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SUMMARY

Rsv1, a single dominant resistance locus in soybean, confers

extreme resistance to the majority of Soybean mosaic virus

(SMV) strains, but is susceptible to the G7 strain. In Rsv1-geno-

type soybean, G7 infection provokes a lethal systemic hypersen-

sitive response (LSHR), a delayed host defence response. The

Rsv1-mediated LSHR signalling pathway remains largely

unknown. In this study, we employed a genome-wide investiga-

tion to gain an insight into the molecular interplay between SMV

G7 and Rsv1-genotype soybean. Small RNA (sRNA), degradome

and transcriptome sequencing analyses were used to identify dif-

ferentially expressed genes (DEGs) and microRNAs (DEMs) in

response to G7 infection. A number of DEGs, DEMs and micro-

RNA targets, and the interaction network of DEMs and their tar-

get mRNAs responsive to G7 infection, were identified. Knock-

down of one of the identified DEGs, the eukaryotic translation

initiation factor 5A (eIF5A), diminished the LSHR and enhanced

viral accumulation, suggesting the essential role of eIF5A in the

G7-induced, Rsv1-mediated LSHR signalling pathway. This work

provides an in-depth genome-wide analysis of high-throughput

sequencing data, and identifies multiple genes and microRNA

signatures that are associated with the Rsv1-mediated LSHR.
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INTRODUCTION

To protect themselves against pathogen attack, plants have

evolved a complex innate immune system that consists of two

interconnected tiers of receptors, i.e. pattern recognition receptors

(PRRs) and nucleotide-binding site leucine-rich repeat (NBS-LRR)

receptors, to modulate plant response to microbial infections

(Dangl et al., 2013; Mandadi and Scholthof, 2013; Mukhtar et al.,

2011; Nicaise, 2014). The extracellular PRRs recognize and

respond to evolutionarily conserved pathogen- or microbial-

associated molecular patterns (PAMPs or MAMPs) to trigger the

first layer of resistance, termed PAMP-triggered immunity (PTI)

(Boller and He, 2009). PTI is able to halt the further colonization

of the majority of potential pathogens. Successful pathogens

deploy variable pathogen molecules that can interfere with PTI.

This process allows the pathogen to establish a successful infec-

tion, and is referred to as effector-triggered susceptibility (ETS). In

response, plants have developed a counter defence layer that is

activated by single dominant resistance (R) gene products which

directly or indirectly sense the presence of a specific pathogen by

their effector, termed an avirulence factor (Avr). This leads to a

stage called effector-triggered immunity (ETI). Most R gene-

encoded proteins belong to the extremely polymorphic superfam-

ily of NBS-LRRs. ETI activates much more rapidly and strongly

than PTI, and triggers a hypersensitive response (HR), which inhib-

its the spread of pathogen at the infection site, resulting in plant

disease resistance (Boller and He, 2009; Jones and Dangl, 2006).

Although it mainly derives from studies of non-viral infections, the

two-tier immunity concept, particularly ETI, is considered to be an

essential antiviral mechanism in plants, in addition to RNA silenc-

ing. It is well established that plants combat viral pathogens

through their NBS-LRR domain-containing resistance proteins,

which interact with viral effectors to activate the ETI responses

(Jones and Dangl, 2006; Mandadi and Scholthof, 2013; Nicaise,

2014). Recently, PTI has also been proposed to be part of antiviral

immunity in plants (Kørner et al., 2013). Regardless of the type of

pathogen, the ETI responses and, to a lesser extent, the PTI

responses are often associated with HR (Jones and Dangl, 2006).

Perturbation of Avr or R genes, a change in the genetic back-

ground of the R gene-carrying plant, the prevention of salicylic

acid accumulation in the R-genotype plant or a temperature shift

can cause a virus to escape to distant tissues, inducing systemic

HR (SHR) in resistant tissues (Chen et al., 1994; Culver et al.,

1991; Delaney et al., 1994; Dinesh-Kumar et al., 2000; Hall, 1980;

Lanfermeijer et al., 2003; Moury et al., 1998). SHR may result in*Correspondence: Email: Aiming.Wang@AGR.GC.CA
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the death of the plant, which is termed lethal SHR (LSHR)

(Hajimorad and Hill, 2001; Hajimorad et al., 2003; Seo et al.,

2009). Therefore, LSHR has been suggested to be a delayed HR.

Soybean mosaic virus (SMV), belonging to the potyvirus group

in the Potyviridae family, is the most prevalent viral pathogen in

soybean [Glycine max (L.) Merr.]. Based on their differential

responses to a set of susceptible and resistant soybean cultivars,

SMV isolates in North America may be classified into seven dis-

tinct strains (G1–G7) (Cho and Goodman, 1979). Of the three

independent dominant resistance loci (Rsv1, Rsv3 and Rsv4) iden-

tified from soybean thus far, Rsv1 probably comprises one or

more members of the NBS-LRR gene family (Zhang et al., 2012).

Rsv1-genotype soybean confers extreme resistance to the majority

of SMV strains, except G7. Infection by G7 provokes an Rsv1-

mediated LSHR, and the symptoms usually appear 14 days after

inoculation. LSHR is associated with the up-regulation of the

pathogenesis-related 1 (PR1) gene transcript and breakdown of

ARGONAUTE1 (AGO1) homeostasis (Chen et al., 2015; Chowda-

Reddy et al., 2011; Hajimorad and Hill, 2001; Hajimorad et al.,

2005; Yu et al., 1994). Although the strain-specific P3 protein of

SMV has been identified as an elicitor of Rsv1-mediated LSHR, the

host components of the Rsv1-mediated LSHR signalling pathway

still largely remain unknown.

Over the past decade, genomics approaches, including the

recently developed next-generation sequencing (NGS) technolo-

gies, have been extensively employed to evaluate global gene

expression changes in plants in response to viral infections

(Babu et al., 2008; Bilgin et al., 2008; Du et al., 2011; Garcia-

Marcos et al., 2009; Mochizuki et al., 2014; Yang et al.,

2007). In addition to the transcriptome, microRNAs (miRNAs)

have also been profiled in virus-infected plants. miRNAs are

single-stranded, non-coding RNAs with critical functions across

a wide variety of biological processes, such as the maintenance

of genome integrity, development and feedback mechanisms,

as well as various biotic and abiotic stress responses

(Baulcombe, 2004; Ding and Voinnet, 2007; Meister, 2013;

Sunkar et al., 2012). miRNA not only regulates the expression

of endogenous genes, but is also indispensable for innate

immunity in plants. Accumulated evidence proves that viral

infections are often associated with alterations in endogenous

miRNA levels and their target mRNA accumulation (Bazzini

et al., 2009; Du et al., 2011; Pradhan et al., 2015; Romanel

et al., 2012). For example, AGO1 mRNA and miR168 are up-

regulated by infections with several RNA viruses. MiR168 is

also involved in the regulation of the virally inducible AGO18

in response to diverse viruses in rice (Chen et al., 2015;

Havelda et al., 2008; V�arallyay et al., 2010; Wu et al., 2015;

Zhang et al., 2006). In soybean, 573 miRNA precursors and

639 mature miRNAs have been identified from different devel-

opmental stages and tissues, as well as various biotic and abi-

otic stress-treated tissues (Shamimuzzaman and Vodkin, 2012;

Xu et al., 2013; Yin et al., 2013; Zhai et al., 2011). Some of

these miRNAs have been implicated in pathogen infections and

nodule organogenesis in soybean (Wang et al., 2014; Wong

et al., 2014; Yin et al., 2013). In soybean-related Medicago,

miRNA has been suggested to be a master regulator of the

plant NBS-LRR defence gene family via the production of

phased, trans-acting small interfering RNAs (siRNAs) (Zhai

et al., 2011). These data suggest potential roles of miRNA in

SMV G7-provoked Rsv1-mediated LSHR.

As LSHR is a type of delayed HR, a better understanding of

LSHR would provide new insights into the HR signalling pathway

that is mediated by R genes, ETI and PTI. In this study, small RNA

sequencing (sRNA-seq), degradome sequencing (degradome-seq)

and transcriptome sequencing (transcriptome-seq) analyses were

employed to identify differentially expressed genes (DEGs) and

miRNAs (DEMs) that are specifically up-regulated or down-

regulated by SMV G7 infection.

RESULTS

An overview of deep sequencing datasets

To gain an insight into the HR signalling network, we conducted

genome-wide analyses of sRNA-seq, degradome-seq and

transcriptome-seq to identify genes and miRNAs that may regu-

late the Rsv1-mediated LSHR provoked by G7 infection. RNA-seq

yielded a total of 5 542 824 and 6 406 830 reads from mock- and

G7-inoculated plants, respectively. For sRNA-seq, the mock sam-

ple produced 5 778 554 reads and the G7 sample generated 5

937 675 reads. As shown in Table S1A,B (see Supporting Informa-

tion), approximately 80% (RNA-seq) and over 42% (sRNA-seq)

reads matched perfectly to the soybean genome. This resulted in

more than 3.7 million and 1.2 million distinct genome-matched

RNA sequences and sRNA sequences per library. The RNA and

sRNA sequences from each library were also mapped to the soy-

bean chromosomes (Table S1A,B).

In order to enable the large-scale examination of miRNA-

guided cleavage products and to validate the predicted mRNA

targets by miRNAs, we constructed and sequenced degradome

libraries for the G7 and mock-inoculated control samples. A total

of 70 626 197 degradome sequences were obtained, and approxi-

mately 40% (over 14 million per sample) of the sequences

matched perfectly to the soybean genome, resulting in more than

4.4 million genome-matched degradome-seq reads per library.

The degradome-seq reads were also mapped to each soybean

chromosome (Table S1C).

Transcriptional response to G7 infection

To identify host components of the Rsv1-mediated LSHR signalling

pathway induced by SMV G7 infection, DEGs in response to SMV
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inoculation with the G7 strain were identified and compared with

those of the mock control. A total of 906 genes, including two

new genes, showed at least a two-fold expression change in the

G7-infected leaf sample compared with the mock-inoculated con-

trol [up-regulated, log2(fold change, FC)�11.0; down-regulated,

log2(FC)�21.0; Table S2 (see Supporting Information) and Fig.

1A]. Of these DEGs, 318 were up-regulated and 588 were down-

regulated (Fig. 1B).

Gene ontology (GO) and enrichment analysis were performed

using the GO database (www.pantherdb.org and www.soybase.

org) to gain further insights into the biological relevance of these

DEGs in response to SMV inoculation. Amongst the up-regulated

DEGs were those involved in ‘DNA replication initiation’

(GO:0006270), ‘Protein complex assembly’ (GO:0006461) and ‘Oxy-

lipin biosynthesis/metabolism’ (GO:0031408, GO:0031408), which

were all enriched by more than five-fold (P< 0.005, Table S2). The

down-regulated genes included those involved in ‘Regulation of

photosynthesis’ (GO:0010109), ‘Chloroplast localization’

(GO:0019750) and ‘Photosystem II stabilization’ (GO:0042549),

which were likewise enriched by more than five-fold (P< 0.005,

Table S2). G7 infection differentially regulated 119 genes that were

predicted to play a role in ‘Defence response’ (GO:0006952) (Table

S3, see Supporting Information), suggesting possible roles of

defence-related genes in G7 pathogenesis in Rsv1-genotype soy-

bean and Rsv1-mediated LSHR. Further breakdown of these

defence genes based on their predicted molecular function revealed

eight encoding proteins with transcription factor (TF) activity, 14

with ATP/ADP activity and 14 with nucleotide binding activity.

Genes with protein binding and ion binding activity were the larg-

est categories with 35 genes (Fig. S1, see Supporting Information).

Fig. 1 Global transcriptional response to G7 infection in Rsv1-genotype soybean (PI96983). (A) At 14 days after inoculation, Soybean mosaic virus (SMV) G7-

infected plants had 906 differentially expressed genes (DEGs) compared with mock-inoculated plants. The heat map depicts these 906 genes and presents a detailed

view of the genes within the two branches. Colours indicate the log2 fold changes (FCs) in G7-infected plants relative to mock-inoculated plants according to the

average normalized signal values. Red denotes up-regulation and blue indicates down-regulation. Significance was determined using a fold change threshold of at

least two. (B) Venn diagram of significant up-regulated and down-regulated DEGs by G7 infection relative to the mock-inoculated control. Of the 906 DEGs, 318

were up-regulated and 588 were down-regulated.
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miRNA regulation in response to SMV G7 infection

Genome-wide profiling of miRNAs revealed that 84 miRNAs, includ-

ing two originating from the same predicted precursor (25p and

23p), representing 41 families, were differentially regulated by at

least a two-fold change in G7-infected soybean compared with the

mock-inoculated control [up-regulated, log2(FC)�11.0; down-

regulated, log2(FC)�21.0; Table S4 (see Supporting Information)

and Fig. 2A]. Amongst these DEMs, 37 miRNAs were significantly

up-regulated and 47 were down-regulated compared with the

mock-inoculated control (Fig. 2B). Numerous miRNAs are known to

play a role in the plant’s defence response to viral infection. miR160

and miR393 have been suggested to be involved in the soybean

defence response to SMV infection by the SC7 isolate from China

(Yin et al., 2013). Here, miR160a-3p was up-regulated, but miR393

(h/i/j/k) was significantly down-regulated, in response to G7 infection

(Table S4). Many members of miR156 (p/q/r/s/t) and miR171 (c/k/l/

m/n/p/t) families were also highly responsive to SMV G7 infection

(Table S4). In the miR156 family, miR156r was up-regulated in

response to infection, whereas the four other members (p/q/s/t)

were remarkably down-regulated. miR2118a/b-5p, known to target

NBS-LRRs, was also highly up-regulated after G7 infection (Table

S4). Together, these results demonstrate that the analysis is capable

of identifying known, as well as novel, miRNAs that may play a role

in LSHR brought on by G7 infection in Rsv1-genotype soybean.

Validation of SMV-responsive genes and miRNAs

In order to validate NGS data, 12 DEGs (nine up-regulated and

three down-regulated), which may play a role in plant defence

Fig. 2 Differentially expressed microRNAs (DEMs) in response to G7 infection in Rsv1-genotype soybean (PI96983). (A) At 14 days after inoculation, Soybean mosaic

virus (SMV) G7-infected plants had 84 DEMs compared with mock-inoculated plants. The heat map represents these miRNAs as well as a detailed view of the DEMs

from the two branches. Colours indicate the log2 fold changes (FCs) in G7-infected plants relative to mock-inoculated controls according to the average normalized

signal values. All down-regulations are indicated with a negative sign and are shown in blue. All up-regulations are shown in red. Significance was determined using

a fold change threshold of at least two. (B) Venn diagram of significant up-regulated and down-regulated DEMs by G7 infection relative to mock-inoculated control.

Of the 84 DEMs, 37 were up-regulated and 47 were down-regulated.
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(Table S2), were selected for validation by reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) analysis. The

nine up-regulated DEGs included GLYMA07G01730 (stem 28-kDa

glycoprotein), GLYMA10G35871 (auxin down-regulated protein),

GLYMA11G05190 (calcium ATPase 2), GLYMA09G28310 (kunitz

family trypsin and protease inhibitor protein), GLYMA08G05810

(calcium-binding EF-hand family protein), GLYMA03G32830

(glycine-rich protein), GLYMA10G40990 (cyclin D3), GLY-

MA02G12520 (eukaryotic translation initiation factor 5A, eIF5A)

and GLYMA07G01740 (HAD superfamily, subfamily IIIB acid

phosphatase). The three down-regulated DEGs included GLY-

MA05G08590 (carbonic anhydrase 1), GLYMA03G42240 (thyla-

koid membrane phosphoprotein) and GLYMA04G06970 (14-kDa

proline-rich protein) (Fig. 3). The RT-qPCR data for the exemplar

genes largely matched the RNA-seq data (Fig. 3 and Table S2).

To validate the unique DEMs in response to G7 infection, the

accumulation of 12 top DEMs (six up-regulated and six down-

regulated) was validated by stem-loop RT-qPCR (Table S4 and Fig.

4). G7 infection enhanced the accumulation of miR5761a,

miR4416c, miR390b-5p, miR5786, miR397b-5p and miR1535b,

whereas miR5778, miR319i, miR169j-5p, miR159e-5p, miR4364a

and miR4405 were specifically down-regulated during G7 infec-

tion (Fig. 4). As with the RT-qPCR results and RNA-seq, these

results matched those obtained from sRNA-seq and thus lent

validity to the data obtained from the pooled sequencing.

Together, these data demonstrate the involvement of a group of

genes and miRNAs in G7 infection and the Rsv1-mediated LSHR.

Validation of the predicted target genes of miRNAs

by degradome-seq

To understand the potential regulatory roles of the detected SMV-

responsive miRNAs, G7 and mock-treated control degradome

libraries were constructed to identify the target genes of all

Fig. 3 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) validation of differentially expressed genes (DEGs) in response to G7 infection in

Rsv1-genotype soybean (PI96983). From the RNA sequencing analysis, 12 G7-responsive DEGs (nine up-regulated and three down-regulated) were selected for

validation by RT-qPCR analysis. The soybean Actin (GmACT11) gene was used as an internal control. Error bars represent mean 6 standard deviation (SD) and the

data are averages from three biological replicates. Asterisks indicate statistically significant differences compared with the mock control (Student’s t-test):

***P< 0.001.

eIF5A controls delayed hypersensitive response 395

VC 2016 HER MAJESTY THE QUEEN IN RIGHT OF CANADA MOLECULAR PLANT PATHOLOGY VC 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR

PLANT PATHOLOGY (2017) 18 (3 ) , 391–404



SMV-responsive miRNAs. The identified targets were classified

into five categories (0–4) based on the strength of the degradome

signals at the miRNA target sites, as described previously (Folkes

et al., 2012). A total of 169 transcripts were identified as potential

cleavage targets by 27 miRNA families (131 members) in which

two, 12, 83, 35 and 146 transcripts (including multiple targets)

fell into categories 0–4, respectively (Table S5, see Supporting

Information).

Among these potential targets, many were associated with

various signalling pathways in the plant response to biotic and

abiotic stress. Glyma13g29320 (auxin response factor 8), Gly-

ma08g04770 (jasmonate-zim-domain protein 3), Glyma09g24900

(HXXXD-type acyl-transferase family protein), Glyma12g07780

(cytosolic ascorbate peroxidase 2), Glyma05g09440 {disease

resistance protein [coiled coil (CC)-NBS-LRR class] family} and Gly-

ma18g14410 (photosystem II subunit P-1) transcripts were tar-

geted by miR167a, miR169a, miR171o, miR396b-3p, miR5374

and miR5668, respectively. These were also experimentally vali-

dated by RNA ligase-mediated rapid amplification of 50�cDNA

ends (RLM-50 RACE) assay to confirm the precise cleavage sites

(Fig. S2, see Supporting Information). These data support the pre-

dicted cleavage sites from the degradome-seq results.

Genome-wide data analysis reveals differentially

regulated genes that are possibly involved in the

Rsv1-mediated LSHR

RNA-seq analysis and RT-qPCR experimental results revealed the

association of a group of DEGs with G7 infection and the Rsv1-

mediated LSHR. Many of these DEGs may have roles as pivotal

regulators of the plant HR to pathogen infection (Table S2 and

Fig. 3). Based on their potential biological functions, some may

participate in the LSHR signalling pathway. The soybean eIF5A,

referred to as GmeIF5A in this study, showed strong up-regulation

Fig. 4 Stem-loop reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of differentially expressed microRNAs (DEMs) in response to G7

infection in Rsv1-genotype soybean (PI96983). The accumulation of 12 top DEMs (six up-regulated and six down-regulated) was validated by stem-loop RT-qPCR.

Soybean 18S rRNA was used as the internal control. Error bars represent mean 6 standard deviation (SD) and the data are averages from three biological replicates.

Asterisks indicate statistically significant differences compared with the mock control (Student’s t-test): *P< 0.05; **P< 0.01; ***P< 0.001; ns, not significant.
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after G7 infection at 14 days post-inoculation (dpi) in Rsv1-geno-

type soybean. In Arabidopsis, three isoforms of elF5A (AtelF5A-1,

AtelF5A-2 and AtelF5A-3) have been identified (Hopkins et al.,

2008; Wang et al., 2001), but very limited information about

eIF5A is available in soybean. We therefore examined the possible

involvement of eIF5A in G7 infection.

There are seven potential GmeIF5A genes in the soybean

genome (Fig. 5A). To determine whether the expression of other

GmeIF5A family members is also affected in response to G7 infec-

tion, a heat map was obtained using a log scale of the values of

read density (normalized read count per kilobase of exon model

per million reads) from the RNA-seq data (Fig. 5B). The expression

levels of these seven GmeIF5A genes were quantified by the read

density value (computed as the normalized read count per million

reads) from RNA-seq (Fig. 5C). All seven genes were up-

regulated, with GmeIF5A (GLYMA02G12520) showing the highest

expression in response to G7 infection (Fig. 5C). RT-PCR was per-

formed to monitor the expression levels of GmeIF5A in systemic

leaves at 0, 7, 14 and 21 dpi after SMV inoculation. The results

showed that GmeIF5A (GLYMA02G12520) was significantly

induced at 14 and 21 dpi (Fig. 5D).

Silencing of GmeIF5A in Rsv1-genotype soybean

inhibits LSHR induced by G7 infection

To investigate whether GmeIF5A is a key element involved in the

signal transduction pathway of Rsv1-mediated LSHR, we modified

a Bean pod mottle virus (BPMV)-based virus-induced gene silenc-

ing (VIGS) vector to silence the GmeIF5A gene in Rsv1-genotype

soybean (Kachroo and Ghabrial, 2012). The modified vector,

Fig. 5 Expression levels of GmelF5A induced by G7 infection. (A) Phylogenetic analysis of seven homologous soybean GmeIF5A genes. The numbers at the nodes

are percentages of bootstrap values (1000 replicates). The scale bar indicates 0.01 substitutions per nucleotide position. (B) Heat map displaying the hierarchical

clustering of the expression patterns of seven soybean eIF5A genes induced by Soybean mosaic virus (SMV) inoculation at 14 days post-inoculation (dpi). Colours

indicate the log-scaled value of the normalized read count per kilobase of exon model per million reads. (C) The RNA-seq read density of seven soybean GmeIF5A

genes induced by SMV inoculation compared with mock-inoculated plants. The read density value is the normalized read count per million reads. (D) The related

expression level of Glyma02g12520 in systemic leaves was validated by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis at 0, 7, 14

and 21 dpi after SMV inoculation. The soybean Actin (GmACT11) gene was used as an internal control. Error bars represent mean 6 standard deviation (SD) and the

data are averages from three biological replicates. Asterisks indicate statistically significant differences compared with the mock control (Student’s t-test):

***P< 0.001.
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introduced into Rsv1-genotype soybean, contained a 320-bp spe-

cific fragment of the open reading frame of GmeIF5A. At 21 dpi

(Fig. 6A), infection by the recombinant BPMV was verified by RT-

PCR (Fig. 6B). RT-qPCR results suggested that GmeIF5A mRNA

was significantly reduced in the soybean plants infected with the

BPMV vector containing a GmeIF5A VIGS construct, in comparison

with the plants bombarded with the empty vector control (Fig.

6C). Both GmeIF5A-silenced and vector control plants were then

challenged with G7. Unlike the vector control plants, necrosis

symptoms and LSHR were diminished in GmeIF5A-silenced soy-

bean (Fig. 7A). In order to gauge viral accumulation and HR, the

expression levels of the SMV coat protein (SMV-CP) and

pathogen-responsive HR marker gene PR1, respectively, were

measured with RT-qPCR. In contrast with the vector control

plants, the accumulation of SMV G7 RNA largely increased in the

GmeIF5A-silenced plants (Fig. 7B), indicating that silencing of

GmeIF5A enhanced susceptibility to infection by G7. Conversely,

the expression of PR1, a pathogen-responsive marker for HR, was

significantly reduced in the GmeIF5A-silenced soybean at 14 and

21 dpi (Fig. 7B).

To further examine the contribution of GmeIF5A to hydrogen

peroxide (H2O2) production during LSHR following G7 infection,

the infected systemic leaves on both GmeIF5A-silenced plants and

vector control plants were stained with diaminobenzidine (DAB)

and trypan blue at 21 dpi with G7. In contrast with the strong,

brown precipitate in the control plants, GmeIF5A-silenced leaves

were DAB negative (Fig. 7C). Trypan blue staining performed on

additional leaves from the plants showed a similar result (Fig. 7D).

These data suggest that GmeIF5A is an essential component of

the G7-induced, Rsv1-mediated LSHR signalling pathway in

soybean.

DISCUSSION

Viral infection induces vast transcriptional alterations in plants,

leading to diverse morphological changes and symptoms. In gen-

eral, defence-related genes, including the NBS-LRR gene family,

are up-regulated in infected plants, whereas photosynthesis-

related genes are often suppressed (Li et al., 2016). To gain an

insight into the Rsv1-mediated LSHR response initiated by G7

infection and to mine potential candidate targets for future study,

we conducted a genome-wide study of mRNA and miRNA regula-

tory changes following viral infection. In soybean carrying the

Rsv1 locus (where one or more NBS-LRR genes are located), infec-

tion with the G7 isolate of SMV induced the down-regulation of

588 genes and the up-regulation of 318 genes (Table S2). As

expected, genes down-regulated in response to G7 infection were

strongly and significantly enriched in biological processes associ-

ated with photosynthesis (GO:0042549, 0042548, 0043467,

0010109, 0019750, etc.; Table S2). In contrast, up-regulated DEGs

were similarly strongly enriched for DNA replication (GO:0006270,

0006261, 0071103) as well as oxylipin biosynthesis (GO:0031408)

and metabolism (GO:0031407). Oxylipins are acyclic or cyclic oxi-

dation products, derived from the catabolism of fatty acids, which

regulate many defence and developmental pathways in plants

(Creelman and Mulpuri, 2002). These data support the previously

described general transcriptional responses to viral infection and

lend credibility to the data obtained by our approach (Li et al.,

2016). More specifically, 119 genes with potential roles in

plant defence (GO:006952) were identified. In view of the essen-

tial role of this gene group in viral pathogenesis, these DEGs

responsive to G7 infection are probably involved in Rsv1-mediated

LSHR, and some key DEGs warrant more detailed studies. For

instance, a kunitz family trypsin and protease inhibitor protein

Fig. 6 Efficient silencing of GmeIF5A in Rsv1-genotype soybean (PI96983) by

a Bean pod mottle virus (BPMV)-based virus-induced gene silencing (VIGS)

vector. (A) Modified BPMV-based VIGS vector, containing a 320-bp fragment

specific to GmeIF5A, was used to silence the GmeIF5A gene in Rsv1 soybean.

At 21 days post-inoculation (dpi), mild BPMV viral symptoms developed on

the systemic leaves of plants inoculated with the vector containing the

GmeIF5A fragment. Vector, inoculated with the empty vector; BPMVR2:eIF5A,

inoculated with the BPMV-based VIGS vector targeting the GmeIF5A gene. (B)

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

analysis confirms vector infection in all samples. The eIF5a fragment is absent

from the vector-only control. The soybean Gme-EIF1b served as an internal

control for fragment specificity. (C) Following VIGS infection, the level of

GmeIF5A mRNA was detected by RT-qPCR in both the vector control and

GmeIF5A-silenced plant (1, 2). The soybean Actin (GmACT11) gene was used

as an internal control. Error bars represent mean 6 standard deviation (SD)

and the data are averages from three biological replicates. Asterisks indicate

statistically significant differences compared with the vector control (Student’s

t-test): ***P< 0.001.
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(GLYMA09G28310) and a chloroplast carbonic anhydrase (GLY-

MA05G08590) were specifically up-regulated and down-regulated

by G7 infection, respectively, and both genes play a key role in

the signalling pathway involved in the HR during host–pathogen

interactions (Li et al., 2008; Slaymaker et al., 2002).

Thirty-seven miRNAs were up-regulated and 47 were down-

regulated (Fig. 2B,C) in response to G7 infection. Many miRNAs

identified from this study have been implicated in plant–microbe

interactions in previous studies. For instance, miR160 (up-regu-

lated by G7 infection, Table S4) and miR393 (down-regulated,

Table S4) have also been shown to be involved in the soybean

defence response to SMV infection (SC7 isolate) (Yin et al., 2013).

In Arabidopsis, miR156 is induced by expression of a viral silenc-

ing suppressor, such as P1/HC-Pro of Turnip mosaic virus (TuMV)

(Kasschau et al., 2003) and p69 of Turnip yellow mosaic virus

(TYMV) (Chen et al., 2004). TuMV infection also up-regulates

miR171, which directs the cleavage of several mRNAs coding for

Scarecrow-like TFs (Kasschau et al., 2003). In the current study,

many members of the miR156 (p/q/r/s/t) and miR171 (c/i/k/l/m/n/

o/p/q/t) families were highly responsive to SMV inoculation (Table

S4). The miR482/miR2118 superfamily in tomato, soybean and

Medicago truncatula typically triggers phased siRNA generation

Fig. 7 Effects of silencing of GmeIF5A on lethal systemic hypersensitive response (LSHR) severity and Soybean mosaic virus (SMV) G7 viral RNA accumulation in

Rsv1-genotype soybean (PI96983). (A) Vector-only control plants and GmeIF5A virus-induced gene-silenced plants were inoculated with SMV G7. LSHR symptoms

developed on leaves of both control and GmeIF5A-silenced plants at 14 and 21 days post-inoculation of G7. Vector, inoculated with the empty vector;

BPMVR2:eIF5A, inoculated with the eIF5A-BPMV vector. (B) Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analyses of the accumulated viral

RNA (SMV coat protein, SMV-CP) and the expression of pathogenesis-related 1 (PR1) transcript in the control and GmeIF5A-silenced plants at 7, 14 and 21 dpi of

G7. The soybean Actin (GmACT11) gene was used as an internal control. Error bars represent mean 6 standard deviation (SD) and the data are averages from three

independent experiments. Asterisks indicate statistically significant differences between the vector control plant and the GmeIF5A-silenced plant at 14 and 21 dpi

after G7 inoculation (Student’s t-test): ***P< 0.001. The oxidative burst and LSHR formation in response to G7 infection were observed by staining with

diaminobenzidine (DAB) (C) and trypan blue (D) in control and GmeIF5A-silenced leaves at 21 dpi after G7 inoculation. Bars, 50 mm.
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and targets numerous NB-LRR defence genes at the conserved

P-loop-encoding motif (Shivaprasad et al., 2012; Zhai et al., 2011;

Zhao et al., 2015). In chickpea (Cicer arietinum), miR2118 is

up-regulated in response to wilt infection with the fungus Fusar-

ium oxysporum, but is down-regulated after infection with the

fungus Verticillium dahliae in cotton (Kohli et al., 2014; Yin et al.,

2012). miR482 is down-regulated in the inoculated leaves of

tomato plants infected with Cucumber mosaic virus (CMV), Turnip

crinkle virus (TCV) and Tobacco rattle virus (TRV) (Shivaprasad

et al., 2012). In this study, miR2118a/b-5p was found to be highly

up-regulated by G7 infection (Tables S4). It would be interesting

to determine how these miRNAs are involved in G7 pathogenesis

and the Rsv1-mediated LSHR.

RNA-seq also revealed a number of genes with potential roles

in the LSHR signalling pathway. As mentioned above, GLY-

MA09G28310 codes for a kunitz family trypsin and protease inhib-

itor protein (KTI) which is known to be involved in the modulation

of programmed cell death (PCD) or apoptosis in the HR of the

plant response to pathogens (Li et al., 2008). KTI was up-

regulated by G7 infection. GLYMA05G08590, encoding a

chloroplast carbonic anhydrase that may play a key role in the

hypersensitive defence response (Slaymaker et al., 2002), was

down-regulated by G7 infection. GLYMA02G12520 encodes

eIF5A, which is critical for the signalling transduction pathway of

cell death (Hopkins et al., 2008). A soybean elF5A gene (GLY-

MA02G12520) was specifically up-regulated by G7 infection (Fig.

5A). eIF5A is a highly conserved protein found in different king-

doms of eukaryotic organisms (Jenkins et al., 2001). Of the three

eIF5A isoforms in Arabidopsis, AteIF5A-2 is a key element of the

signal transduction pathway of cell death, shown to be involved

in the development of disease symptoms induced by infection

with virulent Pseudomonas syringae pv. tomato DC3000 (Hopkins

et al., 2008). eIF5A has been suggested to play a crucial role in

plant growth and development by the regulation of cell division,

cell growth and cell death (Feng et al., 2007; Hopkins et al., 2008;

Thompson et al., 2004; Wang et al., 2001). Despite this growing

evidence, the precise way in which this protein functions in the

cell is not yet known, and no study has been performed on elF5A

in soybean.

There are seven loci which may encode elF5A homologues in

soybean (Fig. 5A). The soybean genome has undergone two

whole-genome duplication events, occurring approximately 59

and 13 million years ago, followed by gene diversification and

loss, and numerous chromosome rearrangements, leading to the

relatively large number of eIF5A homologues compared with Ara-

bidopsis (Schmutz et al., 2010). Among these seven eIF5A homo-

logues, GmeIF5A (GLYMA02G12520) was most highly induced by

G7 infection (Fig. 5C,D). Silencing of GmelF5A (GLYMA02G12520)

diminished G7-induced necrosis symptoms and the LSHR (Fig.

7A), and was accompanied by the accumulation of a higher level

of G7 viral RNA (Fig. 7B), suggesting that silencing of GmeIF5A

enhanced the susceptibility to infection by G7. Conversely, the

expression levels of the PR1 gene were significantly reduced and

oxidative bursts were hardly detectable in the GmeIF5A-silenced,

G7-infected soybean compared with the G7-infected control

plants (Fig. 7B–D). LSHR, a type of necrosis, is elicited by reactive

oxygen species (ROS) (Hern�andez et al., 2015). Our data are con-

sistent with dual roles of ROS (including H2O2) during viral infec-

tion: the elicitation of localized cell death, which may lead to the

containment of the invading viruses in local cells, and a function

as a diffusible signal to induce antioxidant and pathogenesis-

related defence responses in adjacent plant tissues. As GmeIF5A

shares a high nucleotide sequence identity (97%) with Gly-

ma01g06600 and, to a lesser extent (�80%), with five other

eIF5A homologues, we could not exclude the possibility that other

eIF5A homologous genes (particularly Glyma01g06600) were

knocked down and thus also contributed to the Rsv1-mediated

LSHR. Overall, these results suggest that the GmeIF5A gene family

plays a crucial and complex role, upstream of ROS and PR1 in the

LSHR signalling pathway. Future studies examining the impact of

increased GmeIF5A levels during G7 infection in Rsv1 plants could

provide further insight into the precise role of eIF5A within the

cell.

In this study, sRNA-seq, degradome-seq and transcriptome-

seq analyses were employed to identify DEGs and DEMs that are

specifically up-regulated or down-regulated by SMV G7 infection.

Our results identified multiple defence genes and miRNA candi-

dates that may be involved in SMV G7-induced Rsv1-mediated

LSHR. Further investigation of one of these candidates, eIF5A,

suggests a central role of this gene family in the Rsv1-mediated

LSHR signalling pathway, and future studies will be directed

towards the elucidation of the exact mechanism of GmeIF5A in

the LSHR pathway. This finding strengthens our belief that the

bulk data gathered in this study represent a fertile resource for

future studies on the molecular mechanism of Rsv1-mediated

LSHR as well as a means to prevent losses in crop species.

EXPERIMENTAL PROCEDURES

Soybean cultivar, virus strains, inoculation

and detection

Rsv1-genotype soybean (PI96983) was used in this study. Plants were

grown in a growth chamber under a 16-h light at 228C/8-h dark at 188C

cycle. Plants were inoculated by biolistic bombardment with SMV infec-

tious clones (G7), and mechanical inoculation with infected tissues as an

inoculum was carried out as described previously (Gagarinova et al.,

2008a,b; Hajimorad and Hill, 2001; Hajimorad et al., 2003). The nearly

fully expanded unifoliate leaves of Rsv1-genotype soybean (PI96983)

were mechanically inoculated with the infectious sap of SMV G7 (a viru-

lent strain). As a control, soybean leaves were inoculated with a mock
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solution (buffer only). The systemic leaves of G7-infected plants were

sampled at 14 dpi, showing symptoms of LSHR.

At 14 dpi, symptomatic (in the case of virus-infected plants) leaf tissue

was collected from mock and SMV G7-inoculated plants. Systemic viral

infection was subsequently determined by RT-PCR analysis as described

previously (Chen et al., 2015). Three biological replicates (five plants in

each replicate) for each treatment (G7-infected and mock) were per-

formed; 15 plants from each treatment in three replicates were pooled for

RNA extraction and all library construction.

Transcriptome, sRNA and degradome library

construction, sequencing and data analysis

Transcriptome libraries were constructed as described previously (Jones

and Vodkin, 2013; Mortazavi et al., 2008; Severin et al., 2010). sRNA

libraries were constructed as described previously with minor modifica-

tions (Chen et al., 2015; Lu et al., 2007). Degradome libraries were con-

structed as described previously with some modified procedures (German

et al., 2008, 2009; Zhai et al., 2014). RNA was extracted using a mirVana

miRNA isolation kit (Ambion, Austin, TX, USA). The quantity, size and

integrity of the RNAs used in these analyses were assessed using an RNA

6000 Nano kit on a Bioanalyzer 2100 system (Agilent Technologies, Palo

Alto, CA, USA). For transcriptome analysis, an input of 1 mg of total RNA

was employed to construct cDNA libraries using a TruSeq Stranded Total

RNA Sample Prep Kit (Illumina, San Diego, CA, USA) with a Ribo-Zero

rRNA depletion kit, following the manufacturer’s instructions. For sRNA

analysis, an input of 50 ng of sRNA fractions was employed to construct

cDNA libraries using a TruSeq sRNA Sample Prep Kit (Illumina), following

the manufacturer’s instructions. For degradome sequencing, poly(A)1

RNA was isolated using a NucleoTrap mRNA purification kit (Machery-

Nagel, St. Neumann Neander, D€uren, Germany) according to the instruc-

tions of the supplier. A 50 RNA adapter was ligated to the cleavage prod-

uct, which contains a 50 monophosphate, and the ligated product was

reverse transcribed into cDNA using an oligo(dT) primer with a 30 adapter

sequence via SuperScript III RTase (Invitrogen, Carlsbad, CA, USA), and

amplified by PCR [(988C for 30 s, 588C for 30 s and 728C for 5 min, eight

cycles), 728C for 7 min] with a pair of cDNA primers using Phusion poly-

merase (NEB, Woburn, MA, USA). The resulting product was digested

with restriction enzyme MmeI (NEB, Woburn, MA, USA) to capture �20-

bp fragments from the 5� end of double-stranded cDNA. The digested

products were ligated with an annealed duplex DNA adapter using T4

DNA ligase (NEB, Woburn, MA, USA). Then, the ligated double-stranded

DNA products were isolated by running a 12% polyacrylamide (PAGE) gel

based on size (�62 bp), and the purified products were amplified by PCR

[988C for 30 s, (988C for 10 s, 588C for 30 s and 728C for 20 s, 20 cycles),

728C for 10 min] with a set of indexed TruSeq primers (forward, RP1 and

reverse, RPI 1–4 for each library, Illumina). The final PCR products were

purified by running a 6% PAGE gel based on size (�128 bp).

The constructed libraries were analysed for size distribution and qual-

ity assessment on an Agilent 2100 Bioanalyzer and were quantified by

running a library quantification qPCR kit (KAPA Biosystems, Woburn, MA,

USA) on a CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA,

USA) in order to determine the concentration of libraries and the loading

volume for deep sequencing on an Illumina Miseq platform.

For RNA-seq and sRNA-seq analysis, after the low-quality reads and

the adapter sequences had been trimmed, the sequences were mapped to

the Glycine max reference genome (Glyma1, Ensembl) and aligned to the

known miRNA gene of Glycine max (miRBase 21) using Strand NGS soft-

ware (Strand Life Sciences, Strand genomics, San Francisco, CA, USA, ver-

sion 2.1) following RNA/sRNA alignment and the RNA/sRNA analysis

pipeline with standard parameters. Only reads with 100% match to the

genome were used for further analysis. For degradome-seq analysis, the

adapter sequences, tRNA/rRNA sequences and low-complexity sequences

were removed from the raw reads, and the length of the degradome

sequences and sRNA sequences were trimmed to 20–21 and 19–24 nucle-

otides, respectively. Any sequences without a match to the soybean

genome (Glyma1, Ensembl) were also removed from further analysis. The

potential targets of sRNAs were identified and validated using the UEA

sRNA workbench following the PAREsnip pipeline under a high-stringency

setting with the Glycine max reference genome (Glyma1, Ensembl) and

the known miRNAs of Glycine max (miRBase 21).

Transcriptome-seq, sRNA-seq and degradome-seq data used for this

study have been deposited at the National Center for Biotechnology Infor-

mation Gene Expression Omnibus (NCBI GEO) under accession number

GSE77796.

qRT-PCR

Total RNA collected from mock-inoculated and SMV-infected plants was

extracted using TRIzol reagent (Invitrogen) according to the manufac-

turer’s instructions. One microgram of total RNA was reverse transcribed

with a Superscript III Reverse Transcriptase kit (Life Technologies, Rock-

ville, MD, USA) using gene-specific reverse primer according to the manu-

facturer’s instructions. qPCR was performed using the respective forward

and reverse primer pairs, as shown in Table S6 (see Supporting Informa-

tion). The soybean Actin (GmACT11) gene was used as an internal control.

Three independent experiments were performed with five soybean plants.

Stem-loop RT-qPCR

The stem-loop RT-qPCR assay was carried out as described previously

(Mestdagh et al., 2008, 2009). Briefly, RT was performed using a

TaqManVR MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster

City, CA, USA) following the manufacturer’s protocol with a stem-loop RT

primer bound to the 30 portion of the miRNAs. The RT product was ampli-

fied using TaqManVR Universal PCR Master Mix (Applied Biosystems) with

an miRNA-specific forward primer and a universal reverse primer. Soybean

18S rRNA was used as the internal control. Primer sequences are shown

in Table S6. The experiments were repeated at least three times.

RLM-50 RACE

RLM-50 RACE was performed using a FirstChoice RLM-RACE Kit (Ambion)

essentially as described previously (German et al., 2008; Llave et al.,

2011). Poly(A)1 mRNAs were purified from total RNA using a NucleoTrap

mRNA purification kit (Machery-Nagel) according to the manufacturer’s

protocol. Approximately 150 ng of mRNAs were ligated to the 50 RACE

adapter. The ligated products were purified using spin-column chromatog-

raphy (Roche, Indianapolis, IN, USA) and reverse transcribed into first-

strand cDNA using an antisense gene-specific (GSP) outer primer. PCR

eIF5A controls delayed hypersensitive response 401

VC 2016 HER MAJESTY THE QUEEN IN RIGHT OF CANADA MOLECULAR PLANT PATHOLOGY VC 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR

PLANT PATHOLOGY (2017) 18 (3 ) , 391–404



amplification was carried out using the 50 RACE outer primer and GSP

outer primer. The initial PCR was diluted (1 : 50) and used for nested PCR

with the 50 RACE inner primer and GSP inner primer. The primers are

shown in Table S6. RACE fragments were cloned into pCR-BluntII-TOPO

vector (Invitrogen) and 10 positive clones were sequenced according to

standard methods.

Phylogenetic analysis of GmeIF5a homologues

A phylogenetic tree was produced using the maximum likelihood method

with the deduced amino acid sequences with MEGA5.1 software (Tamura

et al., 2011) with 1000 replications.

BPMV VIGS construction and challenging inoculation

by G7 on GmeIF5A-silenced Rsv1-genotype soybean

To increase silencing efficiency, a DNA-based BPMV vector was developed

based on a previous version of the RNA-based BPMV vector (Kachroo and

Ghabrial, 2012). In brief, a 307-bp fragment of the NOS terminator was

amplified by PCR with pCAMBIA3301 as a template. PCR products were

double digested with BamHI and PmeI, and ligated into pCass4-Rz previ-

ously digested with the same enzymes (Annamalai and Rao, 2005), result-

ing in pCass4-NOS. The cDNAs of BPMV genomic RNA1 and RNA2 were

PCR amplified with RNA-based BPMV vector pGHoR1 and pGG7R2-M,

respectively, as a template (Diaz-Camino et al., 2011). PCR products were

digested with BamHI and XbaI, respectively, and placed in between the

35S promoter and NOS terminator of pCass4-NOS, which was previously

digested with StuI/BamHI and StuI/XbaI, respectively, resulting in

pCass4R1-NOS and pCass4R2-NOS. An overlapping PCR was used to

introduce StuI and AvrII restriction sites after the stop codon of the BPMV

RNA2 polyprotein coding sequence to generate the VIGS vector

pCass4R2OL-NOS. For the generation of an eIF5A VIGS vector, a 320-bp

GmeIF5A fragment was amplified with cDNA as a template, which tran-

scribed with total RNA extracted from leaves of Rsv1-genotype soybean

(PI96983). The PCR product was cloned into StuI-digested pCass4R2OL-

NOS to generate eIF5A VIGS vector pCass4R2OL-eIF5A-NOS. The insert in

the construct was verified by sequencing. For inoculation, biolistic bom-

bardment with the constructed BPMV VIGS vectors was carried out as

described previously (Chen et al., 2015). The inoculated plants were

grown in a growth chamber at 208C. At 3 weeks post-inoculation with

BPMV, the systemic leaves on BPMV-infected Rsv1-genotype soybean

plants were rub inoculated with SMV G7-infected tissues as an inoculum.

At 14 dpi with SMV G7, the SMV-infected leaves were detached for qRT-

PCR analysis and histochemical assay. Three independent tests for each

construct were performed. In total, 10 eIF5A-silenced plants from each

test were used to evaluate G7-provoking Rsv1-mediated LSHR. Primer

sequences are included in Table S6.

Histochemical assays

DAB staining was performed as described previously (Daudi et al., 2012;

Thordal-Christensen et al., 1997). Trypan blue staining was carried out as

described previously (Koch and Slusarenko, 1990). The representative phe-

notypes were photographed with a microscope EVOS (Life Technologies,

Grand Island, NY, USA).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1 Gene ontology (GO) and enrichment analysis of the dif-

ferentially expressed genes (DEGs) in response to G7 infection

using the GO Database (Soybase) in Rsv1-genotype soybean

(PI96983). G7 infection resulted in a significant change in

expression of eight genes with transcription factor (TF) activity,

14 genes with ATP/ADP activity and 14 genes with nucleotide

binding activity. Genes with protein and ion binding activity

were the largest categories with 35 combined genes.

Fig. S2 Target plots (t-plots) of identified microRNA (miRNA) targets

by degradome sequencing (degradome-seq). t-plots are shown at the

top and sequence alignments of miRNA and their targets are shown

at the bottom for miR167a, miR169a, miR171o, miR396b-3p,

miR5374 and miR5668. In the t-plots, the degradome sequence cor-

responding to the miRNA-directed cleaved transcript is represented

by a red diamond and black arrow. The x axis indicates the nucleotide

position on the targeted transcript (nt, nucleotide). The y axis indi-

cates the normalized read abundance (TPM, transcripts per million)

of cleaved transcript detected in degradome-seq. In the alignments,

the vertical lines, missing lines and circles indicate matches, mis-

matches and G:U wobble pairs, respectively. The black arrows (red

coloured nucleotide) above the target transcript indicate the cleavage

site detected in degradome-seq. The numbers of clones sequenced

show the cleavage frequencies detected by RNA ligase-mediated

rapid amplification of 50�cDNA ends (RLM-50 RACE) assay.

Table S1 Summary of deep sequencing library datasets from

mock- and virus-infected Rsv1-genotype soybean (PI96983).

Table S2 List of differentially expressed genes (DEGs) in

response to Soybean mosaic virus (SMV) G7 infection in Rsv1-

genotype soybean (PI96983).

Table S3 List of defence-related differentially expressed genes

(DEGs) in response to Soybean mosaic virus (SMV) G7 infection

in Rsv1-genotype soybean (PI96983).

Table S4 List of differentially expressed microRNAs (DEMs) in

response to Soybean mosaic virus (SMV) G7 infection in Rsv1-

genotype soybean (PI96983).

Table S5 List of identified microRNA targets by degradome

sequencing in Rsv1-genotype soybean (PI96983).

Table S6 Primer sequences used in this study.
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