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ARTICLE INFO ABSTRACT

Keywords: Multiple Gretchen Hagen 3 (GH3) genes have been implicated in a range of processes in plant growth and
Auxin development through their roles in maintaining hormonal homeostasis. However, there has only been limited
Hormonal homeostasis study on the functions of GH3 genes in tomato (Solanum lycopersicum). In this work, we investigated the
Solanum ly copersicum important function of SIGH3.15, a member of the GH3 gene family in tomato. Overexpression of SIGH3.15 led to
Root formation . . . . .
GH3 gene severe dwarfism in both the above- and below-ground sections of the plant, accompanied by a substantial
decrease in free IAA content and reduction in the expression of SIGH3.9, a paralog of SIGH3.15. Exogenous
supply of IAA negatively affected the elongation of the primary root and partially restored the gravitropism
defects in SIGH3.15-overexpression lines. While no phenotypic change was observed in the SIGH3.15 RNAi lines,
double knockout lines of SIGH3.15 and SIGH3.9 were less sensitive to treatments with the auxin polar transport
inhibitor. Overall, these findings revealed important roles of SIGH3.15 in IAA homeostasis and as a negative

regulator of free JAA accumulation and lateral root formation in tomato.

1. Introduction

Roots, an important plant organ, play vital roles in providing the
aerial portions of the plant for structural support, water and nutrient
uptake, and adaptation to the changing environment (Osmont et al.,
2007; Petricka et al., 2012). The formation of lateral roots has been
widely studied, especially in the model plant Arabidopsis (Petricka et al.,
2012). It has been postulated that there are four main stages in lateral
root formation, encompassing the priming, initiation, primordium
development, and emergence of lateral roots (Peret et al., 2009). A rich
set of literature over the past several decades has documented that auxin
has crucial functions in root emergence and development (Vanneste and
Friml, 2009). During the early seedling development, indole-3-acetic
acid (IAA) concentrations in root tips have significant impacts on the
timing of lateral root emergence in Arabidopsis (Bhalerao et al., 2002).
Loss of function of the Arabidopsis PIN-FORMED 4 (AtPIN4) has been
shown to fail to maintain endogenous auxin levels, resulting in
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morphological defects on roots (Friml et al., 2002). Increased expression
of PIN3 and PIN7 has been demonstrated to improve auxin transport and
reduce localized auxin accumulation, leading to inhibition of lateral root
development (Lewis et al., 2011). The transparent testa4 (tt4) mutant
plants of Arabidopsis exhibit changes in auxin transport and response of
roots to gravity and light (Buer and Muday, 2005). It has been shown
that induced expression of the B19 auxin transporter increases IAA
accumulation and enhances adventitious root formation (Sukumar et al.,
2013). Auxin-inducible JAA12 or IAA13 could prevent ARF5-dependent
embryonic root formation (Weijers et al., 2005). Different mechanisms,
especially for auxin roles, comprising auxin biosynthesis, transport, and
auxin signaling, have been proposed to control lateral root formation in
plants.

Auxin, as a vital hormone, is well known to regulate root formation,
development and response to environmental stress (Vanneste and Friml,
2009). Auxin was first identified in 1880 by Charles Darwin (Woodward
and Bartel, 2005). Among many natural and synthetic chemicals
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exhibiting auxin-like activities, IAA is recognized to be the most wide-
spread auxin in plants (Woodward and Bartel, 2005; Korasick et al., 2013).
Excessive or insufficient accumulations of auxin hinders plant growth and
development (Staswick et al., 2005). Based on the participation of the
amino acid tryptophan (Trp), IAA biosynthesis in plants is classified into
Trp-dependent and Trp-independent pathways (Mashiguchi et al., 2011;
Zhao, 2012). The Trp-dependent route can be divided into several path-
ways, depending on the involvement of key intermediates, including
indole-3-acetamide (IAM), indole-3-acetaldoxime (IAOx),
indole-3-pyruvic acid (IPyA) (Zhao, 2012). Among the Trp-dependent
pathways, the IPyA route is the primary source of IAA content in plants
(Stepanova et al., 2011; Won et al., 2011). In the IPyA pathway, trypto-
phan aminotransferases (TAA1) and YUCCA flavin monooxygenases
(YUC1) are the two enzymes responsible for catalyzing the IPyA and IAA
conversions. Those two enzymes and the pathways are conserved
throughout the plants (Stepanova et al., 2008; Ishida et al., 2016). YUC1
encodes a flavin monooxygenase (FMO) that has been shown to be a
rate-limiting enzyme in a Trp-dependent auxin biosynthesis pathway
(Exposito-Rodriguez et al., 2007). The IAM pathway is bacteria-specific in
the IAA biosynthesis (Mano and Nemoto, 2012), and IAM serves as an
intermediary for conversion of IAOx to IAA (Sugawara et al., 2009). It has
been demonstrated that tryptophan decarboxylase (TDC) and several
YUCCA proteins involved in the TAM pathway can also convert Trp to IAA
(Mano and Nemoto, 2012). Also, TDC and YUCCA genes have been iden-
tified in many plants (Mano and Nemoto, 2012). However, the IAOx
pathway is considered to be plant species-specific.

Furthermore, IAA can be synthesized in young tissues and organs,
including leaves, cotyledons, roots, and seedlings. Younger leaves
possess the highest IAA biosynthetic capacity in Arabidopsis (Ljung et al.,
2001). Apart from the auxin synthesis, auxin homeostasis is also
important in plants. In general, after IAA is synthesized in plants, it may
either be catabolized, conjugated, or transported to other tissues to
maintain the right levels for different physiological processes (Korasick
et al., 2013). Excess IAA could be deactivated through several ways,
including conjugation with sugars and amino acids, transportation to
other tissues, degradation, and oxidation (Ludwig-Mueller, 2011).

As one of the important primary early auxin-responsive gene fam-
ilies, the GH3 family contains several members that are known to
participate in the conjugation of amino acids or glucose to a number of
phytohormones (Ludwig-Mueller, 2011; Staswick et al., 2002). The first
GH3 gene was identified in soybean through screening of
auxin-responsive genes after auxin treatments (Hagen and Guilfoyle,
2002). Members of the GH3 gene family are divvied into three sub-
groups (I, II, and III) and several members have been documented to
play a crucial role in regulating the intracellular auxin level in plants
(Okrent and Wildermuth, 2011). It has been reported that the IAA
conjugation reactions are catalyzed by enzymes of the GH3 family. They
can modulate phytohormone actions and their roles in a series of bio-
logical pathways have been characterized and implicated over the past
decades (Chen et al., 2010). A GH3 gene in Arabidopsis, Jasmonate
Resistant 1 (JAR1) converts jasmonic acid (JA) to isoleucine and func-
tions in the adenylation of JA, salicylic acid (SA), and IAA (Staswick
et al., 2002). Overexpression of OsGH3.1 leads to a decrease in free
auxin concentration in rice (Domingo et al., 2009). Two Arabidopsis
GH3 proteins, Yadokari 1 (YDK1) and Dwarf in Light 1 (DFL1), inhibit
elongation of shoot cells and lateral root development, respectively
(Nakazawa et al., 2001; Takase et al., 2004). Several studies (nullK) have
reported that the AtGH3.9 gene functions in the crosstalk between auxin
and JA signaling pathways to control primary root development in
Arabidopsis. The rice GH3.8 proteins are unable to function properly
without the presence of Mg or Mn?" metal ions (Chen et al., 2010). In
Capsicum chinese L., auxin and ethylene regulate the expression of
CcGH3, a GH3-like gene, which may accelerate ripening of
ethylene-treated fruits (Liu et al., 2005). AtGH3.5 participates in auxin
and SA signaling in Arabidopsis during pathogen infections (Zhang et al.,
2007). Additionally, GH3 genes have been reported to be induced by
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cadmium in Brassica juncea (Minglin et al., 2005). In grape berry and
longan, GH3 genes have been recently shown to play roles in fruits
ripening (Kuang et al., 2011; Boettcher et al., 2010). Three GH3 genes
(AtGH3.3, AtGH3.5, and AtGH3.6) in Arabidopsis thaliana are responsible
for fine-tuning adventitious root development by mediating jasmonate
homeostasis (Gutierrez et al., 2012). Although important and complex
functions of GH3 genes are identified, more studies are needed to be
conducted to fully explore the roles of GH3 genes in plant development.

In the tomato genome, there are 15 GH3 genes (SIGH3.1 - SIGH3.15)
(Kumar et al., 2012), which can be grouped into two distinct categories:
Group I and Group II. Group I contains nine genes (Liao et al., 2015). The
remaining six SIGH3 genes belong to Group II, and are induced by IAA
(Kumar et al., 2012). It is interesting to note that SIGH3.4 in Group I is
highly responsive to arbuscular mycorrhizal symbiosis (Liao et al.,
2015). In a recent study, nine additional GH3 genes have been found in
tomato, resulting in a total of 24 members in the GH3 gene family
(Sravankumar et al., 2018). SIGH3.2, induced by ripening, has influence
on fruit ripening in tomato by modulating the auxin and ethylene
crosstalk (Sravankumar et al., 2018). SIGH3.8 acts downstream of
YABBY2b to influence plant height (Sun et al., 2020). Remarkably, in the
history of tomato breeding, SIGH3.15 has been used as a significant gene
for regulating tomato fruit size (Lin et al., 2014). In summary, there have
been limited reports on the specific functions of GH3 genes in tomato.

Here, we demonstrated the essential roles played by SIGH3.15, as
well as its redundant function with other paralogs, in regulating free IAA
produced in tomato. Dwarfism and significant changes in root growth
and development, including the production of short roots, suppression
of lateral roots, and absence of gravitropism were manifest in plants
with elevated SIGH3.15 expression. It was shown that SIGH3.15-over-
expression (SIGH3.15-OFE) lines were less sensitive to exogenous IAA.
Double knockout lines of SIGH3.15 and SIGH3.9 through CRISPR/Cas9
produced more lateral roots and were less sensitive to exogenous
naphthylphthalamic acid (NPA) treatment.

2. Results

2.1. Expression pattern of SIGH3.15 and subcellular localization of its
protein

The genomic DNA region of SIGH3.15 comprises three exons and two
introns, and the cDNA for this gene has a reading frame of 1830 bp in
length, which encodes a polypeptide of 609 amino acids (Fig. 1A). From
the gene expression result, SIGH3.15 was highly expressed in the root,
leaf, and flower tissues, but weakly expressed in the stems and ripening
fruits (Fig. 1B). These findings indicate that SIGH3.15 expression was
more abundantly in the vegetative tissues than in reproductive tissues,
and suggest that SIGH3.15 plays a crucial role in the vegetative growth.
SIGH3.15 protein is predicted to be a member of the GH3 Group II. We
constructed a phylogenetic tree using the protein sequences of the GH3
family, created by the neighbor-joining method. Analysis of the phylo-
genetic tree revealed that SIGH3.9 shared the highest sequence simi-
larity with SIGH3.15 (Fig. 1C).

To further study the function of SIGH3.15, we analyzed the subcel-
lular localization of its protein product. Tobacco (Nicotiana ben-
thamiana) leaves were transiently transfected to express a fusion protein
composed of SIGH3.15 and yellow fluorescent protein (SIGH3.15-YFP).
The results (Fig. 1D) showed that the yellow fluorescence signal was
detected in both the nucleus and cytoplasm.

2.2. Overexpression of SIGH3.15 leads to abnormal morphology in
tomato

Through the use of the constitutive promoter CaMV35S, SIGH3.15
was overexpressed in transgenic tomato and the relative expression
levels of SIGH3.15 in leaves of the overexpression lines OE-10, OE-12,
and OE-24 were over 200-fold greater than in the control AC leaves
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Fig. 1. Molecular characterization of SIGH3.15. (A) Genomic DNA structure of SIGH3.15. Exons are shown in thick green lines, whereas introns are shown in thin
black lines. (B) Gene expression patterns of SIGH3.15 in different organs (root, stem, leaf, flower, and fruits) of tomato. Fruits were collected for gene expression
analysis from different maturity stages including the immature green (IM), mature green (MG), breaker (BR), and red ripe (RR). Following total RNA isolation,
relative expression analysis (n = 3) was performed using quantitative real-time PCR (qQRT-PCR). Mean standard deviations (SD) are shown for data collected from
three independent samples. (C) Phylogenetic tree of GH3 proteins was created by the neighbor-joining method. The scale bar corresponds to 0.1 amino acid sub-
stitutions per residue. The red arrow points to the SIGH3.15 sequence. (D) Subcellular localization of SIGH3.15-YFP fusion protein in N. banthamiana leaves. YFP,
yellow fluorescent protein. Images were taken under bright-light field (BF) or using a microscopic filter for YFP. Bars: 48 um (top panel), 36.1 pm (bottom panel).

(Fig. 2A-B). Using RNA interference (RNAi), we also produced trans-
genic plants with reduced SIGH3.15 expression in the AC genomic
background. After obtaining 11 RNAI transgenic plants, we found that
SIGH3.15 transcript levels were lower in three typical RNAI lines (R-16,
R-17, and R-39) compared to the control AC (Fig. 2A-B).

SIGH3.15-OE lines exhibited aberrant morphologies such as smaller,
crinklier leaves, slowed growth, and altered plant architecture
(Fig. 2A-D). Plant height and internodal length were also significantly
different between SIGH3.15-OE lines and the control group (Fig. 2E).
SIGH3.15-0E lines were found to have a smaller number of lateral roots
and shorter main roots compared to the control plants AC. There was a
statistically significant difference (p < 0.01) between the two groups
(Fig. 2F-G). However, in contrast to AC, no substantial phenotypic
changes were observed in the SIGH3.15-RNAi lines (Fig. 2). Taken
together, it was hypothesized that SIGH3.15 and its paralogs in the GH3
gene family may play redundant functions in tomato.

We selected two lines (SIGH3.15-OE-10 and SIGH3.15-R-16 lines) as
representatives for overexpression and suppressed lines, respectively, to

study the difference in root growth between the transgenic lines and the
AC control. The seeds were germinated on 1/2 MS-agar culture media.
The results indicated that seedlings of SIGH3.15-OE-10 showed root
agravitropism (Fig. 3A), few lateral roots (Fig. 3B), and shorter main
roots (Fig. 3C) as compared to the control plants 14 days post germi-
nation (Fig. 3). These findings uncovered crucial functions for SIGH3.15,
including those in root gravitropism, plant development, and lateral root
formation. In contrast, root growth and gravitropism were unaffected in
RNAi-seedlings (Fig. 3), indicating possible redundancy of SIGH3.15 in
tomato.

2.3. Overexpression of SIGH3.15 reduces free IAA accumulation

GH3 genes have been implicated in the conjugation of amino acids or
glucose to various phytohormones (Gutierrez et al., 2012). In this study,
IAA-deficient phenotypes were recorded in the GH3.15 overexpression
lines (Fig. 2). We analyzed free IAA in SIGH3.15-OE and RNAI lines.
When compared to the wild type AC control, the amount of free IAA in
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Fig. 2. Morphology of transgenic tomato plants with altered expression of SIGH3.15. (A) 4-week-old seedlings of SIGH3.15-OE lines, SIGH3.15-RNAi lines, and AC
plants grown in a green house. (B) Relative expression levels of the SIGH3.15 transcripts in SIGH3.15-OE and SIGH3.15-RNAi lines in comparison with the AC control.
The expression level of SIGH3.15 in AC was set as 1.0. Shown are means with standard errors (n = 3). (C) Roots of 4-week-old seedlings of SIGH3.15-OE lines,
SIGH3.15-RNAI lines, and AC plants. (D) Immature leaves from SIGH3.15-OE lines, SIGH3.15-RNAi lines, and AC plants. (E) Average length (cm) of leaf internodes in
4-week-old seedlings. (F) Length of main roots (cm) in 4-week-old seedlings (n = 10). (G) Number of roots in 4-week-old seedlings (n = 10). The asterisks indicate
, P < 0.05; **, P < 0.01; ns, no significant.

level of significance between groups. *
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Fig. 3. Root architecture of transgenic tomato plants with altered expression of SIGH3.15. (A) 12-day-old seedlings of SIGH3.15-OE lines and AC plants grown in
sMS-agar culture medium. Scale bar, 1 cm. (B) Number of roots in the seedlings (n = 3). (C) Length of primary roots (cm) in the seedlings (n = 3). (D) Angles of root
apices along the gravity in transgenic lines and AC control. Angles of root apices were defined as the angles between the horizontal line and the line from the root

base towards the root apex (see Fig. S5). The asterisks indicate significant differences between groups based on Student’s t-tests:

no significant.

SIGH3.15-OE lines was drastically lower (3ng/g) (Fig. 4A).
SIGH3.15-RNAi line R-16 had a slightly greater free IAA level than AC,
but this was not significantly different from either of the other two RNAi
lines (R-17 or R-39) (Fig. 4A). These results indicate that the decrease in
endogenous free IAA was likely responsible for the phenotypic alter-
ations observed in the transgenic SIGH3.15-OE lines. In contrast,
SIGH3.15 RNAI lines did not exhibit any visible growth phenotype. This
led us to the proposal that a paralog of SIGH3.15 with redundant func-
tion may exist in tomato. Four GH3 genes (SIGH3.2, SIGH3.4, SIGH3.7,
and SIGH3.9) were identified to be most closely related to SIGH3.15
from the phylogenetic tree (Fig. 1C). The expression patterns of SIGH3.2,
SIGH3.4, and SIGH3.7 were similar between the transgenic lines and AC

, P <0.05; **, P < 0.01; ns,

(Fig. S2). However, the expression of SIGH3.9 was found to be sup-
pressed in the SIGH3.15-OE lines (Fig. 4B). Meanwhile, no significant
variation in relative expression of SIGH3.9 was recorded between the
SIGH3.15-RNAi lines (Fig. 4B) and the control AC (Fig. 4B). Taken
together, these findings suggest that SIGH3.9 and SIGH3.15 might
perform some overlapping functions in tomato.

2.4. Exogenous IAA supply rescues the geotropic defects of SIGH3.15-OE
lines

To test if exogenous IAA supply could rescue the geotropic defects of
roots in SIGH3.15-OE lines, we treated the seedlings with different IAA

A B Fig. 4. Free IAA concentrations in transgenic
ns SIGH3.9 tomato plants with altered expression of
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concentrations up to 1.6 mg/L. The main roots of AC were sensitive to
the treatment of different IAA concentrations and became shorter as the
IAA concentrations increased from 0.025 to 1.6 mg/L (Figs. 5 and S1,
52). We found that the angles of root apices along the gravity showed
significant changes with different IAA concentrations treatments in
SIGH3.15-OE lines as compared to the AC plants (Figs. 5A and S1, S3).
The geotropism of root growth in SIGH3.15-OE lines was restored by the
0.1 mg/L IAA treatment (Fig. 5). As the IAA concentrations continued to
increase from 0.4 to 1.6 mg/L, the formation of lateral roots in
SIGH30.15-0E lines was severely inhibited (Fig. 5). These results suggest
that the exogenous IAA treatment had negative effects on root elonga-
tion in SIGH3.15-OE lines as in AC plants. Exogenous IAA supply at a low
concentration could partially restore the phenotype of geotropism in
SIGH3.15-OE lines. These results also suggest different IAA concentra-
tions may have complex roles in root development, especially for the
elongation of roots and initiation of lateral roots.

2.5. Effect of double knockout of SIGH3.15 and SIGH3.9 on lateral root
formation

Given that SIGH3.9 might have a potential redundant function as
SIGH3.15 in the formation of lateral roots, we generated a double
mutant of gh3.15/gh3.9 through the CRISPR/Cas9 technology to
simultaneously knock out SIGH3.15 and SIGH3.9 in transgenic tomato
plants. We generated two sgRNAs, targeting exon 2 of SIGH3.15 and
exon 2 of SIGH3.9, respectively (Fig. 6). We analyzed the genomic DNA
sequences in the target regions in transgenic plants and found double
mutant lines in which both SIGH3.15 and SIGH3.9 were mutated. The

AC SIGH3.15-0OE AC SIGH3.15-OE AC

SIGH3.15-0OE AC
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double mutant line gh3.15/gh3.9-CR-1 carried a single 1-bp insertion (G)
and a single 4-bp deletion in the target region of SIGH3.9 and SIGH3.15,
respectively. In the double mutant line gh3.15/gh3.9-CR-6, one base pair
(T) was inserted in the target region of GH3.9 and a single 20-bp deletion
was found in GH3.15 (Fig. 6). In both double mutant lines (gh3.15/
gh3.9-CR-1 and CR-6), the gene editing resulted in the frame shift in both
the SIGH3.15 and SIGH3.9 genes.

To determine if the double mutation had any effect on root growth,
we tested how the gh3.15/gh3.9-CR lines respond to exogenous treat-
ment with naphthylphthalamic acid (NPA), a significant inhibitor of the
polar auxin transport in plants (Teale and Palme, 2018; Abas et al.,
2021). The % MS-agar medium containing various doses of NPA was
used for seed germination of the double mutants. Root phenotypes were
recorded when the plates were held at a vertical angle. When the NPA
content was low (0.0825mg/L), our data showed that the
gh3.15/gh3.9-CR lines produced more lateral roots than the AC control.
Root development in control AC plants was severely stunted by a
reasonably high concentration of NPA (1 mg/L), consistent with the
similar effects of the double mutation in gh3.15/gh3.9-CR lines on the
number of lateral roots and length of roots (Figs. 7 and S4). Root
development in both the AC control and gh3.15/gh3.9-CR lines was
drastically retarded by exposure to NPA at a dosage of 16 mg/L.
Furthermore, we observed root agravitropism (Fig. 7A) when plants
from the gh3.15/gh3.9-CR lines and AC were treated with NPA, similar
to the defect of root growth in the SIGH3.15-OE lines. This finding
suggests that a lack of IAA polar transport is linked to the root agravi-
tropism observed in the SIGH3.15-OE lines (Fig. 3A). Consequently, our
data suggests that the gh3.15/gh3.9-CR double mutants were more
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B
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Fig. 5. Reduced insensitivity of root growth to exogenous IAA treatment in transgenic tomato plants overexpressing SIGH3.15. (A) Root phenotypes in SIGH3.15-OE-
10 and AC in response to the treatment of different IAA concentrations (n = 4). Seeds of AC control and SIGH3.15-OE-10 lines were germinated on ~2MS-agar medium
containing IAA at 0 mg/L, 0.025 mg/L, 0.1 mg/L, 0.4 mg/L, and 1.6 mg/L. The plates were placed in a growth room in a vertical position for 7 days. Scale bar, 1 cm.
(B) Length of the primary roots (cm) in SIGH3.15-OE-10 and AC in response to the treatment of different IAA concentrations (n = 4) in Fig. 5A. (C) Lateral roots in
SIGH3.15-0E-10 and AC in response to the treatment of different IAA concentrations (n = 4) in Fig. 5A. The asterisks indicate significant differences between groups

using Student’s t-tests: *, P < 0.05; * *, P < 0.01.
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A SIGH3.9:Solyc079063850.2.1
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—

e — N —

PAM target

WT SIGH3.9. GTTTATAAAATCAGAGGCTAAAACA GGT—GGATTACCAGCTCGTCC TGTTTTAACAAGTTATTATAAAAGCCC
gh3.15/gh3.9-CR-1 SIGH3.9. GTTTATAAAATCAGAGGCTAAAACA! GT G GGATTACCAGCTCGTCC TGTTTTAACAAGTTATTATAAAAGCCC +1bp
gh3.15/gh3.9-CR-6 SIGH3.9: GTTTATAAAATCAGAGGCTAAAACA! GT T GGATTACCAGCTCGTCC TGTTTTAACAAGTTATTATAAAAGCCC +1bp

B

SIGH3.15:Solyc12g005310.1.1 orimer FW primer RV

—_

100bp

/ PAM target
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gh3.15/gh3.9-CR-1 SIGH3.15: TGGCGCGGTTTTTGCCTCTGGCTTCATCCG|CGCC---—-GCTTCTTAGAGA AGCACTGGTCCCTTCTTTGTACTGATA -4 bp
gh3.15/gh3.9-CR-6 SIGH3.15:  TGGCGCGGTTTTTGCCTCTGGCTTCATICCG|CGC ACTGGTCCCTTCTTTGTACTGATA -20 bp

Fig. 6. Generation of gh3.15/gh3.9 double mutants by CRISPR/Cas9. (A) Schema of the sgRNA target site in SIGH3.9. Two black arrows stand for the PCR genotyping
primers. gh3.15/gh3.9-CR-1 carried a single 1-bp insertion (G) and gh3.15/gh3.9-CR-6 carried a single 1-bp insertion (T) resulting in the frame shift. (B) Schema of the
sgRNA target site in SIGH3.15. Two black arrows refer to the PCR genotyping primers. gh3.15/gh3.9-CR-1 carried a single 4-bp deletion and gh3.15/gh3.9-CR-6
carried a single 20-bp deletion resulting in the frame shift.
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Fig. 7. Reduced sensitivity of roots to NPA treatment in gh3.15/gh3.9-CR double mutants. (A) Primary roots in gh3.15/gh3.9-CR and AC grown with different
concentrations of NPA. Seeds of the double mutants and the control AC were germinated on !4 MS-agar medium containing NPA at the concentrations of 0 mg/L,
0.0825 mg/L, 0.25 mg/L, 1 mg/L, and 16 mg/L. Plates were placed in a growth room in a vertical position for 7 days. Scale bar, 1 cm. (B) length of primary roots in
gh3.15/gh3.9-CR and AC grown with different concentrations of NPA in Fig. 7A. (C) Lateral roots in gh3.15/gh3.9-CR and AC grown at different concentrations of NPA
(Fig. 7A). The asterisks indicate significant differences between groups analyzed by using Student’s t-tests: *, P < 0.05; **, P < 0.01. ns: no significant.
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resistant to the effects of exogenously applied NPA than AC and could
produce more lateral roots at a lower NPA concentration. Collectively,
our findings implicate GH3.15 and GH3.9 in lateral root growth via
regulation of auxin homeostasis.

3. Discussion

Functional studies on GH3 family genes have revealed that they
function in cellular auxin homeostasis by conjugating auxin (mostly
IAA) to different amino acids in different plant species Staswick et al.,
2005; Nakazawa et al., 2001; Liu et al., 2005; Zhang et al., 2007; Park
et al., 2007; Nobuta et al., 2007; Westfall et al., 2012). There has been
limited functional information about the potential functions of these
GH3 genes in tomatoes. This study uncovers the role of SIGH3.15 in
controlling free IAA levels and formation of lateral roots in tomato.

It has been well documented that the changes in cellular auxin
concentration, through either external auxin supply or modulation of
auxin-related genes, could significantly affect the processes of pathogen
infection, plant growth, development, fruit ripening, metabolism,
organogenesis, and arbuscular mycorrhizal (AM) colonization in plants
(Nakazawa et al., 2001; Takase et al., 2004; Park et al., 2007; Hanlon
and Coenen, 2011; Serrani et al., 2008; Etemadi et al., 2014; Hu et al.,
2017; Wang et al., 2018). SIGH3.15 was shown to be involved in con-
trolling the amount of free IAA in tomato. SIGH3.15 overexpression in
transgenic plants decreased free IAA levels (Fig. 3). Plants of the
SIGH3.15-OE lines showed severely abnormal defects in the vegetative
development (Fig. 2), suggesting that a reduction in free IAA content has
severe effects on plant growth. The powerful function of SIGH3.15 in the
regulation of free IAA content could potentially be applied for the con-
trol of IAA in transgenic plants (Fig. 5). The observations described in
this report are of physiological relevance and could provide an expla-
nation for the dwarfism phenotype of the SIGH3.15-OE plants, con-
necting the arrested growth of plants with the phytohormonal shortage.

Besides, the results of the reduced contents of free IAA in tomato
leaves of the SIGH3.15-OE plants suggest that SIGH3.15 is involved in
IAA homeostasis. Additionally, it is intriguing to note that the exogenous
IAA supply could partially restore the defects in the SIGH3.15-OE plants.
Previous studies have shown that gravity influences the root architec-
ture, which in turn affects structural support and water and nutrient
absorption. The gravitropic perception is a fundamental plant biology
subject, which has been extensively studied in Arabidopsis (Su et al.,
2017; Sato et al., 2015; Rashotte et al., 2000). The root cap senses the
gravity, leading to the redistribution of PIN proteins in the root cap and
the changes of auxin levels in roots. The dramatic reduction in free IAA
contents in the SIGH3.15-OE plants may result in the lack of sufficient
auxin for PIN proteins to transport. Exogenous IAA supply added free
IAA to the plant cells and allowed PIN proteins to perform polar trans-
port. Therefore, the phenotype of geotropism in SIGH3.15-OE lines was
partially rescued by exogenous IAA. In addition, the overexpression of
SIGH3.15 resulted in formation of crimped leaves (Fig. 2D), with a high
expression pattern of SIGH3.15 in leaves (Fig. 1B), thus indicating a
significant role of SIGH3.15 in free IAA homeostasis in vegetative
growth. In a previous report, enhanced expression of AtGH3.6, an
orthologous gene of SIGH3.15, has been found to have no effect on the
free IAA levels, but to increase the level of IAA-Asp conjugate in Ara-
bidopsis (Staswick et al., 2005). Thus, distinct mechanisms may account
for regulation of auxin homeostasis in tomato and Arabidopsis.

Both monocotyledons and dicotyledons rely heavily on lateral root
development for their root architecture (Petricka et al., 2012; Peret
etal., 2009). As a dicotyledon, Arabidopsis has a single, primary root and
develops continuous branches to generate the lateral roots (Osmont
et al.,, 2007). IAA has been found in multiple studies to significantly
influence plant root development, specifically in lateral root formation
(Bhalerao et al., 2002; Buer and Muday, 2005; Sukumar et al., 2013;
Gutierrez et al., 2012; Zhao and Xue, 2020). In our study, we found that
exogenous IAA reduced the length of the primary root and increased the
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number of lateral roots. Reduced lateral root development was a direct
result of the increased expression of SIGH3.15. Additionally, the
SIGH3.15-RNAI lines and the control plants were not distinguishable
from one another in terms of overall plant size and root development
(Fig. 2), implying the redundancy of gene functions. The changed
expression of GH3.9 in SIGH3.15-0E lines also showed the possibility of
functional redundancy. Therefore, we generated the double mutant
gh3.15/gh3.9-CR lines in subsequent experiments. We applied the
exogenous NPA to the double mutant gh3.15/gh3.9-CR lines, the results
showed that the double mutant gh3.15/gh3.9-CR lines exhibited
diminished sensitivity to the NPA treatment, indicating the redundant
function of GH3.15 in root development.

Previous studies have shown that the SIGH3.15 locus is physically
close to a domestication sweep in the tomato genome (Lin et al., 2014).
However, enhancing the expression of SIGH3.15 showed abnormal ar-
chitectures of the plant (Fig. 2) and loss of the normal ability to bear
fruits (Fig. 2), implying the indirect function of SIGH3.15 in the control
of fruit weight in tomato.

In conclusion, the results of this study show that SIGH3.15, along
with SIGH3.9, plays a crucial role in the maintenance of free IAA through
the modulation of auxin homeostasis in tomato. As a member of the GH3
gene family, SIGH3.15 plays a crucial role in the regulation of plant
growth and development in tomato.

4. Materials and methods
4.1. Plant materials

Alisa Craig (AC) cultivars of tomato (Solanum lycopersicum) were
employed as both the wild-type control and the target for plant trans-
formation. Seeds were germinated and cultivated to maturity in a
greenhouse. The relative gene expression and free IAA concentrations
were evaluated in the young leaves of 7-week-old seedlings. Root
phenotypic experiments were performed by sowing seeds on !5
Murashige-Skoog (MS)-agar media and then transferred them to % MS
media with various concentrations of IAA or NPA.

4.2. Plasmid construction and plant transformation

Primers based on the sequence of Solyc12g005310 in the SGN web-
site (https://solgenomics.net/) were used to amplify the SIGH3.15 CDS
from a cDNA pool representing many tissues. For recombination-based
gene cloning, gene primers were fused to the attBl and attB2 sites.
Both the pDONR221 and pMV2 vectors (both derived from pHELLS-
GATE?2) were integrated via BP and LR reactions (Invitrogen, USA). The
PHELLSGATES vector contains the cloned SIGH3.15 RNAi construct. In
both vector systems, we used CaMV 35 S promoter to drive the over-
expression construct and the RNAIi construct, respectively. SIGH3.15 and
SIGH3.9 sgRNAs were included in the CRISPR/Cas9 vector used to create
the double mutant. The method for creating the recombinant vector was
modified from previous report (Ye et al., 2017). The primers are detailed
in the supplementary materials (Table S1).

Tomato cultivar AC was transformed using the constructs and
Agrobacterium tumefaciens strain C58 for the transformation. Transgenic
plants were screened by kanamycin selection media and confirmed by
amplification the target sequences using gDNA of plants as a template
with vector forward and gene-specific reverse primers.

4.3. Subcellular localization

The SIGH3.15 ¢cDNA’s complete coding region (CDS) was in-frame
fused to the YFP coding sequence under the CaMV 35 S promoter to
facilitate SIGH3.15 subcellular localization. Five-week-old Nicotiana
benthamiana plants had this construct injected into their leaf tissues after
being transformed with the Agrobacterium tumefaciens strain, GV3101.
After 48 h of Agrobacterium penetration, the YFP fluorescence was
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visualized with a double focusing scanning microscope.
4.4. Quantitative real-time PCR

Trizol reagents (Invitrogen, USA) were used to extract total RNA in
accordance with the manufacturer’s protocol. After removing the
genomic DNA from the RNA samples, the samples were processed with
RNase-free DNase I (Invitrogen, USA). First-strand cDNA was synthe-
sized from 3 pl of total RNA using reverse transcriptase and oligo dT
(vazyme, http://www.vazyme.com/). Before the quantitative real-time
polymerase chain reaction, the cDNA products were diluted as the
template of subsequent experiments. Primers for the qRT-PCR were
designed with an online primer design website, Primer quest (http://
www.idtdna.com/Scitools/Applications/Primerquest/). qRT-PCR was
performed using the QuantStudio (TM) 6 Flex System instrument with
the 384-well plate (Applied Biosystems, Thermofisher, USA). There was
4.2 ul of ¢cDNA sample, 5 pl of SYBR mix, and 0.8 pl of gene-specific
primers at 10 pM in a total volume of 10 pl in each reaction. The heat
cycle included 95 °C for 60 s, followed by 45 repetitions of 57 °C for
20's, 95 °C for 10 s, and 72 °C for 10 s. The samples were triplicated.
Primers, Actin Fw and Actin_Rv were utilized to analyze the tomato
Actin gene (Solyc11g005330.1.1) and served as an internal control. The
2785CT method (Livak and Schmittgen, 2001)was used to compute
qRT-PCR data. Table S1 provides a list of primers.

4.5. Quantification of free IAA

Each batch of frozen leaves (about 100 mg) was pounded into a fine
powder with liquid nitrogen and free IAA was extracted according to the
protocol (Liu et al., 2012). Each sample was weighed, then placed in a
1.5 mL tube, and then combined with 750 pl extraction buffer. The
mixtures are placed into ices on a shaking bed for overnight at 4 °C in
the dark for at least 16 h and centrifuged at 13,000 rpm for 15 min at
4 °C. After carefully transferring the supernatant to a fresh 1.5 mL tube,
the pellet was mixed with 400 L extraction buffer, agitated for 4 h at
4 °C, and centrifuged at 13,000 rpm. With the help of a syringe, we
mixed the two supernatants and filtered them using a 0.22-pm pore
nylon filter with a 13-mm diameter. After dissolving the filtrate in 200 pl
methanol, it was air-dried for about 4 h at room temperature under a
stream of nitrogen gas. Liquid chromatography (Liu et al., 2012) was
used to analyze the levels of free IAA in the samples.

4.6. Quantification of root gravity response

To assess the root gravitropic responses of plants, we measured the
angles of root apices between the horizontal line and the line from the
root base to the root apex as illustrated in Fig. S5.

4.7. Data analyses

The R statistical software was used to conduct pair-wise Student’s t-
tests to determine statistically significant differences (p < 0.05 and
p < 0.01) between the control and sample treatments.
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