
Introduction

Carrot (Daucus carota L. ssp. sativus Hoffm.)

is one of the most widely used vegetable crops,

grown in temperate and subtropical regions. It is

characterized by high concentrations of health-

promoting compounds, especially carotenoids,

and can be consumed fresh or processed

(Rubatzky et al. 1999). Nowadays, the objective of

carrot breeding has changed from creation

of open-pollinated cultivars by means of mass or

pedigree selection, to F1 hybrids, usually obtained

by using the CMS (cytoplasmic male sterility)

mechanism for pollination control (Stein and

Nothnagel 1995). Therefore, modern breeding

programmes require a precise characterization of

existing genetic diversity, as well as tools for reli-

able confirmation of the hybrid character of com-

mercial F1 seeds. The latter is especially important

for carrot as an outbreeding species, which is

readily setting seeds due to unwanted cross-polli-

nation with cultivated and wild D. carota. In addi-

tion, the presence of partially male-fertile plants

(Boerner et al. 1995) in the CMS stocks, used as

the maternal component of the F1 hybrid cultivar,

can seriously contaminate hybrid seed production.

Several attempts were undertaken to use arbitrary

molecular marker systems for the evaluation of

genetic diversity in carrot. Nakajima et al. (1998)

used RAPD and AFLP systems to characterize ge-

netic diversity within the genus Daucus and

showed that D. carota can be reliably discrimi-

nated from other Daucus species, and cultivated

carrots can be separated from wild D. carota.

However, there was a substantial level of diversity

within both groups of D. carota. A larger investi-

gation, comprising 124 D. carota accessions, was

carried out by Bradeen et al. (2002), who used

AFLP, ISSR, 2 codominant SCAR markers linked

to genes governing root colour (Y2) and nematode

resistance (Mj-1), and a chloroplast-specific

marker. They concluded that in spite of a relatively
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sharp difference between the wild and the culti-

vated accessions, the diversity identified at the

molecular level was high and nonstructured. This

did not support conclusions from an earlier work

by Shim and Jørgensen (2000), who stated that

AFLP polymorphisms allowed varietal identifica-

tion and corresponded with the geographic origin

of wild D. carota populations. Intra-population

diveristy was studied by using RAPD (Grzebelus

et al. 1997) and AFLP (Grzebelus et al. 2001).

Both marker systems revealed a high level of vari-

ability among the individuals from the same

breeding stock.

The fact that the results obtained to date by us-

ing arbitrary molecular marker systems have been

inconclusive, indicates the need for development

of other tools enabling evaluation of genetic diver-

sity. One of the possible new sources of variability

that can be explored to obtain molecular markers,

is the presence of transposon insertion poly-

morphisms. Transposons are mobile DNA re-

gions, originally discovered in the 1940’s by

Barbara McClitock in maize, and subsequently

identified both in prokaryotes and eukaryotes

(Capy et al. 1998). Their dispersal, repetitiveness,

and the fact that their mobilization is a source of

polymorphism, make them good candidates for

use as molecular markers (Le and Bureau 2004).

Several systems were developed to identify poly-

morphic transposon insertions, including

site-specific amplified polymorphism, S-SAP

(Waugh et al. 1997); retrotransposon micro-satel-

lite polymorphism, REMAP, and inter

retrotransposon polymorphism, IRAP (Kalendar

et al. 1999); inter-MITE polymorphism, IMP

(Chang et al. 2001); retrotransposon-based inser-

tion polymorphism, RBIP (Flavell et al. 1998);

and transposon display, TD. Polymorphism of TD

markers is procured on the basis of the presence or

absence of the transposon copy and variable posi-

tions of restriction sites in the DNA sequences im-

mediately flanking the insertion sites. Successful

examples of the use of TD systems tailored to-

wards various groups of transposable elements in-

clude reports on Petunia hybrida (Van den Broeck

et al. 1998), Zea mays, and Arabidopsis thaliana

(Yephremov and Saedler 2000). TD markers were

also used to infer genetic relationships among

maize inbreds, by using the MITE family Heart-

breaker (Casa et al. 2002) and to study rice diver-

sity by using Rim2/Hipa CACTA TD (Kwon et al.

2005).

In carrot, a recently developed TD system was

used to identify insertions of transposable ele-

ments from the DcMaster family of DNA

transposons (Class II) belonging to the PIF/Har-

binger superfamily (Grzebelus et al. 2006).

The usefulness and reliability of the DcMaster

transposon display (DcMTD) system was proven

by mapping 54 insertion polymorphisms, saturat-

ing a previously developed genetic linkage map of

carrot (Grzebelus et al. 2006). In the present study,

DcMTD markers were used to evaluate genetic di-

versity of carrot breeding lines and F1 hybrids and

to identify markers potentially useful for hybrid

seed purity testing.

Materials and methods

Plant material and DNA extraction

An open-pollinated cv. Regulska and 3 sets of Pol-
ish breeding stocks (all materials belonging to the
Nantes root type) were investigated. Each set of
stocks included the CMS stock, the maintainer, the
pollinator, and the corresponding F1 hybrid (Ta-
ble 1). DNAs were isolated from 4-week-old seed-
lings by using a modified protocol originally
developed for RNA isolation by Chomczyñski and
Sacchi (1987), followed by DNA gel purification.
For that purpose, DNA samples were separated on
1% agarose gels; the bands representing high mo-
lecular weight DNA were excised and extracted by
using WIZARD SV Gel and PCR Clean-Up Sys-
tem (Promega) according to the manufacturer’s
protocol. Each stock was represented by 2 individ-
ual plants.
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Table 1. Carrot breeding materials used in the study

Set code Name Status

Regulska open-pollinated cultivar

K1 K1B fertile, maintainer for K1A

K1A male-sterile, maternal component
of K1F1

K1F1 F1 hybrid (K1A × K1C)

K1C fertile, pollinator for K1F1

K2 K2B fertile, maintainer for K2A

K2A male-sterile, maternal component
of K2F1

K2F1 F1 hybrid (K2A × K2C)

K2C fertile, pollinator for K2F1

K3 K3B fertile, maintainer for K3A

K3A male-sterile, maternal component
of K3F1

K3F1 F1 hybrid (K3A × K3C)

K3C fertile, pollinator for K3F1



Identification of DcMTD markers

DNA restriction with MseI, ligation of adaptors, as
well as preselective and selective PCR amplifica-
tion were performed as described previously
(Grzebelus et al. 2007). Six different combina-
tions of 3 selective nucleotides at the 3’ end of the
adaptor-specific primers (Table 2) were used for
the final round of amplification. Products obtained
from the selective amplification were separated in
6% denaturing polyacrylamide gels and visualized
by silver staining, following the protocol de-
scribed for AFLP markers by Briard et al. (2000).

Data analysis

Presence or absence of same-sized amplicons was
scored as 1 or 0, respectively. The analysis of ge-
netic diversity was performed with PHYLIP 3.56
software package (Felsenstein 2004). Genetic dis-
tances were calculated in RESTDIST, using a mod-
ified Nei and Li model. Neighbour- joining tree
was constructed in NEIGHBOR and plotted in
TREEVIEW 1.6 (URL: http://www.taxonomy.zo-
ology.gla.ac.uk/rod/rod.html). The significance of
branching nodes was tested by bootstrap. One
thousand bootstrap files were generated by
SEQBOOT, a consensus tree was constructed, and
bootstrap values were calculated by CONSENSE.
The genetic distance matrix from RESTDIST was
used for multidimensional scaling (MDS) per-
formed in Statistica 6.0 (StatSoft).

Results

Variability of DcMaster insertion sites

Six DcMTD primer combinations produced
71 bands, of which 15 (21.1%) were monomorphic
and 56 (78.9%) were polymorphic. The number of

amplified products ranged from 9 (for the
adaptor-specific primer carrying TCA as selective
nucleotides) to 15 (ACT and GTA), and their
length varied from 74 bp to 320 bp (Table 2).

The efficiency of DcMTD markers (9.3 poly-
morphic amplicons per primer combination) was
only slightly lower than that obtained for AFLP
markers (10.7 polymorphic amplicons per primer
combination, Grzebelus et al. 2001), and much
higher than that obtained for RAPD markers
(2.5 polymorphic amplicons per reaction,
Grzebelus et al. 1997) when similar plant materi-
als were analysed.

Neighbour-joining tree produced for the breed-
ing stocks and cv. Regulska showed that the latter
differed from the breeding stocks. CMS and the
corresponding maintainers showed high similar-
ity, with the exception of stocks belonging to the
K1 set, where the maintainer (K1B) and pollinator
(K1C) were more similar than the CMS stock
(K1A). As expected, 2 individual plants represent-
ing the same stock always clustered together (Fig-
ure 1). However, particular groups of plant
materials differed with respect to the level of di-
versity measured as the percentage of differences
between 2 individual plants, pollinators being the
most uniform, while CMS stocks and F1 hybrids
showed higher levels of variability (Table 3).
The open-pollinated cv. Regulska showed only
a moderate level of intra-population variability,
as 6% of amplicons were polymorphic between
the 2 individual plants.

Two-dimensional representation of genetic di-

versity obtained by means of mutidimensional

scaling (MDS) localised the F1 hybrids in the vi-

cinity of the corresponding parental stocks, cv.

Regulska being clearly different from the other

plant materials. The stocks representing the K2 set

were the most diverse (Figure 2).
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Table 2. DcMaster transposon display (DcMTD)

products obtained for plants representing 12 carrot

breeding stocks with 6 different selective nucleotide

combinations

Selective
nucleo-

tide com-
bination

Amplicon
length
range
(bp)

DcMTD amplicons

Polymorphic Monomorphic Total

ACT 74–270 13 (86.6%) 2 (13.4%) 15

AGT 105–291 8 (72.7%) 3 (27.3%) 11

CAA 104–264 7 (77.7%) 2 (22.3%) 9

GTA 105–320 11 (73.3%) 4 (26.7%) 15

TCA 89–224 7 (77.7%) 2 (22.3%) 9

TGT 128–290 10 (83.3%) 2 (16.7%) 12

Total 74–320 56 (78.9%) 15 (21.1%) 71

Figure 1. Bootstrap neighbour-joining tree for carrot

beeding stocks and cv. Regulska, based on DcMaster

insertion polymorphisms. Bootstrap values were obtained

for 1000 replicates.



Identification of DcMTD markers useful for

hybrid seed purity testing

All markers were evaluated with regard to their

potential to confirm the hybrid character of the F1

seeds. Among the 56 polymorphic DcMTD

amplicons, 14 markers appeared to be potentially

useful for that purpose, i.e. they were present in

both plants representing one of the parents and in

both plants of the corresponding hybrid (Table 4).

An additional condition was that the marker char-

acteristic for the CMS stock should also be present

in both plants of the corresponding maintainer.

As expected, K2 (revealed as the most diverse set

of breeding stocks in the study) generated the

highest number of markers differentiating the par-
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Table 3. Estimation of the intra-population genetic diversity based on

comparison of DcMaster insertion polymorphisms between 2 individuals

representing the same breeding stock

Stock Polymorphic
amplicons

(%)

Stock Polymorphic
amplicons

(%)

Stock Polymorphic
amplicons

(%)

Mean

K1B 5.5 K2B 5.8 K3B 9.4 6.9

K1A 7.8 K2A 5.4 K3A 2.9 5.4

K1F1 13.0 K2F1 10.8 K3F1 11.9 11.9

K1C 2.5 K2C 3.4 K3C 0.0 2.0

Figure 2. Two-dimensional plot for carrot breeding stocks, F1 hybrids and cv. Regulska, based on DcMaster insertion

polymorphism data anylysed by means of multidimensional scaling (MDS). Circles indicate positions of breeding stocks

from the same set: set K1 = dotted line; set K2 = dashed line; set K3 = solid line.

Figure 3. An example of a DcMTD marker differentiating parental stocks and transmitted to the F1 hybrid. ACT106

marker is present in the pollinator K2C and in the corresponding hybrid K2F1. Two lanes, marked ‘1’ and ‘2’, represent

2 individual plants from the same stock, and a white arrowhead indicates the ACT106 marker.



ents, 3 being characteristic for the CMS (K2A) and

the maintainer (K2B), and 4 for the pollinator

(K2C). The 7 markers were present in the profiles

of both K2F1 plants. For the remaining 2 sets, i.e.

K1 and K3, respectively, 1 and 2 maternal

stock-specific markers, and 2 and 4 paternal

stock-specific markers were identified (Table 4).

Ten markers, although informative for the particu-

lar set of breeding materials, were also present in

at least 1 plant representing the other sets, while

the remaining 4 were present only in 1 parent and

the corresponding hybrid. Three of them,

TGT271, GTA179, and ACT106 (Figure 3), were

specific to the hybrid from the K2 set, and the re-

maining one, TCA215, characterized the hybrid

from the K3 set.

Discussion

DcMTD markers as a tool for evaluation of

genetic diversity

The present results confirm earlier findings re-
garding the high level of polymorphism of
DcMaster insertion sites. Grzebelus et al. (2007)

reported that around 70% of DcMTD amplification
products were polymorphic between the cultivated
carrot line B493 and the wild carrot QAL. In the
present study we obtained a similar, or even
slightly higher level of polymorphism, reaching
79%. At first it may seem surprising, as in the pres-
ent study we were dealing only with cultivated
carrot. However, a higher level of polymorphism
was most probably a reflection of the fact that
more than 2 populations were screened, and each
population provided a set of polymorphic prod-
ucts. It also indicates that DcMaster insertions can
be a valuable source of polymorphism for future
studies on diversity, both for cultivated and wild
D. carota. The level of polymorphism identified
by using DcMTD was higher than that reported for
TD systems in other plant species. For instance,
10–25% of insertion sites of various retro-
transposons were polymorphic in barley (Leigh
et al. 2003), while for Heartbreaker MITE in
maize the level of polymorphism reached 60%
(Casa et al. 2002). DcMTD markers were rela-
tively easily scored directly from the gel, the qual-
ity being similar to that of silver-stained AFLP
profiles, and were usually more reliable than
RAPD profiles.

At present there is no direct evidence for the ac-
tivity of DcMaster and related elements in the car-
rot genome. However, it needs to be taken into
account that some polymorphisms may be a result
of transposon mobilization, rather than identity by
descent. Nevertheless, we expect that for the suffi-
cient number of scored DcMTD markers, the
genotyping error introduced by hypothetical trans-
position could be treated as negligible.

Diversity of carrot breeding materials

This research was the first attempt to apply mark-
ers based on transposon insertion polymorphism
as a tool in the breeding program. The results were
generally consistent with the pedigree data. As ex-
pected, CMS stocks and the corresponding
maintainers were genetically similar, with the ex-
ception of those from set K1 (Figure 1). Parental
stocks for the F1 hybrids differed in terms of their
diversity – those from set K2 were the most di-
verse. As genetic diversity of the parental stocks
may affect the performance of the F1 hybrid (Diers
et al. 1996; Xiao et al. 1996), the DcMTD markers
can be used, together with or as a replacement for
other marker systems, to select parental materials
having a better potential to produce a high-quality
hybrid cultivar.

Carrot, as an outbreeding species, is character-

ized by a high level of intra-population variability.

It usually suffers from extensive inbreeding, there-
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Table 4. DcMTD markers potentially useful for

confirmation of the hybrid character of F1 seeds.

‘1’ means presence and ‘0’ means of the amplification

product in the particular stock. Marker names include

letters and digits, indicating the sequence of the

3 selective nucleotides carried by the adaptor-specific

primer and length of the amplicon, respectively.

Marker
name

Type of breeding stock

Maintainer CMS
stock

F1 hybrid Pollinator

K1B K1A K1F1 K1C

CAA143 1 1 1 0

ACT139 0 0 1 1

ACT108 0 0 1 1

K2B K2A K2F1 K2C

TGT271 1 1 1 0

GTA216 1 1 1 0

GTA179 0 0 1 1

CAA137 0 0 1 1

TCA118 1 1 1 0

AGT117 0 0 1 1

ACT106 0 0 1 1

K3B K3A K3F1 K3C

ACT257 0 0 1 1

TCA215 0 0 1 1

TGT183 1 1 1 0

AGT179 1 1 1 0

GTA172 0 0 1 1

TCA134 0 0 1 1

CMS = cytoplasmic male sterility



fore breeding stocks used for the production of F1

hybrids usually retain a relatively high level of

heterozygosity, which was demonstrated in earlier

inveatigations (Grzebelus et al. 2001) and con-

firmed in the present study. Interestingly, a higher

level of variability, similar to that of the

open-pollinated cv. Regulska, was observed in the

CMS and maintainer stocks, while the pollinators

were clearly more uniform. In the F1 hybrids,

the highest observed level of variability, in all

cases exceeding 10%, was most likely a result

of accumulating the polymorphisms transmitted

from both parents. The levels of intra-population

polymorphisms are likely to be underestimated,

as only 2 plants representing each breeding stock

were compared. In addition, for all F1 hybrids

the presence of 1–3 amplicons absent in both par-

ents was observed, which most probably indicated

that more DcMaster insertions were present in the

parental populations. However, they were not

present in any of the analysed plants representing

the parental stocks. Nevertheless, mobilization of

DcMaster-like elements cannot be ruled out as an

alternative explanation of the presence of

non-parental amplicons in the F1 progeny.

DcMTD markers for hybrid seed purity testing

The 14 DcMTD markers differentiating parental

stocks and transmitted to the F1 hybrid could be-

come a valuable source of polymorphisms that

might be used for genotyping the cultivar in order

to confirm its hybrid character. Previous attempts

towards developing such markers for carrot hy-

brids, using the AFLP marker system, were unsuc-

cessful, owing to large intrapopulation variability

(Grzebelus et al. 2001). However, it is essential to

assess the reliability of these markers through

screening more plants from the populations in

question. Only the markers present in all parental

plants and the corresponding hybrid can be used

for genotyping the breeding stocks and hybrid

cultivars. Once such DcMTD markers are identi-

fied, a further effort can be undertaken, aiming at

the development of site-specific markers follow-

ing sequencing of the original DcMTD amplicon,

e.g. using a protocol similar to that developed for

conversion of the AFLP marker linked to the Y2

locus in carrot (Bradeen et al. 1998). This in turn

would allow a more efficient routine screening of

the hybrid cultivar seed samples.
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