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Abstract: Brassinosteroids (BRs) are growth-promoting phytohormones that can efficiently function
by exogenous application at micromolar concentrations or by endogenous fine-tuning of BR-related
gene expression, thus, precisely controlling BR signal strength is a key factor in exploring the agricul-
tural potential of BRs. BRASSINOSTEROID INSENSITIVE1 (BRI1), a BR receptor, is the rate-limiting
enzyme in BR signal transduction, and the phosphorylation of each phosphorylation site of SlBRI1
has a distinct effect on BR signal strength and botanic characteristics. We recently demonstrated that
modifying the phosphorylation sites of tomato SlBRI1 could improve the agronomic traits of tomato
to different extents; however, the associated agronomic potential of SlBRI1 phosphorylation sites in
tomato has not been fully exploited. In this research, the biological functions of the phosphorylation
site threonine-825 (Thr-825) of SlBRI1 in tomato were investigated. Phenotypic analysis showed
that, compared with a tomato line harboring SlBRI1, transgenic tomato lines expressing SlBRI1
with a nonphosphorylated Thr-825 (T825A) exhibited a larger plant size due to a larger cell size
and higher yield, including a greater plant height, thicker stems, longer internodal lengths, greater
plant expansion, a heavier fruit weight, and larger fruits. Molecular analyses further indicated that
the autophosphorylation level of SlBRI1, BR signaling, and gibberellic acid (GA) signaling were
elevated when SlBRI1 was dephosphorylated at Thr-825. Taken together, the results demonstrated
that dephosphorylation of Thr-825 can enhance the functions of SlBRI1 in BR signaling, which subse-
quently activates and cooperates with GA signaling to stimulate cell elongation and then leads to
larger plants and higher yields per plant. These results also highlight the agricultural potential of
SlBRI1 phosphorylation sites for breeding high-yielding tomato varieties through precise control of
BR signaling.

Keywords: tomato; SlBRI1; Thr-825; fruit development; phosphorylation site

1. Introduction

Tomato (Solanum lycopersicum) is one of the most important vegetables worldwide,
and fruit yield, including fruit number and fruit weight, is the major agronomic trait
of concern for tomato breeding. Numerous studies have shown that whole tomato fruit
growth is essentially based on cell division and expansion, which rely on multiple hormonal
signals and relevant responsive genes [1–3]. For example, the cell division stage is tightly
controlled by cyclin-dependent kinases (CDKs) [4,5]. Plant hormones such as auxin (indole-
3-acetic acid, IAA), gibberellic acids (GAs), and brassinosteroids (BRs) have been repeatedly
demonstrated to be major regulators of cell division and expansion [6–8]. Exogenous
application of these hormones and endogenous expression of their regulatory genes can
alter both fruit growth and development in tomato [9–11].
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BRs, plant steroid hormones, regulate cell division, differentiation, and expansion,
thereby influencing seed formation and germination, root development, lateral shoot forma-
tion, floral organ development, and so on [12,13]. BRI1 is a leucine-rich repeat receptor-like
kinase (LRR-RLK) located on the plasma membrane and acts as the rate-limiting receptor
in BR signaling [14,15]. In the presence of BRs, which are first perceived by BRI1, phospho-
rylation cascades of the signal components can activate the critical transcription factors
BRASSINAZOLERESISTANT1 (BZR1) and BRI1-EMS SUPPRESSOR1 (BES1), which bind
to target promoters of BR-responsive genes to modulate BR signaling and the consequent
BR-regulated biological processes [16–18]. Numerous studies in different species have
reported that BRI1 homolog-deficient mutants exhibit BR signaling inhibition and common
characteristics to various degrees, including dwarfism, vertical growth, dark green leaves,
and male sterility [19–22].

During BR signal transduction, BRI1 is a dual-specificity kinase capable of phosphory-
lating both serine/threonine and tyrosine residues; thus, phosphorylation sites in BRI1 are
important for the biological function of BRI1. Most phosphorylation sites play different
roles by regulating the kinase activities of BRI1 and BR signal strength. For example,
Thr-1039 and Ser-1044 had a vital role in regulating kinase activation, and the Arabidopsis
thaliana BRI1 weak mutant bri1-5 transformed with dephosphorylated Thr-1039 of BRI1
(T1039A, in which Thr-1039 was replaced with Ala) and S1044A showed aborted BR signal-
ing and kinase activity, which resulted in aggravated dwarfism and sterility of plants. In
contrast, Tyr-831, Ser-1172, and Ser-1187 showed more subtle effects on the kinase activities
of BRI1 and BR signal strength, and dephosphorylation of these sites in Arabidopsis resulted
in enhanced vegetative growth, which has potential for Chinese cabbage breeding [23–25].
Notably, bri1-5 expressing S1042A, with partly inhibited kinase activity of BRI1 and BR
signaling, showed a semidwarf phenotype and reduced plant expansion but increased seed
yield per plant compared with the wild-type, indicating the potential in dwarf breeding [25].
Compared with the findings on the above sites, mutation of the phosphorylation sites with
a weaker influence on the kinase activation of BRI1 and BR signaling moderately affected
plant growth and therefore might have much more potential to improve agronomic traits.

Tomato is a model berry crop, and tomato SlBRI1 is important for BR signaling and
plant growth and development. The SlBRI1 weak mutant cu3-abs1 showed inhibited BR
signaling, as well as a semidwarf phenotype, a dark green color, winkled leaves, and
weak fertility. Overexpressing SlBRI1 in tomato could improve fruit yield and nutritional
quality [26,27]. Further studies suggested that most phosphorylation sites in SlBRI1 were
conserved with those in Arabidopsis BRI1, and the functions of partially conserved phospho-
rylation sites in SlBRI1, such as Thr-1054 (equivalent to Arabidopsis BRI1 Thr-1049), Thr-1050
(equivalent to Arabidopsis BRI1 Thr-1045), and Ser-1040 (equivalent to Arabidopsis BRI1
Ser-1035) were investigated. Dephosphorylation of SlBRI1 Thr-1054 (T1054A), T1050A,
and S1040A completely abolished, enhanced, and partly inhibited the kinase activity of
SlBRI1, respectively. These sites have distinguishing functions in tomato growth. Trans-
genic cu3-abs1 tomato expressing T1054A did not show rescue of the cu3-abs1 phenotype and
displayed even more severe dwarfism and male sterility [26,28]. cu3-abs1 expressing T1050A
showed enhanced plant expansion, leaf area, and fruit yield but decreased tomato nutri-
ents compared with cu3-abs1 expressing wild-type SlBRI1 [29]. cu3-abs1 expressing S1040A
showed a similar phenotype but improved yield and tolerance under high temperature,
compared with cu3-abs1 with wild-type SlBRI1 [30]. In conclusion, phosphorylation sites of
SlBRI1 play key roles in the function of SlBRI1, which are different from those in Arabidopsis
BRI1, and each site functions distinctly during plant growth and development and plays
different roles by diverse pathways. However, functional studies of the phosphorylation
sites of SlBRI1 in tomato are still limited, and the roles of the phosphorylation sites of
SlBRI1 in regulating the cooperation of BR-GA signaling remain unknown.

In this research, the biological function of the Thr-825 phosphorylation site in SlBRI1
in tomato was investigated. The Thr-825 residue is a unique phosphorylation site of SlBRI1
since no corresponding residue has been identified in AtBRI1. Autophosphorylation analy-
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sis showed that Thr-825 played a negative role in the phosphorylation of SlBRI1 and BR
signaling. Transgenic tomato lines expressing T825A in the cu3-abs1 mutant background
showed enhanced plant growth and tomato yields through effects on single fruit devel-
opment, as well as enhanced GA signaling. These results suggested the unique biological
function of Thr-825. Dephosphorylation of Thr-825 could enhance the autophosphorylation
level of SlBRI1 and BR signal strength and then elevate GA signaling and the expression of
cell cycle-regulated genes. These factors coordinately promote cell division and expansion
and eventually led to the larger plant shape and increased fruit yield of tomato. Finally,
these results are important not only for systematically identifying the function of SlBRI1
phosphorylation sites in tomato, but also for revealing the regulatory mechanism of SlBRI1
in cooperation with BR-GA signaling and plant growth.

2. Results
2.1. SlBRI1 Thr-825 Influences Autophosphorylation of SlBRI1

SlBRI1 is a receptor kinase that exerts its biological function through phosphorylation,
and its phosphorylation sites have different effects on the phosphorylation level and
mediate the biological functions of SlBRI1 [29,30]. Thus, conservative analysis of SlBRI1
Thr-825 was first performed to preliminarily assess its function in tomato. Amino acid
sequence analysis of SlBRI1 homologs showed that Thr-825 was conserved in tobacco,
eggplant, pepper, and potato, which belong to the Solanaceae family of plants, indicating
that Thr-825 might play a special biological function in tomato (Figure 1A).
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Figure 1. SlBRI1 Thr-825 influences the autophosphorylation of SlBRI1. (A) Sequence alignments of
the partial kinase domains of BRI1 homologs. Gray and black regions indicate similar and conserved
amino acids among BRI1 homologs, respectively. The red triangle shows the series of Thr-825 amino
acids on BRI1 homologs. Conserved amino acids at individual sites are distinguished by different
symbols with colors on the bottom. AtBRI1 (Arabidopsis thaliana, NP_195650.1), SlBRI1 (Solanum
lycopersicum, NP_001296180.1), StBRI1 (Solanum tuberosum, XP_006357355.1), SmBRI1 (Solanum mel-
ongena L., Sme2.5_00067.1_g00001.1), NtBRI1 (Nicotiana tabacum, NP_001312072.1), BrBRI1 (Brassica
rapa, XP_009101880.2), BraBRI1 (Brassica oleracea var. oleracea, XP_013597742.1), BnBRI1 (Brassica na-
pus, NP_001303105.1), OsBRI1 (Oryza sativa, NP_001044077.1), ZmBRI1 (Zea mays, XP_008656807.1),
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CsBRI1 (Camelina sativa, XP_010431911.1), CrBRI1 (Capsella rubella, XP_006282536.1), CclBRI1 (Citrus
clementina, XP_006427932.1), and CaBRI1 (Capsicum annuum, KAF3634706.1). (B) Autophosphory-
lation level of SlBRI1 in vitro. Western blotting analysis of the autophosphorylation levels of the
recombinant FLAG-SlBRI1, FLAG-K916E, FLAG-T825D, and FLAG-T825A proteins was detected
using anti-pThr antibodies, as shown on the bottom. The protein loading levels were detected using
anti-FLAG antibodies, as shown on the top.

We further assessed the importance of Thr-825 for the biological functions of SlBRI1.
Autophosphorylation levels of SlBRI1, a kinase-inactive form of SlBRI1 (K916E), T825A,
and T825D in vitro were compared. The intensities of the phosphorylation bands from
strong to weak were as follows: T825A, SlBRI1, T825D, and K916E (Figure 1B). This result
suggested that Thr-825 has a negative effect on SlBRI1 autophosphorylation.

2.2. SlBRI1 T825A Affects BR Signaling

SlBRI1 is a BR receptor that initiates BR signaling and functions in plant growth
through its phosphorylation sites. To determine the biological function of Thr-825 in
tomato, transgenic tomato lines expressing SlBRI1 (SlBRI1-1 and SlBRI1-3) or T825A (T825A-
1 and T825A-2) were generated. For phenotypic analysis, PSlBRI1::SlBRI1 and cu3-abs1

were considered the positive control and negative controls of PSlBRI1::T825A, respectively.
Phenotypic observation showed that dephosphorylation of both Thr-825 and SlBRI1 could
rescue the semidwarf phenotype of cu3-abs1 (Figure 2A). The transcript levels of SlBRI1 in
transgenic lines were all higher than those in cu3-abs1; furthermore, the transgenic lines
SlBRI1-1 and T825A-1, as well as SlBRI1-3 and T825A-2, presented similar SlBRI1 expression
levels (Figure 2B).

To determine whether Thr-825 affects BR signaling in tomato, the expression levels
of the BR biosynthetic genes SlCPD and SlDWARF were assessed, together with the BR
sensitivity of seedlings, to compare BR signal intensities. The results showed that tran-
scription of SlCPD and SlDWARF, which were feedback-inhibited by BR signals, was
similar in the transgenic lines but lower than that in cu3-abs1 (Figure 2C,D). In addition,
the relative hypocotyl lengths under six increasing concentrations of epi-BL or BRZ were
compared to quantitatively evaluate the BR signal intensities among the tomato plants.
As shown in Figure 2E, cu3-abs1 was insensitive to epi-BL since its hypocotyl lengths were
nearly unchanged when the concentration of epi-BL was below 500 nM, but the lengths
decreased by 53.9% and 74.7% with concentrations of 1000 nM and 2000 nM, respectively.
The PSlBRI1::SlBRI1 and PSlBRI1::T825A seedlings showed the same trend of change un-
der the different concentrations of epi-BL; the hypocotyl lengths were increased by 2.0%
and 6.6% when the concentration was 10 nM, respectively, while they decreased by 6.4%
and 3.4%, 35.2% and 39.4%, 79.1% and 83.4%, and 87.6% and 92.3% with concentrations
of 100 nM, 500 nM, 1000 nM, and 2000 nM, respectively (Figure 2E). The results of the
hypocotyl elongation response to BRZ treatment were consistent with those to epi-BL; the
hypocotyl lengths of cu3-abs1 showed the greatest decreases, while those of PSlBRI1::SlBRI1
and PSlBRI1::T825A were decreased by 47.6% and 23.3%, 60.1% and 44.3%, 77.0% and 74.2%,
83.7% and 79.0%, and 86.9% and 84.9% with concentrations of 10 nM, 100 nM, 500 nM,
1000 nM, and 2000 nM, respectively (Figure 2F).
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Figure 2. SlBRI1 T825A affects BR signaling. (A) The plant phenotypes. From top to bottom: phenotypes of plants at the
germination stage (7 days after sowing), seedling stage (42 days after sowing), and maturation stage (maturation period of
the fourth fruit cluster of the PSlBRI1::T825A lines). Scale bars represent 2 cm, 10 cm, and 14 cm, respectively. (B) Relative
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transcript levels of SlBRI1 were tested by qRT-PCR. (C,D) Relative transcript levels of SlCPD (C) and SlDWARF (D) as BR
signaling marker genes were tested by qRT-PCR. SlACTIN was used as a reference gene in tomato. (E,F) Dose-response
levels of relative hypocotyl lengths of 10-day-old tomato seedlings treated with increasing concentrations of exogenous
epi-BL (E) and BRZ (F). Tomato seedlings grew on solid 1/2 strength MS medium in the dark at 25 ◦C. Each data point for
(B–D) had 3 biological and technical replications. The data for (E,F) are presented as the mean ± SD (n = 15). The different
letters indicate significant differences (one-way ANOVA, Tukey’s test, p < 0.05).

2.3. SlBRI1 T825A Promotes Plant Growth

Agronomic traits, including seed germination, plant height, stem diameter, internodal
length, and plant expansion were further analyzed to evaluate the influence of Thr-825 on
the functions of SlBRI1 during plant growth. The germination rates and the germination po-
tential of the PSlBRI1::T825A lines were 6% and 16% higher than those of PSlBRI1::SlBRI1 lines,
respectively (Figure 3B,C). The plant heights and stem diameters of the PSlBRI1::T825A lines
were 1.16- and 1.30-fold higher than those of the PSlBRI1::SlBRI1 lines at the mature stage, re-
spectively (Figure 3D,E). The internodal length and plant expansion of PSlBRI1::T825A were
1.20- and 1.58-fold those of PSlBRI1::SlBRI1 at the mature stage, respectively (Figure 3F,G).
Taken together, these results suggest that dephosphorylation of Thr-825 can promote the
functions of SlBRI1 in plant growth.

2.4. SlBRI1 T825A Improves Tomato Yields

To determine the effects of Thr-825 on tomato yield, fruit yield per plant was investi-
gated. The results showed that the PSlBRI1::T825A plants exhibited 1.55- and 4.18-fold higher
fruit yields per plant than the PSlBRI1::SlBRI1 and cu3-abs1 plants, respectively (Figure 4A).
The correlating traits, including fruit weight, fruit volume, fruit shape index, and fruit num-
ber per cluster, were subsequently analyzed to reveal the factors leading to the differences
in fruit yield. The single fruit weight for PSlBRI1::T825A was 18% and 36% heavier than
that for PSlBRI1::SlBRI1 and cu3-abs1 because the fruit volume of the former was 28% and
45% larger, respectively (Figure 4B,C). In addition, the fruit shape index of PSlBRI1::T825A
was increased by 13% and 28%, and the fruit number per cluster also increased by 10%
and 61%, respectively, compared with those of PSlBRI1::SlBRI1 and cu3-abs1 (Figure 4D–F).
Moreover, the fruits of PSlBRI1::T825A showed the thickest pericarp among the observed
lines (Figure 4F). Overall, these results suggested that the increased yield of PSlBRI1::T825A
was due mainly to the different fruit weights.
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Figure 3. SlBRI1 T825A promotes plant growth. (A) Phenotypes of plant stems at the mature stage.
The maturation period of the fourth fruit cluster of the PSlBRI1::T825A lines was regarded as the
mature period. The red rectangular box indicates the eleventh fruit nodes from bottom to top per plant
under a 2.5x-magnified visual field. Scale bar represents 14 cm. (B,C) Germination rates (B) and the
germination potential (C) of plants on the seventh day and third day after sowing at 28 ◦C in the dark,
respectively. (D–G) Plant height (D), stem diameter (E), internodal length (F), and plant expansion
(G) per plant at the mature stage. The data for (B,C) are presented as the mean ± SD (n = 3), and
each replicate had 100 seeds. The data for (D,E) are presented as the mean ± SD (n = 10). The data
for (F,G) are presented as the mean ± SD (n = 15). The different letters indicate significant differences
(one-way ANOVA, Tukey’s test, p < 0.05).
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Figure 4. SlBRI1 T825A improves tomato yields. (A) Fruit yield per plant for the first to fourth fruit nodes. (B–D) Single
fruit weight (B), fruit volume (C), and fruit shape index (D) at the red ripening stage. The fruit shape index is the ratio of
the longitudinal diameter to the transverse diameter of the fruit. (E) Fruit number per cluster for the third cluster. (F) Top,
phenotypes of single fruits with a front view. Middle, phenotypes of single fruits with a top view. Bottom, the equatorial
sections of single fruits. Scale bar represents 1 cm. The data for (A) are presented as the mean ± SD (n = 6). The data for
(B–E) are presented as the mean ± SD (n = 15). The different letters indicate significant differences (one-way ANOVA,
Tukey’s test, p < 0.05).

2.5. SlBRI1 T825A Influences Early Fruit Development

To determine how Thr-825 phosphorylation extensively affects fruit weight, the ovary
wall at 1 DPA, 3 DPA, 5 DPA, and 7 DPA was analyzed. The results showed that ovary
diameter, ovary wall cell layer, and ovary wall cell size were similar among the observed
lines at 1 DPA (Figure 5). The ovary wall cells of PSlBRI1::SlBRI1 divided and expanded
most quickly, since the cell layer and cell size at 3 DPA were 18% and 35% and 36% and
68% higher than those of PSlBRI1::T825A and cu3-abs1, respectively (Figure 5B,C,E). No
significant differences in ovaries were observed among the transgenic lines at 5 DPA, while
cu3-abs1 showed a slower speed of cell division and expansion (Figure 5). At 7 DPA, the
ovary diameter of PSlBRI1::T825A was 1.34- and 2.72-fold that of PSlBRI1::SlBRI1 and cu3-abs1,
respectively, and these differences were mostly due to the 2.32-fold and 5.41-fold larger cell
sizes (Figure 5A,C). The cell layer for PSlBRI1::T825A was similar to that of PSlBRI1::SlBRI1
and only 31% higher than that of cu3-abs1 at 7 DPA (Figure 5B).
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2.6. SlBRI1 T825A Affects Expression of Fruit Growth-Related Genes

Fruit development consists of a series of physiological and biochemical changes that
involve multiple signaling pathways and large numbers of genes [1–3]. To determine
the regulatory pathway of Thr-825 in fruit development, the expression levels of fruit
growth-related genes in ovaries at 1 DPA, 3 DPA, 5 DPA, and 7 DPA by RT-PCR were
analyzed. Characterization of the expression of CDKs that affects fruit growth through cell
division regulation indicated that SlCDKB2.1 was repressed in the ovaries of PSlBRI1::T825A
compared with those of PSlBRI1::SlBRI1, while SlCDKB1 mRNA accumulation was not
altered. Furthermore, the expression of the GA-biosynthetic gene SlGA20ox1 was similar,
while the GA receptor gene SlGID1 (GIBBERELLIN INSENSITIVE DWARF 1) and the GA
signaling repressor gene SlDELLA was repressed in the ovaries of PSlBRI1::T825A after
5 DPA compared with those in the PSlBRI1::SlBRI1 ovaries. In addition, compared with that
in the ovaries of PSlBRI1::T825A, the expression of the BR biosynthetic gene SlCPD in the
PSlBRI1::SlBRI1 ovaries was repressed at 3 DPA and induced at 5 DPA, while the expression
of the BR-regulated transcription factor gene SlBZR1 was similar at 3 DPA and slightly
induced after 3 DPA (Figure 6).
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2.7. SlBRI1 T825A, S1040A, and T1050A Differentially Affect BR and GA Signaling

To determine whether only Thr-825 functioned through the correlation of BR and GA
signaling, the expression levels of BR-related genes and GA-related genes were compared
in the leaves of the PSlBRI1::T825A, PSlBRI1::S1040A, PSlBRI1::T1050A, and PSlBRI1::SlBRI1
transgenic and cu3-abs1 plants. For GA signaling-related genes, the expression of SlGID1
was found to be decreased in the PSlBRI1::T825A plants, PSlBRI1::S1040A and PSlBRI1::T1050A
plants compared with those in the PSlBRI1::SlBRI1 plants. For BR signaling-related genes, the
expression of SlCPD shown from high to low is as follows: PSlBRI1::SlBRI1, PSlBRI1::T825A,
PSlBRI1::S1040A, and PSlBRI1::T1050A (Figure 7B). These results suggested that Thr-825,
Ser-1040, and Thr-1050 differentially affect GA signaling, and the effect of SlBRI1 Thr-825
was most obvious.
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3. Discussion

Tomatoes are indispensable for the human diet, and high yield is considered one of
the major breeding objectives of tomato varieties [31]. Previous studies of different species
suggest that BRI1 homologs affect the per unit yield in two different ways: either increasing
individual plant yield or maintaining the individual plant yield but allowing an increased
planting density. For the first strategy, previous studies showed that overexpression of
BRI1 in Arabidopsis could promote plant growth and consequently increase the seed yield
per plant, as could SlBRI1 in tomato [25,27]. For the second strategy, previous studies
showed that the weak OsBRI1 mutant in rice, ZmBRI1-RNAi transgenic maize, and the
weak HvBRI1 mutant in barley displayed a semidwarf and compact stature, combined
with slightly reduced fertility, which was beneficial for dense planting conditions and
consequently increased the per unit yield [21,32–34].

This research focused on the effects of SlBRI1 phosphorylation sites on the function of
SlBRI1. Each phosphorylation site influenced the function of SlBRI1 in different ways and
mechanisms, and they are all linked together and coordinate with each other to mediate
the biological functions of SlBRI1 in tomato. Previous studies in Arabidopsis have shown
that phosphorylation sites of BRI1 could influence the yield-increasing function of BRI1
to different degrees, with individual plant yields of transgenic plants shown from high
to low as follows: S1042A, BRI1, T1039A, S858A, S1187A, T872A, S887A, T842A, S1168A,
S1044A, and S1172A [25]. Recent studies in tomato demonstrated that phosphorylation
sites of SlBRI1 influence the yield mainly by regulating the fruit number per cluster. For
example, compared with the cu3-abs1 plants harboring SlBRI1, the cu3-abs1 plants expressing
dephosphorylated Thr-1054 showed a severe dwarf phenotype and sterility, while the
cu3-abs1 plants expressing Thr-1050-Ala and Ser-1040-Ala exhibited higher fruit yield mainly
through more fruits per cluster [26,29,30]. In this study, the individual plant yield of the
PSlBRI1::T825A lines was 1.6-fold that of the PSlBRI1::SlBRI1 lines, and the increased yield
was mostly due to the effects in a single fruit. Since the fruit weight and fruit volume
increased by 18% and 28%, respectively, both parameters showed greater changes than the
fruit number per cluster, which was 10% (Figure 4). These results suggested that Thr-825
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affected fruit yield through fruit growth more than fruit setting, in contrast to Thr-1050 and
Ser-1040.

After fertilization, the early tomato fruit developmental stage can be divided into
the division and expansion processes. Cell division of the ovary wall, which forms the
pericarp, starts at 2 DPA, while the cell layer is determined at approximately 3–6 DPA,
with the cell expansion period beginning subsequently [2,35]. Both stages are critical for
tomato fruit formation, since the fruit size and weight are mainly dependent on the cell
number and size of the pericarp, which are determined by cell division and expansion. In
this study, the fruits of the PSlBRI1::T825A lines were heavier and larger than those from the
PSlBRI1::SlBRI1 lines, and analysis of the paraffin sections of the ovaries further indicated
that this difference was due to cell expansion more than cell division. The ovary wall cells
from PSlBRI1::T825A were 2.32-fold larger than those from PSlBRI1::SlBRI1, while their cell
layers were similar (Figure 5). These results suggested that Thr-825 influenced fruit devel-
opment through regulation of cell expansion. Moreover, the stem diameter and internodal
length of PSlBRI1::T825A were 1.3- and 1.2-fold greater than those of PSlBRI1::SlBRI1; these
differences mostly resulted from the larger cell size, as the cell length and cross-section area
of the stems in PSlBRI1::T825A were 1.24- and 1.15-fold those in PSlBRI1::SlBRI1 (Figure S1).
Furthermore, the sepals, petals, stamens, and pistils of the PSlBRI1::T825A lines among the
floral organs were larger than those of the PSlBRI1::SlBRI1 lines at different levels (Figure S2).
Taken together, these results demonstrated that dephosphorylation of Thr-825 can promote
cell expansion and that this promotion is conserved between vegetative growth and fruit
development.

Previous studies have demonstrated that the cell division stage of fruit development is
tightly controlled by the cell cycle machinery, and BR is believed to promote cell elongation
by enhancing the expression of cell cycle regulatory genes. The expression of CDKs, which
are key regulators of cell development, was upregulated by BRs in the dark but remained
unchanged in the light [4,5,36]. In tomato fruits, CDKB genes were highly expressed before
15 DPA and related to cell division during this stage [37,38]. However, either overexpression
or loss-of-function of CDKBs resulted in a similar reduction in cell division, probably due
to the disruption of hormone pathways or interactions of CDK and its cyclin proteins,
inhibiting proper cell cycle progression [39,40]. In this study, SlCDKB2.1 was repressed
in the ovaries of PSlBRI1::T825A compared with those of PSlBRI1::SlBRI1; however, these
expression differences were slight and narrowed during fruit growth (Figure 6). This result
could well explain why the ovary wall cells of PSlBRI1::SlBRI1 divided most quickly before
5 DPA but were similar to those of PSlBRI1::T825A at 7 DPA (Figure 5). Taken together, the
results indicated that Thr-825 could affect cell division by regulating the expression of
SlCDKB2.1 at a very early stage of fruit development.

BRs are found at relatively high concentrations in young organs and function at
nanomolar concentrations in cell division and elongation [41–44]. BR-insensitive mutants
of different species all showed inhibited cell elongation, so with a dwarf phenotype,
BR signaling could significantly promote callus volume in rice, as well as balance cell
division and expansion in the leaf of Arabidopsis [13,45]. In this study, the larger fruit of the
PSlBRI1::T825A lines was mainly due to their stronger BR signaling for the following reasons.
First, the PSlBRI1::T825A plants were more sensitive to epi-BR and insensitive to BRZ, since
their relative changes in hypocotyl length were the largest after treatment with epi-BR and
the smallest under BRZ treatment among all the lines, which was consistent with previous
studies [46]. Second, the transcription levels of SlCPD and SlDWARF, which are feedback-
inhibited by BR signals [47,48], were similar in the transgenic lines but lower than those in
cu3-abs1 (Figure 2C,D). In addition, the transcription level of SlCPD in the PSlBRI1::SlBRI1
ovaries was repressed at 3 DPA and induced at 5 DPA compared to that in the PSlBRI1::T825A
ovaries (Figure 6). This difference could correspond to the greater cell layer and larger
cell size of PSlBRI1::SlBRI1 at 3 DPA but was surpassed by those of PSlBRI1::T825A after that
(Figure 5). Third, autophosphorylation of BRI1 is important for early events in BR signaling.
In this study, the autophosphorylation level of T825A was much higher than that of SlBRI1,
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while T825D showed a nearly undetected autophosphorylation level similar to K916E,
which suggested a negative role of Thr-825 in SlBRI1 autophosphorylation and subsequent
BR signal strength. This finding was in agreement with previously mentioned results;
most phosphorylation sites of Arabidopsis BRI1, such as Thr-1039, Ser-1044, and Thr-1049,
exhibited strong functions in autophosphorylation; thus, preventing phosphorylation of
these sites usually resulted in attenuated BR signaling and disturbed plant growth [28].
Thr-1050 in tomato SlBRI1 acted as a negative regulator since T1050A showed enhanced
autophosphorylation of SlBRI1 and BR signal strength and promoted yield [29]. Thus,
T825A exhibited a greater recovery of BR signaling than SlBRI1, which partly led to the
elevated cell development in the PSlBRI1::T825A lines.

Regulation of cell expansion is also mediated through crosstalk between BR signaling
and other hormone signaling pathways, such as GA and IAA [8,49]. GA is a growth-
promoting hormone that has overlapping functions with BR in multiple plant develop-
mental processes and corresponding cellular activities [50,51]. In fruit developmental
regulation, the application of GA could induce fruit with larger cells but fewer cell lay-
ers [52]. Stimulation of cell elongation by GA required BR signaling, while the GA-deficient
dwarf phenotype could be suppressed by BZR1. Further studies reported that BR and GA
function interdependently, which accounted for cell elongation through the BZR1-DELLA
module [53,54]. DELLA is the central repressor in the GA signaling pathway and interacts
with the GA receptor GID1 to increase affinity upon GA treatment [55]. In tomato, the ex-
pression level of SlDELLA is low during the phase of fruit cell expansion, and the SlDELLA
mutant procera exhibited enhanced GA-response phenotypes and thus a larger pericarp
cell size, such as a larger ovary at −3 DPA, 0 DPA, and 3 DPA [56]. Furthermore, there is a
feedback mechanism in which the expression of the GA-biosynthetic genes GA20ox1 and
GID1 were downregulated by DELLA-deficient conditions or GA application to maintain
GA homeostasis in plants [57–61]. Consistent with the above findings, after 5 DPA, the
ovaries of PSlBRI1::T825A exhibited lower transcription levels of SlGID1 and SlDELLA than
those of the PSlBRI1::SlBRI1 ovaries (Figure 6), which could explain the larger cell size
and larger fruit of the PSlBRI1::T825A lines (Figures 4 and 5). Therefore, SlBRI1 Thr-825
influenced GA signaling by regulating the accumulation of SlDELLA, which subsequently
affected cell expansion and fruit size determination.

Previous studies showed that the yield per plant increased when the SlBRI1 phosphory-
lation sites Thr-825, Thr-1050, and Ser-1040 were dephosphorylated. To determine whether
these sites functioned in the same way, GA signaling of the PSlBRI1::T825A, PSlBRI1::S1040A,
PSlBRI1::T1050A, and PSlBRI1::SlBRI1 lines was compared. The results showed that GA
signaling in the PSlBRI1::T825A lines was highest among the lines, which indicated that
the regulatory mechanism of each SlBRI1 phosphorylation site on fruit development is
different, and only Thr-825 affected fruit development through GA signaling (Figure 7).

Moreover, BR was demonstrated to coordinate with IAA to control cell expansion
through the phosphorylation and inhibition of AUXIN RESPONSE FACTOR-2 (ARF2) by
BIN2 (BRASSINOSTEROID INSENSITIVE 2) [62]. However, the expression of IAA-related
genes, such as SlIAA17 and SlARF2A, was unchanged among all the transgenic plants in
this study (Figure S4). In addition, the transcription levels of the cell growth-regulated gene
SlEXPA5 (α-expansin 5), as well as FW2.2 and FW3.2, which are considered to influence fruit
weight by regulating cell division at the early fruit development stage, were not altered
between the PSlBRI1::T825A and PSlBRI1::SlBRI1 lines (Figure S4) [63,64].

4. Materials and Methods
4.1. Amino Acid Sequence Alignment

Multiple amino acid sequence alignment of SlBRI1 homologs was performed us-
ing ClustalX2 (clustal.org/download, accessed on 24 December 2020). MEME software
(http://meme-suite.org/tools/meme, accessed on 30 December 2020) was used to ana-
lyze the motifs. The parameters of the optimum motif width and the maximum number

clustal.org/download
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of motifs were 6 and 30 wide and 30, respectively, and the other parameters were the
default values.

4.2. Site-Directed Mutagenesis and Vector Construction

For site-directed mutagenesis, full-length SlBRI1 (Solyc04g051510) was amplified from
tomato (S. lycopersicum cv. Moneymaker) and used as a template. T825A (in which Thr-825
was replaced with alanine), T825D (in which Thr-825 was replaced with aspartic acid), and
K916E (in which Lys-916 was replaced with glutamic acid) were amplified from wild-type
SlBRI1 using overlap PCR amplification.

For plant expression vector construction, full-length SlBRI1 and T825A were recom-
bined into the binary transformation vector pBI121 (Clontech, Palo Alto, CA, USA) with
a GFP tag followed by its CT region. The native promoter of SlBRI1 (−2989 bp) was also
cloned into pBI121 to replace the 35S promoter. The recombined vectors were transformed
into Agrobacterium tumefaciens strain GV3101 for subsequent tomato transformation. For
prokaryotic expression vector construction, the cytoplasmic domains (824 aa to 1207 aa)
of SlBRI1, T825, T825D, and K916E were recombined into the prokaryotic expression
vector pFLAG-MAC (Sigma-Aldrich Saint Louis, MO, USA). The recombinant vectors
were transformed into Escherichia coli BL21 (DE3) pLysS (Transgene, CD901-02, Beijing,
China) for subsequent autophosphorylation analysis. All primers designed for site-directed
mutagenesis and vector construction are listed in Table S1.

4.3. Tomato Transformation

The cotyledon transformation method was used for tomato transformation [65], while the
weak SlBRI1 mutant cu3-abs1 with a missense mutation in His-1012 was the transgenic acceptor.
PCR analysis and quantitative real-time PCR were used to screen the transgenic plants,
and two independent homozygous lines from both PSlBRI1::SlBRI1 (SlBRI1-1 and SlBRI1-3
hereafter) and PSlBRI1::T825A (T825A-1 and T825A-2 hereafter) were advanced to the T2
generation for further analyses in this study. Transgenic plants expressing PSlBRI1::T1050A (in
which Thr-1050 of SlBRI1 was replaced with alanine) and PSlBRI1::S1040A (in which Ser-1040
of SlBRI1 was replaced with alanine) were both from previous reports [29,30].

4.4. Agronomic Trait Characterization

For germination assays, the seeds of both transgenic lines and cu3-abs1 were inoculated
in Petri dishes with wet filter paper at 28 ◦C in the dark as previously reported [30].
The germination rate and germination potential were calculated on the seventh day and
third day after seeding, respectively. There were three replicates for each index, and each
replicate had 100 seeds.

All the plants for agronomic trait investigation were grown in a greenhouse. Plant
height and plant expansion were the distance from the top of the plant to the ground and
the maximum diameter of the plant, respectively. The stem diameter and internodal length
were the diameter and length of the third node from bottom to top per plant, respectively.
All vegetative growth-related traits were measured at the mature stage (maturation period
of the fourth fruit cluster of the PSlBRI1::T825A lines). Fruit yield was the total weight of
the first to the fourth fruit nodes. Single fruits at the red ripening stage were harvested to
measure fruit weight, fruit volume, and fruit shape index, and the fruit shape index was
the ratio of the longitudinal diameter to the transverse diameter of the fruit.

The fruit number per cluster was the fruit number of the third cluster. Ovary diameters
at 1 day post-anthesis (DPA), 3 DPA, 5 DPA, and 7 DPA were measured using ImageJ
software (NIH, Bethesda, MD, USA). At least 6 plants for each line were used for fruit yield
investigation, while investigations of vegetative growth-related traits and reproductive
growth-related traits included at least 10 and 15 plants, respectively, for each line.
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4.5. Paraffin Section Observation

At least 5 resin equatorial sections of the ovary walls for each developmental stage
from the PSlBRI1::SlBRI1, PSlBRI1::T825A, and cu3-abs1 ovaries were isolated to observe the
cell size and the number of cell layers via paraffin sectioning. The samples were fixed
with formalin-acetic acid fixative (70% ethyl alcohol: glacial acetic acid: formalin at a ratio
of 90:5:5) and stained with hematoxylin (Sigma, H9627). The stained samples were then
dehydrated in a graded series of ethyl alcohol (70%, 85%, 95%, and 100%), followed by
clearing with a graded series of chloroform (chloroform: ethyl ethanol in a ratio of 1:3, 1:1,
3:1, and 100% chloroform). Paraffin was immersed in chloroform at 37 ◦C, and the samples
were embedded. Ten-micrometer-thick sections were cut using a microtome (RM2265,
Leica, Wetzlar, Germany), dewaxed with xylene, and observed using a microscope (M165
FC, Leica, Wetzlar, Germany). Cell size was quantified using ImageJ software, while the
number of cell layers was counted manually.

4.6. Hypocotyl Elongation Response to Exogenous BL and BRZ

Seeds of PSlBRI1::SlBRI1, PSlBRI1::T825A, and cu3-abs1 were sterilized and inoculated in
Petri dishes containing solid 1/2 strength Murashige and Skoog medium (MS, PhytoTech-
nology Laboratories, M519, Lenexa, KS, USA) with 0 nM, 10 nM, 100 nM, 500 nM, 1000 nM,
and 2000 nM exogenous 24-epibrassinolide (epi-BL, Shanghai Yuanye Biotechnology Co.,
Ltd., Shanghai, China) or BR inhibitor brassinazole (BRZ, Tokyo Chemical Industry Co.,
Ltd., Tokyo, Japan). These seeds were grown at 25 ◦C in the dark for 10 days, and the
hypocotyl lengths were then measured. The relative hypocotyl length was the change in
hypocotyl length at different concentrations of epi-BL or BRZ. At least 15 seedlings from
each concentration group were examined.

4.7. Relative Expression Analysis

Total RNA from various tissues including the second leaves at the six-leaf stage, 1 DPA
ovaries, 3 DPA ovaries, 5 DPA ovaries, and 7 DPA ovaries from both the transgenic and
cu3-abs1 plants were extracted and transcribed to cDNA as previously described [30]. For
quantitative real-time PCR (qRT-PCR) analysis, the program was carried out using a SYBR
Green Master Mix Kit (Vazyme, Q121-02, Nanjing, China) according to the manufacturer’s
protocol. The relative expression level was calculated by using the 2−44CT method, and
each data point had 3 biological and technical replications. For semiquantitative reverse
transcription PCR (RT-PCR), PCR amplification was performed following the manufac-
turer’s protocol. The amplified products were analyzed by agarose gel electrophoresis,
and each product had 3 biological replications. The tomato SlACTIN gene was used as an
internal control for both qRT-PCR and RT-PCR, and all primer sequences were described
previously and are listed in Table S1 [2,30,39,66].

4.8. Autophosphorylation Analysis In Vitro

The recombinant proteins from E. coli BL21 (DE3) pLysS cells with SlBRI1-pFLAG-
MAC, T825A-pFLAG-MAC, T825D-pFLAG-MAC, or K916E-pFLAG-MAC were extracted
and purified by anti-FLAG M2 affinity gels (A2220, Sigma-Aldrich, Saint Louis, MO, USA).
Anti-FLAG antibodies (Transgene, Beijing, China) were subsequently used to detect the
loading control of the recombinant proteins, followed by anti-pThr antibodies (#93815, CST,
Danvers, MA, USA) to detect their autophosphorylation levels in vitro. SlBRI1-pFLAG-
MAC and K916E-pFLAG-MAC were the positive and negative controls, respectively. The
experiments were repeated 3 times and the detailed protocols were performed as previously
described [28,67].

4.9. Statistical Analysis

Data analysis in this study was carried out using SigmaPlot 12.0 (Systat Software Inc.,
Chicago, IL, USA). Significant differences were analyzed by one-way analysis of variance
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(ANOVA) and Tukey’s test via DPS 7.05. Mean and standard error values were calculated,
and the different letters indicate significant differences at p < 0.05.

5. Conclusions

Tomato fruit growth is a key biological process because of its close link with high yield.
BRs are considered to have good agricultural potential since they can promote fruit growth
by stimulating cell division and expansion. However, BR usually functions positively at
nanomolar concentrations, and concentrations that are too high and too low result unstable
effects. Thus, appropriate BR signal strength control is a key factor for the potential of BR
in tomato breeding. BRI1 is the major BR receptor kinase, and its phosphorylation sites
gradually influence BR signal strength and plant botanic characteristics. In this research,
the agronomic potential and molecular mechanism of SlBRI1 Thr-825 in tomato were
revealed. Mimic nonphosphorylation of Thr-825 could activate the autophosphorylation
level of SlBRI1, thereby enhancing BR signaling and the subsequent expression level of
SlBZR1. The expression of SlDELLA was then repressed accordingly and led to enhanced
GA signal strength. Cell division and expansion were subsequently changed because of
the comprehensive effect of these factors and eventually led to the larger plant shape and
increased fruit yield of tomato. Higher GA signaling in mimic nonphosphorylation of
SlBRI1 Thr-825 might contribute to a unique regulatory mechanism for increasing tomato
yield than mimic nonphosphorylation of SlBRI1 Thr-1050 and Ser-1040. These results reveal
the agronomic value of SlBRI1 Thr-825 in tomato breeding and provide a new candidate
phosphorylation site of SlBRI1 that can increase crop yields by precisely fine-tuning BR
signal strength.
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BR Brassinosteroid
BRI1 Brassinosteroid Insensitive1
IAA Indole-3-acetic acid
GA Gibberellic acid
Thr Threonine
Ser Serine
Tyr Tyrosine
CDK Cyclin-dependent kinase
LRR-RLK Leucine-rich repeat receptor-like kinase
BZR1 BRASSINAZOLERESISTANT1
BES1 BRI1-EMS SUPPRESSOR1
T825A Threonine-825-alanine
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T825D Threonine-825-aspartic acid
K916E Lysine-916-Glutamic acid
S1040A Serine-1040- alanine
T1050A Threonine-1050-alanine
GFP Green fluorescent protein
epi-BL 24-Epibrassinolide
BRZ Brassinazole
CPD Constitutive Photomorphogenesis and Dwarf
DWARF 6-DEOXOCASTASTERONE OXIDASE
GID1 Gibberellin Insensitive Dwarf 1
ARF2 AUXIN RESPONSE FACTOR-2
BIN2 BRASSINOSTEROID INSENSITIVE 2
qRT-PCR Quantitative real-time PCR analysis
MS Murashige and Skoog medium
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