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Signaling pathways mediated by heterotrimeric G-protein complexes comprising Ga, Gb, and Gg subunits and their
regulatory RGS (Regulator of G-protein Signaling) protein are conserved in all eukaryotes. We have shown that the specific
Gb and Gg proteins of a soybean (Glycine max) heterotrimeric G-protein complex are involved in regulation of nodulation. We
now demonstrate the role of Nod factor receptor 1 (NFR1)-mediated phosphorylation in regulation of the G-protein cycle
during nodulation in soybean. We also show that during nodulation, the G-protein cycle is regulated by the activity of RGS
proteins. Lower or higher expression of RGS proteins results in fewer or more nodules, respectively. NFR1 interacts with RGS
proteins and phosphorylates them. Analysis of phosphorylated RGS protein identifies specific amino acids that, when
phosphorylated, result in significantly higher GTPase accelerating activity. These data point to phosphorylation-based
regulation of G-protein signaling during nodule development. We propose that active NFR1 receptors phosphorylate and
activate RGS proteins, which help maintain the Ga proteins in their inactive, trimeric conformation, resulting in successful
nodule development. Alternatively, RGS proteins might also have a direct role in regulating nodulation because
overexpression of their phospho-mimic version leads to partial restoration of nodule formation in nod49 mutants.

INTRODUCTION

Biological nitrogen fixation has a major effect on the global ni-
trogen cycle. Leguminous plants such as soybean (Glycine max)
develop specialized organs, the nodules, on their roots to host
symbiotic rhizobia for the fixation of atmospheric nitrogen to
ammonia. Nodule formation is an exquisitely complex cellular and
developmental event that involves intricate crosstalk between
symbiotic bacteria and the host plant. The process begins when
the flavonoids secreted by the host plants are sensed by rhizobia,
which synthesize lipochitooligosaccharides, known as Nod fac-
tors. A series of signaling and developmental events follow, re-
sulting in successful nodulation (Oldroyd et al., 2011). Nod factors
are sensed at the epidermal root hair cells of the host plants by
specificNod factor receptors (NFRs).UponNod factorperception,
individual root hair cells curl to form a niche for the rhizobial mi-
crocolony that results in formation of an infection thread, which
grows toward the root cortex. At the onset of infection, the root
cortex cells undergo dedifferentiation to form nodule primordia.
When the infection thread reaches the nodule primordia, rhizobia
are released into organelles called symbiosomes, where they
differentiate into nitrogen fixing bacteroids. The dividing cortex
cells enclosing bacteroids develop into functional nodules
(Oldroyd and Downie, 2008; Desbrosses and Stougaard, 2011;
Oldroyd et al., 2011; Popp and Ott, 2011).

Nodule formation is an energetically demanding process and is
therefore precisely controlled by the host plants. Several of these
regulatory events, from Nod factor perception to downstream
changes in gene expression, have been characterized in multiple
leguminousplants (Cullimoreetal., 2001;Kouchi etal., 2004;Mitra
et al., 2004; Smit et al., 2005; Libault et al., 2009). It has been
confirmed that the lysM (lysine) motif family of receptor-like
kinases (NFR1 and NFR5) present at the plasmamembrane of the
epidermal cells directly bind Nod factors to initiate nodulation
(Madsen et al., 2003; Radutoiu et al., 2003, 2007; Broghammer
et al., 2012). One of the important downstream events involves
changes in calcium spiking in and around the cell nucleus; these
changes are sensed by a calcium/calmodulin-dependent pro-
tein kinase (CCaMK). Activation of CCaMK is central to the
regulation of nodule development as its constitutive activation
leads to spontaneous nodule formation (Tirichine et al., 2006;
Hayashi et al., 2010; Liao et al., 2012; Takeda et al., 2012;
Routray et al., 2013). Active CCaMK phosphorylates tran-
scriptional activator CYCLOPS, which transactivates NODULE
INCEPTION to initiate nodule development (Marsh et al., 2007;
Singh et al., 2014). CCaMK also induces transcription factors of
theGRASdomain family, suchasNSP1andNSP2,whichbind to
the promoters of early nodulation (Enod) genes to regulate root
hair deformation and nodule formation (Udvardi and Scheible,
2005; Gleason et al., 2006; Hirsch et al., 2009). Additional
proteins involved in actin rearrangement and protein degra-
dation, as well as hormone perception and signaling, are also
involved in nodule development. Proteins of the nuclear pore
complex (NENA), an ankyrin protein Vapyrin, an ARID domain-
containing protein (SIP1), and HMGR1, have been shown to act
in conjunction with CCaMK and have a role in nodule formation
in Lotus japonicus and Medicago truncatula (Kevei et al., 2007;
Zhu et al., 2008; Groth et al., 2010; Hayashi et al., 2010; Murray
et al., 2011).
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While the events following the activation of CCaMK have been
explored relatively extensively, how the signal perception at the
plasma membrane is transduced to changes in the nucleus re-
mains poorly defined. Specifically, the identity of proteins acting
directly downstream of the receptors remains unknown. Bio-
chemical, pharmacological, and genetic approaches have iden-
tified several possible candidates that can act as secondary
messengers connecting events at the plasma membrane to nu-
clear responses. These include phospholipase C and D proteins,
whichcangenerate lipidsecondarymessengers (denHartogetal.,
2001;Munnik, 2001). It hasbeenproposed that the lipidsecondary
messengers directly affect the calcium channels present at the
nuclear membrane, resulting in the activation of CCaMK (Delmas
et al., 2005; Oldroyd andDownie, 2006; Downie, 2014). Additional
signaling proteins that have been shown to affect nodule for-
mation include members of the mitogen-activated protein kinase
cascade, 14-3-3 proteins, monomeric GTPases of Rab and Rac
family, and the heterotrimeric GTP binding proteins (Fernandez-
Pascual et al., 2006;Blancoet al., 2009;Chenet al., 2012;Keet al.,
2012; Radwan et al., 2012; Choudhury and Pandey, 2013). Of
these, the components of heterotrimeric G-protein complex are
especially interesting as these are traditionally known to interact
with the receptors at the plasma membrane and relay the in-
formation to intracellular targets in a wide range of signaling
pathways in all eukaryotes. Furthermore, heterotrimeric G-protein
signaling has been linked to changes in calcium signature, mi-
togen-activated protein kinase activity, regulation of monomeric
GTPases, and phospholipase C- and D-mediated signaling, all of
which are involved during nodulation (Park et al., 1993; Zhu and
Birnbaumer, 1996; Lopez-Ilasaca, 1998; Perfus-Barbeoch et al.,
2004; Qi and Elion, 2005; Currie, 2010).

The heterotrimeric G-protein complex is composed ofa,b, and
g subunits and the regulator of G-protein signaling (RGS) protein.
In the classical signaling paradigm,GDP-boundGa interacts with
Gbg and is associated with a cell surface G-protein-coupled
receptor (GPCR), representing its inactive stage. Signal per-
ception by GPCR leads to an exchange of GTP for GDP on Ga,
which results in the generation of active Ga$GTP and freed Gbg,
bothofwhich can interactwithdifferent effectors topropagate the
signal. The intrinsic GTPase activity of Ga returns it to its inactive
form (Cabrera-Vera et al., 2003; Offermanns, 2003). RGS proteins
are one of the key regulators of the G-protein cycle. These act as
GTPase activity accelerating proteins (GAPs) by enhancing the
rate of GTP hydrolysis by Ga. The G-protein cycle can be mod-
ified, genetically or biochemically, to favor the presence of active
or inactive states (McCudden et al., 2005; Siderovski andWillard,
2005; Lambert et al., 2010). While the basic G-protein compo-
nents and their overall biochemical activities are conserved be-
tween plant and mammalian systems, the plant G-protein cycle
seems to be regulated differently. The plant Ga proteins are
relatively slower GTPases in comparison to the mammalian Ga

proteins and are thought to be constitutively active (Urano et al.,
2012a). Therefore, theRGSprotein-mediatedaccelerationofGTP
hydrolysis has been proposed to be the key regulatory step of
plant G-protein signaling in contrast to mammalian systems
where the GDP/GTP exchange mediated by the GPCRs is the
rate-limiting step of the G-protein cycle (Johnston et al., 2007;
Urano et al., 2012a).

Plants also possess relatively fewer G-protein subunits when
compared with the mammalian systems (Chen et al., 2003;
Perfus-Barbeoch et al., 2004; Chakravorty et al., 2011). The most
elaborate plant G-protein network identified to date is present
in soybean where recent genome duplication has led to exis-
tence of 4 Ga, 4 Gb, 12 Gg, and 2 RGS proteins (Bisht et al.,
2011; Choudhury et al., 2011, 2012). Detailed characterization
of G-proteins from soybean has offered the opportunity to test
their direct role in signaling during nodulation. We previously
reported that decreased expression of Gb and group I Gg genes
leads to a significant decrease in nodule number, whereas the
converse is true for the overexpression of specific Gb and Gg
genes. We have also shown that the Ga proteins interact with the
Nod factor receptors NFR1a and NFR1b, even though we did not
see an effect of decrease in Ga level on nodule development
(Choudhury and Pandey, 2013). Our data suggested two likely
possibilities: Either the Gbg proteins are directly involved in
regulation of nodule formation with no input from the Ga proteins,
or the RNAi-mediated suppression of Ga proteins was not suf-
ficient to result in change in nodulation phenotype.
In this work, we used a combination of genetics and biochem-

istry to uncover the mechanism of G-protein cycle-dependent
regulation of nodule formation. Our data show that the active Ga

proteins are negative regulators of nodule formation in soybean.
Changing the availability of free, activeGaproteins bymodulating
the level of the regulatory RGS proteins results in significantly
altered nodule numbers. We further demonstrate that the RGS
proteins directly interact with, and are phosphorylated by, the
NFR1 proteins. Phosphorylation of RGS proteins has important
physiological consequences as overexpression of phospho-
dead or phospho-mimic versions of RGS proteins results in a
significant effect on nodule formation. Our data support a model
where the components of heterotrimeric G-proteins and its reg-
ulator act downstream of NFR1 to control nodulation.

RESULTS

Active Ga Proteins Are Negative Regulators of
Nodule Formation

The inherent nature of the G-protein cycle entails specific modes
of regulation where active Ga and freed Gbg proteins can either
transduce thesignal individuallywithno inputoreffect on theother
subunit or in combination where the availability or proper locali-
zation of the subunits is dependent on each other. Less common
possibilities, suchassignalingbyan intactheterotrimer, alsoexist.
These regulatory modes allow for an extremely high degree of
plasticity in signal response coupling byG-proteins (Pandey et al.,
2010).
In our previous experiments, we observed no significant effect

of lower expression of Ga genes on nodulation phenotypes of
plants (Choudhury and Pandey, 2013). This could be due to two
possible scenarios: One, the signaling is mediated exclusively by
freed Gbg subunits with no input from Ga proteins, as has been
observed during regulation of primary root growth in Arabidopsis
thaliana (Chen et al., 2006); or two, Ga proteins are in fact involved
during this process, but their effect is not obvious because of
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incomplete suppression of their expression, which is significantly
high in nodules and in hairy roots (Choudhury and Pandey, 2013).
To address these two possibilities, we generated additional
Ga-RNAi constructs driven by a Figwort mosaic virus (FMV)
promoter targeting the highly conserved switch region that is
required for its activity, or the C-terminal region (Supplemental
Figure 1), and evaluated their effect on nodule development in
a soybean hairy root transformation system. Transcript levels of
each of the four Ga genes were significantly decreased in both
these RNAi lines (Supplemental Figures 2A and 2B). We recorded
the number of nodules formed on the hairy roots 32 d post-
inoculation (dpi) with Bradyrhizobium japonicum. Interestingly,
a significant increase in nodule number was observed for the
Ga-RNAi lines compared with the empty vector (EV) containing
control lines using both these RNAi constructs (Figures 1A and
1B). On an average;17 nodules were formed per hairy root in EV
control lines compared with ;23 nodules per hairy root in
Ga-RNAiplants (Figures1Aand1B). These results implied that the
effective suppression of Ga gene expression promotes nodula-
tion. This phenotype is opposite of what we had observed pre-
viously in the Gb- and Gg-RNAi lines (Choudhury and Pandey,
2013), where the suppression of Gb or Gg genes resulted in the
formation of fewer nodules on transgenic roots. Such opposite
regulatory mechanisms by different G-protein subunits have also
been seen in Arabidopsis Ga or Gbmutants during the lateral root
formation (Chen et al., 2006) or stomatal development (Zhang
et al., 2008), although in both these cases, the Gb protein acts as
a negative regulator of signaling.

To corroborate the role of Ga proteins in regulation of nodule
development, we took a gain of function approach.We generated
Ga overexpression lines where expression of each of the four Ga
genes was driven by a constitutively active Cassava vein mosaic
virus (CvMV) promoter or by a nodule-specific Enod40 promoter
(Supplemental Figure 1). The transcript level of each Ga gene in
overexpression lines was higher compared with their respective
EV control lines (Supplemental Figure 3A). The nodulation phe-
notype of transformed hairy roots was observed after 32 dpi with
B. japonicum. Overexpression of individual Ga genes led to
a decrease in nodule number per plant (Figure 1C). The phenotype
wasmore pronounced upon overexpression of group IIGa genes
(Ga 2 and 3) compared with what was observed with group I Ga
genes (Ga 1 and 4). On average, ;13 and ;8 nodules were ob-
served per hairy root upon overexpression of group I and group II
Ga, respectively, compared with;19 nodules per hairy root in EV
controls (Figure 1C). In additional experiments, we made use of
known point mutant versions of Ga proteins that have distinct
effects on their activity. A mutation in a conserved glutamine
residue, demonstrated to be important for the GTPase activity of
Ga proteins (Q223L in Ga1), results in a GTPase activity-lacking,
constitutively active protein (Roy Choudhury et al., 2014). Simi-
larly, we have previously shown that a glycine-to-serine mutation
in Ga protein (G196S in soybean Ga1; corresponds to G302S of
yeast Gpa1) makes it nearly incapable of being deactivated by
RGS protein (Roy Choudhury et al., 2014). Overexpression of
Ga1Q223L andGa1G196S, as confirmedby evaluating the transcript
level of the transformed genes (Supplemental Figure 3B), also
resulted in a significant decrease in nodule number per trans-
formed root (Supplemental Figure 3C), similar to what was

observed with the overexpression of Ga1. These results con-
firmed a negative role of active Ga proteins during soybean
nodulation.

RGS Proteins Affect Nodulation

The role ofRGSproteins as key regulators of theG-protein cycle is
well established. Since the inherent GTPase activity of plant Ga

proteins is thought to be slow, RGS proteins have been proposed
to be absolutely required for the generation of GDP-bound Ga

proteins and consequently the formation of heterotrimer (Urano
et al., 2012a). We have previously shown that both RGS genes of
soybean are expressed in roots, hairy roots, and in nodules
(Choudhury et al., 2012). We evaluated the transcript levels of
RGS1 andRGS2 in response toB. japonicum infection at different
time points as well as their expression levels in non-nodulating
nod49 and in supernodulating nts382 soybean mutants. In wild-
type roots, the transcript levels of both RGS genes increased
significantly after B. japonicum infection compared with the
noninfected roots at eachof the timepoints tested (Figure 2A). The
infected roots also had noticeably more RGS protein compared
with its level in noninfected roots (Figure 2A, inset). Furthermore,
compared with the wild-type Bragg variety, RGS1 and RGS2
exhibited lower transcript levels in nod49 mutant roots
(Supplemental Figures 4A and 4B). Conversely, in nts382mutant

Figure 1. Negative Regulation of Nodule Formation by Ga Proteins.

(A) Nodulation phenotype of soybean Ga-RNAi transgenic hairy roots
drivenbyFMVpromoter usingaconstruct targeting the switch regionofGa

proteins.
(B)Nodulation phenotype ofGa-RNAi hairy roots driven by FMV promoter
using a construct targeting the C-terminal region of Ga proteins.
(C)Nodulationphenotypeof soybeanhairy rootsoverexpressing individual
Ga genes driven by CvMV or Enod40 promoter. Nodule numbers on
transgenic hairy roots were counted at 32 dpi with B. japonicum and were
compared with their respective EV-transformed control hairy roots. The
data are average values from three biological replicates (40 to 50 individual
plants/biological replicate containing transgenic nodulated roots). Aster-
isks indicate statistically significant differences compared with EV control
(*P < 0.05; **P < 0.01; Mann-Whitney U test).
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roots, higher transcript levels of bothRGSgeneswereobservedat
each of the time points tested (Supplemental Figures 4A and 4B).

To test the effect of altered expression of RGS proteins during
nodule development, RNAi and overexpression approaches were
followed. Due to the high sequence identity between two RGS
genes, a single construct driven by the FMV promoter was used
for RNAi-mediated silencing. The transcript levels of both RGS
genes were significantly reduced in RGS-RNAi lines compared
with the EV control lines (Supplemental Figure 5A). RGS-RNAi
roots displayed significantly less root hair deformation (Supplemental
Figure 5B) and lowernumberof nodules fromearlyon.Approximately

40% reduction in nodule number compared with EV containing
roots was observed at 32 dpi (Figures 2B and 2C). Moreover,
significantly lower numbers of large, mature nodules were ob-
served on RGS-RNAi hairy roots and ;35% of the nodules were
small, pale, and immature (Figure 2D).

Both Early Perception and Late Developmental Events Are
Affected by the Lower Expression of Ga and RGS Genes

A complex series of signaling and developmental events leads to
nodule formation. To evaluate whether the altered expression of
Ga and RGS genes affects the early signaling and perception
events, or only the later developmental stages resulting in altered
nodule numbers, we analyzed a set of early events during nodule
formation. We determined the expression levels of two early
nodulation marker genes, Enod40 (Figure 3A) and cytokinin oxi-
dase (Figure3B), in thehairy rootsofGa-RNAiandRGS-RNAi lines
at6, 12, and24hpostinoculationwithB. japonicumandcompared
it to their expression levels in control hairy roots containing empty
vectors. Both these genes displayed the expected increase in
transcript levels in response to B. japonicum infection at each of
the time points tested in the EV control plants. Enod40 exhibited
overall higher expression in Ga-RNAi and lower expression in
RGS-RNAi lines compared with its expression in the EV control
plants. The expression of cytokinin oxidase increased to a similar
level in both EV control lines and in theGa-RNAi lines, whereas its
expressionwas significantly lower in theRGS-RNAi lines than that
of the EV control at each of the time points tested. These data
suggest that the early gene expression changes in response to
B. japonicum infectionareaffectedby thealteredexpressionofGa
and RGS genes.
We also evaluated the number of deformed root hairs in both

Ga-RNAi and RGS-RNAi hairy roots at 4 dpi with B. japonicum.
Ga-RNAi exhibited significantly higher whereas RGS-RNAi
exhibited significantly lower root hair deformation, respectively,
compared with the EV control hairy roots (Figure 3C). A similar
trend was observed with the developing nodule primordia,
where higher and lower numbers of nodule primordia were
observed due to lower expression of Ga and RGS genes, re-
spectively, at 6 dpi withB. japonicum (Figure 3D) comparedwith
roots containing EV constructs. Cross-sectional views of the
similar sized nodules from EV and RGS-RNAi roots exhibited
a severe reduction of bacterial infection and bacteroids in the
nodules formed on RGS-RNAi roots (Figures 4A to 4C). No
additional effect on overall root length or lateral root formation
was seen inGa-RNAi orRGS-RNAi roots (Supplemental Figures
6C and 6D).

RGS Proteins Are Positive Regulators of Nodule Formation

To confirm the positive regulation of nodule formation by RGS
proteins, we generated RGS1 and RGS2 overexpression lines
using constructs driven by the CvMV and Enod40 promoters.
Transcript levels of both genes were analyzed in the transformed
hairy roots to ascertain their higher expression (Supplemental
Figure7A).Clear differences innodulenumberswereobserved, as
overexpression of RGS1 and RGS2 led to ;20 and 40% more
nodules, respectively (Figures 5A and 5B).

Figure 2. The Role of RGS Proteins in Regulating Soybean Nodulation.

(A)The transcript level ofRGSgeneswasmeasured at different timepoints
(12 h, 4 d, 8 d, 16 d, and 32 d) after inoculation with B. japonicum. Data are
normalized to Actin gene expression. Fold change represents transcript
levelsofRGSgenes incomparison to thecontrol uninoculated roots,which
was set at 1. Data are averaged from three biological replicates of three
different experiments. Error bars represent the SE of means. Asterisks
indicate statistically significant differences compared with EV control (*P <
0.05; Student’s t test). Inset shows RGS protein level (upper panel) as
determined by immunoblotting with Arabidopsis RGS1 antibody of mi-
crosomal protein fractions isolated from B. japonicum inoculated (IN) or
noninoculated (NIN) hairy roots. Lower panel shows the protein gel
showing equal protein loading.
(B) Nodule number in EV-transformed and RGS-RNAi hairy roots at 8, 16,
and 32 d after inoculation with B. japonicum.
(C)Representative picture of hairy roots and nodules of EV andRGS-RNAi
lines.
(D)Nodule phenotypes (large, >2 mm in diameter; medium, 0.5 to 2 mm in
diameter; small/immature, <0.5mmindiameter) forEVandRGS-RNAi lines
on soybean hairy roots at 32 dpi withB. japonicum. The data in (B) and (D)
represent average of three biological experiments and 40 to 50 individual
plants/biological replicate containing transgenic nodulated roots. Error
bars represent 6SE. Asterisks indicate statistically significant differences
compared with EV control (*P < 0.05; Mann-Whitney U test).
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Plant RGS proteins are chimeric as they contain an N-terminal
seven-transmembrane domain that is fused with the C-terminal
RGS box-containing domain. This C-terminal domain is re-
sponsible for the GAP activity of RGS proteins and for their in-
teraction with Ga protein (Chen et al., 2003). To test whether the
nodulation-related effects of altered expression of RGS is related
to its biochemical activity and consequently its influence on the
regulation of G-protein cycle, we overexpressed the N-terminal
(1 to 250 amino acids) and C-terminal domains (251 to 464 amino
acids) of RGS2 protein in soybean hairy roots. Overexpression of
the C-terminal region resulted in a significant increase in nodule
number per hairy root, similar to the full-length RGS proteins,
whereas no statistically significant effect was seen due to the
overexpression of the N-terminal region only (Figure 5C). This
implies that the biochemically active domain of the RGS protein is

responsible and sufficient for the regulation of nodule de-
velopment. Finally, to determinewhether this effect is linked to the
modulation of G-protein cycle and not due to some yet undefined
G-protein independent role of RGS proteins in plants, we made
use of a GAP activity-dead version of RGS protein. A single point
mutation in RGS protein that changes a conserved glutamate to
glutamine, lysine, or alanine (E319K/Q/A) abrogates its GAP ac-
tivity on Ga protein (Choudhury et al., 2012) (see also Figure 10).
Overexpression of RGS2E319K had no effect on nodule de-
velopment, confirming that theeffectofRGSproteinduringnodule
development is via its regulation of G-protein cycle (Figure 5C).
The transcript levels of native and mutated versions of individual
genes were tested in all overexpression lines to ascertain their
higher expression levels (Supplemental Figure 7B).

Expression of a Subset of Nodulation Marker Genes
Corresponds to the RGS-Dependent Regulation of
G-Protein Cycle

A number of nodulation marker genes have been characterized in
soybean (Bergmann et al., 1983; Yang et al., 1993; Govindarajulu

Figure 3. Quantification of Early Changes in Response to B. japonicum
Infection in Ga-RNAi and RGS-RNAi Lines.

(A)and (B)Relativeexpressionofearlynodulationmarkergenes insoybean
Ga-RNAi and RGS-RNAi hairy roots. Gene-specific primers were used to
amplify andquantify the transcript levels ofEnod40 (Glyma01g03470.1) (A)
and Cytokinin oxidase (Glyma.17g054500.1) (B) at 6, 12, and 24 h post-
inoculation with B. japonicum. Two biological replicates with three tech-
nical replicates each were used for expression analysis and data were
averaged. The expression values across different samples are normalized
to Actin expression. Error bars represent the SE of the mean. Asterisks
indicate statistically significant differences compared with EV control (*P <
0.05; Student’s t test).
(C) Quantification of deformed root hairs/centimeter transgenic roots in
Ga-RNAi and RGS-RNAi lines.
(D) Quantification of nodule primordia/centimeter transgenic roots in
Ga-RNAi and RGS-RNAi lines. The data in (C) and (D) are average values
from three independent experiments (n = 10 to 12 plant each replicate).
Error bars represent SD. Asterisks indicate statistically significant differ-
ences compared with EV control (*P < 0.05; Mann-Whitney U test).

Figure 4. Altered Morphology of Nodules Formed on RGS-RNAi Hairy
Roots.

(A)Lightmicrographs (43) of soybean root nodule sectionsofEVandRGS-
RNAi lines. Semithin (5 mm thickness) wax sections, obtained using
a microtome, were observed under a light microscope. Bars = 200 mm.
(B) Lightmicrographs of soybean root nodule at 203magnification (partial
sectional view). Bars = 100 mm.
(C)Nodule sections (0.5µmthickness) from resin-embeddedmaterialwere
observed using a phase contrast light microscope at 603 magnification.
Bars = 15 mm.
Mature large nodules of EV and mature large and small nodules of RGS-
RNAi lines (32 dpi with B. japonicum) were used for microscopic studies
and representative images obtained using at least 8 to 10 nodules of three
independent experiments are shown. The infected cells in EV-transformed
nodules are heavily packed with bacteroids, while the cells in RGS-RNAi
lines are only partially filled.
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et al., 2009; Libault et al., 2009, 2010; Um et al., 2013). We have
previously shown that the expression of many of these genes is
altered in theGb-andGg-RNAi lines (ChoudhuryandPandey,2013).
Since the phenotype of Ga-RNAi roots is opposite to that of the
RGS-RNAi roots, we assessed the transcript level of a set of nod-
ulation marker genes in both these backgrounds to determine the
extent to which their expression is affected by G-protein cycle. The
transcript levelswereanalyzedat32dpiandwerecomparedwith the
EV control roots. Clear differences in the gene expression patterns
were observed. Specifically, the expression of each of the genes
tested was significantly downregulated in the RGS-RNAi lines
(Figure6),similar towhatwasobservedbeforefor theGb-andgroupI
Gg-RNAi lines (Choudhury and Pandey, 2013). Some of the nod-
ulation marker genes such as Enod40 and Nodulin35 did not show
a difference in their expression, whereas genes such as Apyrase
GS52 and a CaM-like protein exhibited opposite regulation of
transcript levels, when compared between Ga- and RGS-RNAi
roots. It should be noted that we have previously analyzed the levels
of additional nodulation-related genes inGa-RNAi plants (which did
not showan effect on nodule formation due to incomplete silencing)

and some of those genes were shown to be downregulated in Ga-
RNAi lines, similar to Gb- and Gg -RNAi lines (Choudhury and
Pandey, 2013). This suggests that complexgene regulatorypatterns
exist during nodule formation and the expression of at least a subset
of nodulation marker genes is regulated in a G-protein-dependent
manner.

RGS Proteins Interact with NFR1 Receptors

In metazoan systems, Ga proteins are known to interact with
GPCRs, whereas data from various plant species suggest that
the plant Ga proteins may couple with additional cell surface-
localized receptorssuchasLRRfamily receptor kinases (Bommert
et al., 2013; Liu et al., 2013; Ishida et al., 2014). Toward this, we
have previously shown that the soybean Ga proteins interact with
theNFR1 receptors (Choudhury andPandey, 2013). However, the

Figure 5. The Effect of Overexpression of Specific RGSGenes on Nodule
Formation.

(A)Nodule number on transgenic hairy roots at 32 dpi due to theCvMV and
Enod40 promoter-driven expression ofRGS1 andRGS2 genes compared
with EV control lines.
(B) Representative picture of transgenic hairy roots overexpressing RGS1
and RGS2 genes compared with EV control lines at 32 dpi with B. japo-
nicum.
(C) Nodulation phenotype of transgenic soybean hairy roots over-
expressingnative full-lengthRGS2, theRGSdomain containingC-terminal
region of RGS2 (RGS2C-ter), N-terminal transmembrane-spanning region
ofRGS2 (RGS2-7TM), andGAPactivity-deadversionofRGS2 (RGS2E319K)
driven by CvMV or Enod40 promoter. Nodule number was counted at
32 dpi with B. japonicum.
The data in (A) and (C) are average of three biological replicates and each
replicate consistedof 40 to 50 transgenic root samples per construct. Error
bars represent the SEofmeans.Asterisksdenote significant difference, *P<
0.05 and **P < 0.01, respectively, using Mann-Whitney U test compared
with EV control.

Figure 6. Relative Expression of Nodulation-Related Genes in Soybean
Ga- and RGS-RNAi Hairy Roots.

Gene-specific primers were used to amplify and quantify the transcript
levels of Enod40 (Glyma01g03470.1) (A), Nodulin35 (Glyma10g23790.1)
(B), Apyrase GS52 (Glyma16g04750) (C), and Calmodulin-like protein
(Glyma02g06680) (D) inGa-RNAi andRGS-RNAi hairy roots at 32 dpi with
B. japonicum. Twobiological replicateswith three technical replicates each
wereused for expressionanalysis anddatawereaveraged. Theexpression
values across different samples are normalized against soybean Actin
gene expression. Expression in EV lines was set at 1. Error bars represent
the SE of the mean. Asterisks indicate statistically significant differences
compared with EV control (*P < 0.05) using Student’s t test.
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mechanism by which the receptor might affect Ga activity or its
interactionwithotherproteins remainsunknownat this time.Since
G-proteins and their regulatory proteins usually exist in large
macromolecular complexes and the plant RGS proteins are
plasma membrane localized, we assessed the direct interaction

of RGS proteins with the NFR receptors. The soybean genome
encodes two copies of NFR1 and NFR5 proteins, NFR1a and
NFR1b, and NFR5a and NFR5b. These are lysM (lysine) motif
receptor kinases, with one or two transmembrane domains
(Supplemental Figure 8). We cloned full-length NFR1a, NFR1b,

Figure 7. Soybean RGS Proteins Interact with NFR1 Receptors.

(A) Interaction between RGS and NFR using a split ubiquitin-based interaction assay. The picture shows yeast growth on selective media with 200 µM
methionine. In all cases, full-length RGS proteins, the N-terminal seven-transmembrane region (7TM), and the C-terminal RGS domain containing RGS
proteinswereusedasNUb fusions inbothorientations (NUb-RGSdenotingNUb fused to theN terminusofRGSandRGS-NUbdenotingNUb fused to theC
terminus of RGS). NFR1awas used for the CUb fusion. NUbwt and NUb-vector fusion constructs were used as positive and negative controls, respectively.
Two biological replicates of the experiment were performed with identical results.
(B) Interaction between RGS (in 77-nEYFP-N1) and NFR1 (in 78-cEYFP-N1) proteins using BiFC assay. Agrobacteria containing different combinations of
RGS1 and RGS2 and NFR1a were infiltrated in tobacco leaves, and reconstitution of YFP fluorescence due to protein-protein interaction was visualized
under aNikon Eclipse E800microscopewith epifluorescencemodules. At least four independent infiltrationswere performed for each protein combination
with similar results.
(C) Interaction betweenRGSandNFR1aprotein using an in vivo co-IP assay. Anti-Myc antibody canpull downHA-taggedRGS2 from total protein extracts
of plants expressing 35S:HA-RGS2and35S:Myc-NFR1a (lane 1) but not from total protein extracts fromplants expressing 35S:HA-RGS2andMyc-tagged
EV (lane 2) or 35S:Myc-NFR1a and HA-tagged EV (lane 3).
(D) The N-terminal seven-transmembrane domain of RGS2 did not interact with NFR1a in a similar in vivo co-IP assay.
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NFR5a, andNFR5bgenes fromsoybean nodule cDNAand tested
their interaction with the RGS proteins in a split ubiquitin-based
interaction system. For these interactions, the full-length or the
kinase domain containing the C-terminal region of NFR proteins
was expressed as CUb fusions and the RGS proteins were ex-
pressed asNUb fusions in both orientations (NUb-RGS andRGS-
NUb). NUb fusions were made with full-length, N-terminal, and
C-terminal regions of RGS proteins. RGS proteins (full-length as
well as C-terminal domain) interacted with NFR1a (Figure 7A) and
NFR1b (Supplemental Figure 9A), but not with NFR5a andNFR5b
(data not shown), as evaluated by yeast growth on media lacking
Leu, Trp, His, and Ade, in the presence of 200 µM Met. The
N-terminal region of RGS protein (RGS 7TM) did not interact with
NFR1a protein (Figure 7A; Supplemental Figure 9). Interaction
between the two proteins was also assessed by bimolecular
fluorescence complementation (BiFC) analysis. EachRGSprotein
was expressed as an N-terminal fusion to the C terminus of YFP
(RGS-cYFP), and NFR1was expressed as an N-terminal fusion to
the N terminus of YFP (NFR1-nYFP). The interaction was con-
firmedby reconstitutionofYFPfluorescence in tobacco (Nicotiana
tabacum) leaves coinfiltratedwithboth the expression constructs.
Strong YFP fluorescence was observed in all four possible com-
binations indicating that both soybean RGS proteins can interact
with NFR1a and NFR1b proteins (Figure 7B; Supplemental Figure
10A). Similar to yeast basedassays, theN-terminal region ofRGS2
did not interact with NFR1a, whereas the C-terminal region of
RGS2 interacted with NFR1a with similar efficiency as wild-type
RGS2 (Figure 7B). The interaction between RGS and NFR1 was
further confirmed by in vivo coimmunoprecipitation (co-IP) assay.
Tobacco leaves expressing HA-tagged RGS2 and Myc-tagged
NFR1a were immunoprecipitated with anti-Myc antibodies. Im-
munoblotting with anti-HA antibodies showed the presence of
RGS2 from plants expressing Myc-tagged NFR1a but not from
plants expressing empty vectors (Figure 7C). No interaction was
observed when the N-terminal region of RGS2 was used in co-IP
assay under identical conditions (Figure 7D). In additional assays,
theC-terminal regionofNFR1 interactedwith theC-terminal region
of RGS with similar efficiency as the full-length proteins, in both
yeast-based assays (Supplemental Figures 9B to 9E) and in BiFC
assays (Supplemental Figure 10B). The N-terminal region of NFR1
did not interact with RGS proteins (Supplemental Figure 10B).

We have previously shown that NFR1 interacts with Ga.
Moreover,Gaproteinalso interactswithRGS.All threeproteinsare
expressed in nodules and in hairy roots (Figure 8A; Supplemental
Figure11).Toevaluate thepossibility thata tripartitecomplexmight
exist between NFR1, Ga, and RGS proteins, we performed ad-
ditional co-IP assays. Flag-tagged Ga1, HA-tagged RGS2, and
Myc-taggedNFR1aproteinswere infiltrated in tobacco leaves.The
proteins were immunoprecipitated with anti-Myc antibodies. Im-
munoblotting with Myc, HA, and Flag antibodies showed the
proteinbandscorresponding to the taggedversionsofGa1,RGS2,
and NFR1a (Figure 8B), suggesting that the three proteins likely
exist as a complex in vivo.

NFR1 Receptors Phosphorylate RGS Proteins

NFR1 receptors are active kinases (Madsen et al., 2011;Wang et al.,
2014a) and phosphorylate NFR5 coreceptors, but whether there are

additional phosphorylation substrates in vivo is not known. The in-
teraction between RGS proteins and the Ga proteins with NFR1
receptors promptedus toevaluate if either of theseproteinscouldbe
the in vivo substrates of NFR1 receptors. In the Arabidopsis sugar
signaling pathway, WNK8 kinase phosphorylates RGS1 and a
phosphatase inhibitor calyculin A increases RGS1 phosphorylation,
suggesting that RGS1 can undergo steady state phosphorylation
and dephosphorylation (Urano et al., 2012b). Based on sequence
identitywithArabidopsisRGS1,soybeanRGSproteinsarepredicted
to have 50 potential phosphorylation sites at their C-terminal region.
Multiplepotential phospho-sitesarepredicted inGaproteinsaswell,
based on its homology with the Arabidopsis Ga protein.
We performed in vitro phosphorylation assays using

recombinant Gaprotein or C-terminal RGSproteins as substrates

Figure 8. NFR1a, Ga, and RGS Exhibit Overlapping Expression Patterns
in Nodules and Form a Tripartite Complex in Vivo.

(A) GUS staining of proGmGa1:GUS, proGmRGS2:GUS, and
proGmNFR1a:GUS in mature nodules (bar = 1 mm) and nodule cross
sections (bar = 200 µm).
(B) In vivo co-IP suggests the presence of three proteins as a complex.
Total proteins were extracted from tobacco leaves infiltrated with 35S:
Flag-Ga1, 35S:HA-RGS2, 35S:Myc-NFR1a, and 35S:Myc-tagged EV in
different combinations. Anti-Myc antibody was used for immunoprecipi-
tation. The total protein extracts and Myc antibody immunoprecipitated
proteins were further immunoblotted with Flag, HA, andMyc antibodies to
detect the Ga1, RGS2, and NFR1a proteins, respectively.
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and the C-terminal domain of NFR1a protein as a kinase. NFR1a
wasable toeffectivelyphosphorylateRGS1andRGS2 (Figure9A).
No phosphorylation was observed when Ga was used as sub-
strate either in its native or constitutively active form (Figure 9A).
NFR1wasalsoautophosphorylatedunder these assayconditions
(Figure 9A).

A single tyrosine residue present in the activation loop of the
L. japonicushomologofNFR1hasbeen shown tobe important for
its kinase activity (Madsen et al., 2011). This amino acid corre-
sponds to Tyr-473 in soybean NFR1a. Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis identified 14
phosphorylation sites at minimum localization threshold of 99%
within the C-terminal region of phosphorylated NFR1a. Tyr-473
was identified as one of these sites (Supplemental Figure 12).
To confirm the specificity of phosphorylation of RGS proteins
by NFR1 receptors, we generated its kinase-dead version,
NFR1aT473A, and assessed its ability to phosphorylate RGS. No

phosphorylation of RGSwas observed with the NFR1aT473A even
when significantly higher (53) protein quantitieswereused (Figure
9B). However, in contrast to the mutation in L. japonicus protein,
which results in abrogation of its autophosphorylation activity as
well as its substrate phosphorylation activity, the soybean
NFR1aT473A mutation had no effect on its autophosphorylation
activity. Incidentally, the autophosphorylated NFR1aT473A mi-
grates faster on gels comparedwith the nativeNFR1a (Figure 9B).
LC-MS/MS analysis identified five phosphorylation sites in

NFR1aphosphorylatedRGS2at aminimum localization threshold
of 99%: Thr-267, Ser-269, Ser-277, Ser-405, and Thr-428. An
additional site, Ser-437, was identified when the minimum lo-
calization threshold was decreased to 80% (Supplemental
Figures 13 and 14). The Ser-437 phosphosite has been shown
to be critical during the RGS1-dependent regulation of the
Arabidopsis sugar signaling pathway (Urano et al., 2012b). To
validate LC-MS/MS data and to identify the exact residue(s)

Figure 9. NFR1a Autophosphorylates and Transphosphorylates RGS Proteins.

(A) The indicated proteins (recombinant, purified NFR1a C-terminal, RGS1 C-terminal, RGS2 C-terminal, Ga, and GaQ223L) were subjected to in vitro
phosphorylation assay either alone or in combination.
(B) Effect of a point mutation in the active site of NFR1a (NFR1aT473A) on RGS protein phosphorylation.
(C) Phosphorylation assay using different single point mutant versions of RGS2 proteins (based on the information from LC-MS/MS data).
(D) Phosphorylation assay using higher order mutations in RGS2 protein (RGS2S405A, double, RGS2S405A, S269A; triple, RGS2S405A, S269A, S277A; quad,
RGS2S405A, S269A, S277A, S405A; penta, RGS2S405A, S269A, S277A, S405A, T428A; hexa, RGS2S405A, S269A, S277A, S405A, T428A, S437A).
Recombinant purified proteins were incubated with NFR1a protein for in vitro phosphorylation assay and gel image was visualized after Pro-Q Diamond
Phosphoprotein gel staining. In all cases, the upper panel represents Pro-QDiamond-stained phosphoprotein gel and the lower panel shows the same gel
stained with Sypro Ruby to visualize protein profiles. The bottom panel of (C) and (D) shows the quantification of band intensity of phosphorylated RGS2
protein by Image J. Asterisks indicate statistically significant differences compared with native RGS2 control (*P < 0.05; Student’s t test).
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phosphorylated by NFR1a, we made point mutations at each of
the six residues to change the serine or threonine to alanine in
RGS2 protein. The recombinant mutant proteins (RGS2T267A,
RGS2S269A, RGS2S277A, RGS2S405A, RGS2T428A, and RGS2S437A)
were purified and tested for their ability to be phosphorylated by
NFR1a. Each of the mutant versions of RGS2 exhibited a strong
reduction in phosphorylation, with the strongest effect observed
for RGS2S405A (Figure 9C). To further assess the effect of multiple
potential phosphorylation sites in RGS, we generated phospho-
dead versions of the protein at additional sites in conjunction with
RGS2S405A. Double (RGS2S405A, S269A), triple (RGS2S405A, S269A, S277A),
quadruple (RGS2quadA; RGS2S405A, S269A, S277A, T267A),
quintuple (RGSpentaA; RGS2S405A, S269A, S277A, T267A, T428A) and
sextuple (RGShexaA; RGS2S405A, S269A, S277A, T267A, T428A, S437A)
recombinant proteins were purified and used as substrates in
phosphorylation assays in the presence of C-terminal NFR1a
protein. In comparison to RGS2S405A alone, each additional
mutation lead to lower phosphorylation, with almost no phos-
phorylation detected in the RGS2hexaA protein (Figure 9D).

To evaluate whether the phosphorylation of RGS proteins by
NFR1a has any influence on the regulation of the G-protein cycle,
we generated phospho-mimic versions of RGS by replacing the
respective serine and threonine residues to aspartic acid:
RGS2S405DandRGS2hexaD (RGS2S405D,S269D,S277D,T267D,T428D,S437D).
Native and phospho-mimic versions of RGS2 were evaluated
for their GAP activity in the presence of GTP-loaded Ga.
Recombinant purified RGS proteins were incubated with the Ga

protein and an increase in the rate of GTP hydrolysis was mea-
sured using Pi release assay (Figure 10) and a real-time BODIPY
fluorescence-based assay (Supplemental Figure 15). RGS2hexaD

exhibited significantly higher rate of Pi release from theGa protein
compared with the native RGS2. The amount of Pi released in the
presence of the GAP activity-dead RGS2E319K was used as
a control in these assays (Figure 10). To test whether RGS
phosphorylation has any effect on its interactionwithGa or NFR1,
we evaluated the interaction betweenmutant versions of proteins
with Ga and NFR1a in a yeast-based split ubiquitin system. No
obvious change in interaction ability or strength was observed
(Supplemental Figures 16A and 16B). Additionally, we also
evaluated the interaction between the inactive version of NFR1a
(NFR1aT473A) with Ga1 and C-terminal region of RGS2 in yeast-
based and co-IP assays. No difference in interaction strengthwas
observed (Supplemental Figures 16C, 16D, and 17).

Constitutive Expression of Phospho-Mimic RGS Proteins
Results in Significant Increases in Nodule Formation

To determine the in planta effect of RGS phosphorylation on
nodule formation in soybean, thephospho-mimic versionsofRGS
were cloned into overexpression vector (driven by the CvMV
promoter) and transformed into soybean hairy roots. All trans-
genic roots were tested for increased transcript accumulation
(Supplemental Figure 18). Clear differences in nodule numbers
were observed when roots were transformed with native ver-
sus phospho amino acid variant constructs. Overexpression of
phospho-deficient mutant RGS2S405A or RGS2hexaA resulted in a
decrease in nodule number compared with the native RGS2
overexpression. Importantly,nodulenumbersignificantly increased

in the presence of phospho-mimic mutants, RGS2S405D and
RGS2hexaD, compared with what was observed with the over-
expressionofnativeRGS2 (Figure11).Similar resultswereobtained
when using only the C-terminal regions of native and mutant RGS
proteins driven by CvMV or Enod40 promoters (Supplemental
Figure 19). These data suggest that phosphorylation of RGS pro-
teins by NFR1 receptors positively regulates nodule formation in
soybean.
We further assessed the ability of RGS proteins to restore

nodule formation in the non-nodulating nod49mutant of soybean,
which lacksa functionalNFR1a. Expressionof nativeNFR1agene
(usedasapositivecontrol) partially restorednodulation (Figure12,
Table 1). Overexpression of RGS2 and its phospho-mimic ver-
sions RGS2S405D and RGS2HexaD also resulted in development of
fewnodulesonnod49mutanthairy roots (Figure12A),whereasno
noduleswere observedon roots transformedwithEVor phospho-
dead version of RGS2 (RGS2S405A and RGS2hexaA). The nodules
that developed on the RGS2HexaD transformed nod49 roots ex-
hibited normalmorphology, similar to the nodules formedonwild-
type roots (Figure 12B). However, the nodule numbers in all these
cases were significantly lower than the nodules formed on
a normal hairy root (Figure 12, Table 1).

DISCUSSION

The Role of G-Protein Complex during Nodule Formation
in Soybean

Heterotrimeric G-proteins are involved in regulation of a range of
physiological processes in plants, similar to what has been dis-
covered in yeast and metazoans. The simplicity of G-protein
complex system in Arabidopsis, together with the ease of per-
forming direct genetic analysis of loss-of-function mutants, has
enabled the identification of a multitude of processes that involve
G-proteins. Phenotypic analysis combined with large-scale tran-
scriptomicanalyseshavealso identifiedseveralmodesofG-protein
function, some similar to what exists in other systems and others
specific to plants (Pandey et al., 2010; Urano and Jones, 2014).

Figure 10. Effect of Phospho-Mimic Mutant Versions of RGS2 Protein on
Its GAP Activity toward Ga1.

Rate of Pi release due to the GTPase activity of Ga1 in the presence of
varying concentrations of native and mutant RGS2 proteins. RGS2E319K

mutant, which displays no GAP activity, was used as a control. Experi-
ments were repeated three times, and data were averaged. Error bars
represent the mean 6 SE.
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The inherent nature of the G-protein cycle predicts different
regulatory modes. Activation of the G-protein cycle results in
generation of Ga and freed Gbg subunits and depending on the
involvement of both these entities or only one, the modes are
defined as classicalmodes I and II, respectively. In classicalmode
Ia, both Ga and Gbg interact with downstream effectors. The
phenotypesofmutants lackingeither of thesesubunits are similar,
as has been demonstrated during G-protein-regulated leaf shape
and abscisic acid responses in Arabidopsis (Perfus-Barbeoch
et al., 2004). In classical mode Ib, only Ga interacts with the
downstream effectors, but the Gbg subunits are required for its
correct localization. In this case too, the phenotypes of mutants
lacking one or both subunits are similar (Pandey et al., 2010). In
classical II mode, only the Gbg dimer interacts with the down-
stream effectors. Pathways controlled by this regulatory mode
exhibit oppositephenotypesdue to lackofGaorGbg, ashasbeen
seen during the development of lateral roots or stomata. In such
cases, the lack ofGbg results in abrogation of signal transduction,
whereas the lack of Ga results in constitutive signaling by Gbg

since it can no longer be sequestered in its inactive conformation
(Chen et al., 2006; Pandey et al., 2010). Our previous results with
G-protein regulation of nodule development suggested the in-
volvementofGbgsubunits, but theeffectofGasubunits remained
inconclusive (Choudhury and Pandey, 2013). Furthermore, ad-
ditional regulatory steps such as the involvement of RGS protein
and its effects on the activation/deactivation of G-protein cycle
during nodule formation were also not known.

The data presented here clearly show a distinct role of Ga

proteins and regulation of their activity by RGS proteins during
nodule formation in soybean. Effective silencing of Ga proteins
resulted in higher nodule numbers comparedwith theEV-containing
hairy roots, which is opposite of the effect of Gb and Gg silencing

(Figures 1A and 1B). Moreover, overexpression of individual
proteins, using two different promoters, resulted in lower nodule
numbers, corroborating the data obtained by RNAi approaches
(Figure 1C). Furthermore, there were differences between the
group I Ga proteins (Ga1 and Ga4) versus group II Ga proteins
(Ga2 and Ga3), with group II proteins showing stronger pheno-
types (Figure 1C). These two subgroups also exhibit different
expression levels during nodule development, with group I pro-
teins showing relatively high expression (Choudhury and Pandey,
2013). Itmaybe that theeffective increase ingroup IIGaproteins is
much higher due to their lower basal expression in hairy roots and
nodules, thereby resulting in stronger suppression of nodule
formation. Alternatively, there might be inherent differences be-
tween these proteins, as we have shown previously during the
complementation of yeast Gpa1mutants in pheromone response
pathways (RoyChoudhuryet al., 2014).However, it is clear thatGa

proteins are negative regulators of nodule formation in soybean

Figure12. Partial RestorationofNodule Formationonnod49MutantHairy
Roots by Overexpressing NFR1a and Phospho-Mimic RGS Proteins.

(A) Images of nod49mutant (non-nodulating mutant lacking NFR1a) hairy
roots expressing EV, native NFR1a gene, or different versions of RGS2
gene. Expression of CvMV promoter-driven NFR1a is able to partially
restore nodule formation on nod49 mutants, whereas plants transformed
with EV or RGS2S405A never formed any nodules. Overexpression of native
or phospho-mimic versions of RGS2 (RGS2S405D and RGS2HexaD) also
resulted in nodule development on some hairy roots (quantitative data in
Table 1). Thedata represent averageof twobiological replicates containing
20 to 25 transgenic nodulated roots per construct per experiment. The
sample size for the constructs containing single phospho-mimic or
phospho-dead version of the proteins was 10 to 12 transgenic roots. Bar =
1 mm.
(B) Light micrographs (43) of sections of nodules formed on EV-trans-
formedwild-type roots andRGS2HexaD transformed nod49 roots. Semithin
(5 mm thickness) wax sections, obtained using a microtome, were ob-
served under a light microscope. Bars = 200 mm.

Figure 11. Nodule Formation on Transgenic Soybean Hairy Roots
Overexpressing Phospho-Dead and Phospho-Mimic Versions of RGS
Protein.

Native RGS2 gene, single mutant phospho-dead and phospho-mimic
versions (RGS2S405AandRGS2S405D), andhexamutantphospho-deadand
phospho-mimic versions (RGS2HexaA and RGS2HexaD) of RGS2 genes
driven by the CvMV promoter were used for hairy root transformation.
Nodules developed on overexpression roots were counted at 32 dpi with
B. japonicum and compared with the EV-containing hairy roots. The data
represent average of three biological replicates (40 to 50 individual plants/
biological replicate) containing transgenicnodulated roots.Different letters
indicatesignificantdifferences (Dunn’smultiplecomparisons test,P<0.05)
between samples.
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(Figure 1). Whether the Gbg proteins are involved only in main-
taining Ga protein in trimeric combination or also have additional
independent rolesduring regulationofnodule formationcannotbe
resolved at this point.

RGSproteinsarecentral to the regulationof theG-proteincycle,
especially in plants (UranoandJones, 2014). It hasbeenproposed
that GTP hydrolysis by Ga protein is the rate-limiting step of the
G-protein cycle in plants, in contrast to mammalian systems,
where GDP to GTP exchange is the rate-limiting step (Johnston
et al., 2007). RGS genes displayed a nodule development-
dependent increase in their expression and the B. japonicum-
infected roots had a significantly higher level of RGS proteins
compared with the noninfected roots (Figure 2A). Furthermore,
altering the levelofRGSproteinsbyRNAi-mediatedsilencingorby
overexpression resulted in lower and higher nodule number per
root, respectively (Figures 2 and 5). Both the early events during
nodulation such as expression of marker genes, root hair de-
formation, and formation of nodule primordia (Figure 3), and the
later stages of nodule development (Figures 2F and 4) were af-
fectedbyalteredexpressionofG-proteincomplexgenes.Ahigher
percentage of nodules formed on the RGS-RNAi hairy roots were
not fully developed (Figures 2F and 4).

Also, the role of RGS proteins during regulation of nodule for-
mation is not independent of the G-protein cycle per se. Higher
expression of the C-terminal RGS domain-containing region has
the same effects as the full-length proteins, and an inactive RGS
protein, RGS2E319K, which has no effect on the GTPase activity of
Ga protein (Figure 10), does not affect nodule formation (Figure
5C). Gene expression analysis suggests that at least a subset of
nodulation marker genes are oppositely regulated in Ga-RNAi
lines versus RGS RNAi lines (Figures 3A, 3B, and 6). These genes
could be direct downstream targets of regulation via G-protein-
mediated pathways. Future large-scale analysis of gene ex-
pression changes in different G-protein mutants will shed light on
such targets. However, thesedata do suggest that the role ofRGS
proteins during nodule development is to keep Ga in its inactive,
trimeric conformation. Overexpression of RGS proteins leads to
lower levels of free Ga, resulting in more nodules, whereas the
reverse is true for lower RGS levels.

Phosphorylation of RGS Proteins by NFR1

The paucity of classical G-protein coupled receptors has posed
interesting questions about the activation of G-protein cycle in
plants. Very few proteins which may act upstream of G-proteins
have been identified. These include several receptor-like kinases
(RLKs) that have been shown to directly interact with Ga proteins
(Bommert et al., 2013; Choudhury and Pandey, 2013). Similarly,
many established pathways that are controlled by well-defined
RLKs have been shown to involvemembers of G-protein complex
(Llorente et al., 2005; Bommert et al., 2013; Liu et al., 2013; Ishida
et al., 2014).However, inmost cases, themechanismbywhich the
receptors regulate theG-proteincycle remainsunknown.Wehave
previously shown that the soybean Ga proteins interact with the
NFR1 receptors, but there was no effect of this interaction on Ga

activity (Choudhury and Pandey, 2013). Our current work shows
that theGaproteins are not phosphorylated byNFR1. The precise
effect of such an interaction remains unknown; however it is
possible that interaction with NFR1 changes the availability of Ga

proteins for additional effectors or interacting partners.
Interestingly, RGS proteins can also interact with the NFR1

receptors (Figure 7), and the three proteins likely form a tripartite
complex in vivo (Figure 8). This is exciting as plant RGS proteins
are plasmamembrane localized due to the presence of the seven-
transmembranedomainandare likelypresent in closeproximity to
theplasmamembrane-localizedNFR1 receptorsandGaproteins.
However, in contrast to Ga, the RGS proteins are efficiently
phosphorylatedbyNFR1 receptors (Figure 9A).NFR1proteins are
well-established kinases and are known to phosphorylate the
NFR5 coreceptors, but the extent to which they phosphorylate
additional proteins in cells was not known (Madsen et al., 2011).
Similarly, RGS proteins are well-known phosphorylation sub-
strates in metazoan signaling systems (Garrison et al., 1999;
Hollinger et al., 2003; Sokal et al., 2003; Huang et al., 2007; Moroi
et al., 2007; Xie et al., 2010; Kach et al., 2012) and during sugar
signaling in Arabidopsis, but their phosphorylation by a receptor-
like kinase may suggest a novel regulatory mode of G-protein

Figure 13. ProposedModel for G-Protein-RegulatedNodule Formation in
Soybean.

Both G-protein-dependent and -independent pathways are shown.

Table 1. The Effect of Overexpression of GmNFR1a and Different
Phospho-Mimic and Phospho-Deficient Version of GmRGS2 Gene on
Soybean Nodulation

Construct
No. of
Plants

Total No. of
Nodulated Plants

Nodules/Nodulated
Plants

EV 40 0 0
GmNFR1a 45 34 5.46 6 1.25
GmRGS2 47 13 1.10 6 0.14
GmRGS2S405A 20 0 0
GmRGS2S405D 24 18 2.17 6 0.26
GmRGS2HexaA 40 0 0
GmRGS2HexaD 57 42 3.14 6 0.20

The root system of nod49 was transformed with Agrobacterium
rhizogenes strain K599 carrying GmNFR1a and different GmRGS2
cDNAs driven by the CvMV promoter. Nodulation is expressed as nodule
number per plant (6SE). Nodule numbers were recorded 32 dpi with
B. japonicum.
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signaling pathways in plants. Phosphorylation of RGS proteins
affects their biochemical activity (Figure 10), and this effect is
clearly biologically relevant because overexpression of the
phospho-mimic versions of the proteins results in significantly
higher nodule numbers in wild-type soybean hairy roots (Figure 11)
and partial restoration of the nodulation phenotype in nod49
mutant roots (Figure 12, Table 1). Incidentally, during sugar sig-
nalingpathway inArabidopsis,RGS1 isphosphorylatedbyaWNK
family kinase, and this phosphorylation alters its plasma mem-
brane localization, thereby making it unavailable to accelerate
G-protein hydrolysis (Urano et al., 2012b). In comparison, RGS
phosphorylation byNFR1,whichoccurs at different sites than that
by WNK family kinases, affects its activity, but not localization
(Supplemental Figure 20). It may be that during the regulation of
signaling pathways that require an active Ga, RGS protein is
removed from the vicinity of G-proteins to maintain them in an
active conformation. On the contrary, pathways that are nega-
tively regulated by an active Ga proteinmay require active RGS at
the plasma membrane to maintain the G-proteins in their trimeric
conformation. These data can possibly be expanded to other
signaling systems where the involvement of G-proteins has been
shown in conjunction with various RLKs. It is likely that other
RLKs can also phosphorylate RGS, thereby regulating G-protein-
mediated responses. Further analyses of additional RLKs in the
context of their effectonRGSactivity and/or localizationmayshed
light on these mechanistic details and possibly identify novel,
plant-specific regulatory mechanisms.

Mechanism of G-Protein Regulation of Nodule Formation

Based on these data, we propose the following model for
G-protein complex-dependent regulation of nodulation in soy-
bean (Figure 13). During nodule development, free (active) Ga

proteins act as negative regulators of signaling. Nod factor
binding activates NFR1 receptors, which phosphorylate RGS,
thereby activating them. Active, phosphorylated RGSmaintains
Gaproteins in their trimeric, inactive conformation, thus allowing
for nodulation.Higher expressionofGbgproteins sequesters the
available pool of Ga in trimeric conformation, resulting in higher
nodule numbers. Additionally, an independent role of RGS
proteins or freed Gbg proteins in directly interacting with
downstreameffectors to regulate nodulation cannot be ruled out
at this stage (Figure 13). These data, together with previously
identified roles of RGS in the Arabidopsis sugar signaling
pathway, suggest that plants possibly use the RGS-based
regulation of G-protein deactivation as a predominant control
mechanism, compared with metazoans, which essentially use
a GPCR-based regulation of G-protein activation as a key
mechanism. However, the prevalence of such a regulatory
mechanism is notable also in the context of plants such as rice
(Oryza sativa), Brachypodium distachyon, and many other
grasses that do not have a canonical RGS homolog in their
genomes. Whether novel, yet unidentified proteins fulfill such
a regulatory role, or the G-protein cycle is regulated differently in
these plants remains to be investigated.

Our model also opens up several questions, most important
being: What is downstream of the G-protein cycle during nodu-
lation? It is well established that the nuclear-localized CCaMK

proteins are central to nodule development (Gleason et al., 2006;
Tirichine et al., 2006; Takeda et al., 2012). How might the chain
of events started at the level of plasma membrane-localized
G-proteins be continued to the nuclear proteins? As we have
mentioned previously, multiple downstream components pro-
posed to be important for successful nodulation have been linked
to G-protein components in other organisms. Future studies
targeted toward dissecting the individual signaling components
will certainly unravel many of these pathways. Another important
question is whether there are proteins or signaling complex(es) in
addition to G-proteins, which are involved in transducing the
signal from plasma membrane to intracellular components.
Nodulation is an important, high energy-demanding event and
plantsmusthaveevolvedmultiple layersof regulation to intricately
balance it under any given environment. What these additional
components might be and how they might interact with the
G-protein-regulated processes will be an active area of future
research.

METHODS

Plant Material and Construction of Vectors

Soybean (Glycine max) wild-type (‘Williams 82’ and ‘Bragg’) and mutant
(super-nodulating nitrate tolerant symbiotic382 ‘nts382’ and a non-
nodulating ‘nod49’) seeds were grown on Pro-Mix BX soil (Premier
Horticulture) in the greenhouse (16 h light/8 h dark) at 25°C.

Mutant versions of Ga1 and RGS2 proteins were prepared by site-
directedmutagenesis using theQuikChangePCRmethod (Agilent). For
overexpression constructs, native and site-directedmutant versions of
geneswere cloned into the pCR8/GWvector (Invitrogen) and confirmed
by sequencing. Each overexpression construct was transferred by
Gateway-based cloning into CvMV promoter and Enod40 promoter
containing binary vectors (pCAMGFP-CvMV-GWi and pCAMGFP-
GmEnod40-2p:GW) using LR clonase (Choudhury and Pandey, 2013).
The RNAi constructs were expressed under the control of the FMV
promoter in CGT11017A vector (Govindarajulu et al., 2008). After se-
quence verification, all constructs including empty vectors (used as
controls), were transformed into Agrobacterium rhizogenes strain
K599.

Hairy Root Transformation and Evaluation of Nodulation Phenotypes

Shoot apices with a single fully expanded trifoliate leaf from 2-week-old
soybean plants were used for hairy root transformation. The hairy root
transformation of soybean was performed essentially as described pre-
viously (Govindarajulu et al., 2009; Choudhury and Pandey, 2013). After
transformation, the plants were maintained in nitrogen-free media. To
assay the deformed root hairs and the nodule primordia, plants were in-
fected with Bradyrhizobium japonicum (strain USDA110). Root segments
3 cm below the root-hypocotyl junction were cut and harvested at 4 and
6dpi, respectively.Rootswerefixedwithethanol:glacial acetic acid (3:1) for
2 h and stainedwith 0.01%methylene blue for 15min (Wang et al., 2014b).
The stained transgenic roots were observed by light microscopy to detect
the deformed root hairs and nodule primordia in three different biological
replicates each with n = 10 to 12 roots. Root hairs with curvy/wavy growth
direction, bulged tips, or branching at 4 dpi with B. japonicum were
considered as deformed root hairs (Supplemental Figure 6A). Nodule
primordia were counted at 6 dpi with B. japonicum. Early nodule primordia
were differentiated from the lateral root primordia by their cell division
patterns.Nodule primordia typically haveahigher frequencyof cell division
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in the cortical layer, whereas the lateral root primordia have a higher fre-
quencyof cell division in thepericycle and theendodermis. The later stages
were obvious due to the positioning of vascular bundles (central in lateral
root primordia and peripheral in nodule primordia), and their shapes
(elongated lateral root primordia and round nodule primordia) (Supplemental
Figure6B).Nodulenumberwascountedat8,16,and32dpiwithB. japonicum.
Three biological replicates were used for each construct and nodule
number was quantified from at least 40 to 50 transgenic hairy roots in each
individual experiment (total 120 to 150 transgenic hairy root/per construct).
The data were averaged, and statistically significant values were de-
termined by Mann-Whitney U test.

RNA Isolation and Real-Time Quantitative PCR

The soybean hairy roots were collected at different time points after
B. japonicum infection. Total RNA was isolated from uninoculated and
inoculated hairy roots, using Trizol reagent (Invitrogen). RNA sampleswere
treated with DNase I to remove the genomic DNA. First-strand cDNA was
synthesized using the Superscript III RT kit (Invitrogen). Real-time quan-
titative PCRs were performed as previously described (Bisht et al., 2011)
with aStepOnePlus real-timePCRsystem (AppliedBiosciences) using the
SYBR advantage qPCR premix (Clontech). The oligonucleotide primers
used for PCR are listed in Supplemental Table 1. Two different biological
replicates with three technical replicates each were performed for each
experiment. The data were averaged and statistically significant values
were determined by Student’s t test.

Microscopy

For analysis of the nodule cross sections, mature nodules from RNAi- and
empty vector-containing transgenic rootswere fixed in 2%glutaraldehyde
containing 0.1 M PIPES buffer (pH 6.8) for 2 h. Sample preparation and
microscopic observation were performed as described previously
(Choudhury and Pandey, 2013). For phase contrast microscopy, nodules
from RGS-RNAi and EV-transformed lines were fixed by high-pressure
freezing and packed in 0.1 M PIPES buffer (pH 6.8) plus 300 mM sucrose.
Samples were freeze substituted for 5 d at280°C in 2% osmium tetroxide
in acetone, thenslowly thawed to roomtemperature, rinsed inacetone, and
embedded in Spurr’s resin. Nodule sections (0.5 mm thick) were imaged
using Nikon Eclipse 800 wide-field microscope.

For the reporter gene expression analysis, putative promoter regions of
Ga1 (;2 kb),RGS2 (;1.5 kb), andNFR1a (;1.5 kb) were amplified from cv
Williams 82 genomic DNA and cloned in pcr8GW vector (Invitrogen).
Sequence confirmed clones were then introduced into pYXT1 or pYXT2
destination vectors carrying theGUSandGFP reporter genes, respectively
(Xiao et al., 2005). These constructs were transformed using the hairy
root transformation system and transgenic roots were inoculated with
B. japonicum. The detection of GFP fluorescence and GUS assay were
performed10dafterB. japonicum infection in hairy roots anddifferent days
after infection in nodules. Toobserve thecellular level expression, 28-d-old
mature nodules were sectioned followed by GUS staining.

Protein-Protein Interaction Assays and Immunoblotting

Interaction assays between Ga, RGS, and NFR proteins using split
ubiquitin-based and BiFC-based assays were performed essentially as
previously described (Bisht et al., 2011; Choudhury et al., 2012). At least
two independent transformations for the split ubiquitin-based assays and
four independent transformations for BiFC-based assayswere performed.
For co-IP assays, 3- to 4-week-old tobacco (Nicotiana tabacum) plants
were used for Agrobacterium tumefaciens-mediated transient expression
of soybean RGS2 fused to HA tag, soybean NFR1a fused to Myc tag, and
soybean Ga1 protein fused to the Flag tag. After 3 to 4 d, proteins were
extracted from inoculated leaves in the extraction buffer containing

250mMsucrose, 25mMHEPES-KOH,pH7.5, 10mMMgCl2, 1mMPMSF,
1 mM DTT, and 1% Triton X-100 with protease inhibitor cocktail (Sigma-
Aldrich). The homogenate was centrifuged at 8000g for 10 min to remove
debris. For each immunoprecipitation experiment, ;200 mg of protein
extracts was incubated with anti-Myc antibody in the presence of
binding buffer (25mMHEPES-KOH, pH 7.5, 100mMNaCl, 3mMMgCl2,
0.5 mM EDTA, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail).
The immunocomplexwas adsorbed into binding buffer equilibratedwith
protein A agarose according to the manufacturer’s protocol (Sigma-
Aldrich). The mixture was incubated overnight at 4°C with gentle ro-
tation. Protein A agarose beads were washed three times with 1 mL of
binding buffer by gentle shaking followed by centrifugation. Lastly,
pulled-down proteins were separated on SDS-PAGE and analyzed by
immunoblotting with anti-HA, anti-Myc, and anti-Flag antibodies
(Sigma-Aldrich). To detect RGS protein levels, microsomal protein
fractions isolated from B. japonicum inoculated or noninoculated hairy
roots were used for immunoblotting with RGS antibodies, essentially
according to Bisht et al. (2011).

Recombinant Protein Purification and in Vitro GTPase Activity Assay

Native andmutant versions of Ga, C-terminal region of RGS, and C-terminal
region of NFR1a proteins were cloned into pET28a vector (Novagen), and
the proteins were expressed and purified as described previously (Bisht
et al., 2011). GAP activity of native andmutant versions RGS proteins was
assayed using the ENZchek phosphate assay kit (Invitrogen) essentially
according to Choudhury et al. (2012). Real-time fluorescence-based GTP
bindingandGTPhydrolysis assayswereperformedusingBODIPY-GTPFL
(Choudhury et al., 2013).

Accession Numbers

Sequence data from this article can be found in the SoyKB (http://soykb.
org/) under the following accession numbers: Ga1 (Glyma04g05960.1),
Ga2 (Glyma17g34450.1),Ga3 (Glyma14g11140.1),Ga4 (Glyma06g05960.1),
RGS1 (Glyma18g01490.1),RGS2 (Glyma11g37540.1),Enod40 (Glyma01g03470),
Nodulin35 (Glyma10g23790), Apyrase GS52 (Glyma16g04750), and Cal-
modulin (CaM)-like protein (Glyma02g06680).

Supplemental Data

Supplemental Figure 1. Constructs used for RNAi-mediated silencing
of soybean Ga and RGS driven by FMV promoter and for over-
expression of Ga and RGS driven by constitutive (CvMV ) and nodule-
specific (Enod40) promoter.

Supplemental Figure 2. Transcript levels of soybean Ga genes in
Ga-RNAi hairy roots and nodulation phenotypes.

Supplemental Figure 3. Transcript levels of soybean Ga genes in
Ga-overexpressing hairy roots and nodulation phenotypes.

Supplemental Figure 4. B. japonicum-induced expression of soybean
RGS1 and RGS2 in wild-type, non-nodulating, and supernodulating
soybean hairy roots at different time points.

Supplemental Figure 5. Study of expression levels of RGS genes and
root hair deformation in RGS-RNAi silenced transgenic hairy roots.

Supplemental Figure 6. Phenotypes of root hairs, lateral root
primordia, nodule primordia, and roots in Ga-RNAi and RGS-RNAi
transgenic lines.

Supplemental Figure 7. Expression levels of RGS genes in RGS-
overexpressing transgenic hairy roots.

Supplemental Figure 8. Domain architecture of soybean NFR1a.
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Supplemental Figure 9. Interaction between soybean RGS1 and
RGS2 with NFR1a and NFR1b using split ubiquitin-based interaction
assay.

Supplemental Figure 10. Interaction between RGS (in 77-nEYFP-N1)
and NFR1 (in 78-cEYFP-N1) using bimolecular fluorescence comple-
mentation assay.

Supplemental Figure 11. Analysis of promoter of Ga1, RGS2, and
NFR1a.

Supplemental Figure 12. Detection of phosphorylated amino acid
residues in NFR1a C-terminal kinase domain by LC-MS/MS after in
vitro phosphorylation assay.

Supplemental Figure 13. Detection of phosphorylated amino acid
residues in RGS2 C-terminal region by LC-MS/MS after in vitro
phosphorylation assay.

Supplemental Figure 14. Detection of phosphorylation sites within
soybean RGS2 C-terminal region by LC-MS/MS after in vitro phos-
phorylation assay.

Supplemental Figure 15. Changes of GTPase activity of Ga1 in the
presence of different mutant versions of RGS2.

Supplemental Figure 16. Interaction between Ga1 with wild-type and
mutant RGS2 and NFR1a using split ubiquitin-based interaction
assay.

Supplemental Figure 17. Myc-tagged wild-type NFR1a and mutant
NFR1aT473A associate with soybean RGS2 in vivo.

Supplemental Figure 18. Transcript level of soybean RGS2 in native
and mutant RGS-overexpressing hairy roots.

Supplemental Figure 19. Nodule formation on transgenic soybean
hairy roots overexpressing phospho-dead and phospho-mimic ver-
sions of C-terminal RGS2.

Supplemental Figure 20. Localization of native and mutant RGS2.

Supplemental Table 1. Primers used in experiments described in the
article.
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