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SUMMARY

Trichomes of aerial plant organs contribute to adaptive responses to abiotic and biotic stresses. In horticul-
tural plants, increasing glandular trichome density is an effective breeding strategy to enhance resistance to
herbivores through promoting the capacity to produce specialized metabolites. The regulatory mechanisms
controlling multicellular trichome formation are only partially understood. In this study, we reveal that
SIGRAS9 and SIMYC1 transcription factors form a regulatory module controlling glandular trichome forma-
tion in multiple tissues. Knockout of SIGRAS9 or overexpression of SIMYC1 in tomato leads to an increased
number of type VI glandular trichomes and to higher terpenoid accumulation in leaves, petals, sepals, and
fruits. Conversely, knockout of SIMYCT1 results in reduced type VI glandular trichomes number and terpe-
noid levels. Promoter-binding and genetic interaction experiments revealed that SIGRAS9 negatively regu-
lates the transcription of SIMYC1, indicating that the regulation of glandular trichome formation by
SIGRAS9 is dependent, at least partly, on SIMYC1. Consistently, both SIGRAS9 knockout and SIMYC1 over-
expression result in higher tolerance of tomato plants to spider mites and aphids. In addition to adding
some of the missing components to the mechanisms controlling formation of type VI glandular trichome,
our findings also uncover new targets for breeding strategies aimed at improving crop protection against
pest invasion, thus ensuring crop vyield resilience to climate change.

Keywords: trichome formation, tomato, type VI glandular trichome, terpenoid accumulation, spider mites,
aphids.
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INTRODUCTION

Climate change tends to expose crops to increasingly
severe environmental constraints, hence the major chal-
lenge of ensuring the resilience of crop yield to biotic and
abiotic stresses. Plant trichomes are specialized epidermal
appendages differentiated from epidermal cells that exist
on most organs in the aerial parts of plants, including
leaves, stems, petals, sepals, and fruits (Li et al., 2002; Pat-
tanaik et al., 2014; Werker, 2000). The morphology of tri-
chomes varies considerably among different species,
prompting their classification into several types, including
unicellular or multicellular, glandular or nonglandular, and
branched or unbranched (Baur et al., 1991; Yang &
Ye, 2013). Multicellular trichomes, especially glandular tri-
chomes, can be considered as cellular factories in which
various specialized metabolites such as terpenoids, alka-
loids, and flavonoids are produced, stored, and secreted
(Barba et al., 2019; Kang et al., 2010, 2014; Schilmiller
et al., 2008). Volatile terpenoids produced by multicellular
trichomes are important components of the volatile aroma
of fruits and flowers that are effective in attracting pollina-
tors and frugivorous animals, thereby making these com-
pounds an important element of the seed dispersal process
(Aharoni et al., 2003; Chen et al., 2003). In addition, plant
trichomes act as physical barriers and chemical reservoirs,
thus representing the first line of defense in plant resis-
tance to various biotic and abiotic stresses, including pest
predation, pathogen attack, excessive transpiration, ultravi-
olet radiation, and extreme temperature (Cho et al., 2017;
Frerigmann et al., 2012; Mauricio & Rausher, 1997; Paudel
et al., 2019; Tian et al., 2017; Zhang et al., 2020).

Because Arabidopsis can only differentiate single-cell
trichomes, most research on glandular trichome develop-
ment has focused on tomato (Solanum lycopersicum),
cucumber (Cucumis sativus), and sweet wormwood (Arte-
misia annua) (Chalvin et al., 2020). Among these species,
tomato is an excellent model for studying the development
of glandular trichome, building on high-quality genome
sequence, a routine genetic transformation system, and
extensive genetic resources, providing a wide diversity of
trichome types (Jeong et al., 2017; Kang et al., 2014; Tis-
sier, 2012). Indeed, there are seven types of trichomes in
cultivated tomato, of which types Il, Ill, and V are non-
glandular, and |, IV, VI, and VII are multicellular glandular
trichomes (Deng et al., 2012). Type VI glandular trichomes
have four head cells and represent the most abundant
glandular trichomes that produce and secrete terpenoids.
By comparison, types | and IV trichomes have single-cell
heads and are involved in the biosynthesis and secretion
of acyl sugars (McDowell et al., 2011). In this regard,
tomato glandular trichomes are important barriers allow-
ing plants to resist against pathogens and pests (Ken-
nedy, 2003; Leckie et al., 2016).

Several regulatory factors affecting tomato trichome
formation have been identified, including Woolly (Wo), a
homeodomain-Leu zipper IV (HD-ZIP) transcription factor
whose function acquisition mutation leads to a significant
increase in the density of type | glandular trichomes (Hua,
Chang, Wu, et al., 2021; Yang et al., 2011). Wo protein forms
a gradient along the axis of trichome, which plays a
dose-dependent role in trichome differentiation (Wu
et al., 2024). To regulate the formation of type | glandular tri-
chome, Wo can form heterodimers with the B-type cyclin
protein (SICycB2) (Gao et al., 2017). Moreover, Hair and its
homolog Hair2, which encode C2H2 zinc finger protein, can
interact with Wo to co-regulate the initiation and elongation
of type | glandular trichome in tomato (Chun et al., 2021).
HD-ZIP IV transcription factor Lanata (Ln) is a positive regu-
lator of trichome development, which can interact with Wo
and Hair, and the protein-protein interaction between Ln
and Wo can promote trichome formation by activating the
expression of SICycB2 and SICycB3 (Xie et al., 2022).
Another member of HD-Zip IV, SIHDS, has also been proven
to promote tomato trichome elongation by directly activat-
ing the transcription of cell-wall-loosening genes (Hua,
Chang, Xu, et al., 2021). In addition, many MYB transcription
factors, including SITHM1, SIMYB52, SIMYB75, and GLAND
CELL REPRESSOR (GCR) 1 and 2, have been reported to
negatively regulate glandular trichome formation (Chang
et al., 2024; Gong et al., 2021; Yuan et al., 2021). On the other
hand, down-regulation of the basic bHLH transcription factor
SIMYCT1 resulted in decreased terpenoid production as well
as altered type VI glandular trichome density and morphol-
ogy, indicating that SIMYC1 is a key regulator of type VI
glandular trichome formation in tomato (Hua, Chang, Wu,
et al., 2021; Xu et al., 2018). SIMYC1 is recruited by Wo to
activate the expression of terpene synthase genes, thereby
promoting terpene biosynthesis in type VI glandular tri-
chomes (Hua, Chang, Wu, et al., 2021). Despite the identifi-
cation of these regulatory components controlling tomato
trichome formation, our understanding of the regulatory
mechanisms underlying the formation of tomato trichomes
remains incomplete.

GRAS transcription factors play important roles in
plant growth and development, as well as in hormone sig-
naling and stress responses (Frerigmann et al., 2012;
Huang et al., 2017; Liu et al., 2020; Shi et al., 2024). Overex-
pression of SISCL3, a scarecrow-like (SCL) transcription
factor, leads to increased glandular trichome size and
terpenoid production, whereas the knockout of SISCL3
leads to decreased terpenoid levels, demonstrating the
ability of GRAS transcription factors to regulate tomato tri-
chome development (Yang et al., 2021). Here, we show
that SIGRASY, another member of this transcription factor
family, is expressed in tomato trichomes and negatively
regulates type VI glandular trichome formation and
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terpenoid accumulation in tomato leaf, petal, sepal, and
fruit tissues. We further show that the regulation of type VI
glandular trichomes is dependent, at least in part, on
SIMYC1, whose transcription is negatively regulated by
SIGRASY. Knockout of SIGRAS9 or overexpression of
SIMYC1 both result in a higher density of type VI glandular
trichomes in multiple tissues and lead to improved tomato
resistance to spider mite and aphid aggressors. Altogether,
our findings shed new light on the regulatory factors con-
trolling type VI glandular trichome formation and provide
novel and effective targets for improving the resistance of
tomato plants to spider mites and aphids.

RESULTS

SIGRAS9 is a potential regulator of glandular trichome
formation

Transcriptomic profiling of leaf trichomes and leaf tissues
of wild (S. habrochaites cv. LA1777) and cultivated (S. lyco-
persicum cv. LA4024) tomato accessions highlighted the
higher transcript abundance of four GRAS TFs, SIGRAST,
SIGRASY, SISCL3, and SIGRAS32 in trichomes compared
to leaves (Balcke et al., 2017) (Figure S1a,b). Among these,
SISCL3 has already been reported to be an important regu-
lator of terpenoid metabolism in type VI glandular tri-
chomes (Yang et al., 2021). To further investigate whether
other GRAS family members play a role in trichome forma-
tion, we assessed the transcript levels of 53 GRAS genes
present in the tomato genome by quantitative real-time
polymerase chain reaction (RT-qPCR). As expected, the
GRAS genes identified as highly expressed in glandular tri-
chomes include the previously described glandular
trichome development regulator SISCL3 (Yang et al., 2021).
Moreover, we revealed that SIGRASI1, SIGRASY, and
SIGRAS32 display high expression in type VI glandular tri-
chomes isolated from leaf tissues (Figure 1a). Among
these, SIGRAS9 showed high transcript level in all
trichome-rich tissues examined with the highest accumula-
tion in sepals (Figure S2a-c). Notably, trichomes account
for most of the expression of SIGRAS9 in stem and fruit
tissues, as shown by the higher transcript levels in tri-
chomes than in total stem and fruit (Figure S2d,e). Tomato
accessions can be categorized into two main types based
on their trichome density: (i) the trichome-rich accessions
that are characterized by high density of trichomes regard-
less of their type (including types I, Il, lll, IV, V, VI, and VII)
and (ii) the trichome-poor accessions that exhibit a small
number of trichomes (Figure S3a,b). To explore the poten-
tial role of SIGRAS9 in trichome formation, we first evalu-
ated the expression of SIGRAS9 at the transcript level in
eight tomato accessions with contrasting trichome density,
including four trichome-poor and four trichome-rich
tomato lines (Figure 1b). Interestingly, the SIGRAS9 tran-
script level is tightly correlated with trichome density

© 2025 The Author(s).

across different tomato accessions, with the highest level
found in trichome-poor tomato accessions and the lowest
level in the trichome-rich accessions (Figure 1b,c). Alto-
gether, these data suggest that SIGRAS9 plays a potential
role in trichome formation.

SIGRASY is involved in regulating trichome formation and
terpenoid accumulation in multiple tissues

The functional significance of SIGRAS9 in trichome forma-
tion was addressed through the generation of knockout
lines (Slgras9-CR) using gene editing by CRISPR/Cas9.
Scanning electron microscopy observation revealed higher
density of trichomes in Sigras9-CR leaves, sepals, petals,
and fruits compared to wild-type (WT) (Figure 2a). Asses-
sing the different types of trichomes in 1-month-old WT
plants indicated that type VI glandular trichomes are pre-
sent in all organs examined while type VII glandular tri-
chomes can be observed only in floral organs. It is worth
mentioning that in leaves, sepals, and fruits, types I, I, and
Il long trichomes have been counted together, while types
IV and V trichomes with similar morphology have been
considered together. Remarkably, the density of type VI
glandular trichomes significantly increased in all examined
organs of Slgras9-CR plants (Figure 2b-e). In addition, the
density of long trichomes (types I, Il, and Ill) was slightly
lower in fruits and sepals of Sigras9-CR plants than in WT
plants (Figure 2b—e). These data clearly indicate that misex-
pression of SIGRAS9 changes the type and density of tri-
chomes in multiple tissues, with the greatest effect
observed on type VI glandular trichome formation.

Volatile terpenes are important plant metabolites and
key actors of plant defense responses, with type VI glandu-
lar trichomes being the main producers of terpenoids in
plants (McDowell et al., 2011). Consistent with the
increased density of type VI glandular trichomes in differ-
ent organs of Slgras9-CR plants, the levels of volatile
terpenes assessed by gas chromatography-mass spec-
trometry (GC-MS) displayed significant increases in the
knockout lines. In particular, the concentrations of two ses-
quiterpenes (a-humulene and B-caryophyllene) and four
monoterpenes (d-elemene, a-pinene, o-terpinene, and y-
terpinene) were significantly higher in leaves, petals, and
fruits of Slgras9-CR plants compared to those in WT plants
(Figure 3a-d). In sepals, the contents of a-pinene and y-
terpinene were markedly enhanced in Slgras9-CR plants,
while o-humulene and B-caryophyllene were slightly
decreased (Figure 3b). To gain more insight into the role of
SIGRAS9 in terpene biosynthesis, we assessed the tran-
script levels of terpene synthase genes (TPS) by RT-qPCR
in Sigras9-CR and WT plants in three different
trichome-rich tissues, including young leaves, petals, and
mature green fruit (MG) trichomes. Consistent with GC-MS
data, RT-gPCR analysis indicated higher transcript levels of
TPS genes in young leaves, petals, and fruit trichomes of

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 122, e70183



4 of 15 Yuan Shi et al.

(a) Leaf Total trichome Glandular trichome (b)

LA0025

LA0198

500um

A
>

500um y Pl 500pm

Figure 1. SIGRAS9 was highly expressed in trichomes.

SISCL3
SIGRAS32

Trichome-rich tomato

()
1.5 7
c SIGRASY9
o
» p=0.83 467
§ 1.0
oo _ s
P p=1.26x10
[0) =3.15x10"°
2 0.5 + P >(p:t3.64><10'5
% |_-r_| p=3.83x10°
p=5.75x10"
& 1 =
1 1 1 1 1 1 1 |
\e] v > © \o) %] e} >
QQ']/ QQ\ Q\Q) Qb?.) \éb \.-b(’.) \,ﬁ) \cg\
SN SN S SN SN N &
NN N N N S (SRR

Trichome-poor tomato Trichome-rich tomato

(a) Heatmap representation of the expression patterns of 53 GRAS genes in leaves, total trichomes, and glandular trichomes. The expression levels of 53 GRAS

genes were detected by RT-qPCR.

(b) Observation of leaf surface of different tomato cultivars by scanning electron microscope (SEM). According to the trichome density, these tomato cultivars

can be divided into two types: trichome-rich and trichome-poor. Bars, 500 pm.

(c) The expression level of SIGRASY in different tomato cultivars was detected by RT-qgPCR. Data are means (+SD) of three biological replicates. The transcript
abundance of leaves of LA0025 tomato cultivar was set as 1. Statistical significance was determined by two-tailed Student'’s t test.

Slgras9-CR plants compared to WT (Figures S4-S6). How-
ever, dual-luciferase assays failed to show any significant
regulatory effect of SIGRAS9 on TPS gene promoters
(Figure S7). Taken together, these results support a nega-
tive role of SIGRAS9 in controlling terpenoid accumulation
in multiple tissues.

SIGRAS9 negatively regulates transcription of SIMYC1

Since the data described above support the hypothesis that
SIGRAS9 negatively regulates expression of TPS genes in
an indirect way, we sought to uncover the transcription
factors mediating the SIGRAS9-dependent repression of
TPS genes. Interestingly, previous DNA affinity purification
sequencing (DAP-seq) experiments revealed that the pro-
moter of SIMYC1, a key regulator of type VI glandular tri-
chome formation, is among the binding targets of

SIGRAS9 (Shi et al., 2024). This observation is consistent
with the markedly enhanced expression of SIMYCT in
young leaves and fruit trichomes of Sigras9-CR plants
(Figure 4a). Accordingly, the transcript level of SIMYC1
is higher in tomato accessions displaying high
trichome density (Figure 4b). In line with the idea that
SIGRAS9 is a direct repressor of SIMYC1, the
dual-luciferase assay revealed that SIGRAS9 significantly
reduced the luciferase activity driven by the SIMYCT pro-
moter fragment (Figure 4c,d). Furthermore, both electro-
phoretic mobility shift assay (EMSA) and yeast one-hybrid
experiments clearly showed that SIGRAS9 is able to bind
with specificity to the SIMYC1 promoter (Figure 4e,f). On
the other hand, firefly luciferase complementation imaging
assays failed to show interaction between the SIGRAS9
protein and known trichome-related factors (Figure S8). All
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(b—e) The density analysis of trichomes in leaves (b), sepals (c), petals (d), and fruits (e) of WT and Slgras9-CR plants. Data are means (+SD) of at least 10 biolog-
ical replicates. Statistical significance was determined by two-tailed Student’s t test. Significant differences are indicated by asterisks (*P < 0.05, **P < 0.01,

***P < 0.001).

these data suggest that SIGRAS9 regulates the expression
of TPS genes through the control of SIMYC1 transcription.

Overexpression of SIMYC1 increases trichome density in
multiple tissues

Previously, the knockout of SIMYC1 lines showed significant
decreases in the density and size of type VI glandular tri-
chomes in leaves (Hua, Chang, Wu, et al., 2021; Xu
et al., 2018). To clarify how SIGRAS9 and SIMYC1
co-regulate trichome formation and to further explore the
functional significance of SIMYC1, three independent
SIMYC1 overexpressing plants (35S:: SIMYC1) were gener-
ated (Figure 5a; Figure S9a,b). Scanning electron micros-
copy showed that trichome density was substantially higher
in SIMYC1-OE plants than in leaves, sepals, petals, and
fruits of WT plants (Figure 5a; Figure S9c). Remarkably, the

© 2025 The Author(s).

increased number of type VI glandular trichomes in multiple
tissues of SIMYC1-OE plants resembles the phenotype of
Slgras9-CR plants (Figure 5b-e; Figure S9c). Consistently,
the density of type VI glandular trichomes markedly
decreased in different tissues of SImyc1-CR plants, while
the number of types VIl and VIli-like (similar to the morphol-
ogy of VII glandular trichomes) glandular trichomes signifi-
cantly increased (Figure 5b—e).

GC-MS analysis showed a significant increase in ter-
penoid accumulation in leaves, sepals, petals, and fruits of
SIMYC1-OE plants compared to WT plants (Figure 6a-d).
Conversely, terpenoids content in SImyc1-CR plants was
reduced to almost undetectable levels, in line with the low
density of type VI glandular trichomes (Figure 6a—d). While
validating the essential role of SIMYC1 in the differentia-
tion of a specific type of trichome, these data also highlight
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(a) The expression level of SIMYC1 in leaves and fruit trichomes of WT and Sigras9-CR plants. The transcript abundance in young leaves and fruit trichomes of

WT plants was set to 1. Data are means (+SD) of three biological replicates.
(b) The expression level of SIMYCT1 in different tomato cultivars was detected by RT-
(c) Structural schematic diagrams of effector and reporter vectors used in the dual-lu

qPCR. Data are means (+SD) of three biological replicates.
ciferase assay. For reporter and effector constructs, the promoter of SIMYC1

was fused into the reporter vector, and the full-length coding sequence of SIGRAS9 was constructed into the effector vector.
(d) Regulation of the SIMYC1 gene promoter by SIGRAS9 based on the dual-luciferase assay. The empty effector was regarded as a calibrator (set as 1). Data
are means (+SD) of five biological replicates. Statistical significance was determined by two-tailed Student’s t test. The significant differences were indicated by

an asterisk (***P < 0.001).

(e) Yeast one-hybrid assay showing the binding of SIGRAS9 to the SIMYC1 promote
(f) SIGRAS9 binding to SIMYC1 promoter region assessed in vitro by electrophoret
protein was used as a negative control, —: absence; +: presence.

its role in the production of specialized metabolites by type
VI glandular trichomes.

Formation of type VI glandular trichome is mediated by
SIGRAS9 and depends at least partly on SIMYC1

To further assess the genetic interactions between SIGRAS9
and SIMYC1, Slgras9-CR was crossed with SIimyci-CR,

© 2025 The Author(s).
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ic mobility shift assay. The biotin-labeled DNA probe incubated with TF-His

allowing us to identify homozygous double mutants
(Slgras9-CR x SImyc1-CR) that were validated by DNA
sequencing. The trichomes number in leaf and fruit tissues
of WT, Sigras9-CR, SImyc1-CR, and Slgras9-CR x
Simyc1-CR plants were assessed by scanning electron
microscopy (Figure 7a). The data revealed that double
Slgras9/Simyc1 mutants display a high number of types VI
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(a) The trichome density in leaves, sepals, petals, and fruits of WT, SIMYC1-OE, and SImyc1-CR plants was observed by scanning electron microscopy. The bars

represent 200 and 500 um, respectively.

(b-e) Trichome density analysis in leaves (b), sepals (c), petals (d), and fruits (e) of WT, SIMYC1-OE, and SImyc1-CR plants. Data are means (+SD) of at least 10
biological replicates. Statistical significance was determined by two-tailed Student’s t test. Significant differences are indicated by asterisks (**P < 0.01,

***P < 0.001).

and VIl-like glandular trichomes and a low number of type
VI glandular trichomes, similar to the phenotype observed in
single SImyc1-CR mutants, suggesting that SIGRAS9 regu-
lates type VI glandular trichome formation through SIMYC1
(Figure 7a-c). These findings again support the role of the
SIGRAS9-SIMYC1 regulatory module in the formation of
tomato type VI glandular trichome.

Knockout of SIGRAS9 and overexpression of SIMYC1 both
result in enhanced tolerance of tomato plants to spider
mites and aphids

The contribution of glandular trichomes and terpenoid
production to plant pest resistance is well documented,
and terpenoids derived from glandular trichomes have
been reported to affect the survival and feeding behav-
ior of spider mites (Tetranychus urticae) and aphids

(Myzus persicae Sulz.) (Barba et al., 2019; Kang
et al., 2010, 2014; Schilmiller et al., 2008). We therefore
challenged the tomato plants impaired in SIGRAS9 and
SIMYC1 expression with spider mites and aphids, two
pests known to pose a serious threat to horticultural
crop production through direct sucking of young tissues
and virus transmission. The relative preference of spider
mites and the tolerance to aphids were tested on WT,
Sigras9-CR, SIMYC1-OE, and Simyc1-CR plants. WT
leaves exhibited severe disease phenotypes with yellow
patches and wilting symptoms (Figure 8a,b), whereas
Slgras9-CR and SIMYC1-OE leaves displayed fewer chlo-
rotic lesions after 30 days of feeding (Figure 8a,b).
Notably, the most severe damage was observed in
SImyc1-CR plants impaired in type VI glandular tri-
chome formation (Figure 8b). In addition, the number of

© 2025 The Author(s).
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Figure 6. Analysis of terpenoid levels in trichome-rich tissues of SIMYC1-OE and SImyc1-CR plants.
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Data are means (+SD) of three biological replicates. Statistical significance was determined by two-tailed Student’s t test. Significant differences are indicated

by asterisks (**P < 0.01, ***P < 0.001).
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Figure 7. Analysis of the trichome formation of Slgras9-CR and SImyc1-CR single and double mutants.

(a) The trichome density in leaves and fruits of WT, Slgras9-CR, SImyc1-CR, and Sigras9-CR x SImyc1-CR plants was observed by scanning electron micro-
scope. The red arrow indicates type VI glandular trichomes. The bars represent 200 and 500 um, respectively.

(b, ¢) The density analysis of trichomes in leaves (b) and fruits (c) of WT, Slgras9-CR, SImyc1-CR, and Sigras9-CR x SImyc1-CR plants. Data are means (+SD) of
at least 10 biological replicates. Statistical significance was determined by two-tailed Student’s t test. Significant differences are indicated by asterisks
(*P < 0.05, ***P < 0.001).

spider mite eggs on the leaves was significantly than to Slgras9-CR and SIMYC1-OE leaves (Figure 8c,d).
reduced in Sigras9-CR and SIMYC1-OE compared to Tolerance to aphids was also tested on flowers, show-
WT, indicating that the weaker colonization ability of ing that after 7 days of inoculation, the number of
spider mites on plants enriched in glandular trichomes aphids was significantly lower in Slgras9-CR and
(Figure S10). Moreover, the spider mite bioassays indi- SIMYC1-OE than in WT flowers (Figure 8e-h). Alto-
cated that a higher number of mites displayed a prefer- gether, these data indicate that down-regulation of

ence to move toward WT and SIimyc1-CR leaves rather SIGRAS9 or up-regulation of SIMYC1 promotes

Figure 8. Tolerance of Sigras9-CR, SIMYC1-OE, and SImyc1-CR plants to two-spotted spider mites and aphids.

(a, b) WT, Slgras9-CR (a), SIMYC1-OE, and SImyc1-CR (b) plants were inoculated with spider mites for 30 days. Twenty-five adult female mites were transferred
to individual leaves of 1-month-old WT, Sigras9-CR, SIMYC1-OE, and SImyc1-CR plants.

(c, d) Preference experiments were performed to analyze the preference of spider mites for WT, Sigras9-CR (c), SIMYC1-OE, and SImyc1-CR (d) plants. Ten adult
female spider mites were placed in the middle area with WT and transgenic plants’ leaflets. After 2 h, the number of mites that moved to different leaflets and
those that did not make a choice (non-choice) was counted. Data are means (+SD) of 10 biological replicates.

(e, g) WT, Slgras9-CR (e), SIMYC1-OE, and SImyc1-CR (g) plants were inoculated with aphids for 7 days. Twenty adult aphids were transferred to the inflores-
cence internodes of 1-month-old WT, Sigras9-CR, SIMYC1-OE, and SImyc1-CR plants. Red arrows point to the aphids.

(f, h) Aphids number of WT, Sigras9-CR (f), SIMYC1-OE, and SImyc1-CR (h) plants was counted 7 days after inoculation. Data are means (+SD) of five biological
replicates. Statistical significance was determined by two-tailed Student’s t test. The significant differences were indicated by asterisks (*P < 0.05, **P < 0.01,
*xxP < 0,001).

(i) Proposed model shows that SIGRAS9-SIMYC1 regulatory mode controls the type VI glandular trichome formation. SIGRAS9 can directly bind to and inhibit
the expression of SIMYC1, and the SIGRAS9-SIMYC1 module regulates the number of type VI glandular trichomes in multiple tissues.
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glandular trichome formation and leads to enhanced
tolerance of tomato plants to spider mites and aphids.

DISCUSSION

Unlike Arabidopsis that bears unicellular nonglandular tri-
chomes, tomato has typical multicellular glandular
trichomes, but the regulatory mechanisms controlling their
formation remain only partially understood. SIMYC1, a
basic helix-loop-helix (bHLH) transcription factor, has been
reported to control type VI glandular trichome develop-
ment and the regulation of terpene biosynthesis in tomato
(Xu et al., 2018). Our findings describe the role of
SIGRAS9, a transcription factor acting upstream of
SIMYC1, thus adding a new element to the mechanism
controlling the type VI glandular trichome formation
(Figure 8i). We provide a body of evidence, including trans-
activation assay, EMSA, and yeast one-hybrid experiments,
demonstrating that SIGRAS9, the tomato homolog of Ara-
bidopsis SCL8 gene, negatively regulates transcription of
SIMYC1. Our study indicates that SIGRAS9 is a repressor
of SIMYC1 transcription acting via direct binding to its pro-
moter. However, it is important to mention that protein-
protein interaction assays have failed to show the ability of
SIGRAS9 to interact with known transcription factors
involved in trichome development, including Wo, Hair, and
SICycB2, suggesting that SIGRAS9 operates through a
pathway independent of these factors. Altogether, these
data suggest that SIGRAS9 regulates glandular trichome
formation and expression of TPS genes through the con-
trol of SIMYC1 transcription, but independent of other
known factors.

Our study revealed the essential contribution of the
SIGRAS9/SIMYC1 module of transcription factors to type
VI glandular trichome formation in tomato. SIGRAS9 loss-
of-function in tomato promotes the formation of type VI
glandular trichome as well as increases in terpenoids con-
tent in leaf, sepal, petal, and fruit tissues. Accordingly, the
expression level of SIGRAS9 in trichome-rich tomato culti-
vars is significantly lower than that in trichome-poor
tomato cultivars. In addition, the expression of TPS genes
is significantly increased in the trichome-rich tissues of
Slgras9-CR plants, in line with the increase in glandular
trichome density and terpenoid accumulation. However,
although the transcript abundance of TPS genes is signifi-
cantly higher in Sigras9-CR plants, these genes are not
direct targets of SIGRAS9 as demonstrated by dual-
luciferase assay experiments. Previous studies reported
that down-regulation of SIMYCT led to a significant
decrease in the expression levels of SITPS5, SITPS9,
SITPS12, and SITPS20 in tomato leaves, indicating that
SIMYC1 may positively regulate the expression of TPS
genes (Xu et al., 2018). Here, we show that the SIMYC1
transcript is significantly increased in young leaves and
fruit trichomes of Slgras9-CR plants, consistent with the

idea that SIGRAS9 transcriptionally suppresses SIMYC1
expression. Interestingly, a previous study proved that
SIMYC1 can activate the expression of SITPS1, SITPS5,
and SITPS12 genes, but SIMYC1 lacks the ability to directly
bind to these TPS gene promoters (Hua, Chang, Wu, et al.,
2021). SIMYC1 can form a regulatory module with Wo and
is recruited into TPS promoters by Wo to activate the tran-
scription of SITPS1, SITPS5, and SITPS12, indicating that
SIMYC1 may regulate the expression of TPS genes in an
indirect manner (Hua, Chang, Wu, et al., 2021). A signifi-
cant increase in TPS genes transcript accumulation was
observed in Slgras9-CR plants, one possible reason being
the up-regulated expression of SIMYC1. Taken together,
our findings support that the regulation of TPS gene
expression by SIGRAS9 depends at least in part on
SIMYC1.

GRAS transcription factors are involved in the regula-
tion of a wide range of processes including hormone sig-
naling, plant growth and development, and stress
responses, but so far there are few reports regarding a role
in trichome formation (Huang et al., 2017; Liu et al., 2020;
Niu et al., 2017). We show here that the SIGRAS9 transcript
is significantly lower in trichome-rich tomato cultivars than
that in trichome-poor tomato cultivars. On the other hand,
SIMYC1 is instrumental to the development of type VI
glandular trichome, and knocking out SIMYC1 led to defec-
tive type VI glandular trichome development, decreased
type VI glandular trichomes number, and terpenoid accu-
mulation in tomato leaves (Xu et al.,, 2018). Notably,
SIMYC1 displays a high level of expression at the tran-
script level in the leaves of trichome-rich tomato acces-
sions, in contrast to SIGRASY, which shows a low level of
expression in these cultivars. Furthermore, the number
of type VI glandular trichomes and terpenoid accumulation
were significantly increased in leaf, petal, sepal, and fruit
tissues of SIMYC1-OE plants, in sharp contrast to the
developmental defects of type VI glandular trichomes in
SImyc1-CR plants. SIGRAS9 and SIMYC1 double mutants
showed phenotypes similar to those of SIMYCT single
mutants, indicating that SIMYC1 acts downstream of
SIGRAS9. The regulation by SIGRAS9 of trichome develop-
ment is at least partially dependent on SIMYC1.

Remarkably, the knockout of SIGRAS9 and the overex-
pression of SIMYC1 both show increased type VI glandular
trichome density, higher accumulation of terpenoid com-
pounds in multiple tissues, and also improved resistance
to spider mites. In addition, the knockout of SIGRAS9 or
the overexpression of SIMYC1 significantly affects the
feeding behavior of aphids, as shown by a lower number
of aphids in inflorescences of Sigras9-CR and SIMYC1-OE
plants. The outcome of the study designates SIGRAS9 and
SIMYC1 as potential effective targets for breeding strate-
gies aiming to enhance the resistance of plants to herbivo-
rous pests. Altogether, our finding reveals a new
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regulatory module and provides additional evidence for
the correlation between glandular trichome density and
terpenoids content. They also provide a means to improve
plant resistance to pests through modulating the expres-
sion of SIGRAS9 and SIMYCT1. In this regard, our present
study opens a new avenue for effective strategies aiming
to increase the resilience of crop plants to environmental
stresses via enhancing trichome density and promoting
the differentiation of specific types of glandular trichomes.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

Transgenic plants (Slgras9-CR #1 and Slgras9-CR #2 lines were
used in our previous study) were generated in the Micro-Tom
(Solanum lycopersicum) background via the A. tumefaciens-
mediated infection method as previously described (Shi
et al., 2024). Overexpression and knockout lines of SIMYC1 in the
Micro-Tom background were kindly donated by Professor Shuang
Wu. The trichome-rich and trichome-poor tomato accessions were
kindly donated by Professor Ning Li. The wild-type (WT) and
transgenic plants are cultivated in a standard greenhouse under
controlled conditions (16 h light, 25°C; 8 h dark, 18°C; 60% relative
humidity).

Trichome counts and phenotyping

Trichome counts and phenotyping were carried out based on the
method in our previous study (Yuan et al., 2021). The leaves and
stems of 1-month-old tomato plants, petals, and sepals from
2 days before anthesis and fruits at the mature green stage were
used for trichome counting. Different types of trichomes were ana-
lyzed and observed by JNOEC JSZ5B stereo microscope (JNOEC,
Nanjing, China) and Hitachi TM400 plus scanning electron micro-
scope (Hitachi, Tokyo, Japan). Leaves with an area of 4.5 mm?,
sepals with an area of 1.2 mm?, petals with an area of 1.2 mm?,
and fruits with an area of 12 mm? were used to calculate the num-
ber of different types of trichomes. At least eight biological repli-
cates were performed for statistical analysis.

Analysis of volatile metabolites

Fresh young leaves, sepals, and petals were dipped in an appro-
priate amount of tert-butyl methyl ether for 5 min and gently
shaken to extract trichome exudates. For the detection of volatile
metabolites of fruit trichomes, mature green fruits were frozen
and shaken in liquid nitrogen in a 50-ml tube with a vortex mixer
to separate trichomes. Trichome exudate was concentrated under
nitrogen gas, n-tetradecane (Sigma, St. Louis, MO, USA) was used
as an internal standard, and volatile terpenoids were analyzed via
gas chromatography-mass spectrometry (GCMS-TQ8040; Shi-
madzu, Kyoto, Japan) according to the method of Lewinsohn
et al. (2001).

Spider mites and aphids bioassays

Two-spotted spider mites (Tetranychus urticae) were treated as
described by Li et al. (2004). Twenty adult female mites were
transferred to 1-month-old tomato plants for inoculation experi-
ments. Phenotypes of WT and transgenic plants were analyzed
after 30 days of infection. Ten adult female mites were moved
onto the leaf discs of WT, Sigras9-CR, SIMYC1-OE, and SImyc1-CR
plants for fecundity analysis. Eggs were counted at 24 h intervals

© 2025 The Author(s).

for 3 days. Based on the method of Wang et al. (2020), 20 adult
aphids were transferred to 1-month-old tomato plants for inocula-
tion experiments. Phenotypes of WT and transgenic plants were
analyzed after 7 days of infection. The inoculated plants were cul-
tured under controlled conditions (16 h light, 25°C; 8 h dark, 18°C;
60% relative humidity).

RNA isolation, cDNA synthesis, and real-time PCR analysis

In order to separate type VI glandular trichomes from leaf tissues,
1-month-old WT leaves were placed in 200 ml of 70% ethanol, and
15 g of sterilized glass beads with a diameter of 1 mm were added
and shaken for 5 min (Bergau et al., 2016; Hua, Chang, Wu, et al.,
2021; Schilmiller et al., 2010). Remove the leaves in 70% ethanol,
and filter the mixture on 350 and 100 um nylon mesh in turn (Ber-
gau et al., 2016; Hua, Chang, Wu, et al., 2021; Schilmiller
et al., 2010). Transfer the supernatant to a 50-ml centrifuge tube
and centrifuge at 7200 g for 10 min to obtain type VI glandular tri-
chomes for subsequent RNA extraction.

For RNA extraction, plant tissues were collected and frozen
with liquid nitrogen, and total RNA was isolated by RNAprep Pure
kit (TIANGEN, Beijing, China). The total RNA was reverse tran-
scribed into cDNA according to the manufacturer’s instructions of
PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara, Osaka,
Japan). TB Green Premix Ex TagTM Il (Tli RNaseH Plus) (Takara,
Osaka, Japan) was used for RT-gPCR. The RT-qPCR procedure
was conducted on the Bio-Rad CFX96 system (Bio-Rad, Hercules,
CA, USA) with the cycling program: 30 sec at 95°C, 39 cycles of
5 sec at 95°C, 30 sec at 60°C, and 5 sec at 65°C. The relative fold
change of each gene was calculated by the 2724Ct method, and
SlActin was used as the internal reference gene. All primers are
listed in Table S1.

Electrophoretic mobility shift assay

Full length of SIGRAS9 gene coding region was amplified and
cloned into the pCold™ TF (Takara, Osaka, Japan) vector, and the
recombinant expression vector was transformed into Escherichia
coli strain BL21 (Weidi, Shanghai, China) to generate His-fusion
proteins. The SIGRAS9-His protein was induced with 0.1 mm
isopropyl-b-b-thiogalactopyranoside (IPTG) for 24 h at 16°C and
purified according to the instructions of a His-tagged protein puri-
fication kit (QIAGEN, Dusseldorf, Germany). Biotin 3' End DNA
Labeling Kit (Thermo, Waltham, MA, USA) was used to biotin-
label the designed probes of target genes. EMSA assay was per-
formed according to the manufacturer's instructions of Light
Shift®@ Chemiluminescent EMSA Kit (Thermo). The protein con-
centration used in EMSA assay was 1.5 mg ml~". The concentra-
tions of biotin probe, mutant biotin probe, and mutant probe
without biotin were 5.6, 4.3, and 5.8 ng ul~", respectively. The
concentrations of competitive probes were 53.5, 5.6, and
2.5 ng pul™", respectively. All primers used can be found in
Table S1.

Dual-luciferase transient expression assay

The dual-luciferase transient expression assay was performed as
described previously (Liu et al., 2020). The full length of the
SIGRAS9 gene coding region was amplified and cloned into
the pGreenll 62-SK vector, and the promoter fragments of target
genes were cloned into the pGreenll 0800-LUC vector. The recom-
binant plasmids were transformed into A. tumefaciens strain
GV3101 (Weidi, Shanghai, China). The bacterial solution contain-
ing pGreenll 62-SK and pGreenll 0800-LUC plasmids was mixed at
the ratio of 9:1, and then injected into 1-month-old tobacco leaves.
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The expression values of LUC and REN were detected by the com-
mercial dual-luciferase reporter gene assay system (Promega,
Madison, WI, USA). At least five independent biological replicates
were measured for each combination. All primers are listed in
Table S1.

Yeast one-hybrid assay

Full length of SIGRAS9 gene coding region was amplified and
inserted into the pGADT7 vector, and the promoter fragment of
SIMYC1 gene was amplified and inserted into the pAbAi vector.
The recombinant plasmid was transformed into Y1H Gold yeast
strain according to the instructions of Yeastmaker™ Yeast Trans-
formation System 2 (Takara, Osaka, Japan). The transformed
yeast cells were incubated on SD/—Ura or SD/—Ura/AbA medium
(Aureobasidin A; Clontech, San Francisco, CA, USA). The
pGADT7-SIGRAS9 plasmid was further transformed into
the recombinant yeast strain, and the transformed yeast cells were
incubated on SD/-Leu or SD/-Leu/AbA medium. The empty
pGADT7 plasmid was transformed into the recombinant yeast
strain as a negative control. The DNA-protein interaction between
SIGRASS9 and the promoter fragment of SIMYC1 gene was tested
based on colony growth. All primers are listed in Table S1.

Firefly luciferase complementation imaging assay

The firefly luciferase complementation imaging assay was per-
formed based on the description by Chen et al. (2008). Full length
of SIGRAS9 coding sequence was cloned into pCAMBIA-nLUC
vector, and full length of Wo, Hair, SICycb2, and SIMYC1 coding
sequences were cloned into pCAMBIA-cLUC vector. The recombi-
nant plasmids were subsequently transformed into A. tumefaciens
strain GV3101 and transiently co-expressed in 1-month-old
tobacco leaves as previously described (Shi et al., 2021). Three
days after transfection, 1 mm luciferin (Promega, Madison, WI,
USA) was applied to the injected tobacco leaves and kept in the
dark for at least 6 min. The LUC images were captured by the low-
light cooled CCD imaging apparatus (Alliance, Cambridge, UK).
For each combination, at least five independent tobacco leaves
were observed. All primers are listed in Table S1.
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Figure S1. The transcript levels of GRAS genes in cultivated
(LA4024) and wild (LA1777) tomato cultivars.

Figure S2. SIGRAS9 was highly expressed in trichome-rich
tissues.

Figure S3. Trichome density in different tomato accessions.

Figure S4The expression levels of tomato TPS genes in leaves of
Slgras9-CR plants.

Figure S5. The expression levels of tomato TPS genes in petals of
Slgras9-CR plants.

Figure S6. The expression levels of tomato TPS genes in fruit tri-
chomes of Slgras9-CR plants.

Figure S7. The regulatory effect of SIGRAS9 on TPS genes.

Figure S8. Protein—protein interaction between SIGRAS9 and other
trichome-related proteins.

Figure S9. Trichome density in SIMYC1-OE plants.

Figure S$10. Fecundity analysis of two-spotted spider mites on WT,
Slgras9-CR, SIMYC1-OE, and SImyc1-CR plants.
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