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Secreted proteins are known to have multiple roles in plant 
development, metabolism, and stress response. In a pre-
vious study to understand the roles of secreted proteins, 
Capsicum annuum secreted proteins (CaS) were isolated 
by yeast secretion trap. Among the secreted proteins, we 
further characterized Capsicum annuum senescence-de-
laying 1 (CaSD1), a gene encoding a novel secreted pro-
tein that is present only in the genus Capsicum. The de-
duced CaSD1 contains multiple repeats of the amino acid 
sequence KPPIHNHKPTDYDRS. Interestingly, the number 
of repeats varied among cultivars and species in the Cap-
sicum genus. CaSD1 is constitutively expressed in roots, 
and Agrobacterium-mediated transient overexpression of 
CaSD1 in Nicotiana benthamiana leaves resulted in de-
layed senescence with a dramatically increased number of 
trichomes and enlarged epidermal cells. Furthermore, se-
nescence- and cell division-related genes were differen-
tially regulated by CaSD1-overexpressing plants. These 
observations imply that the pepper-specific cell wall pro-
tein CaSD1 plays roles in plant growth and development 
by regulating cell division and differentiation. 
 
 
INTRODUCTION 
 
Plants have developed unique structures and mechanisms to 
control growth and development or to overcome biotic or abiotic 
stresses. One of the unique features of plant cells is the pres-
ence of a cell wall, which is a dynamic structure and varies 
according to developmental stage and environmental condi-
tions. The plant cell wall is primarily composed of polysaccha-
rides, such as cellulose, hemicelluloses, and pectin, which to-
gether make up to 90% of the dry weight of the plant (Cosgrove, 
2005; Lerouxel et al., 2006). However, the plant cell wall also 
contains proteins that often play crucial roles in maintaining the 
structure and function of the cell wall (Agrawal et al., 2010; 
Showalter, 1993).  

The group of proteins exported through the secretory path-

way and localized in the cell wall or extracellular space is called 
the secretome. Members of plant secretomes have various 
roles in plant cell expansion, differentiation, cell-to-cell commu-
nication, and defense against pathogens (Humphrey et al., 
2007; Lee et al., 2004). Structural proteins, such as hydroxy-
proline-rich glycoproteins, proline-rich proteins, glycine-rich 
proteins, and arabinogalactan proteins, act on polysaccharides 
and are primarily involved in plant growth and development. For 
example, LRR/extensin-1 (LRX1) is a hydroxyproline-rich gly-
coprotein that is linked to root hair morphogenesis and elonga-
tion (Baumberger et al., 2001). In addition, expansins, xyloglu-
can endotransglucosylase/hydrolases, and endo-(1,4)-β-D-
glucanases are wall-associated proteins that play roles in cell 
extensibility and differentiation. In particular, expansins have 
been extensively studied and are known to control leaf initiation 
and shape (Cho and Cosgrove, 2000; Fleming et al., 1997; 
Pien et al., 2001). Other secreted proteins are known to be 
involved in cell wall strengthening and signal transmission in 
the defense against pathogens (Hematy et al., 2009; Huckelho-
ven, 2007; Oh et al., 2005; Yeom et al., 2012). However, the 
roles of a large portion of the plant secretome remain to be 
elucidated.  

Senescence is the final stage of growth and development for 
all living organisms. In plants, the degradation of chlorophyll, 
proteins, and nucleic acids is the main symptom in senescing 
leaves (Lim et al., 2007; Quirino et al., 2000). To date, genetic 
and molecular approaches have been performed to elucidate 
the senescence mechanism. Using T-DNA insertion or chemi-
cal-induced mutagenesis, a number of mutants showing de-
layed senescence were identified. For example, mutation of 
ORE9, which contains an F-box motif and 18 leucine-rich re-
peats, delayed overall senescence symptoms in Arabidopsis 
(Woo et al., 2001). A mutant produced by T-DNA insertion into 
the AtATE gene encoding arginyl-tRNA:protein arginyltrans-
ferase also delayed age-dependent and dark-induced senes-
cence (Yoshida et al., 2002). In a molecular approach, DNA 
microarray analysis was used to profile the expression of genes 
in senescing leaves (Buchanan-Wollaston et al., 2005; van der  
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Graaff et al., 2006). Over 800 genes were upregulated more 
than 3-fold during senescence and were referred to as senes-
cence-associated genes (SAGs). 

In previous research, 101 unique proteins in the secretome 
that may be related to plant cell defense and development were 
isolated from peppers using the yeast secretion trap (YST) 
system (Yeom et al., 2011). One of the members of the secre-
tome, Capsicum annuum senescence-delaying 1 (CaSD1), has 
a novel feature and was selected for in-depth study. Here, we 
functionally characterize the CaSD1 gene, which is present 
only in the genus Capsicum and has a unique repeat region 
with variable length among Capsicum species. Gain-of-function 
studies using ectopic transient overexpression in Nicotiana 
benthamiana revealed that CaSD1 plays roles in the delay of 
senescence and trichome formation.  
  
MATERIALS AND METHODS 

 
Plant materials  
Pepper plants were used for cloning, gene expression, and 
loss-of-function analysis. Capsicum annuum L. cv. ‘Bukang’ 
was used to clone the full-length CaSD1 cDNA and to evaluate 
organ-specific expression. Four cultivars or germplasms of each 
of five different Capsicum species were randomly selected from 
RDA-Genebank information center, and genomic DNAs of 
each germplasm were also provided for polymerase chain 
reaction (PCR) amplification of the repeat region (Supplemen-
tary Table 1). Nicotiana benthamiana plants were used for 
subcellular localization and transient overexpression (TOE) of 
CaSD1. All plants were grown in a walk-in chamber maintained 
at 22-25°C and subjected to a 16-h photoperiod for 4-6 weeks.  
 
Cloning and DNA sequence analysis  
The full-length sequence of CaSD1 was isolated from a bacte-
rial artificial chromosome (BAC) 529L23 sequence of C. an-
nuum ‘CM334’ (Yoo et al., 2003). Both the gene-coding region 
and the 3′ untranslated region were predicted using the FGENESH 
program (http://linux1.softberry.com/berry.phtml). Gene-specific 
primers were designed for PCR amplification of CaSD1 based 
on the BAC sequence (Supplementary Table 2). PCR was 
performed to amplify CaSD1 using ‘Bukang’ cDNA, which was 
cloned into the pJET vector using the pJET™ PCR Cloning Kit 
(Fermentas Canada Inc., Canada). The CaSD1 sequence was 
confirmed by DNA sequencing using the ABI 3730 XL (Applied 
Biosystems Inc, USA) at the National Instrumentation Center 
for Environmental Management (NICEM, Korea). The sequen-
ce analyses were performed using the ExPasy translation tool 
(http://us.expasy.org/tools/dna.html), National Center for Bio-
technology Information Blast search (Altschul et al., 1997), 
SignalP signal peptide prediction (http://www.cbs.dtu.dk/ser-
vices/SignalP/), and the TCoffee multi-alignment tool (http://www. 
ebi.ac.uk/Tools/msa/tcoffee/). 

 
RNA extraction and gene expression analysis 
For gene expression analysis, total RNA was extracted from 
frozen pepper and N. benthamiana leaves using the TRIzol 
reagent (Molecular Research Center, USA). First-strand cDNA 
was synthesized from 5 μg total RNA using Oligo (dT) and 
SuperScript II reverse transcriptase (Invitrogen, USA). Quan-
titative or semi-quantitative RT-PCR was performed using 
gene-specific primers designed using Primer3 software (http:// 
frodo.wi.mit.edu/primer3, Supplementary Table 2). For quantita-
tive gene expression analysis, quantitative reverse transcription 
(RT)-PCR was performed with a Rotor-Gene 2000 (Qiagen, 
USA) using Syto 9 (Invitrogen). Fluorescence was measured at 

72°C for 60 cycles, and expression levels of each sample were 
normalized to those of actin. Semi-quantitative RT-PCR was 
carried out using a MyCycler (Biorad, USA), and PCR products 
were electrophoresed in 1% agarose gels, stained with ethi-
dium bromide, and photographed under ultraviolet light. 
 
Subcellular localization of CaSD1-soluble modified form  
of green fluorescent protein (smGFP) or smGFP 
Both pMBP1:CaSD1-smGFP (pBI121-Modified) and pMBP1: 
smGFP were constructed using the ligation-independent clon-
ing method (Oh et al., 2010) and transformed into Agrobacte-
rium tumefaciens strain GV2260. The transformed cells were 
cultured overnight in YEP medium at 30°C with shaking (200 
rpm), centrifuged, and resuspended in infiltration buffer contain-
ing 10 mM MES (pH 5.5)/10 mM MgCl2. The cell suspension 
(O.D600 = 0.5) was incubated with 200 μM acetosyringone for 3 
h at room temperature. The cell suspension was then pressure-
infiltrated into the backsides of N. benthamiana leaves using a 
needleless syringe. One day after infiltration, the abaxial epi-
dermal cell layer was peeled off, and GFP fluorescence was 
observed by confocal laser scanning microscopy (LSM510, 
Carl Zeiss, Germany).  
  
Transient overexpression of CaSD1 in N. benthamiana 
The CaSD1 open reading frame (ORF) containing the 3′ un-
translated region was amplified with primers containing BamHI 
and SacI recognition sequences at the 5′ and 3′ ends, respec-
tively. The PCR product was cloned into a pMBP1 vector 
treated with BamHI and SacI (Suh et al., 1998). The cloning 
product was transformed into Agrobacterium strain GV2260. 
Agrobacterium transformed with pMBP1:CaSD1 and the 
pMBP1 control were cultured overnight in YEP medium at 30°C 
with shaking (200 rpm). The cells were centrifuged and resus-
pended in infiltration buffer containing 10 mM MES (pH 5.5)/10 
mM MgCl2. The resuspended bacterial suspension (O.D600 = 
0.5) was incubated with 200 μM acetosyringone for 3 h at room 
temperature. After incubation, the bacterial suspension was 
pressure-infiltrated into the backsides of N. benthamiana leaves 
using a needleless syringe. The infiltrated leaves were used for 
RNA extraction and microscopic observation at the indicated 
time points.  

 
Light and field emission scanning electronic microscopy 
The surfaces of N. benthamiana leaves transiently overexpres-
sing CaSD1 were monitored and photographed 10 days after 
TOE by light microscopy (Siwon Optical Technology, Korea) to 
observe the trichomes. For analysis of trichome density and cell 
size, field emission scanning electron microscopy (SUPRA 
55VP, Carl Zeiss, Wetzlar, Germany, NICEM at Seoul National 
University) was performed 2, 7, and 10 days after TOE without 
processing samples in low-vacuum mode. The samples were 
monitored with a 15-kV accelerating voltage, and pictures were 
digitally captured.  
 
RESULTS  

 
CaSD1 is a novel protein present only in species of the  
Capsicum genus  
To identify secreted proteins involved in growth, development, 
and plant-pathogen interactions, C. annuum secretome (CaS) 
genes were isolated from pepper roots following P. capsici 
infection using YST (Yeom et al., 2011). Among them, CaS113 
was selected for further study. Using the partial sequence of 
CaS113, a putative full-length cDNA was identified from C. 
annuum ‘CM334’ BAC sequences (Yoo et al., 2003). The pre-
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dicted gene encodes a 493-amino acid protein with a molecular 
mass of 58 kDa composed of a signal peptide (SP), N-terminal 
non-repeat region, multiple repeat region, and C-terminal non-
repeat region (Fig. 1B). The gene was thereafter referred to as 
C. annuum senescence-delaying gene 1 (CaSD1). In the multi-
ple repeat regions, each repeat unit was 15 amino acids in 
length (KPPIHNHKPTDYDRS), often with one or two amino 
acids differing among the repeat units. CaSD1 from the pepper 
cultivar ‘Bukang’ was cloned, and the number of repeats was 
fewer than that of the ‘CM334’ cultivar. Other regions, except 
for the repeat number, were identical (Fig. 1A). Further inves-
tigation using PCR amplification of genomic DNA and se-
quence analysis revealed that the number of repeat units was 

variable among species and cultivars in the Capsicum genus 
(Fig. 1C). We cloned the full-length CaSD1 homologs in two 
Capsicum chinense cultivars, ‘Jolokia’ and ‘Numex Suave Or-
ange,’ in which the SPs and non-repeat regions of the deduced 
proteins showed 92% sequence similarity with CaSD1. How-
ever, these homologs had 9 and 12 repeat units, respectively 
(Supplementary Fig. 1). Additionally, two genes predicted from 
the BAC sequence around CaSD1 had conserved SPs and 
non-repeat regions but no repeat regions (Fig. 2). Comparative 
genomic analysis revealed that genes lacking a repeat region 
exist in the Solanacea family but that CaSD1 homologs with a 
repeat region are only present in the Capsicum genus (Fig. 2). 
Additional searches in the GenBank database and Interpro-

Fig. 1. Sequence analysis of CaSD1. (A) Sequence

alignment of CaSD1 in C. annuum L. cv. ‘Bukang’ and

‘CM334.’ Black box denotes sequence match between

‘Bukang’ and ‘CM334.’ (B) Schematic structure of

CaSD1 genomic DNA region and amino acid se-

quence of CaSD1. The black line indicates the 5′ and

3′ untranslated regions and introns. The box with

diagonal line indicates exons of CaSD1. Black arrow

designates primers for PCR amplification of the re-

peat region. Black box: signal peptide, light gray: non-

repeat region, white: repeat region, dark gray: an-

other non-repeat region. n.t, nucleotide. a.a, amino

acid. (C) Four genomic DNA samples from each

Capsicum species were used for PCR amplification.

PCR products were electrophoresed in 1% agarose

gels, stained with ethidium bromide, and photo-

graphed under ultraviolet light. 
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Fig. 3. Organ-specific expression of CaSD1 and localization of CaSD1 in the cell wall. (A) Organ-specific expression of CaSD1 in pepper 

plants. Real-time PCR was performed with CaSD1-specific primers, and the values were normalized to CaActin and calculated relative to 

expression levels in leaves. Bars represent standard deviation of four replicates. (B) Agrobacterium containing pMBP1: smGFP or pMBP1: 

CaSD1-smGFP was infiltrated into N. bentha-miana leaves. Pictures were taken 1 day after infiltration by confocal laser scanning microscopy. 

White bars, 20 µm. 
 
 
Scan could not retrieve any significantly matched genes or 
domains except for the signal peptide (data not shown). These 
results suggest that CaSD1 is a novel Capsicum-specific gene.  
 
Organ-specific expression and subcellular localization of  
CaSD1  
To investigate the organ-specific expression of CaSD1, real-
time RT-PCR was performed using RNA samples from different 
pepper organs. CaSD1 was constitutively expressed in roots, 
where the transcript levels were 16.7-fold higher than those of 
leaves (Fig. 3A). To determine the cellular localization of CaSD1, 
targeting experiments in plants were performed by TOE using 
Agrobacterium carrying CaSD1 fused to a smGFP as a fluores-
cent marker (Davis and Vierstra, 1998). Agrobacterium sus-
pensions carrying pMBP1:CaSD1-smGFP or pMBP1:smGFP 
were pressure-infiltrated into N. benthamiana leaves. One day 
after TOE, abaxial epidermal cell layers of the leaves were 
observed by confocal laser scanning microscopy. GFP fluores-

cence of pMBP1:CaSD1-smGFP was observed in the cell wall 
and extracellular matrix, while pMBP1:smGFP was localized 
throughout the cells, including the nucleus (Fig. 3B). These 
observations indicate that CaSD1 is secreted and localized to 
the extracellular space, including the plasma membrane or cell 
wall, in N. benthamiana plants.  
 
Transient overexpression of CaSD1 causes delay of  
senescence   
To investigate the function of CaSD1 in plants, we adopted 
loss-of-function and gain-of-function approaches. Virus-induced 
gene silencing (VIGS) in pepper was conducted for loss-of-
function study. However, CaSD1-silenced pepper plants showed 
no significant difference compared to those of control plants. To 
investigate gain-of-function of CaSD1 in plants, Agrobacterium-
mediated TOE of pMBP1 or pMBP1:CaSD1 was performed in 
N. benthamiana leaves. Significant differences between CaSD1- 
and control vector-expressing plants were observed about 5-7 

Fig. 2. Comparative genomic analy-

sis of syntenic segments of known

plant genomes. Syntenic segments

including CaSD1 were compared to

those of other known plant genomes.

The ORFs of pepper BAC 529L23

were predicted using the FGENESH

program, and each ORF was presen-

ted according to the order of FGENESH

number. White boxes represent other

proteins in syntenic regions. Proteins

with sequence similarity were placed

at the same vertical position. 
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Fig. 5. Increase in trichome density in CaSD1-overexpressing N. benthamiana. (A) Surfaces of pMBP1 vector control (left) or CaSD1-overex-

pressing (right) N. benthamiana leaves were observed at the indicated time points after TOE by light microscopy or field-emission scanning 

electron microscopy. White bars, 1 mm. The bottom right hand black box is magnified for clusters of adjacent trichomes. Black bars, 200 µm. 

(B) pMBP1 vector control (Black) or CaSD1-overexpressing leaves (grey) were comparted into 2 mm × 1.4 mm regions, and trichomes in the 

fixed regions were counted at the indicated time points after TOE. Bars represent standard deviation (n = 5). 
 
 
days after inoculation (dai). CaSD1-overexpressing regions showed 
delayed senescence, while senescence was accelerated in 
empty vector pMBP1-expressing regions (Fig. 4A). Further-
more, the senescence-delayed region remained as a green 
island even after the leaf was detached (Fig. 4B). The CaSD1-
expressing region of intact plants remained green until the 
pMBP1-control region withered away (Fig. 4C). To better un-
derstand the effects of CaSD1 on senescence, gene profiling 

experiments were conducted. Sgr (Staygreen) is a typical se-
nescence-associated (SAG) gene which regulates chlorophyll 
degradation and sgr mutant rice show senescence-delayed 
phenotype (Park et al., 2007). Also, Harpin-induced 1 (Hin1) is 
a marker gene of senescence as well as cell death in plants 
(Pontier et al., 1999). Expression levels of Hin1 and Sgr were 
downregulated in CaSD1-overexpressing plants compared to 
control plants (Fig. 4D). On the other hand, the transcript levels 

Fig. 4. Transient overexpression of

CaSD1 delays senescence and

regulates expression of senescence-

related genes. Agrobacterium-media-

ted overexpression of pMBP1 or

pMBP1:CaSD1 in N. benthamiana

leaves. Photographs were taken of

the same leaf (A) 20 days after inocu-

lation (dai) and (B) 8 days after de-

tachment. (C) Photograph was taken

45 dai. Similar results were obtained

more than three times of independent

experiments. (D) Total RNA was iso-

lated from leaves at the indicated

time points after TOE, and semi-quan-

titative RT-PCR was performed using

gene-specific primer sets. NbActin

gene was the control. C, control plants.

NbHin1, N. benthamiana harpin-indu-

ced 1; NtSgr, N. tabaccum Stay-

green; NtCAB, N. tabaccum chloro-

phyll a/b binding protein gene. 
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of CAB (Chlorophyll a/b binding protein gene), which is related 
to the progression of photosynthesis and a representative 
control for leaf senescence (Lohman et al., 1994; Weaver et al., 
1998), were higher in CaSD1-overexpressing plants than in 
vector control-expressing plants during senescence. These 
reults indicate that overexpression of CaSD1 suppressed sene-
scence by affecting the expression levels of senescence-
related genes and chlorophyll-associated genes.  
 
Transient overexpression of CaSD1 accelerates trichome  
formation with enlarged cell size  

Another peculiar phenotype of CaSD1-overexpressing plants is 
the induction of trichome formation (Fig. 5). Trichomes are spe-
cialized epidermal cells that are regularly distributed on plant 
leaves (Hulskamp et al., 1994). Similar to the kinetics of CaSD1- 
induced senescence alterations, a significant difference was 
observed about 7 days after TOE. Trichome initiation sites (TIS) 
were significantly increased, and approximately 10-fold more 
trichomes were observed 10 days after CaSD1 overexpression 
in N. benthamiana leaves compared to those of control plants. 
In contrast to a single trichome emerging from one cell on con-
trol leaves, CaSD1-overexpressing leaves showed more than 
one trichome per TIS, forming clusters of adjacent trichomes 
(Fig. 5A).  

Furthermore, the CaSD1-overexpressing region bulged out, 
so we speculated that CaSD1 overexpression also affects cell 
size or number. The CaSD1-overexpressing N. benthamiana 
leaves were monitored by field-emission scanning electron 
microscopy. The size of epidermal cells in CaSD1-overex-
pressing plants was significantly increased compared to the 
size of those in control plants before trichome cells developed 

(Fig. 6A). We counted the number of cells in fixed areas and 
found that there were 30% fewer cells in CaSD1-overexpres-
sing regions than in control regions (Fig. 6B). Trichome deve-
lopment and cell size are related to cell cycle regulation, inclu-
ding endoreduplication (Dewitte et al., 2007; Schnittger et al., 
2002; Sugimoto-Shirasu and Roberts, 2003). To elucidate the 
molecular mechanism of cell cycle regulation in CaSD1-over-
expressing plants, semi-quantitative RT-PCR of cell cycle-rela-
ted genes, such as cyclins, cyclin-dependent kinases, and mini 
chromosome maintenance (MCM) members, was conducted. 
The expression levels of those genes were down-regulated 
during senescence in pMBP1-control plants, but these genes 
were still expressed in CaSD1-overexpressing plants (Fig. 6C). 
These results suggest that CaSD1 may play roles in cell fate 
determination and regulation of cell division.  

 

DISCUSSION 

 

In previous work, we performed YST to isolate secreted pro-
teins related to interactions between C. annuum CM334 and P. 
capsici (Yeom et al., 2011). Using YST, we isolated a novel 
gene, CaSD1. We further investigated the biological function of 
the CaSD1 gene by expression analysis and TOE in N. ben-
thamiana. The predicted CaSD1 protein has repeat sequences 
that are variable among Capsicum species and cultivars (Figs. 
1A and 1C). Indeed, two CaSD1 homologs in C. chinenese 
have shorter repeat regions than C. annuum ‘CM334’ or ‘Bu-
kang.’ In addition, genes that had a partially conserved se-
quence with CaSD1 were predicted around the CaSD1 ge-
nomic region and in the syntenic segments of tomato and po-
tato but lack repeat regions (Fig. 2). In peppers, duplication of 

Fig. 6. Cell size and expression levels of cell

division-related genes in CaSD1-overexpres-

sing N. benthamiana. (A) Surfaces of pMBP1

vector control or CaSD1-overexpressing leaves

were observed using field-emission scanning

electron microscopy 7 days after inoculation.

Black bars, 100 µm. (B) pMBP1 vector control

or CaSD1- overexpressing leaves were com-

parted into 500 µm × 500 µm regions, and

cells in the fixed regions were counted. Bars

represent standard deviation (n = 40). (C)

Expression patterns of cell division-related genes

in CaSD1-overexpressing plants. NtCYCD, N.

tabaccum D-type cyclin; NtCYCA, N. tabac-

cum cyclin A; NtCDKA, N. tabaccum cyclin-

dependent kinase A; NtCDKB, N. tabaccum

cyclin-dependent kinase B; NtMCM, N. ta-

baccum mini chromosome maintenance. 



 Eunyoung Seo et al. 421 

 

 

 

 

the entire genome did not occur during evolution (Wu et al., 
2009). Therefore, CaSD1 may be formed by partial duplication 
and may thus acquire additional functions. 

The other interesting feature of CaSD1 is that there are no 
known conserved domains or motifs except the signal peptide. 
However, the repeat unit of CaSD1 shares some amino acid 
homology with root growth factor 1 (RGF1) from Arabidopsis. 
RGF1 recovers root meristem activity in short-root mutants as a 
small signaling peptide that is cleaved from pre-RGF (Mat- 
suzaki et al., 2010). The pre-RGF sequence has no similarity 
with CaSD1, but the small peptide sequence is similar to a 
repeat unit of CaSD1. Accordingly, it is possible that CaSD1 
has a function during growth and development like RGF1, and 
the repeat region may play a crucial role in these processes. 
Indeed, TOE of the CaSD1 rCpCaCΔ  construct lacking the repeat 
and C-terminal non-repeat regions did not result in the pheno-
type observed under conditions of CaSD1 overexpression (data 
not shown).  

In addition, we found that CaSD1 is related to leaf senes-
cence using gain-of-function study. Senescence is controlled by 
a genetic program, and various internal or external factors are 
involved (Buchanan-Wollaston et al., 2003; Lim et al., 2007). To 
date, genes related to senescence have been isolated using 
mutagenesis or transcriptomic analyses (Buchanan-Wollaston 
et al., 2005; van der Graaff et al., 2006). For example, certain 
proteases, dehydrogenases, proteins acting on chlorophyll, etc. 
are known to be involved in senescence (Buchanan-Wollaston 
et al., 2005; Lara et al., 2004; Zapata et al., 2005; Zhou et al., 
2011). In this study, CaSD1-overexpressing regions maintained 
greenness, while senescence and cell death were accelerated 
by AgrobacCCrium in control regions (Fig. 4). Furthermore, the 
fact that expression of senescence-associated genes was al-
tered in CaSD1-overexpressing plants lends further support to 
a role for CaSD1 in regulating critical steps of leaf senescence. 
Since the greenness of CaSD1-overexpressing regions re-
mained after the leaf was detached, CaSD1 may be involved in 
the maintenance or production of chlorophyll.  

We also observed that CaSD1 overexpression accelerated 
trichome formation. Trichomes are specialized epidermal cells 
that respond to positional cues (Hulskamp et al., 1994). How-
ever, CaSD1-overexpressing plants produced a large number 
of trichomes, some even in clusters (Fig. 5). From these data, 
we hypothesized that CaSD1 might alter cell fate. In Arabidop-
sis, research on trichome formation is well known (Hulskamp, 
2004; Ishida et al., 2008). A cell that is destined to become a 
trichome enlarges, grows, and forms branches. Although N. 
bCnChamiana trichomes have multicellular stalks but no 
branches, a similar mechanism is likely to operate at the initia-
tion of trichome formation. As shown in Figs. 5 and 6, at the 
beginning of trichome formation, epidermal cells of CaSD1-
overexpressing plants are enlarged, and this enlargement may 
indicate early trichome formation. This enlargement of epider-
mal cells caused CaSD1-overexpressing regions to bulge.  

Furthermore, sim (SIAMESE) mutants and the misexpres-
sion of CYCD3;1 in Arabidopsis lead to trichome phenotypes 
similar to those of CaSD1-overexpressing plants, showing mul-
ticellular trichome clusters (Schnittger et al., 2002; Walker et al., 
2000). However, TIS were not increased in sim mutants. 
SIAMESE controls endoreduplication, and CYCD3;1 is related 
to both DNA replication and cell division. The expression of 
CYCD3;1 remains stable in CaSD1-overexpressing plants as 
do the expression levels of other genes related to cell division. 
These results indicate that CaSD1 may be involved in cell divi-
sion and endoreduplication. The expression level stability of 
these genes in CaSD1-overexpressing plants may also con-

tribute to the delay in senescence by maintaining cell division 
and viability. However, in the loss-of-function approach, we 
observed no significant difference between GFP- and CaSD1-
silenced leaves because the transcript levels of CaSD1 in 
leaves was low in normal condition.  

Even though we could not show the mechanistic relationship 
between CaSD1 and senescence, we clearly show functions of 
CaSD1 in senescence and trichome formation. Overexpression 
of CaSD1, a novel secreted protein, delays senescence and 
induces trichome formation, possibly through changes in the 
expression of a subset of genes common to both senescence 
and cell division in N. bCnChamiana. We suggest that CaSD1, 
as a Capsicum-specific protein, has roles in growth and devel-
opment by regulating cell division and differentiation.  
 
NoCC: SupplCmCnCary informaCion is availablC on ChC MolCculCs 
and CClls wCbsiCC (www.molcClls.org). 

 

ACKNOWLEDGMENTS 

We appreciate Dr. S.P. Dinesh-Kumar for providing the pTRV 
vector and Dr. Jin-Kyung Kwon for her assistance in confocal 
microscopy. This work was supported by grants from the Agri-
cultural Research Center Program and the Screening Center 
for Disease Resistant Vegetable Crops of Technology Devel-
opment Program for the Ministry for Food, Agriculture, Forestry, 
and Fisheries of Korean Government. 

 
REFERENCES 
 
Agrawal, G.K., Jwa, N.S., Lebrun, M.H., Job, D., and Rakwal, R. 

(2010). Plant secretome: unlocking secrets of the secreted 
proteins. Proteomics 10, 799-827. 

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J.H., Zhang, Z., 
Miller, W., and Lipman, D.J. (1997). Gapped BLAST and PSI-
BLAST: a new generation of protein database search programs. 
Nucleic Acids Res. 25, 3389-3402. 

Baumberger, N., Ringli, C., and Keller, B. (2001). The chimeric leu-
cine-rich repeat/extensin cell wall protein LRX1 is required for 
root hair morphogenesis in Arabidopsis thaliana. Gen. Dev. 15, 
1128-1139. 

Buchanan-Wollaston, V., Earl, S., Harrison, E., Mathas, E., Nava-
bpour, S., Page, T., and Pink, D. (2003). The molecular analysis 
of leaf senescence--a genomics approach. Plant Biotechnol. J. 1, 
3-22. 

Buchanan-Wollaston, V., Page, T., Harrison, E., Breeze, E., Lim, 
P.O., Nam, H.G., Lin, J.F., Wu, S.H., Swidzinski, J., Ishizaki, K., 
et al. (2005). Comparative transcriptome analysis reveals signifi-
cant differences in gene expression and signalling pathways 
between developmental and dark/starvation-induced senescen-
ce in Arabidopsis. Plant J. 42, 567-585. 

Cho, H.T., and Cosgrove, D.J. (2000). Altered expression of ex-
pansin modulates leaf growth and pedicel abscission in Ara-
bidopsis thaliana. Proc. Natl. Acad. Sci. USA 97, 9783-9788. 

Cosgrove, D.J. (2005). Growth of the plant cell wall. Nat. Rev. Mol. 
Cell Biol. 6, 850-861. 

Davis, S.J., and Vierstra, R.D. (1998). Soluble, highly fluorescent 
variants of green fluorescent protein (GFP) for use in higher 
plants. Plant Mol. Biol. 36, 521-528. 

Dewitte, W., Scofield, S., Alcasabas, A.A., Maughan, S.C., Menges, 
M., Braun, N., Collins, C., Nieuwland, J., Prinsen, E., Sundare-
san, V., et al. (2007). Arabidopsis CYCD3 D-type cyclins link cell 
proliferation and endocycles and are rate-limiting for cytokinin 
responses. Proc. Natl. Acad. Sci. USA 104, 14537-14542. 

Fleming, A.J., McQueenMason, S., Mandel, T., and Kuhlemeier, C. 
(1997). Induction of leaf primordia by the cell wall protein 
expansion. Science 276, 1415-1418. 

Hematy, K., Cherk, C., and Somerville, S. (2009). Host-pathogen 
warfare at the plant cell wall. Curr. Opin. Plant Biol. 12, 406-413. 

Huckelhoven, R. (2007). Cell wall-associated mechanisms of di-
sease resistance and susceptibility. Annu. Rev. Phytopathol. 45, 
101-127. 

Hulskamp, M. (2004). Plant trichomes: a model for cell differen-



422 Delay of Senescence and Induction of Trichomes by Pepper Cell Wall Protein 

 

 

 

 

tiation. Nat. Rev. Mol. Cell Biol. 5, 471-480. 
Hulskamp, M., Misra, S., and Jurgens, G. (1994). Genetic dissec-

tion of trichome cell development in Arabidopsis. Cell 76, 555-
566. 

Humphrey, T.V., Bonetta, D.T., and Goring, D.R. (2007). Sentinels 
at the wall: cell wall receptors and sensors. New Phytol. 176, 7-
21. 

Ishida, T., Kurata, T., Okada, K., and Wada, T. (2008). A genetic re-
gulatory network in the development of trichomes and root hairs. 
Annu. Rev. Plant Biol. 59, 365-386. 

Lara, M.E.B., Garcia, M.C.G., Fatima, T., Ehness, R., Lee, T.K., 
Proels, R., Tanner, W., and Roitsch, T. (2004). Extracellular 
invertase is an essential component of cytokinin-mediated delay 
of senescence. Plant Cell 16, 1276-1287. 

Lee, S.J., Saravanan, R.S., Damasceno, C.M., Yamane, H., Kim, 
B.D., and Rose, J.K. (2004). Digging deeper into the plant cell 
wall proteome. Plant Physiol. Biochem. 42, 979-988. 

Lerouxel, O., Cavalier, D.M., Liepman, A.H., and Keegstra, K. (2006). 
Biosynthesis of plant cell wall polysaccharides - a complex 
process. Curr. Opin. Plant Biol. 9, 621-630. 

Lim, P.O., Kim, H.J., and Nam, H.G. (2007). Leaf senescence. 
Annu. Rev. Plant Biol. 58, 115-136. 

Lohman, K.N., Gan, S.S., John, M.C., and Amasino, R.M. (1994). 
Molecular analysis of natural leaf senescence in Arabidopsis 
thaliana. Physiol. Plantarum 92, 322-328. 

Matsuzaki, Y., Ogawa-Ohnishi, M., Mori, A., and Matsubayashi, Y. 
(2010). Secreted peptide signals required for maintenance of 
root stem cell niche in Arabidopsis. Science 329, 1065-1067. 

Oh, I.S., Park, A.R., Bae, M.S., Kwon, S.J., Kim, Y.S., Lee, J.E., 
Kang, N.Y., Lee, S., Cheong, H., and Park, O.K. (2005). Secre-
tome analysis reveals an Arabidopsis lipase involved in defense 
against Alternaria brassicicola. Plant Cell 17, 2832-2847. 

Oh, S.K., Kim, S.B., Yeom, S.I., Lee, H.A., and Choi, D. (2010). 
Positive-selection and ligation-independent cloning vectors for 
large scale in planta expression for plant functional genomics. 
Mol. Cells 30, 557-562. 

Park, J.A., Ahn, J.W., Kim, Y.K., Kim, S.J., Kim, J.K., Kim, W.T., 
and Pai, H.S. (2005). Retinoblastoma protein regulates cell 
proliferation, differentiation, and endoreduplication in plants. 
Plant J. 42, 153-163. 

Park, S.Y., Yu, J.W., Park, J.S., Li, J., Yoo, S.C., Lee, N.Y., Lee, S. 
K., Jeong, S.W., Seo, H.S., Koh, H.J., et al. (2007). The sene-
scence-induced staygreen protein regulates chlorophyll degra-
dation. Plant Cell 19, 1649-1664. 

Pien, S., Wyrzykowska, J., McQueen-Mason, S., Smart, C., and 
Fleming, A. (2001). Local expression of expansin induces the 
entire process of leaf development and modifies leaf shape. 
Proc. Natl. Acad. Sci. USA 98, 11812-11817. 

Pontier, D., Gan, S., Amasino, R.M., Roby, D., and Lam, E. (1999). 
Markers for hypersensitive response and senescence show 
distinct patterns of expression. Plant Mol. Biol. 39, 1243-1255. 

Quirino, B.F., Noh, Y.S., Himelblau, E., and Amasino, R.M. (2000). 
Molecular aspects of leaf senescence. Trends Plant Sci. 5, 278-
282. 

Schnittger, A., Schobinger, U., Bouyer, D., Weinl, C., Stierhof, Y.D., 
and Hulskamp, M. (2002). Ectopic D-type cyclin expression 
induces not only DNA replication but also cell division in Arabi-
dopsis trichomes. Proc. Natl. Acad. Sci. USA 99, 6410-6415. 

 

Showalter, A.M. (1993). Structure and function of plant cell wall 
proteins. Plant Cell 5, 9-23. 

Sugimoto-Shirasu, K., and Roberts, K. (2003). “Big it up”: endo-
reduplication and cell-size control in plants. Curr. Opin. Plant Biol. 
6, 544-553. 

Suh, M.C., Choi, D., and Liu, J.R. (1998). Cadmium resistance in 
transgenic tobacco plants expressing the Nicotiana glutinosa L. 
metallothionein-like gene. Mol. Cells 8, 678-684. 

van der Graaff, E., Schwacke, R., Schneider, A., Desimone, M., 
Flugge, U.I., and Kunze, R. (2006). Transcription analysis of 
Arabidopsis membrane transporters and hormone pathways 
during developmental and induced leaf senescence. Plant 
Physiol. 141, 776-792. 

Walker, J.D., Oppenheimer, D.G., Concienne, J., and Larkin, J.C. 
(2000). SIAMESE, a gene controlling the endoreduplication cell 
cycle in Arabidopsis thaliana trichomes. Development 127, 
3931-3940. 

Weaver, L.M., Gan, S.S., Quirino, B., and Amasino, R.M. (1998). A 
comparison of the expression patterns of several senescence-
associated genes in response to stress and hormone treatment. 
Plant Mol. Biol. 37, 455-469. 

Woo, H.R., Chung, K.M., Park, J.H., Oh, S.A., Ahn, T., Hong, S.H., 
Jang, S.K., and Nam, H.G. (2001). ORE9, an F-box protein that 
regulates leaf senescence in Arabidopsis. Plant Cell 13, 1779-
1790. 

Wu, F., Eannetta, N.T., Xu, Y., Durrett, R., Mazourek, M., Jahn, 
M.M., and Tanksley, S.D. (2009). A COSII genetic map of the 
pepper genome provides a detailed picture of synteny with 
tomato and new insights into recent chromosome evolution in 
the genus Capsicum. Theor. Appl. Genet. 118, 1279-1293. 

Yeom, S.I., Baek, H.K., Oh, S.K., Kang, W.H., Lee, S.J., Lee, J.M., 
Seo, E., Rose, J.K., Kim, B.D., and Choi, D. (2011). Use of a 
secretion trap screen in pepper following Phytophthora capsici 
infection reveals novel functions of secreted plant proteins in 
modulating cell death. Mol. Plant Microbe Int. 24, 671-684. 

Yeom, S.I., Seo, E., Oh, S.K., Kim, K.W., and Choi, D. (2012). A 
common plant cell-wall protein HyPRP1 has dual roles as a 
positive regulator of cell death and a negative regulator of basal 
defense against pathogens. Plant J. 69, 655-768. 

Yoo, E.Y., Kim, S., Kim, Y.H., Lee, C.J., and Kim, B.D. (2003). 
Construction of a deep coverage BAC library from Capsicum 
annuum, ‘CM334’ . Theor. Appl. Genet. 107, 540-543. 

Yoon, J., Chung, W.I., and Choi, D. (2009). NbHB1, Nicotiana ben-
thamiana homeobox 1, is a jasmonic acid-dependent positive 
regulator of pathogen-induced plant cell death. New Phytol. 184, 
71-84. 

Yoshida, S., Ito, M., Callis, J., Nishida, I., and Watanabe, A. (2002). 
A delayed leaf senescence mutant is defective in arginyl-
tRNA:protein arginyltransferase, a component of the N-end rule 
pathway in Arabidopsis. Plant J. 32, 129-137. 

Zapata, J.M., Guera, A., Esteban-Carrasco, A., Martin, M., and 
Sabater, B. (2005). Chloroplasts regulate leaf senescence: delayed 
senescence in transgenic ndhF-defective tobacco. Cell Death 
Differ. 12, 1277-1284. 

Zhou, X., Jiang, Y., and Yu, D. (2011). WRKY22 transcription factor 
mediates dark-induced leaf senescence in Arabidopsis. Mol. 
Cells 31, 303-313. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


