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Abstract

Morphological and Molecular Characterization of

Mutants with Distorted Trichomes in Tomato

Jae-In Chun

Major of International Agricultural Technology
Department of International Agricultural Technology
Graduate School of International Agricultural Technology

Seoul National University

Trichomes are hair-like structures on the aerial surface of many plant species.
Trichomes are well characterized for their function as physical and chemical defense
against biotic and abiotic stresses. Despite the important roles of trichomes in plant
defense, most of the genes for multicellular trichome formation including tomato
remain unknown. To identify genes related to trichome development in tomato, we
screened Micro-Tom mutant population generated by Ethylmethane sulfonate (EMS)
mutagenesis and obtained four mutants with distinct trichome phenotypes compared
with wild-type (WT) Micro-Tom plants. All mutants that we obtained have a similar
trichome morphology with distorted and curled trichomes like previously known
tomato mutants Aairless (hl) and inquieta (ini). So we designated the new mutants as
hi2, hi3, hi4, and hl5. Here, we describe the characterization of the new mutants in
detail. Previously, we demonstrated that H/ and Ini genes are involved in the
polymerization of actin cytoskeleton. Given similar trichome morphology among the

new mutants, 4/, and ini, we hypothesized that genes corresponding to the new four



mutants are also related to actin polymerization. We performed reverse transcription
(RT)-PCR from the new four mutant leaves using 16 specific primer set for actin-
related protein (4ARP)2/3 and WAVE complex genes which are involved in actin
polymerization. All genes were amplified with expected size in the four mutants
except for ARPCI gene which showed different fragment size between WT and hl5
plants. cDNA and genomic DNA sequencing of ARPC1 gene revealed that a single
base substitution of G to A at the 5’-donor site of the intron 9 in 4/5 mutant caused
missplicing and generated premature stop codon. We demonstrated that expression
of a WT ARPCI cDNA in the A4/5 mutant background recovered normal trichome
development. These results establish a role for ARPC! in the development of tomato
trichomes and also implicate the actin-cytoskeleton network in trichome

morphogenesis.
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Introduction

Trichomes are fine outgrowths derived from epidermal cells on the leaf,
hypocotyl, stem, and floral organs of plant species. They perform diverse biological
functions such as protection against biotic stresses, including insect and pathogen
attack (Kennedy 2003; Shepherd et al. 2005) and adaption to abiotic stresses such as
water loss and UV-B radiation (Ehleringer and Mooney 1978; Karabourniotis et al.
1992). Trichomes are normally classified as being either non-glandular or glandular
and either unicellular or multicellular and may vary in size, shape, number of cells,
morphology, and chemical composition (Goffreda et al. 1989; Kang et al. 2010a, b;
Schimiller et al. 2009; Nonamua et al. 2008; Tian et al. 2012). As trichomes are
easily accessible to a combination of genetic, cell biological and molecular methods
they have become an ideal model system to study various aspects of plant cell

morphogenesis (Schwab et al. 2000).

As a model plant, Arabidopsis has been well studied for transcriptional regulatory
network in the initiation and development of trichomes through genetic and
molecular analysis. Trichome development is controlled by a trimeric transcriptional
complex consisting of R2R3 MYB proteins, basic helix-loop-helix (bHLH) proteins,
and a WD40 repeat (WDR) protein. This MYB-bHLH-WDR complex positively
regulates the expression of the homeodomain transcription factor GL2 to regulate
trichome initiation (Szymanski et al. 1998; Ramsay and Glover 2005; Zhao et al.
2008). Recently, C2H2 zinc finger proteins (ZFPs) including GLABROUS
INFLORESCENCE STEMS (GIS) and ZFP5 were identified as upstream
transcriptional regulators to control the expression of MYB or bHLH genes (Gan et
al. 2006; Yan et al. 2014). After trichome formation in initiated, trichome cells are
enlarged and develop branches by arresting cell division and switching to the
endoreplication cycles, which are genetically controlled by several different genes
including SIAMESE and ZWICHEL (Oppenheimer et al. 1997; Walker et al. 2000;
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Grebe 2012). Finally, the actin-related protein (ARP)2/3 complex involved in
nucleating actin filaments, and the WAVE complex that regulates ARP2/3 activity,
are required to maintain polarized stalk and branch growth. The ‘distorted group’
mutants were identified based on the aborted branch and swollen phenotype
(Szymanski, 2000) and these genes encode subunits of two different complexes that
directly regulate the actin cytoskeleton; ARP2/3 complex that nucleates actin
filaments and the WAVE complex that regulates the activity of ARP2/3 (Szymanski,
2005).

Cultivated tomato (Solanum lycopersicum L.) and its wild relatives have at least
seven distinct types of trichomes that differ with respect to size, cell number, and the
presence of glandular secreting cells (Luckwill 1943). Among the non-glandular
trichome types (type 11, III, and V), type II and type III trichomes are similar in
length but differ by the presence of a multicellular and unicellular base, respectively.
The shortest type V trichomes have a unicellular base. Among four different
glandular trichomes (type I, IV, VI, and VII), type I trichomes have a multicellular
base, a long multicellular stalk, and a small glandular tip. Type IV trichomes contain
a unicellular base, a short multicellular stalk, and a small secreting glandular tip.
Type VI trichomes consist of a four-celled glandular head on a short multicellular
stalk, whereas type VII trichomes have a unicellular stalk and an irregularly shaped

4- to 8-celled gland (Luckwill 1943; Kang et al. 2010). The glandular trichomes

have been well characterized as chemical “factories” that produce diverse

specialized metabolites implicated in anti-insect defense. For instance, terpenoids,
flavonoids, 2-tridecanone and other methyl ketones synthesized in type VI trichomes
of cultivated tomato and its wild relatives exert toxic effects on several arthropod
pests, including tobacco hornworm (Manduca sexta), aphids (Macrosiphum
euphorbiae and Myzus persicae), and Colorado potato beetle (Leptinotarsa
decemlineata) (Williams et al. 1980; Kennedy 2003; Kang et al. 2010b). Acyl sugars

secreted from type IV trichomes of S. pennellii play an important role in the



resistance to numerous insects such as whiteflies (Bemisia argentifolii and
Trialeurodes vaporariorum), beet armyworm (Spodoptera exigua), tomato
fruitworms, and aphids (Goffreda et al. 1990; Rodriguez et al. 1993; Juvik et al.
1994; Kennedy 2003). Given the important roles of these compounds in plant
protection, recent research has focused on understanding the underlying biochemical
pathways required for their synthesis (Sallaud et al. 2009; Schilmiller et al. 2009;
Bleeker et al. 2012; Schilmiller et al. 2012; Kang et al. 2014). However, our
understanding of how multicellular trichomes develop is still in its infancy and only
a few genes controlling trichome development have been identified. For example,
the Woolly gene encoding a homeodomain-containing transcription factor regulates
type I trichome development (Yang et al. 2011). The Hairless (HI) gene encoding
the SRAI subunit of the WAVE regulatory complex is required for proper cell
enlargement and cell shape of all trichome types in tomato (Kang et al. 2016). The
Inquieta (Ini) gene was identified that encodes the ARPC2A4 involved in nucleating

the polymerization of actin filaments (Jeong et al. 2017).

The h/5 mutant was generated by Ethylmethane sulfonate (EMS) mutagenesis
from Micro-Tom (Watanabe et al. 2007). The Al5 mutant has a phenotype of
distorted and curled trichomes on all tissues. Previous studies showed that hairless
and iniquieta mutants have distorted trichomes and the corresponding genes are
involved in the polymerization of actin cytoskeleton (Kang et al. 2016; Jeong et al.

2017). So we predicted that the 4/5 mutant is also related to actin polymerization.

In this paper, we were able to do both analysis of trichome morphology of Al5
mutant and also identification of H/5 gene. Our results show that the ARPCI gene,
which encodes a subunit of ARP2/3 complex corresponds to 4/5 mutant. Molecular
analysis revealed a point mutation occurred in ARPCI gene of Al5 mutant plants.
This mutation in exon 9 led to premature termination codons by skipping the entire
forward exon. These findings provide compelling evidence that altered trichome

development in the /4/5 mutant is caused by a defect in ARPC].



Materials and methods

1. Plant materials and growth conditions

Tomato (Solanum lycopersicum) cv Micro-Tom (accession number LA3911) was
used as the wild type (WT) for all experiments. Seeds for WT and EMS
mutagenized mutant 4/2, hi3, hl4, and hl5 (accession number TOMJPW4375) were

obtained from Gene Research Center (University of Tsukuba, Ibaraki, Japan).

Seedling were grown in Jiffy peat pots (Jiffy products international AS, Norway)
in a growth chamber maintained under 16 h of light (150 wmol m-2 s-1) at 24C and
8 h of dark at 18 C and 60% humidity. Three-to four-week-old plants were sampled

for morphological analysis.

2. Analysis of trichome morphology

A dissecting microscope (Leica M205A, Wetzlar, Germany) equipped with
LED5000 RL light sources (Leica, Wetzlar, Germany) and a Leica MC170 HD
Camera (Leica, Wetzlar, Germany) was used to analyze trichome morphology, size,

and density. The images were analyzed with Photoshop Imaging Suite.

To examine trichome morphology in detail, Scanning Electron Microscopy (SEM)
was performed using a Tabletop Microscope TM3030plus (Hitachi High-
Technologies Corporation, Tokyo, Japan). The images were captured using 5kV to
minimize surface charging of the trichomes. The images were analyzed with
TM3030plus application software (ver. 01-05-02) and assembled with Photoshop
Imaging Suite. All measurements were performed on WT and 4/5 plants grown side-

by-side in the same growth chamber.



3. RT-PCR and genomic DNA PCR

Ribonucleic acid (RNA) extracted from leaves (TRIzol Reagent, Thermo Fisher
Scientific) was used for complementary deoxyribonucleic acid (¢cDNA) synthesis
(Thermoscript RT-PCR system, Invitrogen) according to the manufacturer’s
instructions. Full-length ¢cDNAs corresponding to tomato actin related protein
(ARP2/3)-WAVE complex genes were amplified by polymerase chain reaction (PCR)
(T100 thermal cycler, BioRad). All primer sets used for reverse transcription (RT)-
PCR are listed in Table 2. A cDNA encoding Actin was PCR-amplified using the

Actin primer set (Table 2) and used as a loading control. RT-PCR (20 pL) contained

2 uL ¢cDNA template, 1 pL of a 10 uM solution of each primer, 10 uL Solg™ 2X

Taq PCR Smart mix 2 (#SEF02, Solgent, Daejeon, Korea). The amplification
protocol included an initial 2 min denaturation step at 95C, followed by 35 cycles
in which the template was denatured for 20 s at 95C, annealed for 40 s at 60 C, and
extended for 2~6 min at 72°C depending on expected cDNA length, followed by a
final incubation for 5 min at 72 C. Amplified DNA products were separated on a 1%

agarose gel.

Genomic DNA fragments corresponding to SIARPCI from WT and hl5 plant were
PCR-amplified using the primer set listed in Table 2. PCR reactions (20 uL)

contained 2 uL gDNA template, 1 pL of a 10 uM solution of each primer, 10 pL

Solg™ 2X Taq PCR Smart mix 2 (#SEF02, Solgent, Daejeon, Korea). Amplicons

were produced by an initial 2min denaturation step at 95 C, followed by 35 cycles in
which the template was denatured for 20 s at 95C, annealed for 40 s at 60 C, and
extended for 2 min at 72°C, followed by a final incubation for 5 min at 72°C.
Amplified products were separated on a 1% agarose gel. Automated nucleotide

sequencing was performed at Cosmogenetech (Seoul, Korea).



4. Amino acid alignment and phylogenetic analysis

ARPCI1 amino acid sequences from S. lycopersicum SIARPC1 (Solyc05g006470),
A. thaliana AtARPC1A (NP_180648.1), A. thaliana AtARPC1B (NP_180688.1), S.
tuberosum  StARPC1A1B  (XP_006357213.1), N. tabacum NtARPCIA
(XP_016461293.1), O. sativa OsARPCIB (XP_015623093), D. melanogaster
DmARPCI1A1B (NP 476596.1), B. Taurus BtARPCIA (NP _001068827.1), B.
Taurus BtARPC1B (NP _001014844.1), C. elegans CeARPC1A1B (NP _499570.1)
and S. cerevisiae SCARPC1A1B (NP_009793.1) were aligned using CLUSTALW. In
CLUSTALW, the gap-opening and gap-extension penalties were set at 10 and 0.1,
respectively, and the alignment was refined by using color align conservation
(http://www.bioinformatics.org/sms2/index.html). The phylogenetic tree was
constructed with the Maximum Likelihood method based on the JTT matrix-based

model in MEGAT7.

5. Vector construct

RNA was extracted from Micro-Tom (LA3911) tomato leaf using TRIZOL
(Sigma-aldrich, 15596018, St.Louis, USA). The full length of ARPCI fragment was

amplified from ¢cDNA using Solg™ 2X Taq PCR Smart mix 2 (#SEF02, Solgent,

Daejeon, Korea) with 5’- CGGATCCATGGCAGCAACTTCAGTACACAA -3’ and
5’-  CCGCTCGAGTCATAGATAGTCCAATAAATCTTCTTGTTTCTGCAA -3’
primer set. PCR product was purified using a gel extraction kit (Cosmogenetech,
CMAO112, Seoul, Korea). A pGEM-T plasmid containing a cDNA for the entire
coding region of SIARPC1 was reamplified with the ARPC1-BX primer set (Table 2).
The resulting fragment was digested with BamH [ (NEB, #R3136S, Ipswich, USA)
and Xho I (NEB, #R0146S, Ipswich, USA) restriction enzymes to release a 1.1-kb



fragment. This product was cloned into BamH I and Xho I sites of the pBI-Tony
binary vector, which contains the Cauliflower Mosaic Virus (CaMV) 35S promoter
and the nopaline synthase (NOS) terminal, to generate pTony-35S::ARPCI. The
ARPCI promoter region (approximately 4.5kb) was amplified by PCR (T100
thermal cycler, BioRad) using the ARPC1-SB primer set (Supplemental Table S0).
The resulting fragment was digested with Shfl and Xbal and cloned into the SbHfI and
Xbal sites of pBI-Tony-35S::ARPCI to replace 35S promoter.

6. Tomato transformation

Cotyledons were used for transformation when there were no or minimal true
leaves present on seedlings. Cotyledons were cut into four pieces and tips and bases
were discarded. Middle parts of cotyledons were placed upside up on MS medium
containing 2mg/L Zeatin, 0.1M acetosyringone (MS-Z) with a sterile filter paper
for 2 days in a growth chamber at 25°C, under 16h of light (50umol m-2s-1), 8h of
dark and 60% humidity. Two days before co-cultivation, the 4. tumefaciens strain
LBA4404 containing the construct of ARPCI were streaked onto LB agar medium
supplemented with 100mg/L Streptomycin, SO0mg/L Rifampicin, 50mg/L Kanamycin.
The plates were incubated for 36~48 h at 28 C until colonies have developed.
Colonies were selected from the plate and transferred to 30mL MS liquid medium
and diluted to ODgy value of 0.5. 0.1M acetosyringone was added to the final
concentration of 100uM. The A. tumefaciens strain LBA4404 with vector construct
culture was grown in a 250ml flask for 2 h at 28 C, 200rpm. 10ml of acetosyringone
treated Agrobacterium culture was pipetted over the pre-incubated cotyledons and
incubated for 10 min. The explants placed upside up on new MS-Z plate with sterile
filter paper and co-cultivated for 2 days in a 25C growth chamber. After two days of
co-cultivation, the explants were rinsed in sterile water with 100mg/L Carbenicillin.
The sterilized explants were transferred onto MS media containing 2mg/L Zeatin,

500mg/L Carbenicillin, 50mg/L Kanamycin. The plates were incubated in the 25C



growth chamber for 10days. On day 10, cotyledons were transferred to new media
plates. Thereafter explants were transferred at intervals of two weeks. Grown callus
were transferred to MS media including 1mg/L Zeatin, 500mg/L Carbenicillin,
100mg/L. Kanamycin. Thereafter grown shoots were cut off from explants and

placed in MS media including 250mg/L Carbenicillin, 100mg/L Kanamycin.

7. Transgenic plants for complementary test

The resulting construct was introduced into Agrobacterium tumefaciens strain
LBA4404 and used to transform Al5 cotyledon explants. . The presence of the
Transfer deoxyribonucleic acid T-DNA insert in independent primary (T,)
transformants was confirmed by PCR using the 35S5::4RPC1 primer set (Table 2) to
amplify a fragment spanning the CaMV promoter and ARPCI cDNA. The resulting
construct (pBI-Tony-ARPCI::ARPCI) was introduced into Agrobacterium
tumefaciens strain LBA4404 and used to transform #l5 cotyledon explants. The
presence of the T-DNA insert in independent primary (T,) transformants was
confirmed by PCR using the ARPCI::ARPCI primer set (Table 2) to amplify a
fragment spanning the natural promoter and ARPCI cDNA. Regenerated T,
transgenic plants containing the ARPC1 transgene were potted in soil and transferred
to a growth chamber for preliminary analysis of trichome morphology. These plants
were subsequently transferred to a greenhouse for collection of seed (T; generation)

from individual lines.



Results

1. Screening of Micro-Tom mutants related to trichome development

To study genes involved in trichome development in tomato, we screened Micro-
Tom mutant population generated by Ethylmethane sulfonate (EMS) mutagenesis
and selected four mutant lines showing abnormal trichome structure compared with
wild-type (WT) plants. The images of dissecting microscopy showed that these four
mutants have defects in trichome structure in leaves and stems (Figure 1), similar to
previously known tomato trichome mutants hairless (hl) and inquieta (ini) which
have swollen and distorted trichomes (Kang et al. 2010a; Jeong et al. 2017). So we

designated the new mutants as 4/2, hl3, hi4, and hl5.

2. RT-PCR analysis of tomato homologs of the ARP2/3-WAVE complex in hl2,

hi3, hl4, and hl5 mutants

Previous studies demonstrated that H/ and Ini encode SRA1 and ARPC2A,
respectively, which are subunits of actin-related protein (ARP)2/3 and WAVE
complexes involved in actin cytoskeleton formation (Kang et al. 2016; Jeong et al.
2017). In addition, Arabidopsis mutants defected in ARP2/3 or WAVE complex
genes showed abnormally distorted trichomes (Basu et al. 2004; El-Assal et al. 2004;
Szymanski 2005). So we hypothesized that the new four mutants are also defected in
ARP2/3 or WAVE complex genes important for actin cytoskeleton formation. To test
this hypothesis, we identified putative tomato homologs of the known subunits of
the Arabidopsis ARP2/3 and WAVE complexes (Szymanski 2005; Jeon_g et al. 2017,
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Table 1). Arabidopsis has 9 genes for ARP2/3 and 5 genes for WAVE complex.
Tomato also has all homologs found in Arabidopsis. In Arabidopsis, ARP3, ARPC3,
and SCAR?2 genes are single genes. However, tomato homologs of these genes are
found to be two genes. In contrast, Arabidopsis ARPCIA and ARPCIB are found to
be the same gene in tomato (Table 1). So we predicted that tomato has 10 genes for

ARPC2/3 and 6 genes for WAVE complex.

We used the full-length cDNA of the 16 homologs of ARP2/3-WAVE complex
genes for RT-PCR to compare the expression pattern between the four mutants and
WT plants. Among the 16 homologs, Solyc02g014540 and Solyc03g043720 were
not amplified in WT (data not shown). The expression pattern of other 14 genes
except Solyc05g006470 was similar between the mutants and WT plants. The PCR
fragment size of hl5 Solyc052006470 was slightly small compared with WT
Solyc05g006470 (Figure 2).

3. hil5 affects trichome development

As observed with light microscopy, the morphology of trichomes on leaves, stems,
hypocotyls, and sepals of the 4/5 mutant was significantly different from wild-type
parent (cv Micro-Tom). The most obvious 4/5 phenotypes were the appearance of
highly twisted and swollen trichomes (Figure 3). The identity of the distorted
structures of /4[5 as type I trichomes was confirmed by scanning electron microscopy
(SEM). The SEM analysis showed that type I trichomes on the 4/5 mutant contain
highly swollen cells that fail to orient perpendicular to the leaf surface, resulting
highly distorted and twisted structures (Figure 4). Other types of trichomes on the
hl5 mutant also showed swollen and distorted structures. Especially, the type VI
trichome, which contains a short neck cell that connects the four-celled glandular
head to the stem, showed irregular patterns of cell division on the /#/5 mutant. The

neck cell of type VI trichomes on the 4/5 mutant also protruded from the side of the
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stem, resulting in a glandular head that appeared to lay down on the leaf surface.
Similar defects in trichome morphology were observed on Al5 stems, hypocotyls,
and sepals. SEM studies also showed that A/5 affects the morphology of type V and
VII trichomes. The size and shape of epidermal pavement cells on Al5 leaves
appeared normal. Previously we reported that aerial tissues of the tomato 4/ and ini
mutants have swollen and distorted trichomes (Kang et al. 2010a, Jeong et al. 2017).
Comparison of the A4/5 with Al and ini mutants showed that their distorted trichome
phenotypes are strikingly similar (Figure 3 and Figure 4), suggesting that the A/5, Al,

and ini mutations affect similar developmental processes.

4. HI5 encodes the tomato homolog of ARPC1

In previous reverse transcription (RT)-PCR analysis (Figure 2), we found that
Solyc05g006470 showed a difference in size between hl5 and wild-type plants.
Based on this result, second RT-PCR analysis was performed for more accuracy. The
result confirmed that there was a size difference in 4/5 compared to wild-type plant
(Figure 5A). Full-length sequencing of cDNA of Solyc052006470 in WT and hl5
plants showed that the entire exon 9 (82 bp) was deleted from //5 mutant (Figure 6).
This polymorphism generates a premature stop codon that truncates the C-terminal

176 amino acids of the protein (Figure 7).

To investigate how exon skipping was induced from the Solyc05g06470, we
performed PCR using genomic DNA in the range containing the deleted region of
exon 9 from the cDNA sequencing results. The result showed that there was no
significant size difference between /4/5 and wild-type plants (Figure 5B). Sequencing
of these genomic DNA PCR fragments showed that single nucleotide substitution of
G to A occurred in /l5 Solyc05¢06470 (Figure 5C and Figure 8). This alteration

leads to a 5’ splice-donor site mutation in intron 9, resulting in skipping of exon 9
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(Figure 5C). These collective results demonstrate that the 4/5 mutant harbors a

deletion in the ARPC]I gene.

5. Comparison of ARPC1 homologs between tomato and other species

The ARPCI is predicted to encode for a 375-amino-acid protein. The ARPCI1
homologs from a wide array of species (Figure 9A) share between 34 and 99%
amino acid identity with ARPC1 from S. lycopersicum. In ARP2/3 complex,
intersubunit contacts of ARPC1 with ARPC4 and ARPCS are essential for activating
and repressing ARP2/3 complex-mediated actin nucleation, respectively. Further,
ARPCI1 extended arm domain binds to that WASp VCA domain that mutations
disrupting this interaction severly impair actin nucleation and are lethal in S.
cerevisiae (Balcer, Daugherty-Clarke and Goode, 2010). According to this report,
we speculate that disrupted interaction between ARPC1, ARPC4, ARPCS, and VCA
domatin in the hl5 mutant may impair actin filament nucleation to give rise the

irregular trichome morphology.

Phylogenetic analysis showed that plant ARPCl1s cluster as a distinct phylogenetic

clade relative to ARPCI1 in yeast and animals (Figure 9B).

6. Genetic complementation of the //5 mutant restores normal trichome

development

To verify whether the mutation in ARPCI causes the distorted trichome phenotype
of hl5 mutants, Agrobacterium-mediated transformation was used to complement
the mutant with a cDNA that specifies the entire WT ARPCI coding region under
the control of the 35S promoter of Cauliflower Mosaic Virus (CaMV) or the ARPC1
natural promoter in the genetic background of the #/5 mutant (Figure 10A). For the
transformation we used BC,F; plants from the cross between 4/5 and the Micro-Tom
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wild-type. We obtained eight independent lines. In all transgenic plants, normal

trichomes were shown on leaves, stems, and hypocotyls (Figure 10B).

WT hi2 hi3 hl4 hl5

Leaf

Stem

Figure 1. Light micrographs of trichomes in wild-type (WT) and
distorted mutants. Photographs show the adaxial leaf surface (first row),
stem (second row) of WT and distorted mutants (4/2, hl3, hi4, and hl5). The

arrows indicate representative type I trichomes. All scale bars represent 2mm.
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Gene name Locus WT hi2 hi3 hi4 hi5
ACTIN  Solyc03g078400 | W SRS s w—
ARP2  Solyc02g094320 & S S — — ——

T —

ARPCT  Solyc05g006470 | S —

ARPC2A  SolycT1g068610 WS S e -—— -

ARPC2B  Solyc09g090550 | S S—

ARP3

ARPC3  Solyc07g007630
ARPC4  Solyc129098430 |

perid e g . s
e ik,

ARPCSA Solyc019090450
NAP1 Solyc02g068720
SRA1 Solyc119g013280

Solyc09g014980

SCAR2

ABI1L1 Solyc019095280

Figure 2. RT-PCR analysis on the 14 tomato homologs of the ARP2/3-
WAVE complex genes. RT-PCR was performed with ACTIN reference gene
primers and the specific primers for ARP2 (Solyc02g094320), ARP3
(Solyc05g013940, Solyc04g024530), ARPCI (Solyc05g006470), ARPC2A
(Solyc11g068610), ARPC2B (Solyc09g090550), ARPC3 (Solyc07g007630),
ARPC4  (Solyc12g098430),  ARPC5A  (Solyc01g090450),  NAPI
(Solyc02g068720), SRAI (Solyclig013280), SCAR2 (Solyc09g014980,
Solyc02g076840), ABIIL1 (Solyc01g095280) gene expression in wild-type
(WT), hl2, hi3, hi4, and hl5 mutants. The ACTIN gene (Solyc03g078400) was
«  ZAeYs
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used as a control. All 14 tomato homologs of the ARP2/3-WAVE complex
amplification reactions were carried out for 35 PCR cycles, and the ACTIN

gene was amplified for 25 cycles.

WT hi5 hl ini

Hypocotyl  Stems Leaves

Sepal

Figure 3. Light micrographs of trichomes on the leaf, stem, hypocotyl,
and sepal of wild-type (WT), hl5, hl, and ini plants. Photographs show
the adaxial leaf surface (first row), stem (second row), hypocotyl (third row),

and sepal (forth row) of each genotype. Scale bars represent 1mm in the

3 1] 3
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leaves, stems, and hypocotyls, 500um in the sepals. The arrows indicate type

I trichomes.

Hypocotyl  Stems Leaves

Sepal

Figure 4. SEM micrographs of trichomes on the leaf, stem, hypocotyl,
and sepal of wild-type (WT), hl5, hl, and ini plants. Photographs show the
adaxial leaf surface (first row), stem (second row), hypocotyl (third row), and
sepal (forth row) of each genotype. Scale bars represent 500um in the leaves,

stems, hypocotyls, and sepals, 100um in the insets. Type I and VI trLcho 1
2 tH &+ 37
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are indicated by arrows. Type VI trichomes marked by arrows are

magnified in insets.

A B
WT hiS WT hiS

ACT _ 25cycle
E15

(M H A —H {{PZ

E1 E2 E3 E4 E5 E6 E7E8 E9 E10 EM E12 E13 E14 3'UTR

C

/

T —{ s H =+

Exon 9 Intron 9

GTGGCAACACCTTAGCATATGTAGGTCAGATATTC ~ WT
GTGGCAACACCTTAGCATATGTAGATCAGATATTC  hi5

Figure 5. The HI5 gene encodes ARPCI1.

(A) Agarose gel showing the results of RT-PCR amplification of ARPC1 full-
length ¢cDNA using mRNA isolated from WT and #4/5 plants. ACTIN
(Solyc03g078400) gene was used as a loading control. (B) PCR amplification

of partial length ARPCI genomic DNA from WT and hl5 plants. (C)
. ; _H 2T} ©
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Schematic presentation for the splice site mutation in 4/5 ARPC1 gene. The
splice-donor site in WT is underlined. The mutated single nucleotide

sequence in //5 is highlighted with a box in gray color.

3 1] =
18 | = 4



WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

WT
his

ATGGCAGCAACTTCAGTACACAAGTTTGCTCAGTGCATTTCTTGCCATGCT TGGAGTCCCGACCTGTCCATGATTGCATT
ATGGCAGCAACTTCAGTACACAAGTTTGCTCAGTGCATTTCTTGCCATGCT TGGAGTCCCGACCTGTCCATGATTGCATT

KKK K K KK KK R KR K RO K KRR R OK K KK R R R R RO K KRR K OK K RO R K R R KK R R R R K RO K KR R K K RO R K KR K KK KK K K

CTGTCCTAACAACAGTGAAGTACATATTTATAAACTATCAGAAGACAAGTGGGAGAAGGTCCATGTTCTTCAAAAGCATG
CTGTCCTAACAACAGTGAAGTACATATTTATAAACTATCAGAAGACAAGTGGGAGAAGGTCCATGTTCTTCAAAAGCATG

KKK KK KK KK R R KRR KR KR K K K KR KR R R KK R KRR K K K R OR R K R R KR R KR K R OK R K KR R K KRR R R Rk K KK K K K

ACCAAATTGTTTCTGGTATCGATTGGAGT TACAGATCCAACAAAATAGTCACTGTTTCTCATGACCGTAATTCATATGTC
ACCAAATTGTTTCTGGTATCGATTGGAGT TACAGATCCAACAAAATAGTCACTGTTTCTCATGACCGTAATTCATATGTC

KKK K K KK KK KR R OK KR KR K K K KR KR R R KK KRR R R K KRR R K R R KK KRR K R OK R OK R R K K KRR Rk Kk K KK K K K

TGGAACCAAGAAGCGACAGGTTGGGTTCCTACCCTGGTTATTCTCAGGCTGAATCGTGCAGCACTTTGTGTGCAGTGGAG
TGGAACCAAGAAGCGACAGGTTGGGTTCCTACCCTGGTTATTCTCAGGCTGAATCGTGCAGCACTTTGTGTGCAGTGGAG

KKK K K KK KK K Kk kKK KK KK K oK K KK K K K kK KK K KKK K K KK Rk ke ok KK K KK K ok 0K KKK Kk ok 9K KK K K Kk ok KK KK K K

TCCAAAAGAAAACAAGTTTGCTGTCGGAAGTGGAGCT AAAACTGTTTGTATATGCTACTACGAGCAAGAAAATAACTGGT
TCCAAAAGAAAACAAGTTTGCTGTCGGAAGTGGAGCT AAAACTGTTTGTATATGCTACTACGAGCAAGAAAATAACTGGT

KKK K K KK K KKKk KK KK KK oK K KK R K K K ok KK K K KK 0K 9K KK Rk K ok KK K K K K ok K KK KK K Ok K KK K K Kk ok KK K K K

GGGTGAGTAAGCTTATCAGGAAAAGACATGATTCATCCGTAACAAGTATTGCCTGGCATCCAAATAATGTTCTTCTAGCA
GGGTGAGTAAGCTTATCAGGAAAAGACATGATTCATCCGTAACAAGTATTGCCTGGCATCCAAATAATGTTCTTCTAGCA

KKK KK KKK KRR KRR KK KR K OK K KK R R R R RO K KRR K O KRR R K R K KK R R R KR K R OK KR R R R K KRR R K KK K KK AR K K

ACAACGTCCACTGATGGTAAATGTAGAGTATTTTCAACATTCATTAAAGGCGTCGATTCAAAAGACTCTGCCATGGGGAG
ACAACGTCCACTGATGGTAAATGTAGAGTATTTTCAACATTCATTAAAGGCGTCGATTCAAAAGACTCTGCCATGGGGAG

KKK KK KK KK R R KR OK KR KR R K K KK KR R R R OK K R R R K K KRR R K R R KK R R R R R OK K KR K K K RO R K Rk K KK K K K

TTCTGCAGATACCAAATTTGGAGAGCAAATTGTTCAGCTTGATCTATGCTTTTGCTGGGCTTTTGGTGTCAGATGGTCCC
TTCTGCAGATACCAAATTTGGAGAG

KKK K K K KK KK Kk K KKK Kk Kk KK K

CAAGTGGCAACACCT TAGCATATGTAGGTCATAACTCCATGATATACTTTGTTGATGAAGT TGGTCCCTCTGCTGCAGCA
GTCATAACTCCATGATATACTTTGTTGATGAAGT TGGTCCCTCTGCTGCAGCA

KKK K KK KKK K K KK KK K Kok K KK KK K K o K K KK Kk ke ok KK K K K Kk K K K

CAAAGTGTAGCAATCCGTGATTTGCCTCTTCGTGATGTATTGTTTCTTTCTGAAAGGATGGTTGTTGGAGTGGGATTTGA
CAAAGTGTAGCAATCCGTGATTTGCCTCTTCGTGATGTATTGTTTCTTTCTGAAAGGATGGTTGTTGGAGTGGGATTTGA

KKK K K KK KK KKk KK KK KK K oK K KK R K K Kok KK K KKK 0K K KK Rk K ok KK K KK K ok KK KK KKk Ok K KK KK Kk ok KK K K K

TTGCAACCCGATGGTATTTGTGGCAGATGAAAGTGGACTCTGGAGT TTCTTGAGATTCCTCGATGAACGGAAATCAGCGT
TTGCAACCCGATGGTATTTGTGGCAGATGAAAGTGGACTCTGGAGT TTCTTGAGATTCCTCGATGAACGGAAATCAGCGT

KKK K K KK KK K KK kK OK KK KK oK K KK R K K Kk KK K KKK 0K K KK K K K ok KK K K K K ok K KK KK K Ok K KK KK Kk ok K K K K

CTTCAAGTGCCAAATATGGTGGATCACAGTTTTCGGAAGCAT TTGGGAAATTCTATGGTCAATCAAAGT TTTCAGCCAGC
CTTCAAGTGCCAAATATGGTGGATCACAGTTTTCGGAAGCAT TTGGGAAATTCTATGGTCAATCAAAGT TTTCAGCCAGC

KKK KK KK KK R RO KR KR K OK K KK R R R R R OK R KRR K KRR R K R R KK R KR R RO KRR K K K RO R K Rk K KK K K K

AACAACGTTGAGCAGTCAAGAGGCGCTCATGACAACTGTATCAATTGCATATTACCACTTGCAAAACAGAGAAAATCTAG
ABCAACGTTGAGCAGTCAAGAGGCGCTCATGACAACTGTATCAATTGCATATTACCACTTGCAAAACAGAGAAAATCTAG

KK KK K KK K KRR R OK KR KR R K K KK R R R R R OK R KRR K K KRR KK R R KR R KR K RO KK KK K K KRR R K Rk K KK K K K

TGTCACCCGTTTCACCACT TCAGGACTTGACGGGAAGATAGTGACATGGGATTTGCAGAAACAAGAAGATTTATTGGACT
TGTCACCCGTTTCACCACT TCAGGACT TGACGGGAAGATAGTGACATGGGATTTGCAGAAACAAGAAGATTTATTGGACT

KKK K K KK KK K Kk KK KK KK oK K KK Kk ke ok KK K KKKk K K KK Rk ke ok KK K KK K ok K KK R Kk Ok K KK Kk Kk ok K KK K K

ATCTATGA
ATCTATGA

KK KK K KK K
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Figure 6. Comparison of ARPC1 cDNA sequence between wild-type (WT)
and hl5 plants. The regions highlighted with gray color represent exon9
(82bp) in WT ARPCI and deleted sequence region in hl5 ARPCI,

respectively.
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MAATSYHKFAQC | SCHAWSPDL SM | AFCPNNSEYH | YKL SEDKWEKYHYLQKHDQ | VSGI
MAATSYHKFAQC | SCHAWSPDL SM 1 AFCPNNSEYHI YKL SEDKWEKYHYLQKHDQI YSGI

B

DWSYRSNK I YTYSHDRNSYYWNQEATGWYPTLY | LRLNRAALCYQWSPKENKF AYGSGAK
DWSYRSNK I YTYSHDRNSYYWNQEATGWYPTLY | LRLNRAALCYQWSPKENKF AYGSGAK

B

TVCICYYEQENNWWYSKL | RKRHDSSYTS | AWHPNNVLL ATTSTDGKCRYFSTF IKGYDS
TVCICYYEQENNWWYSKL | RKRHDSSYTS | AWHPNNVLL ATTSTDGKCRYFSTF IKGYDS

B L

KDSAMGSSADTKFGEQ | YOLDL CFCWAFGYRWSPSGNTL AYVGHNSMI YFVDEYGPSAAA
KDSAMGSSADTKFGEY | TP

HAKKKKKKKKK KKK K X

QSYA IRDLPLRDYL FL SERMYYGYGFDCNPMYFY ADESGLWSFL RFLDERKSASSSAKYG

GSQF SEAFGKFYGQSKFSASNNYEQSRGAHDNC I NC L PLAKQRKSSYTRFTTSGLDGK |

YTWDLQKQEDLLDYL

60
60

120
120

180
180

240

199

300

360

375

Figure 7. Alignment of ARPC1 amino acid sequence from wild-type (WT)

and Al5 plants.
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WT GAAAATCTTCATTGATGTTTTTTTTGTAAAAAAAAGAATTCTGGATAGCATTCATATGTC 6383

his GAAAATCTTCATTGATGTTTTTTTTGTAAAAAAAAGAATTCTGGATAGCATTCATATGTC 6389
WT CTATTTTCATTATATGTCCATAGAAAGACTAATAGATCCTTTATTCATATTAAAATGCAG 7043
his CTATTTTCATTATATGTCCATAGAAAGACTAATAGATCCTTTATTCATATTAAAATGCAG 7043
WT CAAATTGTTCAGCTTGATCTATGCTTTTGCTGGGCTTTTGGTGTCAGATGGTCCCCAAGT 7108
his CAAATTGTTCAGCTTGATCTATGCTTTTGCTGGGCTTTTGGTGTCAGATGGTCCCCAAGT 7103
WT GGCAACACCTTAGCATATGTAGGTCAGATATTCCTTTCTTTGCTTCTTTGGCTTTTGCAT 7168
his GGCAACACCTTAGCATATGTAGATCAGATATTCCTTTCTTTGCTTCTTTGGCTTTTGCAT 7169
WT TATTTTTAGCAGTGCTTCAACTGTCTCATTTTTGGTTGCATATTCGCATACTGTGTATGT 7228
his TATTTTTAGCAGTGCTTCAACTGTCTCATTTTTGGT TGCATATTCGCATACTGTGTATGT 7229
WT GTGTTCAATTGTGCAATTTTTTATTTTTCTTGATCTTGGACTAAGTACCCAGAATTTTGC 7289
his GTGTTCAATTGTGCAATTTTTTATTTTTCTTGATCTTGGACTAAGTACCCAGAATTTTGC 7283
WT ATGTAATACTAATGCAGCTTAGATATTGGGT TTTGGATGGTCTCTCAGGTCATAACTCCA 7349
his ATGTAATACTAATGCAGCTTAGATATTGGGT TTTGGATGGTCTCTCAGGTCATAACTCCA 7349
WT TGATATACTTTGTTGATGAAGTTGGTCCCTCTGCTGCAGCACAAAGTGTAGCAATCCGTG 7403
his TGATATACTTTGTTGATGAAGTTGGTCCCTCTGCTGCAGCACAAAGTGTAGCAATCCGTG 7403
WT ATTTGCCTCTTCGTGATGTGGGTCAGAATCCTGTCTCATTTTACTTTGTCTATTTTAGAC 7463
his ATTTGCCTCTTCGTGATGTGGGTCAGAATCCTGTCTCATTTTACTTTGTCTATTTTAGAC 7463
WT CTTAATATTTGTTGTGTAATCAAGACTTCTCTTGCAG 7508
his CTTAATATTTGTTGTGTAATCAAGACTTCTCTTGCAG 7506

HK KKK KK KRR K KK R KK R KK KK R KK R K K K Rk K Rk KK K

Figure 8. Comparison of ARPC1 genomic DNA sequence between wild-
type (WT) and hl5 plants. Exon9 and exonl0 are indicated by underlines.
The mutated single nucleotide sequence is highlighted with grey color in A/5

mutant. &
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Figure 9. Similarity of ARPC1 between tomato and other species.

(A) Comparison of the predicted amino acid sequence of ARPC1 in tomato
and other species. Amino acid residues in black indicate identity, and those in
gray indicate conserved substitutions. The position of premature stop codon
in ARPCI1 of hl5 is marked by a black triangle. The critical amino acid
residues for the interaction with ARPC4, ARPCS5, and VCA domain in S.
cerevisiae species are marked with yellow, blue, and red circles, respectively.
S. lycopersicum SIARPC1 (Solyc05g006470), A. thaliana AtARPCI1A
(NP _180648.1), A. thaliana AtARPCIB (NP _180688.1), S. tuberosum
StARPCIA1B (XP_006357213.1), N. tabacum NtARPCIA
(XP_016461293.1), O. sativa OsARPCIB (XP_015623093), D.
melanogaster DmARPCIAIB (NP _476596.1), B. Taurus BtARPCIA
(NP_001068827.1), B. Taurus BtARPCI1B (NP_001014844.1), C. elegans
CeARPCIAIB (NP _499570.1) and S. cerevisiae ScARPCIAIB
(NP_009793.1).

(B) Phylogenetic tree of ARPC1 in tomato and other species. The unrooted
phylogenetic tree was constructed by the Maximum Likelihood method using
MEGA7 with amino acid sequences of ARPC1 from nine different species. S.
lycopersicum  SIARPC1  (Solyc05g006470), A. thaliana AtARPCIA
(NP _180648.1), A. thaliana AtARPCIB (NP _180688.1), S. tuberosum
StARPCIA1B (XP_006357213.1), N. tabacum NtARPCIA
(XP_016461293.1), O. sativa OsARPCIB (XP_015623093), D.

melanogaster DmARPCIAIB (NP _476596.1), B. Taurus BtARPCIA
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(NP_001068827.1), B. Taurus BtARPCI1B (NP _001014844.1), C. elegans
CeARPCIAIB (NP _499570.1) and S. cerevisiae ScARPCIAIB
(NP_009793.1).

N\

NPTII -E- 358 > ARPC1
NPTII -E- ARPC1

Pnos

Pnos ARPC1

= 3

AV
N/

Figure 10. ARPC1 complements the trichome morphology defect of the
hl5 mutant. (A) Schematic presentation of 355::4RPCI and
ARPCI::ARPCI vectors. (B) Phenotype of 4/5 mutant plants complemented
with ARPC1::ARPCI vector.
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Arabidopsis Tomato*

Identity with Arabidopsis

Genetic name Gene name Locus code Genetic name Locus code* E valuet homolog (%)
WURM ARP2 AT3G27000 Solyc02g094320 0 90
DIS1 ARP3 AT1G13180 Solyc05g013940 0 83
Solyc04g024530 0 82
ARPCT1A AT2G30910 Solyc05g006470 0 76
ARPC1B AT2G31300 Hie Solyc05g006470 0 76
DIS2 ARPC2A AT1G30825 Ini Solyc119068610  1.00E-162 69
ARPC2B AT2G33385 Solyc09g090550  1.00E-136 52
ARPC3 AT1G60430 Solyc079g007630  1.00E-111 86
Solyc02g014540 1.00E-60 73
ARPC4 AT4G14147 Solyc12g098430  1.00E-113 92
CRK ARPC5A AT4G01710 Solyc01g090450  3.00E-82 86
GRL NAP1 AT2G35110 Solyc02g068720 0 76
PIR/KLK SRA1 AT5G18410 Solyc 119013280 0 78
H Solyc 119013290 0 90
BRK1 BRICK1 AT2G22640 Solyc03g043720  2.00E-50 90
DIS3 SCAR2 AT2G38440 Solyc09g014980  1.00E-115 49
Solyc02g076840  5.00E-59 51
ABITL1 AT2G46225 Solyc01g095280  1.00E-114 60

Table 1. Arabidopsis genes encoding subunits of the ARP2/3-WAVE
complexes and their homolog genes in tomato. *: Tomato homologs of
Arabidopsis ARP2/3-WAVE complex genes were identified by a blast search
using tomato genome chromosomes (build SL2.5) in the Sol Genomics
Network (http://solgenomics.net/). ': E value and identity were obtained by
aligning each homolog in tomato and Arabidopsis using blastp in the
National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/). Tomato Hairless (SRAI) and Ini (ARPC2A)
genes are underlined and Hairless5 (ARPCI) gene is in bold, respectively.
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Table 2. Description of PCR primers used in this study

Discussion

The analysis on mutants related to trichome development in Arabidopsis
has been effectual for interpreting the fundamental molecular mechanisms for
the development of simple unicellular trichomes. The ‘distorted group’ (dis)
of trichome morphology mutants has been studied to play an important role
in actin filament nucleation and morphogenesis (Basu et al. 2004; Basu et al.
2005; Le et al. 2006). Molecular analysis of Arabidopsis dis genes encode
subunits of two different complexes: the actin-related protein (ARP)2/3
complex that nucleates actin filaments and the WAVE complex that regulates
the activity of ARP2/3. The ARP2/3 complex is a conserved seven-subunit
actin nucleating machine (ARP2, ARP3, ARPC1, ARPC2, ARPC3, ARPC4,
and ARPCS5), and the WAVE complex contains five subunits (NAP1, SRAT,
BRICK1, SCAR2, and ABIIL1) (Table 1) (Szymanski 2005; Robinson,
2001). Based on the similarity of phenotype (e.g. curled and distorted
trichomes) between these mutants and the tomato mutants, we previously
demonstrated that A/ and I/ni genes are involved in the polymerization of
actin cytoskeleton (Kang et al. 2016; Jeong et al. 2017). Here, we identified
the ARPC1 gene of hl5 mutant and this result provide additional genetic
evidence that a subunit of ARP2/3 complex is crucial for normal tricome

development in tomato.



Most plant mRNAs are synthesized as precursors containing one or more
introns that are removed during the process of splicing. The basic mechanism
of spliceosome assembly and intron excision is similar in all eukaryotes.
However, the recognition of introns in plants has some unique features,
which distinguishes it from the reactions in vertebrates and yeast. Recent
progress has occurred in characterizing the splicing signals in plant pre-
mRNAs, in identifying the mutants affected in splicing and in discovering
new examples of alternatively spliced mRNAs. In combination with
information provided by the Arabidopsis genome-sequencing project, these
studies are contributing to a better understanding of the splicing process and
its role in the regulation of gene expression in plants. Two sequence structural
features are required for correct pre-mRNA splicing: The first one is that the
splice site sequences are present at the exon-intron borders. The splice sites
consist of the 5” and the 3’ splice sites, the former, designated as splice donor,
the site includes a GU dinucleotide located on the exon/intron junction at the
5’ end of the intron, and the latter called splice acceptor which locates at the
another end of the intron containing three conserved sequence elements. In
this study, we identified a H/5 gene. The difference between wild-type (WT)
and Al5 mutant is a single base substitution of G to A of the intron 9. This
mutation happened within the 5° splice site and destroyed the splice donor
site from GU to AU, which led to a missplicing, resulting the entire exon 9
(82bp) was deleted from A/5 mutant. This polymorphism generates a
premature stop codon that truncates the C-terminal 176 amino acids of the

protein.

Our results demonstrated that the A/5 mutant harbors a deletion in the

ARPC1 gene and this deletion is associated with lack of detectable expression
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of normal ARPC] transcripts in the mutant. In ARP2/3 complex, intersubunit
contacts of ARPC1 with ARPC4 and ARPCS are essential for activating and
repressing ARP2/3 complex-mediated actin nucleation, respectively. Further,
ARPCI1 extended arm domain binds to that WASp VCA domain that
mutations disrupting this interaction severly impair actin nucleation and are
lethal in S. cerevisiae (Balcer, Daugherty-Clarke and Goode, 2010).
According to this report, we speculate that disrupted interaction between
ARPCI1, ARPC4, ARPCS, and VCA domatin in the #/5 mutant may impair
actin filament nucleation to give rise the irregular trichome morphology. To
prove this hypothesis, we tested functional complementation of the Al
mutant with the normal 4RPCI gene. These showed that the defects in

trichome morphology in the 4/5 mutnat result from a defective ARPCI gene.

In addition to tomato and Arabidopsis, numerous studies have
demonstrated that genes encoding subunits of the ARP2/3 and WAVE
complexes in other plants are also important for epidermal cell
morphogenesis. For example, a soybean gnarled trichome mutant is impaired
in NAPI gene (Campbell et al. 2016). The rice mutants less pronounced lobe
epidermal cell (Ipl)2 and Ip/3 that encode SRA1 and NAPI1, respectively,
show an epidermal cell defect (Zhou et al. 2016). The arpcl mutant in Lotus
Jjaponicus and the required for infection thread (rit) mutant encoding NAP1
in Medicago truncatula also show a trichome distortion phenotype (Hossain
et al. 2012; Miyahara et al. 2010). The arpcl in Physcomitrella patens
encoding APRC1 show a defect in cell morphology manifested as short,
irregularly shaped cells with abnormal division patterns (Harries, 2005).
These collective data indicate that the function of ARP2/3-WAVE complex in

epidermal cells development is evolutionarily conserved in plant spieces.
2 ) '-_'._!-If
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Several previous studies suggest that the function of ARP2/3 and WAVE
complexes is not limited to trichome development. For example, Arabidopsis
ARP2, ARP3, and ARPC2 play an important role in stomatal movement by
reorganizing actin filaments and vacuoles in quard cells (Jiang et al. 2012; Li
et al. 2013). Arabidopsis ARP2 regulates mitochondrial-dependent calcium
signaling in response to salt stress (Zhao et al. 2013). Arabidopsis NAP1 acts
as a regulator of autophagy in response to nitrogen starvation and salt stree
(Wang et al. 2016). The Arabidopsis ARP2/3 and WAVE complexes also
regulate light-induced root elongation by controlling the expression of
longitudinal F-actin through photoreceptors and the 26S prteasome (Dyachok
et al. 2011). In rice, the early senesccencel mutant encoding SCAR-LIKE
PROTEIN2 exhibits higher stomatal density, resulting in excessive water loss
(Rao et al. 2015). The tomato H/ gene encoding SRA1 is involved in the
production of terpenoids and flavonoids (Kang et al. 2016). The tomato Ini
gene encoding ARPC2A is associated with regulating actin cytoskeleton
formation (Jeong et al. 2017). The ARP2/3-WAVE complex is also required
for rhizobial infection of root hair in leguminous plants such as Lotus
japonicus and Medicago truncatula (Hossain et al. 2012; Gavrin et al. 2015;
Miyahara et al. 2010; Qiu et al. 2015). In addition, the stomatal response to
darkeness is mediated by reorganisation of guard cell actin filaments, a
process that is finely tuned by the conserved SCAR/WAVE-ARP2/3 actin
regulatory module (Isner et al. 2017). The tomato /4/5 mutant described here
would provide a useful tool to further unravel the diverse functions of the

actin cytoskeleton in plants.
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