
OR I G I N A L R E S E A R CH

Tomato and cotton G protein beta subunit mutants display
constitutive autoimmune responses

Thi Thao Ninh1,2 | Wei Gao3 | Yuri Trusov1 | Jing-Ruo Zhao3 | Lu Long3 |

Chun-Peng Song3 | Jose Ramon Botella1

1Plant Genetic Engineering Laboratory, School

of Agriculture and Food Sciences, University

of Queensland, Brisbane, Australia

2Department of Plant Biotechnology, Faculty

of Biotechnology, Vietnam National University

of Agriculture, Hanoi, Vietnam

3State Key Laboratory of Cotton Biology,

School of Life Science, Henan University,

Kaifeng, China

Correspondence

Jose Ramon Botella, Plant Genetic Engineering

Laboratory, School of Agriculture and Food

Sciences, University of Queensland, Brisbane,

Australia.

Email: j.botella@uq.edu.au

Funding information

Australian Research Council

Abstract

Heterotrimeric G protein Gβ-deficient mutants in rice and maize display constitutive

immune responses, whereas Arabidopsis Gβ mutants show impaired defense,

suggesting the existence of functional differences between monocots and dicots.

Using CRISPR/Cas9, we produced one hemizygous tomato line with a mutated SlGB1

Gβ gene. Homozygous slgb1 knockout mutants exhibit all the hallmarks of autoim-

mune mutants, including development of necrotic lesions, constitutive expression of

defense-related genes, and high endogenous levels of salicylic acid (SA) and reactive

oxygen species, resulting in early seedling lethality. Virus-induced silencing of Gβ in

cotton reproduced the symptoms observed in tomato mutants, confirming that the

autoimmune phenotype is not limited to monocot species but is also shared by

dicots. Even though multiple genes involved in SA and ethylene signaling are highly

induced by Gβ silencing in tomato and cotton, co-silencing of SA or ethylene signal-

ing components in cotton failed to suppress the lethal phenotype, whereas co-

silencing of the oxidative burst oxidase RbohD can repress lethality. Despite the

autoimmune response observed in slgb1 mutants, we show that SlGB1 is a positive

regulator of the pathogen-associated molecular pattern (PAMP)-triggered immunity

(PTI) response in tomato. We speculate that the phenotypic differences observed

between Arabidopsis and tomato/cotton/rice/maize Gβ knockouts do not necessarily

reflect divergences in G protein-mediated defense mechanisms.

1 | INTRODUCTION

Heterotrimeric G proteins (G proteins), composed of alpha (Gα), beta

(Gβ), and gamma (Gγ) subunits, are signaling molecules that modulate

multiple processes in most eukaryotic organisms. Extensive molecular,

biochemical, and genetic studies have uncovered the G protein

mechanism of action and their signaling pathways in animal systems

(Neves et al., 2002; Oldham & Hamm, 2008). Plant G proteins share

some similarities with their animal counterparts although they also

show important differences (Trusov & Botella, 2016). In the animal-

based paradigm, perception of an agonist by a G protein-coupled

receptor (GPCR) leads to the replacement of GDP by GTP in Gα and

activation of signaling by the two functional subunits, Gα and the Gβγ

dimer, that ends after the hydrolysis of GTP to GDP by Gα. Plants do

not possess GPCRs similar to those found in animal systems and

instead mediate signaling from receptor molecules such as RGS1 and
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defense-related receptor-like kinases (RLKs) (Bommert et al., 2013;

Chen et al., 2003; Liang et al., 2016). Most importantly, plant G pro-

teins can signal in a nucleotide-independent manner without the need

to bind GTP or GDP (Temple & Jones, 2007; Willard &

Siderovski, 2004). Compared with humans, with 23 Gα, six Gβ, and

12 Gγ subunits (McCudden et al., 2005; Wettschureck &

Offermanns, 2005), the number of G protein subunits in plants is rela-

tively low. The Arabidopsis thaliana (Arabidopsis, hereafter) genome

encodes a single prototypical animal-like Gα, three noncanonical

extra-large Gα (XLGs) (Ding et al., 2008; Lee & Assmann, 1999; Ma

et al., 1990; Maruta et al., 2015), a single Gβ (Weiss et al., 1994), and

three Gγ subunits (Chakravorty et al., 2011; Mason & Botella, 2000,

2001; Thung et al., 2012), whereas the tomato genome encodes one

canonical Gα (Ma et al., 1991), four XLGs (Solyc08g005310, Sol-

yc08g076160, Solyc03g097980, and Solyc02g09016) (Wu

et al., 2018), one Gβ (Solyc01g109560), and four Gγ subunits

(Subramaniam et al., 2016). Yet, plant G proteins are involved in the

regulation of a diverse range of signaling pathways including cell divi-

sion and proliferation, stomatal movement, meristem development,

hormonal responses, seed germination, and seedling development and

defense (Botella, 2012; Pandey, 2019; Trusov & Botella, 2012; Urano

et al., 2016; Urano & Jones, 2013; Zhong et al., 2019).

With notable exceptions, the vast majority of G protein func-

tional studies have been performed in Arabidopsis. Loss-of-function

Gβ (AGB1) mutants in Arabidopsis show altered plant morphology

such as short hypocotyls, rounded leaves, increased root mass, short-

ened floral bubs, short and wide siliques, and shortened overall plant

height (Chen et al., 2006; Lease et al., 2001; Ullah et al., 2003). agb1

mutants also exhibit alterations in the response to several plant hor-

mones including auxins, ABA, GA3, BR, and JA (Chen et al., 2004;

Trusov et al., 2009; Tsugama et al., 2013; Ullah et al., 2003; Zhang

et al., 2018). Most importantly, AGB1 plays a significant role in the

defense against bacterial, fungal, and viral pathogens (Brenya

et al., 2016; Llorente et al., 2005; Maruta et al., 2015; Torres

et al., 2013; Trusov et al., 2006, 2007, 2009). In contrast to Ara-

bidopsis, it has been difficult to dissect Gβ functions in monocots such

as rice due to the difficulty in silencing Gβ in this species using RNAi

technology (Utsunomiya et al., 2011; Utsunomiya et al., 2012).

Nonetheless, analyses of rice RNAi-Gβ knockdown mutants revealed

that downregulation of the rice Gβ gene (RGB1) causes phenotypes

linked to immune defects such as browning of the lamina

joint regions and internodes, ectopic cell death in roots, and

elevated expression of several pathogenesis-related genes (Urano

et al., 2019, 2011). CRISPR/Cas9 technology has been recently

used to produce Gβ knockout lines in maize and rice (Gao et al., 2019;

Wu et al., 2020). Rice and maize Gβ null mutants are seedling lethal as

the mutants exhibit developmental arrest and die at a very early

seedling stage (Gao et al., 2019; Wu et al., 2020). The rice and

maize Gβ mutants exhibit high levels of reactive oxygen

species (ROS) and pathogenesis-related (PR) gene expression as well

as generalized cell death even when grown under sterile conditions,

indicating that silencing of Gβ induces a constitutive defense

response.

The seedling lethal phenotype of rice and maize Gβ knockout

mutants is strikingly different from Arabidopsis, in which agb1 mutants

display normal growth and fertility (Gao et al., 2019; Lease

et al., 2001; Wu et al., 2020). These observations suggest that the G

protein β subunit is essential for plant growth and development in rice

and maize, but not in Arabidopsis, and raise questions of whether Gβ

protein functions have undergone different evolutionary paths in

monocot and dicot species (Choudhury et al., 2011). Because the only

stable Gβ null mutations available in dicots have been produced in

Arabidopsis, further studies with additional dicot plants are needed to

address this hypothesis.

In this study, we used CRISPR/Cas9 to introduce mutations in the

tomato Gβ subunit gene (SlGB1) to study the effect of silencing Gβ in

a dicot species different from Arabidopsis. We found that knockout of

SlGB1 is seedling lethal, with slgb1 mutants showing all the hallmarks

of an autoimmune response including spontaneous expression of

defense-related genes, constitutive ROS production, extensive cell

death, and elevated SA levels. The observations in stable CRISPR

tomato lines were corroborated in cotton, where silencing of Gβ by

virus-induced gene silencing (VIGS) resulted in plant death, develop-

ment of necrotic lesions, induction of defense-related genes, and

accumulation of ROS and SA. The phenotypes induced by Gβ silencing

in tomato and cotton are very similar to those observed in rice and

maize, providing proof that the extreme phenotypes observed in

these two grasses are not confined to monocots but also extend to

dicots and raise questions about whether some G protein functions/

signaling have been lost in Arabidopsis during evolution.

2 | RESULTS

2.1 | Knockout of the heterotrimeric Gβ subunit
gene causes seedling lethality in tomato

In order to study the effect of Gβ silencing in a eudicot species differ-

ent from Arabidopsis, we used CRISPR/Cas9 to introduce mutations in

tomato cv. “Moneymaker.” The tomato genome harbors a single Gβ

subunit gene, SlGB1 (gene ID: Solyc01g109560.2.1), containing six

exons, encoding for a protein with 81% identity to the Arabidopsis

AGB1. A CRISPR construct targeting the second SlGB1 exon was

designed with the aim to produce mutations early in the coding

sequence, thus rendering a nonfunctional protein (Figures 1a and

S1a). Agrobacterium-mediated transformation produced multiple T0

transgenic lines, and the presence of mutations was determined in all

lines by PCR amplification of the targeted genomic region followed by

sequencing of the amplicons. Sequencing analysis identified one het-

erozygous line with a single base substitution (wt/s1) and two biallelic

mutations with nucleotide deletions (d4/d6 and d3/d13) (Table S1).

Unfortunately, only the slgb1_d3d13 line produced progeny, whereas

the wt/s1 and d4/d6 failed to produce any fruits. Multiple transforma-

tion experiments failed to produce additional T0 plants with muta-

tions; therefore, we proceeded to characterize the slgb1_d3d13

biallelic line. The CRISPR-induced deletion of three bases resulted in
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F I GU R E 1 CRISPR-mediated knockout of Gβ in tomato is seedling lethal. (a) Schematic map of the CRISPR target in the tomato SlGB1 gene.
Exons are represented as black boxes, and introns are shown as lines. The position and sequence of the single guide RNA (sgRNA) are shown in a
red box with the protospacer adjacent motif (PAM) sequences underlined. (b) Number of seeds from fruits of self-pollinated wild-type (WT) and
heterozygous slgb1_d13wt mutants plants. Bars represent means � SEM, n = 78 for WT and n = 90 for slgb1_d13wt samples. “ns” indicates no
significant difference (P > .05) by Student’s t-test. (c) Seeds from fruits of self-pollinated WT and heterozygous slgb1_d13wt mutants. (d) Seedling
establishment is reduced in the progeny of heterozygous slgb1_d13wt mutants compared with WT plants. Bars represent averaged values from

four replicates of 50 seeds with standard errors. Asterisk indicates statistically significant difference evaluated by Student’s t-test, ***P < .001.
(e) Two-week-old homozygous slgb1_d13d13 seedlings grown on MS medium developed characteristic brown lesions at the top and the base of
hypocotyls that are indicated by red arrows. (f) Hypocotyl length and (g) number of lateral roots of 2-week-old WT and homozygous
slgb1_d13d13 seedlings grown on MS medium. Bars represent means � SEM, n ≥ 20. Asterisks indicates significant difference evaluated by
Student’s t-test, ***P < .001
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the omission of a threonine amino acid in position 49 of the protein,

whereas the deletion of 13 bases produced a frameshift that inter-

rupted the canonical sequence of the protein at position 47 adding an

unrelated peptide of 28 amino acids before encountering a transla-

tional stop codon (Figure S1a–c). Although the omission of the T49

was not expected to have any effect on the protein function as the

amino acid is not conserved among Gβ subunits (Figure S1d), we

decided to eliminate the mutation by outcrossing slgb1_d3d13 plants

with wild type (WT) and identifying slgb1_d13wt individuals.

Self-pollination of slgb1_d13wt plants produced fruits with a simi-

lar number of seeds than WT controls (Figure 1b). Although seeds

from self-pollinated slgb1_d13wt plants did not show any visible phe-

notypic differences with WT (Figure 1c), they showed a lower than

expected percentage of seed establishment compared with WT seeds

when sown in soil (Figure 1d). Analysis of 95 established seedlings

failed to identify homozygous slgb1_d13d13 individuals (Table 1), aris-

ing suspicions about the possible lethality of the slgb1_d13d13 muta-

tion in tomato. Three potential explanations for the absence of

established slgb1_d13d13 mutant seedlings are either (1) gametophyte

lethality, (2) embryo lethality, or (3) early seedling lethality. To deter-

mine if the d13 mutation affected gametophyte viability, we per-

formed reciprocal crosses between WT and slgb1_d3d13 lines

followed by sequencing of the F1 progeny. When the slgb1_d3d13

line was used as pollen donor, we identified both heterozygous phe-

notypes including slgb1_d3wt and slgb1_d13wt in the F1 progeny

(Table 2). Similarly, when we used slgb1_d3d13 line as pollen acceptor

from WT plants, we found both slgb1_d3wt and slgb1_d13wt geno-

types in the F1 progeny (Table 2). These results indicated that

slgb1_d3 and slgb1_d13 pollen grains and ovules were viable. Addi-

tional analysis of pollen from self-pollinated WT and biallelic

slgb1_d3d13 plants showed a small reduction in the germination rates

in pollen from slgb1_d3d13 plants but not the expected 50% reduction

caused by a lethal allele, and no differences were observed in pollen

tube growth (Figure S2).

We next studied whether the slgb1_d13d13 genotype was

embryo lethal by sowing seeds from self-pollinated slgb1_d13wt indi-

viduals in soil and determining the genotypes of individual seedlings

soon after sowing, including non-germinated seeds, seeds showing

only protrusion of the radicle and seedlings in the very early stages of

development. Sequence analysis showed the presence of

slgb1_d13d13 homozygous plants at different stages after germina-

tion, from seeds with barely protruding radicles to germinated seed-

lings of approximately 10 mm in size (Figure S3a). We therefore

deduced that the absence of fully established slgb1_d13d13 seedlings

was due to early seedling lethality rather than embryo lethality.

To further analyze the cause of the seedling lethality observed in

homozygous SlGB1 knockout plants, we germinated seeds from self-

pollinated heterozygous slgb1_d13wt plants on sterile Murashige–

Skoog (MS) medium. All seedlings were genotyped by sequencing, and

a Mendelian segregation ratio of 1:2:1 was observed. Homozygous

slgb1_d13d13 seedlings were smaller than WT seedlings and had a dis-

tinct brown coloration at the top of the hypocotyl appearing approxi-

mately 8–10 d after germination (DAG), which progressively extended

throughout the seedling into the cotyledons, hypocotyl, and roots

(Figures 1e and S3b). slgb1_d13d13 seedlings had short hypocotyls and

substantially reduced number of lateral roots compared with WT

(Figure 1e,f,g). Additionally, whereas WT seedlings developed true

leaves 10–15 DAG, slgb1_d13d13mutants never developed true leaves

even though some seedlings survived for 40 DAG (Figure S3b), indicat-

ing the possible existence of defects in the apical meristem as has been

described in maize and rice (Gao et al., 2019; He et al., 2007; Wu

et al., 2020). The typical phenotype observed in tissue culture grown

homozygous slgb1_d13d13 mutants simplified the visual identification

of homozygous individuals for subsequent experiments, although

genotyping was always performed for all experiments.

2.2 | SlGB1 is a positive regulator of the PAMP
(pathogen-associated molecular pattern)-triggered
immunity (PTI) response in tomato but silencing of
SlGB1 results in constitutive activation of defense
responses

The observed phenotype of slgb1_d13d13 mutants was clearly remi-

niscent of several reported autoimmune mutants and resembled the

symptoms described in maize and rice Gβ knockout mutants

(Gao et al., 2009, 2019; He et al., 2007; Mackey et al., 2002;

T AB L E 1 Segregation of slgb1 alleles

Self-pollination of heterozygous slgb1_ d13wt, n = 95

Genotype Expected Observed

Homozygous, slgb1_d13d13 23.75 (25%) 0

Heterozygous, slgb1_d13wt 47.5 (50%) 55 (61.1%)

Wild type 23.75 (25%) 40 (39.9%)

χ2 = 36.053***, P < .001

Notes: The analysis was performed by χ2 test against the H0 hypothesis

that segregation follows Mendel’s law. Asterisks indicate significant

difference from the expected Mendelian segregation ratio.

T AB L E 2 Reciprocal crosses of slgb1_d3d13 with wild type plants

Crosses F1 genotypes, n = 12

Male Female Heterozygous slgb1_d3wt Heterozygous slgb1_d13wt

slgb1_d3d13 Wild type 7 5

Wild type slgb1_d3d13 4 8
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Wu et al., 2020). Therefore, we determined the expression levels of a

number of defense-related genes, including the SA-dependent PR1b1,

PR1a2, PR2, and PR5, as well as the jasmonic acid (JA)/ethylene (ET)-

dependent PR3 and PR4. High transcript levels were observed for all

six PR genes in slgb1_d13d13 plants compared with control WT plants

under non-inducing conditions (Figure 2a). In addition, homozygous

slgb1_d13d13 seedlings showed intense staining DAB, indicating the

presence of high levels of ROS (Figure 2b). Quantification of endoge-

nous H2O2 revealed that slgb1_d13d13 seedlings contained fivefold

higher H2O2 levels than WT, confirming the DAB staining results

(Figure 2c). As observed in several autoimmune mutants (Sun

et al., 2015; van Wersch et al., 2016), slgb1_d13d13 mutants also

accumulated high levels of endogenous SA with a 32-fold increase

compared with WT seedlings (Figure 2d). To test whether

slgb1_d13d13 seedlings exhibit spontaneous cell death in the absence

of pathogen infection, 2-week-old seedlings grown on sterile MS

medium were stained with trypan blue, resulting in extensive blue

staining indicating widespread cell death (Figure 2e). In contrast to the

tomato slgb1_d13d13 mutants, Arabidopsis agb1 mutants do not show

a constitutive immune response, but they are impaired in the ROS

response to several PAMPs such as flg22, efl18, and chitin

(Ishikawa, 2009; Jiang et al., 2012; Liu et al., 2013). In order to estab-

lish whether the tomato SlGB1 subunit is also required for the PAMP

triggered ROS burst, we incubated cotyledons from WT and

slgb1_d13d13 mutants with 30 nmol flg22. Interestingly,

slgb1_d13d13 mutants were impaired in the ROS response to flg22

(Figure 2f), suggesting that SlGB1 is a positive regulator of the PTI

response in tomato, similar to Arabidopsis.

2.3 | Silencing of Gβ subunit genes in cotton
causes activation of the immune response and
consequent lethality

The results obtained in tomato Gβ knockout mutants were very

similar to those reported in rice and maize (Gao et al., 2019;

F I GU R E 2 Silencing of Gβ in tomato induces constitutive activation of defense responses. These experiments were performed using 2-week-
old wild-type (WT) and homozygous slgb1_d13d13 seedlings grown on MS medium. The homozygous slgb1_d13d13 is abbreviated as slgb1 in the
figure. (a) Transcript levels of pathogenesis-related (SlPR) genes in WT and slgb1_d13d13 seedlings were quantified by qRT-PCR. Gene expression
was normalized to the tomato Ubiquitin 3 (SlUB3). (b) DAB staining for H2O2 accumulation in WT and slgb1_d13d13 seedlings. (c) Endogenous H2

O2 and (d) salicylic acid (SA) levels in WT and slgb1_d13d13 seedlings. For (a), (c), and (d), bars represent means � SEM, n = (a) 4, (c) 5, and
(d) 7. Asterisks indicates significant difference evaluated by Student’s t-test, *P < .05, **P < .01, ***P < .001. (e) Trypan blue staining for the
detection of cell death in WT and slgb1_d13d13 seedlings. For (b) and (e), bars = 1 cm. (f) ROS production induced by 30 nM flg22 on half-
cotyledons of WT and slgb1_d13d13 seedlings. Bars represent means � SEM, n = 12. The experiment was repeated three times with similar
results
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Wu et al., 2020), providing a strong indication that the phenotypes

observed in these two grasses are not confined to monocot species.

Tomato is a member of the asterid clade and relatively distant from

Arabidopsis, who belongs to the rosid clade, prompting us to study a

closer relative such as cotton (Gossypium spp.), which is an important

crop for the food and fiber industries worldwide. Although cotton sta-

ble transformation is difficult and time consuming (Jin et al., 2006),

VIGS in cotton is highly efficient and fast and produces reproducible

and consistent phenotypes, providing a convenient tool for functional

genomic studies (Gao et al., 2013).

Upland cotton (Gossypium hirsutum L.) cultivars are allotetraploids

(AADD genome). The genome of the “TM1” variety used in this

study contains four Gβ subunit genes, namely, Ghir_A03G194000,

Ghir_A13G0034700, Ghir_D02G215100, and Ghir_D13G033100,

that can be grouped into two homeologous pairs. The coding regions

for the homeologous genes located in chromosomes A03 and D02

are virtually identical (98% identity), named GhGB1 herewith, and this

is also the case for the homeologs located in chromosomes A13 and

D13 (98% identity), named GhGB2 herewith. Interestingly, one of the

two GhGB2 homeologous genes, Ghir_D13G033100, contains a small

deletion extending from intron #3 to exon #4 that results in the

removal of the correct splicing site and the production of an aberrant

mRNA coding for approximately half of the Gβ subunit protein

before encountering a frameshift and an early stop codon

(Figure S4a). The GhGB1 and GhGB2 coding regions share 87% nucle-

otide identity, whereas the GhGB1 and GhGB2 proteins are 93%

identical. Expression analyses showed that both genes are expressed

in all assayed tissues in the upland cotton “TM1” variety although

GhGB1 transcript levels were consistently higher than GhGB2

(Figure 3a). In order to simultaneously silence both GhGB genes, we

performed VIGS experiments using the tobacco rattle virus (TRV) sys-

tem (Gao et al., 2013). Two different TRV constructs were prepared

containing approximately 500 nt fragments (TRV:β1 and TRV:β2)

(Figure S4b). Inoculation of “TM1” seedlings with either TRV:β1 or

TRV:β2 resulted in silencing of both GhGB genes, with no statistically

significant differences observed 13 days after infection (dai)

(Figure 3b). Silencing of GhGB genes induced the development of

necrotic regions in leaves and stems and culminated in plant death

20–25 dai (Figures 3c,d and S5a). In contrast, control plants inocu-

lated with an empty TRV vector (TRV:00) showed normal develop-

ment (Figures 3c,d and S5a). TRV:β1 reliably showed faster and

stronger lesion development than TRV:β2, consistent with the

observed silencing efficiency, and was used for all subsequent experi-

ments. The effects of Gβ silencing were not restricted to a single

F I GU R E 3 Silencing of GhGB1 and GhGB2 in cotton seedlings triggers the appearance of necrotic lesions followed by plant death.
(a) Transcript levels of GhGB1 and GhGB2 in different tissues of 3-week-old Gossypium hirsutum cv. “TM1” were quantified by qRT-PCR. (b) qRT-
PCR analysis of GhGB1 and GhGB2 in empty vector control (TRV:00), GhGB1-silenced (TRV:β1), or GhGB2-silenced (TRV:β2) cotton plants. One-
week-old cotton seedlings were infiltrated with Agrobacterium carrying virus-induced gene silencing (VIGS) vector, TRV:00, TRV:β1 or TRV:β2.
qRT-PCR was performed at 7, 9, 11, and 13 days after infiltration (dai). For (a) and (b), gene expression was normalized to the cotton Ubiquitin
7 (GhUB7). Bars represent means � SEM, n = (a) 4 and (b) 5. (c) Phenotypes of cotton plants 3 weeks after VIGS infiltration. (d) Representative
stem (upper row) and leave (lower row) phenotypes of plants infiltrated with VIGS vector. Photos were taken at 13 dai
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cotton variety, with similar phenotypes observed in the “Coker201”
upland variety as well as in the sea-island cotton “Hai7124” variety

(Figure S5b,c).

Similar to the observations in the tomato slgb1_d13d13 mutant

line, silencing of Gβ in cotton showed all the hallmarks of an autoim-

mune response. Transcript levels of PR genes, including PR1, PR4, and

PR5, were significantly induced 9 dai with TRV:β1 and continued to

increase further 11 and 13 dai, whereas inoculation with empty vector

(TRV:00) only produced very minor induction (Figure 4a). Onset of

necrosis was visible 9–11 dai and increased in severity, progressively

correlating with the observed increase in PR gene expression

(Figure 4b). DAB staining revealed ROS accumulation appearing 9–

11 dai (Figure 4b), whereas quantitative analysis showed that TRV:β1

silenced leaf tissues contained almost seven times higher endogenous

F I GU R E 4 Silencing of GhGB1 and GhGB2 in cotton induces expression of defense-related genes and accumulation of reactive oxygen
species (ROS) and salicylic acid (SA). (a) Transcript levels of three pathogenesis-related (GhPR) genes, GhPR1, GhPR4, and GhPR5, in leaves of
empty vector control (TRV:00) and GhGB1-silenced (TRV:β1) cotton plants. One-week-old Gossypium hirsutum cv. “TM1” were infiltrated with
Agrobacterium carrying virus-induced gene silencing (VIGS) vector, TRV:00, or TRV:β1. qRT-PCR was performed at 7, 9, 11, and 13 days after
infiltration (dai). Gene expression was normalized to the cotton Ubiquitin 7 (GhUB7). (b) Representative leaves of plants infiltrated with VIGS
vectors at 7, 9, 11, and 13 dai before (upper row) and after (lower row) DAB staining. (c) Endogenous H2O2 and (d) SA levels in leaves of TRV:00
and TRV:β1 plants at 13 dai. For (a), (c), and (d), bars represent means � SEM, n = 5. Asterisks indicates significant difference evaluated by
Student’s t-test, **P < .01. “ns” indicates no significant difference

NINH ET AL. 7 of 17



H2O2 levels than control TRV:00 inoculated tissues (Figure 4c). Finally,

GhGB silencing induced accumulation of the defense hormone SA

with leaves of TRV:β1 inoculated plants containing almost six times

higher levels of endogenous SA levels than control leaves (Figure 4d).

Even though constitutive activation of the defense response reduces

plant viability (Gao et al., 2009; He et al., 2007; Riehs-Kearnan

et al., 2012), autoimmune mutants typically show increased resistance

to pathogens (Li et al., 2001; Zhang et al., 2003, 2007). We

observed that GhGB silencing inhibited the spread of the fungal path-

ogens Botrytis cinerea and Verticillium dahliae in inoculated leaves

(Figure 5).

To gain a more comprehensive view of the gene expression

changes induced by the silencing of GhGB, we performed trans-

criptome analysis in the leaves of plants inoculated with either TRV:β1

or TRV:00 at three different times, namely, 9, 11, and 13 dai. At each

time point, RNA-seq analysis was performed to compare TRV:00-

with TRV:β1-inoculated plants. A total of 13,500 differentially

expressed genes (DEGs) were identified with 1587 shared among all

three time points (Figure S6a and Table S2). A vast majority of the

1587 DEGs (84.3%, 1,338 genes) were upregulated, whereas

249 genes (15.7%) were downregulated (Figure S6b and Table S2). To

investigate the putative molecular functions of the DEGs, GO enrich-

ment analysis was conducted at each sampled time comparing

TRV:00- with TRV:β1-inoculated plants. Notably, the Top 3 enrich-

ment categories at all three time points were related to plant defense,

including response to bacterial attack, response to fungal attack,

response to chitin, response to SA, and defense-related respiratory

burst (Figure S6c). Overall, the transcriptome results show that silenc-

ing of GhGB1/2 induces expression of genes involved in multiple

defense pathways including 17 wall-associated RLKs, 24 leucine-rich

repeat receptor-like kinases (LRR RLKs), and other RLKs with homol-

ogy to previously characterized defense receptors. Pathogenesis-

related and basal immunity proteins are also overrepresented in the

induced gene set with 12 chitinases, seven flavin-dependent mono-

oxygenases, 17 glutathione S-transferases, thaumatins, lipid transfer

proteins, berberine bridge-like enzymes and 48 WRKY transcription

factors, many of which showing homology to previously characterized

defense-related factors including WRKY3/4/7/11/17/18/61/70 and

72 (Figure S6d and Table S3). There was not such a clear trend among

the downregulated DEGs although a number of development related

F I GU R E 5 Silencing of Gβ in cotton inhibits pathogen growth. (a,c) Disease symptoms induced on leaves of empty vector control (TRV:00)
and GhGB1-silenced (TRV:β1) cotton plants after inoculation with (a) Botrytis cinerea and (c) Verticillium dahlia. One-week-old Gossypium hirsutum
cv. “TM1” seedlings were infiltrated with Agrobacterium carrying virus-induced gene silencing (VIGS) vector, TRV:00, or TRV:β1. 13–18 days after
VIGS infiltration, detached leaves of infiltrated plants were subjected to B. cinerea and V. dahliae infection. Photos were taken at (a) 4 days post
inoculation (dpi) and (c) 7 dpi. The red dashed area indicates the lesion caused by fungal infection. Bars = 1 cm. (b,d) Development of lesion area
in the leaves of TRV:00 or TRV:β1 plants infected with (b) B. cinerea and (d) V. dahlia at the indicated time points post-inoculation. Bars represent
means � SEM, n = 8. Asterisks indicates significant difference evaluated by Student’s t-test, **P < .01. “ns” indicates no significant difference
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genes were identified, including YUCCA and expansin, ABC trans-

porter homologs, and auxin-related genes (Table S4).

2.4 | Silencing of Gβ subunits in tomato and cotton
plants induce SA and ET pathway genes

The phytohormones SA, JA, and ET play essential roles in the defense

against pathogens (Shigenaga & Argueso, 2016). In an attempt to

identify the hormonal pathways involved in the Gβ silencing pheno-

type in tomato and cotton, we analyzed the expression of a number

of genes involved in hormonal biosynthesis and signaling pathways.

Expression levels of key genes involved in SA signaling such as

Enhanced Disease Susceptibility 1 (EDS1) and its co-regulator Phyto-

alexin Deficient 4 (PAD4), Nonexpressor of PR genes1 (NPR1), and TGA2

(Cui et al., 2017) were significantly increased in the tomato

slgb1_d13d13 mutants compared with WT seedlings (Figure 6a). Eth-

ylene signaling-related genes including an ET receptor (SlETR4, a

F I GU R E 6 Salicylic acid, ethylene pathway, and respiratory burst oxidase genes are induced in Gβ-silenced plants. qRT-PCR was performed
to measure relative expression levels of target genes in (a,c) 2-week-old wild type (WT) and homozygous slgb1_d13d13 (abbreviated as slgb1 in
the figure) seedlings grown on MS medium and (b,c) leaves of cotton plants 13 days after infiltration (dai) with Agrobacterium carrying virus-
induced gene silencing (VIGS) vector, TRV:00 or TRV:β1. Gene expression was normalized to the tomato Ubiquitin 3 (SlUB3) and cotton Ubiquitin
7 (GhUB7). Bars represent means � SEM, n ≥ 3. Asterisks indicates significant difference evaluated by Student’s t-test, *P < .05, **P < .01, ***

P < .001. “ns” indicates no significant difference
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homolog of Arabidopsis ETR1) and downstream signaling components

(CTR1, CTR2, EIN2, ERF1a, and ERF1b) were also highly expressed in

the slgb1_d13d13 mutants (Figure 6a). Whereas some genes involved

in JA biosynthesis such as LOXD and OPR3 showed enhanced levels

of expression in the slgb1_d13d13 mutants, others such as AOS and

AOC were expressed at WT levels (Figure S7a). Similarly, enhanced

levels of expression were detected on some JA signaling components

(JAR1) but not others (COI1) (Figure S7a). Two GH3 auxin-responsive

genes were constitutively expressed at high levels in the

slgb1_d13d13 seedlings, whereas other auxin-responsive genes from

the IAA and SAUR families were expressed at WT levels (Figure S7b).

In agreement with the results in tomato, VIGS-mediated silencing of

GhGB1 in cotton also induced expression of some SA (PAD4) and ET

(EIN2, ERF1) signaling pathway genes (Figure 6b).

Analysis of respiratory burst oxidase homolog (Rboh) genes that

encode ROS-generating enzymes involved in defense showed strong

upregulation of SlRbohB and SlRbohD in tomato slgb1_d13d13 mutant

seedlings compared with WT (Figure 6c), whereas analysis of seven

genes involved in ROS scavenging and ROS detoxifying in tomato

showed only two of them induced in slgb1_d13d13 mutant seedlings

(Figure S7c). VIGS-mediated silencing of Gβ in cotton also resulted in

strong upregulation of GhRbohB, GhRbohD, and GhRbohF transcript

levels (Figure 6c).

2.5 | Lethality caused by Gβ silencing in cotton can
be suppressed by silencing of the respiratory burst
oxidase RbohD

Aside from silencing individual genes, the VIGS system can be used to

silence multiple genes by co-inoculation with two or more vectors

simultaneously, although silencing efficiency can diminish (Wu

et al., 2021). Taking advantage of this capability, we performed double

silencing experiments in an attempt to suppress the lethal phenotype

caused by Gβ silencing in cotton. The silencing efficiency for each of

the targeted genes in all experiments was monitored by qRT-PCR

(Figure 7).

Silencing of Gβ in tomato produced constitutive high levels of

defense-related genes in the slgb1_d13d13 mutants, especially genes

related to SA and ET signaling, many of which were confirmed as

being strongly induced upon silencing of GhGB1/2 in cotton

(Figures 2, 4, 6, and S6). In addition, Gβ silencing in tomato and cotton

resulted in strong ROS staining and high levels of endogenous H2O2

and SA (Figures 2 and 4). We therefore focused our attention on

these two important defense-related hormones as well as the respira-

tory burst oxidases. Surprisingly, silencing of several essential SA-

mediated defense signaling components such as PAD4, EDS1,

SAG101, EDS5, and SID2 in cotton did not stop the lethality caused by

Gβ silencing (Figure 7). Silencing of EIN2 also failed to suppress the

lethality caused by Gβ silencing, even though very efficient down-

regulation was achieved in the co-silenced plants (Figure 7). Inciden-

tally, when seeds from self-pollinated heterozygous tomato plants

(slgb1_d13wt) were germinated and grown in media supplemented

with inhibitors of ET biosynthesis (aminooxyacetic acid [AOA]) and

signaling (AgNO3) (Beyer, 1976; Bradford et al., 1982), plants showed

typical ET-associated symptoms, but the lethal phenotype was not

suppressed or delayed in slgb1_d13d13 homozygous seedlings (results

not shown). Silencing of RbohF in cotton plants resulted in a slight

delay in the appearance of symptoms but did not avoid lethality.

Finally, we observed that silencing of RbohD suppressed some of the

phenotypes caused by silencing of Gβ in cotton with a total absence

of necrotic lesions and inhibition of lethality, although the growth of

plants co-inoculated with TRV:β1 and TRV:RbohD was very slow

compared with TRV:00-inoculated controls.

3 | DISCUSSION

G protein β subunits are highly conserved within plant species with

rice, maize, and Arabidopsis proteins sharing 87% homology,

suggesting that they have evolutionarily conserved functions, and this

hypothesis is supported by the fact that the maize Gβ can successfully

rescue the Arabidopsis agb1 mutant immune phenotypes (Wu

et al., 2020). However, Gβ knockout mutants in rice and maize display

autoimmunity, a substantial phenotypic difference with Arabidopsis

agb1 mutants, suggesting that functional divergences occurred at the

monocot/dicot split during the evolution of flowering plants (Gao

et al., 2019; Wu et al., 2020). Typical phenotypes of autoimmune

mutants include extreme dwarfism and/or seedling lethality, constitu-

tive expression of PR genes, high levels of SA and ROS, increased

pathogen resistance, and, in many cases, extended cell death (Bi

et al., 2011; Gao et al., 2009; Kemmerling et al., 2007; Li et al., 2001;

Shirano et al., 2002; Zhang et al., 2012). All these autoimmune pheno-

types were observed in our Gβ silencing experiments with tomato and

cotton, which together with the autoimmune phenotypes previously

described in rice and maize debunk the hypothesis that G proteins

underwent functional divergence between monocots and dicots and

suggest that Arabidopsis is an exemption rather than the rule.

G proteins have been firmly established as important positive reg-

ulators of the PTI defense response acting downstream of RLKs,

although most of the available evidence has been gathered in Ara-

bidopsis (Zhong et al., 2019). Although the constitutive immune

response caused by Gβ silencing in tomato, cotton, rice, and maize

might suggest that Gβ is a negative regulator of defense in these spe-

cies, instead of a positive regulator as proven in Arabidopsis, we pro-

vide proof that the tomato SlGB1 is indeed a positive regulator of the

PTI response and essential for the flg22-triggered oxidative burst

(Figure 2f); therefore, alternative scenarios need to be considered.

Important elements of the PTI signaling response are frequently

targeted by bacterial virulence factors to facilitate infection, and in

some cases, these elements are guarded by nucleotide-binding

domain leucine-rich repeat (NB-LRR) proteins (Dodds &

Rathjen, 2010). As an important component of the PTI response, Gβ is

a good potential target for pathogen effectors either by inducing deg-

radation of the protein or by interfering with its defense-related activ-

ity. It is therefore tempting to hypothesize that Gβ subunits in plants
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F I GU R E 7 The Gβ silencing induced lethal phenotype in cotton is dependent on RbohD. (a) Representative photos of empty control vector
(TRV:00), GhGB1-silenced (TRV:β1), target gene-silenced (TRV/target), and GhGB1 + target gene-co-silenced (TRV:β1 + target) cotton plants.
One-week-old Gossypium hirsutum cv. “TM1” seedlings were infiltrated with Agrobacterium carrying virus-induced gene silencing (VIGS) vector to
initiate the silencing of single- or double-target genes. Photos were taken at 17 days after infiltration (dai). (b) qRT-PCR analysis of the expression
pattern of GhGB1 and target genes in VIGS-infiltrated plants was performed at 11 dai. The cotton Ubiquitin 7 (GhUB7) was used as reference gene
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other than Arabidopsis could be guarded by one or more NB-LRR pro-

teins and that any disruption in protein levels and/or signaling activity

could trigger a generalized ETI response explaining the observed phe-

notypes. Interestingly, mutations in components of the

MEKK1-MKK1/MKK2-MPK4 cascade produce constitutive autoim-

mune responses very similar to those observed in tomato and cotton

Gβ mutants and were mistakenly considered negative regulators of

the defense response until the discovery of SUMM2 established that

they are in fact positive regulators of the PTI response (Zhang

et al., 2012).

NB-LRR proteins are generally classified into two classes

depending on the nature of their N-terminal domains, with TIR-NB-

LRRs containing a Toll-like/interleukin 1-like receptor (TIR) and CC-

NB-LRRs containing a coiled-coil (CC) domain. The ETI response trig-

gered by all known TIR-NB-LRRs and some CC-NB-LRRs is mediated

by the lipase-like protein EDS1, which forms heterodimers with either

PAD4 or SAG101 (Feys et al., 2001, 2005; Gao et al., 2009; Wagner

et al., 2013; Zhang et al., 2003). Our data show that tomato

slgb1_d13d13 mutants display high PAD4 and EDS1 transcript levels,

which could result in activation of the immune response as it has been

proven that combined overexpression of PAD4 and EDS1 causes auto-

immunity in Arabidopsis (Cui et al., 2017). On the other hand, silencing

of GhGB genes in cotton induces PAD4 expression but not EDS1 or

SAG101, and we show that silencing of the EDS1, PAD4, and SAG101

homologs in cotton does not prevent the autoimmune phenotypes

caused by Gβ silencing, suggesting that the high PAD4 levels are not

the cause of the constitutive defense response and that lethality is

not caused by an ETI response triggered by TIR-NB-LRR receptors at

least in cotton. Interestingly, our RNAseq data show that silencing of

GhGB genes in cotton induces the expression of several CC-NB-LRRs

including homologs of the Arabidopsis RPM1 and RPS2 resistance

genes as well as several NDR1/HIN-like genes (Table S3), hinting that

the autoimmune phenotype observed in tomato and cotton could be

an ETI response mediated by one or several CC-NB-LRR proteins.

Although the NB-LRR guardee model can explain the observed

phenotypes, there are other possible scenarios to consider. For exam-

ple, alterations in Gβ levels could induce an autoimmune response by

either repression of negative defense regulators or derepression of

positive regulators. In fact, mutations in PTI components can cause

autoimmune phenotypes not necessarily associated with the ETI

response. Such is the case of BAK1, an essential PTI component and

its homolog BAK1-like1 (BKK1). Whereas the single bak1 and bkk1

mutants do not show obvious defense phenotypes, the double

bak1bkk1 mutant shows a strong autoimmune response (He

et al., 2007). In another example, mutations in CONSTITUTIVE

EXPRESSER OF PR GENES 1 (CPR1) and SUPPRESSOR OF

RPS4-RLD 1 (SRFR1) produce a constitutive immune response

caused by increased cellular levels of SUPPRESSOR OF NPR1-1

CONSTITUTIVE 1 (SNC1), a TIR-NB-LRR (Cheng et al., 2011; Gou

et al., 2012).

The question remains about the reasons for the profound differ-

ences observed between Gβ mutants in Arabidopsis and other species,

including monocots such as rice and maize and eudicots such as tomato

and cotton. It is highly unlikely that the cause is due to fundamental dif-

ferences in defense mechanisms because most of the knowledge about

plant immunity gained from Arabidopsis is widely applicable to other

species. Interestingly, a notable exception seems to be associated with

the roles of PAD4, EDS1, and SAG101. In Arabidopsis, EDS1/PAD4

heterodimers are essential for basal immunity and signaling down-

stream of TIR-NB-LRRs, with EDS1/SAG101 dimers having only a mar-

ginal role (Cui et al., 2017; Feys et al., 2001, 2005; Rietz et al., 2011). In

contrast, in the solanaceous Nicotiana benthamiana, EDS1 mutants are

not impaired in basal resistance; and signaling from TIR-NB-LRRs

requires EDS1/SAG101 dimers but not EDS1/PAD4, with PAD4 not

having any detectable immune functions (Gantner et al., 2019). The

authors proposed that SAG101 might be required for TIR-NB-LRR-

mediated immune signaling in most plants, with the exception of the

Brassicaceae. With respect to Gβ mutants, Arabidopsis also seems to be

the exception to the norm; therefore, it is tempting to hypothesize that

the lack of autoimmunity in Arabidopsis Gβ mutants is due to punctual

differences that might have arisen late in evolution, and it will be inter-

esting to find out whether it extends to other members of the

Brassicaceae family.

The early seedling lethality caused by Gβ knockouts in rice, maize,

and tomato makes it quite difficult to perform in-depth studies of the

underlying mechanisms. However, VIGS-induced silencing in cotton

provides an important resource to study the effects of Gβ silencing in

established plants as the development of symptoms can be analyzed

from the developmental point at which the silencing is artificially

induced. Cotton plants start to show chlorosis and cell death immedi-

ately following the silencing of Gβ, demonstrating a causal relationship

between reduced Gβ levels and symptom development. The co-

silencing experiments simultaneously targeting Gβ and important

components of the SA and ET responses failed to suppress lethality,

suggesting either independent or redundant signaling pathways but

confirmed the importance of oxidative burst oxidases in the develop-

ment of symptoms and lethality.

The functional differences between Arabidopsis Gβ and other

eudicot and monocot species are not restricted to the defense

response. Maize Gβ (ZmGB1) is involved in the control of meristem

size in conjunction with the canonical Gα subunit, known as CT2, and

zmgb1 knockout mutants are defective in meristem development

(Bommert et al., 2013; Wu et al., 2020). We show that tomato

slgb1_d13d13 seedlings fail to develop a main stem, suggesting that

their meristem is also impaired. Interestingly, the Gβ-mediated signal-

ing pathways responsible for the defense and developmental pheno-

types seem to be different because a maize Gβ allele has been

described with weak autoimmune phenotypes, but strong develop-

mental defects (Wu et al., 2020). The corollary to these observations

is that Arabidopsis is probably missing several G protein-dependent

signaling pathways.

In summary, our work shows that the autoimmunity displayed by

Gβ mutants in maize and rice is not limited to monocotyledonous spe-

cies, but it also extends to eudicots, except for Arabidopsis and possi-

bly other Brassicaceae. The autoimmune phenotype is independent of

essential components of the ETI response mediated by TIR-NB-LRRs
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such as EDS1, PAD4, and SAG101, but is dependent on the oxidative

burst oxidase RbohD. Nevertheless, and despite the apparently oppo-

site phenotypes between Arabidopsis and tomato, cotton, rice, and

maize, we believe that the G protein-mediated defense mechanisms

established in Arabidopsis are conserved in other plant species, as

suggested by the deficient PAMP response shown by the

slgb1_d13d13 mutants. Our results enhance rather than diminish the

value of Arabidopsis mutants to study defense-related roles for G pro-

teins because the lack of lethality allows to perform comprehensive

experimental approaches that would not be possible in other species.

Future studies are needed to identify possible NB-LRR proteins

involved in the autoimmune response of Gβ mutants.

4 | MATERIALS AND METHODS

4.1 | Plant materials and growth conditions

Tomato (Solanum lycopersicum cv. “Moneymaker”) plants were grown

in a glasshouse at 26–28�C during daytime and 22–24�C at night. For

in vitro culture, tomato seeds were germinated on MS medium in

darkness for 3 days and transferred to 16:8 h of light/dark at 26�C.

Cotton plants, Gossypium barbadense cv. “Hai7124,” G. hirsutum

cv. “TM1,” and G. hirsutum cv. “Coker201,” were grown in controlled

growth chambers with a temperature: photoperiod of 25�C:16 h light

and 23 C:8 h dark.

4.2 | Cas9/gRNA vector construction and tomato
transformation

The CRISPR/Cas9 vector was generated according to Liu et al. (2015).

Tomato cv. “Moneymaker” transformation was performed as previ-

ously described (Dan et al., 2006). A genomic fragment containing the

target site was amplified from transgenic plants and sequenced to ver-

ify the presence of mutations.

4.3 | In vitro pollen germination assay

Tomato pollen grains were collected from flowers opened on the

same day and incubated on germination medium as described previ-

ously (Karapanos et al., 2010). The number of germinated pollen

grains was counted under a microscope after incubation at 26�C for

24 h. The pollen tube lengths were measured using ImageJ software.

4.4 | VIGS in cotton

pTRV1 and pTRV2 vectors described in Liu et al. (2002) were used to

perform VIGS in cotton. Construction of TRV–target gene vectors

was done according to Gao et al. (2013). All VIGS vectors including

pTRV1, pTRV2, and TRV–target plasmids were introduced into

Agrobacterium tumefaciens strain GV3101. Primers to generate VIGS

vectors are listed in Table S5.

Agroinfiltration of VIGS vectors into 1-week-old cotton cotyle-

dons was performed as previously described (Gao et al., 2013).

Agrobacterium containing pTRV1 were mixed with Agrobacterium car-

rying either pTRV2 or TRV–target vectors at a 1:1 ratio, adjusted to

OD600 = .8, and infiltrated into cotyledons to generate empty vector

infiltrated plants or target gene-silenced plants, designated as TRV:00

or TRV:target gene, respectively. In double silencing experiment, the

Agrobacterium concentration of single silencing genes was halved with

empty vector pTRV2. In pathogen infection experiments, the

Agrobacterium concentration was reduced to OD600 = .3 to slow

down leaf death.

4.5 | Measurement of flg22-induced ROS
production in tomato

Flg22-induced ROS production was conducted following the protocol

previously described (Schwizer et al., 2017) with some modifications.

Half-cotyledons of 2-week-old tomato seedlings were placed into a

96-well plate and incubated in 225 μl of sterile water for 15 h. The

water was substituted by 225 μl of a reaction solution containing

34 μg/ml luminol, 20 μg/ml horseradish peroxidase, and 30 nM flg22.

Luminescence was measured in a GloMax 96 Microplate Luminometer

(Promega).

4.6 | DAB staining

H2O2 was visually detected in tomato seedlings and cotton leaves

using DAB staining as previously described (Daudi & O’Brien, 2012)

with modifications. Samples were immersed in fresh DAB staining

solution and infiltrated under vacuum for 20 min. After incubation for

5 h in dark with gentle shaking, the samples were cleared in a

bleaching solution containing ethanol/acetic acid/glycerol (3:1:1),

boiled for 15 min and further kept in glycerol/ethanol (1:4) solution.

4.7 | Trypan blue staining

Trypan blue staining was performed as described (Thordal-

Christensen et al., 1997). Two-week-old tomato seedlings were boiled

in lactophenol trypan blue solution containing10 mL lactic acid, 10 mL

phenol, 10 mL glycerol, 10 ml distilled water, 20 mg trypan blue and

80 ml ethanol for 2 min and kept at room temperature overnight.

Samples were cleared by chloral hydrate solution (2.5 g/ml) for 24 h.

4.8 | Quantification of endogenous H2O2

Endogenous H2O2 levels of 2-week-old tomato seedlings and cotton

leaves were quantified as described (Jack et al., 2019). The samples
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were homogenized with 1 ml of .1% (w/v) trichloroacetic acid (TCA)

and centrifuged at 4�C for 15 min at 13,000 g. Subsequently, 50 μl of

supernatant was mixed with 50 μl of 10 mM potassium phosphate

buffer (pH 6.5) and 100 μl of 1 M potassium iodide (KI) and incubated

for 20 min in the dark before measuring absorbance values at

390 nm. Absorbance values were obtained using a PowerWave XS

Microplate Reader (Bio-Tek) and standardized for fresh weight.

4.9 | SA quantification

Endogenous SA levels were determined by high-performance liquid

chromatography (HPLC) as previously described (Gao et al., 2013).

100 mg fresh sample of tomato seedlings or cotton leaves was

grounded to fine powder with liquid nitrogen. The sample was

homogenized in extraction buffer (methanol/water/acetic acid = 80:

19: 1) and shaken overnight at 4�C in dark. The supernatant was

vacuum-dried and redissolved in a 5% TCA aqueous solution. The

aqueous solution was added to twice the volume of organic solution

(ethyl acetate/cyclopentane/isopropanol = 50:50:1) for extraction.

1 ml methanol was added to the organic phase containing SA after

drying by vacuum and used for HPLC analysis.

4.10 | RNA extraction and qRT-PCR

Total RNA was extracted from 2-week-old tomato seedlings and cot-

ton leaves using ISOLATE II RNA Plant Kit (Bioline) and RNA Prep

Pure Kit (TIAGEN, China), respectively. cDNA was synthesized using

iScript™ cDNA Synthesis Kit (Bio-Rad, USA) according to manufac-

turer’s instructions. qRT-PCR was performed on a CFX96Real-Time

system (Bio-Rad) using SYBR Green MasterMix (Roche, USA) follow-

ing the manufacturer’s protocol. The relative expression levels of

targeted genes were normalized using either tomato Ubiquitin 3

(SlUB3) or cotton Ubiquitin 7 (GhUB7) as the reference genes and cal-

culated by the 2-ΔΔCT method. qRT-PCR primers are listed in

Table S5.

4.11 | RNA sequencing and analysis

Transcriptome analysis was conducted as previously described (Long

et al., 2019). mRNA was isolated from 10 μg of total RNA, fragmented,

reverse-transcribed with random primers, ligated with adapter index,

and sequenced using the Illumina HiSeqTM 2000. The sequencing data

were filtered using SolexaQA2.2, and clean reads were mapped to the

cotton genome (http://mascotton.njau.edu.cn/info/1054/1118.htm)

and normalized. For DEG analysis, the expression levels of all tran-

scripts were compared between TRV:00 and TRV:β1 using DESeq

software (FDR < .01 and log2Ratio ≥ 1). GO enrichment analysis was

conducted using Blast2GO. The FPKM (fragments per kilobase of

exon model per million mapped fragments) values of DEGs were used

for heat-map analysis.

4.12 | Pathogen inoculation

Pathogen inoculation was performed according to Gao et al. (2016).

Spore of fungal pathogens (V. dahliae and B. cinerea) were incubated

on Potato-Dextrose Agar (PDA) medium for 3 days before trans-

planting 1 cm2 colonies to a new PDA medium for another 5 days for

spore-bearing. Detached leaves of cotton plants 13–18 days after

VISG infiltration were subjected to V. dahliae and B. cinerea infection.

Lesion areas were measured using ImageJ software.

4.13 | Statistical analyses

Statistical analysis of the differences between two groups was per-

formed by Student’s unpaired t-test set for two-tail distribution. Sta-

tistically significant difference between groups was determined if P-

value less than .05.

5 | CONCLUSIONS

We show that the autoimmune phenotype of G protein beta mutants

in monocot species extends to eudicots too, leaving Arabidopsis as

the only known species with non-autoimmune phenotype.
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