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SUMMARY

The plant membrane-localized NADPH oxidases, also known as

respiratory burst oxidase homologues (RBOHs), play crucial roles

in various cellular activities, including plant disease responses,

and are a major source of reactive oxygen species (ROS). Scleroti-

nia sclerotiorum is a cosmopolitan fungal pathogen that causes

Sclerotinia stem rot (SSR) in soybean. Via a key virulence factor,

oxalic acid, it induces programmed cell death (PCD) in the host

plant, a process that is reliant on ROS generation. In this study,

using protein sequence similarity searches, we identified 17 soy-

bean RBOHs (GmRBOHs) and studied their contribution to SSR

disease development, drought tolerance and nodulation. We

clustered the soybean RBOH genes into six groups of orthologues

based on phylogenetic analysis with their Arabidopsis counter-

parts. Transcript analysis of all 17 GmRBOHs revealed that, of

the six identified groups, group VI (GmRBOH-VI) was specifically

and drastically induced following S. sclerotiorum challenge.

Virus-induced gene silencing (VIGS) of GmRBOH-VI using Bean

pod mottle virus (BPMV) resulted in enhanced resistance to

S. sclerotiorum and markedly reduced ROS levels during disease

development. Coincidently, GmRBOH-VI-silenced plants were

also found to be drought tolerant, but showed a reduced capacity

to form nodules. Our results indicate that the pathogenic devel-

opment of S. sclerotiorum in soybean requires the active partici-

pation of specific host RBOHs, to induce ROS and cell death, thus

leading to the establishment of disease.

Keywords: drought, NADPH oxidases, ROS, Sclerotinia

sclerotiorum, Sclerotinia stem rot, soybean.

INTRODUCTION

Plants continuously produce reactive oxygen species (ROS) as

byproducts of different metabolic pathways, such as respiration

and photosynthesis. In turn, these small molecules are constantly

scavenged by the redox machinery of the cell. Therefore, a steady

state is maintained under normal physiological conditions (Alscher

et al., 1997; Apel and Hirt, 2004; Tripathy and Oelm€uller, 2012).

ROS can be toxic to various cell components, affecting proteins,

lipids and nucleic acids, when levels reach a certain threshold

(Sharma et al., 2012). Thus, many studies have focused on the

detrimental effect of ROS. However, increasing evidence suggests

a more intricate role for these molecules that may function

upstream or downstream of various signalling events (Baxter

et al., 2014). ROS can serve as secondary messengers as part of

both inter- and intracellular signalling, regulating key cellular proc-

esses (Mittler et al., 2011). In biotic stress responses, the regula-

tion of the cellular redox state is now an important area of

research, because of the strong correlation between ROS signal-

ling and stress responses (Apel and Hirt, 2004; Marino et al.,

2012). The hypersensitive response (HR), a form of programmed

cell death (PCD), is perhaps one of the most studied forms of

resistance responses mounted by plant tissues against invading

pathogens. This response is accompanied by the release of super-

oxide anion (O2
2 ) and hydrogen peroxide (H2O2) at the site of

pathogen challenge, which is required for pathogen arrest and

incompatibility. Although the timing and magnitude may differ,

ROS are also produced during compatible interactions, contribut-

ing to successful infections by some pathogens (Gilbert and

Wolpert, 2013; Kabbage et al., 2013; Williams et al., 2011). Over-

all, it is clear that ROS play an important role in stress responses,

and contribute to the outcome of many plant–microbe

interactions.

One of the major sources of ROS in plants are plasma

membrane-bound NADPH oxidases. They catalyse the conversion

of O2 to O2
2 , which is further converted into other ROS, such as

hydroxyl radicals and H2O2 (Sagi and Fluhr, 2001). NADPH oxi-

dases, also known as respiratory burst oxidase homologues

(RBOHs), in the plant and animal kingdoms possess cytosolic FAD-

and NADPH-binding domains at their C-terminal region, and six

conserved transmembrane helices. The third and fifth helices, via

key histidine residues, support two haem groups that are required

for electron transfer across the plasma membrane (Lambeth,

2004; Sagi and Fluhr, 2006). The N-terminal region contains*Correspondence: Email: kabbage@wisc.edu
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variable numbers of calcium-binding EF-hand motifs and phospho-

rylation target sites that are important for their activity (Glyan’ko

and Ischenko, 2010; Kimura et al., 2012; Kobayashi et al., 2007;

Oda et al., 2010).

RBOHs have been identified in various plant species, including

tomato, tobacco, Arabidopsis, Medicago truncatula, common

bean, rice and maize (Arthikala et al., 2014; Li et al., 2015; Marino

et al., 2011; Simon-Plas et al., 2002; Wang et al., 2013). In Arabi-

dopsis, they form a multigenic family comprising 10 genes

(AtRBOHA–AtRBOHJ), and their activities have been implicated in

various physiological events, including response to stress (Torres

and Dangl, 2005). AtRBOHD, the most highly expressed Arabidop-

sis RBOH, mediates many processes, such as pathogen response,

stomatal closure and systemic signalling in response to both

abiotic and biotic stresses (Kwak et al., 2003; Miller et al., 2009;

Torres et al., 2002). AtRBOHD is also regulated by both Ca21-

dependent and Ca21-independent pathways during immune

responses (Dubiella et al., 2013; Kadota et al., 2014, 2015). AtR-

BOHF has been shown to participate in abscisic acid (ABA) signal

transduction and plays a key role in the interplay between intra-

cellular oxidative stress and immune response to pathogens

(Chaouch et al., 2012; Kwak et al., 2003; Marino et al., 2012),

and has been implicated in non-host resistance to Magnaporthe

oryzae in Arabidopsis (Nozaki et al., 2013). AtRBOHD and AtR-

BOHF are considered to be the main Arabidopsis isoforms associ-

ated with responses to pathogens. Other studies have noted the

involvement of Arabidopsis RBOHs in developmental processes.

AtRBOHC has been shown to regulate root hair formation (Fore-

man et al., 2003), whereas AtRBOHB is essential for seed ripening

and germination (M€uller et al., 2009). AtRBOHH and AtRBOHJ

modulate pollen tube growth and seed development (Kaya et al.,

2014; Lassig et al., 2014). Interestingly, a role for these proteins

was also noted in connection with mutualistic interactions. In the

model legume Medicago truncatula, MtRBOHA has been shown

to be important for nodule functioning; silencing of MtRBOHA

decreases nitrogen fixation activity in nodules and the modulation

of genes encoding the microsymbiont nitrogenase (Marino et al.,

2011). In Phaseolus vulgaris, Arthikala et al. (2014) showed that

the overexpression of PvRBOHB, a common bean NADPH oxidase

gene, enhances symbiosome number, bacteroid size and nitrogen

fixation in nodules. Therefore, several functional studies have

placed RBOHs at the centre of ROS network regulation and associ-

ated biological processes in cells, thus demonstrating their impor-

tance to key metabolic functions in plants, including the pathogen

response.

Sclerotinia sclerotiorum is a cosmopolitan fungal pathogen

that infects virtually all dicotyledonous plants (Bolton et al., 2006;

Kabbage et al., 2015). It has been traditionally viewed as a proto-

typical necrotroph, but recent findings have suggested that its

pathogenic development may involve a brief biotrophic phase

(Kabbage et al., 2013, 2015; Williams et al., 2011). Sclerotinia

sclerotiorum can cause considerable damage to crop plants and

has been proven to be difficult to control, with host resistance

being inadequate. In soybean, this fungus causes Sclerotinia stem

rot (SSR), also known as white mould disease. SSR can be a signif-

icant yield-limiting disease, and yield losses greater than 10 mil-

lion bushels (270 million kg) per year are common (Peltier et al.,

2012).

Sclerotinia sclerotiorum is a prolific producer of cell wall-

degrading enzymes (CWDEs, e.g. pectinases, cellulases, hemicellu-

lases), which facilitate plant cell wall degradation and host coloni-

zation (Amselem et al., 2011). In addition to its lytic repertoire, an

important factor governing the pathogenic success of

S. sclerotiorum is the secretion of the key virulence factor oxalic

acid (OA). Mutants defective in OA production are poorly patho-

genic and unable to overcome host defences (Kabbage et al.,

2013; Liang et al., 2015; Williams et al., 2011). OA has been

shown to contribute to pathogenesis in ways that facilitate the

colonization of the host plant, including the inhibition of host

defences (Williams et al., 2011), pH-mediated activation of

CWDEs and the inhibition of autophagy (Kabbage et al., 2013).

Importantly, OA induces apoptotic-like PCD, a process that is

largely reliant on ROS (Kim et al., 2008). Thus, the regulation of

ROS plays a critical role in the pathogenic success of

S. sclerotiorum, particularly at the later stages of the infection pro-

cess, when ROS generation and tissue cell death culminate in the

establishment of disease (Williams et al., 2011).

As a result of the importance of RBOHs in ROS generation, we

postulate that the up-regulation of ROS and the ensuing cell death

imposed by S. sclerotiorum require host NADPH oxidases in soy-

bean. Using a combination of bioinformatics tools, expression

studies and reverse genetic approaches, we show the key require-

ment of four soybean RBOHs (GmRBOHs), designated GmRBOH-

VI, for SSR development. The silencing of this group resulted in

decreased ROS levels, which coincided with enhanced resistance

to S. sclerotiorum. Remarkably, these plants were also found to

be drought tolerant, but the silencing of GmRBOH-VI affected root

nodulation. Our results indicate that the pathogenic development

of S. sclerotiorum in soybean requires the active participation of

specific host RBOHs, to induce ROS and cell death, thus leading to

the establishment of disease.

RESULTS

Identification of the soybean RBOH family

The Arabidopsis genome contains 10 RBOHs (AtRBOHs) which

have been widely studied and characterized (Marino et al., 2012).

We conducted BLASTP searches against the soybean Joint Genome

Institute (JGI) Phytozome (Wm82.a2.v1) (https://phytozome.jgi.

doe.gov/pz/portal.html) and National Center for Biotechnology
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Information (NCBI) (http://www.ncbi.nlm.nih.gov/protein) data-

bases using Arabidopsis protein sequences as reference queries,

and identified 17 soybean RBOHs (GmRBOHs). The identified

GmRBOHs were named GmRBOHA–GmRBOHQ (Table 1), depend-

ing on the location in the soybean genome and the widely

accepted nomenclature (Torres and Dangl, 2005), and varied in

size from 820 to 941 amino acids. Protein domain composition

was analysed using the SMART alignment tool (http://smart.embl-

heidelberg.de/smart/set_mode.cgi?GENOMIC51), and revealed

that all the GmRBOHs have conserved NADPH oxidase, ferric

reductase, FAD- and NAD-binding domains (Fig. 1A). They also

contain a variable number (0–2) of EF-hand motifs (Fig. 1A),

which are known to play a key role in the calcium-dependent reg-

ulation of RBOHs (Wong et al., 2007). We clustered the soybean

RBOH genes into six groups of orthologues based on phylogenetic

analysis with their Arabidopsis counterparts (Fig. 1B). AtRBOHs

were distributed amongst all groups, except group I (Fig. 1B). The

soybean genes GmRBOHD and GmRBOHO belong to group I;

GmRBOHN and GmRBOHG belong to group II; GmRBOHA,

GmRBOHF, GmRBOHJ and GmRBOHM belong to group III;

GmRBOHH belongs to group IV; GmRBOHC, GmRBOHE,

GmRBOHG and GmRBOHI belong to group V; and GmRBOHB,

GmRBOHL, GmRBOHP and GmRBOHQ belong to group VI. Our

analysis predicts an expanded family of at least 17 genes in the

soybean genome that encode RBOH proteins, none of which have

been examined previously.

Spatial expression profile of soybean RBOHs

RBOH genes have been reported to show tissue-specific expres-

sion patterns in plants, including Arabidopsis, tomato and rice

(Marino et al., 2011; Sagi and Fluhr, 2006; Wang et al., 2013).

For example, AtRBOHA–AtRBOHG and AtRBOHI are expressed

in roots, AtRBOHH and AtRBOHJ are pollen specific, whereas

AtRBOHD and AtRBOHF are expressed throughout the plant

(Sagi and Fluhr, 2006). To determine the tissue- and organ-

specific expression patterns of GmRBOHs, total RNA was

extracted from roots, stems, flowers and leaves of 4-week-old

soybean plants. Quantitative reverse transcription-polymerase

chain reaction (qRT-PCR) was performed using gene-specific

primers designed for each of the GmRBOHs (Table S1, see Sup-

porting Information), and relative expression levels were calcu-

lated using Cons15, a calcium dependent protein kinase

(CDPK)-related protein, as internal control (Libault et al., 2008).

Our analysis revealed that GmRBOHA is expressed at low levels

in all tissues, whereas GmRBOHE and GmRBOHM are strongly

and ubiquitously expressed throughout the plant (Fig. 2).

GmRBOHB and GmRBOHL are specifically expressed in roots,

whereas GmRBOHK and GmRBOHN appear to be mostly

expressed in stems and roots. No flower- or leaf-specific

expression was detected, and the remainder of the GmRBOHs

did not show any obvious organ-specific expression (Fig. 2). In

accordance with the results reported previously in other plant

species, a variable expression pattern of GmRBOHs was

detected depending on the tissue tested. The biological signifi-

cance of such expression profiles requires further investigation.

Group VI GmRBOHs were specifically induced

following S. sclerotiorum challenge

ROS regulation plays a key role in the pathogenic development of

S. sclerotiorum. One of the major sources of ROS in plants are

Table 1 Soybean respiratory burst oxidase homologue (GmRBOH) genes.

Name of gene Locus ID in JGI Phytozome (Wm82.a2.v1)* NCBI accession number† Protein size (predicted, amino acids) Molecular weight (kDa)

GmRBOHA Glyma.01G222700 XP_003517484 927 105.94
GmRBOHB Glyma.03G236300 XP_003521697 885 100.71
GmRBOHC Glyma.04G203200 XP_003522455 928 104.86
GmRBOHD Glyma.05G021100 XP_006579505 820 92.99
GmRBOHE Glyma.05G198700 XP_014631288 898 100.98
GmRBOHF Glyma.05G212500 XP_003525369 941 106.50
GmRBOHG Glyma.06G162300 XP_003526909 941 105.56
GmRBOHH Glyma.07G130800 XP_006583585 859 98.1
GmRBOHI Glyma.08G005900 XP_003532261 888 100.49
GmRBOHJ Glyma.08G018900 XP_003532995 941 106.70
GmRBOHK Glyma.09G073200 XP_006587062 928 105.17
GmRBOHL Glyma.10G152200 XP_003536070 825 93.72
GmRBOHM Glyma.11G020700 XP_003538264 927 105.88
GmRBOHN Glyma.15G182000 XP_014622948 935 105.90
GmRBOHO Glyma.17G078300 XP_006600576 821 93.07
GmRBOHP Glyma.19G233900 XP_003554649 887 101.12
GmRBOHQ Glyma.20G236200 XP_003556516 889 101.23

*Joint Genome Institute (JGI) Phytozome (Wm82.a2.v1) (https://phytozome.jgi.doe.gov/pz/portal.html).

†National Center for Biotechnology Information (NCBI) accession number (http://www.ncbi.nlm.nih.gov/protein).
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plasma membrane-bound NADPH oxidases. Accordingly, we

examined the expression pattern of GmRBOHs following

S. sclerotiorum challenge in a time course experiment at 6, 12, 24,

48, 72 and 96 h post-inoculation (hpi). Non-infected stem tissue

served as a control. Four-week-old soybean plants, ‘Williams 82’,

were inoculated using the cut petiole inoculation technique (Pelt-

ier et al., 2009), in which an agar plug containing actively growing

mycelia of S. sclerotiorum is inserted at the base of a cut petiole.

This inoculation method is designed to mimic field conditions, in

which fungal hyphae progress from germinating ascospores on

the flower to the main stem of the soybean plant to cause typical

SSR symptoms. Disease symptoms first appeared at 48 hpi; by

96 hpi, significant cell death could be seen on the inoculated stem

(Fig. 3A). Our expression analysis of all 17 GmRBOHs (Fig. S1, see

Supporting Information) revealed that, of the six groups of

GmRBOHs (Fig. 1B), group VI (GmRBOH-VI) was specifically and

drastically induced during the time course (Fig. 3B). Although

GmRBOHB transcript abundance increased by more than 20-fold

as early as 6 hpi, peak expression of all four members of this

group coincided with the later stages of infection (48–96 hpi) and

the development of disease symptoms (Fig. 3A). GmRBOHL (100-

fold increase) and GmRBOHP (50-fold increase) were the most

highly expressed at 96 hpi compared with uninfected controls.

The expression of other GmRBOH members was either unaffected

or down-regulated during the same time course (Fig. S1). Our

results suggest that GmRBOH-VI members may be required by

Fig. 1 Domain organization and

phylogenetic tree of soybean

respiratory burst oxidase homologues

(GmRBOHs). (A) Domain organization

of 17 putative GmRBOHs. The domain

organization is based on the SMART

alignment tool (http://smart.embl-

heidelberg.de/smart/set_mode.

cgi?GENOMIC51). (B) Phylogenetic

relationship analysis of 17 GmRBOHs

and 10 Arabidopsis RBOHs (AtRBOHs).

The phylogenetic tree was constructed

using PhyML 3.0 based on the

maximum likelihood method

(http://www.phylogeny.fr/advanced.

cgi). Six groups of GmRBOHs were

identified. Branch lengths are

proportional to the number of

substitutions per site (see scale bars).

Only bootstrap values >50% were

used to resolve branching.
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S. sclerotiorum for successful host colonization and SSR disease

development.

OA is considered to be a key pathogenicity factor for

S. sclerotiorum. Via OA secretion, this fungus can provoke an

increase in ROS levels within the host, leading to apoptotic-like

cell death and disease development (Kim et al., 2008; Williams

et al., 2011). OA-deficient mutants are unable to up-regulate host

ROS levels and are largely non-pathogenic (Kabbage et al., 2013;

Liang et al., 2015; Williams et al., 2011). Accordingly, we ques-

tioned whether the previously studied OA-deficient mutant strain

(A2) could alter the expression profile of GmRBOH-VI in a similar

manner to the wild-type strain. We examined the expression pat-

tern of GmRBOH-VI following A2 challenge using the same time

course as described for the wild-type strain (Fig. 4A). Expression

analysis revealed that this OA-deficient mutant was unable to

induce the expression of GmRBOH-VI to wild-type levels, and the

contrast between the two strains was particularly evident in the

later stages of the infection process (48–96 hpi, Fig. 4B). Thus,

our results suggest that, in the absence of OA, S. sclerotiorum is

unable to induce the expression of host RBOHs, to increase ROS

Fig. 2 Expression profile of soybean respiratory burst oxidase homologue genes (GmRBOHs) in different tissues. The mRNA transcript levels of all 17 GmRBOHs

were determined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) in the root, stem, leaf and flower tissues. GmCons15 was used as an

internal control. All experiments were performed with three independent biological repeats. Error bars represent the standard error (SE; n 5 3).

Fig. 3 Disease progression and expression profiles of GmRBOH-VI following infection with Sclerotinia sclerotiorum. (A) Disease symptoms observed following petiole

inoculation with an agar plug containing actively growing mycelia of S. sclerotiorum at 6, 12, 24, 48, 72 and 96 h post-inoculation (hpi). (B) RNAs isolated from non-

infected and infected soybean stems were employed to analyse the expression of GmRBOH-VI using quantitative reverse transcription-polymerase chain reaction

(qRT-PCR). The relative expression values were calculated by comparing the expression values of genes in inoculated vs. non-inoculated soybean stem tissues using

the 22DDCt method. GmCons15 was used as an endogenous control. Data are presented as means 6 standard error (SE) from three independent experiments.
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levels or to trigger the cell death that is required for disease

establishment.

Silencing of GmRBOH-VI leads to enhanced resistance

to S. sclerotiorum in an ROS-dependent manner

Our expression analysis showed that soybean RBOH-VI expression

is significantly induced during the pathogenic development of

S. sclerotiorum. We propose that these host genes may be

required by the fungus for successful tissue colonization. Virus-

induced gene silencing (VIGS) using Bean pod mottle virus

(BPMV) (Zhang et al., 2010, 2013) was employed to knock down

the expression of GmRBOH-VI. This BPMV VIGS system was origi-

nally developed using the soybean variety Williams 82 because of

its susceptibility to this virus. However, BPMV-infected Williams

82 plants showed strong resistance to S. sclerotiorum, making this

variety unsuitable for our VIGS studies. We screened a large pool

of soybean varieties and identified the variety Traff, which shows

better tolerance to BPMV, but maintains a predictable response to

S. sclerotiorum (data not shown). To evaluate the efficacy of our

VIGS system in Traff, we silenced the soybean phytoene desatur-

ase (GmPDS), a gene involved in carotenoid biosynthesis, and

obtained consistent photobleaching of the host plants (Fig. S2,

see Supporting Information).

As a result of the strong sequence similarities among RBOH-VI

group members, we were unable to silence these genes individu-

ally, despite numerous attempts. Thus, a single BPMV silencing

construct (pBPMV-GmRBOH-VI) was designed to target all four

members. The silencing efficiency of pBPMV-GmRBOH-VI was

determined in Traff by qRT-PCR and compared with an empty vec-

tor control (pBPMV-0). The expression of the target genes

(GmRBOHB, GmRBOHL, GmRBOHP and GmRBOHQ) was

decreased significantly, and we were able to achieve a 45%–65%

reduction in transcript levels compared with the expression of

these genes in the empty vector control (Fig. 5A). GmRBOH-VI-

silenced soybean plants were then evaluated for their response to

S. sclerotiorum challenge; three biological replicates with eight

plants each were used. The cut petiole inoculation method was

employed as described previously. Five days following

S. sclerotiorum inoculation, BPMV-0 soybean plants showed typi-

cal SSR symptoms and began to wilt. In contrast, GmRBOH-VI-

silenced plants did not show any wilting symptoms (Fig. 5). In

GmRBOH-VI-silenced plants, lesion development was arrested

shortly after reaching the main stem, and a red/dark discoloration

was apparent at the edge of the lesion (Fig. 5B). The lesion length

was quantified in both the empty vector control and GmRBOH-VI-

silenced plants (Fig. 5C). Overall, these results suggest that silenc-

ing of GmRBOH-VI genes leads to enhanced resistance in soybean

Fig. 4 Disease progression and expression profile of GmRBOH-VI following inoculation with an oxalic acid (OA)-deficient (A2) strain of Sclerotinia sclerotiorum. (A)

Disease symptoms observed at 6, 12, 24, 48, 72 and 96 h post-inoculation (hpi) following A2 inoculation. (B) RNAs isolated from non-infected and infected soybean

stems were employed to analyse the expression of GmRBOH-VI using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The relative expression

values were calculated by comparing the expression value of genes in inoculated vs. non-inoculated soybean stem tissues using the 22DDCt method. GmCons15 was

used as an endogenous control. Data are presented as means 6 standard error (SE) from three independent experiments.

Pathogenic development of S. sclerotiorum 705

VC 2017 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018) 19 (3 ) , 700–714



against S. sclerotiorum infection, and indicate that this pathogen

requires their activity to achieve pathogenic success.

RBOHs catalyse the conversion of O2 to O2
2 , which is further

converted into other reactive oxygen molecules, including H2O2.

We determined the H2O2 levels in GmRBOH-VI-silenced and

empty vector control plants challenged with S. sclerotiorum, using

the potassium iodide (KI) method, as described previously (Alex-

ieva et al., 2001). Three biological replications and four plants per

replication were evaluated in a time course experiment (6, 12, 24,

48, 72 and 96 hpi). Our data indicate that GmRBOH-VI-silenced

plants produce significantly less H2O2 than empty vector control

plants (Fig. 6). In BPMV-0 control plants, H2O2 production

increases in two phases. In the first phase, an increase in H2O2

levels is seen as early as 6 hpi. This is followed by a decrease until

24 hpi, where H2O2 levels once again increase continuously until

96 hpi as disease symptoms develop. At 96 hpi, as much as three

times more H2O2 is produced in BPMV-0 relative to GmRBOH-VI-

Fig. 5 Silencing of GmRBOH-VI leads to enhanced resistance to Sclerotinia sclerotiorum. (A) Silencing efficiency of GmRBOH-VI. The first true leaves of 10-day-old

soybean plants were used for the biolistic delivery of the Bean pod mottle virus (BPMV) constructs BPMV-0 (empty vector control) and BPMV-GmRBOH-VI. The

silencing efficiency was calculated by comparing the transcript levels of each GmRBOH-VI gene in BPMV-GmRBOH-VI virus-induced gene-silenced plants with the

corresponding levels in BPMV-0-infected plants. Lesion length (B) and disease symptoms (C) following petiole inoculation with S. sclerotiorum. Lesion lengths were

measured from 72 to 120 h post-inoculation (hpi) (B). At 120 hpi, the control plants were completely wilted in contrast with BPMV-GmRBOH-VI-inoculated plants

(C). Eight plants were used for each of the three biological repeats. Data are presented (A, B) as the mean 6 standard deviation (SD) from three independent

experiments. ?, Significant difference at the P < 0.05 level. Yellow arrow shows red discoloration at the edge of the lesion.

Fig. 6 Silencing of GmRBOH-VI coincides with reduced hydrogen peroxide

(H2O2) production. H2O2 was quantified in infected and non-infected soybean

stem tissue using the potassium iodide (KI) spectrophotometric method. The

mean and standard error of the mean (SEM) are shown (n 5 6) and expressed

on the basis of stem fresh weight (FW). ?, Significant difference at P < 0.05.
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silenced plants (Fig. 6). Overall, our results show that

S. sclerotiorum induces ROS levels in soybean as part of its patho-

genic development, a process that is reliant on host RBOHs.

GmRBOH-VI-silenced soybean plants are drought

tolerant

A role of RBOH genes in response to ROS-inducing insults has

been reported, including in response to drought and salinity treat-

ments (Cheng et al., 2013; Lin et al., 2009; Wang et al., 2013,

2016). Drought is an important yield-limiting stress in soybean

production; therefore, we analysed the effect of GmRBOH-VI

silencing under water stress conditions. GmRBOH-VI-silenced

plants and BPMV-0-inoculated plants were subjected to drought

by depriving plants of water for 10 days, after which watering

was resumed. After a water deprivation period of 7 days, BPMV-

0-inoculated plants showed severe wilting symptoms, whereas

GmRRBOH-VI-silenced plants maintained turgor (Fig. 7B). At

10 days, GmRBOH-VI-silenced plants also started to wilt (Fig. 7C).

However, after watering was resumed, we observed that

GmRBOH-VI-silenced plants recovered, whereas BPMV-0-

inoculated plants did not. These results suggest that knocking

down the expression of GmRBOH-VI leads to increased drought

tolerance, possibly by limiting oxidative damage and, ultimately,

death of the plant imposed by elevated ROS levels during this

stress.

Silencing of GmRBOH-VI affects soybean nodulation

Previous studies have indicated the role of RBOHs in plant–leg-

ume symbioses. Knocking down the expression of MtRBOHA

negatively affects nodule formation in Medicago truncatula

(Marino et al., 2011), and Arthikala et al. (2014) have shown that

the overexpression of PvRBOHB in P. vulgaris enhances symbio-

some number, bacteroid size and nitrogen fixation in nodules.

To determine the effect of GmRBOH-VI silencing on nodula-

tion, we conducted nodulation assays in GmRBOH-VI-silenced and

BPMV-0 control plants. Ten-day-old soybean plants were inocu-

lated with pBPMV-GmRBOH-VI and the control empty vector

pBPMV-0. Control and GmRBOH-VI-silenced plants were then ino-

culated with Bradyrhizobium diazoefficiens USDA110, and nodules

were counted at 12 days post-inoculation. A significant reduction

in nodule number (P 5 0.04) was observed in GmRBOH-VI-

silenced plants compared with controls. GmRBOH-VI-silenced

plants produced, on average, 69 nodules/plant, whereas the con-

trol produced 123 nodules/plant (Fig. 8B), representing an approx-

imately 50% reduction in nodule formation. We did not find any

differences in the structure or shape of the nodules between the

treatments. This result indicates that knocking down the expres-

sion of GmRBOH-VI leads to a significant decrease in soybean

nodulation.

Transient overexpression of GmRBOH-VI in Nicotiana

benthamiana leads to increased susceptibility to

S. sclerotiorum

Considering our enhanced resistance phenotype observed in

GmRBOH-VI-silenced soybean in response to S. sclerotiorum, we

reasoned that the overexpression of these genes might facilitate

fungal growth and colonization. Transient assays are difficult to

perform in soybean, and so we opted to use N. benthamiana

Fig. 7 Knocking down the expression of GmRBOH-VI leads to increased drought tolerance. Plants are shown before drought stress (A), and 7 days (B) and 10 days

(C) after water deprivation. (D) Recovery of plants after watering was resumed. In each panel, the BPMV-0 empty vector plants (left) and GmRBOH-VI-silenced plants

(right) are shown. Eight plants were used for each of the three biological repeats.
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leaves to perform transient overexpression. Human influenza hae-

magglutinin (HA)-tagged GmRRBOH-VI was cloned into an Agro-

bacterium compatible vector downstream of a 35S promoter, and

bacterial cells were infiltrated into N. benthamiana leaves. The

presence of RBOH proteins was detected via immunoblots using

anti-HA antibody. At 24 h post-agroinfiltration, detached leaves of

N. benthamiana were challenged with agar plugs containing

actively growing mycelia of S. sclerotiorum. The overexpression

of GmRBOHB, GmRBOHL, GmRBOHP and GmRBOHQ in

N. benthamiana enhanced disease development to varying levels

and resulted in an approximately 40%–60% increase in lesion

area compared with empty vector control leaves (Fig. 9B,C). These

data suggest that the overexpression of GmRRBOH-VI leads

to increased susceptibility to S. sclerotiorum infection in

N. benthamiana, and further confirms its positive role in the path-

ogenic development of S. sclerotiorum.

DISCUSSION

The cosmopolitan fungal pathogen S. sclerotiorum can modulate

host defences and subvert plant PCD pathways to achieve patho-

genic success. Indeed, S. sclerotiorum induces a cell death regime

in the host plant which displays apoptotic features (e.g. DNA

laddering), and the expression of anti-apoptotic genes in plants

prevents disease development (Kabbage et al., 2013; Kim et al.,

2008). This pathogen makes efficient use of a simple dicarboxylic

acid, OA, to commandeer a range of host processes, including the

elicitation of PCD. It is believed that the timely induction of cell

death during host colonization provides nutrients that are for the

benefit of the pathogen. Emerging evidence suggests that ROS

play a key role in this process (Kim et al., 2008; Williams et al.,

2011). ROS are known intermediaries of PCD responses, and func-

tion as signalling molecules during pathogen development and

pathogen–host interactions (Erental et al., 2008; Torres et al.,

2006). We examined the underlying mechanisms of ROS genera-

tion in soybean (Glycine max) in response to S. sclerotiorum by

identifying the soybean RBOH (GmRBOH) family and by character-

izing its role in this pathogenic system. This study was prompted

by previous observations indicating that one of the major sources

of ROS in plants under pathogen attack is plasma membrane-

bound RBOH proteins, and that host redox regulation is important

to S. sclerotiorum pathogenicity (Williams et al., 2011). Several

lines of evidence are consistent with the following conclusions: (i)

a group of GmRBOH (GmRBOH-VI) genes is specifically induced

following S. sclerotiorum challenge in soybean; (ii) GmRBOH-VI

induction may be reliant on the presence of the fungal secreted

Fig. 8 Silencing of GmRBOH-VI

reduces nodulation. (A) Nodule

formation in empty vector control

(BPMV-0) and GmRBOH-VI-silenced

plants (BPMV-GmRBOH-VI). (B)

Number of nodules per plant. Plants

were inoculated with 3 mL of

Bradyrhizobium diazoefficiens

USDA110 at an optical density of 0.15.

Eighteen days after B. diazoefficiens

inoculation, the number of nodules on

each plant was counted manually.

Nineteen plants for each treatment

were used for the nodulation study,
*Significant difference at P < 0.05.
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OA in the infection court, as OA-deficient mutants are unable to

induce GmRBOH expression and are non-pathogenic; (iii) the

silencing of GmRBOH-VI leads to enhanced resistance to

S. sclerotiorum and other ROS-inducing insults; and (iv) GmRBOH-

VI silencing and disease resistance coincide with a marked

decrease in ROS levels in the host plant. Therefore, S. sclerotiorum

appears to co-opt the soybean ROS machinery to its benefit by

modulating the expression of host RBOHs. These genes provide a

potential target for the generation of SSR-resistant soybean lines.

Several studies have demonstrated the role of ROS production

in plant immunity and other plant processes, including abiotic

stress responses, growth and development. RBOHs play a key role

in ROS generation, and different RBOHs may control different

plant processes, as reported previously (Kadota et al., 2015;

Torres and Dangl, 2005). In plant immunity, ROS are proposed to

function as antimicrobial molecules, in plant cell wall reinforce-

ment and as secondary messengers to activate additional defence

responses. The implication of host RBOHs is well documented in

defence responses, including HR-PCD and pathogen-associated

molecular pattern (PAMP)-triggered defences following pathogen

recognition. In Arabidopsis, the two principal isoforms associated

with the pathogen response are AtRBOHD and AtRBOHF. AtR-

BOHD affects many processes, including lignification, cell death

control, stomatal closure, and systemic signalling in response to

both abiotic and biotic stresses (Kwak et al., 2003; Miller et al.,

2009; Torres et al., 2002). AtRBOHD is also regulated by both

Ca21-dependent and Ca21-independent pathways during immune

responses (Dubiella et al., 2013; Kadota et al., 2014, 2015). AtR-

BOHF and AtRBOHD have been shown to have redundant func-

tions, as many of the observed phenotypes are enhanced in the

Atrbohd and Atrbohf double mutants (Chaouch et al., 2012; Kwak

et al., 2003; Marino et al., 2012). Although significant progress

has been made in our understanding of RBOH function in

response to pathogens, many of these studies have largely

focused on biotrophic or hemibiotrophic pathogens.

Although NADPH oxidase activity and ROS production typically

correlate with successful disease resistance responses against

invading biotrophic pathogens, ROS may be advantageous to

Fig. 9 Transient overexpression of GmRBOH-VI in Nicotiana benthamiana leads to enhanced susceptibility to Sclerotinia sclerotiorum. (A) Detection of GmRBOHB-

HA, GmRBOHL-HA, GmRBOHP-HA and GmRBOHQ-HA from infiltrated N. benthamiana leaves. The pGWB414-GmRBOHB-HA, pGWB414-GmRBOHL-HA, pGWB414-

GmRBOHP-HA, pGWB414-GmRBOHQ-HA and pGWB414-eHA (empty vector) constructs were expressed in leaves by Agrobacterium infiltration, and samples were

collected at 48 h post-infiltration. Total soluble protein extracts were prepared and separated using sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and tagged GmRBOH proteins were detected using a haemagglutinin (HA)-specific antibody. Equal loading of protein samples was confirmed by Ponceau

staining. (B) Lesion area. pGWB414-GmRBOHB-HA, pGWB414-GmRBOHL-HA, pGWB414-GmRBOHP-HA, pGWB414-GmRBOHQ-HA and pGWB414-eHA were

expressed in N. benthamiana leaves using Agrobacterium. At 24 h post-infiltration, leaves were detached and challenged with S. sclerotiorum. The lesion diameter

was measured at 24 h post-inoculation (hpi). (C) Lesion development in representative leaves. Mean lesion area 6 standard deviation (SD) from three independent

experiments was measured; each experiment contained five leaves. ?, Significant difference at P < 0.05.
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pathogens with predominantly necrotrophic lifestyles, such as

S. sclerotiorum, which require dead host tissue. As stated above,

PCD is essential for S. sclerotiorum pathogenicity, a process that

requires ROS generation. Our results show that a group of soy-

bean RBOH genes (GmRBOH-VI) is specifically induced following

S. sclerotiorum challenge, with peak expression at the later stages

of the infection process. Silencing of GmRBOH-VI leads to mark-

edly decreased ROS production and enhanced resistance to this

pathogen. Thus, S. sclerotiorum may induce ROS production to its

advantage by increasing RBOH activity. In accordance, necrotr-

ophs have been proposed to stimulate ROS production in host tis-

sue to induce cell death and to facilitate infection (Marino et al.,

2012). This was further supported by results in Arabidopsis show-

ing that ROS levels correlate positively with the growth of Botrytis

cinerea, a close relative of S. sclerotiorum, but negatively with the

growth of the hemibiotrophic pathogen Pseudomonas syringae

(Govrin and Levine, 2000). Increased resistance to another

necrotrophic fungus, Alternaria brassicicola, was also observed in

rbohD mutants in Arabidopsis (Pog�any et al., 2009). Surprisingly,

the silencing of RBOHB (SlRBOHB) in tomato led to increased sus-

ceptibility to B. cinerea, and its overexpression in N. benthamiana

enhanced resistance to the same necrotrophic pathogen (Li et al.,

2015). Although it is difficult to explain these contradictory

results, it is, however, conceivable that similar pathogens may

trigger different responses in a particular host. For example,

S. sclerotiorum and B. cinerea are taxonomically closely related

pathogens, but important differences in developmental and patho-

genic features have been noted (Amselem et al., 2011). One of

these differences is OA production, the requirment of which differs

for the two pathogens depending on the host (Stefanato et al.,

2008; Xue et al., 2015). Thus, such disparities may provoke differ-

ent host responses. Alternatively, the involvement of different

RBOH genes, and the timing of RBOH activity and ROS generation,

may also be key to the outcome of a given host–microbe interac-

tion. It should also be noted that RBOH activity is regulated by

complex signalling events involving Ca21-based regulation, pat-

tern recognition receptor (PRR) complexes and Rac GTPase

(Kadota et al., 2015). Therefore, despite the common mechanism

by which ROS are produced, RBOHs are at the crossroads of a

complex network of signals, thus explaining the variable out-

comes observed in different situations.

How S. sclerotiorum co-opts the host’s ROS/RBOH machinery

is an important question. It is reasonable to speculate that the key

pathogenicity factor OA plays a role in this interaction. In this

study, we have shown that GmRBOH-VI induction requires OA in

the infection court, and that OA-deficient mutants are unable to

up-regulate GmRBOH-VI expression and are non-pathogenic. We

have also noted that the lack of GmRBOH-VI transcript induction

may be a result of the inability of the fungus to colonize host tis-

sues. However, OA has been shown to have opposing functions,

including the dampening of ROS in the initial stages of host colo-

nization, but later promoting ROS production (Williams et al.,

2011). Using a redox-sensitive GFP system, Williams et al. (2011)

showed that OA induces a reducing environment at the onset of

infection to impede host defences, but, once the infection is initi-

ated, an oxidative state persists leading to PCD of host tissue. Our

results suggest that the later surge of ROS may be caused by the

up-regulation of RBOH activity in the host by S. sclerotiorum and

that the timing of this activity and ROS production appear to be

key to the pathogenic success of S. sclerotiorum. It is currently

unclear whether the initial reductive state imposed by OA involves

the dampening of RBOH gene expression. Our results show that

the expression of other GmRBOHs is decreased during disease

development. However, this down-regulation occurs at the later

stages of the infection process.

The involvement of RBOH genes in abiotic stress responses is

well documented (Cheng et al., 2013; Lin et al., 2009; Wang

et al., 2013, 2016). Drought, in particular, is an important yield-

limiting stress in soybean production. Soybean plants are most

affected by drought during the reproductive growth phase, caus-

ing flower abortion, lower pod number and reduced seed per pod.

We considered the effect of the silencing of GmRBOH-VI on

drought tolerance in soybean. Remarkably, the silencing of these

genes delayed wilting and cell death imposed by water stress.

Once watering was resumed, silenced plants were able to recover

more quickly than control plants following prolonged exposure to

drought conditions. During water deprivation, plant cell homeo-

stasis is affected, causing elevated levels of ROS, a process that is

probably mediated by RBOHs. High levels of ROS induce oxidative

damage and, ultimately, death of the plant. The silencing of

GmRBOH-VI markedly reduced ROS levels and delayed cell death

associated with water stress. Under field conditions, this could

afford the plant valuable time to cope with extreme drought con-

ditions and to improve recovery. However, ROS also act as impor-

tant signalling molecules that communicate with phytohormone

pathways, redox-sensitive molecules and other ROS-responsive

processes to mediate acclimatization to various abiotic stresses

(Bhattacharjee, 2005; Kaur et al., 2014; Marino et al., 2012). This

is supported by results in rice (Wang et al., 2016) and tomato (Li

et al., 2015), where osrbohA knockout and SlRBOHB-silenced

plants, respectively, were found to be more sensitive to drought

stress. We speculate that, under our experimental conditions,

silencing of GmRBOH-VI maintains ROS at sublethal levels without

impeding signalling events, thus limiting the accumulation of

excessive ROS during prolonged drought stress, which is detri-

mental to recovery and survivability. It is important to note the

expanded RBOH family in soybean, and other members may also

be involved in abiotic stress signalling, including drought.

Whilst considering the potential utilization of GmRBOH-VI-

silenced plants to confer resistance to S. sclerotiorum in soybean,
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we examined the effect of silencing on nodulation in this legume.

A role for RBOH proteins has been reported in the symbiosis

between legumes and nitrogen-fixing rhizobia. In Medicago trun-

catula, MtRBOHA has been shown to be important for nodule

functioning; silencing of MtRBOHA decreases nitrogen fixation

activity in nodules (Marino et al., 2011). In P. vulgaris, the over-

expression of PvRBOHB enhances nodule nitrogen-fixing activity

and delays nodule senescence; however, it impedes the coloniza-

tion of arbuscular mycorrhizal fungi (AMF) (Arthikala et al., 2014).

Thus, RBOH genes can both inhibit and stimulate symbiotic inter-

actions. In this study, we quantified nodules in control and

GmRBOH-VI-silenced plants, and found that a significant reduc-

tion in nodule formation occurred in GmRBOH-VI-silenced soy-

bean. This suggests that these genes may contribute to the

establishment of symbiotic associations between soybean and rhi-

zobia. However, further studies are required to establish whether

the decrease in nodule number has a significant impact on the

plant’s overall nitrogen-fixing capacity. It will also be interesting

to determine whether GmRBOH-VI silencing has a positive impact

on mycorrhization, as observed in common bean (Arthikala et al.,

2014). The generation of stable transgenic plants is underway to

address these questions and to further assess tolerance to other

biotic and abiotic stresses.

Numerous studies have discussed the importance of RBOH

family members as adapter molecules orchestrating plant

responses to developmental cues, environmental insults and

microbes. In the case of S. sclerotiorum, it appears that this fun-

gus can manipulate RBOH signalling to its advantage in soybean.

We propose that the targeting of specific GmRBOH genes for

silencing may constitute a viable strategy to limit SSR develop-

ment and confer tolerance to other environmental insults.

EXPERIMENTAL PROCEDURES

Plant material

Two varieties of soybean (Glycine max), Williams 82 and Traff, were used

in this study. Traff was used for VIGS assays, whereas the gene expression

study was performed on Williams 82. Soybean seedlings and plants were

maintained in a growth chamber at 24 8C with a 16-h light/8-h dark pho-

toperiod cycle. Fertilization was applied using standard practices.

Identification, domain search and phylogenetic

analysis of soybean RBOHs (GmRBOHs)

Arabidopsis RBOH protein sequences were used to perform sequence sim-

ilarity searches in JGI Phytozome (Wm82.a2.v1) (https://phytozome.jgi.

doe.gov/pz/portal.html) (Schmutz et al., 2010) using a stringent cut-off

(E-value 5 0.0). We identified 17 GmRBOHs and searched their protein

sequences for conserved domains using the SMART alignment tool

(http://smart.embl-heidelberg.de/smart/set_mode.cgi?GENOMIC51) (Letunic

et al., 2015) and PFAM (http://www.sanger.ac.uk/science/tools/pfam)

(Finn et al., 2016). The protein sequences of GmRBOH and AtRBOH were

used in PhyML 3.0 to construct a maximum likelihood phylogenetic tree

(http://www.phylogeny.fr/advanced.cgi) (Dereeper et al., 2008, 2010).

Bootstrap values >50% were used to resolve branching.

Construction of BPMV VIGS and overexpression

constructs

To make the GmRBOH-VI silencing construct, the forward primer

GmRbohSGVIF (50-AAGGGATCCTGCGAGCGATTACTTCGTGCT-30) and

reverse primer GmRbohSGVIR (50-TTGGGTACCCACTCTGGTCACTACTT

GCTG-30) were used to amplify a 307-bp fragment. Restriction sites BamHI

and KpnI (italic) were added to forward and reverse primers, respectively.

An extra nucleotide in the reverse primer, shown in bold type, was added

to maintain the viral open reading frame. The amplified fragment was

ligated into the DNA-based BPMV VIGS vector pBPMV-IA-D35 (Liu et al.,

2011). Biolistic delivery of BPMV constructs was performed as described

previously (Zhang et al., 2013). Silencing was monitored using the con-

struct pBPMV-IA-PDS-3R, which targets the soybean phytoene desaturase

(PDS), leading to photobleaching of the plants (Zhang et al., 2010). For tran-

sient overexpression, GmRBOHB, GmRBOHL, GmRBOHP and GmRBOHQ

coding sequences were amplified using their corresponding primers

(Table S1) from soybean cDNAs. The coding regions were then cloned into

the GatewayTM entry vector pDONR/Zeo (Life Technologies, Carlsbad, CA,

USA) to produce pENTR/Zeo:GmRBOHB, pENTR/Zeo:GmRBOHL, pENTR/

Zeo:GmRBOHP and pENTR/Zeo:GmRBOHQ by performing the BP clonase

reaction following the manufacturer’s protocol. pENTR/Zeo:GmRBOHB,

pENTR/Zeo:GmRBOHL, pENTR/Zeo:GmRBOHP and pENTR/Zeo:GmRBOHQ

were recombined into the binary vector pGWB414 upstream of a

human influenza HA tag (Nakagawa et al., 2007), resulting in

pGWB414:GmRBOHB–HA, pGWB414:GmRBOHL–HA, pGWB414:

GmRBOHP–HA and pGWB414:GmRBOHQ–HA, respectively. The binary

plasmids were transferred into the Agrobacterium strain GV3101 for fur-

ther experiments.

Sclerotinia sclerotiorum infection and drought

treatment

Disease assays were performed using the wild-type isolate of

S. sclerotiorum 1980 or the OA-deficient mutant (A2) derived from this

strain (Williams et al., 2011). Strains were grown at room temperature on

potato dextrose agar (PDA). Soybean plants were infected with

S. sclerotiorum using the cut petiole inoculation method (Hoffman et al.,

2002). Actively growing S. sclerotiorum agar plugs were inserted into a

cut petiole of the soybean plants using a 1-mL pipette tip. VIGS plants

were challenged with S. sclerotiorum 18 days after BPMV construct inocu-

lation. In drought studies, plants were subjected to water stress over a

period of 10 days. Before starting the stress, we ensured that all pots had

equal weight, and received equal amounts of soil and water. After

10 days of continuous water stress, watering was resumed to assess the

recovery of plants.

Immunoblotting

Total proteins were extracted from N. benthamiana leaves 48 h after agro-

infiltration in lysis buffer [33 per fresh weight of tissue, 5% b-

mercaptoethanol, 13 complete protease inhibitor cocktail, 94% of 23
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Laemmli buffer (Bio-Rad, Hercules, CA, USA)]. Extracts were centrifuged

at 10000g for 10 min. Supernatant (30 mL) was separated on an 8%

sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel

and transferred to nitrocellulose membrane using a trans-blot semidry cell

(Bio-Rad) following the manufacturer’s protocol. Ponceau staining [0.1%

(w/v) Ponceau S in 1% (v/v) acetic acid] was performed to check for effi-

cient protein transfer and equal loading. Skimmed milk powder (5%) was

used as a blocking agent. A 1 : 1000 dilution of rabbit anti-HA antibody

(Cell Signaling Technology, Danvers, MA, USA) was used as primary anti-

body. The goat anti-rabbit immunoglobulin G (IgG) horseradish peroxidase

(HRP)-linked antibody (Cell Signaling Technology) was used as secondary

antibody. The luminescent signal was visualized using Amersham ECL

Prime Western Blotting Detection Reagent (GE Healthcare Bio-Sciences,

Pittsburgh, PA, USA) and the ChemiDocTM MP System (Bio-Rad).

RNA isolation, reverse transcription and gene

expression analysis

The internodal region at the infection site was used for RNA isolation,

which included both symptomatic and non-symptomatic tissue. Stem tis-

sues were harvested and immediately frozen in liquid N2. RNA was iso-

lated using Trizol reagent (Ambion Life Technologies, Carlsbad, CA, USA),

and then treated with RNase-free DNaseI (NEB Inc., Ipswich, MA, USA).

The RNA was reverse transcribed using the AMV First-Strand cDNA Syn-

thesis Kit (NEB Inc.) and oligo-dT primer according to the manufacturer’s

instructions. The cDNA was used as template for gene expression analysis

using qRT-PCR. qRT-PCR was performed using a Sensi FAST SYBRVR No-

ROX Kit (Bioline USA Inc., Taunton, MA, USA). Each reaction consisted of

5 lL of 23 SensiFAST SYBR No-ROX Mix, 1 lL of 1 : 10-fold diluted

cDNAs, 0.4 lL of each 10 lM gene-specific forward primer and reverse

primer in a final volume of 10 lL. The primer pairs used for qRT-PCR are

shown in Table S1. qRT-PCR was performed on a CFX96 real-time PCR

system (Bio-Rad). The protocol was as follows: 2 min of initial denatura-

tion at 95 8C; the samples were then subjected to cycling parameters of

95 8C for 5 s, 58 8C for 10 s and 72 8C for 20 s (for 40 cycles). The relative

expression of the gene was calculated using the 22DDCt method (Livak

and Schmittgen, 2001) with soybean GmCon15S as an endogenous con-

trol. Three biological repeats were performed for each sample.

H2O2 measurement

H2O2 determination in infected and non-infected soybean stem tissue was

performed using a modified KI method as described previously (Alexieva

et al., 2001). In brief, plant tissues were harvested, immediately frozen in

liquid N2, ground and stored at 280 �C until H2O2 quantification. Frozen

powder (1.5 g) was directly homogenized with 10 mL of a solution con-

taining 0.1% w/v trichloroacetic acid (TCA) at 4 8C. The homogenized

sample was centrifuged at 11,250g for 15 min at 4 8C. The reaction mix-

ture consisted of 0.5 mL of 0.1% TCA, plant tissue extract supernatant,

0.5 mL of 100 mM potassium phosphate buffer and 2 mL of reagent mix

(1 M KI w/v in fresh double-distilled water). Care was taken to protect

samples and solutions from light. The reaction was developed for 1 h in

darkness and the absorbance was measured at 390 nm. Quantification

was calculated using a standard curve prepared with known concentra-

tions of H2O2.

Transient assay in N. benthamiana and symptom

quantification

For Agrobacterium-mediated transient overexpression of candidate genes

in N. benthamiana, bacterial cultures (Agrobacterium tumefaciens

GV3101) were grown overnight (28 8C, 200 rpm), pelleted by centrifuga-

tion and then resuspended in infiltration medium [9 mM MES (2-(N-mor-

pholino)ethanesulfonic acid), 10 mM MgSO4, 10 mM MgCl2, pH 5.6,

300 mM acetosyringone]. Cell densities were adjusted to 0.9 (optical den-

sity at 600 nm, OD600). Leaves of 4–5-week-old N. benthamiana plants

were infiltrated using a needleless syringe. Twenty-four hours post-

agroinfiltration, detached leaves of N. benthamiana were challenged with

agar plugs containing actively growing mycelia of S. sclerotiorum. Leaves

were photograhed at 24 h post-challenge, and the lesion area was calcu-

lated using the image analysis software ImageJ (Abramoff et al., 2004;

Glozer, 2008).

Nodulation assay

Ten-day-old soybean seedlings were inoculated with pBPMV-GmRBOH-VI

and the control empty vector pBPMV-0 (Kandoth et al., 2013). Twenty-

one days following VIGS construct inoculation, control and GmRBOH-VI-

silenced plants were inoculated with a 3-mL culture of Bradyrhizobium

diazoefficiens USDA110 at an optical density of 0.15. Whole plants were

harvested after 12 days, the roots were cleaned and the number of nod-

ules in each plant was counted manually.

Statistical analysis

All experiments consisted of three independent biological replicates. For

statistical analysis, Student’s t-test was performed and P < 0.05 was con-

sidered to be significant. For nodulation data analysis, one-way analysis

of variance (ANOVA) was performed and P < 0.05 was considered to be

significant.
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Fig. S1 Expression profile of soybean respiratory burst oxidase

homologues (GmRBOHs) following infection with Sclerotinia

sclerotiorum. hpi, hours post-inoculation.

Fig. S2 Leaf phenotypes on the Traff soybean cultivar induced

by Bean pod mottle virus (BPMV), GmRBOH-VI and GmPDS

silencing vectors.

Table S1 List of primers used for real-time polymerase chain

reaction (PCR) analysis and overexpression construct.
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