagram of starch and sucrose metabolism, degradation of valine and isoleucine and glutathione metabolism in
Phytophthora sojae zoospores. The red and green text indicates upregulated and downregulated proteins in zoospores in response to
common bean seed exudates, respectively.

Figure 8

Protein-protein interaction (PPI) network of the differentially expressed proteins in zoospores in response to seed exudates of maize (a)
and common bean (b). The orange points indicate the upregulated proteins, and the blue points indicate the downregulated proteins. The
processes in which the proteins in each circle participate are shown in red text.
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