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Introduction

Soybean rust is caused by an obligate, biotrophic, basidio-
mycete fungus, Phakopsora pachyrhizi.1 The disease is currently 
controlled with fungicides. Farmers would rather grow resistant 
soybeans, but the few known resistance (R) genes to soybean rust 
are not deployed in commercial cultivars. Worse still, soybean rust 
isolates have the potential to overcome these genes.2 Not to be 
deterred by a seemingly Sisyphean problem, scientists hoping to 
improve resistance and curtail fungicide application have concen-
trated their research efforts over the last decade to identify the 
genetic positions of the few known R-genes, supporting the goal 
of determining how the genes function and how the fungus over-
comes them.3,4,5,6,7,8

During soybean invasion, there are multiple points where the 
rust fungus makes contact with leaf cells where it could be rec-
ognized by the plant immune system.9,10,11,12 One opportunity for 
detection is at the fungal haustorium/plant cell interface where 
the fungus acquires its nutrients from the plant.13 While not yet 
proven for soybean rust, it is known for other rust fungi that rusts 

secrete effector proteins from their haustoria to facilitate pathoge-
nicity. This includes disabling the plant immune system, stabiliz-
ing the host cell, and inducing the plant cell to produce nutrients 
for the fungus.14,15,16,17,18,19

If a pathogen effector protein is detected or recognized by a 
plant R protein, a plant defense response called effector-triggered 
immunity (ETI) ensues.20 The phenotypic hallmark of ETI is 
hypersensitive resistance, which often leads to programmed death 
of the plant cells at the site of infection and cessation of pathogen 
accumulation and spread. In Arabidopsis thaliana responding to 
bacterial pathogen effector proteins, the biochemistry associated 
with ETI includes Mitogen-Activated Protein (MAP) kinase sig-
naling, reactive oxidative species generation, gene expression and 
protein alterations, salicylic acid and ethylene hormonal signaling, 
fortification of cell walls, and production of antimicrobial chemi-
cals, peptides, and enzymes.21 In resistant soybeans with R-genes 
Resistance to P. pachyrhizi (Rpp) 2 and 3, the expressions of genes 
controlling similar biochemical processes are induced during rust 
infection.22,23 In soybeans with R-genes overcome by rusts, suscep-
tibility may be predicated on evasive effector proteins.
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Phakopsora pachyrhizi, a fungus that causes rust disease on soybean, has potential to impart significant yield loss and 
disrupt food security and animal feed production. Rpp1 is a soybean gene that confers immunity to soybean rust, and it is 
important to understand how it regulates the soybean defense system and to use this knowledge to protect commercial 
crops. It was previously discovered that some soybean proteins resembling transcription factors accumulate in the nucleus 
of Rpp1 soybeans. To determine if they contribute to immunity, Bean pod mottle virus was used to attenuate or silence the 
expression of their genes. Rpp1 plants subjected to virus-induced gene silencing exhibited reduced amounts of RNA for 5 of 
the tested genes, and the plants developed rust-like symptoms after subsequent inoculation with fungal spores. Symptoms 
were associated with the accumulation of rust fungal RNA and protein. Silenced plants also had reduced amounts of RNA 
for the soybean Myb84 transcription factor and soybean isoflavone O-methyltransferase, both of which are important to 
phenylpropanoid biosynthesis and lignin formation, crucial components of rust resistance. These results help resolve some 
of the genes that contribute to Rpp1-mediated immunity and improve upon the knowledge of the soybean defense system. 
It is possible that these genes could be manipulated to enhance rust resistance in otherwise susceptible soybean cultivars.
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The dominant Rpp1 rust resistance gene was introduced in the 
1980s into soybean cultivar Williams 82 (W82) by a cross with 
soybean accession PI200492.24 Progeny were backcrossed to W82 
5 times and selected for W82 agronomic traits and Rpp1-mediated 
immunity. The W82/Rpp1 isogenic line, herein called Rpp1, was 
analyzed for genomic sequence polymorphisms and was indistin-
guishable from the parent W82 except for the 0.4 cM Rpp1 locus.5 
These data imply that W82 harbors all genes required for rust 
immunity except those within the Rpp1 locus. It was with Rpp1 
that a proteomic screen was performed to identify transcription fac-
tors (TFs) and other proteins inherent to W82 that might exhibit 
increased accumulation in the nucleus during Rpp1-mediated 
immunity.25 The hypothesis was that the activated Rpp1 protein 
led to the migration of proteins to the nucleus or led to a change 
in accumulation of proteins in the nucleus that then influenced 
defense-related gene expression. The screen resolved 111 proteins, 
many of which had sequence homology to TFs and other nuclear 
proteins found in other plants, or which had predicted nuclear 
localization signals. There was little overlap between these pro-
teins and the genes with altered expressions in rust-infected Rpp2 
plants,22 and this implied that the proteins may be important to 
Rpp1-mediated immunity.

Scientists are now exploiting a process known as virus-induced 
gene silencing (VIGS) to determine whether soybean genes are 
important to disease resistance.26,27 VIGS involves challenging 
soybean plants with recombinant Bean pod mottle virus (BPMV) 
expressing a small fragment of a soybean gene thought to be 
involved in disease resistance against another pathogen. VIGS 
occurs prior to test pathogen inoculation and if successful, induces 
the endogenous RNAi-mediated defense system in soybean and 

lowers the gene expression of the candidate gene. A concomitant 
reduction in resistance after challenge with the pathogen impli-
cates the silenced gene in defense. Pandey et  al. (2011) used 
VIGS to confirm that the soybean orthologs of A. thaliana genes 
Enhanced Disease Susceptibility 1 (GmEDS1), Phytoalexin Deficient 
4 (GmPAD4), and Nonexpressor of Pathogenesis-Related genes 1 
(GmNPR1), regulators of salicylic acid signaling crucial for defense 
against biotrophic fungal and bacterial pathogens, function as part 
of Rpp2-mediated resistance to soybean rust.28 In addition, they 
showed that the genes for the enzymatic precursors for lignin and 
antimicrobial compound biosynthesis, Phenylalanine-Ammonia 
Lyase 1 (GmPAL1), Isoflavone O-Methyltransferase (GmO-MT ), 
and Cytochrome P450 family 83 E12 (Cyp83E12) and 5 TFs that 
regulate the expression of these genes, also are part of the Rpp2-
mediated resistance system.28 VIGS also has been used to identify 
the rust-resistance gene Rpp4 and other resistance genes for other 
pathogens of soybean.6,29,30,31 Because VIGS is well-suited for dis-
secting the soybean defense system, we used it to investigate several 
of the genes of the proteins linked to Rpp1-mediated immunity.25 
The results imply that some of the genes are important to Rpp1-
mediated defense and add to our much-needed knowledge of the 
regulation of the soybean immune system.

Results

Candidate gene isolation
Genes for 10 of the proteins with increased accumulation in 

rust-challenged Rpp1 plants were selected for further characteriza-
tion (Table 1).25 Their sequences were initially determined from 
the W82 genome gene models.32 Six of the genes, dubbed C, I, K, 

Table 1. Soybean genes targeted for BPMV-induced gene silencing, their features and phenotypes when silenced in Rpp1 plants

Soybean gene Alias Gene domains
A. thaliana homolog

(BLASTP e-value)
Potential 
function

Rust 
symptoms on 

VIGS-Rpp1

P. pachyrhizi 
(RNA or protein) 

in VIGS-Rpp1

Reduced gene 
expression in 

VIGS-Rpp1

Glyma01 g31830 A Dirigent superfamily
AT1G55210

(9e-53)
Lignin 

biosynthesis
Yes Yes Yes

Glyma08 g07830 E COG4260
AT5g64160

(2e-71)
Unknown Yes Yes Yes

Glyma08 g23720 C GATA zinc-finger
AT5G15840

(3e-188)
CONSTANS No No Not tested

Glyma12 g30600 I None identified
AT5G03740

(1e-23)
TF Yes Yes Yes

Glyma13 g17840 K None identified
AT1G09520

(4e-6)
TF No No No

Glyma13 g44430 J U1 like zinc finger
AT2G32600

(4e-128)
TF Yes Yes Yes

Glyma14 g11400 L PHD superfamily
AT5G20510

(8e-107)
TF No No Not tested

Glyma16 g32940 M DUF296 superfamily
AT5G62260

(7e-56)
Unknown Yes Yes Yes

Glyma17 g04670 N None identified
AT1G09520

(3e-10)
TF No No No

Glyma18 g01150 O CTD superfamily
AT1G24310

(9e-166)
Unknown No No No
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J, L, and N, are among a set of soybean TFs predicted from the 
genome.33 These genes are not classified as WRKY TFs and are not 
similar to those known to be involved in Rpp2-mediated defense.28 
The other 4 candidates were selected for different reasons. Gene 
A is similar to an A. thaliana candidate lignin biosynthesis gene 
induced by an Oomycetes pathogen effector.34 Genes E, M, and 
O are also similar to A. thaliana genes, but have unresolved func-
tions. cDNAs for each of these genes were cloned from W82 RNA. 
Clones with sequences that perfectly matched the gene models 
were obtained for all genes except for A, which had a single, silent 
mutation.

Virus induced gene silencing
Small, 240–300 bp DNA fragments of coding sequence 

proximal to the stop codon of the soybean genes were amplified 
and cloned into a plasmid encoding RNA2 of BPMV. Since 
the goal was to achieve silencing specificity to the target gene, 
fragments were chosen to distinguish the target gene from para-
logs and homologs. These RNA2 plasmid constructs were co-
bombarded with BPMV RNA1M plasmid to soybean seedlings, 
and the virus was propagated. The recombinant BPMV silenc-
ing constructs exhibited typical mottle symptoms on W82 and 
Rpp1 leaves similarly to the control BPMV 1037 that expresses 
the green fluorescent protein (Fig. 1).

Eight to 12 Rpp1 plants were infected with each BPMV con-
struct, alongside 2 W82 and 2 Rpp1 plants infected with 1037. 
For each experiment, there were also 2 W82 and 2 Rpp1 plants 
not inoculated with virus. The plants were then challenged with 
soybean rust isolate Louisiana 4–1 and were monitored for 2 to 
3 wk. Louisiana 4–1 produces an immune phenotype on Rpp1 
and a susceptible phenotype on W82 (Fig. 1).25,35 Immunity is 
associated with few visible symptoms and is different than the 
resistance phenotype controlled by genes Rpp2–4, which pro-
duce larger, hypersensitive local lesions. The immune pheno-
type also can be differentiated from the symptomatic necrotic 
lesions and rust pustules that are signs of infection in susceptible 
W82 (Fig. 1). All W82 plants developed rust pustules within 
2 wk after inoculation, whereas all Rpp1 plants exhibited no 
signs of rust infection, except when preinfected with 1037 when 
small, speckled sites of necrosis and cell death were observed 
(Fig. 1). We interpreted this as BPMV rendering visible the oth-
erwise imperceptible hypersensitivity in rust-inoculated Rpp1 
plants. We therefore sought to identify a compromised-immu-
nity phenotype that was between the susceptible phenotype of 
a rust-infected W82 and the speckled-immune phenotype for 
a rust-challenged Rpp1 plant infected with 1037. We observed 
that rust-challenged plants infected with BPMV-Ai, Ei, Ii, Ji, or 
Mi exhibited necrotic lesions and rust-like symptoms, albeit in 
absence of signs of rust sporulation. We attributed this pheno-
type to compromised Rpp1-mediated immunity (Fig. 1).

The most severe compromised-immunity phenotypes 
appeared on Rpp1 plants infected with BPMV-Ji and Mi, 
whereas the least severe phenotype appeared on plants with 
BPMV-Ii. Not all of the plants tested with each construct exhib-
ited compromised-immunity phenotypes, which implied that 
there might be different degrees of gene silencing that occurred 
in each plant. Rpp1 plants inoculated with rust and infected 

with BPMV-Ci, K i, Li, N i, and Oi had phenotypes more sim-
ilar to rust-challenged Rpp1 plants infected with 1037. Rust 
challenges were performed at least 5 times over the course of 
2 years. The compromised-immunity phenotypes observed on 
the Rpp1 plants infected with silencing constructs BPMV-Ai, 
Ei, Ii, Ji, and Mi were consistently reproducible.

Pathogen detection in compromised Rpp1 plants
RNA was extracted from soybean trifoliate leaves from chal-

lenges 1 and 2, and quantitative reverse transcriptase-poly-
merase chain reaction (RT-PCR) was performed to determine 
if the compromised-immunity phenotypes were associated with 
increased amounts of pathogen accumulation. The detected 
amounts of soybean rust tubulin RNA were normalized to the 
amounts of RNA from a soybean gene constitutively expressed 
during rust infection.28,36 P. pachyrhizi α-tubulin RNA was 
detected in positive control W82 plants inoculated with rust, 
but was not detected in plants not inoculated with rust (Fig. 2). 
These results confirmed that the assay was specific to soy-
bean rust α-tubulin and did not inadvertently detect soybean 
RNA. By contrast to W82 plants, only small, but statistically 
significant amounts of P. pachyrhizi α-tubulin RNA could be 
detected in Rpp1 plants infected with 1037 and challenged 
with rust. This confirmed that the plants had been sprayed 
with rust spores, but that the fungus did not spread as a result 
of Rpp1-mediated immunity. By comparison to these positive 
and negative controls, P. pachyrhizi α-tubulin RNA was reli-
ably detected in rust-challenged Rpp1 plants preinfected with 
BPMV-Ai, Ei, Ii, Ji, and Mi (Fig. 2). Consistent with the vary-
ing degrees of the compromised-immunity phenotype observed 
between plants tested with any one silencing construct, silenced 

Figure 1. Symptoms on soybeans challenged with soybean rust and BPMV. 
The W82 variety is susceptible to soybean rust and exhibits lesions and rust 
pustules by 2 wk after challenge. The Rpp1 isoline is immune to soybean 
rust and is usually symptomless, but exhibits small sites of necrosis when 
preinfected with BPMV 1037. Rpp1 challenged with soybean rust exhibits 
a range of lesion sizes when preinfected with the various BPMV constructs 
expressing fragments intended to induce silencing of the denoted genes. 
W82 infected with BPMV-Mi 8 d after inoculation (no rust) exhibit typical 
viral mottle symptoms on upper leaves (bottom right panel).
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Rpp1 plants also accumulated varied amounts of P. pachyrhizi 
α-tubulin RNA. This observation could be related to differ-
ing degrees of gene silencing or virus titer. It was not possible 
to distinguish these 2 possibilities by quantitative RT-PCR in 
30-d old trifoliate leaves undergoing senescence and deteriorat-
ing from disease.

To independently confirm that P. pachyrhizi accumulated 
in Rpp1 plants showing a compromised-immunity phenotype, 
protein was extracted from the trifoliate leaves from rust chal-
lenges 4 and 5 and tested in western blots against an antibody 
specific to an extracellular P. pachyrhizi protein, PHEP 369, 
expressed in spores and germlings.37 The PHEP 369 protein 
was detected in rust-challenged Rpp1 plants infected with 
BPMV-Ai, Ei, Ii, Ji, and Mi, but the protein was not readily 
found in rust-challenged 1037-infected Rpp1 controls (Fig. 3). 
Basing our decision upon the total amount of protein analyzed, 
we estimated that the amount of rust protein detected in Rpp1 
plants exhibiting compromised-immunity was about 100 times 
less than that found in susceptible W82 plants. As with the 
quantitative RT-PCR assays, different amounts of P. pachyrhizi 
protein accumulated between Rpp1 plants infected with the 
same silencing construct and challenged with rust.

Effects of VIGS on gene expression
We sought to confirm that the compromised-immunity 

phenotypes were attributed to VIGS. This proved difficult to 
accomplish in plants challenged with both rust and BPMV, so 
Rpp1 plants were inoculated with each BPMV silencing con-
struct and were examined 7 d later without any subsequent 
rust challenge. Using the same low-cycle RT-PCR method 
from Pandey et al. (2011) to verify VIGS, we observed reduced 
accumulation of A, E, I, J, and M in Rpp1 plants infected with 
the respective VIGS constructs (Fig. 4). These results are con-
sistent with the compromised-immunity phenotype associated 
with each construct. Not all Rpp1 plants infected with any 
single BPMV construct, however, exhibited the same degree 
of reduced expression. This observation is consistent with the 
variation in the accumulation of P. pachyrhizi RNA and protein 
in plants infected with the same silencing construct.

To learn more about how immunity was compromised, we 
examined after VIGS the expression of marker genes with known 
roles in soybean rust defense. We examined GmEDS1, GmPAD4, 
and GmNPR1, which are regulators of salicylic acid-mediated 
defense signals in soybean,38 and we examined a soybean ortho-
log of Ethylene Insensitive 2 (EIN2), the central regulator of eth-
ylene signaling that also functions in pathogen defense in A. 
thaliana.39,40,41 We examined GmPAL1 and GmO-MT, which 
catalyze reactions for phenylpropanoid biosynthesis and lignin 
formation, which are crucial to soybean rust defense.22,28,42 We 
also examined the expression of 2 TF genes, Myb domain pro-
tein 84 (GmMyb84), which is linked to GmPAL1 expression, 
and WRKY DNA-binding protein 36 (GmWRKY36 ), which is 
linked to the expression of GmO-MT.28 Low-cycle RT-PCR was 
performed on Rpp1 plant leaves inoculated with each BPMV 
silencing construct using primers specific to the marker genes. 
In all silenced soybeans, but not the 1037 inoculated controls, 
there were reduced amounts of expression of GmMyb84 and 

Figure 2. Relative levels of soybean rust tubulin RNA detected in soy-
bean variety W82 and isoline Rpp1 challenged with rust and BPMV. 
The amount of rust tubulin was normalized to the amount of soybean 
cons6. Rpp1 plants were preinfected with BPMV 1037 (control) or with 
the denoted BPMV silencing constructs. Data for silenced plants from 
replicate rust challenges 1 and 2 are shown. Rust tubulin was not 
detected in Rpp1 plants not challenged with rust.

Figure 3. Soybean rust protein PHEP 369 in soybean variety W82 and 
isoline Rpp1 challenged with rust and BPMV. Rpp1 plants were prein-
fected with BPMV 1037 (control) or with the denoted BPMV silencing 
constructs. PHEP 369 was detected with anti-PHEP 369 antibody. One 
hundred times less total protein from the W82+rust sample was evalu-
ated. Data are from rust challenge 5. Five independent replicates with 
silencing constructs are shown.
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GmO-MT (Fig. 5). Reduced expression of GmO-MT was least 
pronounced in BPMV-Ei infected plants, which implies that E 
plays a less prominent regulatory role for GmO-MT. Reduced 
expression of GmMyb84 was greatest in BPMV-Ji infected 
plants, which implies that J plays a more prominent regulatory 
role for GmMyb84. These results imply that phenylpropanoid 
biosynthesis and lignin formation are necessary for Rpp1-
mediated immunity as they are for Rpp2-mediated resistance.

Other genes of the soybean defense system may have been 
affected by VIGS as well (Fig.  5). VIGS with BPMV-Ji may 
have also lowered GmEDS1, GmPAD4, and GmEIN2 expres-
sion, while VIGS with BPMV-Mi may have led to reduced 
expression of GmEDS1, GmPAD4, and GmPAL1. These results 
suggest that the salicylic acid and ethylene hormonal signaling 
pathways may be regulated by Rpp1. These results, however, 
are partially inconsistent with those reported by Pandey et al. 
(2011) because neither GmNPR1 nor GmWRKY36, which are 
transcriptionally downstream of GmPAD4 and GmEDS1 in 
Rpp2-mediated resistance,28 appeared to be affected in Rpp1 
plants. Since these data are at the limits of the dynamic range 
of measurement for low-cycle RT-PCR, it will be worthwhile 
to apply more sensitive, complementary assays that can resolve 
whether GmPAD4, GmEDS1, and GmEIN2 are controlled by J 
and M and further delineate on a broader scale the genetic net-
works in which A, E, I, J, and M reside in Rpp1 plants.

Discussion

Our knowledge of the immune system of soybean is lim-
ited compared with that for the model plant A. thaliana, but 
it has been growing in recent years. We now know that Rpp1, 
Rpp2, and Rpp3 regulate the expression and accumulation of 
hundreds of genes and proteins within 24 h of soybean rust 
inoculation.22,23,25 Induced genes include GmEDS1, GmPAD4, 
and GmNPR1, which regulate the salicylic acid defense path-
way, leading to increased phenylpropanoid metabolism through 
enzymes like GmO-MT.28 These findings are important 
because they reveal the genes and defense pathways transcrip-
tionally downstream of Rpp1–3, but they are also important 
because they demonstrate that there are commonalities between 
the A. thaliana and soybean defense systems. This indicates 
that plants use conserved mechanisms to combat biotrophic 
pathogens. And although there are no known rusts that infect 
A. thaliana, the conservation of defense mechanisms means 
that basic knowledge gained in the A. thaliana model system 
against pathogens other than rusts may help us understand why 
soybeans are so susceptible to soybean rust. At the same time, 
the comparison may allow us to identify the specific soybean 
defenses best suited for fighting soybean rust.

It is now clear that rust infection leads to the accumulation 
of proteins in the soybean nucleus.25 These proteins include 
many apparent TFs which may control the expressions of other 
genes necessary to regulate the myriad branches of the defense 
system sufficient to impede rust infection.25 It is not clear, how-
ever, how R-proteins like Rpp1, Rpp2, and Rpp3 act upon the 
nucleus to modulate gene expression, but there is ample evidence 

in soybeans and in A. thaliana to presume that R-proteins do 
so directly by acting as TFs themselves or indirectly through 
signal transduction to other TFs. Under such circumstances, 
the R-proteins and TFs would need to migrate to the nucleus or 
they would need to be activated/deactivated in the nucleus after 
pathogen infection. Evidence supporting such models includes 
the migration of R-proteins N, RPS4, RRS1, and MLA10 to 
the nucleus after pathogen recognition,43,44,45,46 the accumula-
tion of EDS1 and NPR1 in the nucleus and the interaction 
between PAD4 and EDS1 there during defense responses,47,48,49 
the nuclear localization of EIN2 and its activation of TFs dur-
ing defense response,39,40,41,50 and the release of WRKY33 from 
MPK4 in the nucleus.51

Assuming that these models explain why some proteins 
accumulate in the nucleus during Rpp1-mediated immunity,25 
we sought to validate the roles of nuclear proteins in disease 
resistance by using VIGS to reduce their expressions and by 
testing plants for compromised immunity. When the expres-
sions of 5 candidates A, E, I, J, and M were reduced in Rpp1 
plants and when these normally immune plants were challenged 
with rust, the plants exhibited rust-like symptoms and accumu-
lated greater amounts of soybean rust RNA and protein. These 
results imply that Rpp1 acts upon A, E, I, J, and M to confer 
immunity to soybean rust. It remains unknown whether the 
proteins for A, E, I, J, and M indeed act in the nucleus, serve as 
TFs, or physically interact with Rpp1.

Figure 4. RT-PCR evaluation of the expression of genes targeted by BPMV 
gene silencing. Two Rpp1 plants inoculated with BPMV 1037 (control) and 
2 plants inoculated with the denoted silencing construct are shown. The 
samples were amplified with primers to the respective gene and elonga-
tion factor 1b (EF; control). Reactions were terminated after 27 cycles.

Figure  5. RT-PCR evaluation of the expression of non-target genes 
after BPMV gene silencing. One Rpp1 plant inoculated with BPMV 1037 
(control) and 2 plants inoculated with the denoted silencing construct 
are shown. Amplification of soybean elongation factor 1b (GmEF) 
serves as a control. Reactions were terminated after 28 cycles.
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Although reducing the expression of A, E, I, J, and M by 
VIGS compromised Rpp1-mediated immunity, we never 
observed the formation of uredial rust pustules required for 

the successful completion of the rust asexual life cycle. This 
implies that the rust defenses controlled by Rpp1 were only par-
tially deactivated or that other defense genes were sufficient to 

Table 2. Sequences of oligonucleotides

Gene Name Purpose Oligo name Oligo Sequence

Glyma01 g31830.1 A gene cloning Glyma01 g31830.1 F ATGCCAACCC TCAACCATGT

Glyma01 g31830.2 A gene cloning Glyma01 g31830.1 R TCAATAATGC ATAACATAAA C

Glyma08 g07830.1 E gene cloning Glyma08 g07830.1 F ATGAGCTTGT CTCTTATTCA

Glyma08 g07830.1 E gene cloning Glyma08 g07830.1 R CTAATCAAAC TGTTGCCTTA

Glyma08 g23720.1 C gene cloning Glyma08 g23720.1 F ATGGATGGTA TTCATGGGG

Glyma08 g23720.1 C gene cloning Glyma08 g23720.1 R TCATGATGAA TCATCAGCTT

Glyma12 g30600.1 I gene cloning Glyma12 g30600.1 F ATGGAGTTTT GGGGTGCCG

Glyma12 g30600.1 I gene cloning Glyma12 g30600.1 R TCACTGACCA CCATGCTTTG

Glyma13 g17840.1 K gene cloning Glyma13 g17840.1 F ATGAACTCAC GGCAATCCTC

Glyma13 g17840.1 K gene cloning Glyma13 g17840.1 R TTACGCGCCA CGCCTCCG

Glyma13 g44430.1 J gene cloning Glyma13 g44430 up F CTAAACTAAA AATGGATCGA GA

Glyma13 g44430.1 J gene cloning Glyma13 g44430.1 R CTACTGTCCC ATGTTAGG

Glyma14 g11400.1 L gene cloning Glyma14 g11400.1 F ATGGAGGCAG GTTACAATC

Glyma14 g11400.1 L gene cloning Glyma14 g11400.1 R TCAAGGTCGA GCTCGCTT

Glyma16 g32940.1 M gene cloning Glyma16 g32940.1 F ATGGAGGAAA GAGAGATTTT

Glyma16 g32940.1 M gene cloning Glyma16 g32940 down R AGGGAGCATG TTTAGCAT

Glyma17 g04670.1 N gene cloning Glyma17 g04670.1 F ATGAACTCAC GGCAAGC

Glyma17 g04670.1 N gene cloning Glyma17 g04670.1 R TTACGCGCCA CGCCTTC

Glyma18 g01150.1 O gene cloning Glyma18 g01150.1 F ATGTTTGGCT CCGCTCAACC

Glyma18 g01150.1 O gene cloning Glyma18 g01150.1 R TCAGATTAAA TTCCCATTTT

Glyma01 g31830.1 A VIGS A4 = 1g31830 F291 AAAGGGATCC CACGTGTTGA GCTCCAAGCT TGTG

Glyma01 g31830.2 A VIGS A4 = 1g31830 R291 TTGGGTACCT ATAATGCATA ACATAAAC

Glyma08 g23720.1 C VIGS C2 = 8g23720 F243 AAAGGGATCC CACGTGCAGC AGCAAGATAT TGTT

Glyma08 g23720.1 C VIGS C2 = 8g23720 R243 TTGGGTACCT TGAATCATCA GCTTCTCC

Glyma08 g07830.1 E VIGS E1 = 8g07830 264F AAAGGGATCC CACGTGACTG CAACAAATCC TAAT

Glyma08 g07830.1 E VIGS E1 = 8g07830 264R TTGGGTACCT ATCAAACTGT TGCCTTAG

Glyma13 g17840.1 K VIGS K1 = 13 g17840 267F AAAGGGATCC CACGTGCCTA CTTGTCTCGA TTCT

Glyma13 g17840.1 K VIGS K1 = 13 g17840 267R TTGGGTACCT GTTCTGTTCC TCCTCGTC

Glyma14 g11400.1 L VIGS L1 = 14 g11400 300F AAAGGGATCC CACGTGTCTA AGTCAAACTC TAAG

Glyma14 g11400.1 L VIGS L1 = 14 g11400 300R TTGGGTACCT AGGTCGAGCT CGCTTGTT

Glyma17 g04670.1 N VIGS N1 = 17 g04670 297F AAAGGGATCC CACGTGCTCG ATTCCAACTT CACC

Glyma17 g04670.1 N VIGS N1 = 17 g04670 297R TTGGGTACCT GCCACGCCTT CGGCCAGC

Glyma18 g01150.1 O VIGS O4 = 18 g01150 279F AAAGGGATCC CACGTGAAAT TAGCCACAAT AACT

Glyma18 g01150.1 O VIGS O4 = 18 g01150 279R TTGGGTACCT TTCAGTTCTT GCTGTGTC

Glyma12 g30600.1 I VIGS I1 = 12 g30600 300F AAAGGGATCC CACGTGAAGA AGGCAGATCT AGGA

Glyma12 g30600.1 I VIGS I1 = 12 g30600 300R TTGGGTACCT CTGACCACCA TGCTTTGC

Glyma13 g44430.1 J VIGS J+1 = 13 g44430 258F AAAGGGATCC CACGTGCCAG AGGCGAACAA ACCA

Glyma13 g44430.1 J VIGS J+1 = 13 g44430 258R TTGGGTACCT AGATGGCATT CCACCAGA

Glyma16 g32940.1 M gene synthesis M+1FP1 255 CAGCAGAAAC CGAAGAAGCC AAGGGTGGAG CATATAATAT CAATGGCTGC CCCTATGCAT GTCAACCCTA CTTCAGCTGC

Glyma16 g32940.1 M gene synthesis M+1 RP2 255 TGAAAAGCAG CTGGTGTCAT GATTGGCTTT ACTCCACCAA GACCAATTCT TATTTCTTCA GCAGCTGAAG TAGGGTTGAC

Glyma16 g32940.1 M gene synthesis M+1 FP3 255 ATGACACCAG CTGCTTTTCA AGTGGACCAC ATTTTTGGCA ATGGCCAAAG CTCTGGGAAC TCAGCTTCTG ATGATTCAGC

Glyma16 g32940.1 M gene synthesis M+1 FP4 255 GCATGCAACT CCAGCATCTG CATGGCTGGG GTTGGACTCA TTTTCAGGGA AAGAGGCTGA ATCATCAGAA GCTGA

Glyma16 g32940.1 M VIGS M+1 = 16 g32940 255F AAAGGGATCC CACGTGCAGC AGAAACCGAA GAAG

Glyma16 g32940.1 M VIGS M+1 = 16 g32940 255R TTGGGTACCT GCATGCAACT CCAGCATC



www.landesbioscience.com	 Plant Signaling & Behavior	 e27543-7

suppress uredia formation. We noticed that Rpp1 plants accu-
mulated the greatest amount of soybean rust protein PHEP 369 
when the expressions of GmPAD4 and GmEDS1, 2 regulators 
of salicylic acid signaling, and GmEIN2, a regulator of ethyl-
ene signaling, appeared to be reduced. Thus, a rust fungus may 
need to disrupt several defense pathways to overcome Rpp1-
mediated immunity. Likewise, Rpp1-mediated immunity may 
comprise both redundant and distinct genetic pathways, the 
sum of which contributes to the limitation of fungal spread.

The results presented here suggest that A, E, I, J, and M are 
linked to the expression of GmMyb84 and GmO-MT, which 
may influence the accumulation of phenylpropanoids nec-
essary for lignification and phytoalexin production.28,42 We 
remark that gene A is similar to an A. thaliana candidate lig-
nin biosynthesis gene that is induced by an Oomycetes effector 
(Table 1).34 Hence, the regulation of genes for phenylpropanoid 
metabolism may be essential to Rpp1 immunity, as it is for Rpp2 
and Rpp3 resistance to soybean rust and Phaseolus vulgaris Ur-4 
resistance to common bean rust.22,23,52 Thus, the genetic con-
trol of phenylpropanoid metabolism should be considered when 
developing soybean varieties with improved resistance or toler-
ance to soybean rust.

The results from this study on the Rpp1-mediated defense 
response can be compared with the results reported by Pandey 
et al. (2011) on the Rpp2-mediated defense response.28 Pandey 
et al. revealed that VIGS of GmMyb84 reduced the expression 
of GmPAL, but not GmO-MT, whereas VIGS of GmWRKY36 
reduced the expression of GmO-MT, but not GmPAL.28 We, 
however, show in all silenced plants that a reduction of GmMyb84 
expression correlated with reduced expression of GmO-MT, 
but not GmPAL. We also observed no reduced expression for 
GmWRKY36 when the expression of GmO-MT was reduced. 
In light of these possible contradictions, it is important to rec-
ognize that these genetic relationships were only evaluated by 
testing a few marker genes in each study and that the regulation 
of these genes could be more complex. There may be sophistica-
tion to the regulation of Rpp1-mediated immunity that is not 
yet resolved. We will continue to investigate the transcriptional 
and proteomic bases of rust pathogenicity and disease resistance 
accordingly.25,37,52,53,54,55

Materials and Methods

Plants
Glycine max cv Williams 82 (W82) and a Williams 82/Rpp1 

inbred isoline (Rpp1) were studied.24,32

DNA cloning
Soybean gene models were obtained from the W82 genome 

assembly v. 1.0 (www.phytozome.net).32 Genes A, C, E, I, J, 
K, L, M, N, and O are listed in Table 1, and the DNA oligo-
nucleotide primers used to clone and sequence them are pro-
vided in Table  2. cDNAs were amplified from 100 ng W82 
RNA using a gene specific 3′ primer and the SuperScript III 
One-Step RT-PCR kit (Life Technologies, #12574–018). 
cDNAs were size selected and gel purified using QIAquick 
(Qiagen, #28704), inserted into pCR2.1 (Life Technologies, 

#K450001SC), propagated in Escherichia coli, and sequenced 
using the Sanger method by Genewiz (Germantown, MD).

Recombinant BPMV RNA2
DNA primers were designed to amplify 240–300 base pair 

fragments proximal to the stop codon in each cDNA clone. The 
primers contained unique KpnI and BamHI restriction endo-
nuclease sites and were designed to maintain the translation of 
the BPMV RNA2 polyprotein (Table 2). Fragments for Ai, Ci, 
Ei, Ii, Ji, K i, Li, N i, and Oi were inserted between the KpnI and 
BamHI restriction sites of pIAD35, which encodes the second 
genomic segment of BPMV.26 A fragment for Mi was synthe-
sized from overlapping oligonucleotides [0.5 µl of each 80-mer 
(100 µM) was reacted in amplification buffer with 2.5 µl 2 mM 
deoxyribonucleotide triphosphates and 1 unit Taq polymerase 
for 5 PCR cycles. One µl of that reaction was reacted with 0.5 
µl of each ampoligo (100 µM) under the same conditions for 
35 PCR cycles] and inserted into the same sites. Clones were 
sequenced by Genewiz.

Pathogen inoculation
pBPMV-R1M (encoding a genome segment 1 of a BPMV 

mutant that helps produce more visible mottle symptoms) and 
engineered pBPMV-R2 RNAi silencing constructs were deliv-
ered by biolistics using a PDS-1000/He Gene Gun (Bio-Rad) 
to the primary leaves of 10-d-old Rpp1 and W82 seedlings.26,27 
pIA1037 (1037), expressing the green fluorescent protein from 
BPMV genome segment 2, was used as a control. Bombarded 
plants developed symptoms on the first trifoliate leaf between 
10–14 d later. Leaves were collected from symptomatic plants, 
desiccated, and used as inocula for subsequent experiments. 
Virus-inoculated W82 and Rpp1 plants were taken into the 
USDA-ARS BSL-3 plant pathogen containment greenhouse 
facility at Ft Detrick, MD, for rust inoculation and process-
ing under the appropriate USDA-APHIS permit.56 Expanded 
trifoliate leaves showing viral symptoms were sprayed with a 
water suspension of uredospores of P. pachyrhizi clonal isolate 
Louisiana 4–1 adjusted to produce the highest possible density 
of pustules per surface area on W82. Sprayed plants were placed 
in an 18 °C dew chamber for 24 h and then moved into the 
greenhouse. Plants were monitored for rust symptoms for 2–3 
wk. Five replicate experiments were performed.

RT-PCR
RNA was purified from inoculated leaves 2 wk after inocula-

tion with rust spores. Fifty ng DNase-treated RNA were tested 
with the QuantiFast Probe RT-PCR Plus kit (Qiagen, #204482) 
in an Mx3000P machine (Stratagene) according to the manufac-
turer’s instructions. Primers and 6-FAM 5′ end-labeled probes 
were designed to specifically amplify the P. pachyrhizi α-tubulin 
gene and G. max cons6, a gene demonstrated to be constitutively 
expressed in soybean leaves after rust infection.28,36 All reactions 
were performed in triplicate. A standard curve consisting of serial 
1:5 dilutions was prepared with total RNA concentrations of 
50, 10, 2, 0.4, and 0.08 ng. RNA amounts of test genes were 
interpolated from standard curves with a correlation coefficient 
of 95% or greater. RNA amounts for the P. pachyrhizi α-tubulin 
gene were normalized to those for cons6. To evaluate relative 
levels of gene silencing and marker gene expression, RNA was 
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