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A Phakopsora pachyrhizi Effector Suppresses
PAMP-Triggered Immunity and Interacts with a Soybean
Glucan Endo-1,3-β-Glucosidase to Promote Virulence
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Asian soybean rust, caused by the fungus Phakopsora pachyrhizi,
is one of the most important diseases affecting soybean produc-
tion in tropical areas. During infection, P. pachyrhizi secretes
proteins from haustoria that are transferred into plant cells to
promote virulence. To date, only one candidate P. pachyrhizi
effector protein has been characterized in detail to understand
the mechanism by which it suppresses plant defenses to en-
hance infection. Here, we aimed to extend understanding of the
pathogenic mechanisms of P. pachyrhizi based on the discovery
of host proteins that interact with the effector candidate Phapa-
7431740. We demonstrated that Phapa-7431740 suppresses
pathogen-associated molecular pattern-triggered immunity
(PTI) and that it interacts with a soybean glucan endo-1,3-β-
glucosidase (GmβGLU), a pathogenesis-related (PR) protein
belonging to the PR-2 family. Structural and phylogenetic
characterization of the PR-2 protein family predicted in the
soybean genome and comparison to PR-2 family members in
Arabidopsis thaliana and cotton, demonstrated that GmβGLU
is a type IV β-1,3-glucanase. Transcriptional profiling during
an infection time course showed that the GmβGLU mRNA is
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highly induced during the initial hours after infection, coin-
ciding with peak of expression of Phapa-7431740. The effector
was able to interfere with the activity of GmβGLU in vitro,
with a dose-dependent inhibition. Our results suggest that
Phapa-7431740 may suppress PTI by interfering with glucan
endo-1,3-β-glucosidase activity.

Keywords: Glycine max, protein-protein interaction, rust effectors

Asian soybean rust (ASR) caused by the biotrophic fungus
Phakopsora pachyrhizi (Sydow & Sydow) is one of the most
important diseases affecting soybean production. Since the first
report of its occurrence in Brazil in 2001, Asian soybean rust
has caused significant damage to soybeans leading to severe
economic impacts (Godoy et al. 2016). There are seven ge-
netic loci conferring resistance to P. pachyrhizi named Rpp1 to
Rpp7, which can effectively protect soybean plants against avir-
ulent isolates (Bromfield and Hartwig 1980; Childs et al. 2018;
Garcia et al. 2008; Hartwig 1986; Hidayat and Somaatmadja
1977; Li et al. 2012; Singh and Thapliyal 1977). However,
P. pachyrhizi, like other rust fungi, can rapidly adapt to over-
come the resistance provided by single genes (Aime et al. 2017).
Therefore, understanding the biological and molecular mecha-
nisms that P. pachyrhizi utilizes to infect soybean is expected to
be important for developing novel strategies for controlling ASR
(Rincão et al. 2018).

At the present time, the majority of knowledge on the molecu-
lar interactions of soybean and P. pachyrhizi have focused mainly
on transcriptome analyses that have identified differentially ex-
pressed genes in soybean during infection in compatible and in-
compatible interactions (Elmore et al. 2020; Hossain et al. 2018;
Morales et al. 2013; Panthee et al. 2007; Schneider et al. 2011;
van de Mortel et al. 2007). Some studies have used proteomics
analysis to identify proteins of the fungus present during the
germination of urediniospores (Luster et al. 2010) and specific
proteins in the appressorial stage (Stone et al. 2012).
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The P. pachyrhizi secretome was first described from the anal-
ysis of RNA-Seq using samples extracted from the haustoria
(Link et al. 2014). Later, this secretome was expanded to 851
candidate proteins when it combined laser capture microdissec-
tion of lesions and RNA-Seq (Carvalho et al. 2017). Recently, a
de novo transcriptome of P. pachyrhizi was assembled that com-
bined short-read (Illumina RNA-Seq) with long-read (PacBio
Iso-Seq) sequencing data, which was also used to identify puta-
tive effectors during infection (Elmore et al. 2020). Only a few
of the candidate effectors predicted from these transcriptome
studies have been shown to have effector-like activities. Two
candidates for P. pachyrhizi effectors (CSEP-07 and CSEP-09)
were able to increase the infection of Phytophthora infestans in
tobacco leaves, suggesting a role in the virulence of the soy-
bean rust fungus (Kunjeti et al. 2016). To validate P. pachyrhizi
effector candidates (PpECs) on a large scale, a study utilizing
different heterologous expression systems demonstrated that 17
PpECs out of 82 tested were able to suppress basal defense re-
sponses associated with pathogen-associated molecular pattern-
triggered immunity (PTI) (Qi et al. 2018). Currently, only one
effector candidate, PpEC23, and its host interactor have been
identified and characterized at the molecular level. PpEC23 in-
teracted with the soybean transcription factor (GmSPL12l) in
yeast and in plant cells, and it was suggested that PpEC23 may
interfere directly with the function or post-translational regula-
tion of GmSPL12l (Qi et al. 2016).

The P. pachyrhizi effector candidate (de_novo_3939)
suppressed effector-triggered immunity (ETI) responses to
Pseudomonas syringae pv. tomato DC3000 in tobacco leaves.
Hierarchical cluster analysis of families of candidate secreted
proteins encoded by rust fungi placed de_novo_3939 in a family
(family 3), which contains members that are secreted, small,
cysteine-rich proteins that also possess potentially conserved
motifs, [AFY] xC and [FY] xC (Carvalho et al. 2017). These
motifs have been described as important in translocation of effec-
tor proteins across the fungal extrahaustorial membrane among
candidates encoded by rust fungi (Godfrey et al. 2010; Saunders
et al. 2012).

Based on the reference genome of the isolate MT2006 of
P. pachyrhizi recently released by the Joint Genome Institute
(JGI), de_novo_3939 was identified as corresponding to the
gene model Phapa-7431740, confirming the coding sequence
predicted in our previous study (Carvalho et al. 2017). This gene
encodes a protein of 121 amino acids that contains the calcium-
binding epidermal growth factor (EGF) domain (PF07645.16).
Here, we demonstrated that Phapa-7431740 targets a soybean
glucan endo-1,3-β-glucosidase (GmβGLU) and it interferes with
the activity of this enzyme. GmβGLU is a pathogenesis-related
(PR) protein, and its expression is induced by pathogens, includ-
ing P. pachyrhizi, in soybean. Our results support the hypothesis
that Phapa-7431740 is an effector that disrupts the function of
an antifungal PR protein (GmβGLU) to promote P. pachyrhizi
infection of soybean.

RESULTS

In silico characterization of the effector candidate
Phapa-7431740.

The de_novo_3939 transcript was aligned against the ref-
erence genome of P. pachyrhizi available at JGI (MT2006
genome), using the BLASTx program. To identify the gene
model most similar to de_novo_3939, only proteins with more
than 50% of coverage and above 70% identity were selected.
The protein predicted by the Phapa-7431740 gene model was
identical to the protein encoded by the transcript de_novo_3939
with 100% coverage and 100% amino acid identity. The
Phapa-7431740 gene model has a nucleotide sequence of 1,415

bp with five exons and four introns. The coding sequence is
366 bp long and encodes a protein of 121 amino acids with
an approximate mass of 12.66 kDa and containing 11 cysteine
residues (9%). A signal peptide (SP) of 25 amino acid residues
is predicted at the amino terminus by SignalP 5.0, and it also
possesses the FxC motif and a calcium-binding EGF domain.

Phapa-7431740 suppresses pathogen-associated
molecular pattern (PAMP)-related responses.

The production of reactive oxygen species (ROS) and callose
deposition are important markers of basal defense responses to
pathogen infection. To test if Phapa-7431740 suppresses basal
defense responses, we expressed it from pEDV6 in Pseudomonas
fluorescens Pf0-1 (EtHAn). EtHAn is a strain of non-pathogenic
Pseudomonas fluorescens that was engineered to carry the type
III secretion system and is able to secrete proteins fused to
N-terminal type III secretion signals into plant cells (Chang et al.
2005). ROS and callose deposition were strongly elicited when
Nicotiana benthamiana leaves were inoculated with EtHAn car-
rying the pEDV6 empty vector (Fig. 1A and C). In contrast,
ROS accumulation and callose deposition was similar in leaves
inoculated with EtHAn expressing Phapa-7431740 and mock-
inoculated negative control plants (Fig. 1A and C). This result
indicates that Phapa-7431740 has the ability to suppress the
PAMP-related responses elicited by EtHAn. It was verified by
t test that there was a difference (P < 0.01) between the treat-
ments, indicating the ability of this effector to suppress the PAMP
related responses (Fig. 1B and D).

Identification and characterization of interaction partners
of the effector candidate Phapa-7431740.

Because Phapa-7431740 was able to suppress basal defense
induced by EtHAn, we hypothesized that it may interact with
one or more soybean proteins. To identify interacting pro-
teins by yeast two-hybrid, Phapa-7431740 was cloned into the
pDEST32 vector to create pBD-7431740. AH109 yeast cells
transformed with BD-7431740 did not grow on the selective
medium, demonstrating that it did not autoactivate expression
of the reporter genes. BD-7431740 was screened against a
soybean cDNA library expressed from the prey vector (Alves
et al. 2011). A total of 76 clones grew on synthetic dropout
(SD) medium in the absence of leucine, tryptophan, and his-
tidine (SD −LEU−TRP−HIS). Of these 76 clones, ten grew
on solid SD −LEU−TRP−HIS medium in the presence of
3-amino-1,2,4-triazole (3-AT). These clones were transferred to
SD −LEU−TRP−HIS liquid medium for extraction of yeast
plasmid DNA. PCR amplification was performed using the
pEXP-AD-502 primers (Supplementary Table S1) to estimate
the size of the prey cDNA inserts. One clone had more than
one amplicon, which may indicate that more than one plasmid
was present in the corresponding yeast clone. The sequences of
the soybean cDNA plasmid inserts were used in BLASTn and
BLASTx searches against the GenBank nonredundant database
(Benson et al. 2014). The insert of clone AD-bbt3 was 97.3%
similar to Glyma.15G142400 (GmβGLU), and its coding se-
quence was in-frame with the Gal4p DNA activation domain
(AD).

To confirm the interaction, plasmid AD-bbt3 was transformed
into AH109 yeast cells containing the BD-7431740 vector. The
assays for activation of the HIS3 and LacZ reporter genes were
performed with the following clones: BD-7431740 + AD-bbt3,
BD-7431740 + AD-empty, BD-empty + AD-empty, BD-E2 +
AD-E2 (positive control). In the HIS3 reporter assay, clones
were plated in SD −LEU−TRP−HIS medium and varying the
concentrations of 3-AT (Fig. 2A). Only the BD-E2 + AD-E2
(positive control) and BD-7431740 + AD-bbt3 clones grew in
media supplemented with 3-AT. In the LacZ assay, these same
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clones developed blue colonies (Fig. 2B). These assays indi-
cated that there is an interaction between the Phapa-7431740
and GmβGLU proteins in yeast.

The gene encoding GmβGLU is 1,383 bp in length and has
two exons and one intron, and the 1,113-bp coding sequence
encodes a 370–amino acid protein with a mass of approximately
37 kDa. The protein has an N-terminal SP of 32 amino acids,
and it is annotated as a glucan endo-1,3-β-D-glucosidase in the
conserved glycoside hydrolase domain of family 17 (GH17) (JGI
Phytozome database). The insert of the AD-bbt3 clone identified
in the screening corresponds to the 876- to 1,317-bp region of
the 1,383-bp messenger RNA (mRNA). This sequence overlaps
with nucleotides 775 to 1,036 of the coding sequence, which
corresponds to the C-terminus of the GH17 domain (Fig. 2C).

Following the yeast two-hybrid assays, we were able to con-
firm the interaction between Phapa-7431740 and GmβGLU,
first by in-vitro pull-down assay and, then, by the influence of
Phapa-7431740 on GmβGLU activity. For the in vitro pull-down
assay, the recombinant proteins Phapa-7431740 and GmβGLU
were produced in Escherichia coli BL21 (DE3)-pRare and
ArcticExpress (D3), respectively. Soluble extracts were puri-
fied by affinity chromatography on a nickel column. Protein
purity was analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting (Fig. 3A
and B). After purification, Phapa-7431740 was bound to Pierce
NHS-activated magnetic beads, and, after blocking the unbound
sites, the Phapa-7431740-bead complex was incubated with
GmβGLU for 6 and 16 h. The interaction was permitted in the

presence of 1 mM CaCl2, and it was confirmed by the presence
of two bands in the same lane (Fig. 3C). We observed a band of
approximately 37 kDa that corresponds to GmβGLU in the sec-
ond lane, indicating a specific interaction with Phapa-7431740
(the band of 15 kDa).

To better understand the functional role of this interac-
tion, the activity of GmβGLU in the presence of the protein
Phapa-7431740 was measured. The presence of the effector was
able to interfere with the activity of GmβGLU (Fig. 3D). The
activity was lower in the presence of Phapa-7431740 (P < 0.01),
with a dose-dependent inhibition. In addition to these treatments,
the assay was performed in the same way using an unrelated pro-
tein (bovine serum albumin [BSA]) as a control, which did not
inhibit GmβGLU activity (Supplementary Fig. S1).

Characterization of the PR-2 soybean family.
To identify soybean PR-2 family members, we searched the

soybean genome (Wm82.a4) using the PFAM model PF00332
(GH17) with a hidden Markov model (HMM) search program
(Eddy 2011). Based on this strategy, 91 genes encoding the GH17
domain were identified. Subsequently, the 91 soybean protein
sequences along with 67 cotton protein sequences and 50 protein
sequences of A. thaliana were used to construct a phylogenetic
tree.

The phylogenetic analysis classified the PR-2 family mem-
bers into eight subfamilies (A through H) (Fig. 4A) with a max-
imum of 45 members in subfamily F, followed by subfamilies E
and D, with 38 and 37 members, respectively (Supplementary

Fig. 1. Suppression of defense responses associated with pathogen-associated molecular pattern-triggered immunity. Nicotiana benthamiana leaves infiltrated
with negative control (MgCl2), positive control (Pseudomonas fluorescens EtHAn with empty pEDV6) and Pseudomonas fluorescens expressing Phapa-7431740
from pEDV6. A, Reactive oxygen species (ROS) were identified by staining with 3,3′-diaminobenzidine (DAB). Bars = 50 μm. B, Quantification of DAB
staining for Pseudomonas fluorescens carrying the pEDV6 empty vector and Pseudomonas fluorescens expressing Phapa-7431740. C, Callose deposition was
identified using aniline blue staining. Bars = 20 μm. D, Aniline blue staining graph for callose deposition for Pseudomonas fluorescens carrying the pEDV6
empty vector and Pseudomonas fluorescens expressing Phapa-7431740. Two asterisks (**) indicate significant differences at P < 0.01, as determined by the t
test. The experiment was conducted with nine replicates, with one plant per replicate in a completely randomized experimental design.
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Table S2). Subfamily H was composed of only five members,
one from soybean and two each from cotton and Arabidopsis. In
addition, the genes Glyma.15G242125 (which contains partial
F-box and GH17 domains) and Gorai.008G159300 were classi-
fied as outgroups.

Studies of PR-2 family proteins from different species have
been based on the classification proposed for PR-2 in tobacco
(Doxey et al. 2007; Xu et al. 2016), which were placed into
five classes (I to V) according to the protein domain architec-
tures (Linthorst et al. 1990) (Fig. 4B). These classes are differ-
entiated by the presence or absence of the X8 domain and the
hydrophobic C-terminal sequence (CTS). The X8 domain was
defined as a new class of carbohydrate-binding module of fam-
ily 43 (CBM43) (Barral et al. 2005). The CTS corresponds to
one or both a vacuolar targeting signal (Sticher et al. 1992) and
the presence of a glycosidylphosphatidyllinositol (GPI) anchor
(Borner et al. 2002). In addition to the five tobacco classes, we
observed five other types of protein domain architectures in soy-
bean proteins (Fig. 4C). The five additional types that have been
observed in soybean are presented as variations of the tobacco
classification.

Only subfamilies A and E have all members that lack the
X8 domain (PF07983). Of the 91 soybean members, 44 do not
have the CTS and 21 do not have the SP (Supplementary Table

S3). The GmβGLU protein interacting with Phapa-7431740 was
classified in subfamily E along with 15 other soybean, 11 cotton,
and 11 Arabidopsis sequences (Fig. 4A). As for the classification
based on the protein domain architectures, GmβGLU belongs to
class IV.

Regarding the proteins with variation belonging to the dif-
ferent classes, the variation in classes I, II, and V are only the
absence of the SP. The absence of SP can be due to protein
annotation errors if the methionine start codon is not present.
Whereas in class III, two variations were observed, namely, one
protein showing the addition of the CTS and another protein
showing both the addition of CTS and absence of N-terminal
signal sequence (NTS). Furthermore, in class III, no soybean
protein was identified with the protein domain architecture de-
scribed for this class, only in each variation within class III was
found one soybean protein (Supplementary Table S3).

Expression profile of GmβGLU in susceptible and
resistant soybean genotypes infected with P. pachyrhizi.

The expression of the GmβGLU was analyzed by reverse
transcription-quantitative PCR (RT-qPCR) in the susceptible
(BRS 184) and resistant (Rpp5) soybean accessions infected
by P. pachyrhizi. To confirm the occurrence of the infection,
the presence of symptoms was verified 14 days after inoculation

Fig. 2. Phapa-7431740 interacts with GmβGLU in the yeast two-hybrid assay. A, HIS3 reporter gene assay with clones BD-7431740 + AD-bbt3, BD-7431740 +
AD-empty (negative control), BD-empty + AD-empty (negative control), BD-E2 + AD-E2 (control positive) on solid medium synthetic dropout medium
without leucine and tryptophan (SD −Leu−Trp) and without histidine (SD −Leu−Trp−His) in the presence of 0, 1, 2.5, 5, and 10 mM 3-amino-1,2,4-triazole
(3-AT). B, LacZ expression assay in a nitrocellulose membrane. C, Schematic representation of the GmβGLU fragment identified in the yeast two-hybrid
screen (AD-bbt3, top), and the full-length GmβGLU coding sequence (bottom). The highlighted region represents the region identified in the yeast two-hybrid
interaction. SP = signal peptide (1 to 32 amino acids). GH17 = domain of the glycoside hydrolase family 17.
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and tan lesions were observed for the susceptible genotype (com-
patible interaction) and reddish-brown (RB) lesions for the re-
sistant genotype (incompatible interaction). The levels of gene
expression in inoculated samples is relative to the levels of tran-
scripts in mock-inoculated samples. In Figure 5, asterisks indi-
cate the means that differ significantly from the mock-inoculated
control. In the compatible interaction, GmβGLU mRNA levels
were induced at 6, 12, and 24 h postinoculation (hpi), with peak
of expression at 12 hpi, as compared with noninoculated plants
(Fig. 5A). In the incompatible interaction, GmβGLU expression
was induced at 0, 6, 12, 24, 48, and 72 hpi, with peak response
at 12 hpi (Fig. 5B). This result demonstrates that the GmβGLU
gene is induced in soybean leaves in response to P. pachyrhizi
in both compatible and incompatible interactions. However, in
the compatible interaction, the increased expression is observed
only at the beginning of the infection (Fig. 5A). On the other
hand, in the incompatible interaction, the gene expression is in-
duced during all analyzed times (Fig. 5B). Still, lower levels of
expression were observed in the compatible interaction in com-
parison to the incompatible interaction.

DISCUSSION

P. pachyrhizi studies related to effectors have mainly
been performed based on de novo transcriptome approaches
(Carvalho et al. 2017; Elmore et al. 2020; Kunjeti et al.
2016; Link et al. 2014). Recently, the genome of P. pachyrhizi
Brazilian isolate MT2006 was released to the scientific commu-
nity by the JGI, which enabled us to identify the gene encod-
ing the de_novo_3939 transcript. We named the effector Phapa-
7431740 due to its protein ID in the JGI portal. Our results

Fig. 3. In vitro validation of the GmβGLU and Phapa-7431740 interac-
tion. A, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of pro-
teins purified by fast protein liquid chromatography. B, Western blot to de-
tect purified proteins using an anti–HIS-tag antibody. C, Phapa-7431740
and GmβGLU interact in a pull-down assay. GmβGLU was incubated with
Phapa-7431740 beads for 16 (left lane) or 6 h (middle lane) and with empty
beads for 16 h (right lane, negative control). The red arrow indicates the
GmβGLU band. D, Phapa-7431740 inhibits GmβGLU activity in a dose-
dependent manner. One asterisk (*) indicates significance at P < 0.05 and
two (**) indicate significance at P < 0.01, as determined by the t test.

demonstrated that the de_novo_3939 transcript and its corre-
sponding gene model (Phapa-7431740) were identical (Carvalho
et al. 2017). Phapa-7431740 has many features that are con-
sistent with its function as an effector, including the SP, small
size, high level of cysteine in its structure (11 residues), and un-
known function (Ellis et al. 2009; Petre et al. 2015). The FxC
motif present in Phapa-7431740 has been reported as a new class
of motifs that is abundant in rust fungi (Germain et al. 2018;
Saunders et al. 2012; Zhang et al. 2020). Also, the Y/F/WxC mo-
tif has been implicated in translocation of effector proteins across
the fungal extrahaustorial membrane (Godfrey et al. 2010).

The Phapa-7431740 gene model also contains a calcium-
binding EGF-like domain (EGF_CA). This domain is widely
found in nature and regulates several functions, including ad-
hering the proteins to components of the cell matrix, binding to
Ca2+ ions, and maintaining the function and three-dimensional
structure of proteins (Stenflo et al. 2000). In a human pathogen
(Blastomyces dermatitidis), the presence of the EGF domain
in the BAD1 protein was associated with the pathogenicity
of this fungus (Brandhorst et al. 2003, 2005). It will be nec-
essary to investigate the function of the EGF_CA domain in
Phapa-7431740, because it may be involved in the pathogenic-
ity of P. pachyrhizi.

Our previous work showed that Phapa-7431740 could sup-
press ETI and induce defense-gene expression (Carvalho et al.
2017). Here, we extended these findings by demonstrating that
Phapa-7431740 is also able to suppress the PTI response (Fig. 1).
Taken together, our work shows that Phapa-7431740 has func-
tions that are consistent with its potential role as a P. pachyrhizi
effector. Previous studies reported other rust effector candidates
that also have the ability to suppress PTI by reducing ROS
production and callose deposition. For example, Pst_8713 of
Puccinia striiformis f. sp. tritici suppressed callose deposition
in wheat leaves after inoculation with EtHAn (Zhao et al. 2018).
PSTha5a23 of P. striiformis f. sp. tritici (Cheng et al. 2017)
and 17 P. pachyrhizi effector candidates, including PpEC23,
were demonstrated to suppress callose deposition (Qi et al.
2016, 2018). A more comprehensive characterization of Phapa-
7431740 is an important step to understand how P. pachyrhizi
suppresses soybean immunity to promote its infection.

We identified GmβGLU as an interactor with Phapa-7431740
by using the yeast two-hybrid assay (Fig. 2). β-1,3-glucanases
(E.C. 3.2.1.39) are abundant proteins in plants and have been
characterized in many species. These glycoside hydrolase pro-
teins are defined by the GH17 domain and they play fundamen-
tal roles in cell division, starch metabolism, cell-wall remodel-
ing, regulation transport through plasmodesmata, and defense
against biotic and abiotic stresses (Balasubramanian et al. 2012;
Minic 2008; Opassiri et al. 2006; Sekhwal et al. 2013). β-1,3-
glucanases are classified as PR-2 proteins that act alone or in
association with chitinases (Bertoldo and Mazaro 2018). There-
fore, the direct binding of Phapa-7431740 to GmβGLU, a PR-2
protein, suggests that P. pachyrhizi can inhibit its activity in or-
der to prevent pathogen recognition by the host or direct action
on the fungal cell wall.

Effectors targeting host PR-2 proteins or their transcripts have
been described in diverse pathosystems. A microRNA-like se-
quence (Pst-milR1) was described as acting as an effector in
Puccinia striiformis f. sp. tritici, because its transfer to wheat
promotes degradation of the β-1,3-glucanase (SM638) transcript
by the host RNA silencing machinery (Wang et al. 2017). A ne-
matode effector targets the Arabidopsis PR-2 protein to control
callose formation or limit the generation of defense signaling
molecules (Hamamouch et al. 2012). Finally, in a viral system,
the P3 movement protein of soybean mosaic virus was demon-
strated to interact with an endo-1,3-β-glucanase to promote virus
pathogenicity (Shi et al. 2020). These examples demonstrate
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that PR-2 proteins are broadly targeted by pathogen effectors.
Therefore, it is no surprise that soybean rust may deploy effec-
tors that target members of this host protein family to promote
infection.

We demonstrated that Phapa-7431740 inhibited GmβGLU ac-
tivity in vitro with a dose-dependent manner (Fig. 3D). Thus, the
evidence shows that Phapa-7431740 is able to directly inhibit the
activity of GmβGLU in vitro. In the Fusarium verticillioides–
maize pathosystem, F. verticillioides produces a toxin, fumonisin
B1, that suppresses the activity of β-1,3-glucanases. An activ-
ity assay using purified FB1 showed that it inhibited the basic
β-1,3-glucanases in a dose-dependent manner, similar to Phapa-
7431740 in our work (Sánchez-Rangel et al. 2012). In soybean,
the glucanase inhibitor protein 1 (GIP1) effector of Phytophthora
sojae interacts specifically with soybean endo-β-1,3-glucanase
A (EGaseA) to inhibit its activity (Bishop et al. 2005).

Expression profiling during the compatible interaction
showed GmβGLU mRNA transcripts were induced early in the
infection process at 6, 12, and 24 hpi (Fig. 5A). In the first 12
hpi, most of the germinated urediniospores have already formed

the appressorium and are in the process of penetrating epidermal
cells (Schneider et al. 2011). Interestingly, we previously showed
that Phapa-7431740 transcript was also induced in P. pachyrhizi
at these times in a susceptible soybean genotype (BRS 231) inoc-
ulated with P. pachyrhizi (Carvalho et al. 2017). The expression
of Phapa-7431740 and GmβGLU at the same time periods fur-
ther suggests that interaction between them is possible and it
occurs from the beginning of the infection, possibly preventing
GmβGLU from degrading the pathogen cell wall.

The induction of GmβGLU expression at the beginning
of infection indicates that it is deployed early in defense
against the fungus. β-1,3-Glucanases hydrolyze and release β-D-
glucans from the fungal cell well to damage them. The released
β-D-glucans can act as defense inducers in the plant by eliciting
accumulation of phytoalexins and other PTI responses (Edreva
2004; Klarzynski et al. 2000; Okinaka et al. 1995; Simões et al.
2005). Therefore, GmβGLU may be induced at the beginning
of the infection to not only directly damage the invader but,
also, to assist in pathogen recognition and activation of plant
defense responses. Inhibiting the activation of plant defenses is

Fig. 4. Phylogenetic tree of PR-2 family members in Glycine max, Gossypium raimondii, and Arabidopsis thaliana and the protein domain architectures of
β-1,3-glucanases. A, The phylogenetic tree was divided into eight subfamilies (subfamilies A through H) and only subfamily E members are expanded in the
tree. The arrow indicates the location of the soybean GmβGLU that interacts with Phapa-7431740. B, Five classes based on the presence or absence and number
of CBM43 and C-terminal sequence (CTS) domains in the C-terminal region. C, Structural variations of classes I, II, III, and V observed in the soybean protein
sequences. SP = signal peptide; GH-17 = glycoside hydrolase domain of family 17; CBM43 = carbohydrate binding module of family 43.
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consistent with our observation that Phapa-7431740 suppresses
defense responses associated with PTI.

In the incompatible interaction, the expression profile of
GmβGLU was different from the compatible interaction in that
its expression was induced at all times and at higher levels
throughout the infection time course (Fig. 5B). We hypothe-
size that initially GmβGLU is expressed as part of a general re-
sponse to P. pachyrhizi. However, subsequent recognition by the
resistance gene causes GmβGLU expression to become elevated
and maintained during the incompatible soybean–P. pachyrhizi
interaction. The PR-2 gene is associated with a basal nonspe-
cific resistance against P. pachyrhizi in soybean, therefore, en-
hancing specific resistance conferred by single dominant Rpp
genes. A recent study mapped seven putative resistance (R) genes
surrounded by seven putative glucan endo-1,3-β-glucosidases
upstream of the R-gene locus for hop resistance to powdery
mildew caused by Podosphaera humuli, indicating a physical
link of among these genes. In this study, RNA-Seq data showed
all putative R genes along with all putative glucan endo-1,3-
β-glucosidase genes were expressed under diseased conditions

Fig. 5. Relative expression of GmβGLU in susceptible and resistant soy-
bean lines over a 72-h time course after inoculation. A, Relative expression
of GmβGLU in the susceptible soybean genotype (cultivar BRS 184). B, Rel-
ative expression of GmβGLU in the resistant soybean genotype (Rpp5). The
endogenous genes EF1β and TUA-4 were used as normalizers and plants not
inoculated with the fungus isolate were used as calibrator. The levels of gene
expression in the inoculated samples is relative to the levels of transcripts
in the mock-inoculated samples. The asterisk indicates the means that differ
significantly from the mock-inoculated control. Two asterisks (**) indicate
significance at P < 0.01, as determined by the pair-wise fixed reallocation
randomization test.

(Padgitt-Cobb et al. 2020). Another study reporting the iden-
tification of the wheat stem rust resistance gene Sr21 (coiled-
coil nucleotide-binding leucine-rich repeat protein) also demon-
strated a coordinated upregulation of six PR genes (including
a PR-2) triggered by Sr21 (Chen et al. 2018). Thus, we won-
der whether a similar coordination may be occurring in the
P. pachyrhizi–soybean pathosystem.

The β-1,3-glucanases comprise complex and diverse families
in plants that act in a variety of developmental and physiological
processes (Doxey et al. 2007). Due to this complexity and di-
versity, a comparative analysis of the β-1,3-glucanases proteins
of soybean was performed with homologous proteins found in
cotton (Gossypium raimondii) (Xu et al. 2016) and Arabidop-
sis (Doxey et al. 2007). β-1,3-Glucanases are members of the
PR-2 family, which have the GH17 domain as their predomi-
nant structural feature (Henrissat 1991; Kitajima and Sato 1999;
Yamaguchi et al. 2002; Zavaliev et al. 2013).

Previous studies have sought to characterize the β-1,3-
glucanases in soybean. The first one, described only 12 β-1,3-
glucanases, of which four were placed into tobacco class I, five
into classes II and IV, two into class V, and one into class III (Jin
et al. 1999). In another study using PR gene sequences as queries
in tBLASTn searches against the soybean transcriptome, 310 PR
genes were identified, with PR-2 genes being one of the most
highly represented (Wanderley-Nogueira et al. 2012). However,
neither of these studies used the soybean reference genome as a
basis for the analyses.

Our analysis identified 91 soybean PR-2 family members in
the soybean reference genome that were divided into eight sub-
families (Fig. 4A). The GmβGLU protein was classified in sub-
family E, together with the EGaseA protein, which is the Phy-
tophthora sojae GIP effector target (Bishop et al. 2005). This
PR-2 gene, encoded by the gene model Glyma.19G134700.1,
was also previously reported as important in plant development
and defense against pathogens (Cheong et al. 2000).

There are few additional studies related to the functions of the
PR-2 genes in soybean, and the majority of these have inves-
tigated the function of Glyma.03G132700 against pathogens.
In one study, the ethylene-responsive element-binding protein
(EREBP) transcription factor (named as GmEREBP1) was as-
sociated with resistance to soybean cyst nematode because its
transcript abundance increased in the infected roots of a resistant
cultivar (Mazarei et al. 2002). Transgenic soybean plants overex-
pressing GmEREBP1 activated the expression of the ethylene-
responsive PR-2 gene (Mazarei et al. 2007). Furthermore, the
mRNA expression of this PR-2 gene was also induced upon
infestation by the soybean aphid Aphis glycines Matsumura
(Zhong et al. 2014) and the root-infecting Fusarium virguli-
forme (Abdelsamad et al. 2019). Interestingly, this PR-2 gene
(Glyma.03G132700) was classified in subfamily E.

In addition, subfamily E members from other species have
been described as related to disease resistance. The Arabidop-
sis protein sequences AT3G57270, AT3G57260, AT3G57240,
and AT4G16260 share more than 50% identity with GmβGLU.
These mRNA transcripts encoding these secreted PR-2 proteins
are induced during infection by bacterial and fungal pathogens
(Dong et al. 1991; Doxey et al. 2007). The AT4G16260 pro-
tein interacts with the beet cyst nematode effector (30C02) and,
when AT4G16260 is overexpressed in Arabidopsis roots, beet
cyst nematode infection is significantly reduced (Hamamouch
et al. 2012).

While Phapa-7431740 was found to interact with GmβGLU
(Glyma.15G142400), alignment of the amino acid sequences
corresponding to the region identified in the yeast two-hybrid
interaction among the 15 soybean subfamily E members demon-
strated that there is more than 59% identity (Table 1). More-
over, Glyma.09G037100.4 is most similar, with 88% identity to
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the region. The similarity of the sequences suggests that Phapa-
7431740 may be able to interact with multiple soybean subfamily
E members and further studies are needed to test this hypothesis.

In conclusion, our results suggest that Phapa-7431740 may
function as a P. pachyrhizi effector that interferes with PTI by
controlling β-1,3-glucanase activity, suggesting that inhibition
of PTI is necessary for successful infection of soybean. Our
study further indicates an important role for PR-2 proteins in the
basal defense of soybean against P. pachyrhizi.

MATERIALS AND METHODS

In silico identification of the effector candidate
Phapa-7431740.

The transcript sequence of the P. pachyrhizi effector candidate
de_novo_3939 (Carvalho et al. 2017) was analyzed for signifi-
cant similarity (70% identity and 50% coverage) with the protein
sequences of the reference genome from P. pachyrhizi (MT2006)
available at the JGI MycoCosm database (accessed November
17, 2021). Phapa-7431740 was selected as the gene model with
highest similarity to de_novo_3939. For protein characteriza-
tion, the number and percentage of cysteine residues in the ma-
ture protein and presence of domains conserved by PFAM were
determined. Domains with E-values greater than 10−5 were ig-
nored (Saunders et al. 2012).

PTI suppression.
N. benthamiana plants were grown in a growth chamber

at 24°C with a 12-h photoperiod. The Phapa-7431740 cod-
ing sequence was cloned into Pseudomonas fluorescens Pf0-1
(EtHAn) using the pEDV6 plasmid (Sohn et al. 2007). Recombi-
nant EtHAn bacteria were grown in Kings B (KB) medium with
30 μg of chloramphenicol and 50 μg of gentamicin per milliliter
for 48 h at 28°C. Bacterial colonies were resuspended with water
and were centrifuged at 3,000 × g for 15 min, the pellets were
resuspended in 2 ml of infiltration solution (10 mM MgCl2) and
were adjusted to an optical density measured at 600 nm (OD600)
equal to 0.5. The bacterial suspensions were infiltrated into the
abaxial surface of leaves of 5-week-old N. benthamiana plants,
using a needleless syringe. As negative control, N. benthamiana
leaves were infiltrated with the MgCl2 solution, and, as a posi-
tive control, leaves were infiltrated with EtHAn containing the
pEDV6 empty vector. The experiment was conducted with nine
replicates, with one plant per replicate in a completely random-
ized design experiment. After infiltration, all strains used in the
bioassay were recovered from the inoculation site 48 h after infil-
tration, were grown in KB medium, and the colonies were used

in a PCR assay to demonstrate that the recovered strain was the
same strain we have inoculated (data not presented).

N. benthamiana infiltrated leaves were used for ROS detec-
tion and callose deposition analysis. At 24 h postinfiltration,
leaf discs were collected for the analysis of ROS. The leaf discs
were stained overnight with 3,3′′-diaminobenzidine under gen-
tle stirring at room temperature. The leaf discs were washed with
distilled water, were de-stained for 15 min with a warmed solu-
tion of ethanol/glycerol/acetic acid (3:1:1), and were mounted
in 50 % glycerol. Images were acquired using the Motic Images
Plus 2.0 software.

To test the callose deposition in N. benthamiana leaves, leaf
discs were collected 72 h postinfiltration. Leaf discs were de-
stained overnight in 95% ethanol under agitation at 37°C, fol-
lowed by several successive washes with 70% ethanol. Leaf discs
were stained with a solution of aniline blue (150 mM potassium
phosphate, pH 9.0) for 1 h, under agitation in the dark at room
temperature. Excess dye was removed by washing in water, leaf
discs were examined using a fluorescent microscope, and the
images were analyzed using the Zeiss AxioVision 3.0 software.

The ROS images were taken on the 10× objective lens and
callose deposition images were taken on the 5× objective lens.
These images were acquired avoiding the edges of the leaf discs
that suffer greater stress, focusing on the central region, so that in
the upper left corner is the region of the infiltration point. ROS
and callose deposition values were obtained by quantification
of image pixels. The values obtained in the negative control
(MgCl2 solution) were used as a calibrator in the calculations
that generated the graphs. Statistical differences following image
analysis were performed using the t test.

Yeast two-hybrid assay.
Phapa-7431740 gene model cloning. The Phapa-7431740

coding sequence was amplified with specific primers (Supple-
mentary Table S1) and was cloned into the vector pCR8/GW/
TOPO (Invitrogen), forming the entry vector GW/TOPO_
Phapa-7431740. After sequence confirmation, LR clonase (In-
vitrogen) was used to transfer the Phapa-7431740 coding se-
quence to pDEST32 (LEU2, CEN, gentamicin), forming the
vector BD-7431740, which was confirmed by sequencing. The
BD-7431740 clone fused Phapa-7431740 to the DNA binding
domain (BD) of Gal4p.

Transactivation assay. A preliminary transactivation assay
was performed to confirm that Phapa-7431740 did not acti-
vate the reporter system alone. The yeast Saccharomyces cere-
visiae AH109 (MATa, trp1-901, leu2-3,112, ura3-52, his3-200,
gal4�, gal80�, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2
UASGAL2TATA-ADE2, URA3::MELUAS-MEL1TATAlacZ)

Table 1. Soybean proteins of subfamily E in relation to the region identified in the GmβGLU protein

Gene name Identity (%) Coverage (%) Protein size (aa) E-VALUE

Glyma.09G037100.4 88 100 371 1.0E−61

Glyma.19G134800.2 62 74 347 1.0E−35

Glyma.03G132700.1 61 74 348 7.0E−34

Glyma.06G108700.1 45 74 341 4.0E−19

Glyma.11G095100.1 64 72 345 3.0E−34

Glyma.12G021300.1 56 72 327 2.0E−31

Glyma.11G095000.1 55 72 339 1.0E−27

Glyma.19G134700.1 63 70 349 4.0E−33

Glyma.03G132900.1 64 69 341 7.0E−35

Glyma.16G113200.1 60 69 332 3.0E−31

Glyma.16G113700.2 59 69 275 1.0E−30

Glyma.16G114100.2 59 69 335 6.0E−30

Glyma.16G114000.1 59 69 335 6.0E−30

Glyma.11G095200.2 59 65 237 7.0E−27
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was transformed using the lithium acetate and polyethylene
glycol (PEG) method, with the BD-7431740 vector (bait) and
the pDEST22 vector empty. The transformants were plated
on SD selection medium without leucine and tryptophan (SD
−LEU−TRP). The transformed AH109 colonies grown in liq-
uid were used in the HIS3 reporter gene transactivation assay,
according to the Clontech manual, with varying 3-AT concentra-
tions. The result of this assay was used to determine the inhibitor
concentration to be used in the screening.

Screening for Phapa-7431740-interacting soybean proteins.
The yeast two-hybrid screen was performed according to the
Clontech manual, with a previously prepared cDNA library
(Alves et al. 2011). AH109 carrying BD-7431740 were inoc-
ulated in SD −LEU medium and were grown for 16 to 18 h at
28°C and 180 rpm. The pre-inoculum was transferred to 80 ml
of SD −LEU medium and was maintained at 28°C and 180 rpm
until an OD600 = 0.4 to 0.6 was reached. The culture was cen-
trifuged at 5,000 × g for 10 min, and the pellet was resuspended
in autoclaved distilled water. The washing step was repeated
three times. In the final wash, the pellet was resuspended in the
transformation mix (7.2 ml of 50% PEG (mass/volume), 1.08
ml of 1 M lithium acetate, 1.5 ml of DNA salmon sperm sin-
gle strand DNA previously boiled for 5 min, and 1.02 ml of
DNA (20 μl of soybean cDNA library + 1 ml of water) and was
maintained at 42°C for 50 min. The transformation was cen-
trifuged at 5,000 × g at 20°C for 10 min, and the pellet was
washed three times with distilled water and was resuspended in
SD −LEU−TRP−HIS. The transformation was plated in SD
−LEU−TRP−HIS medium.

Colonies were transferred to plates with SD −LEU−
TRP−HIS selection medium at concentrations 0.0, 1.0, 2.5, 5.0,
and 10.0 mM 3-AT. Colonies grown in the highest concentra-
tion of 3-AT were transferred to liquid selection medium, and
the plasmids were extracted with the Zymoprep yeast plasmid
miniprep I kit (Zymo Research) and were then transformed into
DH5α E. coli.

Characterization of interactions by activating reporter genes.
Interactions were characterized, based on activation of two re-
porter genes, according to guidelines in the Clontech manual.
The first of these reporter genes, HIS3, encodes the imidazol-
glycerol phosphate dehydratase (EC 4.2.1.19) enzyme (His3p).
This enzyme has a competitive inhibitor, 3-AT. For this assay, the
yeast clones obtained in the screening were plated in selective
SD −LEU−TRP−HIS media with different concentrations of
3-AT, ranging from 0 to 10 mM, and were grown in a biochem-
istry oxygen demand incubator at 28°C for 7 days.

The second reporter gene, LacZ, encodes the β-galactosidase
enzyme (EC 3.2.1.23), and the activity of this gene can be vi-
sualized by the degradation of 5-bromine-4-chlorine-3-indoxyl-
β-D-galactopyranoside (X-gal), which results in the appearance
of blue staining. In this assay, the yeast clones were transferred
to a nitrocellulose membrane placed on SD −LEU −TRP solid
medium and were grown at 28°C for 4 days. After the yeast
growth, the membrane was submerged in liquid nitrogen to rup-
ture the yeast cells and, then, was placed on filter paper soaked
in Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl,
1 mM MgSO4, pH 7.0) added with X-gal (0.5 mg ml−1). The
membrane was incubated at 28°C until a blue color developed.

For both assays, the GmbZIPE2 protein (BD-E2 + AD-E2)
was used as a positive control (Alves et al. 2015). The negative
controls were the empty plasmids (BD-empty + AD-empty) and
the plasmid BD containing the Phapa-7431740 effector together
with the empty plasmid AD (BD-7431740 + AD-empty).

Analysis of prey sequences. The prey sequences were am-
plified with primers based on the pEXP-AD-502 vector (Sup-
plementary Table S1), and the PCR amplicons were sequenced
by Sanger sequencing. The sequences were trimmed by re-

moving the pEXP-AD-502 vector and subsequently analyzed in
ORFINDER to identify the open reading frames. The sequences
were analyzed for similarity to corresponding soybean proteins
using Phytozome and National Center for Biotechnology Infor-
mation (NCBI) databases.

Heterologous expression and protein purification.
The gene models Phapa-7431740 and Glyma.15G142400

(GmβGLU) were synthesized in the pET28a expression vector
by Biomatik. The gene sequences without the SP were optimized
to heterologous expression in E. coli. The construction allows
the fusion of a His-tag in the N-terminal region of the protein.

Expression of Phapa-7431740 in E. coli BL21 (DE3)-pRare.
E. coli BL21 (DE3)-pRare was grown in a selective medium sup-
plemented with 50 μg of chloramphenicol per milliliter and was
cultured for 12 h in a 37°C shaking incubator at 180 rpm. The
bacteria were transformed with the pET28a-Phapa-7431740 vec-
tor using a CaCl2-mediated transformation method. The trans-
formants were confirmed by colony PCR using specific primers
(Supplementary Table S1).

The transformed colony was cultivated in Luria Bertani (LB)
medium containing 50 μg of kanamycin and 50 μg of chlo-
ramphenicol per milliliter. The pre-inoculum was transferred
to a 1,000-ml LB medium and cultivated at 37°C until OD600
reached 0.6. Expression of the protein was induced by the addi-
tion of 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
for4 h at 37°C.

GmβGLU protein expression in ArcticExpress (D3). Arctic-
Express (D3) cells were transformed with the pET28a-GmβGLU
vector as described above and were grown in LB medium sup-
plemented with 50 μg of kanamycin and 35 μg of gentamicin per
milliliter. After overnight incubation at 37°C, the pre-inoculum
was transferred to a 1,000-ml LB medium and was cultured at
30°C until the OD600 reached 0.6. Protein expression was in-
duced with 0.4 mM IPTG for 24 h at 12°C.

Protein extraction and purification. The induced cells were
harvested by centrifugation at 3,000 × g and were suspended
with a ligation buffer (20 mM Na2HPO4, 500 mM NaCl, 20
mM imidazole, pH 7.4). For total protein extraction, the sus-
pension was subjected to sonication for 5 min in 30-s bursts,
amplitude 40, and 30-s interval between two successive pulses.
Soluble extracts were obtained from the supernatants recovered
after centrifugation at 10,000 × g for 20 min at 4°C. The soluble
fractions of both proteins were purified by affinity chromatog-
raphy in a HisTrap 1-ml column, using the AKTA fast protein
liquid chromatography system. The protein profile of the extrac-
tion and purification were analyzed by SDS-PAGE and Western
blot, using an anti-His monoclonal antibody (Invitrogen) (Liao
et al. 2008).

Pull-down assay.
The interaction between GmβGLU and Phapa-7431740 was

evaluated by pull-down assay. The treatments were GmβGLU
with effector (40 μg of both proteins) and GmβGLU without
effector (GmβGLU + phosphate-buffered saline [PBS]) nega-
tive control. Primarily, the Phapa-7431740 was incubated with
the beads (Pierce NHS-activated magnetic beads) at 12°C for
6 h with agitation. The negative control was incubated at the
same conditions with PBS. Next, the samples were washed three
times and the beads were incubated with a quenching buffer (3 M
ethanolamine, pH 9.0) for 16 h of agitation. The beads were in-
cubated with GmβGLU at 12°C for two lengths of time (6 and
16 h) with agitation. The interaction was permitted in the pres-
ence of 1mM CaCl2. Finally, the beads were washed three times
with PBS. The proteins present in the pull-down assay were de-
tected by SDS-PAGE and silver staining. The interaction was
confirmed by the presence of two bands in the same lane.
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Enzymatic activity.
Free glucose was quantified by 3,5-dinitrosalicylic acid as-

say (DNS). The assay consisted of two technical replicates and
was performed three independent times. The treatments were
GmβGLU with effector (4, 24, 40, or 80 μg of effector protein),
GmβGLU without effector (40 μg protein), and negative con-
trol (40 μg of the GmβGLU after stopped reaction with DNS
reagent). In addition to these treatments, the assay was performed
in the same way using an unrelated protein (BSA) as a control.

Proteins were incubated at 12°C for 16 h with agitation. The
interaction occurred in the presence of 1 mM CaCl2. After incu-
bation, the following reactions were prepared: 140 μl of proteins,
125 μl of 2–mg ml−1 laminarin, 1.3 μl of 0.1 M CaCl2, 233.7 μl
of 50 mM calcium acetate, pH 5. Reactions were incubated at
37°C for 9 h and were then stopped by adding 500 μl of the
DNS reagent. The solutions were boiled for 5 min, and the ab-
sorbance was then measured at 540 nm. The enzyme activity
(micromole per hour per milligram) was calculated based on a
standard curve prepared using glucose, the time of reaction, and
the protein concentration.

In silico characterization of the PR-2 family in soybean.
To identify soybean PR-2 family proteins, similarity searches

were initially performed using the program HMMSEARCH
(HMMER package) (Eddy 2011) and the PFAM model
(El-Gebali et al. 2019) PF00332 (GH17). To determine if any
unrelated sequence was selected, similarity searches using the
BLASTp program against the NCBI nonredundant database
were performed using the E-value cutoff of <10−5.

For comparative analysis of PR-2 family proteins, a multiple
sequence alignment (MSA) was constructed using the selected
soybean sequences together with cotton (Gossypium raimondii)
(Xu et al. 2016) and A. thaliana (Doxey et al. 2007) PR-2 se-
quences using the MUSCLE program (Edgar 2004) with default
parameters. The complete protein sequences were used to do
the alignment. The resulting MSA was used to build a phyloge-
netic tree with the IQ-TREE program (Minh et al. 2020), also
using default parameters. To classify selected soybean proteins
according to their domain structure, a set of in silico analyses
was performed. First, to identify the NTS, the SignalP program
(versions 3 and 5) (Nielsen et al. 1997) was used. In order to de-
fine which sequences possess the X8 domain (CBM43), similar-
ity searches of the PFAM model PF07983 (X8 domain) against
the soybean proteins were performed using HMMSEARCH
program. Finally, to check for the presence of the hydropho-
bic CTS, the PredGPI (Pierleoni et al. 2008) and deepLoc
(Almagro Armenteros et al. 2017) programs were used to iden-
tify the presence of the GPI anchor and vacuolar signal sequence,
respectively.

Expression profile of GmβGLU
during an infection time course.

The expression profile of GmβGLU was analyzed during the
infectious cycle in susceptible soybean genotypes (BRS184) and
a resistant genotype carrying Rpp5. The LPF16.1M pure isolate
was used to inoculate both genotypes. The experiment was per-
formed in a completely randomized design with three replica-
tions. The soybean plants were grown in 0.5-liter plastic pots
and were kept in a climatic growth chamber (Fitotron). When
the plants reached the V3 stage, the rust isolate was inoculated
on the first and second trifoliate leaves of each plant. The leaves
were collected at 0, 6, 12, 24, 48, and 72 hpi.

Total RNA extraction and cDNA synthesis. The inoculated
and noninoculated soybean leaves (mock) were macerated with
liquid nitrogen and the total RNA was extracted by the Trizol
method (Invitrogen), according to manufacturer protocol. The
RNA was resuspended in 35 μl of ultrapure water and was stored

at −80°C. RNA concentrations were quantified on a NanoDrop
1000 spectrophotometer (Thermo Scientific) and the integrity
was analyzed on 1% agarose gel. To eliminate the genomic DNA,
5 μg of RNA was treated with DNase I (Invitrogen) and was vi-
sualized on a 1% agarose gel to confirm the efficiency of the
treatment. Subsequently, cDNA was synthesized using the Su-
perScript III first-strand kit (Invitrogen), following manufacturer
instructions. Amplification of the cDNA was confirmed and the
cDNA was stored at −20°C.

RT-qPCR analysis. The primers for the GmβGLU gene were
designed using Primer3Plus (Supplementary Table S1), and the
efficiency of each primer-pair was determined using serial cDNA
dilutions and calculating the linear regression obtained for each
gene. The expression profile was monitored by qPCR, using
elongation factor 1 β (EF-1β) (Hu et al. 2009) and α-tubulin
(TUA 4) (Ma et al. 2013) as normalizing genes, and noninoc-
ulated plants were used as a calibrator. The amplification con-
ditions were 95°C for 10 min, 40 cycles of 94°C for 15 s, and
60°C for 1 min, followed by melting curve analysis. qPCR was
performed on the 7900HT fast real-time PCR system (Applied
Biosystems), using the Platinum SYBR Green qPCR SuperMix-
UDG kit (Invitrogen). The samples were analyzed in two inde-
pendent runs and each PCR reaction was performed in triplicate.
The expression levels of the target genes were determined by rel-
ative quantification, using the REST software (Pfaffl et al. 2002).
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