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Intra-population variation of 18 cultivated carrot (Daucus
carota L. ssp. sativus) populations of diverse origins was
evaluated using codominant microsatellite (SSR) mark-
ers. Using 27 genomic and EST-derived SSR markers, 253
alleles were identified with a mean 9.4 alleles per mark-
er. Most of the alleles (60.5%) were rare i.e., with the fre-
quency <0.05 while only 3.95% of alleles occurred with
frequency >0.6. EST-derived SSR markers were less poly-
morphic than genomic SSR markers. Differences in allele
occurrence allowed 16 out of 18 populations to be as-
signed to either the Western or Asian carrot gene pools
with high probability. Populations could be also discrimi-
nated due to the presence of private alleles (25.3% of
all alleles). Most populations had excess of alleles in the
homozygous state indicating their inbreeding, although
heterozygous loci were common in F1 hybrids. Genetic
diversity was due to allelic variation among plants with-
in populations (62% of total variation) and between pop-
ulations (38%). Accessions originating from continental
Asia and Europe had more allelic variants and higher di-
versity than those from Japan and USA. Also, allelic rich-
ness and variability in landraces was higher than in F1
hybrids and open-pollinated cultivars.
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INTRODUCTION

Carrots (Daucus carofa L. subsp. sativus) are one of the
most important vegetables grown in the world, which
production has increased recently and reached 33.7 mil-
lion tons hatvested from the area of 1.16 million ha in
2010 (FAO 2010). Central Asia is considered as a center
of origin of cultivated carrot. Primitive purple and yel-
low carrots evolved to the modern edible carrot of
Eastern and Western types, which differ mainly in leaf
morphology, root color and shape (Bradeen & Simon,
2007; Simon ef al., 2008). At present, large genetic vati-
ation is observed in cultivated carrot due to fast spread
of carrot ancestors from their center of origin to distant
geographical regions, and additionally due to a lack of
control of random cross pollination between cultivated
and wild forms. Carrot domestication, early selection and
then breeding programs resulted in creation of varieties
differing in several root morphological traits, tolerance
to diseases and pests, and chemical composition. These
traits are particularly well characterized for orange-color-
ed carrot roots, which contain a high level of beta-caro-
tene, and being one of the main soutrces of pro-vitamin
A in human diet. Orange carrots are thus of significant

importance for human beings and are commonly grown
in Burope and USA, but carrots developing roots of
other colors ie., red, yellow or purple are also rich in
nutrients and compounds of health promoting properties
including carotenoids like lutein or lycopene, phenolics
and polyacetylenes. They exhibit high antioxidant activity
enabling scavenging of reactive oxygen species, and were
shown to be valuable in prevention from cancer, heart
diseases and age related dysfunctions (Alsalvar e al,
2001; Simon ez al., 2008). Description of Daucus diversity
has been done initially based on morphological charac-
teristics (Drude, 1898), and then supported by a deep
insight in composition of the genera specific compounds
(Hegnauer, 1971), recently extended to more health ori-
ented screening (Baranski ef al, 2012a; Leja et al., 2013).
Several DNA marker systems like RAPD, AFLP and
ISSR allowed distinction between Daucus carota accessions
represented by wild and edible carrots, thus enabled ge-
netic analysis of biodiversity. Polymorphism of simple
sequence repeats (SSR) is a marker system extensively
used in the assessment of genetic diversity in many plant
species (Kalia ez al., 2011). Recently, new SSR were iden-
tified in carrot (Niemann, 2001; Cavagnaro ez al, 2011)
and were used for the evaluation of carrot genetic re-
sources (Baranski ef al, 2012b) extending earlier assess-
ment by Clotault ¢ a/. (2010). Their use enabled diversity
evaluation in genetic resources of edible carrot and lead
to identification of two separate carrot gene pools. The
first gene pool, being more diverse, comprised a group
of varieties of Eastern type and originating mainly from
Asia, and the second gene pool included accessions orig-
inated from Furope, USA and Japan of Western type.
This division was even more clearly evidenced after gen-
otyping using DArT (Diversity Array Technology) mark-
ers, that additionally allowed separation of cultivated and
wild carrots (Grzebelus ez al, 2013), and independently
depicted by lorizzo et al. (2013) by SNP (Single Nucleo-
tide Polymorphism) analysis. So far, evaluation of genetic
diversity was based on the analyses of single individuals
randomly selected from the populations, thus, the con-
clusions drawn have not accounted for any intra-popula-
tion variation. Intra-population variation is highly expect-
ed as catrot is an open-pollinating species, exhibit strong
inbreeding depression after self pollination and addition-
ally easily hybridizes with wild relatives. Early work by
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Shim & Jorgensen (2000), who used AFLP markers,
indicates that large amounts of Daucus genetic variation
results from the differences between individuals in lo-
cal carrot populations. This observation was extended
to breeding materials by the analysis of polymorphisms
of DeMaster transposon insertions (Macko & Grzebe-
lus, 2008). Thus, random selected individual may not be
representative for a population. Therefore, the aim of
present studies was to characterize intra-population vari-
ability of carrot populations of various origin using SSR
marker approach, and to validate previous conclusions
on two gene pool structure of carrot genetic resources.

MATERIALS AND METHODS

Plant material. Plant material was grown in experi-
mental station of the University of Agriculture in Kra-
kow, Poland and comprised 18 carrot (Daucus carota 1.
subsp. sativus) populations originating from Europe (9),
Asia (6), USA (1) and Japan (2). They represented two
F1 hybrids, ten open pollinated cultivars and six lan-
draces. Fourteen of those populations were used in the
previous assessment of genetic diversity based on single
plant analysis using SSR markers (Baranski ez a/., 2012b)
and 15 populations using DArT markers (Grzebelus ez
al., 2013). Seeds were obtained from gene bank collec-
tions, research institutes and breeding companies. Plants
were grown in a field in 3 m long rows. Random 9-20
plants were selected from each population depending
on the number of growing plants available and technical
limits of DNA analysis. Low number of plants in some
populations resulted from poor seed germination. In to-
tal, 249 plants were used.

DNA isolation. Young and healthy leaves were col-
lected from plants, frozen in liquid nitrogen, freeze dried
and then ground in a mil (Retsch MM20) to a fine pow-
der. DNA was isolated using a CTAB method accord-
ing to Rogers & Bendich (1988). DNA concentration
and purity was determined spectrophotometrically using
Nano Drop 2000 (Thermo Scientific) spectrophotometer
and the DNA quality was determined electrophoretically
in 1% agarose gel (1h/120V). The DNA was diluted to
the final concentration 50 ng/pl.

DNA amplification and capillary separation. Se-
quences of 27 primer pairs were taken from Niemann
(2000) — hereafter marked as DCM, Rong ez a/. (2010)
— hereafter marked as R-SSR and from Cavagnaro e/ al.
(2011) — hereafter marked as GSSR and ESSR markers.
ESSR markers were EST-derived SSR markers, while the
remaining markers were genomic SSR. Fragment amplifi-
cation was performed according to a modified procedure
by Schuelke (2000). Amplification of one SSR marker
was carried out in two stages with the use of three prim-
ers: a sequence specific forward primer extended by 18nt
M13 tail at its 5” end, a sequence specific reverse primer
and the universal M13 (TGT AAA ACG ACG GCC
AGT) primer, which was fluorescent-labeled by one of
the three WellRED (Sigma-Aldrich) dyes: D2 (NED),
D3 (HEX), and D4 (6-FAM). The primer ratios of the
forward to reverse to universal primers were Ya:1:1. Pol-
ymerase chain reactions were carried separately for each
marker in the 10 pl reaction mixture containing 50 ng
DNA, 1X reaction buffer (Fermentas), 0.25 mM MgCl,,
0.125 pM forward primer, 0.5 pM reverse and univer-
sal primer each, 0.5 U TrueStart polymerase (Fermentas)
using the Mastercycler Gradient thermocycler (Eppen-
dorf). Amplifications ware carried out in two steps with
the first 10 cycles facilitating annealing temperatures for

specific primers and the next 30 cycles in 53°C, the opti-
mal temperature for annealing the universal fluorescent-
labeled M13 primer. The amplification parameters were
as follow: initial denaturation at 94°C/5 min, 10 cycles
(94°C/45 s, 65-45°C/60 s (depending on a primer used),
72°C/80 s), 30 cycles (94°C/45 s, 53°C/60 s, 72°C/80 s),
final extension 72°C/10 min. PCR products labeled with
D4 dye were five times more diluted than PCR products
labeled with D2 and D3 dyes. Dilution of PCR-D4 prod-
ucts was necessary to decrease their high fluorescence.
Amplified products of three SSR markers obtained in in-
dependent reactions and labeled by three different dyes
were pooled together and genotyped in one run using an
automatic sequencer CEQ™B8000 Genetic Analysis Sys-
tem (Beckman Coulter Ltd.). Two size standards, 400 nt
or 600 nt (CEQ™ DNA Size Standard) labeled with red
fluorochrome WellRED (D1-ROX) were used.

Analysis of genetic diversity. Allele frequencies were
used to calculate indices of maker information content
and genetic diversity implemented in GenAlEx v.6.5
(Peakall & Smouse, 2006; 2012) and CERVUS (Kalinow-
ski ez al, 2007) ie., total (AY), effective (A and mean
(A™) number of alleles per locus and per population,
Polymorphic Information Content (PIC), Shannon’s in-
dex (I), unbiased expected heterozygosity (H,), observed
heterozygosity (H,), Wright’s inbreeding coefficient (F).
Allelic richness (R) and private allelic richness (Rp) based
on the rarefaction algorithm were calculated using HP-
RARE (Kalinowski, 2005). Molecular variance (AMO-
VA) and F statistics (F, F,, F,) were used for the as-
sessment of genetic diversity in GenAlEx v.6.5 (Peakall
& Smouse, 2006, 2012). The significance of differences
between means was assessed after ANOVA and New-
man-Keuls test (p = 0.05) implemented in Statistica Pl
v.9.1 (StatSoft Inc. 2010). Genetic structure was assessed
using Bayesian clustering approach without information
on the accession origin and assuming the admixture
model and correlated allele frequencies (STRUCTURE
2.3.4; Pritchard e/ al, 2000). Three independent simula-
tions with a burn in length 10* and a run length of 107
were used for each number of clusters K set from 2 to
6. For the most likely cluster number run parameters
were increased by the factor of 10.

RESULTS

All 27 analyzed SSR markers were polymorphic and
there were no duplicates in the collection. In total, 253
alleles were identified in 249 plants representing 18 pop-
ulations. The number of identified alleles range from 2
to 18 depending on the locus with a mean of 9.37£0.85
per locus. Length of the amplified fragments ranged
from 142 to 540 bp. Most of the alleles (73.52%) had
frequencies below 0.1, while only 3.95% had the fre-
quencies above 0.6. The effective number of alleles was
almost three times lower than the total number of al-
leles observed in the locus. This discrepancy was due to
the presence of rare alleles (occurring with the frequency
<0.05), which in the analyzed collection accounted for
more than half of the identified alleles (60.47%). Rare al-
leles were present in all loci except two loci, ESSR 0028
and ESSR 0010. Sixty four private alleles were indenti-
fied in 23 loci that constituted for 25.3% of all alleles
(Table 1). The PIC indices ranged from 0.53 to 0.85 and
from 0.46 to 0.83 for GSSR and DCM markers, respec-
tively, and on average were higher than for ESSR and
R-SSR (0.11-0.72 and 0.28-0.81, respectively) that was
also reflected by Shannon’s index. The expected het-



Vol. 60 Genetic diversity of cultivated carrot 755
Table 1. Characteristics of 27 SSR loci in 18 carrot populations represented by 9-20 plants per population
Locus N A A A AR R PIC  H, Ho F FNul)  HW
RSSR-1-3C 224 10 14 0 7 157 022 074 028 020 028 029 0.9 -
RSSR-1-9C 233 n 216 2 8 162 015 121 051 030 054 045 029 —_
R-SSR-2-10C 236 6 232 3 4 175 010 098 048 041 057 029 017 —_
R-SSR-2-10H 196 8 303 2 4 195 007 134 061 046 067 031 019 o
RSSR27A 178 12 604 5 7 214 002 195 081 040 084 052 035 o
DCM 12 231 5 2.25 1 3 160 006 093 046 007 056 088 078 ND
DCM 2 228 18 65 4 13 224 031 212 08 054 085 036 022 —
DCM 3 238 13 343 6 8 202 021 160 068 049 071 031 020 —_
DCM 5 235 12 364 3 8 213 018 168 070 063 073 014 008 o
DCM 9 181 1n 392 1 8 190 018 165 071 033 075 055 040 —_
DCM17 227 8 508 3 3 216 013 177 078 056 080 030 017 -
ESSR0009 223 9 264 4 6 19 012 128 057 051 062 018 0.1 ooe
ESSR0028 188 3 233 0 0 171 000 095 050 022 057 061 044 e
ESSR0010 244 2 113 0 0 112 001 023 011 0.0 012 015 008 ND
ESSR0011 200 8 27 3 5 182 012 120 056 038 063 040 026 ooe
ESSR0027 240 5 117 2 3 123 006 034 014 009 015 037 023 ND
ESSR0032 237 4 119 2 108 009 035 015 005 016 068 049 ND
ESSR0042 238 9 394 2 4 233 008 164 072 067 075 010 005 e
ESSR0053 226 7 131 3 5 132 011 055 023 016 024 030 017 ND
GSSR 101 214 16 609 6 9 212 026 215 082 031 084 063 045 —_—
GSSR 107 247 1m 379 2 6 216 018 168 070 057 074 022 0.2 o
GSSR134 213 15 444 4 10 229 022 185 075 064 077 018 009 NS
GSSR 14 243 18 7 4 13 221 031 230 085 055 086 035 021 —
GSSR 17 246 6 38 1 1 178 001 147 070 042 074 044 027 %
GSSR 4 224 14 425 0 10 239 026 194 074 069 077 010 004 o
GSSR 6 238 5 387 1 1 201 005 143 070 058 074 022 0.2 —_
GSSR154 205 7 248 2 4 174 012 113 053 023 06 061 044 -
mean 937 34 241 563 186 014 135 056 039 061 037 024
se 085 032 033 069 007 002 011 004 004 004 004 003
R-SSR mean 9.4ab 3.0ab 2.4a 6.0a VW{.Sab 0.1a 1.2a£> 0.5ab 0.4a 0.6ab 04a 7777777 O 22
se 096 072 073 075 003 01 018 008 004 008 004 003
DCM mean 11.2a 4.1a 3.0a 7.2a WE.Oa 0.2a 1.6a” 0.7a 0.4a 0.7a O4a 7777777 0 3
se 166 055 071 14 003 009 015 005 008 004 01 009
ESSR mean 59b 2.1b 1.9a 3.1a 16b 0.1a 0.8b” 0.4b  0.3a 0.4b O3a 7777777 0 2
se 091 034 048 076 002 015 017 008 007 009 007 005
GSSR mean 11.5a 4.5a 2.5a 6.8a 7"5.1a 0.2a 1‘7a” 0.7a  0.5a 0.8a 03a 7777777 0 22
se 165 047 066 148 004 008 013 003 005 003 007 005

N, number of plants, number of alleles: At - total, Ae - effective, Ap — private, A" - rare, R — allelic richness, Rp — private allelic richnes, PIC - poly-
morphic information content, | - Shannon'’s index, H, - observed heterozygosity, H, — expected heterozygosity, F - fixation index, F(Null) - fixation
index without null alleles, significant deviation from Hardy-Weinberg equilibrium at p = 0.01(**), and 0.001 (***); ns, non-significant; nd, not deter-

mined; se, standard error

erozygosity of the markers was usually higher than ob-
served heterozygosity. However, out of 27 loci only
one GSSR 134 was in Hardy-Weinberg equilibrium that
could affect meaning of H, and Wright’s inbreeding co-
efficients. The mean value of Wright’s inbreeding coef-

ficient for all 27 loci was above zero (0.37) and ranged
between 0.1 and 0.8. About 30% lower inbreeding co-
efficients were obtained after taking into account the
presence of possible null alleles, which hypothetical pres-
ence was estimated based on the observed and expect-



756 A. Maksylewicz and R. Baranski 2013
Table. 2 Comparative parameters of genetic diversity for 18 carrot populations

AS Egﬁ”'a‘ C R S GP N A A" A A A R R | PC H, H, F

12 ;i’;ia Noo RN A LR A 14 9 356 223 4 17 208 009 088 043 044 051 0.1
Pusa Ke-

2 IND A LR A 11 94 348 246 7 11 219 025 093 046 048 055 008
Panipat

23 ol IND A LR A 12 95 352 233 6 20 215 014 091 045 044 054 0.2

37 g%ﬂa PAK A LR A 13 64 237 173 0 6 171 008 057 029 033 036 000

38 Mgf‘t(;‘;)ya RUS A LR na 9 69 256 201 3 0 192 0.18 070 036 038 044 006

49 g*g?gn IND A LR na 11 76 281 207 0 10 194 007 073 029 041 045 008

01 ‘S"gt‘ii;‘f NLD E FI W 14 67 248 174 2 15 171 009 057 028 049 036 -034
Yellow-

02 oo NND E OP W 15 105 389 263 12 17 222 035 100 048 048 055 0.09
Red Ele-

51 phant GBR E OP W 15 87 322 212 2 9 200 013 082 041 041 048 0.4

07 Ejfge NND E F1 A 20 90 333 221 3 14 197 013 079 039 05 045 -0.14

10 Kuettiger CHE E OP W 15 78 289 202 9 7 190 034 073 037 043 043 0.00
Blanche

11 ;{Jze'gz; FRA E OP W 14 62 23 176 3 4 172 017 057 030 036 036 -0.04
vosges

20 ’;‘ggﬂs"a POL E OP W 14 90 333 229 2 18 202 007 083 041 045 047 003

33 Qg‘nitg" POL E OP W 15 79 300 209 5 7 194 013 076 024 037 044 0.14
Yellow

47 Belgian NND E OP W 16 41 152 143 0 0 143 003 033 018 03 024 -028
Himuro

19 ggt‘]%"s' JPN J  OP W 16 54 200 148 1 8 150 009 04 021 022 027 021
No, 2
Shima

31 Rinin JPN J OP A 12 8 226 151 5 12 152 012 043 028 018 025 0.15

04 Nutrired USA USA OP A 13 62 230 166 1 6 165 008 052 027 034 033 -0.11

AS, AS No. used in references Baranski et al. (2012b) and Grzebelus et al. (2013); C, country of origin; R, region of origin (A — Asia, E — Europe, J —
Japan), S — Biological status (LR — landrace, OP — open-pollinated cultivar, F1-F1 hybrid); GP, Gene pool assigned based on Baesian approach: A
— Asian, W — Western, na — not assigned. N, number of plants; number of alleles: At — total, A — mean number of alleles, Ac — effective, Ap —
private, Ar — rare, R — allelic richness, Re — private allelic richnes, | — Shannon’s index, PIC — polymorphic information content, H, — observed
heterozygosity, H, — expected heterozygosity, F — fixation index

ed frequencies (Table 1). In general, DCM and GSSR
markers were more informative and heterozygous than
R-SSR markers and the least were ESSR markers. The
first two marker types identified about 20% more allele
variants than ESSR markers based on the estimation of
allelic richness R. Similar tendency was observed for the
presence of private alleles (private allelic richness Rp) al-
though the difference between the marker types was not
confirmed statistically. DCM and GSSR markers had
also higher PIC, I and H, values.

A Bayesian clustering method was used to indicate
the most probable structure of the whole collection of
18 populations. The results showed the material is the
most probably divided in two clusters (K=2) of seven
and nine populations. Thus 16 out 18 populations were

assigned to one of the two clusters with probability
above 0.9. In four populations, single plants had lower
assignment probability (>0.6). Only two individuals, one
in ‘Panipat Special’ and one in ‘Shirma Ninjin’ failed to
be assigned to the same cluster as the remaining plants
of these populations. Only 2 out of 18 populations, lan-
draces ‘Mestnaya’ (AS 50) and ‘Gajar” (AS 49), could
not be assigned to any cluster as their mean assignment
probability ranged between 0.4-0.5 and individual plants
showed affinity to either cluster 1 or cluster 2 (Fig. 1).
Assignment of most population of Eastern type to one
cluster, and most populations of Western type to anoth-
er with high probability and additionally high congruence
with results obtained for the assignment of the same ac-
cessions by Grzebelus ¢ al., (2013) indicates that cluster
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Table 3. Comparative parameters of genetic diversity for 18 carrot populations grouped according to their biological status, origin

and gene pool

Grouping factor At Am Ae Ar Ar R Re | PIC H, H, F
Status Elu?.! mean 7850a 291a 197a 250a 14.50a 1.84b 0.117a 0.68ab 0.34b 0.50a 0.40b -0.24b
se 8.13 0.30 0.17 0.35 0.35 0.09 0.01 0.08 0.04 0.00 0.03 0.07
Eg?dra' mean  8233a 305a 214a 333a 1067 200a 0.14a 079 038 04lb 047a 0.07a
se 5.37 0.20 0.10 1.10 2.70 0.07 0.03 0.05 0.03 0.02 0.03 0.02
OP Ul mean  7400a 267a 190a 4002 880a 179 0152 064b 031b 035b 038b 003
se 5.72 0.21 0.12 1.16 1.67 0.08 0.03 0.07 0.03 0.03 0.03 0.04
Region  Asia mean 82.33a 3.05a 2.14a 3.33a 1067 2.00a 0.14a 0.79a 038a 0.41a 047a 0.07a
se 537 0.20 0.10 1.10 2.70 0.07 0.03 0.05 0.03 0.02 0.03 0.02
Europe mean 77.67a 2.88a 2.03a 422a 10.17a 1.88a 0.16a 0.71a 0.34a 042a 042a -0.04a
se 5.93 0.22 0.1 1.21 1.95 0.07 0.04 0.06 0.03 0.02 0.03 0.05
Japan mean 68.00b 2.13b 1.50b 3.00a 10.00a 1.51b 0.11a 042b 0.25b 0.20b 0.26b 0.18a
se 9.90 0.09 0.01 1.41 141 0.01 0.01 0.01 0.03 0.01 0.01 0.02
USA mean 62.00b 230b 1.66b 1.00a 6.00a 1.65b 0.08a 0.52b 027b 0.34a 033b -0.11a
se - - - - - - - - - - - -
Sggle Asian mean  8329a 297a 20la 37la 1230 1.8% 0.12a 072a 036a 038a 042a 003a
se 5.12 0.22 0.13 0.9 1.84a 0.09 0.02 0.07 0.03 0.04 0.04 0.04
Western  mean 7367a 2.73a 195a 4.00a 9.44a 1.82a 0.15a 0.66a 0.32a 0.39a 040a -0.01a
se 6.19 0.23 0.12 1.26 1.91 0.08 0.04 0.07 0.03 0.03 0.03 0.06
At — total, A" — mean number of alleles, A= — effective, Ap — private, Ar — rare, R — allelic richness, Re — private allelic richnes, | — Shannon's

index, PIC — polymorphic information content, H, — observed heterozygosity, H, — expected heterozygosity, F — fixation index

1 represents Asian gene pool and cluster 2 represents
Western gene pool. Thus, the Western gene pool com-
prised mainly open-pollinated (7) cultivars, modern hy-
brid ‘White Satin’ originated from Europe and open pol-
linated ‘Himuro Fuyugosi Gosun No.2’ from Japan. The
Asian gene pool comprised Asian landraces (4), open-
pollinated cultivars from Japan (‘Sirma Ninjin’) and USA
(‘Nutrired’), and one hybrid (‘Deep Purple’) of European
origin (Table 2).

AMOVA indicated that 62% of total variation resulted
from differences between accessions within populations
(intra-population), while the remaining 38% resulted
from differences between 18 populations (inter-popula-
tion). The overall F, statistics (0.47) indicated that the
collection was highly diverse. This diversity was partially
due to differences between individuals within popula-
tions (F,, = 0.26), and partially to differences between
populations (F, = 0.28). The populations differed in pri-
vate allelic richness that ranged from 0.07 to 0.35. Two
European populations Yellowstone’ and ‘Kuettiger’ had
the higher number of private alleles that constituted 11—
12% of all alleles identified in these populations. Three
populations had no private alleles (Table 2). Additionally,
6—22% of alleles were rare depending on the population.
Only two populations had no rare alleles. Most popu-
lations had low fixation indexes indicating low inbreed-
ing and the excess of heterozygotes was noticed in four
populations. The highest intra-population diversity was
identified in Asian landraces ‘Pusa Kesar’ (AS 22) and
‘Panipat Special’ (AS23) developing red storage roots,

and in yellow rooted Asian landrace ‘Pesia No.242’ (AS
12) and European OP “Yellowstone’ (AS 02). Asian and
Western gene pools did not differ significantly with re-
gard to allelic and diversity parameters. However, pop-
ulations from Asia and Europe were richer in allelic
variants than those from Japan and USA, and tended to
have higher private allelic richness. They were also more
diverse as both PIC and H_ were higher by about 40%
than those for Japan and USA populations. In contrast,
population from Japan had higher share of rare alleles
(15%) than populations from Europe and Asia (12% and
14%, respectively). However, parameters for populations
from Japan and USA might be underestimated as the
used number of accessions were five times lower than
those counted for European and Asian origin. The total
and mean number of alleles, and the number of effec-
tive and private alleles did not differ between landraces
and advanced cultivars. However, landraces had higher
allelic richness, PIC and H_ than open-pollinated and F1
hybrid cultivars indicating their higher diversity. Both F1
hybrid and OP cultivars had higher percentage of rare as
well as frequent alleles in comparison to landraces. F1
hybrids had also highly negative fixation index resulting
from the excess of heterozygous loci.

DISCUSSION

Microsatellite markers are powerful tools to charac-
terize population structure as they may show high pol-
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Figure 1. Structure of the genetic diversity of 18 carrot populations represented by 9-20 individuals based on a Baesian approach

and assuming two gene pools.

ymorphic information content due to multiallelic and
highly variable status (Powell e al, 1996). The mean
PIC value obtained for all loci in the present study was
high (PIC=0.56) and similar to PIC value (0.6) obtained
previously by Baranski ez a/. (2012b) and Clotault e 4.
(2010). Lower discriminatory power was observed for
dominant markers such as DArT (PIC=0.34) used by
Grzebelus et al., (2013), however, the higher number of
DAfT markers, which is generated during the analysis,
finally resulted in clearer division of carrot resources to
two cultivated forms that additionally differ from wild
relatives. In the present study, the highest discrimina-
tory power was observed for GSSR markers developed
by Cavagnaro ef al. (2011) and DCM developed by Nie-
mann (2000). In contrast, the least informative were
ESSR markers (Cavagnaro ¢/ al., 2011) that might be ex-
pected as ESSR markers were developed based on the
screening of coding sequences (EST-derived SSR mark-
ers) while the former two SSR marker types (GSSR and
DCM) were obtained by screening the whole genomic
DNA. Lower values of several parameters, i.e., Shan-
non’s index, heterozygosity and allelic richness obtained
for ESSR confirm lower discriminating power of these
markers in this diversity study.

Molecular evidence for the existence of two catrot
gene pools was postulated by Clotault ef /. (2010), who
screened 47 accessions. That was further extended and
supported by SSR analyses of a larger collections of 88
accessions (Baranski ef al, 2012b) as well as by DArT
(Grzebelus ez al., 2013) and SNP analyses (lorizzo et al.,

2013). Those reports enabled the assignment of popula-
tions used in this work to either the Asian or Western
gene pools, although the assignment done were previ-
ously based on the analysis of only one plant represent-
ing each population. In this work, we extended analyses
to 9-20 individuals per population to verify the previous
assignments and to quantify genetic intra-population di-
versity. The assignment of populations to gene pools ful-
ly agrees with the assignment based on SSR markers by
Baranski e/ al. (2012b) taking into account the correction
implemented in Grzebelus e a/. (2013). The assignment
of two landraces, ‘Gajar’ (AS 49) previously assigned
to the Asian gene pool and ‘Mestnaya’ (AS 38) previ-
ously assigned to the Western gene pool could not be
confirmed. That resulted from a high diversity of both
populations, which shared alleles common for both gene
pools. Thus, their assignment in previous studies have to
be verified, and both populations cannot be unequivo-
cally assigned to either gene pool. It is also evident from
the presented results that the remaining populations
evaluated here consisted of plants sharing the same sets
of alleles allowing their assignment to a given gene pool
with a very high probability. Occasionally, individual
plants were assigned to other gene pool than the ma-
jority of a given population. Such ambiguity was found
regardless of population origin or biological status. The
frequency of identified outliers (probability <0.9) ranged
from 7% to 13% and determines uncertainty of an as-
sighment to a gene pool when allelic composition of a
single plant from a population is considered. The as-
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sighment of some populations to gene pools may seem
awkward without detailed insight. Two cultivars from Ja-
pan were assigned to different gene pools, ‘Shirma Nin-
jin’ producing yellow roots to the Asian gene pool and
‘Himuro Fuyugosi Gosun No.2” with orange roots to
the Western gene pool. It is documented that in breed-
ing programs in Japan carrot of various origin were fre-
quently used and crossed. Carrot of the Eastern type was
introduced to Japan from continental Asia first, but Eu-
ropean and American varieties were later used in cross-
ing programs to enhance carotenoid levels and improve
root morphological traits in new cultivars (Simon ef al.
(2008). Thus, both gene pools have contributed to carrot
breeding in Japan. This seems to be an argument in fa-
vor of Clotault e al., (2010), who postulated that in spite
of intensive breeding since 19% century the background
genetic structure resulting from demographic history and
early cultivation still persist in cultivated carrot germ-
plasm nowadays. On the other hand, novelty traits are
demanded by European and American consumers. They
are willing to have carrots of high quality and nutritional
value that can be assured, for example by elevating lute-
in, lycopene or anthocyanins contents through breeding
programs (Arscott & Tanumihardjo, 2010). Yellow, red
ot purple/black colored roots not only attract visually,
but may also be valuable source of pigments for indus-
trial use (Kammerer e al, 2004). Thus, in recent years
several cultivars introduced to western market exhibit
root color other than orange. As the selection of Euro-
pean carrots was carried out to fix orange color, Western
type carrots unlikely contain anthocyanins or lycopene.
The genetic determinants responsible for lycopene ac-
cumulation and anthocyanins biosynthesis in roots, and
existing in the Eastern carrots, have to be transferred to
Western carrots by hybridization. Consequently, a mod-
ern F1 hybrid ‘Deep Purple’ of the Western type and
rich in anthocyanins was assigned here to the Asian gene
pool. An analogous case concerns the assignment of the
lycopene rich, red ‘Nutrired” (Bradeen & Simon, 2007;
Simon ¢ al., 2008).

Two third of total variation was attributed to intra-
population variation although the collection used con-
tained accessions of diverse origin. High number of
indentified alleles confirms a high level of intra-pop-
ulations variation. Because the populations were repre-
sented by different number of plants, the parameter of
allelic richness is more accurate for comparison put-
poses. Landraces had higher allelic richness than F1 hy-
brids and OP cultivars. This is congruent with the fact
of less intense selection pressure during landrace repro-
duction in comparison to the stringent uniformity check
in commercial cultivars to assure registration require-
ments. Surprisingly, we have not detected higher diver-
sity in OP cultivars in comparison to F1 hybrids, but
only two hybrids were considered in the evaluation so
the mean parameters might be highly biased. Also, acces-
sions originating from continental Asia and Europe were
more diverse than those of Japanese and USA origin.
It should be, however, noted that accessions of Asian
origin were landraces and those from other regions were
OP cultivars or Il hybrids. Thus, it is not clear whether
differences in diversity parameters are due to the fact
that some populations originated from Asia or that they
were landraces. Finally, probably due to a low number
of populations, we have not found significant differ-
ences in genetic diversity parameters between Asian and
Western gene pools as was shown previously using both
SSR and DAfT markers (Baranski ez al, 2012b; Grzebe-
lus et al., 2013). Most of the analyzed populations had

lower values of observed heterozygosity than expected
heterozygosity, and positive values of inbreeding coef-
ficients, indicating excess of alleles in the homozygous
state. The excess of homozygous loci resulted most like-
ly from repeated selfing during breeding programs, but
the calculated parameters might be overestimated due to
potential presence of null alleles that increase score of
homozygotes even though a locus is heterozygous (Table
1). Much lower, hence negative inbreeding coefficients
were observed for F1 hybrids that confirmed a predicted
excess of heterozygotes.

The results obtained support earlier opinion that culti-
vated carrot is largely genetically non-structured Bradeen
et al. (2002), and as an out-crossing species shows less
intense population differentiation and more uniform
distribution of genetic diversity than inbreeding spe-
cies (Brown, 1989). High intra-population variation is
observed in other allogamous species, too. The use of
56 ¢SSR and 4 gSSR markers allowed discrimination of
89 inbred and open pollinated bulb onion populations
according to their heterozygosity, which was higher for
landraces and cultivars in comparison to inbreed lines.
They also differentiated accessions originating from tem-
perate climate regions from those typical for tropical re-
gions (McCallum ez 4/, 2008). In maize genetic diversity
within 63 populations was significantly higher than diver-
sity between them, indicating that the populations were
highly heterogeneous. Also, inbred populations showed
a high level of genetic diversity and only lines closely
related by pedigree clustered together (Warburton e al,
2002).

An evaluation of intra-population diversity indicates
that plant to plant variation in carrot is substantial and
might be a source of different alleles even if a phenotype
variability is small as suggested by Simon e/ a/. (2008).
High genetic variation may have also substantial impact
on preservation strategies carried out in gene bank col-
lections as they are supposed to preserve both common
and rare alleles (Bradeen & Simon, 2007). The number
of individuals required for the replenishment of seed
stock of an accession partly depend on the variability of
the accession (Le Clerc ef al, 2005). The higher homoge-
neity the fewer parental plants are required to maintain
the allelic diversity (Gilbert ef al., 1999). Conservation of
rare alleles requires, however, larger mating population,
particularly in allogamous species like carrot (Le Clerc ez
al., 2003). Thus, information on genetic diversity helps
curators to rationalize the use of resources required for
seed reproduction and to preserve allelic variants (Gilbert
et al., 1999). Our results indicate that carrot intra-popula-
tion genetic diversity varies depending on the accession,
thus, identification and quantification of rare and private
alleles in populations is of high importance for preserva-
tion strategy. Higher number of plants may be necessary
to maintain gene diversity in highly heterogenecous popu-
lations like landraces ‘Gajat’ and ‘Mestnaya’.
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