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The genus Daucus (Apiaceae) comprises species from around the world, covering a wide climatic range,
and showing great morphological plasticity. Both cultivated and wild forms are described within the
genus. The aim of the present study was to estimate the genome size variability in the collection of
diploid Daucus species differing in chromosome number (2n=18, 20 or 22) and originating from various
regions of the world. In total, the 2C DNA content in 19 accessions of nine wild Daucus species, as well
as in 22 wild and 26 cultivated accessions of Daucus carota L. was measured by flow cytometry. The 2C

gelil/‘\”gfg;:lue DNA content varied over 3-fold, from 0.920 pg in D. carota subsp. maximus (2n=18, Spain) to 3.019 pg
Genome size in D. littoralis (2n=20, Israel). The interspecific genome size differences within wild Daucus species
Carrot were pronounced, e.g. D. carota (2n =18, Greece) possessed 0.940 pg/2C DNA, D. broteri (2n=20, Cyprus)

2.218 pg/2C and D. montevidensis (2n =22, South America) 1.295 pg/2C. In the group of 22-chromosome
Daucus species, high similarity in nuclear DNA content among different accessions of one species was
observed, in contrast to the 20-chromosome Daucus species, suggesting possible taxonomical misclas-
sifications of accessions within the latter group. The nuclear DNA content of non-cultivated forms of D.
carota varied from 0.920 pg/2C in subspecies maximus (Spain) to 1.154 pg/2C in subspecies halophilus
(Portugal), which reflects 20% difference. In turn, in the group of cultivated carrots we observed a high
homogeneity among the studied accessions, the 2C DNA content ranged between 0.950 pg (‘Kuroda type
II', China; ‘Imperial Long Scarlet’, Japan; ‘Koral’, Poland) and 0.977 pg (‘Cape Market’, South Africa). The
mean 2C value calculated for both wild and cultivated forms of D. carota amounted 0.973 pg.

© 2016 Elsevier B.V. All rights reserved.

Interspecific variation
Intraspecific variation

region, particularly North Africa, where extensive speciation took
place (Camadro et al., 2007). The most recognizable species belong-

1. Introduction

The genus Daucus is a member of the Apiaceae family (pre-
viously Umbelliferae) and includes about 20 recognized species
(Spooner et al., 2014) that are widespread in the Northern Hemi-
sphere, with few species in South America and Australia (Grzebelus
etal., 2011). They are usually herbaceous biennials, rarely annuals,
growing from thin to very stout taproots (Rubatzky et al., 1999). The
ancestral area of the genus Daucus encompasses the Mediterranean
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ing to this genus is Daucus carota L., which exists in both cultivated
and wild forms. Because of a high level of morphological varia-
tion, several subspecies of D. carota were identified. However, the
proposed classifications differed in the number of recognized sub-
species from four (Saenz Lain, 1981), to ten (Pujadas Salva, 2003),
to eleven (Heywood, 1986). The nominative subspecies D. carota L.
subsp. carota is the most widespread species of the genus Daucus,
presently appearing in temperate climatic zone (Grzebelus et al.,
2011). Most of Daucus species found so far were diploids, with the
chromosome number 2n=2x=18, 20, or 22 for wild species and
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2n=2x=18 for wild and cultivated D. carota (Rubatzky et al., 1999;
lovene et al., 2008; Grzebelus et al., 2011; Arbizu et al., 2014a).

Daucus carota L. subsp. sativus Hoffm. is the only cultivated form
of the genus Daucus and simultaneously the most notable umbel-
lifer cultivated worldwide (Rong et al., 2010; Arbizu et al., 2014a).
With a current annual world production reaching above 37 mil-
lion tons harvested in 2013 (FAOSTAT, 2015), it ranks among the
top ten vegetable crops. Recently, application of advanced methods
of molecular biology and bioinformatic tools pointed that Cen-
tral Asia was the primary center of carrot domestication (lorizzo
et al.,, 2013), which is in accordance with records in historical doc-
uments reporting that Central Asia and Asia Minor were the first
regions of carrot cultivation. Subsequently, its cultivation spread
into Western Europe and other regions of the world (Stolarczyk
and Janick, 2011). Edible carrot is generally divided into either
eastern or western type. Eastern carrots generally grown in Asia,
have root color other than orange due to the presence of antho-
cyanin (purple), lutein (yellow), or lycopene (red), and lack or show
only low content of beta-carotene. They are poor in pro-vitamin A
carotenoids and may be rich in phenolic compounds that is partic-
ularly well exhibited in purple roots containing anthocyanins (Leja
etal., 2013). Western carrots, likely selected from yellow cultivated
carrots (lorizzo et al., 2013), are characterized by high content of
pro-vitamin A carotenoids, mostly [3-carotene responsible for the
orange root color (Simon, 2000). Additionally, they are sweeter,
having on average 18% higher sugar content than eastern carrots
(Baranski et al., 2012a). Also, western cultivars are better adapted
for modern commercial production and processing.

In order to improve existing cultivars of carrot or to develop
novel ones with better taste, increased level of phytonutrients or
tolerant against biotic/abiotic stress factors, plant breeders often
need to access a wider range of diversity. Such diversity can be
found in seed collections of plant genetic resources preserved in
gene banks (Baranski et al., 2012a). Availability of materials from
gene banks has enabled extensive evaluation of both cultivated
carrots and wild members of Daucus considering many aspects
(Baranski et al., 2012a,b; Arbizu et al., 2014a,b; Grzebelus et al.,
2014; Spooner et al.,, 2014). Although, numerous studies have
been carried out within the genus Daucus, the nuclear DNA con-
tent, which is a sort of basic, genetic information characterizing
species/accession, has been reported only for a few D. carota sub-
species (Bennett and Smith, 1976; Arumuganathan and Earle, 1991;
Bennett and Leitch, 1995; Bai et al., 2012; Pustahija et al., 2013;
Tavares et al., 2014) and for several wild Daucus species (Bennett
and Smith, 1976).

Genome size is a distinguishable character of living organisms,
of high importance in biological and biodiversity research (Bennett
et al., 2000; Zavesky et al., 2005). Numerous works showed that
estimates of genome size were vital for systematic and evolution-
ary considerations (Knight et al., 2005; Bancheva and Greilhuber,
2006; Naganowska et al., 2006; Bainard et al., 2013). The nuclear
DNA content is probably a feature under strict genotypic control
within defined limits (Bennett et al., 2000). There is an ongoing dis-
cussion on factors determining and controlling plant genome size,
and especially on mechanisms responsible for the DNA gain or loss
during evolution, domestication and breeding (Bennett et al., 2000;
Knight et al., 2005).

Among the diverse methods used for estimation of plant nuclear
DNA content, flow cytometry (FCM) is a fast and accurate method,
and nowadays it is frequently applied due to its reliability, ease
and relatively low cost (DolezZel et al., 2007). Despite many pub-
lished contributions to this field, the proportion of angiosperms
with known genome size is still low, below 2% [ca. 6300 species
out of 360,000 species belonging to this group] (Valles et al., 2014).

In the present paper, FCM was used to estimate the 2C DNA
content in a broad collection of wild Daucus species as well as in

wild and cultivated accessions of D. carota. To our knowledge, this
is the first study on the DNA content in the genus Daucus based on
data collected from such a large number of accessions originating
from various regions of the world. Also, this is the first estimation
of genome size for five wild species and eight D. carota subspecies.

2. Materials and methods
2.1. Plant material

The 2C DNA content was estimated for 67 accessions: nine
wild Daucus species (19 accessions), 14 wild D. carota subspecies
(22 accessions, hereinafter referred to as ‘wild D. carota’), and 26
cultivated, edible carrots (Daucus carota L. subsp. sativus Hoffm.).
Seeds were obtained from gene bank collections, research insti-
tutes or commercial sources (Table 1). According to seed providers’
information, the accessions originated mostly from Europe (8 wild
Daucus and 15 wild D. carota accessions, 8 cultivated carrots) and
Asia (6 wild Daucus and 2 wild D. carota accessions, 13 cultivated
carrots). Accessions were also collected in Africa (3 cultivars), South
America (4 wild Daucus and 2 wild D. carota), North America (1 wild
and 1 cultivated carrots), New Zealand (1 cultivar), and the Mediter-
ranean (1 wild Daucus accession). For two accessions of wild D.
carota there was no information available regarding their origin. In
the case of edible carrots, most of the accessions used in the present
research were described as advanced cultivars (16) with orange
(15) or purple (1) roots. A less numerous group was represented by
landraces (9) producing orange (5), yellow (3), or purple (1) roots.
One accession was described as a breeding line with orange root
color. A more detailed description of that material can be found in
Baranski et al. (2012a).

Plants were grown in 3:1 sand and commercial humus mixture
in 10 or 19 cm pots. Glasshouse conditions were optimized for car-
rot growth, i.e. 20-25/10-15°C (day/night), and ca. 60% relative
humidity.

2.2. Flow cytometry

For nuclear DNA content estimation Brassica napus L. cv.
‘Bor’ (2C=2.180 pg; estimated using male human leukocytes with
2C=7pg) was used as an internal standard for most of the acces-
sions, and for some species D. carota subsp. sativus cv. ‘Dolanka’
(2C=0.955 pg; estimated in the present research) served as an
intermediate standard (Table 1). Nuclei were isolated from young
leaves by chopping in 1 ml of Galbraith’s buffer (Galbraith et al.,
1983), supplemented with 1% (w/v) polyvinylpyrrolidone (PVP-
10), propidium iodide (PI; 50 wgml—'), and RNase A (50 wgml—1).
Then, the suspension was passed through a 50-pwm mesh nylon fil-
ter and analyzed using a CyFlow SL Green (Partec GmbH, Miinster,
Germany) flow cytometer, equipped with a high-grade solid-state
laser with green light emission at 532 nm, long-pass filter RG 590
E, DM 560 A, as well as with side (SSC) and forward (FSC) scatters.
For each sample, the DNA content of 2000-5000 nuclei was mea-
sured. Analyses were performed on 6-26 individuals per accession
(depending on plants availability; Table 1), using a linear ampli-
fication. Histograms (CV =3.31-6.44%) were evaluated using the
FloMax program (Partec GmbH, Miinster, Germany). Nuclear DNA
content was calculated using the linear relationship between the
ratio of the 2C peak positions of the target species/internal standard
on the histogram of fluorescence intensities.

2.3. Statistical analysis
Mean values, standard deviation (SD), coefficient of variation

(CV) for the 2C DNA content, as well as 1C-value (Mbp) for each
accession, were calculated using Excel 7.0. A one-way analysis
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