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Small secreted peptides (SSPs) in tomato ol

and their potential roles in drought stress
response
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Abstract

Tomato (Solanum lycopersicum) is one of the most important vegetable crops in the world and abiotic stresses often
cause serious problems in tomato production. It is thus important to identify new regulators in stress response

and to devise new approaches to promote stress tolerance in tomato. Previous studies have shown that small
secreted peptides (SSPs) are important signal molecules regulating plant growth and stress response by mediat-

ing intercellular communication. However, little is known about tomato SSPs, especially their roles in responding

to abiotic stresses. Here we report the identification of 1,050 putative SSPs in the tomato genome, 557 of which were
classified into 38 known SSP families based on their conserved domains. GO and transcriptome analyses revealed
that a large proportion of SISSPs might be involved in abiotic stress response. Further analysis indicated that stress
response related cis-elements were present on the SICEP promotors and a number of SICEPs were significantly upreg-
ulated by drought treatments. Among the drought-inducible SICEPs, SICEP10 and SICEP11b were selected for further
analysis via exogenous application of synthetic peptides. The results showed that treatments with both SICEP10

and SICEP11b peptides enhanced tomato drought stress tolerance, indicating the potential roles of SISSPs in abiotic
stress response.
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Core

One thousand fifty putative SSPs in tomato were iden-
tified and classified using a multi-step procedure. The
SICEP10 and SICEP11b peptides were found to be able to
enhance the tolerance of tomato plants to drought stress
when exogenously applied.

Gene & accession numbers
A list of genes and sequences used in the qRT-PCR analy-
sis can be found in Supplementary Table S4.

Introduction
Small secreted peptides (SSPs) are signal molecules that
play key roles in plant growth, development and stress
response by mediating cell to cell communication (Vie
et al. 2015; Takahashi et al. 2018). Since the identification
of systemin, a plant signaling peptide involved in defense
response of tomato leaves in early nineties (Pearce et al.
1991), an increasing number of SSPs were identified in a
variety of plant species in the past 30 years. Plant SSPs
have been shown to be involved in diverse processes of
plant growth and development, including cell division
and differentiation within meristems (Fletcher et al. 1999;
Pallakies and Simon 2014), cellular longevity and plant
senescence (Matsubayashi et al. 2006; Zhang et al. 2022),
root growth and nutrient availability (Taleski et al. 2018;
Chapman et al. 2019), floral organ abscission (Reichardt
et al. 2020), stomatal density and distribution (Lee et al.
2015) and stress response (Nakaminami et al. 2018; Taka-
hashi et al. 2018; Aggarwal et al. 2020; Liu et al. 2022).
SSP signals are derived from precursor proteins that
share the following characteristics: short length, usually
less than 250 amino acids; with an N-terminal signal pep-
tide for secretory pathway and a C-terminal conserved
mature peptide (Lease and Walker 2006; Marshall et al.
2011). Based on the function of SSP precursors, SSPs can
be divided into two major groups: functional precursors
and SSP with unfunctional precursors. The latter can
be further categorized into three classes based on their
mature form: post-translationally modified (PTM) pep-
tides, Cys-rich peptides (CRP), and Non-Cys-rich/Non-
PTM peptides. PTMs contain small size mature peptides
with post-translational modifications (Matsubayashi
2011), including PAMP-induced peptides (PIPs), C-ter-
minally encoded peptides (CEPs), CLAVATA3 (CLV3)/
ESR peptides (CLEs), inflorescence deficient in abscission
(IDA), phytosulfokine (PSK) and plant peptide containing
sulfated tyrosine (PSY) etc. (Matsubayashi and Sakagami
1996; Fletcher et al. 1999; Butenko et al. 2003; Sawa et al.
2006; Amano et al. 2007; Ohkubo et al. 2017; Zhou et al.
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2022). CRPs contain an even number of cysteine residues
that are necessary for the formation of intramolecular
disulfide bonds, including rapid alkalinization factors
(RALFs), STOMAGEN and epidermal patterning factors
(EPFs) etc. (Pearce et al. 2001; Hara et al. 2007; Sugano
et al. 2010). Non-Cys-rich/non-PTM peptides include
systemin (SYS) and plant elicitor peptides (PEPs) etc.
(Pearce et al. 1991; Nakaminami et al. 2018). With more
advanced techniques in identifying small secreted pep-
tides becoming available, more and more peptide families
have been identified and characterized.

Based on the basic structure of SSPs, bioinformatic
approaches have been applied to uncover new mem-
bers of known gene families and new peptide families
from genomic sequences of various plant species. Lease
and Walker wrote a Perl script to identify unannotated
Arabidopsis peptides and reported 33,809 putative ORFs
encoding SSPs (Lease and Walker 2006). Hanada et al.
used the ‘Coding Index’ method in identifying 7,159 cod-
ing sORFs with length between 30 and 100 aa in Arabi-
dopsis, with a claimed 1% false discovery rate (Hanada
et al. 2007; Hanada et al. 2010). Pan et al. obtained
101,048 SSP candidates in rice by screening the whole
genome through six-frame translation in EMBOSS and
gene modeling through Augustus and FGENESH (Pan
et al. 2013). Li et al. identified 1,491 putative SSPs from
the maize genome (Li et al. 2014). Boschiero et al. identi-
fied 4,439 SSPs in M. truncatula via a multistep analyti-
cal procedure (Boschiero et al. 2020). Wang et al. used
a combined transcriptomics- and proteomics-based
screenings and isolated 236 SSP candidates involved in
rice immunity (Wang et al. 2020). Tian et al. identified
4,981 putative wheat SSPs with protein length less than
250 aa (Tian et al. 2022). Certain SSP families such as
CLEs (Carbonnel et al. 2022) and CEPs (Liu et al. 2022)
have been characterized in more details for their func-
tions in plant development and stress response.

Plants, as sessile organisms, are exposed to various
environmental stresses during their lifecycle. To cope
with unfavorable environments, plants have developed
complex physiological and molecular defense mecha-
nisms to sense and adapt to stresses. Recently, the roles
of small secreted peptides in plant stress response have
become the focus of a number of studies (Chen et al.
2020a, b). In Arabidopsis CLE25 and CLE9 peptides
were characterized to control stomatal closure and pre-
vent water loss under dehydration through ABA signal-
ing (Takahashi et al. 2018; Zhang et al. 2019). The PEP3
peptide is recognized by the PEPR1 receptor and plays a
significant role in salinity stress tolerance (Nakaminami
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et al. 2018). RALF peptides (RALF1/RALF22/23) regu-
late salinity response via distinct mechanisms (Feng
et al. 2018; Yu and Assmann 2018; Zhao et al. 2021).
CEP5 expression is highly induced by osmotic stress and
synthetic peptide treatments/overexpression of CEPS
enhanced the tolerance to drought stress (Smith et al.
2020). PIP3 plays an essential role in plant salt tolerance
through binding to the RLK7 receptor and activating the
MPK3/MPK6 cascade (Zhou et al. 2022). PSK triggers
premature flower drop in tomato under drought stress,
which is an indispensable regulated process for plant
development (Reichardt et al. 2020).

As the most important horticultural crop worldwide,
tomato (Solanum lycopersicum) is also a model plant
for physiological and molecular research in addition
to Arabidopsis (Lin et al. 2014). Drought, salt, cold and
combined abiotic and biotic stresses often cause seri-
ous problems in tomato production (Bai et al. 2018).
Among them drought is the most serious stress condi-
tion, which inhibits plant growth and affects flowering
and fruit setting in tomato, (Chong et al. 2022). So far,
no comprehensive identification and classification of
SSPs from the tomato genome have been reported. Here,
we report the identification of 1,050 putative SSPs from
the tomato genome and analysis of the expression pat-
terns of representative SSP genes in different tissues and
under drought stress conditions. Two tomato CEP pep-
tides, SICEP10 and SICEP11b, were further characterized
for their role in improving drought tolerance in tomato
plants through exogenous peptide application. These
findings suggested that SISSPs might play an important
role in tomato drought stress response.

Results

Identification of SSPs in tomato

In order to identify SSPs in tomato, all the predicted pro-
tein sequences of tomato were downloaded from Phy-
tozome (https://phytozome-next.jgi.doe.gov/) and SGN
(https://solgenomics.net/). Firstly, we obtained 14,866
small proteins with no more than 250 amino acid resi-
dues. Next 1,051 putative small peptide proteins were
obtained by removing proteins lacking an N-terminal sig-
nal peptide and proteins with transmembrane domains,
which were predicted using SignalP-5.0 (https://servi
ces.healthtech.dtu.dk/service.php?SignalP) (Almagro
Armenteros et al. 2019) and TMHMM v2.0 (https://servi
ces.healthtech.dtu.dk/service.php? TMHMM-2.0) (Krogh
et al. 2001) respectively. Finally, a total of 1,050 putative
tomato SSPs (SISSPs) were identified after removing a
putative endoplasmic reticulum docking protein based
on the presence of a C-termini HDEL domain (Fig. 1A,
Supplementary Table S1).
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The length of most of the SISSPs ranges from 61 to 230
amino acid residues, with only 35 SSPs (3%) being shorter
than or equal to 60 residues (Fig. 1B). The molecular
weight of the SISSPs ranges from 2.66 kDa to 27.97 kDa,
and the isoelectric point ranges from 3.22 to 12.71 (Sup-
plementary Table S1). The results of chromosome locali-
zation analysis indicate that the 1,050 SISSP-encoding
genes are evenly distributed on the chromosomes, except
for Chr4 and Chr5, which contains only 56 and 54 SSP
genes respectively. Interestingly, most of the SISSP genes
are located at the ends of each chromosome. For example,
both ends of Chr9 are enriched with SISSP genes (Fig. 1C).

Classification of SSPs in tomato

The Medicago truncatula Small Secreted Peptide Data-
base (MtSSPdb; http://mtsspdb.noble.org/database/) and
Web CD-search Tool (https://www.ncbi.nlm.nih.gov/
Structure/bwrpsb/bwrpsb.cgi) were used to perform pro-
tein family classification of the SISSPs. The results of clas-
sification were further confirmed using the HLH hidden
Markov model (HMM) search, homologue BLAST and
manual sequence alignment to ensure accuracy and com-
pleteness. In total, 557 putative SISSPs were grouped into
38 known SSP families, belonging to four classes: Post-
translationally modified (PTM, 19%), Cysteine rich (CRP,
69%), Non-Cys-rich/Non-PTM (9%) and Functional Pre-
cursor (3%) (Fig. 1D, Table 1). Based on predicted func-
tions, the 557 SISSPs with known peptide domains can be
classified as signal peptides (72%), antimicrobial peptides
(15%), peptidase inhibitors (11%) and unknown peptides
(2%) (Table 1). Among the 1,050 SISSPs, 534 (50.86%)
proteins contain even number (2—-16) of cysteine residues
at their C-terminal and were considered as putative CRPs
(Fig. 1E). Only 72% of the putative CRPs were confirmed
in MtSSPdb, indicating that there are still some novel
SSPs in tomato that need to be characterized.

The identified SISSPs covered most of the known pep-
tide families. Totally we identified 107 PTM family mem-
bers, including CEP, CLE, Golven/Root Growth Factor
(GLV/RGF/CLEL), IDA, PIP, PSK and PSY; 385 CRP
family members, including ECL, EPFL, GASA, HEVEIN,
Kunitz, LAT52-POE, nsLTP, PCY, PDF, RALE, T2SPI,
THL, etc,; 48 Non-Cys-rich/Non-PTM family members,
including CTLA, GRP, PhyCys, PNP, PRP669 and Subln
(Table 1). The CLE peptide family is one of the larg-
est peptide families in tomato, with a total of 43 mem-
bers, which are further classified into A-type and B-type
according to the classification criteria of Arabidopsis
(Whitford et al. 2008). Similar to Arabidopsis CLEs, most
of the SICLEs belong to A-type, and only seven SICLEs
are B-type. All the SICLEs share similar conserved resi-
dues as Arabidopsis CLEs (Fig. 2A). Most of the tomato
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Fig. 1 Identification and classification of SSPs in tomato. A The procedure of tomato SSP identification. B The number of SISSPs with different
protein length ranges. C Chromosomal distribution of SISSPs. SISSP density plot on each chromosome represented by number of SSPs within 1 Mb
window size. Chromosome distribution visualization was created by an online platform (https://www.bioinformatics.com.cn). D The percentage
of different types of SISSPs predicted in MtSSPdb (https://mtsspdb.noble.org/database/). CRP, cysteine-rich peptide; PTM, post-translational
modified. E The prediction of CRPs in tomato. The column represents amount of SISSPs with different number of cysteines after deleting signal
peptide sequences, the pie represents the percentage of predicted CRPs and unpredicted CRPs in MtSSPdb

cysteine-rich peptides (CRPs) contain 2-12 cysteine
residues at the C-terminal region of the preproproteins,
where they form intramolecular disulfide bonds to resist
proteolytic digestion. One typical CRP family, the RALF
family, was identified in tomato to contain 11 members

with four conserved cysteine residues and putative endo-
protease dibasic cleavage sites (RR), as identified by Pearce
et al. (Pearce et al. 2001) (Fig. 2A). PNP is a Non-Cys-rich/
Non-PTM family. Seven PNP members were identified
in tomato, which share the similar conserved residues as
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Table 1 Predicted SSP families in tomato
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Class SSP family Description Mode of action Number of peptides
Post-translationally modified (PTM) CEP C-terminally encoded peptide Signal 21
CLE Clavata/Embryo Surrounding Region Signal 43
GLV/RGF/CLEL  Golven/Root Growth Factor Signal 12
IDA Inflorescence Deficient in Abscission Signal 8
PIP PAMP-induced Secreted Peptide Signal 4
PSK Phytosulfokine Signal 8
PSY Plant Peptide Containing Sulfated Tyrosine Signal 11
Cysteine rich 2SA 2S Albumin Antimicrobial 2
ECL Egg Cell 1-Like Signal 10
EPFL Epidermal Patterning Factor-Like Signal 12
GASA Gibberellic Acid Stimulated in Arabidopsis Signal 20
HEVEIN Hevein Antimicrobial 9
Kunitz Kunitz-P trypsin inhibitor Peptidase inhibitor 17
LAT52-POE LAT52/Pollen Ole e 1 Allergen Signal 19
MEG Maternally Expressed Gene Signal 2
N26 Nodulin26 Signal 1
nsLTP non-specific Lipid Transfer Protein Signal 122
PCY Plantcyanin/Chemocyanin Signal 46
PDF Plant Defensin Antimicrobial 51
RALF Rapid Alkalinization Factor Signal 11
RC Root Cap Signal 2
STIG-GRI Stigma1/GRI Signal 10
T2SPI Potato type Il proteinase inhibitor Peptidase inhibitor 13
THL Thionin-like Antimicrobial 18
TPD Tapetum Determinant 1 Signal 6
Kaz Kazal family inhibitors Peptidase inhibitor 2
PDL Plant Defensin-like Antimicrobial 2
LCR Low-molecular weight Cys-rich Unknown 3
TAX Taximin Signal 3
SCR/SP11 S-locus Cysteine Rich Signal 4
Non-Cys-rich/Non-PTM CTLA Cytotoxic T-lymphocyte antigen-2 alpha Peptidase inhibitor 5
GRP Glycine-rich Protein Unknown 6
PhyCys Phytocystatin Peptidase inhibitor 9
PNP Plant Natriuretic Peptide Signal 7
PRP669 Pro-rich Protein Group 669 Unknown 4
Subln Subtilisin inhibitor Peptidase inhibitor 17
Functional Precursor CAPE CAP-derived Peptide Signal 14
MtSUBPEP Subtilisin-embedded Plant Elicitor Peptide Signal 3
Total 557

AtPNP-A with distinct sequence domains “K(V/I)(V/I)D”
and “LSXXA(F/I)XXIA” (Ludidi et al. 2002) (Fig. 2A).
Considering that half of the SISSPs are unknown, we
tried to identify new SSP families. Two potentially novel
CRP families with a conserved domain of six cysteine
residues were identified by analysis of the C-terminal
sequences of the non-classified SISSPs, named CRP_6C
I and CRP_6C II, containing seven and ten members
respectively (Fig. 2B, C). The potential mature peptides

of CRP_6C I and CRP_6C II families are distinct from
all known CRPs, and the BLAST results showed that
no similar peptides were found in other plant species.
Interestingly, all CRP6_C I members contain only one
conserved peptide domain (C'x;C%*x;C3x; C*x, C°x,C°),
while some CRP6_C II members contain 2-3 con-
served domains (C'x;C%x,C3x,C*x, (C°x,C®). Further
study is needed to verify the new peptide families and
to analyze their functions.
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CLE (A-type) Signal peptide (Pos:18-27) CLE mature peptide
IKVPNGPEP I RKA.ETSRRPPRV........ 81
(QIPTGPRPLEIHNRNHPLKP . . . - o o v v oo n .t 75
EVPSSPIPLEINR. . . . ... ...ttt 81
RVPSEPIEPIBINREAGEHMITRIRAALAASAGE 104

AtCLE25 MGGNGIRALVGVIASLGLIVFLLVG. ...ILAN..SAPSVPSSEN......... VKTLRFSGKDVNLFHVS
Solyc01g014100 ...MVSLRTFAVTMLIFLVVFAPFV..... LSFHQFSQQVKGDFPD. ........ KENQEEMKKMGTEEDC
Solyc01g098890 ..MLARTSIILLLMIFVTIQQGVLGGRGYLMEQDNNNINMEDNAQSPVATTR. . SISHIIGDDEGGFVAYVN]
Solyc02g067550 MGGDGAGRGSSLLMALLLLIFLCIVSAE. ILVKPARAKTVTGTTSNQHLDTGRIIETERHSLQRTNLNYVS

Solyc05g007650 MVFISNKAFAFLLICIGLLVVCSHSQQQNELRLSTSRRMLKGLVTEEELNTG. . FKSAPVS .KTFDPNGSSKIRIKVRKGS|BPI| 83
Solyc06g074060 ......... MLMAMILCIFLFSMQAQSSDQYSHGKSAMLRDHFIHN. ........ RKITKNGKRISQDAGELREAPMSPIRPL) 76
Solyc07g053370 . .MANSSSKMFIILFMIIFLFCHFISLEGRILDDLQVVQNKYDSHFVLSKAG.FSPREIEEYTRRSLKGGSD] PGGPI¥S Q) 87
Solycl1lg071380 MSLINAKYFNLFVLLICFLVIQESHGLS . .LKEVAPVKLLNRKVLERQWAAFGKVYYKHAEKINEKFADWELQJGVPAGPSPL) 93
Consensus r d h

CLE (B-type) Signal peptide (Pos:27-28) CLE mature peptide
AtCLE41 MATSNDQTNTKSSHSR. . . TLLLLFIQLSLIBLFSSLTIPMTRHQSTS. . . .MVAPFKRVLLESSVPASSTMDLRPKASTRRSRTS. ... .. RRREFGND: JFISN. .. .. 99
AtCEL44 MATTIDQTSIKSLHFHQVIRLIITIIPQLAFI®FLIGPTSSMNHHLHESSSKNTMAPSKRFLLQPSTPSSSTMKMRPTAHPRRSGTSSSSARKRRREFRAE. JFISN. .... 112
Solyc05g053640 ............. MEK. ..STLIPLIQLGLJ®LNYP. . .WMISTTRSN...... EFSDONTESSSNKKSTIIVN....HPNKISSD........ (LHYCGDD1 81
Solyc09g091810 ........ MAKITQPK...TLFFLLLIJICLI#INFS. . . PENGKLVTN. . ... MQVHHKQSTPSDTDTTTEMTT . TIVGTGGTGEP...... NP e... 87
Consensus

RALF Signal peptide (Pos:22-29)
AtRALFL4 «...MGVKMLLIFGLL...... ILAMVAKSVN...... ATYP........ LTKS...... CINGQG.CIGEDDELESLMDSETNRRQEARGRRYIG r‘grk IZ8SRR . GRSYY . . D} YRYAR. 110
Solyc01g067900 MAKVKSLSIFFISSIFSVVIVALLSPAAAGSAAAVAATGSHQLS.YFPMTLSSSSSPI..CDGSIGDCLAEEDENEFGME. YRRRYT. Al SRR . GASYY RH.... 135
Solyc01g099520 MGVSSYLIVCVLVGAF...... FISMAAAGDS...... GSYD...WMVPARSGE. CKGSIAECMAEED. . EFALDSESNRRILAT . KKYT Q! ISRR . GASYY RS.... 114
Solyc029g014290 MGTSK.AVIFIAMTLLLASITCEGRQI L DRI RR . TNNMK I 73
Solyc02g090960 ..MESPILLFLIIFLFTIG KNAVVVEAEVD. ..... RFG....LEQVVSED. FELPMG. .MSGDD. . EIQLDGNGRSLLWNKFKYYX E IPPRSGRSYYTHH| RR.... 117
Solyc07g063030 MASRPIFVFMLLATLA....... FAMVAESSFSSSSSFFNDPVVNSLGHNTGGGLDEW.MTTGRIGDTLFADE . . EMMMPTESARRALNNQD . HT IDRH . GASYY . . O) ORR. .. 128
Solyc09g074890 MAANSFCSIFIISSLL. .. IAALIISGDAT....GGDFDVSGWIPMKSADS...... CEGSIAECMAAG. . . EFEMDSESNRRILAT . TDYT A Q. SRR . GASYY . . RS.... 118
Solyc12g005460 ...EFRLCIIIILSIF. . IIMIDPSSSLYNNFNIQHKNMDQLSSMMHVDISQRKCNGGVVGNCIDEEE. . EMMMESDI SRRVEGGRNGY R.GASYY. . RTNS. 129
Solyc12g013895 MATRSRLAVVLLLTLA....... MAMVAESSFS. ...HLDS...TTMAFKVQGSNDN. . .NIGHVGDMLFEDE. . RRTLDERD . HI! E RANNI|ZEDOR . GASYY . . Ef (GRTNS. 121
Consensus ya n_pc

PNP si . . A A * [Y)

Signal peptide (Pos:22-27)
AtPNP-A . .MIKMAVKFVVVMIVFAQILAPIAE Y¥DPP. ... I YNF . TVD] eNG. . . .DLI IRDAFRY ITDAG . . NERUVETP 129
Solyc07g006390 ....MAIPKNIILIIVEVATLE ¥TN. . I IF . SM i . CG6. .. 2L [KEVFS' [PIAG. .VIKIDYVQ 126
Solyc07g006395 ..... MAKSFFFLIIC I YTNDQ. (SVP. ...RSPGSLIARIA..YLGGSI IDSLRVT@VG . TSP . . . PETDK . . CR T HEAIS' [PISVKEVEININ¥OK 123
Solyc08g067390 CL ELIFCQIE: P. .. .J4T (FGSDSTQFPSSNFFAAASEGIWDDG! QYLISEISSVLE. . I TSTPTRQGTH IAAL: ISNAP . . SENIDERQ 141
Consensus a g a Yy sac cg < < 1s ia
E; *% *%k
1x. C2x. C3%.C4x.C5x C6 Predicted mature peptide

CRP_6CI (C'x3C?%x5C3x5C4x,C°x,C®)

Solyc07g007250 ....IYIICIIIIITMAQKFTILFTI. . .LLVVIAAQDVMAQDATLT . KI#FQQ . YDPV@HK: ISGGTF®0; R....FAG...T@GPYVGRAMAIGV.......0vuuunn. 88

Solyc01g058000 MAGARPLLNEVFYFVVVVAAITVTFES. . .RSQKMRARDMSLDIIEIEQ) DGWL@RI ND. . AFNQGGKH@DKFTASGQGYFEMLNHRQVNYGGHEFA 114

Solyc07g049135 MAAKNSEMKFAIFFVVLLTTTLVDMSGISKMQVMALRDIPPQETLL! LPTNILG E GITL@OF@KEKTDQYGLTYRT@NLLP - 96
Solyc03g031480 MALFKQAFLEIALEVAISVNLYWSSN. . . KMOQAMALRNLPVTVVEMKG . DTST®GK] EGFI[@S! T....FGNLESQ@V.............ciiina.. . 83
Solyc07g007240 .MAQKLVILETTLLVVMAAHNSLYST. . .KVHVMAQEDIQQIARKL. . .I#QED.QDPVGK EAWLSO. N....FRQ...T®GPFVG . 82
Solyc06g061230 .MARSYAFYETIALLVMSVYLDESIK. . ..VKVDAARDVSRTITELKS! GYNLMGGEGG VR.S@PROLYD. .VLAH.TYG@HS. . . ... .ovviiinnnn. . 85
Solyc03g031483 MASFKQAFLEISLEVAISVYLSWDPS. . . KMQVMALRDLPGDFEEIKGKISFQIDDITT{@GH! EGFF@ST@LK. ... IGSAVSHE@V. .. .....iutiiiiiiinnnn 86

Consensus

Cc

* 0
*

69

Solyc09g083180 KAT . LIKKVFFVSFLII. .LIGQTINGVT!
Solyc07g053770 ..MDKAT.FL.KVFLISFLLM. .LLVQGSHVQG 65
Solyc09g083163 KAT .FL.KIFLVSFLLI. . LLGQGSDAFG. 62
Solyc05g018185 KAT .FL.KVFLNSFLLM. . LFGQGSHVQGE] 65
Solyc09g083160 KAT .FL.KVFLVSVLLM. . LFGQGSHVQGE] 65
Solyc05g006817 KATNILFSLTFLFILLGSPSYMILGQIQK. 67
Solyc01g088635 KTLLKLVYIMALFIVVIDNVFIKVEGDGI 69
Solyc09g009732 (KFS..... AALLLIIMVANNSLIKVTTAHH 59
Solyc09g009730 (KFST . FF . AAFLLIIMVANNSLIKVTTAHH 62
Solyc09g009725 (KFST . FF . AALLLIIMVANNSFIKVTTAHH 62
Consensus c

*
Solyc09g083180 RCQTTADCARQLKCVKGVPACFASTKNCYCKLPNSKPNINEKMCKNDLDCTVLLKCSNPAQNPTCYLKTSKCYCK 144
Solyc07g053770 GTRTI...HQN 73
Solyc09g083163 GRKIIHNIHQN 73
Solyc05g018185 GTRNIYKTHQON 76
Solyc09g083160 GTRNIYKTHQN 76
Solyc05g006817 SDASLRKNTQVNHCTKDSDCANKCPPICPASCENGVCEFCSGSEC. ¢ v v vi ittt it i i iiiiieiaeeeeennn 111
S0lyc01g088635 VI TDTISPVESES. & vttt ittt e ittt ittt e e eeeaeeeeeeeaeanaasaseseseenannnennssnnn 82
Solyc09g009732 TRLEKRKLNMY. . 70
S01lyc09g009730 TRLEKRKLNMY . ..\ttt ettt ittt ittt et eeeeeaeeaeeeeanannasaeessseeaannnnnnsennn 73
S01yc09g009725 TRLEKGKLKMY . ..\ttt it ittt ittt ittt eeeeeeaaeeeeeeeaaanansaseseseeaeannnnnsennn 73
Consensus

Fig. 2 Structural characteristics of proproteins of typical SISSPs. A The multiple sequence alignment of typical SSP families. CLE represents PTM
peptides, RALF represents CRPs, PNP represents Non-Cys-rich/No-PTM peptides. B, C Two putative new SSP families predicted by manual analysis.
Red single lines indicate signal peptides, and red double lines indicate putative mature peptides. Yellow arrows indicate the putative endoprotease
dibasic cleavage sites (RR), and blue arrows indicate the conserved tyrosine residues. Gray underlines indicate the "K(V/1)(V/)D" domain and red
stars indicate the conserved “LS"and “IA"domains in (A). Black stars indicate the conserved cysteine residues. Brackets represent mature peptide
sequence modules of SSP families from (B, C). Superscript and subscript numbers represent position of cysteine residues and the number of amino

"

acids, respectively.n"indicates any number

Identification of unannotated small secreted peptidesintomato  size, and small open reading frames (sORFs) are often
Genes encoding small secreted peptides can be easily ignored during SSP identification. Our TBLASTN
missed during genome annotation due to their small results showed that many SISSP-encoding genes are
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unannotated. In order to ensure the comprehensiveness
of SISSP identification, the sORFs (25-250 aa) from
non-coding sequences (NCDS) on the 12 tomato chro-
mosomes were identified using the ORF finder (https://
www.ncbi.nlm.nih.gov/orffinder/). The results showed
that 3,175,518 sORFs were found with 25-250 aa in
length, among which 61,306 sORFs have the character-
istics of putative SSPs based on the presence or absence
of N-terminal signal peptides, transmembrane domains
and whether the sORF encodes an ER docking protein
(Table 2, Supplementary Table S2). Most (76.4%) of the
putative SSP-encoding sORF are 25-50 aa in length
(Supplementary Fig. S1A). Considering the decline
in the amount of annotated SISSPs less than 50 aa in
tomato (Supplementary Fig. S1B, Fig. 1B), sORFs have
been largely overlooked in tomato genome annotation
and these sORFs could be a great complement to genes
encoding SISSPs.

Next, the 61,306 putative SSP-encoding sORFs were
predicted in MtSSPdb. Unexpectedly, only 59 sORFs
(0.1%) were grouped into 18 known SSP families. This
may suggest that there are still many unknown pep-
tide families to be discovered. On the other hand,
a large number of the sORF predictions might be
false positive due to lack of annotation. For example,
ORF57_Solyc03g006020-Solyc03g006030 was identified
as a SSP-encoding sORF through the above multi-step
ORF screening and classified as a member of the CEP
family. However, gene prediction result by FGENESH
(http://www.softberry.com/berry.phtml?topic=fgene
sh&group=programs&subgroup=gfind) showed that no

Page 7 of 19

potential gene deriving from this ORF was predicted,
indicating that it is a false-positive result. Further analy-
sis based on genome re-annotation, RNA-seq and mass
spectrometry is needed to confirm these SORFs.

Expression patterns of SISSPs in different tissues

and under drought stress

To obtain the expression information of the SISSP genes
in different tissues, we searched the public tomato tran-
scriptome database (D004, http://ted.bti.cornell.edu/).
The expression level of 449 SISSPs from known SSP
families in 10 different tissues was obtained and visual-
ized (Fig. 3A). Most of the SISSPs are highly expressed
in roots, some are expressed in flowers and fruits, only
a small number of SISSPs are specifically expressed in
leaves (Fig. 3A). The SISSPs were divided into four groups
based on their expression patterns. Members of some
SSP families are expressed in all tissues, including CEP,
CLE, IDA, PSK, EPFL, GASA, LAT52-POE, nsLTP, PCY,
THL and CAPE. Genes encoding members of the PSY,
Kunitz, PDF, RALF, STIG-GRI, T2SPI, PNP, Subln fami-
lies are expressed in most tissues except leaves (Fig. 3B),
suggesting functional diversity of the SISSPs.

To characterize the molecular biological functions
of the SISSPs, we performed GO analysis for the SISSP-
encoding genes using the singular enrichment analy-
sis (SEA) tool from the agriGO online tool (http://syste
msbiology.cau.edu.cn/agriGOv2/). The results showed
that 445 out of the 1,050 SISSPs had GO annotations,
and 23 GO terms were significant (P value<0.001 and
FDR <0.05), including lipid transport, lipid localization,

Table 2 Bioinformatic identification and filtering of tomato peptide-encoding sORFs

Tomato Chromosome

No. sORFs kept after each sequential filter

25-250 aa N-terminal SP Non-TM Putative SSP Known

SSP
families

0 48,555 590 570 570 0

1 362,481 7,262 7,064 7,064 9

2 196,102 3,884 3,796 3,794 6

3 251,100 4,800 4,668 4,668 6

4 258,114 5,108 4,998 4,998 2

5 274,533 5,583 5433 5432 3

6 179,709 3,503 3410 3,409 2

7 279,966 5515 5,383 5,382 8

8 263,811 5,203 5,076 5,076 6

9 287,462 5,986 5,840 5,840 3

10 273,707 5573 5,447 5,447 2

11 217,273 4,320 4,200 4,200 6

12 282,705 5,555 5,426 5,426 6

Total 3,175,518 62,882 61,311 61,306 59

SORFs small ORFs, SP Signal peptide, TM Transmembrane


https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
http://www.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://www.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://ted.bti.cornell.edu/
http://systemsbiology.cau.edu.cn/agriGOv2/
http://systemsbiology.cau.edu.cn/agriGOv2/
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Fig. 3 The expression pattern of tomato SSP genes in different tissues. A Heatmap visualization of the expression pattern of tomato SSP
genes in bud, flower, leaf, root, 1 cm fruit, 2 cm fruit, 3 cm fruit, mature green fruits, breaker fruits and breaker + 10 fruits. The expression data
was downloaded from Tomato Expression Database (D004, http://ted.bti.cornell.edu/). The heatmap was generated by TBtools. B The number
of SSP members of different families in group I (yellow), group Il (green), group Il (red), and group IV (brown)

peptidase inhibitor activity, peptidase regulator activ-
ity and nutrient reservoir activity. Additionally, a num-
ber of the SISSP-encoding genes were enriched in stress
response GO terms such as response to wounding,
response to stress, defense response, and response to
stimulus (Fig. 4, Supplementary Table S3), suggesting
potential roles of SISSPs in response to abiotic stresses.
We further analyzed the expression pattern of the SISSP
genes under drought stress using the RNA-seq data from

NCBI (GSE151277). 128 SISSP-encoding genes were
found to be significantly up-regulated at different stages
of drought stress treatments (ds) (Log2Foldchange>1
and qvalue <0.05), among which 47, 63, 54, 95 and 52
SISSPs are up-regulated 1 day, 2 days, 3 days, 4 days and
5 days after treatments, respectively (Fig. 5A). Similarly,
144 SISSP-encoding genes were significantly down-regu-
lated at different stages of drought stress, among which
61, 81, 108, 123 and 119 SISSPs are down-regulated 1 day,
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Fig. 4 GO analysis of tomato SSPs. Go terms involved in stress response. X-axis represents the number of genes in each GO Term, Y-axis is GO Terms.
The color indicates P value. Go analysis was done by AgriGO v2.0 (http://systemsbiology.cau.edu.cn/agriGOv2/)

2 days, 3 days, 4 days and 5 days after treatments, respec-
tively (Fig. 5B). Totally 75 SISSPs from 28 SISSP families
were specially up- or down-regulated under drought
stress, including members of CAPE, CLE, ECL, EPFL,
GASA, GLV, GRP, HEVEIN, Kuntiz, IDA, LAT52-POE,
MEG, MtSUBPEP, nsLTP, PCY, PDF, PDL, PNP, Phy-
Cys, PRP669, PSK, PSY, RALF, RC, Subln, T2SPI, TPD
and THL families (Fig. 5C). These results suggested that
a large number of the tomato SSPs might be involved in
drought stress response.

Potential roles of tomato CEP family members in drought
response

Previous studies have showed that a large number of CEP
genes can be induced by abiotic stresses, and some CEPs
are involved in ABA signaling and plant stress responses in
Arabidopsis, Setaria and Triticum (Smith et al. 2020; Zhang
et al. 2021; Tian et al. 2022; Taleski et al. 2023). In this study,
a total of 21 SICEP genes (4 unannotated) were identified.
A phylogenetic tree of CEP precursor proteins from Arabi-
dopsis, Medicago, wheat, Setaria, rice, maize and tomato
was constructed and the CEP members were clustered
together in three branches, with each branch including
peptides from both monocotyledon and dicotyledon plants
(Fig. 6A). Protein structure analysis of the CEPs showed
that SICEPS, SICEP11, SICEP19 and SICEP20 encode more
than one CEP peptides (Fig. 6A). It’s interesting to note that
CEP genes in monocotyledon plants tend to encode single
mature CEP peptide, while more CEP genes in dicotyledon

plants encode multiple mature CEP peptides (Fig. 6A, D). A
conserved ‘SPGXGH/N’ domain was identified within the
CEP domain of all the CEP proteins analyzed in this study
(Fig. 6B, C). The results from multiple sequence alignments
using the CEP domain sequences supported the above men-
tioned classification based on full length precursors (Sup-
plementary Fig. S2B, C). Chromosomal distribution analysis
showed that 21 of the SICEPs were mapped on 4 chromo-
somes, including Chrl, Chr2, Chr3 and Chr7 (Supplemen-
tary Fig. S2A). Four gene clusters were found on Chr2, 3 and
7, including SICEP2-3 and SICEP6-9 on Chr2, SICEP12-14
on Chr3, and SICEP15-21 on Chr7. These gene clusters of
SICEPs are likely the result of tandem replication events.

To study potential roles of the SICEPs in plant stress
response, we analyzed the cis-acting elements in the pro-
moter regions between -2 kb to+1 bp upstream of the
transcription start sites. The results revealed the presence
of large number of cis-elements related to abiotic stress
response on SICEP promoters, including the antioxidant-
responsive element ARE, the defense and stress-responsive
element TC-rich repeats, the dehydration-responsive ele-
ment DRE/MBS, and the low temperature-responsive ele-
ment LTR. Multiple hormone-responsive elements were
also found in the promoter regions of the SICEPs, including
the abscisic acid-responsive element (ABRE), the MeJA-
responsive element (TGACG and CGTCA-motif) and the
ethylene-responsive element (ERE). Among them, the cis-
acting element DRE can work together with the transcrip-
tion factor DREB which is tightly associated with drought
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Fig. 5 Expression analysis of SISSPs under drought stress. A Up-regulated SISSPs in drought stress 1 day (ds-d1), 2 days (ds-d2), 3 days (ds-d3), 4 days
(ds-d4) and 5 days (ds-d5) after treatments. Fold change =FPKMy_4./FPKM,,, Log2Foldchange > 1 and gvalue < 0.05. B Down-regulated SISSPs

in drought stress 1 day (ds-d1), 2 days (ds-d2), 3 days (ds-d3), 4 days (ds-d4) and 5 days (ds-d5) after treatments. Fold change =FPKMy,_o/FPKM,
Log2Foldchange <-1 and gvalue <0.05. C Up- and down-regulated members of SISSP families under drought stress

tolerance (Sakuma et al. 2006). The ABRE element can be
involved in perceiving ABA-mediated osmotic stress signals
and regulating drought-responsive genes (Kim et al. 2011).
The transcript levels of the SICEP genes were further
determined by qRT-PCR in 15-day-old tomato leaves
treated with 20% (m/v) PEG 6000 for drought stress
mimicking. Most of the SICEP genes were differentially
expressed at some stages of the PEG treatments. The
expression of SICEP12 and SICEP16 were significantly
repressed by PEG treatments. The expression of SICEPS
and SICEP14 were slightly increased at 3 h and 6 h, and
decreased at 12 h after treatments. SICEP1, SICEP2,

SICEP3, SICEP4, SICEPS, SICEP7, SICEP13, SICEPIS,
SICEP18, SICEP19, SICEP20 and SICEP21 were slightly
up-regulated at some time after PEG treatments.
SICEP6, SICEPY and SICEP17 were less responsive to
PEG treatments. It is worth noting that the expression
of SICEP10 and SICEPI11 was significantly induced by
PEG treatments (Fig. 7A, Supplementary Fig. S3).

Exogenous application of SICEP10 and SICEP11b peptides
enhanced drought tolerance of tomato plants

To study the role of SICEP10 and SICEP11 peptides in
drought stress response, predicted CEP peptides from
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Fig. 7 Exogenous application of SICEP10 and SICEP11b peptides altered drought response in tomato. A Expression level of SICEP10, SICEPT1

under drought (20% PEG6000) stress treatments for 0, 3,6 and 12 h based on qRT-PCR. gRT-PCR was performed with three biological replicates

and three technological replicates. The data represent mean +SD, * p < 0.05, ** p<0.01, *** p<0.001 was determined by ordinary one-way ANOVA. *
indicates a significant difference at the P<0.05 level. B The sequences of synthesized SICEP10, SICEP11a and SICEP11b peptides and their sequence
alignment results. C 4-week-old tomato plants treated with 5 uM SICEP10 or SICEP11b peptide for 8 days under control and drought conditions. D
4-week-old tomato plants treated with 5 uM SICEP10 or SICEP11b peptide for 12 days under drought conditions and 1, 2, 4, 6 h after rehydration. E-
G Measurement of relative water contents (RWC) (E), relative electric conductivity (REC) (F) and malondialdehyde (MDA) contents (G), respectively
8 days after drought condition. Sample size n=15 in (E-G). All statistics analyses were performed with three biological replicates. Different
lowercase letters in (E-G) indicate statistically significant differences based on ordinary one-way ANOVA (p <0.05). Bar=6 cm in (C, D)

SICEP10 (Solyc02g092890) and SICEP11 (Solyc03g044.180)
were synthesized for in vitro treatments. The SICEP11
precursor protein contains two conserved CEP domains
with high homology and SICEP11b was synthesized for
peptide treatments in this study (Fig. 7B). Drought stress

treatments were performed via water withdrawal and syn-
thetic peptides were sprayed on leaf surface to test their
effects on drought tolerance. In comparison with the
stressed tomato plants that were sprayed with water, after
eight days of drought treatments, the plants sprayed with
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SICEP10 or SICEP11b peptides showed significantly better
performance (Fig. 7C), with more stretched leaves, firmer
stalks and higher relative water content (RWC) (Fig. 7E).
Exogenous application of SICEP10 or SICEP11b peptides
did not cause detectable difference on well-watered tomato
plants. With the increase of concentration, the alleviating
effect of SICEP10 peptides on drought stress increased
first and then decreased, which was consistent with the
common dose—effect of small peptides (Figure S4). 5 uyM
SICEP10 peptides significantly alleviated the damage to
tomato plants caused by drought treatments and was used
in the following experiments.

The results of relative electric conductivity (REC) and
MDA measurements of tomato leaves showed that both
SICEP10 and SICEP11b peptide treatments significantly
decreased the electrolyte leakage and MDA accumula-
tion in tomato leaves under drought stress (Fig. 7F, G).
12 days after drought treatments, we preformed rehy-
dration on these tomato plants and found that plants
treated with SICEP10 or SICEP11b peptides recovered
faster, almost getting back to normal conditions 4 h
after rehydration (Fig. 7D). We also measured the RWC,
REC and MDA contents in leaves 6 h after rehydration
and the results indicated that tomato plants recovered
better with SICEP10 or SICEP11b peptide treatments
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(Fig. 7E-G). These results suggested that exogenous
application of SICEP10 or SICEP11b peptides enhanced
the drought tolerance of tomato plants.

Earlier studies showed that tomato genes SIDHN
(Solyc02g084850), SINCEDI (Solyc07g056570), SISRK2C
(Solyc04g012160), SIAREB (Solyc04g078840), SIPP2C
(Solyc03g096670) and SILEA (Solyc01g095140) could be
induced by drought stress (Sun et al. 2011; Bolger et al.
2014; Landi et al. 2017; Wang et al. 2018; Jia et al. 2022;
Qiao et al. 2022). We then determined the expression
changes of these drought-responsive genes after peptide
treatments. In consistent with the phenotypic changes,
expression levels of these genes increased significantly
after drought stress treatments, but the increase in expres-
sion levels was inhibited by SICEP10 or SICEP11b peptide
treatments (Fig. 8A-F). This result further supported the
conclusion that that SICEP10 and SICEP11b could allevi-
ate the damage caused by drought stress in tomato.

We also determined the transcript levels of SICEP10
and SICEPI11 in salt stress (200 mM NaCl) and ABA
treatments (100 uM ABA) by qRT-PCR. The results
showed that SICEP10 and SICEP11 were slightly induced
by ABA and significantly induced by salinity (Supple-
mentary Fig. S5B, C), suggesting potential roles of these
peptides in response to other abiotic stresses.
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Fig. 8 Relative expression levels of drought-related genes under drought stress after exogenous application of SICEP10 or SICEP11b peptides.
Relative expression levels of SIDHN (A), SINCED1 (B), SISRK2C (C), SIAREB (D), SILEA (E) and SIPP2C (F) by gRT-PCR. gRT-PCR was performed with three
biological replicates and three technological replicates. Different lowercase letters indicate statistically significant differences based on ordinary

one-way ANOVA (p <0.05)
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Discussion
Identification of annotated and un-annotated SSPs
In this study, we identified 1,050 putative SISSPs, which
constitutes around 3% of all annotated genes in tomato.
557 SISSPs were classified into 38 known SSP fami-
lies by MtSSPdb prediction (80%), CD-search (1%),
BLAST search (7%) and HMM search (12%) (Supple-
mentary Table S1). Not all the SSP family members
can be predicted by BLAST search of public databases.
HMM search as well as manual verification are essential
approaches to conduct thorough and in-depth analysis of
a specific SSP family (Zhang et al. 2021). Half of the puta-
tive SISSPs belong to unknown families (Fig. 1D), which
needed further identification and classification. 149
(30%) of the unclassified SISSPs are CRPs, among which
two novel SICRP families were identified in this study
by comparing the number and position of cysteine resi-
dues in their protein sequences, named CRP_6C I and
CRP_6C I (Fig. 2B, C). Furthermore, through TBLASTN
analysis, we identified a number of unannotated SSPs in
CEP, CLE and PIP families, suggesting that the current
genome annotation of the tomato genome was inade-
quate for complete identification of SISSPs. Some known
SSPs, including systemin (encoded by Solyc05g051750),
were not included in the SISSPs identified in this study
due to the lack of a signal peptide in the systemin pre-
cursor protein (Pearce et al. 1991), which means bioin-
formatic approaches for SSPs identification used in this
study can only obtained SSPs with common structural
features. In-depth analysis including peptidome profil-
ing were needed for studying a specific SSP family.
Similar to Arabidopsis (Lease and Walker 2006), we
also found a skew in the protein length frequency distri-
bution in the tomato genome (Supplementary Fig. S1B).
The results of this study indicated an incomplete anno-
tation of genes in the tomato genome because the small-
size proteins are easily missed in genome annotation. We
thus analyzed small open reading frames on the tomato
genome and identified 61,306 putative sORF-encoded
SSPs (Table 2). Since some peptides are encoded by genes
with multiple exons (Carbonnel et al. 2022), the results
of the sORF analysis based on single-exon ORFs are not
complete. This can be improved by whole genome re-
annotation. After classifying the sORFs via MtSSPdb, we
noticed that some of the sORFs were not real protein-
coding genes, indicating that the presence of false positive
results of SORFs. Multi-omics joint analysis can be done
to help in accurate identification of SORF-encoding SSPs.

Potential function of SISSPs in stress response

The result of GO analysis showed that some SISSPs
from HEVEIN, PDF and Subln families might be
involved in stress response (Fig. 4). Only 445 out of
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the 1,050 putative SISSPs had GO annotations due to
the limited tomato GO database with 20,036 anno-
tated genes in 3,947 GO terms (Tian et al. 2017). We
also analyzed the expression pattern of SISSPs under
drought stress and found that 128/144 SISSPs were
significantly up/down-regulated (Fig. 5B, C). It’s inter-
esting to note that only a few SISSP genes were highly
expressed in leaves (Fig. 3A). SSP families such as CLE,
CEP, RALF and PIP, which have been reported to be
involved in abiotic stress (Atkinson et al. 2013; Taka-
hashi et al. 2018; Tian et al. 2022; Zhou et al. 2022),
showed low expression levels. In the online resource
for tomato transcriptome analysis (GSE151277,
https://www.ncbi.nlm.nih.gov/geo/), the expression
levels of tomato genes were examined 1, 2, 3, 4 and
5 days after drought treatments. Some SISSPs that
are induced at earlier stages after treatments could be
missed in this database.

Compared with model plants like Arabidopsis, rice
and wheat, the limited function annotation and public
expression database restrict our exploration of SISSPs
in stress response. qRT-PCR analysis of the SISSP genes
under drought, salt, heat and cold stresses will provide
more information. In addition, exogenous application of
synthesized peptides is also an efficient way in identifying
stress-related peptides.

Tomato CEP peptide family members may be involved

in drought stress response

CEP peptides have been reported to be involved in root
and shoot growth and development, as well as regula-
tion of nitrogen acquisition in Arabidopsis (Roberts et al.
2013; Tabata et al. 2014; Ohkubo et al. 2017; Taleski et al.
2018). Recent studies have showed that CEP peptides are
also involved in abiotic stress response and ABA signal-
ing (Smith et al. 2020; Zhang et al. 2021; Tian et al. 2022).
In this study, we found that exogenous application of
SICEP10 or SICEP11b peptides significantly improved
drought stress tolerance of tomato plants without affect-
ing plant growth under normal conditions (Fig. 7C-G).
Biosynthesized peptides have been reported to be applied
in modern agriculture with better specificity compared
to phytohormones which are often involved in multiple
development and stress response processes (Zhang and
Gleason 2020). Biosynthesis of SICEP10 and SICEP11b
peptides with significantly lower cost would facilitate the
application of these peptides in agriculture.

Further characterization of the function of these two
peptides in drought response will provide more mecha-
nistic information about how they act in altering the
stress response process of tomato plants. In addition to
the drought-tolerant phenotypes, 6 drought-induced
genes were found up-regulated in peptide-treated plants
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(Fig. 8). Further study of the downstream gene network of
the CEP signaling will provide detailed information about
CEP-mediated tomato drought stress response. It will
be also interesting to identify the corresponding recep-
tor of the SICEP peptides which initiates signal transduc-
tion. CEPR1, CEPR2 from the LRR-RLK family have been
reported to function as CEP receptors in Arabidopsis in
regulating lateral root initiation (Tabata et al. 2014). Zhang
et al. revealed that AtCEPRI and AtCEPR2 also function in
mediating ABA response to balance plant growth and abi-
otic stress responses (Zhang et al. 2021). We have identified
three potential tomato CEP receptors including SICEPR1,
SICEPR2 and SICEPR2-like (encoded by Solyc04g077010,
Solyc11g020280 and Solyc06g065260) on the tomato
genome. Whether these receptors are involved in CEP-
mediated drought response in tomato needs to be explored.

Materials and methods
Identification and classification of small secreted peptides
in tomato
All protein sequences of tomato (Solanum lycopersicum)
SSPs were downloaded from Phytozome (https://phyto
zome-next.jgi.doe.gov/) (Goodstein et al. 2012) and the Sol
Genomics Network (https://solgenomics.net/) (Fernan-
dez-Pozo et al. 2015). Based on the common structure and
sequence features of known plant peptides, a multi-step
procedure was used to identify tomato SSPs as described
in Fig. 1A: Firstly, all the proteins in 25-250 amino acids
were obtained; Secondly, the SignalP-5.0 software (https://
services.healthtech.dtu.dk/service.php?SignalP) (Almagro
Armenteros et al. 2019) was used to predict N-terminal
signal peptides, and proteins without an N-terminal signal
peptide were removed from the list; Thirdly, transmem-
brane (TM) domains were predicted using the TMHMM
v2.0 software (https://services.healthtech.dtu.dk/ service.
php?TMHMM-2.0) (Krogh et al. 2001) to remove mem-
brane proteins; Fourthly, putative endoplasmic reticulum
docking proteins were eliminated by identifying the C-ter-
minal conserved domain K/HDEL (Lys/His-Asp-Glu-Leu)
(Napier et al. 1992). For SISSPs including multiple tran-
scripts, the longest transcript was used for further analysis.
The putative SISSPs were predicted and classified into
different known SSP families using the Medicago trunca-
tula Small Secreted Peptide Database (MtSSPdb, http://
mtsspdb.noble.org/database/) (Boschiero et al. 2020) and
CD-search (https://www.ncbinlm.nih.gov/Structure/cdd/
wrpsb.cgi) (Lu et al. 2020) based on their homology with
HMM profiles and protein sequences of known SSPs. Then
we used the HLH hidden Markov model (HMM) search
and TBLASTN search (https://phytozome-next.jgi.doe.
gov/blast-search) to make sure the classification of SSP is
accurate and complete. For CRP type SSPs prediction, the
number of cysteine residues in each SISSP after removing
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signal peptide was recorded. The final results were manu-
ally revised based on their conserved mature sequences.

Bioinformatic analysis

The TBtools software (Chen et al. 2020a, b) was used to
visualized the chromosomal localization of SISSP genes.
The sequence alignment analysis was performed using
the DNAMAN software (v 6.0) (Lynnon, Pointe-Claire,
QC, Canada).

Two published tomato RNA-seq data of tomato were
used to analyze the expression patterns of SISSP genes
in various tissues (D004, http://ted.bti.cornell.edu/) and
drought stress (GSE151277, https://www.ncbi.nlm.nih.
gov/geo/). The GO analysis of SISSPs was performed
using the agriGO v2.0 online tool (http://systemsbiology.
cau.edu.cn/agriGOv2/index.php) (Tian et al. 2017).

CEP precursor proteins from Arabidopsis, Medicago,
tomato, wheat, rice, Setaria and maize were used to con-
struct a phylogenetic tree using MEGA 7 software (Kumar
et al. 2016) with the Maximum-likelihood method and
1,000 bootstrap replications. The iTOL online tool (https://
itol.embl.de/itol.cgi) (Ciccarelli et al. 2006) was then used
to modify the phylogenetic tree. The MEME Suite (https://
meme-suite.org/meme/doc/meme html) (Bailey and Elkan
1994) was used to search for conserved domains and com-
parative analysis of domain conservation for each CEP pro-
tein. The IBS software (Liu et al. 2015) was used to construct
the protein structure of CEPs. The promoter sequences
(upstream 2 kb sequences) of all CEP genes were obtained
from NCBI (https://www.ncbinlm.nih.gov/) and analyzed
using the PlantCARE online tool (https://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) (Lescot et al. 2002). The
TBtools software (Chen et al. 2020a, b) and an online plat-
form (https://www.bioinformatics.com.cn) were utilized to
perform the hierarchical cluster analysis and visualization.

Identification of unannotated secreted peptides

Firstly, we screened the coding sequence (CDS) and
non-coding sequence (NCDS) on all the 12 tomato
chromosomes. The small ORFs (sORFs) encoding pro-
teins 25 to 250 amino acids were obtained by translating
tomato NCDS in six-frames using the ORF finder pack-
age (https://www.ncbi.nlm.nih.gov/orffinder/). Next, the
smaller ORFs were eliminated if multiple overlapping in-
frame ORFs were recovered. Then, the same procedure
used for annotated genes was used to identify the unan-
notated secreted peptides encoded by sORFs.

Plant materials and stress treatments

The tomato cultivar Condine Red (referred to as 'CR’) was
used in this study. Tomato seeds were germinated at 28°C in
darkness for three days and then sown on equal matrix of
peat and perlite (3:1; v/v), and put in a growth room. When
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the first two leaves were fully expanded, tomato plants were
transferred to pots containing the equal same matrix and
poured permeable. The growth conditions were as follow:
light intensity, 200 pmol~m-2-s_1; photoperiod, 16 h/8 h;
day/night temperature cycle, 26 °C/22 °C; and relative
humidity, 70%. 30-day-old plants were used for all the exper-
iments, and drought stress was performed through water
withdrawal for 12 d and rehydrated for 6 h. Plants grown
under normal growth conditions were used as control.

The tomato plants used for gene expression analysis
under drought stress were transferred to hydroponics
and grown for 5 d. Then, 20 plants were treated with 20%
(m/v) PEG 6000 (BBI, China), 200 nM NacCl or 100 pM
ABA (Sigma, America) for 0 h, 3 h, 6 h and 12 h respec-
tively to simulate abiotic stress. Leaves were collected
separately and were frozen immediately in liquid nitro-
gen and stored at -80 °C for further use.

qRT-PCR

Total RNA from leaves was extracted using an RNAsim-
ple Total RNA Kit (Tiangen Biotech, China) according to
the manufacturer’s instructions. 1 pg total RNA was used
as the templet to synthesize cDNA using the HiScript®II
Q RT SuperMix Kit (Vazyme, China). qPCR was then per-
formed using the Applied Biosystems StepOne’" RealTime
PCR System with the ChamQ SYBR qPCR Master Mix Kit
(Vazyme, China). The relative transcript level of each gene
was calculated using the 2724¢T method and tomato Actin
(Solyc03g078400) was as the reference gene. All primers
for qPCR were designed by the Primer Premier 5.0 soft-
ware (www.PremierBiosoft.com) and are listed in Supple-
mentary Table S4. All qRT-PCR experiments were run in
three biological replicates and three technical replicates.

Peptide synthesis and treatments

The SICEP10 (YLGIKNSGPSPGEGH) and SICEPDb (TLG-
GIKAGPSPGEGH) peptides were chemically synthesized
by GenScript Biotech Corporation (Nanjing, China), with
a purity>95% (w/w). Peptides were dissolved in double
distilled water (ddH,0O) at 1 mM as a stock concentra-
tion, and then stored at -80 °C for future use. For peptide
treatments, distilled water or 5 uM SICEP peptides were
sprayed evenly to tomato leaves at 9:00 am every day,
respectively. Each treatment consisted of three biological
replicates and each replication consisted of 5 seedlings.

Morphological and physiological measurements
The 30-day-old tomato plants were photographed with a
Canon EOS 80D to obtain high-resolution images. 8 days
after treatments, leaves were harvested and weighted
immediately after detached from plants.

Relative water content (RWC) was detected on 15 leaves
for each treatment. Fresh weight (FW) was recorded and
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then leaves were placed in distilled water at 4 °C for 24 h
to get saturated weight (SW). Finally, leaves were dried at
65 °C for 6 h to determine dry weight (DW). RWC was cal-
culated as the following formula (Terzi and Kadioglu 2006):

RWC = [(EW — DW)/(SW — DW)] x 100%

0.3 g leaf disks (0.6 cm of diameter) from each treat-
ment were harvested for relative electric conductivity
(REC) measurements. Samples were placed in a 50 mL
tube containing 30 mL distilled water and sharked at
200 rpm at 28 °C for 2 h, then the initial electrical con-
ductivity (K1) was measured with a conductivity meter.
After that, the tubes were boiled at 95 °C for 20 min then
cooled to room temperature. Finally, the final electrical
conductivity (K2) was measured. REC was calculated as
the following formula (Cao et al. 2007):

REC = K1/K2 x 100%

The level of MDA was determined using the thiobar-
bituric acid method (Hodges et al. 1999). 0.3 g leaf sam-
ple for each treatment was ground with 3 ml of ice-cold
50 mM PBS, then centrifuged at 12,000 rpm for 20 min at
4 °C. 1 mL supernatant and 3 mL TBA (BBI, China) work
solution (20% TCA containing 0.6% thiobarbituric acid)
were mixed together and boiled at 95 °C for 30 min. The
mixture was immediately cooled on ice to ambient tem-
perature, then centrifuged at 1500 g for 10 min. Absorb-
ance was recorded at 532, and 600 nm using the T6 UV/
VIS spectrophotometer (Persee, China). The MDA con-
centration according to following formula:

MDA (nM/g) = [(A532 — A600) x Vy/e x 10°]/(W¢ x V¢/V).

V,: Volume of reaction mixture.

V: Total volume of crude enzyme solution.

V. Volume of samples used in the test.

W : Fresh weight of samples used in the test.

€: Extinction coefficient (1.55x 10° L/mol/cm).

Statistical analysis

All experiments adopted a completely randomized design
with three biological replicates. The Graph Pad Prism 8 soft-
ware was used to organize data. Significance of difference
was determined via ordinary one-way ANOVA (p<0.05).

Abbreviations

ABRE Abscisic acid-responsive elements
ARE Antioxidant-responsive element
AREB ABA responsive element binding
CDS Coding sequence

CEP C-terminally encoded peptide
CLE CLAVATA3 (CLV3), CLV3/ESR

CRP Cys-rich peptide

DRE/MBS Dehydration-responsive element
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DHN Dehydrin

DW Dry weight

EPF Epidermal patterning factor
ERE Ethylene-responsive element
GLV/RGF/CLEL Golven/root growth factor
FW Fresh weight

GO Gene ontology

GSDS Gene Structure display Server

HMM HLH hidden Markov model

IDA Inflorescence deficient in abscission
K/HDEL Lys/His-Asp-Glu-Leu

LEA Late embryogenesis abundant

LTR Low temperature-responsive element
MtSSPdb Medicagotruncatula Small Secreted Peptide Database
NCDS Non-coding sequences

NCED 9-Cis-epoxycarotenoid dioxygenase
ORF Open reading frame

PEP Plant elicitor peptides

PIP (PAMP)-induced peptide

PP2C Protein phosphatase 2C

PSK Phytosulfokine

PSY Plant peptide containing sulfated tyrosine
PTM Post-translationally modified

RALF Rapid alkalinization factor

REC Relative electric conductivity

RLK LRR-type receptor-like kinase

RWC Relative water content

SGN Sol Genomics Network

SRK2C SNF1-related kinase

SSP Small secreted peptide

SW Saturated weight

SYS Systemin

TC-rich repeat Defense and stress-responsive element
™ Transmembrane

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543897-023-00063-2.

Additional file 1. The online version contains supplementary materials
available at (web address will be provided by the publisher). Supple-
mentary Fig. S1. The distribution of sORFs and annotated proteins. Sup-
plementary Fig. S2. Chromosome distribution and sequence alignment
of SICEP genes. Supplementary Fig. S3. Heatmap visualization of the
expression pattern of SICEPs under drought (20% PEG-6000) stress for 0,
3,6 .and 12 hour based on gRT-PCR. Supplementary Fig. S4. Expression
level of SISRK2C, SICEP10, SICEPT1 under drought (20% PEG6000 for 6 h),
salt (200 mM NaCl for 3 h) and ABA (100 uM ABA for 6 h) stress treatments.
Supplementary Fig. S5. Supplementary Table S1. SISSPs prediction.
Supplementary Table S2. sORFs prediction (ORF finder). Supplemen-
tary Table S3. GO analysis of SISSPs. Supplementary Table S4. List of
primers used in this study.

Authors’information

Department of Horticulture, College of Agriculture and Biotechnology,
Zhejiang University, Hangzhou 310058, China.

Tobacco Research Institute, Chinese Academy of Agricultural Sciences,
Qingdao, China.

Acknowledgements
We thank Dr. Meihua Hu of Zhejiang Agricultural Technology Extension Center
for help in experiments.

Authors’ contributions

Conceptualization, Y.FG, LPC, KXX, and D.D.T; Formal Analysis, KX.X, D.D.T,
YFG, WHL, AYEM., and AJ.Z; Methodology, KXX, D.D.T, LPC, YFG, and
W.H.L; Validation, KX.X, D.D.T,, and TJW, Writing-Original Draft, KX X, D.D.T,

Page 17 of 19

L.PC, and YFG,; Writing -Review & Editing, KX.X., D.D.T, LPC, and Y.FG. The
author(s) read and approved the final manuscript.

Funding

Open access funding provided by Shanghai Jiao Tong University. This work
was supported by the National Natural Science Foundation of China (Grant
no. 32270332 to Y.FG)), the Agricultural Science and Technology Innovation
Program, Chinese Academy of Agricultural Sciences (ASTIP-TRIO2 to Y.FG)), the
Pairing assistance program of Zhejiang (no. 2021C04031 to L.PC).

Availability of data and materials
All data are publicly accessible listed under “Gene and Accession Numbers”
Seeds of tomato cultivar Condine Red are commercially available.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors approve the manuscript and consent to publication of the work.

Competing interests

The authors declare that they have no competing interests. Yongfeng Guo is a
member of the Editorial Board for Molecular Horticulture. He was not involved
in the journal's review of, or decisions related to, this manuscript.

Received: 25 May 2023 Accepted: 28 July 2023
Published online: 25 August 2023

References

Aggarwal S, Kumar A, Jain M, et al. C-terminally encoded peptides (CEPs) are
potential mediators of abiotic stress response in plants. Physiol Mol Biol
Plants. 2020,26:2019-33. https://doi.org/10.1007/512298-020-00881-4.

Almagro Armenteros JJ, Tsirigos KD, Sonderby CK, et al. SignalP 5.0 improves
signal peptide predictions using deep neural networks. Nat Biotechnol.
2019;37:420-3. https://doi.org/10.1038/541587-019-0036-z.

Amano Y, Tsubouchi H, Shinohara H, et al. Tyrosine-sulfated glycopeptide
involved in cellular proliferation and expansion in Arabidopsis. Proc Natl
Acad Sci USA. 2007;104:18333-8. https://doi.org/10.1073/pnas.07064
03104.

Atkinson NJ, Lilley CJ, Urwin PE. Identification of genes involved in the
response of Arabidopsis to simultaneous biotic and abiotic stresses. Plant
Physiol. 2013;162:2028-41. https://doi.org/10.1104/pp.113.222372.

Bai'Y, Kissoudis C, Yan Z, et al. Plant behaviour under combined stress:
tomato responses to combined salinity and pathogen stress. Plant J.
2018,93:781-93. https:/doi.org/10.1111/tpj.13800.

Bailey TL, Elkan C. Fitting a mixture model by expectation maximization
to discover motifs in biopolymers. Proc Int Conf Intell Syst Mol Biol.
1994;2:28-36.

Bolger A, Scossa F, Bolger ME, et al. The genome of the stress-tolerant wild
tomato species Solanum pennellii. Nat Genet. 2014;46:1034-8. https://doi.
0rg/10.1038/ng.3046.

Boschiero C, Dai X, Lundquist PK, et al. MtSSPdb: The Medicago truncatula
Small Secreted Peptide Database. Plant Physiol. 2020;183:399-413.
https://doi.org/10.1104/pp.19.01088.

Butenko MA, Patterson SE, Grini PE, et al. Inflorescence deficient in abscission
controls floral organ abscission in Arabidopsis and identifies a novel family
of putative ligands in plants. Plant Cell. 2003;15:2296-307. https://doi.org/
10.1105/tpc.014365.

Cao WH, Liu J, He XJ, et al. Modulation of ethylene responses affects plant
salt-stress responses. Plant Physiol. 2007;143:707-19. https://doi.org/10.
1104/pp.106.094292.

Carbonnel S, Falquet L, Hazak O. Deeper genomic insights into tomato
CLE genes repertoire identify new active peptides. BMC Genomics.
2022;23:756. https://doi.org/10.1186/512864-022-08980-0.


https://doi.org/10.1186/s43897-023-00063-2
https://doi.org/10.1186/s43897-023-00063-2
https://doi.org/10.1007/s12298-020-00881-4
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1073/pnas.0706403104
https://doi.org/10.1073/pnas.0706403104
https://doi.org/10.1104/pp.113.222372
https://doi.org/10.1111/tpj.13800
https://doi.org/10.1038/ng.3046
https://doi.org/10.1038/ng.3046
https://doi.org/10.1104/pp.19.01088
https://doi.org/10.1105/tpc.014365
https://doi.org/10.1105/tpc.014365
https://doi.org/10.1104/pp.106.094292
https://doi.org/10.1104/pp.106.094292
https://doi.org/10.1186/s12864-022-08980-0

Xu et al. Molecular Horticulture (2023) 3:17

Chapman K, Taleski M, Ogilvie HA, et al. CEP-CEPR1 signalling inhibits the
sucrose-dependent enhancement of lateral root growth. J Exp Bot.
2019;70:3955-67. https://doi.org/10.1093/jxb/erz207.

Chen C, Chen H, Zhang Y, et al. TBtools: An integrative toolkit developed for
interactive analyses of big biological data. Mol Plant. 2020a;13:1194-202.
https://doi.org/10.1016/j.molp.2020.06.009.

Chen YL, Fan KT, Hung SC, et al. The role of peptides cleaved from protein pre-
cursors in eliciting plant stress reactions. New Phytol. 2020b;225:2267-82.
https://doi.org/10.1111/nph.16241.

Chong L, Xu R, Huang P, et al. The tomato OST1-VOZ1 module regulates
drought-mediated flowering. Plant Cell. 2022;34:2001-18. https://doi.org/
10.1093/plcell/koac026.

Ciccarelli FD, Doerks T, von Mering C, et al. Toward automatic reconstruction of
a highly resolved tree of life. Science. 2006;311:1283-7. https://doi.org/10.
1126/science.1123061.

Feng W, Kita D, Peaucelle A, et al. The FERONIA receptor kinase maintains
cell-wall integrity during salt stress through Ca* signaling. Curr Biol.
2018;28:666-75. https://doi.org/10.1016/j.cub.2018.01.023.

Fernandez-Pozo N, Menda N, Edwards JD, et al. The Sol Genomics Network
(SGN)-from genotype to phenotype to breeding. Nucleic Acids Res.
2015;43:D1036-41. https://doi.org/10.1093/nar/gku1195.

Fletcher JC, Brand U, Running MP, et al. Signaling of cell fate decisions by
CLAVATA3 in Arabidopsis shoot meristems. Science. 1999;283:1911-4.
https://doi.org/10.1126/science.283.5409.1911.

Goodstein DM, Shu S, Howson R, et al. Phytozome: a comparative platform for
green plant genomics. Nucleic Acids Res. 2012;40:D1178-86. https://doi.
0rg/10.1093/nar/gkro44.

Hanada K, Zhang X, Borevitz JO, et al. A large number of novel coding small
open reading frames in the intergenic regions of the Arabidopsis thaliana
genome are transcribed and/or under purifying selection. Genome Res.
2007;17:632-40. https://doi.org/10.1101/gr.5836207.

Hanada K, Akiyama K, Sakurai T, et al. SORF finder: a program package to iden-

tify small open reading frames with high coding potential. Bioinformatics.

2010,26:399-400. https://doi.org/10.1093/bioinformatics/btp688.

Hara K, Kajita R, Torii KU, et al. The secretory peptide gene EPFT enforces the
stomatal one-cell-spacing rule. Genes Dev. 2007,21:1720-5. https://doi.
0rg/10.1101/gad.1550707.

Hodges DM, DelLong JM, Forney CF, et al. Improving the thiobarbituric
acid-reactive-substances assay for estimating lipid peroxidation in plant
tissues containing anthocyanin and other interfering compounds. Planta.
1999;207:604-11. https://doi.org/10.1007/5004250050524.

Jia C, Guo B, Wang B, et al. The LEA gene family in tomato and its wild relatives:
genome-wide identification, structural characterization, expression
profiling, and role of SILEA6 in drought stress. Bmc Plant Biol. 2022;22:596.
https://doi.org/10.1186/512870-022-03953-7.

Kim JS, Mizoi J, Yoshida T, et al. An ABRE promoter sequence is involved
in osmotic stress-responsive expression of the DREB2A gene, which
encodes a transcription factor regulating drought-inducible genes in
Arabidopsis. Plant Cell Physiol. 2011;52:2136-46. https://doi.org/10.
1093/pcp/pcri43.

Krogh A, Larsson B, von Heijne G, et al. Predicting transmembrane protein topol-
ogy with a hidden Markov model: application to complete genomes. J Mol
Biol. 2001;305:567-80. https://doi.org/10.1006/jmbi.2000.4315.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular evolutionary genetics analy-
sis version 7 0 for bigger datasets. Mol Biol Evol. 2016;33:1870-4. https://
doi.org/10.1093/molbev/msw054.

Landi S, De Lillo A, Nurcato R, et al. In-field study on traditional Italian tomato
landraces: The constitutive activation of the ROS scavenging machinery
reduces effects of drought stress. Plant Physiol Bioch. 2017;118:150-60.
https://doi.org/10.1016/j.plaphy.2017.06.011.

Lease KA, Walker JC. The Arabidopsis unannotated secreted peptide database,
a resource for plant peptidomics. Plant Physiol. 2006;142:831-8. https://
doi.org/10.1104/pp.106.086041.

Lee JS, Hnilova M, Maes M, et al. Competitive binding of antagonistic peptides
fine-tunes stomatal patterning. Nature. 2015;522:439-43. https://doi.org/
10.1038/nature14561.

Lescot M, Déhais P, Thijs G, et al. PlantCARE, a database of plant cis-acting
regulatory elements and a portal to tools for in silico analysis of pro-
moter sequences. Nucleic Acids Res. 2002;30:325-7. https://doi.org/10.
1093/nar/30.1.325.

Page 18 of 19

LiYL, Dai XR, Yue X, et al. Identification of small secreted peptides (SSPs) in
maize and expression analysis of partial SSP genes in reproductive tissues.
Planta. 2014;240:713-28. https://doi.org/10.1007/500425-014-2123-1.

LinT, Zhu G, Zhang J, et al. Genomic analyses provide insights into the history
of tomato breeding. Nat Genet. 2014;46:1220-6. https://doi.org/10.1038/
ng.3117.

LiuW, Xie Y, Ma J, et al. IBS: an illustrator for the presentation and visualization
of biological sequences. Bioinformatics. 2015;31:3359-61. https://doi.org/
10.1093/bioinformatics/btv362.

Liu Z, Hou S, Rodrigues O, et al. Phytocytokine signalling reopens stomata in
plant immunity and water loss. Nature. 2022;605:332-9. https://doi.org/
10.1038/541586-022-04684-3.

Lu S, Wang J, Chitsaz F, et al. CDD/SPARCLE: the conserved domain database in
2020. Nucleic Acids Res. 2020;48:D265-8. https://doi.org/10.1093/nar/gkz991.

Ludidi NN, Heazlewood JL, Seoighe C, et al. Expansin-like molecules: novel
functions derived from common domains. J Mol Evol. 2002;54:587-94.
https://doi.org/10.1007/500239-001-0055-4.

Marshall E, Costa LM, Gutierrez-Marcos J. Cysteine-rich peptides (CRPs) mediate
diverse aspects of cell-cell communication in plant reproduction and devel-
opment. J Exp Bot. 2011,62:1677-86. https://doi.org/10.1093/jxb/err002.

Matsubayashi Y. Small post-translationally modified Peptide signals in Arabi-
dopsis. Arabidopsis Book. 2011;9:e150. https://doi.org/10.1199/tab.0150.

Matsubayashi'Y, Sakagami Y. Phytosulfokine, sulfated peptides that induce the
proliferation of single mesophyll cells of Asparagus officinalis L. Proc Natl
Acad Sci USA. 1996;93:7623-7. https://doi.org/10.1073/pnas.93.15.7623.

Matsubayashi Y, Ogawa M, Kihara H, et al. Disruption and overexpression of
Arabidopsis phytosulfokine receptor gene affects cellular longevity and
potential for growth. Plant Physiol. 2006;142:45-53. https://doi.org/10.
1104/pp.106.081109.

Nakaminami K, Okamoto M, Higuchi-Takeuchi M, et al. AtPep3 is a hormone-like
peptide that plays a role in the salinity stress tolerance of plants. Proc Natl
Acad Sci USA. 2018;115:5810-5. https://doi.org/10.1073/pnas.1719491115.

Napier RM, Fowke LC, Hawes C, et al. Immunological evidence that plants use
both HDEL and KDEL for targeting proteins to the endoplasmic reticulum. J
Cell Sci. 1992;102(Pt 2):261-71. https://doi.org/10.1242/jcs.102.2.261.

Ohkubo Y, Tanaka M, Tabata R, et al. Shoot-to-root mobile polypeptides
involved in systemic regulation of nitrogen acquisition. Nat Plants.
2017;3:17029. https://doi.org/10.1038/nplants.2017.29.

Pallakies H, Simon R. The CLE40 and CRN/CLV2 signaling pathways antago-
nistically control root meristem growth in Arabidopsis. Mol Plant.
2014;7:1619-36. https://doi.org/10.1093/mp/ssu094.

Pan B, Sheng J, Sun W, et al. OrysPSSP: a comparative platform for small
secreted proteins from rice and other plants. Nucleic Acids Res.
2013;41:D1192-8. https://doi.org/10.1093/nar/gks1090.

Pearce G, Strydom D, Johnson S, et al. A polypeptide from tomato leaves
induces wound-inducible proteinase inhibitor proteins. Science.
1991;253:895-7. https://doi.org/10.1126/science.253.5022.895.

Pearce G, Moura DS, Stratmann J, et al. RALF, a 5-kDa ubiquitous polypeptide
in plants, arrests root growth and development. Proc Natl Acad Sci USA.
2001;22:12843-7.

Qiao K, Yao X, Zhou Z, et al. Mitochondrial alternative oxidase enhanced ABA-
mediated drought tolerance in Solanum lycopersicum. J Plant Physiol.
2022;280:153892. https://doi.org/10.1016/}jplph.2022.153892.

Reichardt S, Piepho HP, Stintzi A, et al. Peptide signaling for drought-induced
tomato flower drop. Science. 2020;367:1482-5. https://doi.org/10.1126/
science.aaz5641.

Roberts I, Smith S, De Rybel B, et al. The CEP family in land plants: evolutionary
analyses, expression studies, and role in Arabidopsis shoot development. J
Exp Bot. 2013,64:5371-81. https://doi.org/10.1093/jxb/ert331.

Sakuma'Y, Maruyama K, Qin F, et al. Dual function of an Arabidopsis transcrip-
tion factor DREB2A in water-stress-responsive and heat-stress-responsive
gene expression. Proc Natl Acad Sci USA. 2006;103:18822-7. https://doi.
org/10.1073/pnas.0605639103.

Sawa S, Kinoshita A, Nakanomyo |, et al. CLV3/ESR-related (CLE) peptides as
intercellular signaling molecules in plants. Chem Rec. 2006;6:303-10.

https://doi.org/10.1002/tcr.20091.

Smith S, Zhu'S, Joos L, et al. The CEP5 peptide promotes abiotic stress toler-
ance, as revealed by quantitative proteomics, and attenuates the AUX/
IAA equilibrium in Arabidopsis. Mol Cell Proteomics. 2020;19:1248-62.
https://doi.org/10.1074/mcp.RA119.001826.


https://doi.org/10.1093/jxb/erz207
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1111/nph.16241
https://doi.org/10.1093/plcell/koac026
https://doi.org/10.1093/plcell/koac026
https://doi.org/10.1126/science.1123061
https://doi.org/10.1126/science.1123061
https://doi.org/10.1016/j.cub.2018.01.023
https://doi.org/10.1093/nar/gku1195
https://doi.org/10.1126/science.283.5409.1911
https://doi.org/10.1093/nar/gkr944
https://doi.org/10.1093/nar/gkr944
https://doi.org/10.1101/gr.5836207
https://doi.org/10.1093/bioinformatics/btp688
https://doi.org/10.1101/gad.1550707
https://doi.org/10.1101/gad.1550707
https://doi.org/10.1007/s004250050524
https://doi.org/10.1186/s12870-022-03953-7
https://doi.org/10.1093/pcp/pcr143
https://doi.org/10.1093/pcp/pcr143
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1016/j.plaphy.2017.06.011
https://doi.org/10.1104/pp.106.086041
https://doi.org/10.1104/pp.106.086041
https://doi.org/10.1038/nature14561
https://doi.org/10.1038/nature14561
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1007/s00425-014-2123-1
https://doi.org/10.1038/ng.3117
https://doi.org/10.1038/ng.3117
https://doi.org/10.1093/bioinformatics/btv362
https://doi.org/10.1093/bioinformatics/btv362
https://doi.org/10.1038/s41586-022-04684-3
https://doi.org/10.1038/s41586-022-04684-3
https://doi.org/10.1093/nar/gkz991
https://doi.org/10.1007/s00239-001-0055-4
https://doi.org/10.1093/jxb/err002
https://doi.org/10.1199/tab.0150
https://doi.org/10.1073/pnas.93.15.7623
https://doi.org/10.1104/pp.106.081109
https://doi.org/10.1104/pp.106.081109
https://doi.org/10.1073/pnas.1719491115
https://doi.org/10.1242/jcs.102.2.261
https://doi.org/10.1038/nplants.2017.29
https://doi.org/10.1093/mp/ssu094
https://doi.org/10.1093/nar/gks1090
https://doi.org/10.1126/science.253.5022.895
https://doi.org/10.1016/j.jplph.2022.153892
https://doi.org/10.1126/science.aaz5641
https://doi.org/10.1126/science.aaz5641
https://doi.org/10.1093/jxb/ert331
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1002/tcr.20091
https://doi.org/10.1074/mcp.RA119.001826

Xu et al. Molecular Horticulture (2023) 3:17

Sugano SS, Shimada T, Imai Y, et al. Stomagen positively regulates stomatal
density in Arabidopsis. Nature. 2010;463:241-4. https://doi.org/10.1038/
nature08682.

Sun L, Wang YP, Chen P, et al. Transcriptional regulation of SIPYL, SIPP2C, and
SISnRK2 gene families encoding ABA signal core components during
tomato fruit development and drought stress. J Exp Bot. 2011;62:5659—
69. https://doi.org/10.1093/jxb/err252.

Tabata R, Sumida K, Yoshii T, et al. Perception of root-derived peptides by shoot
LRR-RKs mediates systemic N-demand signaling. Science. 2014;346:343—
6. https://doi.org/10.1126/science.1257800.

Takahashi F, Suzuki T, Osakabe Y, et al. A small peptide modulates sto-
matal control via abscisic acid in long-distance signalling. Nature.
2018;556:235-8. https://doi.org/10.1038/541586-018-0009-2.

Taleski M, Imin N, Djordjevic MA. CEP peptide hormones: key players in orches-
trating nitrogen-demand signalling, root nodulation, and lateral root devel-
opment. J Exp Bot. 2018;69:1829-36. https.//doi.org/10.1093/jxb/ery037.

Taleski M, Chapman K, Novak O, et al. CEP peptide and cytokinin pathways
converge on CEPD glutaredoxins to inhibit root growth. Nat Commun.
2023;14:1683. https://doi.org/10.1038/s41467-023-37282-6.

Terzi R, Kadioglu A. Drought stress tolerance and the antioxidant enzyme
system in Ctenanthe setosa. Acta Biol Cracov Bot. 2006;48:89-96.

TianT, LiuY, Yan H, et al. agriGO v2.0: a GO analysis toolkit for the agricultural
community, 2017 update. Nucleic Acids Res. 2017;45:W122-9. https://doi.
0rg/10.1093/nar/gkx382.

Tian D, Xie Q, Deng Z, et al. Small secreted peptides encoded on the wheat
(triticum aestivum L) genome and their potential roles in stress
responses. Front Plant Sci. 2022;13:1000297. https://doi.org/10.3389/fpls.
2022.1000297.

Vie AK, Najafi J, Liu B, et al. The IDA/IDA-LIKE and PIP/PIP-LIKE gene families in
Arabidopsis: phylogenetic relationship, expression patterns, and transcrip-
tional effect of the PIPL3 peptide. J Exp Bot. 2015,66:5351-65. https://doi.
0rg/10.1093/jxb/erv285.

Wang K, He J, Zhao Y, et al. EAR1 negatively regulates ABA signaling by
enhancing 2C protein phosphatase activity. Plant Cell. 2018;30:815-34.
https://doi.org/10.1105/tpc.17.00875.

Wang P, Yao S, Kosami K, et al. Identification of endogenous small peptides
involved in rice immunity through transcriptomics- and proteomics-
based screening. Plant Biotechnol J. 2020;18:415-28. https://doi.org/10.
1111/pbi.13208.

Whitford R, Fernandez A, De Groodt R, et al. Plant CLE peptides from two distinct
functional classes synergistically induce division of vascular cells. Proc Natl
Acad Sci USA. 2008;105:18625-30. https://doi.org/10.1073/pnas.0809395105.

Yu'Y, Assmann SM. Inter-relationships between the heterotrimeric Gbeta subunit
AGBT, the receptor-like kinase FERONIA, and RALF1 in salinity response.
Plant Cell Environ. 2018;41:2475-89. https://doi.org/10.1111/pce.13370.

Zhang L, Gleason C. Enhancing potato resistance against root-knot nema-
todes using a plant-defence elicitor delivered by bacteria. Nat Plants.
2020;6:625-9. https://doi.org/10.1038/541477-020-0689-0.

Zhang L, Shi X, Zhang Y, et al. CLE9 peptide-induced stomatal closure is medi-
ated by abscisic acid, hydrogen peroxide, and nitric oxide in Arabidopsis
thaliana. Plant Cell Environ. 2019;42:1033-44. https://doi.org/10.1111/
pce.13475.

Zhang L, RenY, Xu Q, et al. SiCEP3, a C-terminally encoded peptide
from Setaria italica, promotes ABA import and signaling. J Exp Bot.
2021;72:6260-73. https://doi.org/10.1093/jxb/erab267.

Zhang Z, Liu C, Li K, et al. CLE14 functions as a “brake signal”to suppress
age-dependent and stress-induced leaf senescence by promoting JUB1-
mediated ROS scavenging in Arabidopsis. Mol Plant. 2022;15:179-88.
https://doi.org/10.1016/j.molp.2021.09.006.

Zhao C, Jiang W, Zayed O, et al. The LRXs-RALFs-FER module controls plant
growth and salt stress responses by modulating multiple plant hor-
mones. Natl Sci Rev. 2021;8:a149. https://doi.org/10.1093/nsr/nwaa149.

Zhou H, Xiao F, Zheng Y, et al. s. Plant Cell. 2022,34:927-44. https://doi.org/10.
1093/plcell/koab292.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1038/nature08682
https://doi.org/10.1038/nature08682
https://doi.org/10.1093/jxb/err252
https://doi.org/10.1126/science.1257800
https://doi.org/10.1038/s41586-018-0009-2
https://doi.org/10.1093/jxb/ery037
https://doi.org/10.1038/s41467-023-37282-6
https://doi.org/10.1093/nar/gkx382
https://doi.org/10.1093/nar/gkx382
https://doi.org/10.3389/fpls.2022.1000297
https://doi.org/10.3389/fpls.2022.1000297
https://doi.org/10.1093/jxb/erv285
https://doi.org/10.1093/jxb/erv285
https://doi.org/10.1105/tpc.17.00875
https://doi.org/10.1111/pbi.13208
https://doi.org/10.1111/pbi.13208
https://doi.org/10.1073/pnas.0809395105
https://doi.org/10.1111/pce.13370
https://doi.org/10.1038/s41477-020-0689-0
https://doi.org/10.1111/pce.13475
https://doi.org/10.1111/pce.13475
https://doi.org/10.1093/jxb/erab267
https://doi.org/10.1016/j.molp.2021.09.006
https://doi.org/10.1093/nsr/nwaa149
https://doi.org/10.1093/plcell/koab292
https://doi.org/10.1093/plcell/koab292

	Small secreted peptides (SSPs) in tomato and their potential roles in drought stress response
	Abstract 
	Core
	Gene & accession numbers
	Introduction
	Results
	Identification of SSPs in tomato
	Classification of SSPs in tomato
	Identification of unannotated small secreted peptides in tomato
	Expression patterns of SlSSPs in different tissues and under drought stress
	Potential roles of tomato CEP family members in drought response
	Exogenous application of SlCEP10 and SlCEP11b peptides enhanced drought tolerance of tomato plants

	Discussion
	Identification of annotated and un-annotated SSPs
	Potential function of SlSSPs in stress response
	Tomato CEP peptide family members may be involved in drought stress response

	Materials and methods
	Identification and classification of small secreted peptides in tomato
	Bioinformatic analysis
	Identification of unannotated secreted peptides
	Plant materials and stress treatments
	qRT-PCR
	Peptide synthesis and treatments
	Morphological and physiological measurements
	Statistical analysis

	Anchor 26
	Acknowledgements
	References


