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whose expressions were drought-inducible. We named these clones CaDSi-1, 5, 7, 71, and 72. RNA blot analyses revealed
that all transcripts of these genes were induced strongly or slightly during progressive drought stress. Their deduced
amino-acid sequences showed high homologies with such proteins as thioredoxin m, glycine-rich protein, nonspecific lipid
transfer protein, oxygen-evolving enhancer protein 3, and auxin-repressed protein. In other plant species, those proteins
are induced by pathogens and water or salt stresses, and are predicted to be involved in drought tolerance. The data sug-
gest that these five CaDSi gene products have possible protective roles against drought stress in hot pepper.
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Plants are constantly exposed to abiotic stresses, such in hot pepper (Capsicum annuum), a major crop in
as drought, high salinity, and low temperatures. Among Korea. To do so, we used differential screening and RNA
these, drought is a major limiting factor for growth and blot analyses to characterize five induced cDNA clones
crop production worldwide (Boyer, 1982) because it from progressively water-stressed plants with regard to
can elicit various biochemical and physiological reac- their expression patterns and tentative functions under

tions. However, depending on the efficiency of their droughty conditions.

response, some plant species can withstand periods of

drought by inducing the expression of certain genes

(Ingram and Bartels, 1996; Shinozaki and Yamaguchi- MATERIALS AND METHODS
Shinozaki, 1996; Bray, 1997). Their products include

osmolyte biosynthetic enzymes, a class of late embryo- :

genesis abundant (LEA) proteins, chaperones, detoxifi- Plant Material

cation enzymes, and water-channel proteins. Many Seeds of hot pepper (C. annuum cv. Bu Gang) were
regulatory genes that code for transcription factors, pro- purchased from the Heung-Nong Seed Co., Korea.
tein kinases, and phospholipases are also induced by Twenty seeds were germinated in 3-L pots containing

drought stress, and play adaptive or protective roles vermiculite. Plants were raised in a growth chamber
(Hirayama et al., 1995; Jonak et al., 1996; Frank et al., (16-h photoperiod; 25°C; 60% humidity; and 200 puE/
2000; Romeis et al., 2001). m?'s, from white fluorescent lamps). The control plants

Some drought-induced genes have been ectopically were irrigated daily. For our stress treatments, 10-d-old
expressed in plants to examine their in-vivo functions, plants were subjected to progressive drought by with-
the results of which may eventually lead to the engi- holding water for up to 20 d.

neering of drought-tolerant plants (McKersie et al., 1996;

Kasuga et al., 1999; Yamaguchi-Shinozaki and Shinozaki, ) .

2001; Kang et al., 2002). The objective of our current Water-Potential Measurements

study was to analyze the dehydration-stress response Both irrigated and drought-stressed plants were sam-
pled daily. Their water potentials were determined from
0.5-cm? leaf discs, using a C-52 thermocouple cham-
*Corresponding author;fax +82-2-875-1157 ber connected to a HR 33T Dew point microvoltme-
e-mail hcb@snu.ac.kr ter (Wescor, USA).
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Isolation of RNA

Total RNA was isolated according to the method of
Sambrook et al. (1989). Briefly, whole plants were frozen
in liquid nitrogen after water potential was measured,
then the tissues were ground in an electric mixer in five
volumes of extraction buffer (50% guanidine thiocy-
anate, 0.5% N-lauroyl sarcosine, 0.1% B-mercaptoet-
hanol, and 25 mM EDTA; pH 7.5). The samples were
centrifuged at 6000g for 10 min at 4°C, then the upper
phase was collected and layered on a cushion of 5.7
M GsCl and 0.05 M EDTA in 11- X 60-mm centrifuge
tubes (Beckman, USA). After re-centrifugation in a
SW6O rotor (40,000 rpm, 12 h, 20°C), the pellets were
re-suspended in 10 mM Tris'HCI (pH 7.5) with 0.1%
SDS. The suspensions were then extracted twice with
a 4:1 chloroform:1-butanol mixture. RNA was collected
by ethanol precipitation, and poly(A)+ RNA was purified
via the Poly(A) Tract mRNA lsolation System (Promega,
USA).

Construction and Differential Screening of a Drought
Stressed-Hot Pepper cDNA Library

A unidirectional EcoRI/Xhol cDNA library was con-
structed in a Uni-AZAP XR vector (Stratagene, USA)
using poly(A)+ RNA from whole plants that had not
been watered for 14 to 20 d. The cDNA and vector
recombinants were treated with Gigapackili gold pack-
aging extracts (Stratagene, USA), according to the man-
ufacturer’s directions. Phage plaques were analyzed by
differential screening with **P-labeled single-stranded
cDNA prabes, which were synthesized from poly(A)*
RNA isolated by reverse transcriptase from irrigated or
drought-stressed plants using the random primer-label-
ing method. Plaque blotting and hybridization were
performed using nylon membranes, following the sup-
pliers instructions (Stratagene, USA). The phage plagues
that hybridized preferentially to the cDNA probe from
drought-stressed plants were then selected and con-
versed to pBluescript SK(-) by in vivo excision, using
the ExAssist helper phage (M13; Stratagene).

RNA Blot Analysis

RNA samples of 15 ug were fractionated on a 1.2%
agarose formaldehyde gel. The quality and equal load-
ing of RNA in each lane were verified by ethidium-
bromide staining. Fractioned RNAs were blotted onto
Hybond-N (Amersham, UK), using the capillary pro-
cedure of Sambrook et al. (1989). The transferred RNAs
were cross-linked to the membranes by UV radiation.

Probe DNA was prepared by PCR amplification of
the cDNA insert, using T7 and SK. PCR was carried
out for 30 cycles (94°C, 30s; 52°C, 30s; 72°C, 2 min)
followed by 5 min at 72°C, all in a DNA thermal cycler
(Perkin-Elmer, USA). The amplified cDNA inserts were
32p.labeled by random priming with a Prime-a-Gene
Labeling System (Promega), and hybridization was car-
ried out at 68°C for 12 to 16 h. Afterward, the mem-
brane was washed once in 1x SSPE and 0.1% (w/V)
SDS at room temperature for 10 min, then twice in
0.5x SSPE and 0.1% (w/v) SDS at 68°C for 15 min.
This washed membrane was exposed to X-ray film (Fuji,
Japan) at —75°C for 12 to 48 h, using two intensifying
screens (DuPont, USA).

Nucleotide Sequencing and Analysis

Nucleotide sequences of the double-stranded cDNA
inserts in pBluescript SK(-) were determined by the
dideoxy chain-termination method and an automated
sequencer (ABI 3100 Cenetic Analyzer, USA). We
translated the amino-acid sequences and aligned the
nucleotide- and amino-acid sequences with DNAS-
TAR-MegAlign (Genetics Computer Group, USA) and
ClustalW (1.81) (http://biowb.sdsc.edu/CGI/BW.cgi).
All sequences were compared with the databases at
the US NCBI, using the BLAST network services.

RESULTS AND DISCUSSION

Leaf water potential in progressively drought-stressed
plants began to decrease 5 d after the last watering
(Fig. 1). The leaves started to wilt at —1.5 MPa; when
water potential was <-2.0 MPa, the plants were con-
sidered severely stressed and most did not recover after
re-watering. Total RNA for our cDNA library construc-
tion and blot analysis was isolated from plants whose
leaf water potential was between —1.1 and -2.0 MPa
(Fig. 2). Following the differential screening, we selected
five putative cDNA clones for further analysis because
their expression had been strongly induced by dehy-
dration stress. These clones were named CaDSi - Cap-
sicum annuum drought stress-induced.

To determine the effects of progressive drought on
mRNA accumulation for each CaDSi, we performed
blot analyses on total RNA extracted from plants
showing water potentials of -0.8, -1.3, -1.5, 1.7, or
—2.0 MPa. Although transcript levels of all five clones
increased in progressively drought-stressed tissues, the
time course and degree of induction differed among
the clones. For example, CaDSi-1 and CaDSi-11 tran-
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Figure 1. Young hot pepper plants during progressive
drought stress. Irrigation was withheld from 10-d-old seed-
lings for 16 to 30 d. Control and stressed plants were sam-
pled daily for determination of water potential and RNA
extraction. A, irrigated plants; B, plants without water for 15
d; G, plants without water for 20 d.

scripts were present at basal levels to —1.5 MPa, then
accumulated to high levels at —1.7 MPa followed by a
decrease at —2.0 MPa. In contrast, mRNA levels from
CaDSi-5 and CaDSi-12 were strongly detected under
normal conditions, and were further increased after
dehydration stress. Finally, the transcript of CaDSi-7
was barely detected until plants attained a water
potential of —1.5 MPa, and the level then increased at
~2.0 MPa (Fig. 3).

Nucleotide sequences were determined in both
directions of the cDNA insert. For each clone, amino-
acid sequences were deduced from the longest open
reading frame (ORF), and sequence homology was
searched in the database using the BLAST program
(translated query-protein database). CaDSi-/ was 620 bp
long, with an ORF of 258 nucleotides that encoded
86 amino acids. This clone presented 40 to 70% iden-
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Figure 2. Changes in water potential in dehydration-stressed
hot pepper plants. Leaf water potential was determined
three times and averaged during the progressive drought
period.
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Figure 3. RNA blot analyses of five CaDSi clones under progres-
sive drought stress. Each lane was loaded with 15 ug of total
RNA extracted from hot pepper plants at five dehydration
stages. RNAs were fractionated on a formaldehyde-agarose gel,
blotted onto a membrane, and probed with each cDNA insert.
Ethidium-bromide staining of RNA showed equal amounts of
loading on each lane. CaDSi-1, putative thioredoxin m; CaD5Si-
5, putative glycine-rich protein; CaDSi-7, putative nonspecific
lipid transfer protein; CaDSi-17, putative oxygen evolving
enhancer 3; CaDSi-12, putative auxin-repressed protein.
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A) 1 cttgttgaatticatoecact togtgtoocccctoccagatgot teategogtaat tgat
LYEFHATNCGPCQMNVYHAYV ID 20
61 gagattgcagetgagtat tcagogagat taaaatoetatgtactcgat geogataaagaa
E 1 AAEYSGRLKCYVLDADEKE 40
121 tcaaaapt!gctgagaactatpatatcaagactgttectgtogtgatactot tcaagaat
SKVAENYDIKAVPVY ILFKN B
181 ggagagaaatttgagtctgicattogaacaatocccaapgagt totatgtogetgecat t
GEKFESVIGTNPKEFTYVAAIL 6
241 gaaaggcttctagctact tagatgtogttatgagaacgtcatogt tatcatatcaagtte
ERLLAT «
301 aatgetgcaaatgtgattactctctacticcatttaaaaatictetteacccct tagtoe
361 ctigtaatattctatgitctctitttocatcttctttticcatgaatcatcagttotttt
421 tcctcaaaaltgacagetctccptasaageacattectgctictttct tcacaatgaaat
481 ttgtataagotcoatgaact totgaatagtoactoeat tagtatgetaagoat ttct tgt
541 ttcctaacgtgttttttgltgtigttactagtgact tecttgatatatet toagaaagaa
601 aaaaazaasaazaaaaaa
CaDSi-1
A. thalians MAISSSSSS| CFNPTRFHTARK | SSPSRLFPVTSFSPRSLRFSORASLLS
0. sativa MALETCFRAWATLHAPQPPSSGGSRDRLLL SGAGSSQSKPRLSVASPSPL
CabSi~1 LVEFHATNCGRCQ
A. thaliana SSASRLRLSPLCVRDSRAAEVTORSWEDSYLKSE TPYLVEFYTSHCGPCR
0. sativa RPASRF ACOCSNVVDEVVVAD-EKNNDSMVL GSEAPVL VEFWAPCGPCR
LATT R 11 21
CalSi-1 MVHRV 1 DE | AAEYSGRLKCYVLDADKESKVAENYD I KAVPVV | LFKNGEK
A. thalians NVHR1 | DE | AGDYAGKLNCYLLNEDNOUPVAEE YE | KAVPVVLLFKNGEK
0. sativa HIAPVIDELAKEWG(IKDD(VNTDDSPNIATNYGIRSIPTVLEKNEK
. aeela ln wllle 1T e v e M
CabSi-1 FESVIGTMPKEF YVAAIERLLAT
A. thaliana RES IMGTMPKEFY | SA1ERVLNS
0. sativa KESVIGAVPKTTLAT | IDKYVSS
anllinllne P
B) ¥ ttcggeacgaggaaacaacacacattcttacatatcaaat tecaaaaagaasaatceatt
61  atggettcaatoea! toct acaaagaagasgooaaagagt togat tactataactatogt
MASMNHCYKEEGKEFDYYNYS 20
121 aaccaaaaaccaactacttactcgaactctgaatatgaaaaatet tactatgagaaagag
NQOKPTTYSNSEYEKSYYEKE 40
181 agttgctacgasaccaagect pgaatgatoooctacooepct agecatggecat caacat
SCYETKPGMMGYGASHGHAGH 60
241 ggtagcaacccatgtoggectatoatgogecatggasagt taogetatogtacpgaccat
GSNPCGPMNNGHEGKLGYGTGH B8
301 aacactcatpgttcoggctatogtttopgecacaacacteacogt tegagetatoot 16g
NTHGSGYGBLGHNTHGSGYGS 100
36! ggccacaacagtacctactctcatgaatatoglaalcaccacalgeacasgectoogtcs
GHNSTYSHEYGNHHMHKKPGS 120
421 aatgogetooact togot ttpoaccaapgaacgopcacacct ttgppccatot tatogoc
NGLGLGLGQGTAGTPLGHY NG 140
481 1ttggaaagacacalogpogacatoptggctatgoaatgooct cttogaot tocactact
F GKTHGGHGGYGMGESSGECTT 180
541 ¢ apgagga 000t 00!t tacogtagegacagtgactae
YKKOHRRBRKAMGEGY GSGSOC 180
601 agcgacagcagtgatpacoagegtcactoctaaat tactacagogt t teatgtotageag
5 DS SDDERHC» 190
B61 cctogettatgagaagpaagagatagaattatatttcecagtactataagogaatattta
721 tgacaataaaataagaagcaaatcagetatpgogaactat tgattactgaag!t taattat
781 gaaacctlapgatgtolgtglctgtgliogtgtattacatatatatatatgecaatatta
841 atgtaactgottattaccettgocaatasaactacgtttttcgto!tasaasaaagadaa
901 aaaaa
CabSi-5 -~ MASHHCYKEEGKEF DY YNYGNOKPTTYSNSEYEKSYYEKES——
0. sativa ~——WATTKHLALA I LVLLS | GMTTSARTLLGYGPGG——0666——
P. ciliare MKVKSAVLLCVVLASLLLATQDATYAREL TEANGPEGSVKLAGGPGFKDV
» HE -
CaDSi-5 ——CYETKPOMMGY GASHGHOHGSNPCGPMMGHGKL GYGTGHNTHGSG
0. sativa ~—~~GGE AGGAGY GESGYGSGSGYGEG-GGSGRANGG—GYGRGG—BGEE
P. ciliare MLWMGYMMMW—WG
s . Y] aaa e
CabSi-5 YGLGHNTHGSGYG-SGHNSTYSHEY GNHHMHKPG-SNGL GLGLGOGTGTP
0. sativa GGGEGGGSGSAYG-SGUGSAYGAGVGGAGGYGSGGAGE0GGREAGRYGA
P. ciliare YGGPGYQTGGRYGGPGF GRS YKHHVHGGGGYGPGYGGGY GPGYGGGNSCP
. AR I R X
CalSi-5 LGHVMGF GKTHG- GHGGY GNGSSAC T TYKKGHRARKAMGGY GSGSDCSDS
0. sativa —GSG-YGSGYGSGAGGAHGGGYGSGGGROGHGEAGHESGYGSGSGYESE
P. ciliare PCGSGNAGPGYGOGY GGCNGGGYGSGSGSBSGNGGGEGGAYGEE—YES -
* e aar w s, T I
Ca0Si-5 SDDERHC~
0. sativa YGGGNGHH
P. ciliare —SGISP-~

Figure 4. Continued.
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C) 1 catttget tccatctagetaagtaaccceaacat teat taegeaaacacacact tgaca
60  atgaacaaagcatcaaaact tgtoctigttacagtpctagtpctactoct tet tgctgag
MNKASKLYLYTVLVYLLLLAE 20
120 ctcatetget gagatocgteet tocotaggaget
AHVSSAATCSPAELRPCLEGA 40
180 atcagatcatcat aaactctget t
Il RS S SAPTKLCCSKIKOQOGQKS 60
240 tgcet ttgtcantacetcaagaatccagetctaaageagt atotcaactctecegetoee
CLCQYLKNPALKG GYVNSEPAA 80
300 cQcact tglogegtgecat toet tactgcaat
KKVARTCGVYVPYPREC- 94
360 atcgogagacttgatcatasgiagtaatatatttcatpagaacctatcageatgactcte
420 tattttatctactttctcotaattttagtactetcigtctacaccagttt tatngetagg
480 tottctactatttacataaataaagtactaagtat!taaaasaaaaaaaaaazan
Capsi-7 ——MNKASKLVL VTVLVLLLLAEAHVSSAATCSPAELRPCLGA IRSSSAPT
S, odorus ~=———=8AIY{VALLVMIVAGSKVATAATCSVTEL MPCSSAFTSSAAPT
A. thaliana MVEKTTMVSLFALAAVLLMELAPAAEAVTCSPMOLSPCATAI TSSSPPS
H. vulgare I(YLAGLWALLAFSAWLWAPAGAEMTWLOLTPCA(MIWT
. w e e LM
CaDSi-7 KLCCSK | KQQKSCLCQYLKNPALKQYVNSPAAKKVARTCGYPYPRC
S. odbrus AQCCTKLKEQSPCLOGYLKNPTLKQY | TNPNAKKVTSTCGYP | PNC
A. thalisna ALCCAKLKEQRPCLCGYMRNPSLARFVSTPNARKVSKSCKLP | PRC
H. wigare ASCCSKMREQOPCMCQOYARDPNLKOYVOSPNGKKVMAACKVAVPSC
LLSE DL IR M LI SPAE-ENE IS 13 N ke
D) 1 gtagectecacagotestgag
22 agatggeacatgotatgget tctatgggigatctaat togt 1ot icacaaactgtottgn
B2  atgocacatgctatpgottctatoogtogtctaattogttct toacaaactgtet togat
MAHAMNASMGGELI GSSAQTVLD 20
142 gotagectecagatcagigaetcacoet tgageactgtcageaccageagaat tgect tg
GSLAQ!I SASARLSTVSTSRIAL 40
202 tct gtactcagtg gogtctgtt age
SARPAGLSVYRAQQGSVDAETS 60
262 cgtagageegt tategotctigtigotoctogect tgotggaacct t tgct aaageaget
ARRAVIGLVYVAAGLAGTTFAKAA 80
322 1ttgetgaagetaaaccaatcaagal tggaggecoteet ectecetccggtopat tocct
FAEAKPI!KIGEGPPPPSGGLP 100
382 ggtactttpaactcagatgagocaapogettttagt ttgoeat tgaagaatagat tttac
GTULNSDEPROFSLPLKXKNRBRFY 12
442 altcaaccatigactccagotgaggcagtccaaagag!t taagpat tcanccaagoagat t
I QPLTPAEAVQAVEKDSIXEKE.I 140
502 gttggtotcaaggatttcatcgacaaaaaggectooect tatgt tcagaatgacet togt
YGVKDF | DKKAWPYVOQNDLA AR 180
562 ctoagagcagaataccettcgotatgacct taagactgicatetctontaagecaaaggac
LRAEYLRAYDLKTVY!ISXKPKD 18
622 cagaagggaaaactccaggacetgactpgaaagetct ttaagaccat tagtgatntggac
OKGKLOQODLTGXLFKTI SDXD 20
682 cat tgtactatgetgetacegtatnt
HAAKTKNSTEAENYYAATVX 220
742 sccttaaatgatgtttiggegaacct tgoctagaaapctttcigtactatgttattactt
TLNDVLANLG:®* 232
802 cctgtaagttaacaaatacttgttgnatccaattgtgaagaatgattttoogagaatgtt
862 taaaattctgtaaaaaasaaaaasaaaaa
Calsi-11 WAHAMASHGGL | GSSATVLDGSL Q] SGS-RLSTVSTSRIALSAPAGLSVR
A. thalisna MAQAVTSMAGLRGASQAVLEGSLQ | NGSNRLN I SRVS-VBSOR-TGLVIR
S. oleraces WWWE@LOISMSG’TTSRVAVPKWIH
L1 IR wx Rlselwnlenden L L L N - e
CaDSi-11 AQQGSVDAETSRAAY | GLVAAGLAG-TF AKAAF AEAXP | K | GGPPPPSGG
A. thalians AQONVSVPESSRASY | GLVAAGLAGGSFVKAVFAEALPIKVGEPPLPSGG
S. oleracea AQQVSAEAE TSRAMML GFVAAGLASGSFVKAVLAEARP | WGPPPPLSGG
T2 LRIRRRIIININRARAN 8 ke JARR AR R AR eaw
CabSi-11 LPGTLNSDEPADFSLPL-KNAFY | 0PL TPAEAVORVKOSXKE | YGVKDF |
A. thaliama LPGTONSDQARDFSLAL-KDRFY | GPLSPTEAAARAKDSAKE | {NVKSF |
$. oleraces LPGTENSDQARDGTL PYTKDAF YLGPLPPTEAAQRAKVSASE | LNVKOF |
RERE ARRD An & wIaRSIRAG wleh b ok JEel am ww
CabSi-11 DXKKAWPYVONDLRLRAEYLRYDLKTV | SXKPKDGKGKLODLTGKLFKT IS
A. thaliana DKKAWPYVONDLRLRASYLRYOLNTY | SAKPKEEKQSLKOL TAKLFQT 1D
S. oleracea DRKAWPSLONOLRL RASYLRYDLKTY | SAKPKDEKKSLGEL TSKLFSSID
RIARIN IRRNRNCRS RN PAR AN HANIIA wllaw wae la
CaDSi~11 DXDHAAKTKNSTEAEMYYAATVX TLNOVLANLG
A. thalisna NLDYAARSKSSPDAEKYYSETVSSLNNVLAKLG
S. oleraceq NLDHMK[K@TEAEKYYITVSNIPEVLAKLG
L Y T Y S N S L L0 14
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E) 1 ctitttetctcltctoccott gogee
61  atgacaccgtctoecggtceccgoccagalag! gges tegagasact ceooaagtat tot
MTPSAGPRPDSGLGKLRKYS 20
121 acctltagtcctegttcanat tocoocaaggaateagaagt t tegataccgagatect to
TFSPRSNSAGKESEVSTPRSF 40
181 actgaagasuasggagoecaamat oazag
60
80

TEEGSEDGIKVTRSIIIVKP
241  tcagoga taaagat 0g1actactectecogta
sosuNKDSPPVSPAGTTPFv
301 tcteetttigeegot teagct opaasagasgeat t togat tecgeagacgatcagegtca
§PFAGSAGKEAFAFRARRSAS 100
361 titgegtacgagaatoocagtogog! tog cglectectt
FAYENASGVGPASPAPPYDL 120
421 tgegatatagtcoogtittcctrttttitttottot taccectctogagacoactgaat
.

481 t tcctetacgtottectogt tgttttgtotogact tatg
541 petagtogtgtogagtotoct taaaattitgtasatgatoltagtagt tetteatet toe
601 pgatgttotoscarsgatctageat gagtattcgtcatgtattct
661 pgecttgtatctcgagotttectttaatgttactttgttticectgtatiaatottaatag
721 tttgacctttcgettcasansasasasanas

Cab§i-12 ————HTPSAGPRAPOSGL GKLAKYSTF SPRSNSGK—£ SEVSTPRSF T
P. armeniaca MGLLOQLWODTVAGPRPD | GLGKLRKHKTF
8. oleraces WMMIWIDIKGVEW\M

LLrH HET

Cad§i-12 EEGSEDGMKVTRS M VIPS —GSNKDSPPYSPAGTTPPVSPFAGSAGK

P. arsenisca Ensrs&mmmmmmlspmm

8. oferaces PTTPGSARKENVWRSVFHPGSN | ATRGMITNLFDKPSHPYAP - -——
. RN PR A

CaDsi-12 EAFRFRARSASFAYENASGYGP—RSPRPPYDL

P. armoniaca SHGRFRRRSASDAYEKASOVGGGGARSSPRSPFOY

8. oleracea WLYSDOTRSGHR:
P

_Figure 4. Nucleotide and deduced amino-acid sequences
of CaDSi-1 (A), CaDSi-5 (B), CaDSi-7 (C), CaDSi-11 (D), and
CaDsi-12 (E); and alignments of the predicted sequences
with those from the database. Putative translation start codon
is shown in bold face; putative translation stop codon, indi-
cated by an asterisk. Asterisks are also used to identify fully
conserved residues among the different sequences, and
chemically similar residues are denoted by one or two dots
that present conservation at the weak or strong level, respectively
A. Deduced sequence of CaDSi-1 is aligned with thioredoxin
m proteins of Arabidopsis (NCBI accession number AAF15950)
and rice (O. sativa; NCBI accession number CAA06736). B.
Deduced sequence of CaDSi-5 is aligned with glycine-rich
proteins of rice (NCBI accession number CAA38315) and
buffalograss (P ciliare; NCBI accession number AAK15500).
C. Deduced sequence of CaDSi-7 is aligned with nonspecific
transfer proteins of S. odorus (NCBI accession number AAA33933),
Arabidopsis (NCBI accession number AAK64007), and bar-
ley (H. vulgare; NCBI accession number AAB47967). Eight
Cys and four Pro residues at the highly conserved positions
in plant nsLTPs are indicated in ﬁold face. D. Deduced
sequence of CaDSi-117 is aligned with oxygen evolving enhancer
3 proteins of Arabidopsis (NCBI accession number Q41932)
and spinach (NCBI accession number CAA29056). E. Deduced
sequence of CaDSi-12 is aligned with auxin-repressed pro-
teins of apricot (P armeniaca; NCBI accession number
AAB88876) and Brassica oleracea (NCBI accession number
AAL67436).

tity with chloroplast m-type thioredoxin from Arabi-
dopsis thaliana and rice (Oryza sativa). Comparison of
the amino-acid sequence with reported sequences
indicated that CaDSi-7 is a partial cDNA clone lacking
the 5' region (Fig. 4A). CaDSi-5 was 904 bp long, with
an ORF of 570 nucleotides. Its deduced amino-acid

J. Plant Biol. Vol. 45, No. 4, 2002

sequence displayed 35 to 40% identity with glycine-rich
proteins or dehydrins from Pennisetum ciliare and rice
(Fig. 4B). CaDSi-7 (534 bp, ORF encoding 94 amino
acids) showed 60% identity with a nonspecific lipid
transfer protein (nsLTP) from Senecio odorus and barley
(Hordeum vulgare) (Fig. 4C). CaDSi-11 (809 bp, ORF of
230 amino acids) shared 55% amino-acid identity with
OEE 3, the oxygen-evolving enhancer protein 3 from
spinach (Fig. 4D). Finally, CaDSi-12 was 751 bp long,
with an ORF of 133 amino acids and 51% identity with
an auxin-repressed protein from Prunus armeniaca
(Fig. 4E).

Possible roles in drought tolerance can be suggested
for the gene products of these five CaDSi clones, based
on reports for their homologs. For example, thioredox-
ins, which show significant identity with CaDSi-1, are
ubiquitous, small proteins (100 to 120 amino-acid
residues) with a highly conserved and reactive active-site
sequence (Trp-Cys-Gly-Pro-Cys) that catalyzes thio-
disulphide oxido-reduction. Three main types of
thioredoxins have been identified in plants. Thioredoxin
h is located in the cytosol, while thioredoxins m and f
(TRXm, TRXY) are chloroplastic. TRXm is highly similar
to prokaryotic thioredoxins, and may possibly act as
an anti-oxidant in the chloroplast (Broin et al., 2000;
Issakidis-Bourguet et al., 2001). Because drought elic-
its substantial changes in the chloroplastic redox state,
leading to oxidative stress (Issakidis-Bourguet et al.,
2001), we suggest that the induction of CaDSi-1 by
drought demonstrates that this clone participates in the
chloroplast response to oxidative stress in hot peppers.

CaDSi-5 had high levels of Gly (21%), His (10%),
and Tyr (10%), and was highly hydrophilic. Its pre-
dicted amino-acid sequence is not typical of any known
class of glycine-rich proteins. This clone showed 39%
identity with the glycine-rich protein from rice and
37% identity with the dehydrin RAB18-like protein from
A. thaliana. However, the absence of glycine-rich repeats,
cell-wall sorting-signal peptides, and conserved motifs
suggests that CaDSi-5 is part of a subfamily of RAB
dehydrins or a noble glycine-rich protein. Because of its
extreme hydrophilic characteristics, we propose that
the CaDSi-5 protein likely is involved in protecting
cellular constituents during drought stress, a role that
was previously proposed for LEA proteins and dehy-
drins (Close, 1996).

The predicted CaDSi-7 protein displayed high sequence
homology with the nsLTPs from S. odorus and barley.
Because these are mainly epidermal cell-wall pro-
teins, it has been proposed that they are involved in
the biosynthesis of epicuticular wax or cuticles (Sterk et
al, 1991; Segura et al., 1993; Lemieux, 1996). Based
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on these reports, therefore, we suggest that expression
of CaDSi-7 was induced in our pepper plants as an
adaptive response to drought stress, thereby reducing
water loss by increasing cuticle thickness.

The predicted amino-acid sequence of CaDSi-11
showed 50 to 53% identity with OEE3 from A. thaliana
and spinach. The OEE3 protein is a component of the
oxygen evolving enhancer complex (OEC) of photo-
system Il (Mayfield et al., 1989). Treatment with NaCl
can increase the mRNA level of OEE3 in mangrove, a
result that suggests that this protein may play a role in
maintaining PSIl activity under salt stress (Sugihara et
al.,, 2000). Likewise, the increase in CaDSi-71 tran-
script in our study indicates that this may be one mech-
anism for sustaining the activity and stability of PSIl in
drought-stressed hot pepper plants.

An auxin-repressed protein has been isolated from
auxin-deprived strawberry receptacles in research
showing that the mRNA level of that protein was lower
during normal fruit development (Poovaiah and Reddy,
1990). Although homologs of an auxin-repressed protein
have been isolated from other plant species, little is
known about its physiological function. The high level
of CaDSi-12 mRNA during our drought study suggests
that CaDSi-12, a putative auxin-repressed protein, may
be involved in the drought response in hot peppers.

The ability of plants to tolerate drought is probably
determined by multiple biochemical pathways that
facilitate water retention while protecting proteins and
cellular structures. All five cDNA clones isolated in our
study showed stress-induced transcripts, and each shared
a high level of homology with genes that code the
proteins implicated in drought tolerance in other species.
Identifying five such clones demonstrates that multiple
pathways for dehydration-stress responses exist in C.
annuum. Therefore, this discovery is a good starting
point toward resolving those presumably complicated
pathways in that species.
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