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Cultivated carrot and its wild ancestor co-occur in most 
temperate regions of the world and can easily hybrid-
ize. The genetic basis of the process of domestication in 
carrot is not well understood. Recent results of an inves-
tigation on genetic diversity structure of cultivated and 
wild carrot and signatures for domestication using Diver-
sity Arrays Technology (DArT) allowed identification of 
polymorphisms differentiating wild and cultivated acces-
sions. We selected one of these polymorphisms, showing 
the strongest evidence for directional selection in the 
course of domestication, and converted it into a co-dom-
inant cleaved amplified polymorphic site (CAPS) marker 
named cult. To achieve that, we designed site-specific 
primers anchored in sequences flanking the original 
DArT clone, amplified and sequenced the PCR products 
derived from cultivated and wild carrot. A PstI restriction 
site present in the ‘cultivated’ variant and absent in the 
‘wild’ was subsequently used for routine differentiation 
the two variants. We validated the cult marker on 88 ac-
cessions of cultivated and wild carrot, each represented 
by five individuals. The allelic variant associated with the 
wild phenotype was only rarely observed in cultivated 
carrot, mostly in purple-rooted accessions originating 
Turkey and Iran, possibly indicating that the physical 
association between the diagnostic polymorphism and 
the putative ‘domestication gene’ has been broken in a 
group of Eastern carrots.
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INTRODUCTION

Cultivated carrot (Daucus carota subsp. sativus Hoffm.) 
is the most economically important species of the Apiace-
ae family. It is grown around the world in temperate and 
subtropical regions and constitutes the most significant 
source of β-carotenes, precursors of vitamin A. Wild 
carrot (D. carota subsp. carota L.) is widespread, presently 
appearing in temperate regions all over the world. Cen-
tral Asia has been indicated as the place of origin of do-
mesticated carrot. Cultivated and wild carrots can easily 
hybridize and a considerable amount of genetic variation 
is exhibited both among and within subspecies, with no 
apparent signature of domestication bottleneck (Iorizzo 

et al., 2013). Hybrids derived from cross-pollination of 
cultivated and wild carrot are characterized by woody, 
mostly white-colored root with low content of reducing 
sugars, resulting in bad taste and strong tendency for 
bolting (Wijnheijmer et al., 1989; Rong et al., 2013). 

Several reports on the structure of genetic diversity 
in cultivated and wild carrot, using different strategies, 
were published (Shim & Jorgensen 2000; Bradeen et al., 
2002; Baranski et al., 2012; Iorizzo et al., 2013; Grzebelus 
et al., 2013). They allowed discrimination of three major 
groups comprising wild carrot and Western and Eastern 
types of cultivated carrot. In the latter study, a set of 
900 non-redundant Diversity Array Technology (DArT) 
markers was used to identify signatures of domestica-
tion in the carrot genome. Twenty-seven markers were 
selected, among which marker crPt-895548 showed the 
strongest evidence for directional selection in the course 
of domestication (Grzebelus et al., 2013). As the marker 
allowed discrimination of cultivated and wild carrot, we 
decided to convert it into a reproducible, co-dominant, 
easy to handle, and cost-effective cleaved amplified poly-
morphic site (CAPS) marker. We tested performance of 
the converted marker on a wide collection of wild and 
cultivated carrot accessions of diverse origin.

MATERIALS AND METHODS

Plant materials. In total, 88 accessions representing 
72 cultivated and 16 wild carrots of different origin were 
investigated. DNA was extracted from the fresh leaf 
tissue of using DNeasy Plant Mini Kit (Qiagen), as de-
scribed by manufacturer. Each accession was represented 
by five individual plants.

PCR conditions and cloning of PCR products. 
PCR reactions were set up in 20 μl comprising 20 
ng genomic DNA, 0.5 μM CULTex1i1F: 5’TGGAT-
GGAAGAGAGGGAATG3’ primer, 0.5 μM CUL-
Tex1i1R: 5’TCCTGCCGAAGTATTCATCC3’ primer, 
0.25 mM dNTPs, 1U DreamTaq DNA Polymerase 
(Thermo Scientific) and 1×DreamTaq Green Buffer. 
The following thermal conditions were applied: 94°C 
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(2 min), 30 cycles of 94°C (30 s), 57°C (30 s), 68°C 
(1 min) and a final extension step of 68°C (5 min). 
Products amplified from 3 wild carrots and 3 cultivat-
ed carrots were separated in 1% agarose gels stained 
with ethidium bromide, purified with Wizard SV Gel 
and PCR Clean-Up (Promega), cloned into pGEM-T 
(Promega) and transferred into Escherichia coli strain 
DH10B. Plasmids extracted using Wizard SV Mini-
prep kit (Promega). 

DNA sequencing. DArT clone crPt-895548 (Gr-
zebelus et al., 2013) and cloned PCR products were 
Sanger-sequenced in a 5 μl reaction including 1.75 
μl of water, 1 μM primer, 0.75 μl 5× BigDye®3.1 se-
quencing buffer, 0.5 μl of BigDye®3.1 ready reaction 
mix and 1 μl of PCR product, previously diluted 1:10 
with water. Each insert was sequenced in both direc-
tions in separate reactions. Amplification conditions 
were: 25 cycles of 96°C for 10 s, and 58°C for 2 min, 
and a final step at 72°C for 5.0 min. The sequenc-
es were analyzed on ABI 3730xl DNA Analyzer (Ap-
plied Biosystems). The sequences are available upon 
request. 

Bioinformatic analysis. The sequence of DArT 
marker crPt-895548 was queried against the low cover-
age carrot genome assembly (Simon et al.,, unpublished) 
derived from data reported by Iorizzo et al. (2012) with 
blastn on a local BLAST server. The identified con-
tig was searched for presence of coding regions using 
FGENESH (http://linux1.softberry.com/berry.phtml). 
The sequence was searched for conserved domains using 
Conserved Domain Database search at NCBI (Marchler-
Bauer et al., 2011). 

Marker conversion and genotyping conditions. 
Primers were anchored in predicted exons flanking 
the intron in which crPt-895548 was localized, using 
Primer 3 (Rozen & Skaletsky, 2000). Sequences de-
rived from wild and cultivated carrots were manipu-
lated and aligned in BioEdit (Hall 1999). PCR am-
plification for CAPS marker was set up as described 
above, followed by 1 h digestion in 37°C with 5U of 
PstI (Thermo Scientific) and 1×O buffer. The digest-
ed PCR products were separated in 1% agarose gels, 
stained with ethidium bromide, and visualized under 
UV light.

RESULTS

305 bp-long sequence of crPt-895548 DArT marker 
differentiating wild and cultivated carrot showed a per-
fect match to 4770 bp-long genomic contig derived 
from B493 breeding line (Iorizzo et al., 2012) at posi-
tions 1163-1467. Prediction of putative coding sequences 
within the contig indicated presence of one complete 
ORF comprising five exons, located between 513 nt and 
3698 nt (exon positions: 513-1020, 1571-1638, 2000-
2131, 3169-3327, and 3465-3698) with a polyadenyla-
tion signal at 4097 nt (Fig. 1a). Sequence of crPt-895548 
DArT marker was localized within the first intron of the 
predicted gene, thus we anchored primers in adjacent ex-
ons (primer positions: 514-533 and 1575-1594) and am-
plified that region from three wild and three cultivated 
carrot plants. Amplification products of expected size 
(ca. 1.1 Kb) were observed for all individuals. Due to 
lack of distinguishable length differences, we sequenced 
all amplified products. We identified 16 SNPs and three 
indels (2, 10, and 16 bp). Six SNPs were located with-
in the first exon, one within the second exon and nine 
within the intron. While SNP polymorphism in the ex-
ons was mostly observed among wild carrots, two SNPs 
and three indels located within the intron differentiated 
cultivated and wild carrots. The sequence of the PstI re-
striction site located within an indel (starting from 1463 
nt) and present only in the cultivated variant (Fig. 1b) 
caused the previously reported DArT polymorphism 
(Grzebelus et al., 2013). Here, we used it for discrimi-
nation between PstI-digested PCR products representing 
cultivated and wild variants (Fig. 2). That way we con-
verted DArT marker into a co-dominant CAPS marker 
we named cult (for cultivated). 

We validated the cult marker with 88 accessions of 
cultivated and wild carrot, each represented by five in-
dividuals. In case of cultivated carrots, 58 of 72 acces-
sions carried cult variant expected for cultivated carrot 
(homozygous for the ‘cultivated’ variant). However, in 
14 cultivated accessions the ‘wild’ variant was observed 
in at least one plant (Fig. 3). Notably, in case of 7262B 
inbred line all five plants carried the homozygous ‘wild’ 
cult variant. On the other hand, we observed presence 
of the ‘cultivated’ allelic variant in five of 16 wild car-

Figure 1. Scheme of the predicted open reading frame (a) and the indel in the 5’ region of  crPt-895548 DArT clone with PstI restric-
tion site present only in the variant typical for cultivated carrot (b). 
Red arrow represents the first exon; gray boxes represent internal exons; blue box represents the last exon; green diamond represents 
polyA site; the region of  crPt-895548 DArT marker is highlighted in red, arrows indicate primer anchor sites; red rectangle indicates PstI 
restriction site. 
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rot accessions. Within D. carota subsp. gummifer and one 
population of D. carota subsp. carota from Chile two and 
four plants respectively were heterozygous, while three 
accessions — D. carota subsp. maximus and two popu-
lations of D. carota subsp. carota from Israel and Russia 
comprised individuals both heterozygous or homozygous 
for the ‘cultivated’ variant (Fig. 2).

DISCUSSION

A range of molecular marker systems was used to 
study carrot diversity. Dominant AFLP (Shim and Jor-
gensen, 2000) and co-dominant SNP (Iorizzo et al.,, 
2013) markers allowed characterization of genetic di-
versity structure and discriminated wild and cultivated 
accessions but no markers linked to the cultivated/
wild type were reported. Only recently, a large scale 
genotyping of 159 accessions including 65 wild carrot 
populations with 900 non-redundant DArT dominant 
markers allowed identification of several markers show-
ing possible signatures for domestication. Among them, 
DArT marker crPt-895548 was identified as being the 
most likely located in a genomic region involved in 
domestication (Grzebelus et al., 2013). It was localized 
within intron 1 of a predicted gene what may suggest a 
relationship between of the putative gene product func-

tion and domestication. However, explanation of that 
issue requires additional investigation. 

The possibility to distinguish wild and cultivated 
carrot is of high importance especially for improve-
ment of modern carrot breeding. Although carrot 
domestication took place more than 1000 years ago, 
gene flow from wild to cultivated carrot has been 
still observed worldwide and may not only contami-
nate breeding materials but also cause problems in the 
context of a gene flow following possible future in-
troduction of genetically modified carrot cultivars. On 
the other hand, easy hybridization of cultivated and 
wild carrot may facilitate introgression of new traits, 
such as cytoplasmic male sterility or resistance to seri-
ous pests and significant diseases, into the cultivated 
gene pool (Grzebelus et al., 2011). 

Visual selection of outcrosses based on the morpho-
logical markers does not allow reliable identification 
of hybrids (Grebenstein et al., 2013). Root color-based 
selection seems to be the most effective for screening 
breeding materials but it is time-consuming and useful 
only for orange-rooted cultivars, as hybrids of carrots 
with yellow and purple root color only partially lose 
their pigmentation as a result of cross-pollination with 
wild carrot (Simon, 1996). Analysis of metabolite con-
tent with 1H NMR allowed clustering cultivated and 
wild carrot, but all hybrids were grouped with wild 
parental plants (Grebenstein et al.,, 2011). For these 
reasons, cost-effective and time-efficient method of 
identification of hybrid plants would be very valuable. 
Here, we reported on a molecular marker that could 
be easily employed in routine screening of wild and 
cultivated carrot population for their hybrid status. 

The incidence of the ‘cultivated’ variant of the cult 
polymorphism in wild carrot accessions reported here 
was higher than that observed by Grzebelus et al. 
(2013) with the corresponding DArT marker. Possi-
bly, some wild accessions were in fact wild/cultivated 
hybrids, as they showed an intermediate phenotype 
resulting in a slightly swollen root (not shown). A 
broader sampling of wild carrot is necessary to sys-

Figure 2. Products of PCR amplification of the 5’ region flanking  
crPt-895548 DArT clone before (left panel) and after digestion 
with PstI (right panel). 
Lanes: 1 — D. carota subsp. carota (Poland), 2 — D. carota sub-
sp. carota (Russia), 3 — D. carota subsp. carota (Slovakia), 4 — D. 
carota subsp. azoricus (Portugal), 5 — D. carota subsp. gummifer 
(Great Britain), 6 — Persia No 242 (Iran), 7 — Pusa Kesar (India), 
8 — Tropical (Brazil), 9 — Long Red (Ethiopia), 10 — 0493B (USA).

Figure 3. Distribution of ‘cultivated’ and ‘wild’ allelic variants of the cult marker in 72 and 16 accessions of cultivated and wild carrot 
accessions, respectively, each accession was represented by five individuals. 
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tematically verify the frequency of the ‘cultivated’ var-
iant in the wild gene pool. 

In few cases we observed presence of ‘wild’ cult vari-
ant within plants of cultivated accessions. Most of them 
were landraces and open-pollinated cultivars from Asia 
(mostly Turkey) with characteristics typical for East-
ern cultivated carrot, e.g. purple roots. It is likely that 
they were poorly monitored for pollination occurring 
with contribution of wild relatives. However, presence 
of the homozygous ‘wild’ cult variant in all five plants 
of 7262B inbred line requires additional attention. The 
purple-rooted 7262B inbred line originated from a cross 
between a Turkish accession highly variable for root 
color and shape and a dark orange-rooted breeding line. 
It is characterized by very dark purple outer phloem and 
orange-colored core, vigorous, medium green tops, with 
strong attachment to the root and some tendency for 
early flowering (Simon et al., 1997), apparently resem-
bling Eastern type carrot. Thus, it might be possible that 
the physical linkage between the cult polymorphism and 
the ‘domestication gene’ has been broken in a group of 
purple-rooted Eastern carrots. 

In general, results reported here and those presented 
previously by Grzebelus et al., (2013) suggest that the 
‘cultivated’ variant of the cult locus, rare in wild gene 
pool, was enriched in the cultivated gene pool in the 
course of domestication.
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