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Abstract Although universal or consensus chloroplast
primers are available, they are limited by their number
and genomic distribution. Therefore, a set of consensus
chloroplast primer pairs for simple sequence repeats
(ccSSRs) analysis was constructed from tobacco (Nicoti-
ana tabacum L.) chloroplast sequences. These were then
tested for their general utility in the genetic analysis of a
diverse array of plant taxa. In order to increase the
number of ccSSRs beyond that previously reported, the
target sequences for SSR motifs was set at A or T (n � 7)
mononucleotide repeats. Each SSR sequence motif, along
with €200-bp flanking sequences from the first of each
mononucleotide base repeat, was screened for homologies
with chloroplast DNA sequences of other plant species in
GenBank databases using BLAST search procedures.
Twenty three putative marker loci that possessed con-
served flanking sequence spans were selected for con-
sensus primer pair construction using commercially
available computer algorithms. All primer pairs produced
amplicons after PCR employing genomic DNA from
members of the Cucurbitaceae (six species) and Solana-
ceae (four species). Sixteen, 22 and 19 of the initial 23
primer pairs were successively amplified by PCR using
template DNA from species of the Apiaceae (two
species), Brassicaceae (one species) and Fabaceae (two
species), respectively. Twenty of 23 primer pairs were
also functional in three monocot species of the Liliaceae
[onion (Allium cepa L.) and garlic (Allium sativum L.)],
and the Poaceae [oat (Avena sativa L.)]. Sequence
analysis of selected ccSSR fragments suggests that ccSSR
length and sequence variation could be useful as a tool for
investigating the genetic relationships within a genus or
closely related taxa (i.e., tribal level). In order to provide

for a marker system having significant coverage of the
cucumber chloroplast genome, ccSSR primers were
strategically “recombined” and named recombined con-
sensus chloroplast primers (RCCP) for PCR analysis.
Successful amplification after extended-length PCR of 16
RCCP primer pairs from cucumber (Cucumis sativus L.)
DNA suggested that the amplicons detected are repre-
sentative of the cucumber chloroplast genome. These
RCCP pairs, therefore, could be useful as an initial
molecular tool for investigation of traits related to a
chloroplast gene(s) in cucumber, and other closely related
species.

Keywords Consensus primer · Chloroplast · Simple
sequence repeats · Variable region · Genetic relationships

Introduction

Molecular markers have been used for analysis of genetic
diversity and germplasm organization as well as for
genetic similarity estimation (Staub et al. 1996). Unlike
nuclear-derived genetic markers, markers constructed
from chloroplast genomes are highly conserved (i.e.,
low nucleotide substitution rates when compared to the
nuclear genome). Such markers developed from chloro-
plast DNA (cpDNA) are desirable for taxonomic and
phylogenetic relationship studies at various systematic
levels (Wolfe et al. 1987).

DNA sequence information of organelle genomes is
necessary for the development of organellar genome
markers. Comprehensive organelle DNA sequence
information, however, is not broadly available in most
species. To overcome this limitation, “consensus”
(synomous universal) markers have been developed
which possess DNA sequences that are homologous to
conserved regions of the plant chloroplast and mito-
chondrial genomes (Taberlet et al. 1991; Demesure et
al. 1995; Dumolin et al. 1997). For instance, consensus
polymerase chain reaction (PCR) primer pairs have
been constructed from conserved coding sequences of
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organellar DNA in liverwort (Marchantia polymorpha
L.) (Ohyama et al. 1986), rice (Oryza sativa L.)
(Hiratsuka et al. 1989; Taberlet et al. 1991) and tobacco
(Nicotiana tabacum L.) (Taberlet et al. 1991; Demesure
et al. 1995; Dumolin et al. 1997; Grivet et al. 2001). The
PCR products obtained from these primers have subse-
quently been used in either direct sequencing experi-
ments or the derivation of restriction fragment length
polymorphisms (RFLPs) for use in taxonomic, phylo-
genetic and phylogeographic studies at the intraspecific
level (Demesure et al. 1996; King and Ferris 1998;
Mohanty et al. 2000).

Chloroplast markers, however, could not be fully
utilized for the assessment of closely related chloroplast
genomes until highly polymorphic genome regions were
identified (McCauley 1995). Chloroplast simple sequence
repeats (SSRs or microsatellites; cpSSRs) were developed
for such genetic analyses in the 1990s (Powell et al. 1995;
Vendramin et al. 1996; Vendramin and Ziegenhagen
1997). This technology is based on highly polymorphic
regions and has been used for the genetic analyses of the
chloroplast genome of Glycine (Powell et al. 1996),
Hordeum (Provan et al. 1999), Oryza (Provan et al. 1996;
Ishii and McCouch 2000), Pinus (Powell et al. 1995), and
Solanum (Bryan et al. 1999).

The development of such cpSSR markers has been
achieved through the use of chloroplast DNA sequence
information that is resident in GenBank (http://
www.ncbi.nlm.nih.gov). Weising and Gardner (1999)
developed ten consensus chloroplast microsatellite pri-
mers (ccmp), and concluded that such primers had utility
for discrimination of closely related genotypes in a broad
array of plant species. They used A or T mononucleotide
repeats (n � 10) as SSR motifs identified in the tobacco
chloroplast genome (Shinozaki et al. 1986) as a develop-
ment strategy, and demonstrated that most of the derived
primer pairs were functional and descriptive as genetic
markers in the Actinidiaceae, Brassicaceae, and Solana-
ceae.

A substantial number of consensus chloroplast markers
distributed uniformly across a genome is, however, a
requirement for comprehensive genetic analysis. The
consensus chloroplast primers developed from tobacco by
Weising and Gardner (1999) and Grivet et al. (2001) are
limited in their coverage of the tobacco chloroplast
genome (i.e., from bp position 1 to 86,694 and from
154,185 to 155,939). Consequently, the development of
additional consensus chloroplast SSR (ccSSR) primers
which define uncharacterized positions (i.e., from 86,694
to 154,185) of this genome would be desirable; especially
in plant species whose sequence information is not now
available. Therefore, experiments were designed to
develop an expanded set of ccSSR primers from N.
tabacum that would have utility for the genetic analysis of
chloroplast genomes (objective 1). Studies were then
conceived that evaluated the general efficacy of the
primers developed in economically important plant spe-
cies for genetic analysis (objective 2). Lastly, these ccSSR
primers were strategically recombined [designated as

recombined consensus chloroplast primers (RCCPs)] for
comprehensive cucumber chloroplast genetic analysis
(objective 3). These RCCPs were designed for complete
coverage of the chloroplast genome, and thus provide for
increased utility in genetic analyses of the cucumber
chloroplast genome.

Materials and methods

Development of consensus chloroplast SSRs (ccSSRs)

To expand the number of candidate consensus chloroplast SSR
loci beyond that currently available (Weising and Gardner 1999)
(objective 1), mononucleotide repeats of A, C, G or T (n � 7) in
the N. tabacum chloroplast sequences (accession number: CHN-
TXX, 155,939 bp) (Shinozaki et al. 1986) were identified using
Genetool software (BioTools Inc, Edmonton, Alberta, Canada).
This information was downloaded from the GenBank database
(http://www.ncbi.nlm.nih.gov) for use as a reference in the
construction of primer pairs. Each SSR motif sequence, including
€200-bp flanking sequences from the first of each mononucle-
otide base repeat, was screened for homologies with chloroplast
DNA sequences of other plant species in GenBank databases
using BLAST search procedures (Altschul et al. 1990). Twenty
three sequence regions (putative marker loci) that showed
conserved flanking sequences were selected for consensus
primer-pair (ccSSR; Table 1) construction. Primer sequences
were chosen from tobacco chloroplast DNA sequences employing
Genetool software, and were modified according to the degen-
erations of mismatch nucleotides between tobacco sequences and
the aligned chloroplast DNA sequences from BLAST search
results.

Plant materials and DNA isolation

To evaluate the efficacy of the 23 ccSSRs (objective 2), econom-
ically important plant families that had not previously been
subjected to complete chloroplast genome-sequencing projects
were examined (Ohyama et al. 1986; Shinozaki et al. 1986;
Hiratsuka et al. 1989; Sato et al. 1999; Hupfer et al. 2000; Schmitz-
Linneweber et al. 2001). This included representative accessions
from the Apiaceae [carrot (Daucus carota L.; USDA inbred
‘B493’) from P.W. Simon, University of Wisconsin-Madison, Wis.,
and parsley (Petroselinum crispum Mill.; ‘Giant Italian’) from
Garden City Seeds, Hamilton, Mont.]; Brassicaceae [cabbage
(Brassica oleracea L.; ‘Copenhagen market’) from Meredith
Company, Chattanooga, Tenn.]; Cucurbitaceae [bottle gourd (La-
genaria siceraria (Molina) Stand.) from The Cucurbit Network,
Miami, Fla.; cucumber (Cucumis sativus L.; line GY-14) from
Clemson University, Clemson, S.C.; melon (Cucumis melo L.; ‘Top
Mark’) from Hollar Seed Company, Rocky Ford, Colo.; luffa (Luffa
quinquefida (Hook. & Arn.) Seemann.), squash (Cucurbita pepo L.)
represented by five cultivars of Cucurbita pepo L. (‘Connecticut
Field’, ‘Orange Ball’, ‘Ozarkana’, ‘Texana’, and ‘Vegetable
Marrow Bush’), and watermelon (Citrullus lanatus (Thunb.)
Matsum. & Nak) from The Cucurbit Network]; Fabaceae [bean
(Phaseolus vulgaris L.; ‘Improved tendergreen’) and pea (Pisum
sativum L.; ‘Mr. Big’) from W. Atlee Burpee and Company,
Warminster, Pa.]; Liliaceae [garlic (Allium sativum L.; ‘PI515971’)
from P.W. Simon and onion (Allium cepa L.; ‘Bringham yellow
globe 15–23’) from I. Goldman, University of Wisconsin-Madison,
Wis.]; Poaceae [oat (Avena sativa L.; ‘Ogle’) from H. Kaeppler,
University of Wisconsin-Madison, Wis.]; and Solanaceae [egg
plant (Solanum melongena L.; ‘Long purple’) from Plantation
Company, Norton, Mass., pepper (Capsicum annuum L.; ‘Califor-
nia wonder’) from Excel Company Chattanooga, Tenn., and tomato
(Lycopersicon esculentum and Lycopersicon hirsutum) from R.
Chetelat, University of California-Davis, Calif.]. Tobacco (N.
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tabacum L.; ‘Havana 38’), obtained from P.W. Simon, was used as
a positive control to compare amplicons after PCR with their
expected sizes (Table 2).

Seven to ten seeds of each accession were planted in a
greenhouse at the University of Wisconsin, Madison. Seedling leaf

tissue of each accession was collected and held at –80 �C until
extraction. DNA was extracted according to Staub et al. (1996), and
then quantified using a mini-fluorometer (model TD-360; Turner
Designs, Sunnyvale, Calif.).

Table 1 Consensus chloroplast simple sequence repeat (ccSSR) primers developed from the N. tabacum L. chloroplast genome

Name Forward (F), Reverse (R) primers (50 to 30)a TM (�C)b SSR motifc Positiond Gene namese Expected
size (bp)f

ccSSR-1 F TCAAATGATACATAGTGCGATACA 51 (T)10 3,702-3,725 TrnK 174
R AATAAAGGATTTCTAACCATCTT 46 3,875-3,853

ccSSR-2 F AATCCTGGACGTGAAGAATAA 49 (A)11 8,488-8,508 TrnQ-TrnS 160
R AATCCCTCTCTTTCCGTTGA 50 8,647-8,628

ccSSR-3 F CCAAAAGCTGACATAGATGTTA 49 (T)11 10,041-10,062 TrnG 107
R TTTCATTCGGCTCCTTTATG 48 10,147-10,128

ccSSR-4 F AGGTTCAAATCCTATTGGACGCA 53 (T)8 10,479-10,501 TrnR-AtpA 205
R TTTTGAAAGAAGCTATTCARGAAC 49–51 10,683-10,660

ccSSR-5 F TCTGATAAAAAACGAGCAGTTCT 50 (T)10 16,771-16,793 Rps2-RpoC2 270
R GAGAAGGTTCCATCGGAACAA 52 17,040-17,020

ccSSR-6 F CGACCAATCCTTCCTAATTCAC 53 (T)8 26,724-26,745 RpoB 299
R AGAAAAGMAAGGATATGGGCTC 51–53 27,022-27,001

ccSSR-7 F CGGGAAGGGCTCGKGCAG 57–59 (T)11 36,812-36,829 PsbC-TrnS 349
R GTTCGAATCCCTCTCTCTCCTTTT 56 37,160-37,137

ccSSR-8 F TTGATCTTTACGGTGCTTCCTCTA 54 (T)5C(T)17 44,933-44,956 Ycf3 249
R TCATTACGTGCGACTATCTCC 52 45,181-45,161

ccSSR-9 F GAGGATACACGACAGARGGARTTG 56–59 (A)13 45,985-46,008 Ycf3 173
R CCTATTACAGAGATGGTGYGATTT 52–54 46,157-46,134

ccSSR-10 F TCTAGGATTTACATATACAACAT 46 (A)13 57,267-57,289 AtpB-RbcL 149
R CATCATTATTGTATACTCTTTCA 46 57,415-57,393

ccSSR-11 F TTGGCTACTCTAACCTTCCC 52 (T)6C(T)14 71,536-71,555 Rpl20-ClpP 165
R ACCATAGAAACGAWGGAACCCACT 56 71,700-71,677

ccSSR-12 F CCAAAAACTTGGAGATCCAACTAC 54 (A)8 76,437-76,460 PsbB-PsbT 249
R TTCCATAGATTCGATCGTGGTTTA 52 76,685-76,662

ccSSR-13 F AGTCTGAAACCRAGKGGATTTATT 51–54 (T)9 85,864-85,887 Rps3-Rpl22 264
R TAGTCATTAGTAAAGCCGARGTSA 52–54 86,127-86,104

ccSSR-14 F GGGTATAATGGTAGATGCCC 52 (T)14 86,557-86,576 Rps19-Rpl2 200
R GCCGTAGTAAATAGGAGAGAAA 51 86,756-86,735

ccSSR-15 F GCTTATGACCTCCCCCTCTATGC 59 (T)9 88,062-88,084 Rpl2-Rpl23 264
R TGCATTACAGACGTATGATCATTA 51 88,325-88,302

ccSSR-16 F TACGAGATCACCCCTTTCATTC 53 (T)7C(T)2 104,961-104,982 TrnL 123
R CCTGGCCCAACCCTAGACA 55 105,083-105,065

ccSSR-17 F CACACCAATCCATCCCGAACT 54 (A)13 109,627-109,647 Rrn5-TrnR 236
R GGTGCGTTCCGRGGTGTGA 55–58 109,862-109,844

ccSSR-18 F TCGTTGGATTTCTTCDGGACATTT 52–54 (A)8 116,517-116,540 Ycf5 264
R CCCAATATCATCATACTTACRTGC 52–54 116,780-116,757

ccSSR-19 F CTATGCAGCTCTTTTATGYGGATC 54–56 (T)8 116,781-116,804 Ycf5 335
R TCCARGTAATAAATGCCCAAGTT 50–52 117,115-117,093

ccSSR-20 F CCGCARATATTGGAAAAACWACAA 51–52 (A)8 118,974-118,997 NdhD-PsaC 311
R GCTAARCAAATWGCTTCTGCTCC 53–55 119,284-119,262

ccSSR-21 F CCACCCCGTCTCSACTGGATCT 60 (T)13 132,649-132,670 TrnR-Rrn5 280
R AAAAATAGCTCGACGCCAGGAT 53 132,928-132,907

ccSSR-22 F CCGACCTAGGATAATAAGCYCATG 56–57 (T)8 138,213-138,236 TrnL-16SrRNA 190
R GGAAGGTGCGGCTGGATC 55 138,402-138,385

ccSSR-23 F AYGGRGGTGGTGAAGGGAG 53–58 (A)14 155,747-155,765 Rp12-TrnH 217
R TCAATTCCCGTCGTTCGCC 53 24-6

a Y (= C or T), R (= A or G), M (= A or C), K (= T or G), W (= A or T) and S (= C or G)
b TM = melting temperature as calculated by Oligo Calculator Version 3.01 (http://www.basic.nwu.edu/biotools/oligocalc.html)
c Bold mononuleotide repeats indicates SSR motifs the same as that reported by Weising and Gardner (1999)
d Position according to the tobacco chloroplast genome (accession number = CHNTXX) (http://www.ncbi.nlm.nih.gov)
e Names of chloroplast genes where consensus chloroplast SSR (ccSSR) primer sequences are located according to the tobacco chloroplast
genome
f Expected size according to the tobacco chloroplast genome
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Polymerase chain reaction amplification employing standard
and fluorescent procedures

Standard PCR amplifications were carried out using the 23
consensus ccSSR primer pairs developed by BLAST search and
primer design procedures (Table 1). All PCR reagents were
purchased from Promega Corporation (Madison, Wis.). Each 15-
�l reaction volume contained 4.0 mM of MgCl2, 0.3 mM of dNTPs,
15 ng of DNA, 0.45 �M of primers, polymerase buffer and 0.2 units
of Taq DNA polymerase. Samples were over-laid with mineral oil,
and all amplifications were conducted using the following cycling
profile: 94 �C for 5 min; 35 cycles of 94 �C for 60 s, 50 �C for 60 s,
72 �C for 60 s; 72 �C for 6 min, and then followed by an indefinite
soak at 4 �C.

To confirm PCR amplification, 5 �l of loading dye (0.1%
bromophenol blue, 0.1% xylene cyanol FF, 10% Ficol.) was added
to each reaction tube. The samples were then electrophoresed in
1.6% agarose gels (20 � 40 cm) containing 0.5 �g/ml of ethidium
bromide in 0.5� TBE buffer (0.045 M Tris-borate and 1.0 mM
EDTA pH 8.0), for 3.5 h at approximately 170 V. The stained gels
were imaged with a digital camera, and recorded using “Gel
Expert” (Nucleotech Corporation, San Mateo, Calif.).

To obtain the size of PCR amplified fragments, fluorescent PCR
was performed in 8-�l volumes. Each reaction contained 15 ng of

template DNA, 4 mM of MgCl2, 0.25 M each of the forward and
reverse primers, 0.1 mM of each dNTP, 1 � commercial polymer-
ase buffer, 0.2 units of Taq polymerase and either 0.04 �M dUTP
[R6-G] (green), 0.04 �M dUTP [R110] (blue) or 0.2 �M dUTP
[TAMRA] (yellow). Fluorescent dUTPs were purchased from
Perkin Elmer (Applied Biosystems, Incorporated, Fremont, Calif.).
PCR products containing each of three different fluorochromes
were then pooled for analysis. For fragment analysis of the
fluorescent PCR, 1 �l of each PCR reaction was mixed with 1.2 �l
of sample loading buffer (80% formamide, 10 mg/ml of blue
dextran, 5 mM of EDTA pH 8.0), and 0.3 �l of a molecular-weight
standard (ILS 600 Promega standard). Samples were heated to 95 �C
for 3 min, and then chilled on ice. Approximately 0.7 �l of each
sample was subsequently spotted onto a membrane comb (Gel
Company, San Francisco, Calif.) and loaded on a gel containing 5%
LongRanger (FMC Bioproducts, Rockland, Maine) polyacryla-
mide/6 M urea according to the manufacturer’s instructions. Each
gel was electrophoresed on a PE Applied Biosystems 377XL DNA
sequencing apparatus (Fremont, Calif.) at 3,000 V with 2,400 scans
per h in 36-cm well-to-read plates. Data were collected using the
DNA Sequencer Data Collection v. 2.0 computer program, and
subsequently analyzed using the GeneScan v. 3.1 algorithms (PE
Applied Biosystems, Incorporated, Fremont, Calif.).

Table 3 Recombined consensus chloroplast primers (RCCPs) derived from N. tabacum L. consensus chloroplast SSR primers (ccSSRs)

Name Primers (50–30)a ccSSR name Positionb Expected size
(bp)c

Detected
size (bp)d

RCCP-1 F AYGGRGGTGGTGAAGGGAG 23-F 155,747-155,765 10,243 11,789
R TTTCATTCGGCTCCTTTATG 3-R 10,147-10,128

RCCP-2 F CCAAAAGCTGACATAGATGTTA 3-F 10,041-10,062 643 1,075
R TTTTGAAAGAAGCTATTCARGAAC 4-R 10,683-10,660

RCCP-3 F AGGTTCAAATCCTATTGGACGCA 4-F 10,479-10,501 6562 7,895
R GAGAAGGTTCCATCGGAACAA 5-R 17,040-17,020

RCCP-4 F TCTGATAAAAAACGAGCAGTTCT 5-F 16,771-16,793 10,252 12,109
R AGAAAAGMAAGGATATGGGCTC 6-R 27,022-27,001

RCCP-5 F CGACCAATCCTTCCTAATTCAC 6-F 26,724-26,745 10,437 12,437
R GTTCGAATCCCTCTCTCTCCTTTT 7-R 37,160-37,137

RCCP-6 F CGGGAAGGGCTCGKGCAG 7-F 36,812-36,829 8,370 10,042
R TCATTACGTGCGACTATCTCC 8-R 45,181-45,161

RCCP-7 F TTGATCTTTACGGTGCTTCCTCTA 8-F 44,933-44,956 12,483 13,120
R CATCATTATTGTATACTCTTTCA 10-R 57,415-57,393

RCCP-8 F TCTAGGATTTACATATACAACAT 10-F 57,267-57,289 14,434 14,600
R ACCATAGAAACGAWGGAACCCACT 11-R 71,700-71,677

RCCP-9 F TTGGCTACTCTAACCTTCCC 11-F 71,536-71,555 5,150 3,287
R TTCCATAGATTCGATCGTGGTTTA 12-R 76,685-76,662

RCCP-10 F CCAAAAACTTGGAGATCCAACTAC 12-F 76,437-76,460 9,691 11,478
R TAGTCATTAGTAAAGCCGARGTSA 13-R 86,127-86,104

RCCP-11 F AGTCTGAAACCRAGKGGATTTATT 13-F 85,864-85,887 2,462 2,413
R TGCATTACAGACGTATGATCATTA 15-R 88,325-88,302

RCCP-12 F GCTTATGACCTCCCCCTCTATGC 15-F 88,062-88,084 17,022 16,688
R CCTGGCCCAACCCTAGACA 16-R 105,083-105,065

RCCP-13 F TACGAGATCACCCCTTTCATTC 16-F 104,961-104,982 14,324 14,996
R GCTAARCAAATWGCTTCTGCTCC 20-R 119,284-119,262

RCCP-14 F CCGCARATATTGGAAAAACWACAA 20-F 118,974-118,997 13,955 14,600
R AAAAATAGCTCGACGCCAGGAT 21-R 132,928-132,907

RCCP-15 F CCACCCCGTCTCSACTGGATCT 21-F 132,649-132,670 5,754 6,548
R GGAAGGTGCGGCTGGATC 22-R 138,402-138,385

RCCP-16 F CCGACCTAGGATAATAAGCYCATG 22-F 138,213-138,236 17,751 16,248
R TCAATTCCCGTCGTTCGCC 23-R 24-6

a Y (= C or T), R (= A or G), M (= A or C), K (= T or G), W (= A or T), and S (= C or G)
b Position according to tobacco chloroplast genome (accession number = CHNTXX) (http://www.ncbi.nlm.nih.gov)
c Expected size is according to that defined in the tobacco chloroplast genome
d Size of amplified RCCP fragments of cucumber DNA detected using Labimage software (http://www.labimage.de) and given in Fig. 2
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Sequencing of selected ccSSR fragments

To inverstigate whether the observed ccSSR length varations were
due to SSR variations or other insertion/deletion events, four ccSSR
fragments (i.e., 12, -17, -19 and -20) were chosen from primers
developed herein that targeted cp SSR tobacoo locations from n �
10 (ccSSR-17) and 10 > n � 7 (ccSSR-12, -19 and -20) (Table 1).
Amplied fragments from luffa, lagenaria, squash (‘Connecticut
Field’) and watermelon template DNAs were sequenced at least
two times using a Perkin Elmer ABI 377 (Perkin Elmer, Boston,
Mass.) sequencer. Both strands were sequenced for each fragment,
and then tobacco sequences from GenBank were added to ccSSR
fragment sequences to perform the alignment analyses.

For direct DNA sequencing reactions, standard PCR products
were initially sized by agarose-gel electrophoresis. The excess
dNTPs and unincorporated primers were then removed from the
remaining PCR products using the ExoSAP-IT kit (USB Company,
Cleveland, Ohio) according to the manufacture’s protocol. Subse-
quently, 2 �l of each cleansed PCR product was added to a 8-�l
sequencing reaction mixture containing 2 �l of 2.5 � reaction buffer
(5 � in 400 mM Tris pH 9, 10 mM of MgCl2), 2 �l of BigDye
enzyme mix (Applied Biosystems, Foster City, Calif.), 0.5 �l of
forward or reverse primer (20 pmol/�l), and 3.5 �l of water.
Sequencing reactions were run on a Perkin-Elmer 9700 thermal
cycler using the following cycling protocol: 50 cycles at 95 �C for
20 s, 50 �C for 30 s, 60 �C for 4 min, and then 72 �C for 7 min. The
dye terminators were then removed through MicroBioSpin columns
(BioRad, Hercules, Calif.). GeneTool software (BioTools Incorpo-
rated, Edmonton, Alberta, Canada, http://biotools.com) was used to
align accession sequences for the detection of sequence polymor-
phisms among the accessions employed herein.

Amplifications of significant portions of the chloroplast genome
by recombined consensus chloroplast primers (RCCP)

To determine ccSSR primer utility for amplification of a significant
portion (coverage) of the chloroplast genome after “extended-
length” PCR, forward and reverse primers of ccSSRs were
recombined according to their base-pair positions in the tobacco
chloroplast genome (objective 3). For instance, a forward primer
from ccSSR-22 and a reverse primer from ccSSR-23 were
combined to form a primer mixture designated as RCCP-16 for
extended-length PCR experiments employing the cucumber DNA
template (Table 3). This extended-length PCR procedure proceeded
in a 15-�l volume as follows: 15 ng of line GY-14 cucumber DNA
was reacted with 0.5 units of Ex Taq polymerase (PanVera Co.
Madison, Wis.), 1.5 �l of 10� Ex Taq Buffer (contained 20 mM of
MgCl2), 1.2 �l of 25 mM dNTP, and 1.2 �l (2.5 �M) of each RCCP
pair (Table 3). Each PCR was accomplished using the thermocy-
cling profile of 94 �C for 5 min; 30 cycles of 94 �C for 60 s,
annealing temperature 50 �C for 60 s, 68 �C for 17 min, and then
72 �C for 6 min. The samples were subsequently electrophoresed in
1.6% agarose gels (20 � 40 cm) containing 0.5 �g/ml of ethidium
bromide in 0.5� TBE buffer (0.045 M of Tris-borate and 1.0 mM of
EDTA pH 8.0) for 4.5 h at approximately 170 V. The size of all
amplicons after extended-length PCR employing 16 RCCP pairs
from cucumber DNA was determined using Labimage software
(http://www.labimage.de), and then compared with expected band
sizes from the tobacco chloroplast genome (Shinozaki et al. 1986).

Results

Development of consensus chloroplast SSRs (ccSSRs)

To expand the number of previously reported ccSSR
primer pairs (Weising and Gardner 1999), an A, C, G, or
T (n � 7), a mononucleotide repeat primer-construction
strategy was used employing the N. tabacum chloroplast

genome as a reference. No primer pairs were developed
from C and G mononucleotide repeats because their
flanking sequences did not show sufficient sequence
conservation for consensus primer construction (data not
presented). Nevertheless, 15 ccSSR primer pairs and eight
ccSSR primer pairs were developed from T � 7 and A �
7 mononucleotide repeats, respectively (Table 1). Among
those 23 ccSSRs, 13 and ten ccSSR primer pairs were
constructed from n � 10 and 10 > n � 7 mononucleotide
repeats, respectively (Table 1).

To test the utility of consensus primers for genetic
analysis, 23 accessions of eight plant families were
analyzed using 23 ccSSR primer pairs (Table 2). Thirteen
of the ccSSR primer pairs developed by the n � 10
strategy detected bp-length polymorphisms in 23 acces-
sions. However, one (ccSSR-6) of ten ccSSR primer pairs
developed by the 10 > n � 7 strategy failed to detect bp-
length polymorphisms in all 23 accessions (Table 2). All
ccSSR primer pairs produced products after PCR using
template DNA from selected species in the Cucurbitaceae
(6) and the Solanaceae (4) (Table 2). Sixteen, 22 and 19
of the initial 23 primer pairs were successively amplified
by PCR using template DNA from species of the
Apiaceae (2), Brassicaceae (1), and Fabaceae (2), respec-
tively. Twenty of 23 primer pairs were functional in
detecting banding morphotypes using DNA from mono-
cotyledonous species in the Liliaceae (2) and the Poaceae
(1).

Two ccSSR pairs (ccSSR-9 and -10) allowed for the
detection of bp-length polymorphisms among five culti-
vars within C. pepo (Table 2). Likewise, 15 of 23 ccSSR
primer pairs allowed visualization of bp-length polymor-
phisms in three Cucurbitaceae genera of the Benincaseae
tribe (Citrullus, Lagenaria and Luffa) (Table 2).

ccSSR fragment-sequence analysis
of Cucurbitaceae species

Fragments obtained from ccSSR-12, -17, -19 and -20
employing Cucurbitaceae species were sequenced to
investigate the hypothesis that the length variations
detected are due to either SSR variations or other
insertion/deletion events (Fig. 1). The targeted tobacco
SSR motif (ccSSR-17; A13) was detected at the same
position that includes SSR length variations among the
Cucurbitaceae species examined (Fig. 1). Length varia-
tion of the ccSSR-20 (A8) motif was detected but not in
the targeted position [i.e., that of the tobacco SSR motif
(A8)]. Nevertheless, both sequence analyses of ccSSR-12
(A8) and -19 (T8) did not detect the predicted SSR
varation found in amplified regions among the Curcur-
biteace species examined. Both ccSSR-12 and -17
alignments indicate that other insertion/deletion events
exist in regions amplified by these primer pairs. Homo-
plasy of length varation due to different insertion events
in different positions was observed only between luffa
(TTCAAAA) and squash (TCAATAT) sequences of
ccSSR-17 (Fig. 1).
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Amplifications of extended portions of the chloroplast
genome by recombined consensus chloroplast primers
(RCCPs)

All 16 RCCP pairs produced products after extended-
length PCR using cucumber as a template DNA (Fig. 2).
Although some RCCP pairs produced multiple amplicons,
the brightest amplicons (except RCCP-8) from each
RCCP pair possessed similar and expected size bands
based on predictions from tobacco chloroplast-genome
analysis (Fig. 2; Table 3).

Discussion

A n � 7 mononucleotide repeat strategy was used herein
to construct ccSSR primer pairs from the tobacco
chloroplast genome. Twenty three ccSSR primer pairs
were developed and tested for their utility in genetic
analysis. Their potential utility was determined by the
assessment of polymorphism level in a broad array of
plant species including five cultivars of C. pepo and three
genera (Citrullus, Lagenaria and Luffa) of the tribe
Benincaseae in the Cucurbitaceae family. These ccSSR
primers were then recombined and analyzed for compre-
hensive cucumber chloroplast genetic analysis.

Fig. 1 Alignment of ccSSR
fragment sequences from Cu-
curbitaceae species amplified
by primer pairs ccSSR-12, -17,
-19 and -20, and the tobacco
sequence from GenBank (http://
www.ncbi.nlm.nih.gov). The
length and sequence polymor-
phisms within the Cucur-
bitaceae are shown in bold and
italic, and the SSR motifs orig-
inally targeted from the tobacco
chloroplast genome (Table 1)
are bold and underlined. Un-
certain mononucleotides (i.e.,
resulting from multiple se-
quencing peaks or missing data)
are designated as N

Fig. 2 Amplifications of cucumber DNA (GY-14) by 16 recom-
bined consensus chloroplast primer (RCCP) pairs using an extend-
ed-length PCR technique. Lane M designates the Lambda DNA
EcoRI + HindIII size ladder. Bands showing similar expected size
based on the tobacco chloroplast genome (N. tabacum L.) are
indicated by boxes
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Weising and Gardner (1999) developed ten ccmp pairs
using a n � 10 threshold strategy for the detection of
mononucleotide repeats present in the tobacco chloroplast
genome. In that study, the two criteria were applied to the
selection of the most promising consensus chloroplast
primers. Initially, only those loci were considered for
which putative primer target regions flanking the mono-
nucleotide repeat were sufficiently conserved in plant
species. Secondly, consideration was given to sequences
internal to the primer binding sites which harbored a poly
(A) or poly (T) tract not only in tobacco, but also in other
species used in database searches for their sequence
homology. These criteria allowed for an increased chance
of detecting size variation in other species. In the present
study, a bp threshold of n � 7 was established for
mononucleotide repeats to allow for the identification of
additional consensus primer pairs for SSR analysis.

Many of the primer sequences reported herein are
different from those reported by Weising and Gardner
(1999). Nevertheless, the genomic locations of eight of 23
of the chloroplast SSR motifs characterized are the same
as those of Weising and Gardner [i.e., ccSSR-1 (ccmp1),
-2 (ccmp2), -3 (ccmp3), -5 (ccmp5), -8 (ccmp6), -10
(ccmp7), -11 (ccmp8), and -14 (ccmp10) (primer name in
parentheses); Table 1]. We did not develop a new primer
sequence for the ccmp4 SSR motif in this study because
its primer sequences satisfied our criteria for consensus
chloroplast development (i.e., primer sequences are
highly conserved among plant species in the GenBank
database). Therefore, given its conserved nature, this
primer pair will likely be valuable for genetic-relationship
analysis. The ccmp9 SSR primer motif, however, was not
included in our study because its primer sequences were
not located in the conserved region identified by our
BLAST analyses (data not presented).

The primer pair of ccmp8 developed by Weising and
Gardner (1999) was not a useful discriminator among
some of the plant-species comparisons made herein. Thus,
more conserved primer sequences were designed from
their ccmp constructs (i.e., ccmp1, 2, 3, 5, 6, 7, 8, and 10).
For example, the discriminatory performance of the
ccmp8 SSR motif was altered (i.e., our ccSSR-11) to
improve its ability to assess genetic differences in the
species array examined herein (Table 2). The remaining
15 primer pairs that were constructed are unique and
identify loci that have not been defined in Weising and
Gardner (1999), the only previous report of consensus
chloroplast SSR primer construction.

The hypothesis that n � 7 mononucleotide repeats in
the N. tabacum chloroplast genome could also be used as
indicators of regions of high chloroplast DNA variation
was supported by the data presented herein. For instance,
except for ccSSR-6, the ccSSR primer pairs (ccSSR-4, -6,
-12, -13, -15, -16, -18, -19, -20, and -22) that were
developed by the 10 > n � 7 threshold strategy detected
bp-length variations among the species examined. Like-
wise, the remaining 13 ccSSRs (ccSSR-1, -2, -3, -5, -7, -8,
-9, -10, -11, -14, -17, -21, and -23) developed by the n �
10 threshold were also functional in the detection of

polymorphisms among the species examined (Tables 1
and 2).

Weising and Gardner (1999) suggested that, for
monocotyledonous species, it might be desirable to
design an independent set of consensus primers based
on nucleotide variation found in the completely se-
quenced rice or maize chloroplast genomes. Only three of
23 ccSSR primer pairs (ccSSR-1, -2 and -14) developed
from the N. tabacum chloroplast genome used herein,
failed to produce amplicons in all three monocotyledon
species (Table 2). This result suggests that if, during
BLAST searches, the conserved flanking sequence infor-
mation of chloroplast SSR motifs from dicotyledonous
species can be adequately aligned with the sequence
information of monocot species presently existing in
GenBank database, then consensus primers applicable to
both dicotyledonous and monocotyledonous species can
be constructed.

Sequence analysis of ccSSR fragments

Orti et al. (1997) suggested that there is a risk associated
with employing SSRs originating from nuclear DNA for
phylogenetic analysis. This risk stems from the inconsis-
tency between bp-length variations among putative alleles
and the known phylogenetic relationships among such
alleles (Orti et al. 1997). For instance, if homoplasy exists
in SSR length variations among a given set of taxa, their
true taxonomic relationships might be indefinable by SSR
analysis. Moreover, when a relatively small marker array
(i.e., <25 markers) is applied to genetic-relationship
analysis, banding morphotype misclassification by a few
markers (i.e., one to three) may lead to errors in species
classification and identity relationship estimation (Staub
et al. 1996, 1997).

Sequence analysis of ccSSR fragments indicated that
polymorphisms based on length variations might be due
to insertion or deletion events of short DNA fragments
instead of variations in the originally targeted mononu-
cleotide repeat length (Fig. 1). However, the usefulness of
such ccSSR primers is not limited to genetic-relationship
studies since insertion or deletion events have a value for
detecting and deciphering the evolution of the chloroplast
genome. In the present study, homoplasy of length
variation in sequence alignments was not detected at the
tribe level (i.e., the Benincaseae tribe to include water-
melon, luffa, and lagenaria), suggesting their potential
utility for genetic analyses at the intra-tribe level.
However, length homoplasy was detected at the family
level [i.e., the Cucurbitaceae to include luffa (Benin-
caseae tribe) and squash (Cucurbiteae tribe)].

The morphological (Jeffrey 1962, 1964), geographical,
cytological and biochemical (Dunnill and Fowden 1965;
Jeffrey 1990; Walters et al. 1991) relationships among
genera within the Cucurbitaceae remain largely obscure.
Sequencing of PCR products has been informative for
identification of polymorphisms for taxonomic and phy-
logenetic analyses (Jobst et al. 1998; Sanjur et al. 2002).
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A comprehensive assessment of the systematics of this
family would require more-rigorous analyses (e.g., ex-
amination of chloroplast sequence and primer-specific
fragment-length variation). The chloroplast primer set
documented herein would be an appropriate tool for a
more-extended genetic and evolutionary analyses of the
Cucurbitaceae given its universal applicability for se-
quence-based phylogeny studies.

Amplifications of extended portions of the chloroplast
genome by recombined consensus chloroplast
primers (RCCPs)

Dumolin et al. (1997), Weising and Gardner (1999) and
Grivet et al. (2001) reported the construction of ccmp and
consensus primers that spanned specific but not complete
portions of the N. tabacum chloroplast. There was a need
to provide additional coverage to span the chloroplast
genomic region from bp position 86,695 to 154,185.
Thus, consensus chloroplast primers were developed and
strategically arrayed as RCCPs (Table 3) to provide for
complete coverage of the tobacco chloroplast genome (1
to 155,939 bp) through extended-length amplification.
The amplification products after extended-length PCR
using 16 RCCP pairs and cucumber template DNA having
similar bp-lengths as expected for the tobacco chloroplast
genome, indicate complete coverage of the cucumber
chloroplast genome (Fig. 2). However, for some RCCPs
(i.e., RCCP-8 and -15; Fig. 2) brightly staining unpre-
dicted amplicons were observed. These bands could be
representative of chloroplast DNA sequences that have
been transferred to the nuclear genome via insertion-
events during species evolution (Yuan et al. 2002). This
hypothesis could be tested through sequence analysis of
the unexpected amplicons. Regardless of such anomalies,
the RCCP set constructed and documented herein, might
be useful for the genetic investigation of traits under
cytoplasmic control such as chilling injury in cucumber
which is maternally controlled (Chung et al. 2003).
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