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Abstract A single nucleotide polymorphism (SNP) asso-
ciated with pungency was detected within an expressed
sequence tag (EST) of 307 bp. This fragment was identified
after expression analysis of the EST clone SB2-66 in pla-
centa tissue of Capsicum fruits. Sequence alignments corre-
sponding to this new fragment allowed us to identify an
SNP between pungent and non-pungent accessions. Two
methods were chosen for the development of the SNP
marker linked to pungency: tetra-primer amplification
refractory mutation system-PCR (tetra-primer ARMS-
PCR) and cleaved amplified polymorphic sequence. Results
showed that both methods were successful in distinguishing
genotypes. Nevertheless, tetra-primer ARMS-PCR was
chosen for SNP genotyping because it was more rapid, reli-
able and less cost-effective. The utility of this SNP marker
for pungency was demonstrated by the ability to distinguish
between 29 pungent and non-pungent cultivars of Capsi-
cum annuum. In addition, the SNP was also associated with
phenotypic pungent character in the tested genotypes of
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C. chinense, C. baccatum, C. frutescens, C. galapagoense,
C. eximium, C. tovarii and C. cardenasi. This SNP marker
is a faster, cheaper and more reproducible method for iden-
tifying pungent peppers than other techniques such as panel
tasting, and allows rapid screening of the trait in early
growth stages.

Introduction

Pepper (Capsicum spp.) is one of the most economical and
agriculturally important vegetable crops due to its high con-
sumption, as fresh or processed product, and world-wide
commercial value. One of the important quality attributes
of pepper is pungency, which is caused by the presence of a
group of alkaloids known as capsaicinoids. These com-
pounds have been widely studied and are currently used in
the food industry for medical purposes and in defensive
sprays (Henry and Emery 1986; Carmichael 1991;
Andrews 1995; Lee et al. 1996; Schulzeck and Wulf 1997;
Caterina et al. 2000; Daood et al. 2002).

Capsaicinoids are synthesized exclusively in placental
tissue, accumulate in epidermal cells in the placenta (Iwai
etal. 1979), and their synthesis begins approximately
20 days post-anthesis (dpa) (Suzuki et al. 1980; Fujiwake
et al. 1982). So far, 13 enzymes have been described which
putatively catalyze different reactions involved in capsaici-
noids production: acyl-CoA synthetase (ACS), 4-coumarate
CoA ligase (4CL), coumaroyl shikimate/quinate 3-hydrox-
ylase (Ca3H), phenylalanine ammonia lyase (PAL), cin-
namic acid 4-hydroxylase (Ca4H), caffeic acid O-methyl
transferase (COMT), putative aminotransferase (pAMT),
branched-chain amino acid transferase (BCAT), f-ketoacyl
ACP synthase (KAS), acyl carrier protein (ACL), acyl-ACP
thioesterase (FAT), acyl-transferase 3 (A73) and capsaicin
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synthase (CSY). The genes encoding the last 10 enzymes
have been cloned (Lee et al. 1998; Curry et al. 1999; Blum
et al. 2003; Stewart et al. 2005; Prasad et al. 2006), but only
KAS and CSY have been functionally characterized (Aluru
et al. 2003; Prasad et al. 2006).

Molecular research concerning capsaicinoid biosynthe-
sis is being conducted for a complete understanding of
how pungency is controlled. Several studies have focused
on identifying genes which encode enzymatic steps in the
capsaicinoid pathway. Kim etal. (2001) isolated
39 cDNA clones possibly related to pungency by suppres-
sion subtractive hybridization (SSH) technique. One of
these, SB2-66 (GenBank accession no BF723664),
showed a placenta-specific expression pattern, as well as
similarities to a group of acyl-transferases. Ultimately the
cloning and characterization of AT3 (Stewart et al. 2005)
gave full gene length information about SB2-66, which
spans the final part of the second exon and 3’ untranslated
region (UTR) of this putative acyl-transferase. AT3
encodes Punl, an important gene responsible for pun-
gency. In C. annuum, the recessive gene, punl, contains a
2.5 kb deletion spanning the promoter and first exon in
non-pungent genotypes which result in absence of pun-
gency. Additional putative Capsicum acyl-transferases,
Catfl and Catf-2, have also been isolated and associated
with pungency (Lang et al. 2006). Most recently, Prasad
et al. (2006) have isolated and characterized an important
gene in the capsaicinoid biosynthetic pathway, csyl,
involved in the condensation of vanillylamine with a
branched-chain fatty acid. In spite of extensive work con-
cerning this topic, further studies are necessary to fully
explain the biosynthesis of capsaicinoids.

To determine the presence or absence of pungency in
pepper within breeding programs, different techniques
have been developed ranging from panel tasting, such as
the Scoville Organoleptic Test (Scoville 1912) to several
analytical techniques, including high-performance liquid
chromatography (HPLC) analysis (Collins et al. 1995).
All of these techniques utilize fruit tissue and are limited
by plant growth stage and the subsequent development of
a sufficient number of fruits for screening. However, the
availability of genetic markers allows determination of
pungency at very early stages of plant development,
reducing the amount of time and effort involved in distin-
guishing between pungent and non-pungent genotypes.
Regarding the development of molecular markers to
detect pungency in pepper, some markers have been
linked to Punl, such as CD35 (Tanksley et al. 1988)
which is more than 10cM away from the locus, the
cleaved amplified polymorphic sequence (CAPS) marker
(Blum et al. 2002), which is closer but was not able to
universally distinguish between pungent and non-pun-
gent C. annuum varieties, and the CAPS marker (Minam-
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iyama et al. 2005), which is 3.6 or 12.2 cM away from
the locus depend on F, population used in that study.
Recently, five sequence-characterized amplified region
(SCAR) markers (Lee et al. 2005) were designed based
on the deleted region in AT3. So far, the only known
molecular markers linked to pungency have been devel-
oped based on Pun 1.

Single nucleotide polymorphisms (SNPs) provide an
abundant source of DNA variation in plants and animals,
and possess desirable properties as molecular markers
(Wang etal. 1998; Giordano etal. 1999). In the past
decade, the interest in the identification and analysis of
SNPs in plant species has increased (Zhu etal. 2003;
Moreno-Viasquez 2003; Lopez etal. 2005). Abundance,
stability and high-throughput genotyping systems employ-
ing SNPs offer enhanced fingerprinting and mapping, reli-
able phylogenetic analyses and novel assaying schemes for
breeding programs. For example, the use of PCR-based
SNP markers has been reported to be useful to construct
maps in plants such as sunflower and rice (Hayashi et al.
2004; Lai et al. 2005). Other studies have identified SNPs
linked to genes of interest, such as the SNP linked to a
supernodulation trait in soybean, located on the sequence of
the GmNARK gene (Kim et al. 2005).

Due to the increasing interest in SNPs, a wide range of
SNP genotyping methods have been developed and a vari-
ety of platforms have been used, including gel electropho-
resis, microarrays, mass spectrometry, fluorescence plate
readers and flow cytometry (Paris et al. 2003; Lee et al.
2004; Giancola et al. 2006). However, SNP genotyping
involving PCR is a simple and economical technique.
Methodology using PCR-markers such as tetra-primer
amplification refractory mutation system-PCR [tetra-
primer ARMS-PCR (Ye et al. 2001)] and CAPS (Kon-
ieczny and Ausubel 1993) have already been used suc-
cessfully for SNP genotyping (Chiapparino et al. 2004;
Yeam et al. 2005; Kim et al. 2006). CAPS markers iden-
tify SNPs by restriction endonuclease digestion of PCR
products. Alternatively, tetra-primer ARMS-PCR is based
on the design of allele-specific primers with its 3" end
located at the SNP and with an additional second mis-
match at —2 bp from the 3’ end. This allows for better
amplification by enhancing the selectivity and eliminating
the possibility of false-positive extension of the double-
mismatched primers.

In this paper, we report the identification and develop-
ment of an SNP marker associated with pungency. Further-
more, we describe the application of tetra-primer ARMS-
PCR and CAPS analysis for SNP confirmation, and we also
provide evidence of the validity of this SNP marker by
genotyping of a wide range of Capsicum spp. This SNP
marker could be used for efficient marker-assisted selection
in a broad spectrum of peppers cultivars.
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Materials and methods
Plant material and DNA extraction

For the analysis, we used the following pepper genotypes: 19
non-pungent and 7 pungent cultivars of Capsicum annuum L.
and 47 pungent cultivars belonging to C. chinense Jacq., C.
baccatum var. pendulum (Willd.) Eshbaugh, C. baccatum
var. praetermisum, C. chacoense Hunz., C. galapagoense
Hunz., C. pubescens Ruiz. & Pav., C. tovarii Eshbaugh,
Smith & Nickrent, and C. frutescens L. The following Sola-
naceae species were used as controls: Solanum pseudocapsa-
icum L., S. tuberosum L., S. melongena L., S. lycopersicum
L., Nicotiana bethamiana Somin, N. clevelandii Gray, N.
tabacum L., Petunia hybrida Vilm. and Datura stramonium
L. DNA from several genotypes belonging to C. flexuosum
Sendtn., C. rhombodium (ciliatum) (H.B.K.) O. Kuntze, C.
annuum L., C. chinense Jacq., C. pubescens Ruiz. & Pav., C.
frutescens L., C. eximium Hunz., C. cardenasii Heiser &
Smith, C. minutiflorum (Rusby) Hunz., Lycianthes asaifolia
(Kunth et Boché) Bitter, L. surotatensis Gentry and L.
dejecta (Fernald) Bitter were obtained from Professor M.
Jahn of Cornell University (Ithaca, NY, USA).

To test the suitability of the allele-specific SNP marker
to distinguish between homozygous and heterozygous
plants, two F; plants and their parents, C. annuum cv. Ser-
rano Criollo de Morelos-334 (SCM-334; pungent) and C.
annuum cv. Yolo Wonder (non-pungent), were evaluated.

Plants were grown under greenhouse conditions at Zara-
goza (Spain), with a temperature regime that ranged
between 15 and 25°C. Total DNA was extracted from leaf
tissue of each plant according to Doyle and Doyle (1987),
with minor modifications and adapted to small tissue quan-
tities as described in Arnedo-Andrés et al. (2002).

Phenotyping of Capsicum spp.

To evaluate pungency, mature red fruits of each genotype
were harvested. Each fruit was tasted by at least two per-
sons. Genotypes were considered phenotypically non-pun-
gent when after tasting up to five fruits of the same
genotype all were non-pungent. However, when at least one
of the tasted fruits was pungent, the genotype was consid-
ered phenotypically pungent.

RT-PCR and sequencing

Pepper fruits from C. annuum cv. Yolo Wonder, cv. Ser-
rano Criollo de Morelos-334, cv. Jupiter, cv. Maor and C.
chinense cv. Habanero were harvested at 10, 20, 30 and
60 dpa. Total mRNA was isolated from placenta tissue
using TriZol reagent according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). cDNA was

synthesized using ProtoScript " first strand cDNA synthesis
kit (New England Biolabs, Beverly, MA, USA) from 1 pg
of RNA. Specific PCR primers were designed using the
software Primer 3 (http://www-genome.wi.mit.edu/cgi-bin/
primer/primer3_www.cgi/) to amplify clone SB2-66. The
primer sequences were: SB2-66F, 5'-ATTTTGG ATGGG-
GAAG-3" and SB2-66R, 5'-CCGTAAACTTCCGTTG-3'.
RT-PCR products were separated by gel-electrophoresis in
2.5% agarose in 1 x TAE buffer, stained with ethidium bro-
mide at 50 ng/pl and visualized under UV light with an
image analysis system (GelDoc2000, BioRad, Hercules,
CA, USA). The amplified fragments of interest were
excised from the agarose gel and purified with the Agarose
Gel DNA extraction kit (Roche, Basel, Switzerland). The
fragments were then cloned into the pPGEM-T Easy Vector
System (Promega, Madison, WI, USA) and plasmids were
purified with QIAprep (Qiagen, Valencia, CA, USA).
Sequencing was carried out by the Secugen S.L. (Centro de
Investigaciones Biol6gicas, CSIC, Madrid, Spain) (http://
www.secugen.es). In order to confirm the reliability of the
cDNA, ubiquitin primers were designed for cultivars of C.
annuum and C. chinense: UlF, 5'-ATGGTCACAAGAA
ACACTCC-3’, UIR, 5'-GAGGGATTTGTGTACGGA
TA, U2F, 5'-GAAAACATTGAAGCTTGACC-3' and U2R,
5'-ATGTTGCGGCTATACTCACT-3'. These primers were
used to amplify the ubiquitin gene from synthesized cDNA.

SNP discovery

Sequences obtained from the earlier cited cultivars were
aligned using BioEdit ver. 5.0.6 (Hall 1999), and putative
SNPs were located based on sequence homology.

SNP validation

Tetra-primer ARMS-PCR method. Specific primers (Table 1)
were designed from sequence containing the identified SNP
using a program, which is accessible through the Internet at
http://cedar.genetics.soton.ac.uk/public_html/primer1.html.
Each PCR was carried out in a total volume of 10 pl,

Table 1 PCR primers used to amplify the putative SNP using tetra-
primer ARMS-PCR method

Primer name Sequence (5'—3") AT
(S
Forward outer (FO) GTGATGTTGCACAAGCAACA 59
Forward inner (FI) TTATTGCCTAATTAATTCCAAGTCTG 59
Reverse outer (RO) GACCGTAAACTTCCGTTGAAA 59

Reverse inner (RI) TTCAATCAAACATCCAGTTACTTCA 59

Underlined characters indicate a deliberate mismatch at position —2
from the 3’ termini

AT annealing temperature
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containing 30 ng of template DNA, 0.75 uM of inner
forward and outer reverse primers, 1.75 uM of inner reverse
and outer forward primers, 200 pM dNTPs, 3.5 mM MgCl,,
1x buffer, and 0.5 U of Tag DNA polymerase (Invitrogen).
PCR amplifications were performed at 95°C for 1 min, 35
cycles of 1 min at 95°C, 1 min at 54°C for annealing, and
1 min of extension at 72°C, ending with 2 min at 72°C.
Annealing temperature was 72°C for the first cycle, decreas-
ing by 1°C per cycle until the annealing temperature was
reached. The PCR products were separated by gel-electro-
phoresis in 2.5% MetaPhor® agarose gel (FMC Corporation,
Princeton, NJ, USA) and visualized as described above.

CAPS method. Specific PCR primers were used to amplify
template DNA that flank the putative SNP. The primer
sequences were: SB2-66F, 5'-ATTTTGGATGGGGAAG-
3’ and PC-R1, 5'-CCCTCTTCAATCAAACATCCA-3".
PCR was carried out in a total volume of 25 pl, contained
40 ng template DNA, 0.2 pM dNTPs, 3.0 mM MgCl,, 1x
buffer, and 0.5 U of Tag DNA polymerase (Invitrogen).
PCR amplifications were performed in a PCR system 9700
thermocycler (Perkin Elmer, Boston, MA, USA) using the
following conditions: 94°C for 2 min, 35 cycles of 45 s at
94°C, 1 min at 51°C for annealing, and 2 min of extension at
72°C, ending with 5 min at 72°C. Van91 I (Roche) enzyme
recognizes the sequence CCANNNN/NTGG, which has the
target SNP (/NTGG). A 10 pl aliquot of the PCR product
was digested with 2.5 U of Van91 I and 2.5 pl of 10x SuRE/
Cut Buffer B, in a total volume of 25 pl and it was incubated
1'h at 37°C and 15 min at 65°C for heat inactivation. The
digestion products were separated in a 2.5% MetaPhor®
agarose gel and visualized as described above.

Results

Detection of the SNP

To analyze the SB2-66 pattern of expression, RT-PCR was
performed using the specific primers SB2-66F and SB2-66R

a Habanero
10 20 30 40 60 10

FESLn]

Fig. 1 a MetaPhor agarose gel photo of reverse transcription-poly-
merase chain reaction (RT-PCR) of clone SB2-66 at different develop-
mental stages of placenta tissue from 10 to 60 day post-anthesis (dpa)
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SCM-334
20 30 40 60 10 20 30 40 60 (dpa)

in the pungent genotypes, ‘SCM-334" and ‘Habanero’, and
the non-pungent genotype, ‘Yolo Wonder’. After amplifi-
cation with these primers two fragments of 362 and 307 bp
were observed in the pungent genotypes, and only the
307 bp fragment appeared in the non-pungent genotype.

Transcript accumulations of both fragments were exam-
ined from 10 to 60 dpa on the three genotypes of interest
(Fig. 1). Transcript levels of the 362 bp fragment were
observed at 30 dpa in ‘Habanero’ and at 20 and 30 dpa in
‘SCM-334’, while no transcript was detected in ‘Yolo
Wonder’. At the same time, transcript accumulation corre-
sponding to the 307 bp fragment was detected at 30 dpa in
‘Habanero’, at 20 dpa in ‘SCM-334" and at 20 and 30 dpa
in ‘Yolo Wonder’. No transcript of either fragment was
detected at 10, 40 and 60 dpa.

The 362 and 307 bp fragments were cloned and
sequenced from the three listed genotypes. Alignment of
these cDNA sequences showed 81% homology between the
362 and the 307 bp fragments, revealed three small dele-
tions (Fig. 2) and nine SNPs between the fragments. The
alignment between 362 bp fragment and SB2-66 showed
that the 362 bp fragment corresponded exactly with the
SB2-66 sequence, and therefore indicated that the 362 bp
fragment was the final part of the last exon and 3’ UTR
region of the putative acyl-transferase AT3. Sequence align-
ment between the 307 bp fragment and the Catf2 sequence
showed 100% homology at the final part of the last exon
and 3’ UTR region of Catf2. Multiple alignments of the
deduced amino acid sequence of the 307 bp fragment with
other acyl-transferases showed a highly conserved motif
DFGWG, which is characteristic in genes belonging to the
BAHD superfamily of acyl-transferases (St-Pierre et al.
1998) (data not shown).

A putative SNP associated with the pungent character
was revealed by alignment of the 307 bp fragment sequence
between pungent and non-pungent cultivars (Fig. 2).
Although the pungent cultivars had the T allele, the non-
pungent cultivar showed the G allele. Presence of the SNP
in two additional non-pungent genotypes, C. annuum

Yolo Wonder

of Habanero, Serrano Criollo de Morelos-334 (SCM-334) and Yolo
Wonder. b Agarose gel photo of the ubiquitin products used as internal
control in each RT-PCR



Theor Appl Genet (2007) 115:907-916

911

Fig. 2 Partial sequence align-

ments obtained after sequencing
the 307 and 362 bp RT-PCR 307 bp scu
L 307 bp YW

products. The SNP location is 307 bp Hb

indicated by a box and the three 362 bp SCM

deletions by dashes. SCM Ser- 362 bp Hb

rano Criollo de Morelos-334; SB2-€6

YW Yolo Wonder; Hb Haban-

ero; SB2-66 SB2-66 sequence cen 9'45 ceeld

(BF723664) 307 bp scM GGATTTTACC
307 bp YW GGATTTTACC
307 bp Hb GGATTTTACC
3€2 bp SCM GGATTTTACG
3€2 bp Hb GGATTTTACG
SB2-€6 GGGTTTTACG

‘Maor’ and ‘Jupiter’, was confirmed by sequencing. The
SNP (G/T) was located at position 253 bp of this newly
expressed sequence tag of 307 bp.

Validation of the SNP

The detection of the G/T polymorphism was confirmed by
tetra-primer ARMS-PCR method using the two pairs of
primers described in the Materials and methods. PCR con-
ditions including primer concentrations, annealing tem-
perature and touchdown program, were adjusted in order
to reduce non-specific amplifications. Three fragments of
191, 134, and 108 bp were amplified (Fig. 3a). The 134 bp
fragment represented the G allele in non-pungent culti-
vars, and it was amplified with primer combination FI and
RO. The 108 bp fragment, the shortest one, was the prod-
uct obtained with primer combination FO and RI, and it
corresponded to the pungent allele (T). The amplification

e e e e e e e |

158 208 218 225 235

TAACTGGATG T-----==== —======c== —=oc TTGATT GRAGAG----
TARCTGGATG T-======== =======oo= —ooe TTGATT GAAGAG----
TAACTGGATG T--======= =======-o= —ooe TTGATT GAAGAG----

TAATTGGATG TCATTTCCAA GICTITTGTG GTGTTTGATT GAAGAGAGAG
TAATTGGATG TCATTITCCAA GTCTITTIGIG GTGITTIGATT GAAGAGAGAG
TAATTGGATG TCATTTCCAA GICTITTGTG GTGTTTGATT GAAGAGAGAG

PER I e O O IR I R I

258 265 275 285 298
ARATAAR--= ——-—==----- —----oooo- —mooo GGTAG GAATAATTT
ARAATAAR--= ——-——--=o- —-mmommom oo GGTAG GAATAATTT
AAATAAR-=-= =—=——======= ————c——c—o ---GGTAG GAATAATTT

AAATAAAGGA ATACITTTGA AACTTACGAA ACAAAGGTAG GAATAATTIT
AAATARAGGA ATACTITTTGA AACTTACGAA ACAATGGTAG GAATAATTIT
AAATARAGGA ATACTTTTGA AACTTACGAA ACAATGGTAG GAATAATTT

efficiency of this fragment was lower than for the rest of
amplification products, possibly due to competitive depri-
vation of the primers through the largest products.
Finally, the 191 bp fragment was amplified with the two
outer primers (FO/RO) and served as the template for the
amplification of the two allele-specific fragments and as
control.

For comparison with tetra-primer ARMS-PCR, CAPS
analysis was also performed. PCR amplification of genomic
DNA using SB2-66F and PC-R1 primers resulted in a
203 bp fragment. Van91 1 digestion of the PCR amplified
product resulted in two restriction fragments of 174 and
29 bp in pungent genotypes, while only one undigested
203 bp fragment was observed in the non-pungent geno-
types (data not shown). Of these two methods, tetra-primer
ARMS-PCR was easier and more economical than CAPS;
therefore, tetra-primer ARMS-PCR analysis was chosen for
further experiments.

P

1 2 3 4 5 67 89 10111213 14 15 16 17 18

M

a P NP
M

191bp__y ™
134 bp = me e e o=
108bp —3
b M 1 2 3
191 pb

—> S aub 4D e
AL
108 pb N — s

Fig. 3 a MetaPhor agarose gel photo of allele-specific SNP marker
associated with pungency. SNP marker can distinguish the T allele
(pungent), which generates a fragment of 108 bp, from G allele (non-
pungent), which generates a fragment of 134 bp. 191 bp fragment is
common to both alleles and it is used as internal control. Lanes: / C.
annuum cv. SCM-334; 2 C. annuum cv. Lungo Dolce Sotille; 3 C. ann-
uum cv. Agridulce; 4 C. annuum cv. Yolo Wonder; 5 C. annuum cv.
Jupiter; 6 C. annuum cv. Doux des Landes; 7 C. annuum cv. Truhart;
8 C. annuum cv. Cherry sweet; 9 C. chinense; 10 C. baccatum var. pen-

dulum; 11 C. baccatum var. praetermisum; 12 C. galapagoens; 13 C.
pubescens; 14 C. tovarii; 15 C. frutescens; 16 Datura stramonium; 17
Solanum melongena; 18 S. lycopersicum; M 1 kb DNA ladder; P pun-
gent; NP non-pungent. b Amplification of allele-specific SNP marker
to distinguish between heterozygous and homozygous plants. Lanes:
M 1 kb DNA ladder; I C. annuum cv. SCM-334 (pungent); 2 C. annu-
um cv. Yolo Wonder (non-pungent); 3 and 4 heterozygous F, plants
derived from a cross between SCM-334 and Yolo Wonder
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Application of tetra-primer ARMS-PCR method to SNP
genotyping

The tetra-primer ARMS-PCR method was utilized to assess
additional Capsicum genotypes. Phenotypic evaluation
using a tasting panel was carried out in all assessed pepper
genotypes. Phenotypes and the SNP genotyping results are
presented in Table 2. Results from 15 Capsicum accessions
and other 3 Solanaceae species genotyped by tetra-primer
ARMS-PCR are shown in Fig. 3a.

Using the described tetra-primer ARMS-PCR method,
all examined cultivars belonging to C. annuum showed the
allele-specific products corresponding to their demon-
strated phenotypic trait. The same results occurred when
cultivars of C. chinense, C. frutescens, C. galapagoense, C.
baccatum var. pendulum, C. baccatum var. praetermisum,
C. eximium, C. cardenasii and C. tovarii were analyzed.

In the case of C. pubescens, it was observed that while spe-
cific alleles and common fragment were amplified precisely
in some genotypes, in others there was no amplification. No
fragments were amplified with the developed ARMS-PCR
primers in C. chacoense, C. ciliatum, C. flexuosum and C.
minutifolium. In order to verify whether the method worked
correctly in these genotypes, amplification of genomic DNA
with the set of primers SB2-66F and SB2-66R was carried
out to confirm the presence of the 307 bp fragment containing
the SNP (G/T). When the data were analyzed, the expected
fragment of 307 bp did not appear, and a different pattern of
PCR products was observed (data not shown). In the case of
genotypes belonging to Lycianthes, Solanum, Nicotiana,
Petunia and Datura, no 307 bp fragment was amplified, and
therefore, no tetra-primer ARMS-PCR products were visual-
ized. Considering the high level of diversity often found in 3’
end UTR region, it is not surprising that the specific 307 bp
fragment identified is not present in all Capsicum and other
related members of the Solanaceae genus.

The tetra-primer ARMS-PCR method was also used to
demonstrate that this SNP marker can distinguish between
homozygous and heterozygous plants. The results using the
parental lines, SCM-334 and Yolo Wonder, and their corre-
sponding pungent F, plants, showed that in the F, heterozy-
gous plants the two allele-specific fragments, the pungent
allele (T) of 108 pb and the non-pungent allele (G) of
134 pb, were amplified (Fig. 3b), whereas, only the allele-
specific fragment, corresponding to the non-pungent allele
(G) and the pungent allele (T), was amplified for non-pun-
gent and pungent parental lines, respectively.

Discussion

We describe the identification, validation and survey of an
SNP marker associated with pungency. During the analysis
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Table 2 Capsicum genotypes, Solanaceae species, their phenotypes
and their corresponding nucleotide at the SNP position, after genotyp-
ing by tetra-primer ARMS-PCR method

Genotype Phenotype Allele
Capsicum annuum cv. Jupiter NP
C. annuum cv. Yolo Wonder NP
C. annuum cv. Calatauco NP
C. annuum cv. Cherry Sweet NP
C. annuum cv. Antibois NP
C. annuum cv. Canada Cheese NP
C. annuum cv. Podorok Moldovii NP
C. annuum cv. Ikeda-1 NP
C. annuum cv. Traba NP
C. annuum cv. Cristal NP
C. annuum cv. Doux D’ Alger NP
C. annuum cv. UF15 NP
C. annuum cv. Morrén de fresno NP
C. annuum cv. Yolo Y NP
C. annuum cv. Florida VR2 NP
C. annuum cv. Doux des Landes NP
C. annuum cv. Maor NP
C. annuum cv. Truhart NP
C. annuum cv. Sweet 3575 NP

C. annuum cv. Hot1493

C. annuum cv. Bukeh

C. annuum cv. RNaky

C. annuum cv. Lungo dolce sottile
C. annuum cv. Agridulce

C. annuum cv. Cayenne

C. annuum cv. SCM-334

C. annuum cv. Papri Queen

C. annuum cv. Thai Hot

C. annuum cv. Chung-Yang

C. chinense cv. Orange Habanero

C. chinense ‘30036’

C. chinense ‘30080’

C. chinense cv. Peach Savina

C. chinense P1159234

C. baccatum var. pendulum C-130
C. baccatum var. pendulum C-134
C. baccatum var. pendulum C-135
C. baccatum var. pendulum C-137
C. baccatum var. pendulum C-138
C. baccatum var. pendulum C-131
C. baccatum var. pendulum C-209
C. baccatum var pendulum C-234

C. baccatum var. pendulum C-236
C. baccatum var. pendulum C-237
C. baccatum var. pendulum C-238
C. baccatum var. pendulum C-323
C. baccatum var. pendulum C-232

H A 3999999333333 3939393590000000000000000000

javAia v e s v Bie o e B v e o Bie v B o B v e o e B o e M o e v e v e o e v e v e v Ba v Bia v e v Be  Ba v Bla v Bl

C. baccatum var. pendulum C-233
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Table 2 continued

Genotype Phenotype Allele
C. baccatum var. pendulum C-235 P T
C. baccatum var. pendulum C-057 P T
C. baccatum var. pendulum C-070 P T
C. baccatum var. pendulum C-117 P T
C. baccatum var. praetermissum C-172 P T
C. baccatum var. praetermissum C-180 P T
C. baccatum var. praetermissum C-181 P T
C. baccatum var. praetermissum C-182 P T
C. galapagoense C-167 P T
C. galapagoense C-179 P T
C. pubescens C-139 P ND
C. pubescens C-140 P ND
C. pubescens C-060 P T
C. pubescens C-228 P T
C. pubescens C-342 P ND
C. pubescens 80062B P T
C. pubescens 158277 P ND
C. eximium P T
C. tovarii C-261 P T
C. frutescens C-126 P T
C. frutescens C-161 P T
C. frutescens C-103 P T
C. frutescens C-162 P T
C. frutescens C-163 P T
C. frutescens C-164 P T
C. frutescens C-166 P T
C. frutescens C-189 P T
C. frutescens 1462 P T
C. chacoense C-153 P ND
C. chacoense C-154 P ND
C. chacoense C-175 P ND
C. chacoense C-176 P ND
C. cardenasii P T
C. minutiflorum P ND
C. flexuosum NP ND
C. rhombodium (C. ciliatum) NP ND
Lycianthes asarifolia NP ND
L. surotatensis NP ND
L. dejecta NP ND
S. pseudocapsicum NP ND
S. tuberosum cv. King Edward NP ND
S. melongena NP ND
S. lycopersicum NP ND
Nicotiana benthamiana NP ND
N. clevelandii NP ND
N. tabacum cv. Samsun NP ND
Petunia hybrida NP ND
Datura stramonium NP ND

P pungent, NP non-pungent, ND non detected

of the EST clone SB2-66, we identified an additional
sequence with 81% homology. Alignment of the sequences
corresponding to this new fragment allowed us to identify
an SNP (G/T) between pungent and non-pungent geno-
types.

Recently, AT3 was characterized and identified as Puni.
The recessive allele, punl, is due to a large deletion that
spans the promoter and first exon (Stewart et al. 2005). The
full nucleotide sequence of Punl identified SB2-66 in the
3" end of AT3. A later study identified two acyl-transfer-
ases, Catf-1 and Catf-2 (Lang etal. 20006). Catf-1 was
described and putatively associated with capsaicin syn-
thase. In contrast with this hypothesis, Prasad et al. (2006)
have identified csyl and characterized it as capsaicin syn-
thase. The full-length cDNA sequence has indicated that
csyl sequence does not share significant homology with
any of the acyl-transferase genes, including Punl. In addi-
tion, to the best of our knowledge, the Catf-1 gene corre-
sponds to the previously described gene Punl, since Catf-1
and Punl match exactly on the sequence level. Based on
our results and available published data, the 307 bp frag-
ment, where the SNP is located, shows a 100% homology
with the 3’ end of the Catf-2. This sequence has been pre-
sented as an acyl-transferase related to pungency in Capsi-
cum (Lang et al. 2006); however its role in the capsaicinoid
biosynthetic pathway has not yet been demonstrated. In
addition, our preliminary mapping results using a tomato
population, and data obtained from published comparative
maps between tomato and pepper (Livingstone et al. 1999)
indicate that AT3 and Catf2 are not located in close proxim-
ity (data not shown).

Currently, we are focused on studying the full-length
DNA sequence associated with the 307 bp fragment. In
addition, alignment of the 307 bp fragment with A73 and
other members of the BAHD superfamily of acyl-transfer-
ases has allowed the identification of the conserved domain
DFGWG at the beginning of the 307 bp sequence (St-Pierre
et al. 1998).

In order to confirm the putative SNP (G/T), we have
used two different methods: tetra-primer ARMS-PCR and
CAPS markers. Previous studies have already utilized both
types of molecular markers successfully (Chiapparino et al.
2004; Acquadro et al. 2003). Our results have showed that
both methods were able to discriminate alleles and were
easier and cheaper than direct sequencing. However, tetra-
primer ARMS-PCR was chosen due to low cost and fast
results for SNP genotyping. This method, using four prim-
ers in a simultaneous reaction, is a one-step PCR reaction
compared to the digestion needed for the CAPS method.
Furthermore, the additional mismatch at —2 bp from the 3’-
termini allows for better amplification by enhancing the
selectivity and eliminating the false-positive extension of
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the double-mismatched primers. Another advantage of this
method is demonstrated by the fact that appropriate com-
mercial restriction enzymes are not always available. In our
case, Van91 1 (CCANNNN/NTGG) was found but its rec-
ognition site has an ambiguous base (N) within the SNP
site. Furthermore, digestion generated small products of
174 and 29 bp, making the resolution by standard agarose
gels difficult. For these reasons, ARMS-PCR was chosen
for genotyping.

A wide range of species were assayed for the genotyping
study, specifically a large group of pungent and non-pun-
gent cultivars belonging to C. annuum. For the rest of Cap-
sicum species only pungent cultivars were readily available,
with the exception of C. flexuosum and C. ciliatum where
non-pungent genotypes were tested. To obtain non-pungent
cultivars of Capsicum species, apart from C. annuum, it is
often difficult, in that non-pungent accessions belonging to
wild-species have not been widely identified (Andrews
1995). However, the obtained results are quite promising in
Capsicum germplasm used widely in research, breeding
and by consumers. Use of other Solanaceae, including
Solanum, Nicotiana, Petunia, and Datura spp., allowed us
to avoid false-scoring of the presence of PCR products
resulting from non-specific primer hybridization. Some
Lycianthes genotypes were also selected because Capsicum
spp. is considered to be derived from Lycianthes (Olmstead
et al. 1999).

The SNP marker distinguished the pungency state of all
of the 29 C. annuum genotypes tested: 19 non-pungent
genotypes were identified with the G allele, and 10 pungent
ones with the T allele. Based on the classification proposed
by Walsh and Hoot (2001), all varieties in the C. annuum
complex, consisting of C. annuum, C. chinense, C. frutes-
cens and C. galapagoense, have been correctly genotyped
with the SNP marker, showing an accurate correlation
between allelic status and phenotypic character. Also, the T
allele was properly identified in the pungent genotypes of
C. tovarii and the eximium complex, consisting of C. exi-
mium and C. cardenasii.

The baccatum complex, consisting of C. baccatum and
C. chacoense, however has shown a different behaviour.
While C. baccatum, including its two varieties praetermis-
sum and pendulum, was associated with the T allele, no
SNP was detected in any of the four examined genotypes of
C. chacoense. Another species whose results are difficult to
explain is C. pubescens. This species has been described as
one the most problematic according to its position within
Capsicum (Walsh and Hoot 2001). In our study, we have
detected that the genotypes C-060, C-228 and 80062b were
correctly identified with the T allele. However, none of the
specific allele fragments were amplified in C-139, C-140,
C-342 and 158277 of C. pubescens. Neither of the
examined genotypes of C. ciliatum, C. minutifolium and

@ Springer

C. flexuosum amplified the specific allele fragments. The
higher frequency of polymorphism observed in 3’ UTRs
(Bhattramakki etal. 2002) coupled with the increased
diversity commonly seen between domesticated and wild
species could explain the absence of specific allele frag-
ments in those genotypes.

This study provides a new allele-specific SNP marker for
the identification of the pungency trait in Capsicum. The
results, after assessing a large number of Capsicum geno-
types, have clearly demonstrated the feasibility of this
allele-specific SNP marker, and its application for germ-
plasm screening and marker-assisted selection. Using an
allele-specific SNP marker to identify pungent or non-pun-
gent phenotype offers many attractive features over a panel
tasting or analytical techniques. First, analysis can be per-
formed in the early growth stages of plants, requiring only
small DNA quantities. Second, a large number of samples
can be processed systematically, and finally, SNP genotyp-
ing using tetra primer ARMS-PCR methodology has a low
cost. Furthermore, the identification of this 307 bp fragment
opens new sources to continue the investigation of others
potential genes involved in the capsaicinoid biosynthetic
pathway.
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