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Heterotrimeric G proteins composed of a, b, and g subunits are central signal transducers mediating the cellular response
to multiple stimuli in most eukaryotes. Gg subunits provide proper cellular localization and functional specificity to the
heterotrimer complex. Plant Gg subunits, divided into three structurally distinct types, are more diverse than their animal
counterparts. Type B Gg subunits, lacking a carboxyl-terminal isoprenylation motif, are found only in flowering plants. We
present the functional characterization of type B Gg subunit (SlGGB1) in tomato (Solanum lycopersicum). We show that SlGGB1 is
the most abundant Gg subunit in tomato and strongly interacts with the Gb subunit. Importantly, the green fluorescent protein-
SlGGB1 fusion protein as well as the carboxyl-terminal yellow fluorescent protein-SlGGB1/amino-terminal yellow fluorescent
protein-Gb heterodimer were localized in the plasma membrane, nucleus, and cytoplasm. RNA interference-mediated silencing
of SlGGB1 resulted in smaller seeds, higher number of lateral roots, and pointy fruits. The silenced lines were hypersensitive to
exogenous auxin, while levels of endogenous auxins were lower or similar to those of the wild type. SlGGB1-silenced plants also
showed strong hyposensitivity to abscisic acid (ABA) during seed germination but not in other related assays. Transcriptome
analysis of the transgenic seeds revealed abnormal expression of genes involved in ABA sensing, signaling, and response. We
conclude that the type B Gg subunit SlGGB1 mediates auxin and ABA signaling in tomato.

Heterotrimeric G proteins (G proteins) consisting of
Ga, Gb, and Gg subunits are arguably the most im-
portant signaling mediators in eukaryotes. In animal
systems, G proteins bind to seven-transmembrane-
spanning G protein-coupled receptors (GPCRs) at the
plasma membrane. Upon perception of a stimulus,
GPCRs facilitate the replacement of GDP bound to the
Ga subunit with GTP. This exchange results in the ac-
tivation of the heterotrimer. The active GTP-bound Ga
and the Gbg dimer independently initiate specific sig-
naling pathways. The intrinsic GTPase activity of
Ga hydrolyzes GTP to GDP and thereby returns the
heterotrimer to the steady-state mode (Gautam et al.,
1998; McCudden et al., 2005).

Genetic approaches have revealed the involvement
of G proteins in a wide variety of plant processes, in-
cluding defense against pathogens (Llorente et al., 2005;
Trusov et al., 2006, 2009, 2010; Trusov and Botella, 2012;
Maruta et al., 2015), morphological development (Lease
et al., 2001; Ullah et al., 2003; Chakravorty et al., 2011;
Thung et al., 2012), cell proliferation (Ullah et al., 2001;
Chen et al., 2006a), ion-channel regulation (Armstrong
and Blatt, 1995; Chakravorty et al., 2012), stomatal
control (Assmann, 1996; Zhang et al., 2008; Chakravorty
et al., 2011), light perception (Warpeha et al., 1991, 2006,
2007; Okamoto et al., 2001; Jones et al., 2003; Ullah et al.,
2003; Botto et al., 2009), early seedling development
(Lapik and Kaufman, 2003), abiotic stresses (Booker
et al., 2004; Joo et al., 2005; Misra et al., 2007; Bhardwaj
et al., 2012), and responses to phytohormones including
abscisic acid (ABA), GA, brassinosteroid, ethylene,
jasmonic acid, and auxins (Ullah et al., 2002; Chen et al.,
2004; Pandey and Assmann, 2004; Huang et al., 2006;
Trusov et al., 2006; Wang et al., 2006; Okamoto et al.,
2009).

During evolution, plant G proteins have acquired a
number of unique characteristics not seen in animal G
proteins (Chen et al., 2003, 2004; Jones and Assmann,
2004; Johnston and Siderovski, 2007; Temple and Jones,
2007; Chakravorty et al., 2011; Jones et al., 2011b; Urano
et al., 2012, 2013; Urano and Jones, 2014). For example,
in animals, activation of GPCRs catalyzes the exchange
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of GDP for GTP in the Ga subunit; however, in plants,
this step seems to be spontaneous, without the need
for accessory proteins (Jones et al., 2011a). Instead of
GPCRs, plants can use alternative receptors such as
ATRGS1 that keeps the plant G protein complex in its
resting state. Upon binding of an agonist, the RGS un-
dergoes phosphorylation and subsequent endocytosis,
releasing the G protein complex, which spontaneously
activates (i.e. loads with GTP), starting the signaling
cycle (Jones et al., 2011b). A similarmechanism seems to
exist in rice (Oryza sativa), where the COLD1 receptor
serves as a GTPase-accelerating protein (Ma et al.,
2015). Plant G proteins also have been proven to me-
diate responses from single-pass membrane receptors
such as the BAK1 Interacting receptor-like kinase
(BIR1), Nod factor receptors, and RECEPTOR-LIKE
PROTEIN KINASE2 in Arabidopsis (Arabidopsis thaliana;
Choudhury and Pandey, 2013; Liu et al., 2013; Ishida
et al., 2014). In maize (Zea mays), the Ga subunit was
functionally linked to FASCIATED EAR2, an ortholog of
Arabidopsis CLAVATA2, receptor-like protein (Bommert
et al., 2013).

While humans possess 23 Ga, six Gb, and 12 Gg
subunits (Milligan and Kostenis, 2006), the Arabidopsis
genome has only one Ga, one Gb, and three Gg genes
(Ma et al., 1990; Weiss et al., 1994; Mason and Botella,
2000, 2001; Chakravorty et al., 2011). Recently it was
demonstrated that a plant-specific group of Ga-like
proteins, extra-large G proteins (Lee and Assmann,
1999; Ding et al., 2008), also form complexes with the
canonical Gbg dimer and initiate defense responses
(Maruta et al., 2015) and, therefore, should be consid-
ered as G protein subunits. Diversity studies of plant
Gg subunits revealed three distinct types of these pro-
teins, two of which were specific to plants (Trusov et al.,
2012). Type A represents the canonical form of the Gg
subunits, which are structurally similar to their an-
imal and fungal counterparts. These proteins are char-
acterized by relatively small size, a conserved domain
for coiled-coil interaction with Gb, and a C-terminal
isoprenylation motif, CaaX (where C is Cys, a is an al-
iphatic amino acid, and X is variable, with a preference
for hydrophobic and aliphatic amino acids). Type B Gg
subunits are similar to type A Gg subunits but lack the
C-terminal CaaX motif, precluding the possibility of
prenylation (Trusov et al., 2012). Finally, type C Gg
subunits have the conserved domain, a transmem-
brane domain, and a relatively long Cys-rich C-terminal
end (Chakravorty et al., 2012; Trusov et al., 2012;
Wolfenstetter et al., 2015). A similar classification has
been reported for soybean (Glycine max) Gg subunits
(Choudhury et al., 2011). The roles of type A and type C
Gg subunits have been established in Arabidopsis and
rice (Fan et al., 2006; Trusov et al., 2007; Huang et al.,
2009; Chakravorty et al., 2011), while the functions of
type B have not been studied yet.

In this study, we have identified four genes encoding
Gg subunits of heterotrimeric G proteins in tomato
(Solanum lycopersicum) ‘MicroTom’. Relative expres-
sion levels were determined for all four genes. We

demonstrate that the tomato type B Gg subunit SlGGB1
interacts with the tomato Gb subunit, but unlike any
other known Gg subunits, it localizes to the cytoplasm
and nucleus in addition to the usual localization to the
plasma membrane. Analyses of several RNA interfer-
ence (RNAi) lines with significantly reduced levels of
SlGGB1 revealed alterations in the development of
lateral roots, fruits, and seeds. These transgenic lines
also had altered responses to auxin and ABA. We
conclude that the type B Gg subunit SlGGB1 plays an
important role in auxin signaling throughout plant
development and is involved in ABA signaling during
seed germination.

RESULTS

The Tomato Genome Contains Four Genes Encoding
Heterotrimeric G Protein Gg Subunits

BLAST searches of the tomato proteome (cv Heinz;
ITAG release 2.40) using Arabidopsis Gg subunits as
queries identified four Gg-like proteins. Of the four
identified putative Gg subunits, one belonged to the
previously described type A, two to type B, and one to
type C (Trusov et al., 2012). According to the nomen-
clature suggested by Trusov et al. (2012), we named
these genes SlGGA1 (Solyc09g082940.2.1), SlGGB1
(Solyc12g096270.1.1), SlGGB2 (Solyc08g005950.2.1),
and SlGGC1 (Solyc07g041980.2.1).

The type B subunit genes, SlGGB1 and SlGGB2, have
open reading frames of 354 and 384 nucleotides en-
coding 117 and 127 amino acids, respectively, and
consist of four exons and three introns. The proteins
share 69% amino acid identity within the conserved
central region responsible for the coiled-coil interaction
with the Gb subunit. In the conserved DPLLmotif, both
proteins have a substitution of Pro with Ala (DALL;
Supplemental Fig. S1). In addition, both proteins have
conserved residues important for interaction with the
Gb subunit (Supplemental Fig. S1; Temple and Jones,
2007). The most distinct feature of SlGGB1 and SlGGB2
is the lack of the C-terminal CaaX motif. The proteins
end with RWI, the consensus sequence for all type B Gg
subunits in eudicots (Trusov et al., 2012).

SlGGB1 Is the Most Abundantly Expressed Gg Gene
in Tomato

Wequantified the transcript levels of all four tomatoGg
subunit genes (SlGGA1, SlGGB1, SlGGB2, and SlGGC1)
in several tissues using quantitative real-time PCR (RT-
qPCR). Our results reveal similar expression profiles for
SlGGA1 and SlGGB1, with SlGGB1 being the most abun-
dant in almost all examined tissues, while SlGGC1
showed relatively low transcript levels and SlGGB2
levels were very low across all tested samples (Fig. 1A).
SlGGB1 transcript levels were higher in reproductive
tissues (i.e. flowers and fruits) comparedwith vegetative
tissues (i.e. seedlings, leaves, and roots; Fig. 1A).
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Figure 1. SlGGB1 is the most abundantly expressed
Gg gene in tomato. A, Expression levels of
SlGGA1, SlGGB1, SlGGB2, and SlGGC1 in the
designated tissues. RNA was extracted from
three biological replicates for each tissue and
subjected to RT-qPCR. The expression values
for the subunit genes were normalized with
GAPDH expression. Values represent means of
the three replicates with SE. B, Histochemical
analysis of SlGGB1 expression using the GUS
reporter gene. Blue color corresponds to GUS
activity. I, Flower buds; II, floral peduncle (AZ,
abscission zone); III, opened flower; IV, pollen
grains; V, calyx (sepals); VI, green fruit; VII,
breaker fruit; VIII, mature fruit; IX, fresh seeds
from ripe fruit; X, seed, 1 d after germination;
XI, seed, 3 d after germination; and XII, longi-
tudinal section of stem.
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To further assess the SlGGB1 spatial and develop-
mental expression patterns, we cloned 2 kb of the ge-
nomic DNA directly upstream of the SlGGB1 gene,
including the 59 untranslated region, and fused it to
the GUS reporter gene (SlGGB1:GUS). This promoter
construct was used to produce multiple independent
transgenic lines in cv MicroTom. Preliminary analysis
of all transgenic promoter lines showed that most lines
had similar staining patterns, indicating that variability
due to insertion events was insignificant. Three repre-
sentative lines were selected for further analysis. In
flower buds and open flowers, GUS staining was ob-
served in the abscission zone peduncle, petals, anthers,
and pollen grains but was nondetectable in sepals (Fig.
1B, I–IV). In immature and mature green fruits, GUS
activity was detected in the area where the calyx is at-
tached and in the pedicel (Fig. 1B, V–VII). GUS staining
became more intense during the breaker stage, with
staining visible in the funiculus, where the seed is at-
tached to the columella, and in the vascular strands that
attach the fruit to the calyx. GUS staining increased
markedly during ripening, with very strong expression

observed in the pericarp, spreading from the calyx
through the columella, with intense staining also ob-
served in the funiculus of each seed (Fig. 1B, VIII and
IX). In germinating seeds, expression was confined to
the micropyle region of the endosperm, but no GUS
staining was detected in dry seeds (Fig. 1B, X and XI).
Visible GUS expression was not detected in leaves and
roots.

Tomato Type B Gg Subunits Interact with Gb

Gg and Gb subunits form an obligate functional di-
mer, and strong interaction between Gb and all three
Arabidopsis Gg subunits has been demonstrated (Mason
and Botella, 2000, 2001;McIntire, 2009; Chakravorty et al.,
2012). Interaction between type BGg andGb subunits has
been comprehensively demonstrated in rice and soybean
(Kato et al., 2004; Choudhury et al., 2011). To confirm that
SlGGB1 and SlGGB2 interact with the tomato Gb subunit
(SlGB1), we performed yeast (Saccharomyces cerevisiae)
two-hybrid assays with SlGGB1 and SlGGB2 fused to
the GAL4 activation domain (AD) and SlGB1 fused

Figure 2. SlGGB1 interacts with the Gb subunit.
A, Yeast two-hybrid assays using pACT2 carrying
SlGGB1 or SlGGB2 and pBridge vector carrying
SlGB1. pACT2with AGG2 and empty pACT2were
used as positive and negative controls, respec-
tively. Growth on medium lacking His, Trp, and
Leu (SC-LWH) indicates positive interaction, while
growth on medium lacking His and Leu (SC-LW)
indicates successful cotransformation of the yeast
with two vectors. B, BiFC assessment of the in-
teraction between SlGGB1 fused to cYFP and
Arabidopsis AGB1 fused to nYFP in mesophyll
protoplasts isolated from Arabidopsis. The inter-
action manifested as yellow fluorescence of the
reconstituted YFP. The protoplasts were ana-
lyzed using confocal microscopy 16 to 24 h after
transfection. The representative protoplasts were
photographed with 510- to 550-nm (for YFP) and
640- to 700-nm (for chloroplasts) filters. Since
focal planes for the plasma membrane and the
nucleus differ, two photographs were taken for
each protoplast and later stacked using Photoshop
CS6 software. Bars = 20 mm.
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to the GAL4 binding domain (BD). When yeast was
cotransformed with AD-SlGGB1 and BD-SlGB1, growth
was observed on a medium lacking His, indicating in-
teraction between both proteins (Fig. 2A). Yeast growth
was also observed when AD-SlGGB2 and BD-SlGB1
were used in the assays. The canonical Arabidopsis
Gg2 subunit (AGG2) also showed strong interaction
with SlGB1, serving as a positive control, while the
empty pACT2 vector, a negative control, did not show
any yeast growth (Fig. 2A).
We confirmed the SlGGB1 interacts with the Gb

subunit using bimolecular fluorescence complementa-
tion (BiFC) in Arabidopsis mesophyll protoplasts. The
protoplasts were cotransfected with C-terminal yellow
fluorescent protein (cYFP)-SlGGB1 and N-terminal
yellow fluorescent protein (nYFP)-AGB1 as well as
cYFP-AGG2 and nYFP-AGB1 as a positive control and
with cYFP and nYFP-AGB1 as a negative control. Pro-
toplasts coexpressing cYFP-SlGGB1 and nYFP-AGB1
showed strong fluorescence in the nucleus, with lower
intensity observed in the cytoplasm and plasma mem-
brane (Fig. 2B). The positive control coexpressing cYFP-
AGG2 and nYFP-AGB1 showed strong fluorescence at
the plasma membrane, with very weak fluorescence
also apparent in the nucleus. No fluorescence was ob-
served in negative controls (Fig. 2B).

GFP-SlGGB1 Localizes to the Plasma Membrane
Cytoplasm and the Nucleus

To establish the subcellular localization of the SlGGB1
and SlGGB2 subunits, we performed transient expres-
sion assays in tomato mesophyll protoplasts trans-
fected with GFP-SlGGB1 and GFP-SlGGB2 fusion
proteins under the control of the cauliflower mosaic vi-
rus 35S promoter. Confocal microscopy detected fluo-
rescence in the plasma membrane, cytoplasm, and
nucleus, similar to the pattern observed for freeGFP (Fig.
3A). Under the same conditions, fluorescence produced
by GFP fused to Arabidopsis AGG2 was localized at the
plasma membrane (Fig. 3A). Transient expression of
GFP-SlGGB1 in Nicotiana benthamiana leaves also
yielded similar results (Fig. 3B). Furthermore, we tested
the localization of the GFP-SlGGB1 protein in stably
transformed Arabidopsis. Here, the GFP-SlGGB1 was
also detected in the nucleus, cytoplasm, and plasma
membrane (Fig. 3C). The nuclear localization was con-
firmed by 49,6-diamino-2-phenylindole staining (Fig.
3D). To elucidate if GFP-SlGGB1 is located at the
plasma membrane or just in peripheral cytoplasm, we
produced mesophyll protoplasts from transgenic
Arabidopsis plants expressing GFP-SlGGB1 and
transfected them with the Arabidopsis Gg subunit
AGG2 fused to mCherry as a control. The plasma
membrane localization of AGG2 was established pre-
viously (Adjobo-Hermans et al., 2006; Zeng et al.,
2007). Both proteins were detected at the plasma
membrane, althoughwith a different pattern, as depicted
by red and green colors (Fig. 3E, top). Analysis of

ruptured protoplasts confirmed that both proteins
remained attached to the plasma membrane (Fig. 3E,
bottom). Our combined observations indicate that
GFP-SlGGB1 is present at the plasma membrane,
nucleus, and cytoplasm.

Silencing of SlGGB1 Results in Increased Lateral Root
Formation and Auxin Sensitivity

To establish the physiological role of SlGGB1, we
produced transgenic lines carrying RNAi constructs
designed to silence the SlGGB1 gene. Several indepen-
dent SlGGB1 RNAi lines were generated (hereafter re-
ferred to as slggb1), and the SlGGB1 expression levels
were analyzed by RT-qPCR. Three transgenic lineswith
very low or undetectable SlGGB1 expression in T0
plants (slggb1-35, slggb1-36, and slggb1-50) were se-
lected, and T3 homozygous lines were produced and
used for further studies. RT-qPCR expression analysis
was repeated on the homozygous lines, showing al-
most undetectable SlGGB1 transcript levels in slggb1-35
and slggb1-36, while in slggb1-50, SlGGB1 transcript
levels were approximately 3% of those in wild-type
plants (Fig. 4). To ensure that the silencing of SlGGB1
was not compensated by increased expression of the
remaining g genes that could potentially counteract
the effects of the silencing, we determined SlGGA1,
SlGGB2, and SlGGC1 expression levels in the transgenic
lines. The expression levels of the second type B Gg
subunit, SlGGB2, in all three transgenic lines were re-
duced by about 50% compared with wild-type plants
(P # 0.05; Fig. 4). No alterations in transcript levels
were detected for SlGGA1 and SlGGC1.

The formation of lateral roots is strongly affected in
Arabidopsis mutants lacking Gb or Gg subunits (Ullah
et al., 2003; Trusov et al., 2007), prompting us to eval-
uate the number of lateral roots in wild-type and
transgenic tomato lines. All three SlGGB1-silenced lines
showed a 2 to 2.5 times increase in lateral root numbers
compared with the wild type, with high statistical sig-
nificance (P# 0.001; Fig. 5A). The enhanced lateral root
formation observed in SlGGB1-silenced lines could be
the result of increased lateral root primordium (LRP)
formation, but it could also be due to an increased rate
of cell elongation from an otherwise wild-type number
of LRPs. To distinguish between these two scenarios,
the total numbers of lateral roots as well as LRPs of
3-week-old slggb1 and wild-type seedlings were coun-
ted. The roots of slggb1 seedlings had approximately
2-fold more lateral roots + LRPs than wild-type roots
(Fig. 5B). Since lateral root formation is under tight
auxin control (Celenza et al., 1995), our observations
imply that the down-regulation of SlGGB1 may result
in either an increased auxin pool or an altered auxin
sensitivity in roots.

The increase in lateral root formation observed in
slggb1 plants prompted us to examine their auxin sen-
sitivity by determining the effect of different auxin
concentrations on lateral root and LRP formation.
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Germinated slggb1 seeds were grown on MS minimal
medium for 3 d before excising the roots from the
seedlings and transferring them to MS medium sup-
plemented with various concentrations (0–1 mM) of
naphthaleneacetic acid (NAA). The apical meristem
was excised from seedlings to eliminate the flow of
endogenous auxin from the shoot tip, as auxin syn-
thesized in the apical region of the plant is translocated
to the roots (Laskowski et al., 1995). Five days after
incubation with NAA, the numbers of lateral roots and
LRPs were counted. In the absence of auxin, the excised
roots of slggb1 lines showed no significant differences in
the number of lateral roots fromwild-type excised roots
(Fig. 5C). When the medium was supplemented with
NAA, all genotypes, including the wild type, demon-
strated substantial increases in lateral root and LRP
formation, even at the lowest concentration of NAA,

0.1 mM (Fig. 5C). However, slggb1 lines produced sig-
nificantly more lateral roots and LRPs than wild-type
plants (Fig. 5C). Combined, these results indicate that
slggb1 lines are more sensitive than the wild type to
exogenous auxin.

To further assess the auxin response of slggb1 lines,
we examined the effect of exogenous auxin on tissues
lacking preexisting root primordia. Cotyledons from
9-d-old seedlings grown on MS medium were excised
and transferred to MS medium supplemented with
various concentrations (0–4 mM) of NAA. The treated
slggb1 cotyledons developed adventitious roots starting
from 0.05 mM NAA, while wild-type cotyledons pro-
duced the roots only at 0.1 mM NAA. Quantification
revealed that slggb1 lines had significantly more ad-
ventitious roots formed compared with the wild type at
concentrations of 0.05 and 0.1mMNAA (Fig. 5D). On the

Figure 3. SlGGB1 localizes to the nucleus, cytoplasm, and plasma membrane. A, Transient expression of unfused GFP, GFP-
SlGGB1, GFP-SlGGB2, and GFP-AGG2 in mesophyll protoplasts isolated from tomato leaves. B, Transient expression of GFP-
SlGGB1 in N. benthamiana leaves. C, Constitutive expression of GFP-SlGGB1 in Arabidopsis leaves. D, Constitutive expression
of GFP-SlGGB1 in Arabidopsis leaves stained with 49,6-diamino-phenylindole (DAPI). CS, Cytoplasmic strands; N, nucleus; PM,
plasmamembrane. Bars = 20mm. E, Colocalization of GFP-SlGGB1 and RFP-AGG2 inmesophyll protoplasts (top); GFP-SlGGB1
and RFP-AGG2 were retained at the plasma membrane after protoplast rupture (bottom). Bars = 20 mm.

1122 Plant Physiol. Vol. 170, 2016

Subramaniam et al.



plates supplemented with 0.05 and 0.1 mM NAA, the
difference between the wild type and the transgenic
lines was noticeable by eye (Fig. 5E). At higher con-
centrations (1 and 4 mM), the number of the roots was
too high to quantify reliably. Considering the increased
auxin sensitivity observed in slggb1 lines, we conclude
that SlGGB1 might be a negative regulator of auxin
signaling.

Silencing of SlGGB1 Affects Fruit and Seed Morphology

Fruit development is a complex process involving
highly synchronized molecular, biochemical, and struc-
tural changes mediated by phytohormones such as
auxin, GA, cytokinin, ABA, and ethylene (Gillaspy
et al., 1993; Ozga and Reinecke, 2003). Fruits of slggb1
plants exhibited a pointy tip, giving them a heart-like
shape, in contrast to the blunt tip of wild-type fruits
(Fig. 6A). Previous studies have reported that the
heart-like shape of tomato fruits can be a result of in-
creased auxin sensitivity (de Jong et al., 2009). This is in
accord with our findings observed in root develop-
ment. On the other hand, the pointy tip and elevated
auxin signal were also associated with parthenocarpy
(seedless fruits; de Jong et al., 2009). Our slggb1 lines
produced fruits with normal numbers of seeds, al-
though theywere smaller in appearance thanwild-type
seeds (Fig. 6B). Quantitative measurements revealed
that seeds from the slggb1 plants were significantly
lighter than wild-type seeds (Fig. 6C) and had smaller
values for length and width (Table I; P , 0.001). The
length-width ratio was similar for slggb1 and wild-
type seeds, indicating that the seed shape was not al-
tered. Noteworthy, the small size of slggb1 seeds was

not reflected in viability or germination rates, as
demonstrated in our germination experiments de-
scribed below.

SlGGB1 Is Regulated by Auxin and Is Involved in the
Regulation of Auxin-Responsive Genes, But Not in
Auxin Biosynthesis

SlGGB1 expression in response to exogenous auxin
was determined by RT-qPCR in wild-type seedling
tissues. SlGGB1 gene expression was down-regulated
by 40% 3 h after treatment with 20 mM indole-3-acetic
acid (IAA; Fig. 7A). We also investigated the effect of
SlGGB1 down-regulation on the expression of two
early auxin-responsive genes: INDOLE-3-ACETIC ACID
INDUCIBLE8 (IAA8; Abel et al., 1995) and GRETCHEN
HAGEN3 (GH3; Hagen et al., 1984; Hagen andGuilfoyle,
1985). As expected, the tomato homologs of IAA8 and
GH3were strongly induced by auxin treatment in wild-
type plants (Fig. 7, B and C). In contrast, in slggb1 lines,
SlIAA8 and SlGH3 steady-state levels were elevated
significantly compared with wild-type plants. Inter-
estingly, however, the transcript levels of both genes in
slggb1 lines decreased significantly after treatment with
auxins (Fig. 7, B and C).

The elevated expression of auxin-responsive genes
together with the auxin hypersensitivity of slggb1 plants
strongly indicate that SlGGB1 is a negative regulator
of the auxin signaling pathway. Alternatively, down-
regulation of SlGGB1 could increase endogenous auxin
levels in the plant. Quantification of endogenous IAA
levels in leaves and roots of 2-week-old plants as well
as in ripe fruits revealed that they were either similar
or lower in slggb1 plants compared with the wild type
(Fig. 7D).

Silencing of SlGGB1 Decreases Sensitivity to Exogenous
ABA during Seed Germination

The involvement of plant G proteins in ABA sig-
naling has been well documented in Arabidopsis
(Wang et al., 2001; Ullah et al., 2002; Chen et al., 2003,
2006b; Pandey and Assmann, 2004; Pandey et al., 2009;
Chakravorty et al., 2011). Treatment of wild-type seeds
with 10 mMABA resulted in significant up-regulation of
SlGGB1 expression, while no significant expressionwas
detected in slggb1 seeds (Fig. 8A).

To establish if SlGGB1 plays a role in ABA signaling
in tomato, we studied ABA-mediated germination in-
hibition in slggb1 and wild-type seeds. The seeds used
in our assays were harvested on the same day and
stored for 5 weeks before the test. Sterilized seeds were
sown on MS medium devoid of Suc, supplemented
with 0, 5, 10, or 50 mM ABA, and kept in darkness.
Germination was judged by protrusion of the radicle,
and counts were performed from day 3. Without the
addition of ABA, the germination rate was similar in all
slggb1 transgenic lines and the wild type (Fig. 8B), with
almost 90% of seeds germinated by day 3 and 100% by

Figure 4. Expression of all Gg subunits in transgenic plants carrying
SlGGB1 RNAi. The expression of SlGGB1 and SlGGB2 was down-
regulated in slggb1 lines. Total RNA extracted from 3-week-old seed-
lings was subjected to RT-qPCR; the tomato GAPDH gene was used to
normalized the expression values. Values represent average relative
expression in three biological replicates, and error bars indicate SE.
Letters represent groups of statistically significant differences based
on one-way ANOVA with Tukey’s multiple comparison method. WT,
Wild type.
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day 6. The addition of 5 mMABA to themedium resulted
in strong inhibition of germination in wild-type plants,
with only 20%of seeds germinating byday 6. In contrast,
slggb1 seeds were clearly less affected, displaying 66% to
82% germination by day 6 (Fig. 8C). A similar trend was
observed in the presence of 10 and 50 mM ABA, with
wild-type seeds showing a stronger inhibition than
slggb1 lines (Fig. 8, D and E).

We also tested the sensitivity of the slggb1 plants to
ABA during lateral root formation. Five-day-old slggb1
and wild-type seedlings were transferred to MS medium
with various concentrations of ABA (0.25–2 mM), and the
number of lateral roots was counted after 10 d. We ob-
served that lateral root formation was appreciably sup-
pressed byABA in all genotypes. Thedifferences between
wild-type and slggb1 plants were not significant (Fig. 8F).

Transcriptome Analysis of slggb1 Transgenic Seeds in
Response to ABA Reveals Important Alterations in
ABA-Related Gene Expression

In an effort to understand the physiological causes
for the low ABA sensitivity exhibited by slggb1 seeds
during germination, we performed a genome-wide tran-
scriptome analysis of wild-type and slggb1 seeds (line
slggb1-50) imbibed with and without exogenous ABA. At
24 h after imbibition in either water or 10 mM ABA, RNA
was extracted from seeds and the complementary DNA
(cDNA) was subjected to next-generation sequencing on
an Illumina HiSeq 2000 platform. Three independent bi-
ological replicates were performed for each treatment.

Analysis of the expression patterns of slggb1 and
wild-type seeds incubatedwith ABA for 24 h revealed a
total of 54 genes with a 2-fold or greater difference in

Figure 5. slggb1 lines have increased sensitivity to auxin. A, Average number of lateral roots on 3-week-old seedlings grown
vertically on plates (13Murashige and Skoog [MS]medium, 3% Suc, and 0.8%phytagel). B, Average number of lateral roots (LRs)
and LRPs on 3-week-old seedlings. C, Auxin-induced lateral root development. Roots were excised from 3-d-old seedlings grown
onMSmedium and transferred to medium supplementedwith the designated concentrations of NAA. The number of lateral roots
was counted 5 d later. D, Cotyledons from 9-d-old seedlings were excised and transferred to MS medium supplemented with the
designated concentrations of NAA. The cotyledons were incubated for 10 d at 26˚C under 16/8 h of light/dark and photographed.
The number of adventitious roots was counted for each cotyledon. Mean values were calculated from at least 10 measurements,
and error bars represent SE; asterisks indicate statistically significant differences between the wild type (WT) and transgenic lines
(Student’s t test, *P , 0.05, **Student’s t test, P , 0.01, ***Student’s t test, P , 0.001). E, Representative cotyledons developing
auxin-induced adventitious roots. The shaded squares indicate genotypes on the plate as designated in C and D.
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expression levels (Supplemental Table S1). All but
two of the genes with altered expression were less
responsive in slggb1 seeds compared with the wild
type. Importantly, differential expression was ob-
served in several late embryogenesis-abundant (LEA)
genes, ABA-associated genes, osmotic stress-related
genes, heat shock protein genes, and cold- or low
temperature-inducible genes (Table II). Particularly
interesting was the decreased expression of orthologs
of the Arabidopsis PYR/PYL/RCAR-type ABA re-
ceptor PYL4 (Ma et al., 2009; Park et al., 2009) and
MEDIATOR OF ABA-REGULATED DORMANCY1
(MARD1; He and Gan, 2004). Aside from ABA, GAs

also have an essential role in seed germination (Metzger,
1983; Grappin et al., 2000). A GA biosynthetic gene,
GIBBERELLIN 2-OXIDASE, as well as a transcription
factor involved in GA response was less responsive to
ABA treatment in slggb1 seeds (Table II). Finally, a
number of genes not directly related to ABA but as-
sociated with seed storage and oil bodies such as
vicilin and oleosin were identified. A complete list is
provided in Supplemental Table S1.

Analysis of the gene expression in seeds imbibed in
water showed 19 genes with lower expression levels in
slggb1 compared with the wild type and only two with
higher levels (Supplemental Table S2). A number of the
differentially expressed genes in water-imbibed seeds,
such as xyloglucan endotransglucosylase, lipase,
extensin, and lipid transfer protein, are involved in cell
wall modification, seed storage, and fatty acid mobili-
zation (Table III). Our analysis did not discover any
overlaps in the set of differentially expressed genes
between the water- and ABA-imbibed seeds.

DISCUSSION

Although Gg subunits were initially regarded as a
passive partner in the Gbg dimer whose only function
was to anchor the dimer to the plasma membrane,
they have now emerged as an important member of
the heterotrimer, providing functional selectivity to
Gbg dimer signaling in plants and animals (Gautam
et al., 1990; Trusov et al., 2007; Thung et al., 2013).
Classically, Gg subunits consist of three domains: a
variable N terminus, a conserved region for coiled-
coil interaction with Gb, and a C-terminal isoprenyl-
ation motif, CaaX (Temple and Jones, 2007). In plants,
three distinct structural types of Gg subunits were
identified (Choudhury et al., 2011; Trusov et al.,
2012). Type A is represented by Gg subunits with
classical structure, type B subunits are very similar
but lack the CaaX motif, and type C subunits are
characterized by the presence of a Cys-rich tail (Trusov
et al., 2012). Unlike types A and C Gg subunits, whose
functions were studied in Arabidopsis or rice, type B
subunits had not been functionally characterized so
far, perhaps due to the fact that there are not present in
the model species Arabidopsis. In this work, we car-
ried out molecular characterization and genetic stud-
ies on a type B Gg subunit from tomato. Interestingly,
in all tested tomato tissues, SlGGB1 expression levels
were highest among all Gg genes. This observation
contrasts with previously reported expression pat-
terns in soybean, where types A and C were consid-
erably more abundant than type B (Choudhury et al.,
2011). As mentioned above, Arabidopsis and other
Brassicaceae species seem to have lost this type com-
pletely (Trusov et al., 2012; Arya et al., 2014). It is
tempting, therefore, to hypothesize that type B Gg
subunits are functionally more important in asterid
species (tomato) compared with rosids (soybean and
Arabidopsis).

Figure 6. slggb1 plants have heart-like fruits and small seeds. A, Ripe
wild-type (WT) and slggb1 fruits displaying normal and heart-like
shapes, respectively. B, Row of 12 representative seeds from fully rip-
ened fruits of the designated genotypes. C, An average seed weight was
calculated from 50 seeds per genotype. NTS, Non-transgenic segregant.
Data sets are average values, and error bars represent SE. Asterisks in-
dicate values with significant differences from the wild type determined
by Student’s t test (P, 0.05; n= 50). The experimentwas repeated twice
with similar results.
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The Type B Gg Subunit SlGGB1 Has a Unique
Localization Pattern

Lack of the isoprenylation motif in canonical (type A)
Gg subunits results in the failure of plasma membrane
targeting (Kino et al., 2005; Adjobo-Hermans et al.,
2006; Zeng et al., 2007). We showed that GFP-SlGGB1
localizes to the nucleus, the plasma membrane, and the
cytoplasm (Fig. 2). Moreover, when SlGGB1 and the
Gb subunit were coexpressed in the same cell (in our
BiFC study), they formed a heterodimer that was most

abundant in the nucleus, with the fluorescence intensity
noticeably weaker in cytoplasm and at the plasma
membrane. It could be argued that the use of the cau-
liflower mosaic virus 35S promoter and, hence, exces-
sive expression could result in mislocalization to the
nucleus. To evaluate this possibility, we also exam-
ined the localization of the Arabidopsis AGG2-AGB1
heterodimer in a parallel experiment. This heterodimer
was predominantly observed at the plasma membrane,
only weakly in the cytoplasm, andwas barely detectable

Figure 7. SlGGB1 in an auxin-mediated network.
Two-week-old wild-type (WT) and slggb1 seed-
lings were incubated with 20 mM IAA or with water
for 3 h. Total RNA was extracted and subjected to
RT-qPCR; the tomato GAPDH gene was used for
normalization. A, Auxin treatment suppressed the
expression of SlGGB1 in wild-type tomato seed-
lings. The asterisk signifies a statistically significant
difference (P , 0.05). B and C, The expression
pattern of IAA8 (B) andGH3 (C) geneswas reversed
in slggb1 seedlings. Values represent average rel-
ative expression in three biological replicates, and
error bars indicate SE. Letters represent groups of
statistically significant differences based on one-
way ANOVA with Tukey’s multiple comparison
method. D, Levels of IAA. IAA was quantified in
leaves and roots of 4-week-old and ripe fruits from
mature wild-type and slggb1-50 plants. Values
represent average values from two biological rep-
licates, and error bars indicate SE. DW, Dry weight.

Table I. Quantification of seed length and width

Sample Seed Length (n = 50) Seed Width (n = 5)

Ratio, Seed Length to Width

(n = 50)

Mean 6 SE P Mean 6 SE P Mean 6 SE P

mm
Wild type 3.06 6 0.02 2.05 6 0.03 1.51 6 0.02
slggb1-35 2.65 6 0.02 ,0.001 1.81 6 0.03 ,0.001 1.48 6 0.03 0.3432
slggb1-36 2.48 6 0.03 ,0.001 1.68 6 0.02 ,0.001 1.49 6 0.04 0.4742
slggb1-50 2.59 6 0.03 ,0.001 1.71 6 0.03 ,0.001 1.53 6 0.03 0.5536
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in the nucleus. While localization to the nucleus and the
cytoplasm is not surprising considering that type B Gg
subunits are small proteins and do not have an isopre-
nylation motif, any conclusion about plasma membrane
targeting requires special caution. Therefore, we studied
GFP-SlGGB1 behavior in ruptured protoplasts, which
allowed distinction between localization in the periph-
eral cytoplasm and the plasma membrane (Serna, 2005).
Our analysis confirmed the plasma membrane location
of GFP-SlGGB1. Plasmamembrane localizationwas also
reported for all three type B Gg subunits from soybean
(Choudhury et al., 2011) and RGG2, a single type B Gg
subunit from rice (Kato et al., 2004). It was hypothesized

that the localization of RGG2 to the plasma membrane
could be due to palmitoylation of the single Cys residue
situated within the conserved central region (Kato et al.,
2004). Another possibility is that the presence of posi-
tively charged aromatic amino acids at the SlGGB1
C terminus could result in the formation of an amphi-
pathic a-helix able to anchor the protein to the plasma
membrane (Prinz andHinshaw, 2009; Trusov et al., 2012).
Further studies are required to ascertain the structural
characteristics and possible posttranslational modifica-
tions of the type B subunits. At this point, it is important to
note that, in contrast to the majority of the known Gg
subunits (in plants, animals, or fungi), the type B subunits
localize not only at the plasma membrane but in the cy-
toplasm and the nucleus. This unusual localization for Gg
subunits could be required to perform specific
functions. As discussed below, SlGGB1 is involved in
auxin and ABA signaling. Both hormones are perceived
by intracellular receptors (Kepinski and Leyser, 2005;
Ma et al., 2009; Park et al., 2009; Scherer, 2011); there-
fore, a cytosolic localization could allow G protein
heterotrimers with a type B Gg to contribute to signal
propagation, but further studies are needed to confirm
or deny such a speculative hypothesis.

SlGGB1 Attenuates Auxin Responses during Lateral Root
Formation and Fruit Development

The histochemical analysis of SlGGB1 expression
using the SlGGB1:GUS lines displayed some resem-
blance to that of the synthetic auxin-responsive pro-
moter DR5 in DR5:GUS tomato fruits (Pattison and
Catalá, 2012). At the same time, treatment with auxin
significantly suppressed SlGGB1 expression in wild-
type seedlings. These observations suggest that SlGGB1
function might be associated with auxin signaling.
Compared with the wild type, the slggb1 lines with
strongly reduced expression of SlGGB1 showed an
increased number of lateral roots on standardmedium
and medium supplemented with NAA. These results
are consistent with previous reports on Arabidopsis
mutants that also displayed increased lateral root
production as well as deregulation of a set of auxin-
responsive genes in the presence of exogenous auxin
(Ullah et al., 2003; Trusov et al., 2007). slggb1 lines were
also more sensitive than the wild type to exogenous
auxin in cotyledons producing adventitious roots.

The fruits of slggb1 plants have a characteristic pointy
tip that is known to be a result of highly elevated auxin
levels in flower buds (Pandolfini et al., 2002) or in-
creased auxin sensitivity (de Jong et al., 2009; Bassa
et al., 2012). We showed that the fruits of transgenic
slggb1 and wild-type plants contain similar amounts of
auxins; therefore, it is logical to assume that the phe-
notype is caused by enhanced sensitivity to auxin. The
seeds of slggb1 were significantly smaller than those
from wild-type plants. To the best of our knowledge,
this phenotype was not linked to auxin signaling in
tomatoes; however, the Arabidopsis mnt mutant, with

Figure 8. SlGGB1 in an ABA-mediated network. A, ABA induces
SlGGB1 expression in wild-type (WT) seeds. Wild-type seeds were
imbibed in water or 10 mM ABA for 24 h. The tomatoGAPDH gene was
used for normalization. Average relative expression values from three
biological replicates and SE are shown. The asterisk signifies a statisti-
cally significant difference (P, 0.05). B to E, Germination rates of wild-
type and slggb1 seeds plated on medium without ABA (B) or with 5 mM

ABA (C), 10 mM ABA (D), and 50 mM ABA (E). Seeds were surface ster-
ilized and plated on MS medium without Suc (one-half-strength MS
medium and 0.8% phytagel) supplemented or not with ABA. Plates
were kept in darkness at 26˚C, and germination was monitored daily.
The experiments were repeated at least three times with similar results.
Values are averages from three replicates, and error bars indicate SE. F,
Three-day-old seedlings grown on MS medium (13 MS medium, 3%
Suc, and 0.8% phytagel) were transferred to medium supplemented or
not with ABA at the designated concentrations. The number of lateral
roots was counted 10 d later. Plates were kept under a 16/8-h light/dark
cycle at 26˚C. The experiment was repeated at least three times with
similar results. Bars represent average values from 15 seedlings, and
error bars indicate SE.
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dysfunctional AUXIN RESPONSE FACTOR (ARF) and
hyposensitive to auxin, had larger seeds than the wild
type (Schruff et al., 2006).

In tomato, several AUXIN/IAA and ARF genes were
shown to be negative regulators of auxin signaling.
Down-regulation of these genes in tomato results in
distinct, easily quantifiable phenotype alterations. A
number of reports have described that auxin sensitivity
in tomato is composed of several independent path-
ways, which, however, have overlaps. Tomato lines
expressing antisense transcripts for SlIAA9 were
hypersensitive to auxin and displayed altered leaf
morphology, fused petioles/leaves, fused flowers,
and fused cotyledons; their fruits were parthenocarpic,

their stems were elongated, and apical dominance was
weakened (Wang et al., 2005). Transgenic lines with
silencing of the SlIAA15 gene were hypersensitive to
auxin and exhibited decreased plant height, reduced
apical dominance, increased number of axillary shoots,
increased lateral root formation, smaller number of
flowers, and less efficient fruit set than wild-type plants
(Deng et al., 2012). Notably, the number of trichomes on
leaves and stems, as well as the density of epidermal
cells, were decreased significantly in these transgenic
lines (Deng et al., 2012). RNAi-mediated down-
regulation of SlIAA27 also resulted in plants with
increased sensitivity to auxin (Bassa et al., 2012).
Their leaves contained less chlorophyll, hypocotyls

Table III. Genes differentially expressed in response to water in slggb1 compared with wild-type seeds

Gene Identifier slggb1/Wild-Type Ratio Gene Name/Description Gene Function

Solyc01g006400.2 23.19965 Cys-rich extensin-like protein4 Cell wall structural protein expressed
in the endosperm

Solyc02g077020.2 23.54834 Lipase-like protein Storage lipid breakdown
Solyc02g067870.2 22.00572 Chalcone isomerase Increased fatty acid storage

in developing embryo
Solyc04g071890.2 21.93209 Peroxidase4 Induced by wounding of the endosperm
Solyc06g073580.2 23.02537 1-Aminocyclopropane-1-carboxylate

oxidase1
Ethylene biosynthesis

Solyc06g073570.2 22.50084 Cytochrome P450 Oxidation
Solyc08g074480.1 22.34505 Cortical cell-delineating protein Plant lipid transfer protein

and hydrophobic protein
Solyc08g014000.2 21.87166 Lipoxygenase Peroxidation of polyunsaturated

fatty acid
Solyc08g080660.1 21.7881 Osmotin-like protein Pathogenesis related
Solyc09g092520.2 22.68984 Xyloglucan endotransglucosylase Cell wall-modifying enzymes/loosens

cell wall
Solyc10g075110.1 21.95594 Nonspecific lipid-transfer protein Facilitates transfer of phospholipids

and fatty acids
Solyc10g080730.1 1.50593 Thioredoxin family protein Cell redox homeostasis

Table II. Genes with decreased response to exogenous ABA in slggb1 seeds compared with the wild type

Gene Identifier slggb1:Wild-Type Ratio Gene Name/Description Gene Function

ABA-responsive genes
Solyc01g095140.2 21.80899 Late embryogenesis abundant protein Response to desiccation
Solyc02g062770.1 21.79538 Late embryogenesis abundant protein Uncharacterized protein
Solyc05g053160.2 21.64584 Late embryogenesis abundant protein9 ABA-induced plasma

membrane protein
Solyc06g048840.2 21.51523 Late embryogenesis abundant protein Uncharacterized protein
Solyc06g009000.1 21.88533 Mediator of ABA-regulated dormancy1 ABA-induced gene zinc-finger

protein with Pro-rich
N terminus

Solyc06g050500.2 21.93566 ABA receptor PYL4 Protein binding
Solyc12g010920.1 21.39275 Vicilin-like protein ABA-inducible storage protein
Solyc11g072380.1 21.75859 Vicilin-like protein Nutrient reservoir activity
Solyc07g061720.2 23.71946 GA 2-oxidase GA biosynthesis
Solyc06g034040.1 24.23294 Oleosin Storage of oil bodies
Solyc12g056720.1 21.93829 3-Ketoacyl-CoA synthase2 Down-regulated by ABA
Solyc04g072470.2 22.86554 Defensin-like protein Induced by drought

Transcription factors
Solyc01g100200.2 22.49753 GRAS family transcription factor Repressor of GA response
Solyc04g017670.2 22.85787 F-box family protein/Skp2-like Protein ubiquitination
Solyc04g078300.2 22.35978 MADS box transcription factor1 DNA binding
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and primary roots were elongated, the number of
lateral roots was increased, fruits were significantly
smaller and had pointy tips, seed number was de-
creased, and fertility was lowered (Bassa et al., 2012).
RNAi silencing of SlARF7 caused parthenocarpy and
heart-like fruits with pointy tips (de Jong et al., 2009).
In short, it is clear that different transcriptional fac-
tors, such as IAAs and ARFs, control different path-
ways leading to plural auxin functions.
Our study revealed that slggb1 had heart-like pointy

fruits very similar to those of SlARF7-silenced plants,
but it was not parthenocarpic. On the other hand,
similar to SlIAA27 down-regulated lines, slggb1 plants
had more lateral roots than the wild type, but their
fruits were fully fertile. Our results indicate that
SlGGB1 does not exert its effect by controlling the ac-
tivity of a specific transcription factor(s) but rather at-
tenuates auxin-dependent signaling at a different level.
We also determined that G proteins are involved in

the transcription regulation of auxin-inducible genes.
The transcription pattern of auxin marker genes SlIAA8
and SlGH3 was reversed in slggb1 plants compared
with the wild type. These genes were expressed
without auxin in SlGGB1-deficient plants but down-
regulated by IAA treatment. While the molecular
mechanism of this reversion has yet to be established,
the fact that IAA and ARF genes are deregulated is in
agreement with the morphological alterations observed
in the slggb1 plants.

SlGGB1 Regulates ABA Responses during Seed
Germination and Modulates the Expression of
ABA-Responsive Genes

The involvement of G proteins in ABA signaling is
well documented in Arabidopsis (Wang et al., 2001;
Ullah et al., 2002; Chen et al., 2003, 2006b; Pandey and
Assmann, 2004; Chakravorty et al., 2011). Noteworthy,
the sensitivity to ABA in G protein knockout mutants
changes dramatically depending on the tissue and/or
developmental process. For instance, Arabidopsis
Ga-, Gb-, and Gg3-deficient mutants exhibited reduced
sensitivity to ABA during stomatal opening but not in
ABA-promoted stomatal closure. In contrast, the same
mutants showed increased sensitivity to ABA during
seed germination and postgermination development
(Wang et al., 2001; Ullah et al., 2002; Lapik andKaufman,
2003; Pandey et al., 2006). Interestingly, Gg1 and Gg2
have not been involved in ABA signaling (Trusov
et al., 2007; Chakravorty et al., 2012). Mutants lacking
the regulator of G protein signaling, RGS1, showed
reduced sensitivity to ABA during germination (Chen
et al., 2003, 2006b). GCR1, a putative GPCR, has also
been implicated in the regulation of ABA signaling.
gcr1mutants were hypersensitive to ABA inhibition of
root growth and stomatal responses but exhibited
wild-type responses to ABA during seed germination,
while overexpression of GCR1 reduced seed dormancy
(Colucci et al., 2002; Chen et al., 2004).

Several lines of evidence in our work point to an
important role for SlGGB1 in ABA control of seed
germination. We found distinctively strong SlGGB1
promoter-driven GUS expression near the seed mi-
cropyle. This region is important for the regulation of
seed germination, as the loosening of cell walls at the
micropyle region of the endosperm enables radicle
protrusion (Bewley, 1997). Moreover, in wild-type
plants, ABA treatment induced SlGGB1 expression.
Analysis of three independent SlGGB1-silenced
transgenic lines revealed reduced sensitivity to ABA
during seed germination, while postgermination
development and response to ABA in lateral root pro-
duction were similar in the transgenic and wild-type
tomatoes.

Our transcriptome analysis of germinating seeds fur-
ther substantiated the observed reduction in ABA sensi-
tivity. A number of genes associated with ABA signaling
were less affected in slggb1 seeds compared with the
wild type in response to ABA, resembling the pattern
found for previously reported ABA-hyposensitive
mutants (Hoth et al., 2002; Kinoshita et al., 2010). In
particular, four LEA genes were significantly less re-
sponsive to ABA in slggb1 seeds compared with the
wild type. Similar behavior was observed for their
Arabidopsis homologs in ABA-insensitive1 (abi1) and
abi5 and growth insensitive to ABA3 mutants (Lopez-
Molina and Chua, 2000; Lopez-Molina et al., 2002;
Kinoshita et al., 2010). Importantly, in Arabidopsis,
these genes confer salt tolerance during germination
(Jia et al., 2014) and acquisition of desiccation toler-
ance during seed maturation (Manfre et al., 2009).
Decreased levels of these proteins in slggb1 seeds
probably contributed to the increased germination
rates observed in the presence of external ABA.

The finding that PYL4 expression is down-regulated
in ABA-treated seeds is also very revealing. PYR/
PYL/RCAR proteins have been identified recently as
intracellular ABA receptors (Ma et al., 2009; Park et al.,
2009). In the presence of ABA, the PYR/PYL/RCAR
proteins form a complex with the protein phosphatase
PP2C, which leads to the inhibition of PP2C activity.
This, in turn, activates Snf1-related protein kinases
(SnRKs), which target membrane proteins, ion chan-
nels, and transcription factors and facilitate the tran-
scription of ABA-responsive genes (Fujii et al., 2009;
Ma et al., 2009; Park et al., 2009; Sheard and Zheng,
2009; Umezawa et al., 2010). Therefore, reduced PYR/
PYL/RCAR expression would necessarily impair
the ability of the seeds to perceive ABA. A gene en-
coding a zinc-finger protein, MARD1, also showed
hyposensitivity to exogenous ABA in slggb1 seeds.
Arabidopsis mard1 mutant seeds were insensitive to
external ABA at the stage of radicle protrusion (He
and Gan, 2004).

Despite the multiple lines of evidence presented
here, the ABA-insensitive phenotype of slggb1 seeds
might not be completely due to defects in ABA sig-
naling, since we also observed down-regulation of
a gibberellin 2-oxidase, an enzyme involved in GA
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biosynthesis, and a GRAS family transcription factor
also involved in the GA response.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Tomato (Solanum lycopersicum ‘MicroTom’) plants were grown on soil in
the greenhouse under standard conditions with 16/8 of light/dark and a daily
temperature of 26°C to 28°C. For in vitro culture, seeds were dry sterilized by
incubation in a chamber of chlorine gas for approximately 4 h. Seeds were
sown on one-half-strength MS medium supplemented with one-half-strength
Gamborg’s vitamin mixture, 3% (w/v) Suc, and 0.8% (w/v) phytagel, pH 5.8.
Transgenic seeds were selected on MS culture medium containing 150 mg L21

kanamycin. After sowing, all seeds were kept in darkness for 4 d until ger-
mination and then transferred to light under 16/8 h of light/dark at 26°C.
Germination was determined as an obvious protrusion of the radicle.

Plant Transformation

To generate RNAi SlGGB1 transgenic lines, the forward 59-ACTCGAGTC-
TAGATACAAATCGATCTCCATTTCCTC-39 primer including part of the 59
untranslated region and reverse 59-AGAATTCGGATCCACTTGGGAAGTG-
TATGAGTTACAAAA-39 primer including part of the 39 untranslated region
were used to amplify the full-length SlGGB1 cDNA clone. This fragment was
first cloned into pHannibal (Wesley et al., 2001) intermediate RNAi vector
in the sense and antisense orientations under the control of cauliflower
mosaic virus 35S and the OCS terminator. Later, the RNAi construct was
cloned into pUQC247 binary vector. The promoter region of SlGGB1 was
amplified fromwild-type cv MicroTom genomic DNA using forward primer
59-TTTGTGCATTTGACTTGCCAC-39 and reverse primer 59-ACTC-
GAGTAAAGCTTCAAAATTAGAGCTTG-39. Restriction sites (underlined)
were added at the ends of each primer for cloning purposes. The SlGGB1
promoter fragment was cloned into pGEM-T Easy vector (Promega), trans-
ferred using XhoI and SacI into pHannibal vector incorporated with GUS, and
then transferred to pART27 binary vector (Gleave, 1992). Transgenic plants
were generated via Agrobacterium tumefaceins-mediated transformation
according to Dan et al. (2006), and all experiments were carried out using
homozygous lines from F3 or later generations. Histochemical GUS analysis
was carried out according to Wang et al. (2005).

Morphological and Physiological Characterization
of SlGGB1

Plate Assays

Unless specified otherwise, the plate medium contained 13 MS medium
with Gamborg’s vitamins, 3% (w/v) Suc, and 0.8% (w/v) phytagel (pH 5.8,
adjusted with potassium hydroxide). For lateral root assay, sterilized seeds
were sown to the medium, and plates were placed vertically under 16/8 h of
light/dark at 26°C. The lateral roots were counted 3 weeks after germination
using a dissectingmicroscope. The adventitious root assay from cotyledonswas
adapted from Wang et al. (2005).

Germination Assay

Seedswere sterilizedbysoaking in10% (v/v) sodiumhypochlorite for 15min
and then rinsed extensivelywith sterile distilledwater. Fifty to 70 slggb1 orwild-
type seeds were germinated per petri dish. The medium contained 13 MS
mediumwith Gamborg’s vitamins and 0.8% (w/v) phytagel (pH adjusted to 5.8
by KOH before autoclaving). ABA and fluridone were filter sterilized (0.22-mm
Millex-GS filter unit; Millipore) and added to the medium after autoclaving.
Plates with seeds were placed at an optimal temperature of 26°C in continuous
darkness. Germination assays were carried out in triplicate, and three different
batches of seeds were tested.

Seed Weight, Length, and Width

Approximately 30 dry seeds per line were weighed. About 50 seeds per line
were photographed next to a ruler. Length (measured at the widest part of the

seeds) and width measurements of seeds were made using ImageJ software
(http://www.nih.gov/).

Yeast Two-Hybrid Assay

Yeast work and in vitro binding were carried out as described (Mason and
Botella, 2000) using tomato Gb subunit (SlGB1). SlGB1 was amplified with
the following primer pair: 59-ATGTCAGTTGCGGAGCTGAAAGAG-39 and
59-GTCGACTCAGACCACACTTCTGTGT-39. The amplified SlGB1 was fused
to GAL4-BD in pBridge vector using EcoRI and SalI restriction sites incorporated
during PCR. pACT2-AD-AGG2 from Mason and Botella (2000, 2001) was used
as a positive control, and empty pACT2 was used as a negative control. Full-
length constructs of SlGGB1 and SlGGB2 were amplified using the following
primer pairs: for SlGGB1, 59-TGGAGTCGTCGTCGTCATCAC-39 and 59-TCA-
TATCCAGCGTTTGTTGCGTCTTG-39; and for SlGGB2, 59-ATGGATTCAT-
TAATTATAATTAATG-39 and 59-TCAGATCCACCGTTTGTTACG-39. The
amplified full-length genes were cloned in frame into pACT2 using the terminal
NcoI and BamHI restriction sites incorporated during PCR to produce pACT-
AD-SlGGB1 and pACT-AD-SlGGB2. The yeast strain AH109 Saccharomyces
cerevisiae was used for transformation following the Matchmaker Yeast Proto-
cols (Clontech). Yeast cotransformed with two plasmid constructs was grown
on SC synthetic complete medium lacking Leu and Trp. For interaction tests, SC
synthetic completemedium lackingHis, Leu, and Trpwas used. All mediawere
made according to the Clontech protocol.

Isolation of RNA and Transcription Analysis

Total RNA was from various tissues and isolated as described previously
(Purnell and Botella, 2007). First-strand DNA synthesis was performed using
the SuperScript III RT Kit (Invitrogen) according to the manufacturer’s in-
structions. RT-qPCRwas performed using Power SYBR Green PCRMaster Mix
(Applied Biosystems) and the 7900HT Sequence Detection System (Applied
Biosystems). The following primer pairs, designed using Primer Express soft-
ware (Applied Biosystems), were used in RT-qPCR: for SlGGA, 59-GGAAA-
CAAGGCCAGATCCATT-39 and 59-GATGCGTCTTGTGCTCCTTCA-39; for
SlGGB1, 59-GGATCCCTAACGAAGAAAATAC-39 and 59-CGTGAAGCTGGT-
GATGACGACGA-39; and for SlGGC, 59-TTTGTATGGAAAGCGTCGAGAAT-
39 and 59-CCTTCAATGGATTTCAGTTCTTCCT-39. Internal reference GAPDH,
TIP41, and CAC genes were coamplified with the target gene (Expósito-
Rodríguez et al., 2008). Primer sequences for auxin-responsive genes were
extracted from the work of Chaabouni et al. (2009). Gene expression
analysis was performed using SDS version 2.2.2 software (Applied Bio-
systems). The results shown are average values from three independently
prepared RNA samples.

IAA Quantification

Leaves and roots from 4-week-old plants and ripe fruits frommaturewild-
type and slggb1-50 plants were harvested and frozen in liquid nitrogen.
Frozen tissues were further crushed and freeze dried. The freeze-dried tissues
were homogenized in methanol:water (1:1) overnight at 4°C, purified using
C18 Sep-Pak cartridges (Waters), and analyzed using gas chromatography-
mass spectrometry. Endogenous auxin levels were calculated based on the
addition of 40 ng of [13C6]IAA, 4 ng of [13C1]indole butyric acid, and 4 ng of
[2H4]4Cl-IAA per sample. The average weight of the plant samples was 0.6 g
(SE = 0.01).

BiFC Analysis

Full-length SlGGB1 and AtAGG2 were cloned into pKannibal-cEYFP using
NcoI/BamHI and NcoI/HindIII sites, respectively. pKannibal-cEYFP was
produced by cloning a PCR fragment obtained with primers cYFP-F-XhoI
(59-TTCTCGAGATGGGCGGCAGCGTGCAGCT-39) and cYFP-R-NcoI (59-AAC-
CATGGATCTACACTTGTACAG-39) into pKannibal-GFP (Maruta et al., 2015),
substituting GFP with cYFP. The cYFP fragment was fused to N termini of the
proteins, since the C terminus of AGGs was prenylated posttranslationally and
could not be altered (Adjobo-Hermans et al., 2006; Zeng et al., 2007). pKannibal-
nEYFP-AGB1 with Arabidopsis (Arabidopsis thaliana) Gb subunit cDNA was
described previously (Aranda-Sicilia et al., 2015). Mesophyll protoplasts
were isolated from 3- to 4-week-old Arabidopsis plants and transfected with
the constructs of interest, according to the established protocol (Yoo et al.,
2007). Transfected protoplasts were incubated at room temperature with
gentle rocking for 16 to 18 h. Fluorescence was studied with a confocal mi-
croscope (Zeiss LSM700) with the parameters described below.

1130 Plant Physiol. Vol. 170, 2016

Subramaniam et al.

http://www.nih.gov/


Subcellular Localization

Full-length coding regions of SlGGB1 and SlGGB2 were amplified
by PCR from tomato cDNA with the following primer pairs: for SlGGB1,
59-TCCATGGAGTCGTCGTCGTCATCACCA-39 and 59-TGGATCCTCATAT-
CCAGCGTTTGTTGCGTCT-39; and for SlGGB2, 59-TCCATGGATTCATTAAT-
TATAATTAATGATG-39 and 59-TGGATCCTCAGATCCACCGTTTGTTACG-39.

The fragments were cloned into pKannibal-GFP (Maruta et al., 2015) using
NcoI/BamHI restriction sites. The Arabidopsis AGG2 coding region was
cloned into pKannibal-GFP using NcoI/HindIII restriction sites. These vectors
were used to transfect mesophyll protoplasts isolated from 3- to 4-week-old
tomato plants according to the established protocol (Yoo et al., 2007).
Transfected protoplasts were incubated at room temperature with gentle
rocking for 16 to 18 h. Fluorescence was studied with a confocal microscope
(Zeiss LSM700).

The GFP-SlGGB1 expression cassette from pKannibal-GFP-SlGGB1 was
cloned into pART27 (Gleave, 1992) using NotI restriction sites. The obtained
binary vector was introduced into Agrobacterium tumefaciens (GV3101)
via electroporation. For transient expression in Nicotiana benthamiana, A.
tumefaciens harboring the construct was grown in 2 mL of Luria-Bertani me-
dium with rifampicin (PCCA) and spectinomycin (Sigma) overnight at 28°C.
The bacteria were harvested and resuspended in 10 mM MgCl2 with 150 mM

acetosyringone (3,5-dimethoxy-acetophenone [Fluka]) and 10 mM MES at pH
5.5, to give a final optical density at 600 nm of 0.2. Leaves of N. benthamiana
grown for 2 to 3 weeks were infiltrated using a syringe without a needle. For
fluorescence analysis, a Zeiss LSM700 confocal microscope was used.

Arabidopsis plants were transformed with pART27-GFP-SlGGB1 using the
A. tumefaciens-mediated floral dip method (Bent, 2006). True leaves and coty-
ledons of the transgenic plants were analyzed for GFP fluorescence.

To compare the localization of tomato SlGGB1 and Arabidopsis AGG2,
the latter was fused to red fluorescent protein (RFP), an mCherry variant.
For that, RFP was amplified by PCR using the primers mCherryF-XhoI
(59-CTCGAGATGGTGAGCAAGGGCGAGGA-39) and mCherryR-EcoRI
(59-AGAATTCCTTGTACAGCTCGTCCATGCCG-39) and cloned into pKannibal
(Wesley et al., 2001) using XhoI/EcoRI sites. Full-length AGG2 was amplified
with AGG2F-EcoRI (59-TGAATTCATGGAAGCGGGTAGCTCCAAT-39) and
AGG2R-HindIII (59-TAAGCTTCAAAGAATGGAGCAGCCACATC-39) and
cloned into pKannibal-mCherry. Two plasmids, pKannibal-GFP-SlGGB1
and pKannibal-RFP-AGG2, were mixed and introduced into Arabidopsis
mesophyll protoplasts as described above for BiFC analysis. Protoplasts
were assayed with a confocal microscope (Zeiss LSM700).

Confocal Microscopy

Fluorescence analysis was performed on a laser scanning confocal micro-
scope (Zeiss LSM700). Argon laser line excitation wavelengths and emission
bandpass filter wavelengths for GFP, YFP, andmCherry were 480 to 510, 510 to
550, and580 to630nm, respectively.Chlorophyll autofluorescencewas recorded
at 640 to 700nm. Imageacquisitionparameters, laserpower set at 2.0 andpinhole
set at automatic minimum, were not changed throughout the study; detector
gain was optimized for each experiment but did not change upon optimization.
103 and 403 objectives were used. Raw data were processed in ZEN 2011 SP3
(black edition) software, version 8.1.

RNA Sequencing Data Analysis

Seeds of wild-type and slggb1-50-silenced lines imbibed in 10 mM ABA so-
lution and water were used in this experiment. Wild-type and slggb1-50 seeds
imbibed in water were used as controls. After 24 h of imbibition, seeds from
both the ABA-treated and control lines were collected and immediately snap
frozen in liquid nitrogen. These samples were labeled WT Control, WT ABA,
B50 Control, and B50 ABA. Each sample had three biological replicates. Total
RNAs from samples were prepared using Trizol reagent (Invitrogen) and
subsequently used for mRNA purification and library construction with the
Truseq RNA Sample Prep Kit (Illumina) following the manufacturer’s in-
structions. The samples were then sequenced on an Illumina HiSeq 2000
(Illumina), generating 595,464,013 reads. Sequencing was completed by the
Australian Research Genome Facility. The reads were submitted to mapping
analysis against a reference genome sequence (ftp://ftp.solgenomics.net/
tomato_genome/annotation/ITAG2.4_release/; Tomato Genome Consortium,
2012) using TopHat (Trapnell et al., 2009) with parameters of minimum and
maximum intron length to be 42 and 22,729, respectively, according to the
annotation release 2.4. The aligned reads were then assembled with Cufflinks
(http://cufflinks.cbcb.umd.edu/; Trapnell et al., 2012) to assemble and

reconstruct the tomato transcriptome for each treatment. The assembled
transcriptomes of the different treatments and the original genome annota-
tions were then merged using the Cuffmerge utility, which is included with
the Cufflinks package. Furthermore, the reads and merged transcriptomes of
different treatments were fed to Cuffdiff, an RNA sequencing analysis tool
used for transcript and gene quantification, which calculates the expression
levels and differential gene expression for the different treatment data sets and
then tests the statistical significance of the observed changes.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sequence alignment of tomato Gg subunits.

Supplemental Table S1. Differentially expressed genes in slggb1 seeds im-
bibed in water.

Supplemental Table S2. Differentially expressed genes in slggb1 seeds im-
bibed in water.
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