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Philipp W. Simon

Abstract

Carrot is a relatively recently domesticated
vegetable crop that provides a significant
source of dietary vitamin A to consumers.
Earlier cultivar development for carrot was
most extensive in temperate regions of Europe
and Asia, but cultivars adapted to tropical and
sub-tropical climates have contributed signif-
icantly to an increase in global carrot produc-
tion in the last 50 years. Carrot germplasm
includes a broad range of genotypic and
phenotypic diversity that contributes to its
wide adaptability. There has not been an
extensive written historical record for carrot,
where color and flavor were the most fre-
quently noted attributes of the crop from its
origins in Central Asia through its early
development into the Middle East, North
Africa, Europe, and Asia. Carotenoids and
anthocyanins account for carrot colors and
have been a major focus for carrot researchers,
and the use of carrot in demonstrating biolog-
ical totipotency and in providing the first
evidence of plant transfer of mitochondrial
DNA to the plastid genome has generated
significant attention for carrot. The economic
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importance of carrot in agriculture and aca-
demic contributions attributable to carrot that
are summarized in this chapter suggest an
optimistic future for improved crop produc-
tion and expanded basic research opportuni-
ties that are broadened with the availability of
a carrot genome sequence.

1.1 Introduction

Carrot is a crop with a wide range of phenotypic
variation utilized by breeders (Simon et al. 2008)
and genotypic variation that is only beginning to
be fully evaluated (Iorizzo et al. 2016). Carrots are
among the top 10 vegetables, based on global
production records of primary vegetables, after
tomatoes, onions, cabbage, cucumbers, and egg-
plant (FAO 2017). Most of the 22 vegetables
among those in that class of primary vegetables are
members of the Amaryllidaceae, Brassicaceae,
Compositae, Cucurbitaceae, Leguminosae, Poa-
ceae, Solanaceae, where several major crops rank
high in terms of global production for each of those
families. In contrast, carrots are the only member
of the Apiaceae in that class of primary vegetables,
but several other vegetable crops, including celery,
cilantro, fennel, and arracacha, and many spice
crops are also significant Apiaceaous crops grown
globally (Rubatzky et al. 1999). Carrot today is
grown globally with extensive adaptation to tem-
perate production areas in Europe, Asia, and the
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Americas, but with more recent cultivar develop-
ment for sub-tropical and even tropical climate
(Simon et al. 2008). Orange carrots are rich in
provitamin A and carotenoids (see Chap. 9), and
with the expansion of carrot production in warmer
climates, they can provide a sustainable, locally
produced food to contribute to reducing the inci-
dence of vitamin A deficiency, which continues to
be particularly prevalent in those warmer climates
(Tanumihardjo 2012). While categorized as a
cool-season crop, the adaptation of carrots to
warmer climates raises a positive indication for
continued expanded carrot production into the
future.

1.2 Global Production
and Economic Value

Global carrot production has risen steadily in the
last 50 years (FAO 2017), with a threefold
increase in production area (Table 1.1; Fig. 1.1)
and twofold increase in yield (Table 1.2) to result
in a sixfold increase in total production (Table 1.3;
Fig. 1.2). With these increases, the average global
increase in per capita carrot production has risen
2.7-fold in the last 50 years (Table 1.4; Fig. 1.3).
All of these increases in carrot production and
availability have risen slightly ahead of the aver-
ages for the 22 primary vegetables, so that carrot
today accounts for 5.5% of the per capita vegetable
availability globally (Table 1.4). This increase
was particularly steep in Asia. A rise in the eco-
nomic value of the carrot crop follows a similar
trend with a sixfold increase in global production
value in the last 50 years (Table 1.5) and a twofold
increase in value per hectare to the grower
(Table 1.6). As with production trends, economic
increases in the value of the carrot crop were par-
ticularly high in Asia (Tables 1.5, 1.6).
Unfortunately, FAO statistics combine turnip
production with carrot, as they do for several
other primary vegetable crops, like cauliflower
and broccoli. Consequently, statistics presented
in Tables 1.1, 1.2, 1.3, 1.4, 1.5, 1.6 and Figs. 1.1,
1.2, 1.3 include the combined values for carrot
and turnip. Carrots account for most of the pro-
duction values, based on crop-specific
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information available for the USA and Europe.
Turnip production was less than 2% of carrot
production in the USA in 1950 (USDA 1954),
and publication of U.S. statistics for turnips was
discontinued in 1963. Turnip production in
Europe in the early 1990s was <1% that of carrot
(Hinton 1991).

The portion of the carrot crop grown under
organic production management practices has
grown in recent decades in the more well-
developed carrot markets of North America and
Europe, accounting for 11% of the 2016 U.S.
market (USDA 2017) and 25-30% of Danish and
German markets (Willer and Lernoud 2016).
Consumers place a high value on nutritional
quality and flavor (Yiridoe et al. 2005), and the
generally positive public impression of carrots as
a nutritious food may account for increasing
organically grown carrot consumption. The
broad range of genetic diversity and new tools
for improving carrot flavor available to breeding
programs (see Chap. 16) provide promising
prospects for flavor improvement, and while
production of organic carrots is not without pest,
disease, and weed challenges, progress has been
made in managing them (Simon et al. 2017).

1.2.1 Historical Records

The first archeological record for carrot was seed
found at Bronze Age campsites of around
4500 years ago in Switzerland and southern
Germany (Neuweiler 1931), where it was spec-
ulated that seed was likely used as a spice or
medicinal herb, as many other Apiaceous plants
are used today (Rubatzky et al. 1999). Carrot
tissue preparations were also found on a Roman
shipwreck off Tuscany of around 2100 years ago
where it was included in what is thought to be a
medicinal preparation including several other
plants (Smithsonian Insider 2010). Relatively
little was written about carrot during its early
history other than periodic references to its color
and flavor (Banga 1957a, b, 1963). The 1963
work of Banga is the most extensive publication
dedicated to carrot to date, where he reviewed
and analyzed not only written historical records
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Table 1.1 Global production area of 22 primary vegetables and of carrots + turnips comparing the average for the
1961-1965 period to the 2011-2015 period

Year Region Vegetables, primary Carrots and turnips Percent of Change®
(ha) (ha) vegetables®

1961-1965 World 13,057,559 383,965 29
Africa 1,028,571 36,782 3.6
Americas | 1,949,102 57,351 29
Asia 5,782,030 88,985 1.5
Europe 4,215,052 197,915 4.7
Oceania 82,804 2932 3.5

2011-2015 World 34,640,706 1,166,885 3.4 303%
Africa 5,620,793 112,093 2.0 304%
Americas | 2,736,117 114,494 4.2 199%
Asia 23,049,230 670,127 29 753%
Europe 3,101,668 263,703 8.5 133%
Oceania 132,899 6467 4.9 221%

Data from FAO (2017)
“Percent of vegetables is the carrot + turnip percentage of the primary vegetables
Change is the carrot + turnip value for 2011-2015 relative to 1961-2015
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Fig. 1.1 Global and regional carrot + turnip production area 1961-2015
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Table 1.2 Global yield of 22 primary vegetables and of carrots + turnips comparing the average for the 1961-1965
period to the 2011-2015 period

Year Region Vegetables, primary Carrots and turnips Percent of Change®
(hg/ha) (hg/ha) vegetables®

1961-1965 World 95,996 166,893 174
Africa 66,371 93,467 141
Americas | 106,438 213,260 200
Asia 89,318 127,386 143
Europe 114,450 183,271 160
Oceania 111,474 280,789 252

2011-2015 World 184,330 329,021 178 197%
Africa 85,937 184,041 214 197%
Americas | 220,969 303,285 137 142%
Asia 195,966 357,687 183 281%
Europe 246,758 324,813 132 177%
Oceania 191,741 526,737 275 188%

Data from FAO (2017)
#Percent of vegetables is the carrot + turnip percentage of the primary vegetables
Change is the carrot + turnip value for 2011-2015 relative to 1961-2015

Table 1.3 Global crop production of 22 primary vegetables and of carrots + turnips comparing the average for the
1961-1965 period to the 2011-2015 period

Year Region Vegetables, primary Carrots and turnips Percent of Change®
(ton) (ton) vegetables®

1961-1965 World 133,903,539 6,413,270 4.8
Africa 7,705,073 343,979 4.5
Americas 22,366,990 1,222,371 5.5
Asia 55,344,331 1,134,616 2.1
Europe 47,578,050 3,629,651 7.6
Oceania 909,095 82,654 9.1

2011-2015 World 724,328,890 38,352,663 53 598%
Africa 51,501,312 2,061,469 4.0 599%
Americas | 67,561,800 3,469,613 5.1 284%
Asia 520,393,097 23,919,717 4.6 2108%
Europe 82,140,041 8,560,515 104 236%
Oceania 2,732,641 341,350 12.5 413%

Data from FAO (2017)
“Percent of vegetables is the carrot + turnip percentage of the primary vegetables
Change is the carrot + turnip value for 2011-2015 relative to 1961-2015

thought to refer to carrot, but also artwork carrots as a root crop two millennia ago was
thought to depict carrot, and early seed catalog disputed by Banga who was not convinced that
illustrations and descriptions of carrots. The early  carrot was the root crop described. He concluded
written and illustrative evidence attributed to that carrot was not developed as a root crop
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Fig. 1.2 Global and regional carrot + turnip total crop production 1961-2015

Table 1.4 Global production per capita of 22 primary vegetables and of carrots + turnips comparing the average for
the 1961-1965 period to the 2011-2015 period

Year Region Vegetables, primary Carrots and turnips Percent of Change®
(kg) (kg) vegetables®

1961-1965 World 41.70 1.99 4.8
Africa 25.07 1.12 4.5
Americas | 49.27 2.69 55
Asia 30.62 0.63 2.0
Europe 76.25 5.81 7.6
Oceania 53.91 4.89 9.1

2011-2015 World 100.39 5.32 5.3 266%
Africa 45.35 1.82 4.0 162%
Americas | 69.68 3.58 5.1 133%
Asia 120.12 5.52 4.6 882%
Europe 111.06 11.58 104 199%
Oceania 71.19 8.89 12.5 182%

Data from FAO (2017)
“Percent of vegetables is the carrot + turnip percentage of the primary vegetables
Change is the carrot + turnip value for 2011-2015 relative to 1961-2015
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Table 1.5 Global gross production value of 22 primary vegetables and of carrots + turnips comparing the average for

the 1961-1965 period to the 2011-2015 period

Year Region Vegetables, fresh Carrots and turnips
(1000 Int. $) (1000 Int. $)

1961-1965 World 12,120,283 1,600,105
Africa 991,392 85,822
Americas 826,997 304,980
Asia 7,449,353 283,086
Europe 2,809,668 905,594
Oceania 42 873 20,622

2011-2015 World 52,135,962 9,568,951
Africa 3,527,670 514,334
Americas 1,413,772 865,665
Asia 44,987,006 5,967,945
Europe 2,095,569 2,135,840
Oceania 111,945 85,166

Data from FAO (2017)
“Percent of vegetables is the carrot + turnip percentage of the primary vegetables
Change is the carrot + turnip value for 2011-2015 relative to 1961-2015

Percent of Change”
vegetables®

132
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36.9

3.8

322

48.1

18.4 598%
14.6 599%
61.2 284%
13.3 2108%
101.9 236%
76.1 413%
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Table 1.6 Global value per hectare of production of 22 primary vegetables and of carrots + turnips comparing the
average for the 1961-1965 period to the 2011-2015 period

Year Region Vegetables, fresh
(1000 Int. $/ha)

1961-1965 World 0.9282

Africa 0.9639

Americas 0.4243

Asia 1.2884

Europe 0.6666

Oceania 0.5178
2011-2015 World 1.5050

Africa 0.6276

Americas 0.5167

Asia 1.9518

Europe 0.6756

Oceania 0.8423

Data from FAO (2017)

Carrots and turnips Percent of Change®
(1000 Int. $/ha) vegetables®

4.1673 449

2.3333 242

5.3178 1253

3.1813 247

4.5757 686

7.0339 1359

8.2004 545 197%
4.5885 731 197%
7.5608 1463 142%
8.9057 456 280%
8.0994 1199 177%
13.1690 1563 187%

#Percent of vegetables is the carrot + turnip percentage of the primary vegetables
Change is the carrot + turnip value for 2011-2015 relative to 1961-2015

during the Roman Empire, but rather about
1100 years ago, and was Central Asian in origin,
as Vavilov suggested and molecular evidence
supports (Iorizzo et al. 2013). More recently,
Stolarczyk and Janick (2011) evaluated evidence
for an earlier origin of carrots as a root crop in
Turkey, Greece, and Italy, including support for
orange storage and carrot color. As new arche-
ological and artistic evidence for carrot arises, the
early history of carrot will hopefully become
clearer.

Carrot root color was a primary focus of early
descriptions of the crop as noted above, and
Vilmorin (1859) also wrote quite extensively
about the origins of orange color in carrots where
he evaluated intercrosses of wild and cultivated
carrots. The genetics of carrot color due to car-
otenoids continues to be a major focus for carrot
research today (also see Chap. 14), but it was the
development of in vitro methods for plant prop-
agation that brought carrot most widely into the
basic scientific literature.

1.3 Totipotency and Future
Directions

On the occasion of the 125th anniversary of
Science magazine, the editors generated 125
questions that point to critical knowledge gaps
addressing the question: What don’t we know? In
this broad-ranging sweep of questions charac-
terized as “opportunities to be exploited” (Sieg-
fried 2009), compelling scientific questions that
could not be answered were raised, and most of
those questions dealt with physics, mathematics,
and human health. Only six dealt specifically
with plant sciences, and the only one of those six
to be included among the 25 top questions that
were included as separate articles in that 125th
anniversary issue of Science was “How does a
single somatic cell become a whole plant”
(Miller 2009). This article noted that nearly
50 years earlier “scientists learned they could
coax carrot cells to undergo... embryogenesis in


http://dx.doi.org/10.1007/978-3-030-03389-7_14

the lab”, referring to the seminal work of Steward
et al. (1958, 1964) that provided the foundation
for the concept that became known as totipotency
in plants and the inspiration for pluripotent stem
cell research in humans. Totipotency has, in fact,
been a focus of numerous research efforts, yet the
biology of totipotency, having been observed in
not only carrot but also in many other plants,
remains a largely unanswered question.

Significant efforts have been made in carrot,
advancing the basic scientific knowledge of
totipotency, carotenoid accumulation, and a wide
range of other research topics, and applied
research has increased the productivity and
improved the quality of the crop significantly in
the last 50 years. Carrot genomic information has
already contributed to our understanding of
organelle evolution with first evidence of plant
transfer of mitochondrial DNA to the plastid
genome discovered in carrot, as highlighted in
Chap. 12. The availability of the carrot genome
sequence will provide future research efforts with
an additional valuable tool to better understand
and improve this important vegetable crop.
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Abstract

Cultivated carrot (Daucus carota subsp. sativus)
is the most important member in the Apiaceae
family in terms of economy and nutrition and is
considered the second most popular vegetable in
the world after potato. Despite its global impor-
tance, the systematics of Daucus remains under
active revision at the species, genus, and
subtribal levels. The phylogenetic relationships
among the species of Daucus and close relatives
in the Apioideae have been clarified recently
by a series of molecular studies using DNA
sequences of the plastid genes rbcL and matK;
plastid introns rpll6, rpsl6, rpoCl; nuclear
ribosomal DNA internal transcribed spacer
(ITS) sequences; and plastid DNA restriction
sites. Of these DNA markers, the ITS region
consisting of ITS1, the intervening spacer, and
ITS2 has served as the main marker used.
Recently, next-generation DNA sequencing
methodologies have been used. We review these
techniques and how they are impacting the
taxonomy of the genus Daucus.
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2.1 Taxonomy of the Apiaceae

(Umbelliferae)

The Apiaceae (Umbelliferae) family contains
466 genera and 3820 species (Plunkett et al. in
press) and is one of the largest families of seed
plants. It is nearly cosmopolitan in distribution,
but most diverse in temperate regions of the
northern hemisphere (Downie et al. 2000a, b, c;
Heywood 1983). It is well supported as a
monophyletic family, closely related to the fam-
ilies Araliaceae, Pittosporaceae, and Myo-
docarpaceae, and these, along with three smaller
families, constitute the order Apiales, containing
about 5400 species (Judd et al. 2016; Plunkett
et al. 1996b).

The Apiaceae is well defined morphologically
by a suite of characters, typically including herbs
with compound leaves, stems usually hollow in
the internodes and with secretory canals con-
taining ethereal oils, resins, and other com-
pounds; alternate compound leaves or simple and
deeply divided or lobed leaves with sheathing
petioles; determinate inflorescences containing
simple to compound umbels often subtended by
involucral bracts; small flowers with 5 sepals, 5
petals, 5 stamens, and 2 connate carpels with an
inferior ovary; 2 small stigmas; with the fruit a
schizocarp (dry fruits breaking into one-seeded
segments) with each of the two mericarps
attached to an entire and deeply divided forked
central stalk (carpophone) (Judd et al. 2016).

P. Simon et al. (eds.), The Carrot Genome, Compendium of Plant Genomes,

https://doi.org/10.1007/978-3-030-03389-7_2
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2 Daucus: Taxonomy, Phylogeny, Distribution

<« Fig. 2.1 Reproduction of the upper part of the Daucus

maximum likelihood phylogeny of Banasiak et al. (2016),
using combined nuclear internal transcribed spacer region
of ribosomal DNA (ITS) and plastid (rps/6 intron, rpoCI
intron, and rpoB-trnC intergenic spacer) data, with

This large suite of distinctive characters
makes the Apiaceae and its constituent species
easily recognized to family, but divisions within
the family have been the subject of long dispute
including circumscription and relationships of
the genus Daucus (Constance 1971; Plunkett and
Downie 1999) Traditionally, the Apiaceae has
been divided into three subfamilies, the Sanicu-
loideae, Hydrocotyloideae, and Apioideae, with
the Apioideae, containing the genus Daucus, by
far the largest of these three traditional subfam-
ilies. Drude (1898) recognized 8 tribes and 10
subtribes within the Apioideae. Molecular phy-
logenetic studies have confirmed the monophyly
of the subfamily Apioideae but not many of its
tribes and subtribes (Downie et al. 2001).
Downie et al. (2001) recognized nine tribes in the
Apiaceae subfamily Apioideae, and placed
Daucus, and 12 other genera, in tribe Scan-
diceae Spreng., subtribe Daucinae Dumort. (the
other 12 genera being Agrocharis Hochst.,
Ammodaucus Coss. and Durieu, Cuminum L.,
Laser Borkh. ex P. Gaertn., B. Mey. and Schreb.,
Laserpitium L., Melanoselinum Hoffm., Monizia
Lowe, Orlaya Hoftm., Pachyctenium Maire and
Maire and Polemannia Eckl. and Zeyh., Poly-
lophium Boiss., Pseudorlaya (Murb.) Murb., and
Thapsia L.).

A genus-level treatment of Daucus by Séenz
Lain (1981) used morphological and anatomical
data and recognized 20 species. Rubatzky et al.
(1999) later estimated 25 species of Daucus. The
phylogenetic relationships among the species of
genus Daucus and close relatives in the Api-
oideae have been clarified by a series of molec-
ular studies using DNA sequences of the plastid
genes rbcL and matK; plastid introns rpll6,
rpsl6, rpoCl; nuclear ribosomal DNA internal
transcribed spacer (ITS) sequences; and plastid
DNA restriction sites (e.g., Arbizu et al. 2014b,
2016a, b; Banasiak et al. 2016; Downie and
Katz-Downie 1996; Downie et al. 1996, 1998,

11

numbers above the branches representing bootstrap
support and posterior probability values. The arrows
show hard incongruence between Banasiak et al. (2016)
and the nuclear ortholog phylogenies of Arbizu et al.
(2014b, 2016b)

2000a, b, ¢, 2001, 2010; Katz-Downie et al.
1999; Lee 2002; Lee and Downie 1999, 2000,
2006; Plunkett et al. 1996a; Spalik and Downie
2007; Spalik et al. 2001a, b; Weitzel et al. 2014).
Of these DNA markers, the ITS region consisting
of ITS1, the intervening spacer, and ITS2 has
served as the main marker. A recent study of ITS,
and other DNA regions proposed as standard
barcodes (psbA-trnH, matK, and rbcL) in 1957
species in 385 diverse genera in the Apiaceae
have shown ITS to serve to identify species
73.3% of the time, higher than any of the other
individual markers tested (Liu et al. 2014).

A study by Banasiak et al. (2016) using DNA
sequences from nuclear ribosomal ITS and three
plastid markers (rpsl6 intron, rpoC1 intron, and
rpoB-trnC intergenic spacer) is the latest of a
series of studies to investigate ingroup and out-
group relationships of Daucus (Fig. 2.1). This
study redefined and expanded the genus Daucus
to include the following genera and species into
its synonymy: Agrocharis Hochst. (4 species),
Melanoselinum Hoffm. (1 species), Monizia
Lowe (1 species), Pachyctenium Maire and
Pamp. (1 species), Pseudorlaya (Murb.) Murb.
(2 species), Rouya Coincy (1 species), Torn-
abenea Parl. (6 species), Athamanta dellacellae
E. A. Durand and Barratte, and Cryptotaenia
elegans Webb ex Bolle (these latter two genera
with only some of its members transferred to
Daucus).

Banasiak et al. (2016) made the relevant
nomenclatural transfers into Daucus (Table 2.1)
and following this classification, the genus
Daucus contains ca. 40 species and now includes
winged and completely unadorned (“obsolete”)
fruits in addition to its traditionally recognized
spiny fruits. As summarized in Banasiak et al.
(2016) and presented in graphic form in Fig. 5
of this paper, winged versus spiny versus obso-
lete fruits presented major traditional taxonomic
characters at higher levels in the Apiaceae (e.g.,
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Drude 1897-1898). Winged fruits are considered
to be adapted to wind dispersal (Jongejans and
Telenius 2001; Theobald 1971), and spiny fruits
to animal dispersal (Jury 1982; Spalik et al.
2001a; Williams 1994) and likely under strong

5 selective pressure. The above phylogenetic
£ § analyses, however, show these fruit characters to
= 5
3 =2 be highly homoplastic and of limited value in
b o} £ . .. .
2 Lgf <& T EE delimiting monophyletic groups.
g $ = E el The above classification philosophy followed
2 £ & s 8 = . . .
S 3E<<38 3G by Banasiak et al. (2016) in placing all members
- of a monophyletic clade into a single genus (here
Zs . .
I §;§ Daucus) is not universally accepted, and others
=25 T TS may revise the circumscription of these genera.
= 2528 rzEg2ee . . . X
22885 &2 &25 £ E For example, a dissenting classification philoso-
.. phy of relying solely on molecular data for
s § classification is presented by Stuessy and Hor-
=l = = = = = . .
Slasg 2 2 2 2 2z 2 andl (2014), who recognize a “holophyletic”
dL 298 S £ &€ &8 & . . .
5358 EliclicHERCRE group as one that includes the immediate ances-
2884 SRISRISRISHISHIS . )
tor and all its descendants, independent of
2 . . .
£8 s alalalal s whatever divergence occurs within each of the
= ~ = . . .
<5 .38 Z 2 2 % & 2 derivative lineages (Ashlock 1971). A para-
88 & E EEEEE . - . .
EIZ5: EEEEEE phyletic group, in contrast, is one that derives
from a common ancestor but that does not con-
= tain all its descendants (Hennig 1966) and is an
< . . .
- :‘\g c g g unacceptable taxon following cladistic conven-
S o0 =8 = . . .
223 ‘:é S § tions. Stuessy and Horandl (2014) point out that
adaptive radiation, common in oceanic islands,
1 produces patterns where new populations con-
2 4 tinue to accrue reproductive isolation and speci-
.- ation such that they produce quite distinctive new
S 2 v @ . .
%E g g forms, often recognized as new genera, leaving
z 23 S parental populations intact. As examples in the
Daucinae, Stuessy et al. (2014) cite the genus
Monizia in the Madeira Islands, but other possi-
= eqe e
a PPy bilities could be the genus Tornabenea or the
L2 £ species Cryptotaenia elegans on the Cape Verde
g 5 8 .
S 22 Islands or the genus Melanoselinum on the
s/ . . . .
Sz o 3 5 Madeira Islands. Critical data bearing on this
= =] ;2 . . . . o e .
EE E 3 T E classification question rest in the distinctiveness
= E o . .
§§ 2 5| g A and divergence of these new island forms.
S < 1751 m .
P sS4 g <éls g Because we have not studied these subsumed
Q i -2 . . o)
= e 1 2 E 4 é S g genera in detail, we currently take no position on
= Z 0 S B 2 § . . . . ..
£ 2x £ 8T 5% 3 these differences in classification, awaiting
) ££ F 2% 2 § = " .
ez § £ 5353 additional data and perspectives from others,
- S 5 = ,
~ s2 S5 %558 such as Martinez-Flores (2016) and Plunkett
eT|g/ g 88§ % . Lo ..
s £ 25 g s ¥ 8§ E et al. (in press) who maintain more traditional
< Q Z S S S . .
P E L RIR[R N == classifications of Daucus.
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2.2 Distribution of Daucus

Phylogenetic analysis of ITS sequences supports
southern Africa as the ancestral origin of the
Apiaceae subfamily Apioideae (Banasiak et al.
2013). Phylogenetic analysis of ITS sequences
supports an Old World Northern Hemisphere
origin for Daucus, with one or two dispersals to
the Southern Hemisphere (Spalik et al. 2010).
The center of diversity of Daucus in its tradi-
tional sense is in the Mediterranean region
(Séenz Lain 1981). Daucus species also occur
elsewhere, with one species (D. glochidiatus) in
Australia, four species in the American continent
(D. carota, D. montanus, D. montevidensis,
D. pusillus Michx.). Following the expanded
classification of Daucus by Banasiak et al.
(2016), the now included genus Agrocharis
extends the range of Daucus into tropical Africa
(Townsend 1989).

2.3 New Taxonomic Approaches:
Next-Generation Sequencing
(NGS)

A major innovation in plant systematics is the
development of high-throughput, “next-generation”
DNA sequencing (NGS) to infer phylogenetic
relationships (Egan et al. 2012; E. M. Lemmon and
A. R. Lemmon 2013). NGS typically first involves
large-scale sequencing of all components of the
genome, with the Illumina platform currently the
most commonly used. Some genomes, such as
plastid and mitochondria, have much higher cover-
age than single- to low-copy nuclear DNA and can
be factored out of the nuclear genome in NGS data
by coverage statistics. The utility of NGS sequenc-
ing is markedly improved when a high-quality
whole-genome “reference” sequence is available
that serves as a heterologous template to guide
mapping of sequences of related germplasm. Such
whole-genome reference sequences are available in
carrot for the plastid genome (Ruhlman et al. 2006)
and for the plastid and nuclear genome (lorizzo et al.
2016). As summarized below, recent phylogenetic
studies in Daucus have used high-throughput DNA
sequencing to infer phylogenetic relationships at the
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genus level using orthologous nuclear DNA
sequences, also at the genus level using whole
plastid DNA sequences, and at the species level
using genotyping-by-sequencing (GBS).

2.3.1 Next-Generation DNA
Phylogenetic Studies
at the Genus Level Using
Orthologous Nuclear DNA

Sequences

In the past, there has been a paucity of validated
nuclear orthologs for phylogenetic studies, and
hence, most molecular taxonomic studies have
relied heavily on a few plastid and/or ribosomal
genes (Small et al. 2004). Phylogenies recon-
structed with only one or a few independently
inherited loci may result in unresolved or
incongruent phylogenies due to data sampling
(Graybeal 1998), horizontal gene transfer, or
differential selection and lineage sorting at indi-
vidual loci (Maddison 1995). Following a phy-
logenetic study by Spooner et al. (2013) where
eight nuclear orthologs were used in Daucus but
designed without NGS techniques, Arbizu et al.
(2014b) identified 94 nuclear orthologs in Dau-
cus, constructed a phylogeny with these, and
determined 10 of them to provide essentially the
same phylogeny as all 94, paving the way for
additional and most cost-effective nuclear
ortholog phylogenetic studies in carrot. The 94
(and 10) nuclear ortholog phylogeny was highly
resolved, with 100% bootstrap support for most
of the external and many of the internal clades.
They resolved multiple accessions of many dif-
ferent species as monophyletic with strong sup-
port, but failed to support other species. This
phylogeny had many points of agreement with
Banasiak et al. (2016), including resolving two
major clades (Daucus I and II in their study,
labeled clade A and B in Arbizu et al. 2014b),
with a clade A’ containing all examined 2n = 18
chromosome species (D. carota all subspecies,
D. capillifolius, D. syrticus), with the other clade
A species being and D. aureus and D. muricatus
(as sister taxa), and D. fenuisectus. Two non-
Daucus  species (Rouya polygama and
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Pseudorlaya pumila) resolved sister to Daucus
clade A’. Clade B (Daucus II in Banasiak et al.
2016) contained six wild Daucus species D.
glochidiatus, D. guttatus, D. involucratus, D.
littoralis, and D. pusillus, but D. guttatus was not
monophyletic within this clade.

2.3.2 An Expansion of the Above
Study—The Daucus
Guttatus Complex

As mentioned above, the nuclear ortholog study
of Arbizu et al. (2014b) resolved a monophyletic
group (clade B) of six wild Daucus species
D. glochidiatus, D. guttatus, D. involucratus,
D. littoralis, and D. pusillus. Some of these
species are morphologically similar and difficult
to distinguish, causing frequent misidentifica-
tions. Arbizu et al. (2016b) used the group of ten
nuclear orthologs mentioned above in the study
of Arbizu et al. (2014b), and morphological data
(Arbizu et al. 2014a), and a greatly expanded
subset of accessions of these species, to refine
phylogenetic structure of the group. The nuclear
ortholog data resolved four well-supported clades
(Fig. 2.2), that in concert with morphological
data, and nomenclatural data from a study of type
specimens (Martinez-Flores et al. 2016) served to
identify four phenetically most similar species
D. bicolor, D. conchitae, D. guttatus, and
D. setulosus. Internested among these four sim-
ilar species were phenetically more distinctive
species D. glochidiatus, D. involucratus, D. lit-
toralis, and D. pusillus. They presented a key to
better distinguish all of these eight species. In
summary, their research clarified species varia-
tion in the D. guttatus complex, resolved inter-
specific relationships, provided the proper names
for the species, and discovered morphological
characters allowing proper identification and key
construction of members of the D. guttatus
complex and related species.

2.3.3 Next-Generation DNA
Phylogenetic Studies
at the Genus Level Using
Whole Plastid DNA
Sequences

The plastid genome has many features that make
it useful for plant phylogenetic studies, including
its small size (generally 120-160 kbp), high
copy number (as many as 1000 per cell), gener-
ally conservative nature (Wolfe et al. 1987), and
varying rates of change in different regions of the
genome, allowing studies at different phyloge-
netic levels (Raubeson and Jansen 2005). Hence,
earlier sequence-based plant phylogenetic studies
used genes or gene regions from the plastid.
Relative to the Apioideae, the subfamily of the
Apiaceae including Daucus, systematic studies
have used plastid restriction site data; DNA
sequence data from plastid genes; from plastid
introns; from plastid intergenic spacer regions.
Using NGS sequencing approaches, Downie and
Jansen (2015) sequenced five complete plastid
genomes in the Apiales (Apiaceae + Araliaceae):
Anthriscus cerefolium (L.) Hoffm., Crithmum
maritimum L., Hydrocotyle verticillata Thunb.,
Petroselinum crispum (Mill.) Fuss, and Tiede-
mannia  filiformis (Walter) Feist and S.
R. Downie subsp. greenmanii (Mathias and
Constance) Feist and S. R. Downie, and com-
pared the results obtained to previously pub-
lished plastomes of Daucus carota subsp. sativus
and Panax schin-seng T. Nees. They discovered
the rpl32-trnL, trnE-trnT, ndhF-rpl32, 5’rpsl6-
trnQ, and trnT-psbD intergenic spacers to be
among the most fast-evolving loci, with the trnD-
trnY-trnE-trnT combined region presenting the
greatest number of potentially informative char-
acters overall that may possess ideal phyloge-
netic markers in these families.

Spooner et al. (2017) explored the phyloge-
netic utility of entire plastid DNA sequences in
Daucus, using Illumina sequencing, and
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<« Fig. 2.2 Maximum parsimony phylogenetic reconstruc-
tion of the Daucus guttatus complex using 10 nuclear
orthologs showing resolution of the species in the Daucus

compared the results with prior phylogenetic
results using plastid and nuclear DNA sequences.
The phylogenetic tree of the entire data set
(Fig. 2.3) was highly resolved, with 100%
bootstrap support for most of the external and
many of the internal clades. Subsets of the plastid
data, such as matK, ndhF, or the putative maxi-
mally informative regions of the plastid genome
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guttatus complex. Numbers above branches represent
bootstrap values. Clades 1, 2, and 3 were identified in
Arbizu et al. (2014b)

outlined by Downie and Jansen (2015) are only
partly successful in Daucus, resulting in poly-
tomies and reduced levels of bootstrap support.
Additionally, there are areas of hard incongru-
ence (strongly supported character conflict
because of differences in underlying evolutionary
histories) with phylogenies using nuclear data
(Fig. 2.1).
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Fig. 2.3 Maximum likelihood cladogram of the entire
plastid DNA sequences of Spooner et al. (2017), with the
three main clades indicated, with arrows highlighting hard
topological incongruence with the nuclear ortholog phy-
logenies of Arbizu et al. (2014b, 2016b); the two

accessions of Daucus syrticus resolve as a sister group
to all accessions of D. carota. a Represents expanded
topological detail of the upper portion of the entire tree
shown on b. The values above the branches are bootstrap
support values
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Incongruence between plastid and nuclear
genes are not uncommon in phylogenetic studies
in the Apiaceae (e.g., Lee and Downie 2006; Yi
et al. 2015; Zhou et al. 2009), indeed throughout
many angiosperms (Wendel and Doyle 1998).
These incongruent results showed the value of
resequencing data to produce a well-resolved
plastid phylogeny of Daucus, and highlighted
caution to combine plastid and nuclear data, if at
all. The value of generating phylogenies from both
nuclear and plastid sequences is that hard incon-
gruence can be quite informative, suggesting such
evolutionary processes as “plastid capture” where
incongruence can be caused by a history of
hybridization between plants with differing plastid
and nuclear genomes (Rieseberg and Soltis 1991),
and backcrossing to the paternal parent but
retaining the plastid genome that is (typically)
maternally inherited. Other possible processes
that can lead to such incongruence, however, are
gene duplication (Page and Charleston 1997),
horizontal gene transfer (Doolittle 1999), and
incomplete lineage sorting (Pamilo and Nei 1988).

2.3.4 Next-Generation DNA
Phylogenetic Studies
at the Species Level—
Genotyping-by-
Sequencing
(GBS) for the Daucus
Carota Complex

The genus Daucus contains cultivated carrot
(Daucus carota L. subsp. sativus Hoffm.), the
most important member of Apiaceae in terms of
economic importance and nutrition (Rubatzky
et al. 1999; Simon 2000), and is considered the
second most popular vegetable worldwide after
potato (Heywood 2014). Daucus carota has
many formally named subspecies and varieties,
and the species is widely naturalized in many
countries worldwide. The great morphological
variation in D. carota has resulted in more than
60 infraspecific taxa, making D. carota the most
problematic species group in the Apiaceae
(Heywood 1968a, b; Small 1978; Thellung
1926). Cultivated carrots and closely related wild
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carrots (other subspecies and varieties of D.
carota sensu lato) belong to the Daucus carota
complex. Its constituent taxa all possess 2n = 18
chromosomes and have weak biological barriers
to interbreeding. D. carota undergoes wide-
spread hybridization experimentally and sponta-
neously with commercial varieties of carrot and
the wild subspecies of D. carota (e.g., Ellis et al.
1993; Hauser 2002; Hauser and Bjern 2001;
Krickl 1961; McCollum 1975, 1977; Nothnagel
et al. 2000; Rong et al. 2010; Sdenz de Rivas and
Heywood 1974; Steinborn et al. 1995; St. Pierre
and Bayer 1991; St. Pierre et al. 1990; Umiel
et al. 1975; Vivek and Simon 1999; Wijnheijmer
et al. 1989). In addition, there are other closely
related wild species with 2n = 18 chromosomes
(D. sahariensis, D. syrticus) based on shared
karyotypes (Iovene et al. 2008), the genus-level
phylogenetic studies summarized above, and
they represent gene pool 1 species to cultivated
carrot. The haploid chromosome number for the
genus Daucus (sensu stricto) ranges from n = 8
to n = 11. In addition to the n = 8 diploid spe-
cies, diploid chromosome numbers in Daucus
range from 2n = 16 to 22, and a tetraploid (D.
glochidiatus) and a hexaploid (D. montanus)
species have been reported (Table 2.1).

To put the taxonomic problem of the Daucus
carota complex into historical context, several
molecular approaches have examined its diver-
sity and genetic relationships. St. Pierre et al.
(1990) used isozymes to study 168 accessions of
the D. carota complex from 32 countries and
could not separate named subspecies into distinct
groups. Nakajima et al. (1998) used random
amplified polymorphic DNA (RAPD) and
amplified fragment length polymorphism (AFLP)
data and showed all accessions of D. carota
group into a major clade. Vivek and Simon
(1998, 1999) used restriction fragment length
polymorphisms (RFLPs) of nuclear, plastid, and
mitochondrial DNA and interpreted their results
to be generally concordant with the classification
proposed by Saenz Lain (1981), but studied just
one additional subspecies (subsp. drepanensis).
Using AFLPs, Shim and Jergensen (2000)
showed wild and cultivated carrot clustered
separately. Bradeen et al. (2002) used AFLPs and
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intersimple sequence repeats (ISSR) and con-
cluded wild carrots had no substructure. Rong
et al. (2014) obtained a Daucus phylogeny using
SNPs and found the subspecies of D. carota to
be intermixed with each other. Lee and Park
(2014) proposed D. sahariensis, D. syrticus, and
D. gracilis to be the likely closest relatives to D.
carota. In an attempt to characterize the popu-
lations of D. carota present in Sdo Miguel Island
(Azores, Portugal), Matias Vaz (2014) used one
nuclear ortholog, nuclear ribosomal DNA ITS,
and morphological descriptors and concluded
that the classification of D. carota remained
problematic. Other morphological studies
(Arbizu et al. 2014a; Mezghani et al. 2014; Small
1978; Spooner et al. 2014; Tavares et al. 2014)
likewise not distinguish the subspecies of D.
carota. However, lorizzo et al. (2013) used 3326
single nucleotide polymorphisms (SNPs) to
study the genetic structure and domestication of
carrot and found a clear separation between wild
(subsp. carota) and cultivated (subsp. sativus)
accessions of D. carota.

These taxonomic problems have practical con-
siderations for germplasm curators and tax-
onomists who have relied on local floras for
identifying these taxa such as floras from Algeria
(Quézel and Santa 1963), the Azores (Schéfer
2005), Europe (Heywood 1968b), the Iberian
Peninsula and Balearic Islands (Pujadas Salva
2003), Libya (Jafri and El-Gadi 1985), Morocco
(Jury 2002), Palestine (Zohary 1972), Portugal
(Franco 1971), Syria (Mouterde 1966), Tunisia (Le
Floc’h et al. 2010; Pottier-Alapetite 1979), and
Turkey and the East Aegean Islands (Cullen 1972).
Unfortunately, the keys and descriptions in these
floras lack consensus about both the number of
infraspecific taxa and characters best distinguish-
ing them. For instance, 11 wild subspecies were
recognized by Heywood (1968a, b), five by Séenz
Lain (1981: subsp. carota, subsp. gummifer,
subsp.  hispanicus, subsp. maritimus, and
subsp. maximus), five by Arenas and Garcia--
Martin (1993), and Pujadas Salva (2002) proposed
nine subspecies for the Iberian Peninsula plus
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Balearic Islands (subsp. carota, subsp. cantabri-
cus, subsp. commutatus, subsp. gummifer,
subsp. halophilus, subsp. hispanicus, subsp. ma-
Jjoricus, subsp. maximus, and subsp. sativus).

Molecular investigations are trying to resolve
the natural taxa in D. carota. “Reduced-
representation” methods obtain partial DNA
polymorphisms throughout the genome and have
been shown to be very useful at the species level.
Genotyping-by-sequencing (GBS) is one such
reduced-representation method that generates
sequence variants or single nucleotide polymor-
phisms (SNPs) (Elshire et al. 2011). GBS pro-
vides a powerful and cost-effective molecular
approach for phylogeny reconstruction, produc-
ing abundant large-scale genomic data to infer
phylogenetic  relationships among recently
diverged species or populations (e.g., Balfourier
et al. 2007; Escudero et al. 2014; Good 2011;
Wong et al. 2015). It captures both neutral
genetic diversity and loci that affect quantitative
traits of interest, because of the full-genome
coverage of the GBS markers. It shows little to
no ascertainment bias because markers are
developed directly on the population being
genotyped. Genetic relatedness among genotypes
calculated using GBS markers is based on pat-
terns of neutral and functional genetic variation
across the genome.

Arbizu et al. (2016a) used GBS to examine
the subspecies of D. carota. They obtained SNPs
covering all nine D. carota chromosomes from
162 accessions of Daucus and related genera.
They scored a total of 10,814 or 38,920 SNPs
with a maximum of 10 or 30% missing data,
respectively. Consistent with prior results, the
phylogenetic tree separated species with 2n = 18
chromosome from all other species in a single
clade. Most interestingly, there was a strong
geographic component to this phylogeny, with
the wild members of D. carota from central Asia
in a clade with eastern members of
subsp. sativus. The other subspecies of D. carota
were in four clades associated with geographic
groups, suggesting that the subspecies are not
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natural groups. In summary, the wide range of
morphological and molecular studies summa-
rized above documents poor substructure of
either morphologically or phylogenetically stable
groups in D. carota. These results were concor-
dant with results from recent morphological
studies that led Spooner et al. (2014) to question
whether many wild subspecies recognized within
D. carota are valid taxa.

2.4 Conclusions

In summary, the taxonomy of Daucus at both the
genus and species levels has been improved
markedly in the last years by a series of mor-
phological and molecular studies. Earlier studies
using limited sets of plastid and nuclear markers
have shown nuclear ribosomal ITS to be the most
useful marker. Next-generation sequencing
techniques are corroborating many of these
studies, but adding details, especially cautioning
combining nuclear and plastid data in combined
data approaches. The phylogenetic study of
Banasiak et al. (2016) has clarified ingroup and
outgroup relationships and has resulted in an
expanded concept of the genus. Continuing
studies at the species and genus levels with NGS
data and with additional collections are helping
to refine our understanding of Daucus and should
eventually lead to a much needed formal taxo-
nomic revision taking into account phylogeny,
keys, descriptions, illustrations, typifications,
distributions, and maps.
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Abstract

The defining characteristic of the botanical
family of Apiaceae (former Umbelliferae) is
the inflorescence. The flowers aggregate in
terminal umbels that may be commonly
compound, often umbelliform cymes. Like-
wise, flowers of the carrot are clustered in flat,
dense umbels, partially with zygomorphic
petals at the edges. Carrot producers and
consumers mainly consider the vegetative
phase, namely the storage root as a vegetable.
Nevertheless, the reproductive phase is an
important topic for genetic research, for
breeding new cultivars and for seed produc-

B. Linke
Department of Biology, Humboldt University,
Berlin, Germany

M. S. Alessandro - C. R. Galmarini

Estacion Experimental Agropecuaria La Consulta,
Instituto Nacional de Tecnologia Agropecuaria,
La Consulta, Mendoza, Argentina

C. R. Galmarini
Consejo Nacional de Investigaciones Cientificas y
Técnicas, Buenos Aires, Argentina

C. R. Galmarini

Facultad de Ciencias Agrarias, Universidad Nacional
de Cuyo, Chacras de Coria, Lujan, Mendoza,
Argentina

T. Nothnagel (P<)

Institute for Breeding Research on Horticultural
Crops, Federal Research Centre for Cultivated
Plants, Quedlinburg, Germany

e-mail: thomas.nothnagel @julius-kuehn.de

© Springer Nature Switzerland AG 2019

tion. Hence, improved knowledge on the
genetic control mechanisms of reproduction
such as flowering time, flower development
and architecture, pollen fertility and male
sterility, as well as seed set is of essential
importance. The chapter reviews key steps on
carrot floral development and reproductive
biology, especially under consideration of the
comprehensive genomic data set recently
obtained from carrot.

3.1 Key Steps of Reproductive

Biology of Carrot

The reproductive phase comprises different
ontogenetic stages, starting with the induction of
the shoot meristem for stalk elongation, the
transition into an inflorescence meristem, and the
complex process of flower development. Flower
development includes the induction of flower
meristems and the specification and subsequent
formation of flower organs. After pollination,
fertilization, and seed development, the repro-
ductive cycle ends with the senescence and
decline of the plant (Fig. 3.1).

The transition from the vegetative phase to the
generative phase is controlled by external factors
and by internal cues of the plant (compare to
3.2.1). The onset of flowering is initiated by
a period of low temperature and includes
several physiological and morphological changes
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Fig. 3.1 Vegetative and generative phase of the carrot. Main characteristics of the generative phase that are mentioned

in this chapter are shaded in gray

(Le Dily et al. 1991). Roots become fibrous and
inedible even before the first visible inflores-
cences appear. The leaf-producing vegetative
apical meristem changes into an uplifted conical
reproductive meristem. The differentiation into a
reproductive meristem also includes the elonga-
tion of the stem (shoot apex) and its transfor-
mation into an inflorescence apex (Borthwick
et al. 1931).

The first floral axis grows slightly upward and
elongates to more than one meter until (first)
branching occurs. The main shoot terminates into
an inflorescence structure, which is designated as
a ‘primary umbel’ (P; Fig. 3.2b). Lateral shoots
develop ‘higher-order umbels’ (S, T; Fig. 3.2b).
Each individual shoot bears umbels of third,
fourth, or even higher order. The inflorescence is
a compound umbel comprising of several sub-
units, the so-called umbellets.

Depending on the genotype, the primary
umbel may contain more than 50 umbellets, each
about 50 individual flowers. The number of lat-
eral shoots and the number of developing umbels
are influenced by genetic factors, as well as by
environmental conditions or seed plant spacing
as was already shown a long time ago (Austin
and Longden 1967; Gray and Steckel 1983a, b;
Gray et al. 1983; Harrington 1951; Hawthorn
1952). Carrots normally develop epigynous,
hermaphrodite flowers with a five-lobed calyx,
each with five petals and stamens, and a
two-celled, inferior ovary, with each locule
bearing a single functional ovule. The upper
surface of the carpels covers a nectar cell con-
taining disk, the stylopodium, which is important
to increase the attractiveness for insects (Brous-
sard et al. 2017; Mas et al. 2018). Wild and
cultivated carrots tend to exhibit andromonoecy
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Tis, Tas

Fig. 3.2 a Flowering carrot plant. b Scheme of the carrot
inflorescence indicating the stalk with the primary stem
and secondary branches (modified according to Rubatzky
et al. 1999; abbreviations: P = primary, S = secondary,
T = tertiary order). ¢ The flowering structure is designated

and have hermaphroditic and staminate flowers
on the same inflorescence (Fig. 3.2e—h). The
ratio of both flower types is varying in umbels of
different order and tends to produce staminate
flowers in later orders. On the primary umbel,
approximately 95% of the flowers are hermaph-
roditic, whereas staminate flowers are found
more toward the center of the umbel (Lamborn
and Ollerton 2000).

The floral sex ratio varies with regard to the
appropriate genotype of the plant. Several
authors hypothesized that the sex differentiation
is determined late within the flower development,
allowing the plant a quick response to

(c) l{ll 0000 0000000000

74\ //7a\/8\ 4

\V4

as a compound umbel. d Carrot umbel with a typical dark
central flower. e Hermaphroditic flower in the protandric
stage. f Floret during the receptive phase of the stigma.
g Ovule-less, staminate flowers before opening. h Flower
during pollen flow

environmental changes (Koul et al. 1989;
Reuther and Clalen-Bockhoff 2013; Ruba-
shevskaia 1931). In numerous carrot accessions
and wild relatives, the central umbellet can be
reduced to one or a few white or dark-red flowers
(Fig. 3.2d). A previous hypothesis that the dark
central flower has an attracting function for insect
pollinators was experimentally disproven (Lam-
born and Ollerton 2000).

Floral development is centripetal and protan-
drous, with dehiscence of anthers before the
stigma becomes receptive (Fig. 3.2e-h). The
receptivity of the stigma is visually associated
with a separation of the paired styles. Opening of
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the flower initially occurs at umbellets of the
periphery and at the primary umbel and takes
approximately a week for the entire umbel. In
weekly succession, flower opening of the
higher-order umbels follows gradually. The
flowering period of an individual umbel may vary
between 7 and 10 days and of the whole plant
between 30 and 60 days (Rubatzky et al. 1999).
In wild carrots, protandrous dichogamy has been
suggested as a strategy to reduce geitonogamy
(Koul et al. 1989). Secondary umbels are only
produced after the primary umbel has been pol-
linated (Westmoreland and Muntan 1996).

Once the flowers are fertilized and the seed set
has been initiated, the umbels are closing by
developing a nest-like shape, possibly to protect
the developing fruits. Later they re-expand to
release the seeds. Fruits contain two seeds that
are enclosed in a spiny pericarp, which probably
aids their dispersal on animal fur (Lamborn and
Ollerton 2000). The fruits are dry schizocarps
consisting of two ribbed or winged mericarps
that can separate upon maturity, of which each is
an individual seed. Mericarps are small, longer
than they are wide, and form the longitudinal
hemisphere of the fruit. Seeds have secretion
ducts containing essential oils (Mockute and
Nivinskiene 2004; Staniszewska et al. 2005;
Yahyaa et al. 2017). Genotype and environ-
mental conditions are responsible for the seed
quality characterized by traits as germability,
vigor, dormancy, or the disease contamination.

In the following sections, key steps of carrot
reproductive biology are emphasized, namely the
onset of flowering after vernalization and the
formation of the flower architecture (compare to
Fig. 3.1). This includes the specification of floral
organs according to the ABC(DE) model of
flower formation that has been well characterized
in model plants like Arabidopsis or Antirthinum
(Bowman et al. 1989; Coen and Meyerowitz
1991; Theissen and Saedler 2001). The specifi-
cation of the ‘floral organ identity’ by several
classes of homeotic genes (mainly MADS-box
genes) will be accentuated with a further aim to
connect the process of flower development with
the subject of CMS (cytoplasmic male sterility)
as an important tool for breeder’s application.
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3.2 Genetic Control of the Different
Pathways of Reproductive
Biology

3.2.1 Vernalization and Stalk

Elongation

The molecular basis of flowering has been thor-
oughly studied in Arabidopsis thaliana, which
has been used as a model plant for flowering
studies among dicots. Flowering induction is
dependent on a complex gene network regulated
by endogenous factors and environment. Light
and temperature (acting through photoperiod and
vernalization pathways) are the most important
environmental factors regulating flowering time
(Amasino and Michaels 2010). CONSTANS
(CO) is a photoperiod-dependent gene in which
cis-regulatory variations are responsible for
variations in flowering time (Rosas et al. 2014).
Vernalization and autonomous pathways pro-
mote flowering by reducing the transcription
level of FLOWERING LOCUS C (FLC), thereby
enhancing the expression of floral integrator
genes FLOWERING LOCUS T (FT) and SUP-
PRESSION OF OVEREXPRESSION OF CON-
STANS 1 (SOCI) (Helliwell et al. 2006; Michaels
and Amasino 1999). VERNALIZATION INSEN-
SITIVE 3 (VIN3) gene family members repress
different subsets of the FLC gene family, whose
members are also differentially regulated during
the course of vernalization via epigenetic chan-
ges (Kim and Sung 2013).

FLC-like genes have been identified in other
taxa like Brassica and Raphanus, both within the
Brassicaceae family (Bagget and Kean 1989; Fer-
reiraet al. 1995; Lan and Paterson 2000; Kole et al.
2001; Osborn et al. 1997) and in Beta (Reeves et al.
2007). Among monocots, flowering in winter
cereals has been extensively studied and a repres-
sor that inhibits flowering in the fall season has
been found, similar to the one seen in Arabidopsis
(Yan et al. 2004). VRN represses another geneti-
cally defined gene, VRN2, which blocks the tran-
sition to flowering before vernalization (Yan et al.
2004). This repression enables the activation of the
FT ortholog VRN3 and leads to subsequent
induction of flowering (Yan et al. 2006).
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Although bolting and flowering are important
constraints to carrot production, only a few
genetic or molecular studies have focused on this
process. The stage of growth when carrots
seedlings are not responsive to low-temperature
vernalization is known as juvenility. That con-
dition usually ends when carrot plants have ini-
tiated 8—12 leaves, and storage roots are greater
than 4-8 mm in diameter (Atherton et al. 1990;
Galmarini and Della Gaspera 1996; Galmarini
et al. 1992; Fig. 3.1). After a vernalization per-
iod, with temperatures between 0 and 10 °C at
long days, floral stem elongation and flowering
are induced (Atherton and Basher 1984; Dickson
and Peterson 1960; Sakr and Thompson 1942).
Carrot roots quickly become much lignified after
vernalization, even before the floral stalk elon-
gates, so that the initiation of flowering also
results in a complete loss of commercial value
(Rubatzky et al. 1999).

In almost all crop species known as biennials,
early flowering or annual plants usually are
found. In carrot, the level of response to cold
treatments is cultivar-dependent. Late-flowering
cultivars, from seed-to-seed crops, require
approximately 11-12 weeks at 5 °C to be per-
manently vernalized (Atherton et al. 1990; Hiller
and Kelly 1979). Early flowering cultivars
require shorter vernalization periods, 1-4 weeks
(Alessandro and Galmarini 2007; Dias-
Tagliacozzo and Valio 1994).

In late-flowering cultivars, the response to
vernalization has been more extensively studied.
Chilling treatments to carrot plants (cv. ‘Chante-
nay Red Cored’) maintained in darkness or pho-
toperiods of less than 12 h resulted in more rapid
flowering than chilling under longer photoperiods
(Craigon et al. 1990). The temperatures used
during chilling treatment also influence the rate of
flower bud appearance and rate of stem internode
extension, as temperatures increased from —1 °C
to an optimum of 6 °C the rate of elongation
increased, but the rate decreased as temperatures
were increased to a maximum of about 16 °C
(Atherton et al. 1990). After vernalization, flow-
ering could be suppressed with continuous
low-light, short-day photoperiods or by a few
days of high temperature (28-35 °C) if stem
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elongation had not yet occurred (Fisher 1956; Ou
et al. 2017). Long days following the vernaliza-
tion stimulated flowering (Atherton and Basher
1984).

Physiological changes occur during vernal-
ization before any morphological changes are
evident. Endogenous gibberellic acid (GA) levels
rise as a response to cold treatment which stim-
ulates the flowering process (Nieuwhof 1984;
Schwab and Neumann 1975). Exogenous appli-
cation of gibberellins successfully induces flow-
ering in carrot, although this technique is not
widely used (Galmarini et al. 1995).

In carrot the annual habit is clearly dominant,
and the observed segregation ratios in F, and BC,
families, derived from the cross between an early
flowering (annual) cultivar ‘Criolla INTA’ and
two late-flowering (biennial) petaloid male sterile
lines, adjust to the model of one single dominant
gene conditioning the annual habit (Alessandro
and Galmarini 2007). The gene controlling early
flowering habit in carrot was named Vil and
mapped using an F, progeny. On a map of 355
markers covering all 9 chromosomes with an
average marker distance of 1.88 cM, Vrnl map-
ped to chromosome 2 (Fig. 3.3) with flanking
markers at 0.70 and 0.46 cM (Alessandro et al.
2013). Recent studies with new segregating fam-
ilies done by Wohlfeiler et al. (2019) suggest that
two genes are controlling the annual habit. Fur-
thermore, data of Villeneuve and Latour (2017)
indicated that epigenetic factors also influence
flower initiation. Using transcriptome analysis, Ou
et al. (2017) identified 45 flowering time-related
unigenes in carrot that were classified into five
categories including photoperiod, vernalization,
autonomous and gibberellin pathway, and floral
integrators.

Several homologs of LATE ELONGATED
HYPOCOTYL (LHY), CONSTANS-LIKE 2
(COL2), SUPPRESSION OF OVER-
EXPRESSION OF CONSTANS 1 (SOCI),
FLOWERING LOCUS C (FLC), and GIBBER-
ELLIC ACID INSENSITIVE (GAI) exhibited
differential expression between the two carrot
libraries analyzed, based on digital gene expres-
sion analysis, and their expression was signifi-
cantly correlated with that of other flowering
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Fig. 3.3 a Part of a carrot linkage map according to
Alessandro et al. (2013) indicating chromosomes 2 and 9
with the assigned loci Vrnl and RfI (loci in red).
Microsatellites mapped in this work are denoted in green.
RAPDs are denoted in blue. Vrnl, vernalization gene
(compare to 3.2.1); RfI, male fertility restorer gene

time-related unigenes (Ou et al. 2017). In addi-
tion, a member of the FT (FIOWERING LOCUS
T)-like genes with potential roles in the promo-
tion of flowering has been initially characterized
(Zhan et al. 2017). It remains to be shown
whether the large genomic data sets available for
carrot (Iorizzo et al. 2016) will improve knowl-
edge on these and other gene candidates and their
regulatory circuits during the control of flowering
time.

3.2.2 Flower Development

During the switch to the flowering program, the
apical shoot meristem shifts from vegetative
growth to the development of floral apices. While
approaching the reproductive state, the vegeta-
tive shoot apex changes its globular shape into a
rather conical/longitudinal structure. After tran-
sitioning into an inflorescence apex, the meristem
structure becomes more flattened and starts to

(compare to 3.2.4.2). b Bolting behavior of a carrot F,
population used for developing the map (75% bolting
plants) and its biennial mother (no bolting plants) in the
field in the spring. Both genotypes were sown in the
autumn

produce involucral bracts and umbel primordia.
Compound umbels in a young state bear different
developmental stages, with older stages at the
margins and younger stages in the center of the
apex. Each umbel represents a single develop-
mental unit and is covered by bracts. Within one
umbel, single umbellets begin to develop from
the meristem. Within a single umbellet, primor-
dia of single florets develop in a similar
sequential arrangement as is described for the
major umbel (Fig. 3.2).

The formation of carrot single flowers is a
temporally and spatially tightly regulated pro-
cess. It is dependent on the initiation of organ
primordia in a correct position and on a correct
identity to ensure that sepals, petals, stamens, and
carpels are arranged in a proper composition to
form the final flower architecture. Flower mor-
phogenesis during different developmental stages
has been comprehensively analyzed regarding
botany, taxonomy and compared to other species
like model plants as Arabidopsis (e.g., Ajani
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et al. 2016; Borthwick et al. 1931; Erbar and
Leins 2004; Kitagawa et al. 1994; Leins and
Erbar 1997; Linke et al. 1999, 2003; Nothnagel
et al. 2000).

Among members of the Apiaceae-Apioideae,
Ajani et al. (2016) described three patterns of
floral organ development, especially emphasiz-
ing the meristem conditions underlying a diver-
gent organ initiation and a characteristic stamen
promotion. Main differences among the taxa
considered the direction and timing of floral
organ initiation (Ajani et al. 2016; Erbar and
Leins 2004; Leins and Erbar 1997). In carrot, it
has been shown that primordia initiation fol-
lowed a ‘grouped’ pattern arranged in a spiral
sequence of organ formation. A gradual forma-
tion of large protuberances was observed, fol-
lowed by a successive splitting into one petal,
one stamen, and one sepal primordium, respec-
tively (Ajani et al. 2016). If compared to other
members of the Apiaceae, carrot flowers revealed
a flatter meristem and the stamen primordia
developed earlier and grow equally fast or even
faster than the petals. The sequential versus
simultaneous and centripetal versus divergent
primordia initiation in the Apiaceae-Apioideae
was discussed as a consequence of meristem size
and spatial constraints. In spite of a grouped
primordia initiation, the organ position remained
usually constant suggesting a different regulation
from that of ‘organ sequence’ and that of ‘organ
identity’ (Ajani et al. 2016).

The placing of correct organs in right posi-
tions within a flower requires a proper determi-
nation of their organ identity (compare to 3.2.3).
To analyze the specification of organ identity,
organogenesis of single flowers has been briefly
studied and compared to those of model plants
like Arabidopsis or Antirrhinum (Linke et al.
1999, 2003; and references therein). Flower for-
mation has been subdivided into seven stages.
This included the formation of single floret pri-
mordia from the inflorescence meristem (stages
S0-S3), the establishment of organ primordia
within single flowers (until stage S5), and the
beginning of organ differentiation during stages
S6-S7. During stages SO-S3, single flowers are
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formed within an umbellet which is indicated by
a beginning separation from the flower bottom.
Whole-flower primordia are distinguished by
their characteristic shapes. At stage S5, the organ
primordia of sepals, petals, and stamens have
been already initiated in the outer three flower
whorls and their differentiation occurs. Primordia
of the perianth organs (future sepals and petals)
become distinguishable by their different orien-
tation relative to the floral apex. Petals and sta-
men filaments continue to extend and are curved
toward the center of the apex, which was also
reported by Kitagawa et al. (1994).

3.2.2.1 Development of the Male
Sporophyte

The basal-distal differentiation of the stamens
starts from the early floral stage 6 onwards
(Linke et al. 1999, 2003). Indentations at the base
of the globular-stamen primordia give rise to the
formation of filaments, whereas the distal organ
region acquires an oval shape to form out the
anthers. A furcation initiates the development of
a bi-lobed structure. The subsequent invagination
partitions the anther into a paired structure finally
resulting in the typical tetra-lobed anther sym-
metry. Locules or pollen sacs are arranged in a
pair-wise structure, each pair belongs to a sepa-
rate unit, the theca. In each anther, four laterally
symmetrical locules develop by forming two
identical adaxial locules and two abaxial locules.
Anther and pollen development are complex
processes finally leading to the release of viable
pollen. Within the locules of the anther, orga-
nized sporophytic layers are subsequently estab-
lished by forming epidermis, endothecium,
middle layer, and the tapetum, which is impor-
tant for nutrition and development of the subse-
quent pollen grains. The microspore mother cells
(MMCs) undergo meiosis to produce haploid
microspores that progress to develop in the cen-
ter of the locule (see Fig. 3.6). After two mitotic
divisions, trinucleic pollen is formed. During
these stages, the tapetum and the middle layer
start to degenerate. At the mature stage, the
anther undergoes dehiscence to allow the release
of mature adherent, tricolporate and mostly
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barrel-shaped up to long-oval pollen grains
(Linke and Borner 2005; Struckmeyer and Simon
1986; Zenkteler 1962).

3.2.2.2 Development of the Female
Sporophyte

The development of the female organ in the
center of the flower initiates rather late, if com-
pared to the other organs. The formation of the
carpels starts by forming a groove in the center of
the floral meristem where two C-shaped carpel
primordia appear. From stage 6 onwards, the first
evidence of carpel formation reveals a slight rise
at two points on opposite sides of the circular
area of the flower meristem. The two regions
continue to elevate and acquire a crescent shape.
Then, the primordial carpels slope to their
respective margins, continue to elevate, and form
out a cavity in the ovary that is gradually divided
into two locules. Later, the inturned margins of
the two carpels are formed, as the first indication
of its double structure. From the inturned mar-
gins of each carpel, two ovule primordia are
formed one slightly above the other. Only the
lower ovule in each locule becomes functional
(Borthwick et al. 1931). Further Borthwick
(1931) described the stages of megasporogenesis
in carrot starting with a single archesporial cell
directly as a macrospore mother cell up to the
embryo sac formation containing synergids,
antipodals, the egg cell, and the polar nucleus as
well as the nucleus of the primary endosperm
(compare to Sect. 3.2.6). More recent investiga-
tions supported these observations by histologi-
cal studies and by scanning electron microscopy
(SEM) (Ajani et al. 2016; Linke et al. 1999;
Struckmeyer and Simon 1986).

3.2.3 Genes Involved in Flower
Formation

Flower development is depending on a complex
gene regulatory network (Immink et al. 2010; Liu
and Mara 2010). Analyses of ‘homeotic’ flower
mutants of these model plants have led to the
prediction of the basic ABC model of flower
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development (Bowman et al. 1989; Coen and
Meyerowitz 1991; Schwarz-Sommer et al. 1990).
The model has been later expanded to include
class D genes, which promote ovule develop-
ment and class E, or SEPALLATA (SEP) genes,
which act as cofactors of A, B, C, and D class
genes (e.g., reviewed by Theissen 2001; Theis-
sen and Saedler 2001).

The model explains that different gene classes
(ABCDE) act in combination with each other to
determine the identity of the flower organs in the
four flower whorls consisting of perianth (sepals,
petals) and reproductive floral organs (stamens,
carpels). In the first (outer) flower whorl, sepals
are specified by class A and E genes. In the
second flower whorl, petals are specified by the
action of class A, B, and E function. In the third
whorl, stamens (male) organs are specified by
class B and C and E function. The female organ
in the center of the flower is specified by the
action of class C and class E and D gene function
(compare to Fig. 3.4).

Most of the participating genes encode for
transcription factors. A vast majority of the piv-
otal regulating genes belong to the MADS-box
family (e.g., reviewed by Smaczniak et al. 2012).
3.2.3.1 The MADS-Box Gene Family
of Transcription Factors
According to their conserved structure,
MADS-box genes can be subdivided into defined
gene groups or ‘clades’ with subfamily-specific
functions in flower development. Thirteen dif-
ferent paralogous MADS-box gene subfamilies
have previously been analyzed and defined by
phylogeny reconstructions. According to an
unambiguous system for the nomenclature of
these subfamilies, they are named after the first
clade member that has been identified members
of the early identified and well-characterized
subfamilies, such as AG (AGAMOUS)-, DEF
(DEFICIENS)-, GLO (GLOBOSA)-, and SQUA
(SQUAMOSA)-like genes, typically share similar
expression patterns and highly related functions
(Doyle 1994; Purugganan et al. 1995; Smaczniak
et al. 2012; Theissen 2001; Theissen and Saedler
1995). Genes belonging to each of these groups
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Fig. 3.4 The ABC(DE) model of flower formation
focused on the (basic) A, B, and C classes. Schemes of
a wild-type flower and a class B mutant are exemplarily
shown. The basic ABC model predicts that three classes
of genes act in overlapping fields to specify the identity of
the four types of floral organs. Class A alone specifies
sepal identity, classes A and B together specify petal
identity, classes B and C together determine the identity
of stamens, and class C alone specifies carpel identity.
Class D genes specify ovule identity, and class E genes
act as cofactors of the A, B, C, and D class genes. The

play a critical role in the determination of the
identity of flower organs according to the
ABCDE model as was mentioned above.

In carrot, the firstly identified MADS-box
sequences, DcMADSI-DcMADSS, were identi-
fied from a flower-specific cDNA library that has
been prepared using young florets of different
developmental stages (Linke et al. 2003). Based
upon sequence similarities to certain members of
the MADS-box gene subfamilies, DcMADSI has
been previously assigned to the SQUA group and
DcMADS2 and DcMADS3 to the GLO group and
the DEF group, respectively. DcMADS4 shared
most similarities to the AG group and DcMADSS5
mostly matched to members of SEP (former
AGL2) group (Hernandez-Hernandez et al. 2007;
Linke et al. 2003; Zahn et al. 2005). In a F,-
linkage map of the carrot, two of the five
MADS-box genes, DcMADS3 and DcMADSS,
have been assigned to LG-5 and LG-7, respec-
tively (Budahn et al. 2014).

activity fields of the class D and the class E genes are
shaded in gray but are not highlighted here (see text).
a The four flower whorls from which sepals (se), petals
(pe), stamens (st), and carpels (ca) arise are numbered.
b A wild-type flower with a correct organ identity is
indicated by a scheme and with a focus on the activity
fields of the gene classes A, B, and C. ¢ The scheme
shows the phenotype of a class B mutant, where a lack of
activity of the B class transcription factors (indicated by a
white box) results in florets with sepals in whorl 2 and
carpels in whorl 3

A detailed temporal and spatial expression
analysis of DcMADSI-5 by in situ hybridization
suggested an assignment of these genes to the
group of organ identity genes (Linke et al. 2003).
Expression of DcMADSI was observed in organ
primordia arising in whorl one and two during
the whole differentiation of perianth organs.
Expression was comparable to that of SQUA-
MOSA (Antirrhinum) or AP (Arabidopsis), and
both genes have been predicted to be involved in
the specification of sepal and petals. Expression
of DcMADS1 was further observed in pedicels of
single flowers and during the earlier stages when
inflorescence meristems started to develop.
DcMADS2 and DcMADS3 reveal striking
sequence similarities to the group of B class
MADS-box genes, which specify the identity of
stamens and, hence, the development of anthers
and pollen. Both genes were expressed in petals
and stamens throughout development and likely
play a similar role in carrot as shown for
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Arabidopsis and Antirthinum (e.g., Bowman
et al. 1989; Schwarz-Sommer et al. 1990;
Theissen and Saedler 2001; Weigel and
Meyerowitz 1994; and references therein).

Interestingly, expression of both genes was
down-regulated in homeotic flowers of the ‘car-
peloid” CMS type where petals reveal sepal-like
characters and where stamens were completely
replaced by carpel-like structures (Linke et al.
2003). Hence, the predicted B class function of
DcMADS2 and DcMADS3 was impaired in cer-
tain CMS flowers but not in male fertile florets or
in flowers with a ‘restoring’ nuclear background.
This implies that the role of MADS factors of the
B class was disturbed in CMS plants (see
Figs. 3.4, 3.6, and Sect. 3.2.4.6).

DcMADS4 structurally belongs to the AG
clade indicating high-sequence similarities to the
Arabidopsis AGAMOUS gene, a major determi-
nant in the specification of stamens and carpels
throughout development (Ito et al. 2007,
Yanofsky et al. 1990). Regarding the fact that
different members of AG-like genes exist in
numerous plant species and also in the carrot, a
final assignment to an ultimate function is not yet
possible. However, expression patterns are con-
gruent to the function of AGAMOUS as a C class
gene and were observed in stamens and carpels
throughout organ development (Linke et al.
2003; Fig. 3.5).

The DcMADS5 gene has a significant
sequence similarity to members of the SEP group
(Linke et al. 2003; Table 3.1). Genes of this
subfamily are essential for proper advanced B
and C function in Arabidopsis (Pelaz et al. 2000)
but revealed a strong heterogeneity in most of the
yet-analyzed plant species. Expression of
DcMADS5 was observed in single floral pri-
mordia, before any organ primordia appeared,
but was absent in the center of the inflorescence
meristem.

A more precise classification within the SEP
clade requires further analyses. Hence, the com-
bination of both structural data and expression
patterns predicts roles for DcMADS2 and
DcMADS3 as B class genes and for DcMADS4 as
a C class gene during specification of the organ
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Fig. 3.5 Temporal and spatial expression patterns of
DcMADS4 by in situ hybridization of mRNA. Expression
patterns are shown on tissue sections. The compound
carrot inflorescence indicates several umbellets that are
covered by bracts and bear several single florets. Expres-
sion of DcMADS4 can be observed in the primordia of
stamens and carpels (whorls three and four) but not in the
perianth organs (sepals, petals) of the two outer flower
whorls. Bar 0.2 mm

identity of stamens and carpels (Linke et al.
2003).

Using DcMADSI-5 as queries in BLAST
searches against the carrot genome, database
analyses revealed their assignment to chromo-
somes 1, 2, 3, 4 and 9, respectively. Exon
numbers deduced from exon-intron structures
were obtained from the genome data (Table 3.2).

Hence, the current analysis of the genuine
GenBank accessions for DcMADS1-5 confirmed
the predicted subgroup classification regarding
the comprehensive genome data sets (Iorizzo et al.
2016). Several members of the MADS-box gene
family are involved in other developmental pro-
cesses such as flowering time control. Major roles
have been assigned for FLOWERING LOCUS C
(FLC) or SUPPRESSOR OF OVEREXPRESSION
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Table 3.1 Mapping of DcMADSI-5 to chromosomes of the carrot genome
Gene ORF | Reference (GenBank) Subgroup Genome Locus tag Chr. | Exon
name (bp) annotation count
DcMADSI | 975 | AJ271147.1/CAC81068.1 SQUA DCAR_030052* HLOC108200812 |9 9
group
(AP1/FUL)
DcMADS2 | 842  AJ271148.1/CAC81069.1 A GLO DCAR_014369  LOC108217347 4 14
group (PI)
DcMADS3 | 887 | AJ271149.1/CAC81070.1 | DEF group DCAR_009949  LOC108211719 3 7
(AP3)
DcMADS4 | 1128 | AJ271150.1/CAC81071.1 A AG group | DCAR_003963 | LOC108214703 1 10
DcMADS5 = 909 | AJ271151.1/CAC81072.1 | SEP group/ DCAR_007203* LOC108206005 2 7
(former
AGL2)

In silico mapping of DcMADSI1-5 to the carrot genome. Columns indicate the name of the sequences (madsi—mads5
according to the GenBank format), the ORF (open reading frames) lengths of the genuine cDNA clones, the accession
numbers of the nucleotide and of the deduced protein sequence (GenBank), as well as the classification into specific
clades/subgroups of the MADS-box gene family. An alternative nomenclature using abbreviations basing on the
terminology of leading members of Arabidopsis genes is mentioned in brackets. Abbreviations for representative genes
assigning the clades/subgroups are as follows: SQUA, SQOUAMOSA (Antirrhinum); API, APETALAI (Arabidopsis);
FUL, FRUITFUL (Arabidopsis); GLO, GLOBOSA (Antirthinum); DEF, DEFICIENS (Antirrhinum); AP3, APETALA3
(Arabidopsis); AG, AGAMOUS (Arabidopsis); SEP, SEPALLATA (Arabidopsis); AGL2, AGAMOUS-like2
(Arabidopsis). The assignments to certain annotations of the carrot genome (lorizzo et al. 2016) are shown;
annotations with a model RefSeq state are marked by stars (*). Locus tags and the appropriate chromosomes (Chr.) are
indicated. Numbers of exon counts deduced from the genome regions are shown

Table 3.2 Inheritance models explaining CMS in carrot in context to cytoplasmic and nuclear-genetic factors

CMS Cytoplasm origin Loci in Models of inheritance Reference
type the
nuclear
genome
Brown Sa Ms Dominant Ms. allele controls male sterility Welch and Grimball
anther D.c. sativus (1947)
Sa Msl, Dominant allele(s) at any of three duplicated Thompson (1961)
cv. ‘Tendersweet’ Ms2, Ms3 | genes are necessary to maintain sterility
(postulated for both cytoplasms), dominant
alleles at one or more epistatic loci restore
fertility
Sa Ms4, Ms5 | Male sterility when recessive Ms5 or dominant | Hanschke and
Ms4 Gabelmann (1963)
Line 551324 aa, B., Consistent with Hanschke and Gabelmann Banga et al. (1964)
D., E. (1963), two additional, complementary
dominant loci can restore the fertility
Sa msms Male sterility is conditioned by a recessive gene = Kononkov and
cv. ‘Nantes-4,’ Mokhov (1972),
‘Moskovskaya-zimnaya Zhidkova et al.
A515° (1991)
Sa Consistent with Banga et al. (1964) Morelock (1974)
Sa ms Recessive allele ms would be sterile, gene action = Michalik (1974)
cv. ‘Selecta’ is influenced by temperature, at constant high
temperature the penetrance and expressivity of
the ms gene is reduced 50%
Sa aa, B., Validation of the model of Banga et al. (1964) = Weit (1979), Dame
cv. ‘Marktgértner’ D, E et al. (1988)

(continued)
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Table 3.2 (continued)

Models of inheritance

Dominant allele at any of three duplicated genes
are necessary to maintain sterility

Three independent genes, one dominant M, two
recessive genes Il and #t. heterozygous Mm
plants can be restored at high temperature

Validation of the model of Thompson (1961) in
a nuclear background of a Russian variety

Consistent with Hanschke and Gabelmann
(1963), and Banga et al. (1964), one dominant
loci can restore the fertility

One or two homozygous recessive alleles guml,
gum?2 seem to be responsible for the male sterile

One or two dominant alleles lead to the male
sterile phenotype

One or two dominant alleles lead to the male

CMS Cytoplasm origin Loci in
type the
nuclear
genome
Petaloid | Sp Msl,
D.c. carota Ms2, Ms3
Sp M. ln
US sources
Sp Ms3,
n.d. American sources Ms4, Ms5
Sp Rf1
US sources
D.c. gummifer Guml
(Gum?2)
phenotype
Petaloid | D.c. maritimus Marl
like (Mar2)
D.c. gadecaei Gadl
(Gad2)

sterile phenotype

B. Linke et al.

Reference

Thompson (1961),
Wolyn and Chahal
(1998)

Mehring-Lemper
(1987)

Timin and
Vasilevsky (1997)

Alessandro et al.
(2013)

Nothnagel et al.
(2000)

Nothnagel et al.
(2000)

Nothnagel et al.
(2000)

All listed inheritance models based on the assumption that a male sterility-inducing cytoplasm interact with nuclear
components. Cytoplasm sources: Sa, male sterility-inducing cytoplasm associated with the ‘brown anther” CMS; Sp, male
sterility-inducing cytoplasm associated with the ‘petaloid” CMS. Loci abbreviations are given as mentioned in appropriate

publications

OF CONSTANS (SOC) in Arabidopsis and sev-
eral other crops (compare to 3.2.1). It remains to
be shown whether the yet-identified -carrot
sequences with structural similarities to these and
several other MADS-box genes (Ou et al. 2017)
reveal similar or divergent roles in carrot.

A brief characterization of their temporal and
spatial expression patterns by histological analy-
ses throughout appropriate developmental stages
of most of the structurally explored sequences is
yet unknown. Hence, despite the fact that large
transcriptional and/or genomic data sets are now
available for carrot (Iorizzo et al. 2016; Ou et al.
2017) a well-designed analysis of appropriate
candidate genes could be a next step to on the
way to a successive functional assignment.

3.2.4 Cytoplasmic Male Sterility
(CMS)

Nowadays, it is known that CMS is based on a
complex interplay between maternally inherited

(mitochondrial) and biparental (nuclear) genetic
information (reviewed, e.g., by Chen and Liu
2014; Hanson and Bentolila 2004; Linke and
Borner 2005; Schnable and Wise 1998). As in
other crops, the trait of cytoplasmic male sterility
(CMYS) is a prerequisite to enable hybrid breeding
in carrot. Regarding the historical breeding con-
text, this particular phenomenon of male flower
organ development has been described nearly
130 years ago, even though the genetic back-
ground was not yet resolved. Male sterility, the
dysfunction of stamens resulting in the lack of
development of functional pollen, was reported
for carrot by Beiyernick (1885), Staes (1889) and
Warenstorf (1896). Since not only pollen pro-
duction, but also sporophyte formation itself can
be affected, the definition of this phenomenon
has been extended as a partial or a complete
stamen degeneration that causes in unrolled
filaments and indehiscent anthers (Knuth 1898).
Male sterile flowers enable  directed,
insect-assisted pollination of breeding lines on a
commercial level. Along with many crops, the



3 Carrot Floral Development and Reproductive Biology

research on carrot was accelerated with the dis-
covery of heterosis and the subsequent research
on hybrid breeding at the first decades of the
twentieth century. Yet it took a lot of research to
get from the establishment of a practicable hybrid
breeding system to the admission of the first
hybrid in the 1960s (Simon et al. 2008 and book
Chap. 9). Despite the intensive research up to the
recent time, the evolutionary, developmental, and
molecular-genetic background of the highly
complex phenomenon of cytoplasmic male
sterility (CMS) used in hybrid breeding is only
partially understood. Nowadays hybrid breeding
is the preferred method for the commercial carrot
breeding, considering the two basic forms of
cytoplasmic male sterility ‘brown anther’ and
‘petaloid’ (further summarized by Simon et al.
2008).
3.2.4.1 Phenotypic Characteristics

of Male Sterility in Carrot

The ‘brown anther’ type of male sterility is
characterized by forming at first stamens that
appear phenotypically normal (Fig. 3.6). In
combination with a disturbed microsporogenesis
and pollen production, these stamens subse-
quently persist in a rudimentary state and later
anthers turn brown. The ‘brown anther’ CMS
type was first discovered in the cultivar ‘Ten-
dersweet’ (Welch and Grimball 1947). In the
following years, the ‘brown anther’ sterility was
selected in several other cultivars worldwide
(Banga et al. 1964; Braak and Kho 1958; Dame
et al. 1988: Michalik 1971; Kononkov and
Mokhov 1972; Litvinova 1973; Litvinova et al.
1980) and also in wild relatives (McCollum
1966; Nothnagel et al. 2000; Rubashevskaia
1931).

Investigation of the microsporogenesis and
the development of the tapetum (Zenkteler 1962)
revealed only subtle morphological differences
between the ‘brown anther’ CMS flowers and
their fertile counterparts prior to the tetrad for-
mation. A complete microspore abortion was
observed during advanced stages. This observa-
tion has been discussed as a consequence of a
periplasmodial tapetum structure and a deterio-
ration of the anther wall. First irregularities were
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observed during the microspore pachytene stage.
Zenkteler (1962) showed abnormal meiosis, an
abnormal tapetum development with enlarged
cells forming plasmodial structures and a com-
plete pollen abortion. During the microspore
separation, the tapetal nuclei and the tapetal cells
increased to a twice of that of the male fertile
counterpart. Later, the nuclei of the tapetal
plasmodium and the microspores decreased
rapidly. It has been observed that during
advancing development, an expanded plasmod-
ium infiltrated the locule and became aggregated
with clumps of microspores finally leading to the
collapse of the anther. In other male sterile
materials, it has been shown that a persisting
tapetum starved the developing microspores to
death. Finally, anthers became shrunken and
revealed dark-brown structures (Struckmeyer and
Simon 1986; Zenkteler 1962; Fig. 3.6e).

The ‘petaloid’ male sterility was first discov-
ered in 1953 by Munger in a North American
wild carrot (D. carota subsp. carota) and was
later termed ‘Cornell-CMS’ (Thompson 1961;
reviewed by Peterson and Simon 1986).

McCollum (1966) detected petaloid struc-
tures, staminodes, and sterile stamens in a wild
carrot population received from Sweden. Peta-
loidy has been also found in other North Amer-
ican—*‘Wisconsin-CMS’ (Morelock et al. 1996)
and Canadian wild carrots—‘Guelph-CMS’
(Wolyn and Chahal 1998; Fig. 3.2).

Petaloidy resembles specific ‘homeotic’
mutations characterized by a replacement of the
stamen by petals or petal-like structures (com-
pare to Fig. 3.6g, h). The additional petaloid
structures and partially the originated petals can
also reveal different shapes. Besides a complete
transformation into petal-shaped structures, also
incomplete organ transformations have been
described that include different basal-distal tran-
sitions ranging from filamentous to spoon-like to
three-lobed protrusions. Furthermore, the color-
ing of the florets can range from white, yellow-
ish, white-green, green, to purple flowers (Dyki
et al. 2010; Eisa and Wallace 1969a, b; Struck-
meyer and Simon 1986; Wolyn and Chahal
1998). In some cases, flowers have pistils with
multiple stigmata instead of stamens that
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Fig. 3.6 Homeotic and non-homeotic carrot CMS flow-
ers. a—¢ Male fertile flower. b Transverse anther section
indicating four locules, each of which contains developing
microspores. The internal sporophytic layer, the tapetum,
is marked by a dark-blue staining. ¢ Flower architecture of
male fertile flower consisting of sepals, petals, stamens
and the bipartite carpel, flower whorls are numbered. d—
e Brown anther (b.a.) CMS flower; male organs are
brownish and shriveled. e Transverse anther section of a
b.a. CMS flower at a comparable developmental stage as
shown in b. Locules are collapsed, microspores are
compressed to a dead mass, and tapetum cells are not
visible. f Scheme of the ‘non-homeotic’ b.a. CMS type

normally occupy the position in the third flower
whorl. These florets are termed ‘carpeloid’ (Dyki
et al. 2010; Kitagawa et al. 1994; Struckmeyer
and Simon 1986; Wolyn and Chahal 1998;
Fig. 3.2i).

In the last decade of the twentieth century,
three new CMS sources were selected in the wild
relatives D. carota subsp. gummifer, D. carota
subsp. maritimus, and D. carota subsp. gadecaei.
The CMS-GUM type is characterized by a nearly
complete loss of petals and stamen in an early
stage of organ development. The CMS-MAR
type is comparable to the common petaloid CMS
flower types. Flowers of the CMS-GAD type
have only short filament-like stamen rudiments.
Further analyses for the application of these novel
CMS types for breeding are in progress (Linke
et al. 1999; Nothnagel et al. 1997, 2000; Fig. 3.7).

The majority of published data reported that
the sterility-type ‘brown anther’ was found in a
lot of cultivars as well as in wild relatives. In
contrast, male sterility based on ‘petaloidy’ was
only identified in wild relatives and has been

indicating a principally unmodified flower architecture;
advanced anther defects are marked. g—j Homeotic CMS
flowers. g ‘Petaloid’ CMS flower indicating sepaloid
petals with green midribs and petal-like structures instead
of stamens. h Scheme of a petaloid CMS flower.
i ‘Carpeloid” CMS flower indicating sepal-like structures
in whorl 2 and carpel-like structures instead of stamens in
whorl 3. j Scheme of a ‘carpeloid” CMS flower with an
impaired organ identity that resembles B class mutants
according to the ABC(DE) model, where MADS-box
gene activity of the B class is impaired (compare to
Fig. 3.4)

subsequently introduced into the nuclear-genetic
background of the cultivated carrot (compare to
Table 3.2).

3.2.4.2 Genetic Analysis of CMS
and Fertility Restoration
Genetic studies have early hypothesized a
cytoplasmic-nuclear inheritance for most of the
identified male sterile plants of both classes of
phenotypes. This was due to the fact that besides
complete male sterile crossing progenies (sug-
gesting maternal cytoplasmic inheritance),
crosses with some pollinating lines segregated
into male sterile and male fertile plants or led to
progenies which are completely restored to fer-
tility. Although Jones (1950) and Lamprecht
(1951) considered that male sterility in carrot has
a cytoplasmic origin, first experimental data were
presented by Gabelman (1956) who suggested
the existence of some nuclear genes interacting
with a male sterility-inducing (S) cytoplasm.
Thompson (1961) assumed a common inher-
itance for both CMS systems. Three duplicated
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(a)

Fig. 3.7 Umbel sections and single flowers of the GUM,
MAR, and GAD-CMS type (a—c) identified in the carrot
wild relatives Daucs carota ssp. gummifer, D.c. mar-
itimus, and D.c. gadecaei, respectively. a The flower
phenotype is characterized by the absence of petals and

dominant genes MsI, Ms2, Ms3 necessary to
maintain male sterility and an epistatic locus to
restore fertility in both CMS systems. How-
ever, most other authors favored separate inher-
itance models for the ‘brown anther’ and
‘petaloid’ CMS. Banga et al. (1964) suggested
that two duplicate genes, one recessive (aa) and
one dominant (B.), led to the expression of male
sterility, while dominant alleles of either of two
complementary genes (D, E) can restore the
fertility.

Similar or identical hypotheses have been
reported by Michalik (1974), Morelock (1974),
and Weit (1979). For the ‘petaloid’ CMS, data of
Timin and Vasilevsky (1997) and Wolyn and
Chahal (1998) supported the hypothesis reported
by Thompson (1961). Comprehensive studies of
Mehring-Lemper (1987) using ‘petaloid’ CMS
lines of American origin led to a model of three
independent genes, one dominant gene M and
two recessive genes, [ and 7. Plants heterozygous
for the M locus can show partial restoration to
fertility at high temperature (Table 3.2).

The broad application of CMS in commercial
hybrid breeding (compare to Chap. 6) supports
the published models of inheritance, in particular
with regards to major genes (Dame et al. 1988;
Kozik et al. 2012; Michalik 1978; Weit 1979).
The development of maintainer lines which
guarantees a 100% expression of male sterile

anthers. b The anthers are transformed into petaloid
structures. ¢ The development of anthers is early
interrupted, and only filament-like rudiments are
expressed

plants in the maternal hybrid line is very
expensive and time-consuming due to the man-
agement of the relatively complicated inheri-
tance, the appearance of inbreeding depression,
and the failure or limited availability of
double-haploid (DH) lines (Elen 1970; Roth
1981; Stein et al. 1985). Molecular markers
would be a helpful tool to facilitate this problem
for commercial breeders. On the base of an F,
segregation population, a single dominant
nuclear gene determining restoration of petaloid
cytoplasmic male sterility (RfI) was identified
and mapped to chromosome 9 (Alessandro et al.
2013) (compare to Fig. 3.3). Efforts are being
done to map and clone the postulated Rfl gene.
The RfI locus supports an inheritance model
where a recessive gene is responsible for the
male sterility such as was published by Banga
et al. (1964) and Hanschke and Gabelmann
(1963) for the ‘brown anther’ CMS, as well as
for the ‘petaloid® CMS postulated by
Mehring-Lemper (1987).

3.2.4.3 Molecular Research on CMS

CMS has been well studied in many crop plants.
To obtain direct evidence for a causal role of
certain mitochondrial genes in CMS remains a
problem as long as it is not feasible to genetically
manipulate plant mitochondria. In many cases,
CMS is caused by rearrangements of the
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mitochondrial DNA leading to new open reading
frames (ORFs). These ORFs have a chimerical
structure since they are composed of fragments
derived from other genes and/or non-coding
sequences (Chen and Liu 2014; Hanson and
Bentolila 2004; Linke and Borner 2005; Schn-
able and Wise 1998). It should be emphasized
that other chimeric mitochondrial genes have
been discovered that are clearly not associated
with  CMS or any other phenotype (e.g.,
Marienfeld et al. 1997). Alternatively, mito-
chondrial gene/genome rearrangements may alter
the expression of common mitochondrial genes
coding for proteins involved in respiration/ATP
synthesis, e.g., because of co-transcription with a
new flanking gene (Linke and Borner 2005; and
references therein). Chen and Liu (2014) have
summarized 28 types of CMS from 13 crop
species. At least 10 essential mitochondrial
genes, most belonging to the mitochondrial
electron transfer chain (mtETC) pathways, have
been found to be involved in the formation of
CMS genes. Among them, coxI, atp8, and atp6
are frequently involved in the origination of
CMS genes in different plant species. In addition,
most CMS genes encode transmembrane proteins
(Chen and Liu 2014).

In carrot, the application of molecular tools
fulfilled several expectations to identify causative
nuclear and organellar (mitochondrial) genes
leading to CMS but also to improve practical
aspects regarding the development of molecular
markers. The contribution of extra-chromosomal
genetic information to the expression of CMS has
been early demonstrated by genetic analyses (see
above). Molecular analyses have also shown that
the mitochondrial genome is associated with the
CMS trait. A maternal mode of inheritance of the
mitochondrial (mt)DNA has been observed in
carrot CMS plants by several authors (Borner
et al. 1995; Nothnagel et al. 2000; Scheike et al.
1992; Steinborn et al. 1995). The application of
molecular-genetic tools to CMS research further
revealed a large variability of the mitochondrial
genome within the carrot (Steinborn et al. 1992).
Detailed analyses indicated relatively large genetic
distances between carrot cultivars and wild rela-
tives. This included a high degree of heteroplasmy

B. Linke et al.

and intra-individual SNP variations in several
mitochondrial genes (Mandel et al. 2012; Mandel
and McCauley 2015; see Chap. 12). Considering
the fact that molecular markers can support
breeding research, discrimination of different
‘mitotypes’ was a strong aim of research also
beyond identification of certain CMS-associated
genes. Initially, CMS-associated ‘mitotypes’ have
been distinguished by restriction fragment analy-
ses of mitochondrial DNA sequences/genes, and
later PCR-based makers were applied. Restriction
fragment analysis of mitochondrial (and chloro-
plast) DNAs from a ‘brown anther’ and a ‘peta-
loid’ cytoplasmic male sterile (CMS) line revealed
unique patterns for each CMS line distinct from
those of male fertile cytoplasms (Borner et al.
1995; Scheike et al. 1992). In addition, expression
analyses of several mitochondrial genes indicated
alterations on the RNA and protein level in fertile
and CMS cytoplasms (Borner et al. 1995; Scheike

et al. 1992).
Several years later, mitochondria-specific
sequence-tagged site (STS) primer pairs

deduced from randomly amplified polymorphic
DNA (RAPD) markers were reported to distin-
guish SpC (Cornell-CMS) and SpW (Wisconsin-
CMS) cytoplasms from a collection of three male
fertile inbred carrot lines and five open-pollinated
cultivars (Nakajima et al. 1999). Two of these
primer pairs amplified fragments that were
associated with either ‘petaloid’ (Sp) cytoplasms
or male fertile (N-) cytoplasms. Bach et al.
(2002) applied PCR-based markers to distinguish
the mitochondrial genomes of ‘petaloid’ and
male fertile carrot. The authors have developed
fourteen primer pairs that amplify marker frag-
ments from either the Sp or the N cytoplasms and
three primer pairs that amplify fragments with
length polymorphisms. The markers target the
nad6, cob, atpl, atp6, atp8 (former orfB), and
atp9 loci from the mitochondrial genomes of a
diverse collection of male fertile and ‘petaloid’
carrots.

Hence, it was clearly possible to distinguish
different mitotypes of the carrot (Bach et al.
2002; Borner et al. 1995; Kanzaki et al. 1991;
Nakajima et al. 1999; Nothnagel et al. 2000;
Scheike et al. 1992; Steinborn et al. 1995).
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In addition, a maternal inheritance in combina-
tion with unique ‘mitotype’ features was fre-
quently associated with specific CMS flower
types. This was also the case for three novel
CMS sources with unique flower phenotypes
(Linke et al. 1999, 2003; Nothnagel et al. 2000).
As was mentioned above, attempts to identify a
causative association of certain mitochondrial
genes with the CMS trait require concomitant
DNA, RNA, and protein analyses in CMS plants
and in corresponding male fertile (maintainer)
and restored (Rf) genotypes (Borner et al. 1995;
Scheike et al. 1992).

Rearrangements in the vicinity of certain
mitochondrial genes have been identified by
different working groups (Table 3.3).
A C-terminal extension of the cox! reading frame
was identified by Robison and Wolyn (2006a);
irrespective of this difference, Western blot
analyses of mitochondrial proteins revealed
comparable products of the same size in male
fertile and ‘petaloid” CMS plants. The authors
discussed that the products of the coxl/ gene are
probably unaffected in structure and function in
the different mitotypes and not involved in
petaloid CMS. Rurek et al. (2001) have shown
that ‘petaloid’ and male fertile carrots differed in
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the nucleotide sequence and editing of mRNA of
the nad3 gene. However, a causative association
to expression of CMS was not observed. Rear-
rangements of the atp8 (former orfB) and atp9-
loci of the ‘petaloid” CMS cytoplasms have been
described in detail (Bach et al. 2002; Szklarczyk
et al. 2000). Variations in markers specific for the
3'-primed configurations of the ‘petaloid’ Sp
cytoplasm for azp8 revealed that the duplicated
atp8 genes have a rearranged structure since
these cytoplasms were combined with the
nuclear backgrounds of cultivated carrot (Bach
et al. 2002; Szklarczyk et al. 2000). Earlier
analyses of the afp8 gene suggested an involve-
ment in CMS (Nakajima et al. 1999, 2001).
However, Robison and Wolyn (2006b) argued
that presently there is no evidence to support a
role for the atp8 gene(s) of the carrot in the
‘petaloid” CMS type. The authors have shown
that there was no change in the quantity or size of
transcripts or translated products from these
reading frames in flowers that have been restored
to fertility under the action of nuclear Ms or Rf
alleles.

Molecular analysis of the mitochondrial
DNA, mRNA, and protein of the atp9 gene
revealed differences between fertile and the male

Table 3.3 Mitochondrial analyses in male fertile and in CMS plants of the carrot

RFLP analyses using different ‘composite’
probes for Southern and Northern

Reference

Steinborn et al.
(1995)

hybridization; maternal inheritance of

mitochondrial DNA shown; parents and
progenies of several intraspecific crosses

RFLP fragment containing parts of cob, atp4,
atp6 sequenced; mitochondrial DNA of carrot

Kanzaki et al. (1991)

CMS suspension cultures analyzed

Mitochondrial Genotype  Analyses of = Comment
genes/gene portions DNA, RNA

or protein
coxl, coxIl, coxIII, Sp, N, DNA, RNA
atpl (former atpA), GUM
rrn26

included

cob, atp4 (former Sp, N DNA
orf25) atp6
nad2, nad3, coxl, Sp, N, DNA, RNA,
coxll, coxll, atpl Rf; Sa, protein
(former atpA), atp6 N, Rf

RFLP analyses with heterologous DNA probes
of Oenothera; DNA (Southern hybridization),
RNA (Northern hybridization), and protein

Scheike et al. (1992),
Borner et al. (1995)

analyses (in organello translation); ‘brown
anther’ and ‘petaloid’ CMS plants compared to
corresponding male fertile and restored

(Rf) plants

(continued)



a4

Table 3.3 (continued)

Mitochondrial

genes/gene portions

coxl, cob, atpl

nadb6, cob, atpl,

atp6, atp9, atp8

cob, cox2, cox3

nad3

coxl

atpb

atp8 (former orfB)

atp9

rpo, dpo

Genotype

Sp, Sa

Sp, N

GUM,
GAD,
MAR

Sp, N

Sp, N

Sp, N

Sp, N
Sp, N, Rf

Sp, N

Sp, N

Analyses of
DNA, RNA
or protein

DNA

DNA

DNA

DNA, RNA

DNA, RNA,
protein

DNA, RNA

DNA, RNA
DNA, RNA
protein

DNA, RNA,
protein

DNA, RNA

Comment

Random amplified polymorphic DNA (RAPD)
analyses, Southern hybridization using
heterologous probes (beet, pea, wheat);
discrimination of cybrids

14 PCR-primer pairs that amplify marker
fragments from either ‘petaloid’ or male fertile
cytoplasms; length polymorphisms shown by
three primer pairs

RFLP analyses/Southern hybridization;
maternal inheritance and discrimination of the
mitotypes of the GUM, GAD, MAR
cytoplasms shown

RNA editing of nad3; ‘petaloid’ and male
fertile ‘maintainer’ plants differed in the
nucleotide sequence and in RNA editing of the
nad3 gene

Co-expression with rps7 shown; C-terminal
transcript extensions identified; identical sizes
of the cox1 protein detected by Western
immunoblotting revealed no causal association
with the ‘petaloid” CMS type

Different lengths, copies, sequences, and
expression levels of atp6; discrimination of
male fertile (‘Kuroda’) and ‘petaloid’
(‘Wuye-BY’) CMS lines

Three types of orfB-related genes, orfB-F1,
orfB-F2, and orfB-CMS identified; orfB-CMS
suggested as a novel chimeric orfB-related
gene associated with ‘petaloid’ CMS; thirteen
varieties of the carrot including seven CMS
lines investigated; later analyses revealed no
alterations of azp8 proteins between male
fertile, ‘petaloid’” and restored (Rf) genotypes,
indicating that different structure is not
associated with ‘petaloid” CMS

Quantitative aspects of atp9-organization and
expression; partial RNA editing and multiple
5'-termini of certain afp9-transcripts, elevated
protein of azp9 in petaloid flowers;
heteroplasmic conditions of azp9 in different
CMS cytoplasms suggested

Plasmid- or plasmid-like RNA and DNA
polymerases identified; expression patterns
analyzed by Northern hybridization and
RT-PCR in male fertile and ‘petaloid’ CMS
plants; potential association with CMS not
mentioned
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Reference

Yamamoto et al.
(2000)

Bach et al. (2002)

Nothnagel et al.
(2000)

Rurek et al. (2001)

Robison and Wolyn
(2006a)

Tan et al. (2018)

Nakajima et al. (1999,
2001), Robison and
‘Wolyn (2006b)

Szklarczyk et al.
(2000, 2014)

Robison and Wolyn
(2005)

Different analyses of mitochondrial sequences, genes, or gene portions in carrot are summarized. Due to the application of
different molecular methods, a separated listing of single genes was not always possible. Genotypes of the analyzed cytoplasms
or CMS types are as follows: Sp, ‘petaloid’ CMS; Sa, ‘brown anther’ CMS; GUM, Gummifer-CMS; GAD, Gadeacei-CMS;
MAR, Maritimus-CMS; N, male fertile plants (including ‘maintainer’ genotypes of CMS); Rf, plants restored to male fertility
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sterile flower phenotypes, including rearrange-
ments of genes as a potential cause for the CMS
phenotypes (Borner et al. 1995; Nakajima et al.
2001; Scheike et al. 1992; Szklarczyk et al. 2000,
2014). However, a clear causal association to the
CMS trait was not yet shown. Differences in
lengths, copies, and expression profiles of the
atp6 gene in fertile and male sterile lines of carrot
were observed, too, but a certain association to
CMS is yet unclear (Bach et al. 2002; Kanzaki
et al. 1991; Scheike et al. 1992; Tan et al. 2018).
Mitochondrial DNA- and RNA-directed poly-
merases (dpo and rpo), encoded by mitochon-
drial plasmid-like structures, have been initially
characterized, but yet without any causative
association to CMS (Robison and Wolyn 2005).
In summary, despite several variations of mito-
chondrial genes in CMS-inducing cytoplasms,
further investigations are required to state if any
of these modifications are directly involved in the
cause of CMS.

3.2.4.4 Sequence of the Mitochondrial
Genome

Previous sequence analyses basing on restriction
digestion mapping demonstrated a complex
structural organization of the mitochondrial
genome of the petaloid CMS cytoplasm (Robison
and Wolyn 2002). In male fertile plants, a de
novo assembly of the carrot mitochondrial gen-
ome has been generated using next-generation
sequencing (lorizzo et al. 2012, 2016). Analyses
of structure and gene content have confirmed
earlier results that a large amount of genetic
variation exists at the organelle genome level
even between samples sharing a very close
genetic relationship (lorizzo et al. 2016; see
Chaps. 11 and 12). Hence, the natural plasticity
of the mitochondrial genome makes it difficult to
identify CMS-associated gene regions. Addi-
tional data on gene expression in mitochondria of
sterile CMS plants in comparison with restored
fertile plants having identical mitochondrial
genomes are required. The availability of com-
plete genome data can support further research
on the CMS trait.
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3.2.4.5 ‘Restorer of Fertility’ Genes
‘Restorer of fertility’ (Rf) genes are encoded by
the nuclear genome and ‘counteract’ or suppress
the mitochondrial-associated defects leading to
CMS. Restorer genes have been cloned in several
plant species including crops, and more than half
of the identified Rf genes encode PPR proteins
(e.g., reviewed by Chen and Liu 2014). PPR
proteins belong to a group of RNA-binding
proteins, mostly acting in organellar post-
transcriptional mRNA processing, such as edit-
ing, splicing, cleavage, degradation, and transla-
tion. However, besides PPR proteins, restorer
genes can indicate protein properties as an alde-
hyde dehydrogenase (maize), as a glycine-rich
protein (rice), as an amino acid mitochondrial
sorting protein with an acyl-carrier protein
synthase-like domain (rice), or as a putative
peptidase (sugar beet). A generation of PPR and
diverse other types of restorer (Rf) genes indi-
cates that plants have evolved complex pathways
to counteract the effects of CMS (reviewed by
Chen and Liu 2014). Despite a brief genetic
characterization (see above), gene candidates
involved in the restoration to fertility have not
yet been identified in carrot. However, segrega-
tion studies revealed a single dominant nuclear
gene (RfI) responsible for fertility restoration of
the ‘petaloid’ CMS and could be mapped to
chromosome 9 (Alessandro et al. 2013; Fig. 3.2).
It remains to be shown, whether PPR proteins or
other ‘restoring’ gene functions of the nuclear
genome can be identified through additive
informative contents deduced from the novel
genome data available in carrot (Iorizzo et al.
2016).

3.2.4.6 Nuclear-Encoded

Genes Influenced

by the Expression of CMS
As was mentioned above, carrot CMS flowers of
the ‘brown anther’ type are an example of the
appearance of a CMS phenotype where the
general flower architecture is not altered (see
Fig. 3.6). This contrasts with another group of
CMS plants in which early steps of flower
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formation are impaired. This type of CMS has
been studied in tobacco cybrids (plants regener-
ated from fused protoplasts with the nuclear
genome of tobacco, Nicotiana tabacum, and the
cytoplasm including mitochondria from another
member of the Solanaceae, Hyoscyamus niger),
wheat, and carrot (Kofer et al. 1991; Linke et al.
2003; Murai et al. 2002; Zubko et al. 2001;
reviewed by Carlsson et al. 2008; Linke and
Borner 2005). Such CMS plants develop
‘homeotic’ flowers, in which male organs are
replaced by another flower organ, e.g., by petals
or even carpels, the female flower organs
(Fig. 3.6). The homeotic type of CMS flowers
resembles nuclear mutants with defective nuclear
genes involved in the specification of the identity
of flower organs. Studies on the ‘carpeloid’ type
of carrot CMS flowers for the first time demon-
strated a mitochondrial effect on the expression
of MADS-box genes of the B class, which
specify the identity of petals and stamens (Linke
et al. 2003; Figs. 3.4 and 3.6). In several
homeotic CMS flowers of other plants, a reduced
transcript accumulation of genes for MADS-box
proteins with B function was identified (Geddy
et al. 2005; Hama et al. 2004) as was summarized
earlier (Carlsson et al. 2008; Linke and Borner
2005). Hence, first candidates of nuclear ‘target
genes’ were identified, the expression of which is
affected by the CMS state. They encode
MADS-box transcription factors specifying
organ identity in flower development. Those
target genes are supposed to contribute to the
defective formation of male flower organs and
pollen, respectively.

3.2.5 Pollination and Fertilization

The protandry of carrot flowers leads to anther
dehiscence (and stamens fall) before the stigma
becomes receptive. An individual flower com-
pletes anthesis within 2 days. Stigma receptivity
starts 4 days after anthesis, when styles are sep-
arated, and appear to last more than a week.
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In contrast to anther dehiscence, which is stag-
gered, stigmas of all flowers in an umbel become
receptive around the same time, after dehiscence
of the anthers of all flowers in the umbel had
been completed (Koul et al. 1989). Hence, strong
protandry is quite effective in promoting
outcrossing which lies at 95% (Becker 1943;
Rong et al. 2010; Thompson 1961; Webb 1981).
Pollination success is influenced by environ-
mental conditions, such as adequate and various
pollinators (Abrol 1997; Ahmad and Aslam
2002; Bell 1971; Flemion and Henrickson 1949;
Hawthorn et al. 1960; Pérez-Baiion et al. 2007),
as well as by the exposure of nectar to enhance
quick pollen flow during the approximately
10 days of stigma receptivity period (Broussard
et al. 2017). Especially the volatile production
and the sugar content of the nectar affect the
attraction for pollinators, e.g., in cases of
honeybee attraction. Mas et al. (2018) showed a
strong negative correlation between nectar alde-
hydes like nonanal and decanal compounds on
the seed yield. Comprehensive analyses of nat-
ural compounds might strengthen knowledge in
this area (Keilwagen et al. 2017; Yahyaa et al.
2017).

An adequate pollen deposition on the stigma
assumes that the pollen tube growth until fertil-
ization follows the general pathway known for
angiosperms. The structure and path of the pollen
tubes were investigated in detail. The tubes were
found to grow intercellularly down through the
conducting tissue of the style to its base and then
superficially along a groove leading to a canal
communicating with each locule. Tubes growing
down one style may enter the locule immediately
below or grow through the transverse canal and
into the other locule (Borthwick 1931). After the
pollen tube enters the gametophyte, the two
sperm cells are released. One of the two sperm
cells fertilize the egg cell forming the diploid
zygote. At this point, the fertilization actually
takes place. The other sperm cell is combined
with two polar nuclei of the central cell to form
the primary endosperm (double fertilization).
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3.2.6 Embryogenesis and Seed
Development

Seed development is initiated by the process of
double fertilization, which leads to the develop-
ment of the embryo and the endosperm. Division
of the endosperm nucleus takes place, and the
number of nuclei becomes noticeable before the
zygote divides. The endosperm becomes cellular
at about the time the embryo is at the two-cell
stage (Borthwick 1931). Typically for Apiaceae
as well as for carrot is the fact that after the first
division of the fertilized zygote, the second cell
division forms a linear four-celled structure and
further a linear -eight-celled structure. The
embryo proper entirely derives from the distal
cell of the 4-celled stage (Borthwick 1931). The
subsequent development of the suspensor and the
embryo proper up to the globular and heart stage
as well as the following steps to the early
cotyledon stage have been briefly described by
Lackie and Yeung (1996).

A graduated time line from anthesis (days
after anthesis—DAA) to seed maturity was
described for carrot by Gray et al. (1983). Using
this scale, Becu and Broasca (2012) have shown
that the individual layers of the pericarp-epicarp,
mesocarp, and endocarp, all joined to the seed,
are visible approximately 14 DAA. During this
time, the integument consists of a single cell
layer. The endosperm passes a rapid cell division
and expansion phase reaching a maximum at
approximately 28-25 DAA. Between 14 and 21
DAA, starch grain depositions in the endosperm
are detectable. Further, a lignin deposition sur-
rounding the cells walls of the endocarp begins to
grow out at 21 DAA. Protein and lipid bodies in
the cells of the endosperm can be observed at 28
DAA (Corner 1976; Graham 2008; Miranda
et al. 2017). Seeds reach their physiological
maturity at 35-56 DAA depending on the culti-
var and environmental conditions when the
endosperm occupies the whole seed volume
(Gray et al. 1984; Miranda et al. 2017; Nasci-
mento et al. 2003). An association between the
physiological maturity, the germination, and
vigor of seeds was shown (Miranda et al. 2017,
see 3.3). The seed maturation phase initiates the
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decline of the plant (Fig. 3.1). At 63 DAA, the
seed dry content increases to a maximum. During
these stages, the pericarp is partially collapsed,
and the lignified endocarp is the resistance layer
of the carrot seed. The embryo at maturity
reaches a volume which is equivalent of 2-3% of
the endosperm volume.

Developmental and environmental factors of
seed dormancy have been described in carrot,
especially in wild relatives (Borkrid et al. 1988;
Dale 1974; Dale and Harrison 1966; Sylwester
1960). The preceding late stages of embryogen-
esis are characterized by extensive physiological
changes to introduce maturation and subsequent
post-abscission, followed by pre-desiccation and
the desiccation phases. In general, these devel-
opmental stages include metabolic changes like
lipid deposition, deposition of storage proteins,
and finally the dehydration steps that introduce
the desiccation state (reviewed by Holdsworth
et al. 1999).
3.2.6.1 Molecular Data
on Embryogenesis
and Seed Development
The model state of carrot for research on ‘so-
matic embryogenesis’ since the 1960s (Reinert
1958; Steward et al. 1958) supported the study of
several developmental aspects similar to zygotic
embryogenesis, which have been evaluated in
detail. Several genes have been identified that
show a similar expression during the zygotic
embryogenesis (Borkrid et al. 1988; Thomas and
Wilde 1985, 1987). Several representative gene
candidates involved in the processes from
embryogenesis to seed maturation have been also
identified in the carrot. The SERK (somatic
embryogenesis receptor kinase) gene was firstly
isolated from carrot embryogenic cells and has
been found to be expressed in somatic and
zygotic embryos up to the globular state but in no
other plant tissues. SERK encodes a receptor-like
kinase protein containing five leucine-rich
repeats (Schmidt et al. 1997). In different plant
species, diverse roles of SERK proteins have
been shown in different signaling pathways also
beyond plant development (Ikeda et al. 2006).
During the lipid deposition state, cuticular
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material is already accumulated on epidermal
layers during the development of the embryo
(Meijer et al. 1993). Lackie and Yeung (1996)
stated that the cuticular material is not deposited
on the embryo proper until after the protoderm
has formed and is then found in all subsequent
developmental stages. The main function of the
embryo cuticle may be inferred from sections of
carrot embryos surrounded by a partially lique-
fied endosperm. To render the nutrients that are
stored there accessible to the growing embryo,
the cellular endosperm is dissolved by hydrolytic
enzymes. To protect the embryo itself from these
enzymes, the formation of a water-repellent
coating would clearly be beneficial (Sterk et al.
1991). A cDNA encoding an extracellular protein
(EP2) with homology to plant lipid transfer
proteins has been identified and characterized by
in situ hybridization in carrot (Sterk et al. 1991).
Expression of the EP2 gene was observed in
protoderm cells of zygotic embryos, in epidermal
cells of the cotyledons as well as in the epidermis
of the pericarp and in the region where both
mericaps started to separate. Expression of EP2
has been further observed in inflorescences,
where it transiently marks epidermal cells of all
flower organs. Expression ceased upon matura-
tion of sepals, petals, and stamens, but remained
apparent in epidermal cells of the integuments of
the ovary and re-appeared when both the epi-
dermal cells of the inner and outer integument
were combined to the seed coat. Hence, expres-
sion of EP2 revealed a strong value as an epi-
dermal histological marker throughout the
reproductive phase of carrot (Sterk et al. 1991).
Shiota et al. (1998) have isolated the ABI-3
(abscisic acid insensitive3) gene of the carrot (C-
ABI3); expression was specifically observed in
developing seeds during mid- to late embryoge-
nesis (from the heart stage onwards) prior to the
increase in levels of endogenous ABA that was
followed by desiccation of seeds. Expression
patterns during both zygotic and somatic
embryogenesis were comparable in Arabidopsis
and in carrot. A regulation of ABA-induced gene
expression and a repression from the phase
transition to germination has been shown
(Ikeda-Iwai et al. 2002, 2003). Expression of the
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transcription factor LEAFY COTYLEDON 1
(LECI) was observed in developing seeds in the
heart stage of the Arabidopsis embryo (Meinke
et al. 1994). During somatic embryogenesis
LEC] and LECI-homologs revealed similar
expression patterns in Arabidopsis, maize, and
carrot (Ikeda-Iwai et al. 2002; Yazawa et al.
2004; Zhang et al. 2002), indicating that LECI
has a common and important role in both zygotic
and somatic embryogenesis. In situ hybridization
analyses in carrot showed expression of C(car-
rot)-LECI in the peripheral region of the
embryos but not in the endosperm (Yazawa et al.
2004). Due to its mutant phenotype, where
cotyledons acquire leaf-like structures, LECI has
been described as one of the primary factors that
regulate the transition from embryogenesis to
germinative growth (Yazawa et al. 2004; Yazawa
and Kamada 2007). Interaction of LECI with
ABI3 appeared to potentiate ABA responses
(Parcy et al. 1994, 1997). Late-embryogenesis-
abundant (LEA) proteins are stored in seeds. Its
genes are usually expressed in the late stage of
embryogenesis (e.g., EMB-1; Wurtele et al.
1993). Several of these genes are expressed in
both embryonic cultures and immature seeds of
carrot and have been found to be induced in
somatic and zygotic embryos, when they are
treated with abscisic acid (ABA). The LEAs are
critical proteins for zygotic embryos to acquire
desiccation tolerance and seed dormancy (sum-
marized by lkeda et al. 2006). Hence, during the
last phases of development, the zygotic embryos
finally exhibit desiccation tolerance, and dor-
mancy occurs at the final stage of seed devel-
opment. All these steps are indicative for
important adaptive traits that enable the seeds of
many species to remain quiescent until condi-
tions become favorable for germination (Gubler
et al. 2005).

3.3 Practical Aspects of Seed
Production

Regarding carrot seed production, two main
technologies are used: the root-to-seed system
and the seed-to-seed system. The first one
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follows the biennial habit of the species; in the
first cycle roots are produced, and after selection
roots are usually placed into refrigerated storage
(1-5 °C) for 1-7 months. The roots are replanted
in a second season for seed production. In gen-
eral, it takes around 14-17 months (Gaviola
2013). The seed-to-seed method reduces the time
required for seed production; nevertheless, it
does not allow root selection, and it cannot be
used to produce the categorized basic seed.
Under the seed-to-seed method, carrot seeds are
sown during summer in areas with cold winters,
that allow plant vernalization, flowering occurs
in spring and in the following summer seeds
are harvested; the cycle requires 12 months
(Gaviola 2013).

Seed production of hybrid cultivars occurs in
a similar manner, but some factors complicate
the process. First, an adapted plant row design of
the parental lines is necessary. Frequently, a
proportion of 8 plant rows of the CMS line
(maternal parent) and 4 plant rows of the male
fertile pollinator line (paternal parent) are used in
the field. Second, the synchronization of flower-
ing to guarantee an adequate quality of pollen
production of the paternal line as well as a high
seed set potential of the maternal line are pre-
requisites. Pollination in both open-pollinated
and hybrid cultivars is mostly accomplished by
providing honeybee hives, supporting the natu-
rally occurring insect pollinators (Abrol 1997;
Hawthorn et al. 1960; Sinha and Chakrabacti
1992; Thompson 1961).

Cultivar integrity is ensured by geographic
isolation between two seed lots by at least few
kilometers including carrot wild relatives. The
unlimited outcrossing character of both culti-
vated and wild carrot descending from the
Daucus carota complex may be a serious prob-
lem for the commercial seed production in some
regions (Rong et al. 2010).

The genotype influences seed yield and seed
size/weight. Whereas the seed yield is mainly
dependent on the plant density per m?, the seed
size/weight is rather influenced by environmental
conditions during anthesis (Gray and Steckel
1983a, b). At present, the expected seed yield of
open-pollinated cultivars in the temperate regions
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is reaching between 600 and 1000 kg/ha (Ducz-
mal and Tylkowska 1997; Gaviola 2013). In
contrast, seed production in the tropical regions
is usually lower despite using higher altitudes to
achieve satisfactory vernalization and figures of
about 300 kg/ha (Pereira et al. 2008). The Asiatic
types only produce about 250 kg/ha when seeded
in the tropics (Nagarajan and Pandita 2001). The
yield of hybrid seed production varies between
400 and 700 kg/ha, but the costs are much higher
if compared to seed production in
open-pollinated cultivars (Gaviola 2013). The
thousand seed weight (TSW) can range from less
than 0.5 to more than 3.0 g (Bonnet 1991;
Lesprit 1991). It should be mentioned that the
seed quality is further influenced by various
factors such as physiology or abiotic and biotic
stress during the seed developing and ripening
process.

The physiological maturity has been defined
as the moment when the seeds reach maximum
dry matter accumulation, showing that the
translocation of assimilates from the plant to the
seed has ceased (Demir and Ellis 1992; Har-
rington 1972). At this point, seed deterioration is
minimal and may or may not coincide with the
maximum physiological quality, i.e., maximum
germination and vigor (see 3.2.6). As an exam-
ple, carrot seeds of the cv. ‘Brasilia,” under the
conditions Brasilia, DF, Brazil, had their endo-
sperm completely developed at 28 DAA, and
from 28 to 35 DAA, anatomical changes hardly
occur in the seeds. Physiological maturity, rep-
resented by maximum dry matter, occurred at 35
DAA, when the seed moisture content was about
56% and the color of the pericarp is yellowish
green. Maximum germination and vigor were
reached at about 30 DAA and continued until 63
DAA (Miranda et al. 2017).

It has been shown that seed maturity influ-
ences the viability of the seed (Gray and Steckel
1983a, b; Hawthorn et al. 1960, 1962; Miranda
et al. 2017) and the variability of embryo length
(Gray et al. 1984), indicating that the timing of
harvesting of seed crops is likely a major factor
for seed quality (Sandin 1980).

Embryo size at seed harvest and the variability
of the embryo size among seeds were directly
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correlated with variation in seedling size and root
size at harvest (Austin et al. 1969; Gray and
Steckel 1983a, b). Variability in seedling weight
and the spread of seedling emergence times were
closely related to the variation in embryo length,
but not to the coefficient of variation of seed
weight (Gray and Steckel 1983a, b; Gray et al.
1984; Nagarajan and Pandita 2001).

Seed maturation does not occur uniformly and
is dependent on the positions of flowers on the
maternal plant, from which the seeds are origi-
nated. Flowers and seeds in different orders of
umbels (see Fig. 3.2) exhibit various levels of
maturity. Joyce et al. (1989) evaluating seed
production in two different cultivars in 2 years
have reported that the maximum seed dry weight
occurred approximately 40-45 days after flow-
ering (DAF) in both cultivars. Maximum ger-
mination (International Seed Testing Association
14-day count) occurred 40 and 55 DAF in cvs
‘Chantenay’ and ‘Amsterdam’, respectively, but
the maximum 7-day count and the minimum
coefficient of variation of embryo length did not
occur until 60 DAF in cv. ‘Chantenay’ and 55—
65 DAF in cv. ‘Amsterdam'. Percentage germi-
nation was negatively and linearly related to seed
moisture content, chlorophyll content in the seed
coat, and seed distortion, the relationships
accounting for 77, 71, and 64% of the variance in
the 7-day germination count, respectively. The
corresponding values for the 14-day count were
63, 61, and 50% (Joyce et al. 1989).

Abiotic and biotic stress factors such as rain-
fall, soil structure and pH, nutrient deficiency, as
well as infections by pathogenic and saprophytic
bacteria and fungi (e.g., Alternaria radicina,
Xanthomonas campestris) and attacks by several
insects and arthropods further affect the seed
development and quality. Physiological distur-
bances as well as pathogens can cause necrotic
changes in embryo and endosperm (Habdas et al.
1997). Pathogen infection during flowering and
seed development may promote seed-borne dis-
eases (Bere$niewicz and Duczmal 1994; Bulaji¢
et al. 2009; Duczmal and Tylkowska 1997; Kuan
et al. 1985; Pryor and Gilbertson 2001; Pryor
et al. 1994; Strandberg 1988; Trivedi et al. 2010;
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Umesh et al. 1998). Loss of seed yield and seed
viability by Lygus campestris attack was reported
and can contribute to embryoless seeds (Arnott
1956; Flemion and Henrickson 1949).

The commercial carrot seed production is
guided by specialized companies and is widely
mechanized. The complex process includes the
seed production on field and covers seed harvest
as well as the post-harvest processing. The latter
comprises techniques of seed reprocessing,
purity, and quality control, as well as seed
storage, coating, priming, and packaging
performances.

3.4 Conclusions and Future
Directions

Current knowledge on carrot reproductive biol-
ogy is limited if compared to that of model plants
and inadequate despite powerful genetic research
on carrot and their wild relatives over the last
decades. A possible reason for this is the priori-
tization of research on economically relevant
traits such as yield, quality, or resistance. A focus
on reproductive biology is missing but important
for breeders and seed producers. The current
knowledge helps to introduce characters from
late-flowering cultivars to early flowering germ-
plasm in breeding programs with more accuracy.
Nevertheless, in future the knowledge on the
reproductive biology of carrot should be
improved and will clearly benefit from the
availability of comprehensive carrot genome
data. So far, highlights include the application of
male sterility for hybrid breeding and the first
genetic and molecular identification of genes
involved in vernalization, flower architecture,
and fertility restoration. Currently, the genetic
background of seed development, dormancy, and
senescence is completely unknown. New
molecular tools such as GBS/GWAS or the
CRISPr/Cas-technique (Klimek-Chodacka et al.
2018) are now available to investigate more
details and should be complemented by in-depth
experiments and an excellent phenotyping/
chemotyping (metabolome) analysis.
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Abstract

In this chapter, we first present characteristics of
carrots that will affect gene flow and discuss
dispersal via pollen by insect pollinators and via
seeds by wind and animals. Although carrot is
often referred to as a biennial, we introduce the
various life history strategies observed in wild
carrot populations as these can impact popula-
tion growth and the range expansion of wild
carrots over the landscape. We then review the
studies of gene flow between crops, between
crop and wild carrot and among wild carrot
populations, concentrating on studies that used
molecular markers. The consequences of these
different types of gene flow (among cultivars,
between crop and wild, and among wild) are
then discussed. A major goal of biotechnology
risk assessment for crops is to improve predic-
tions of the fate of escaped genes either to other
crop fields or to wild populations. We suggest
as a priority for future studies to incorporate
population dynamics with population genetics
when modeling the fate of introduced genes.
Improving our understanding of the factors that
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affect the spread of escaped genes will lead to
the design of better management strategies to
contain and limit their spread.

4.1 Introduction

4.1.1 Biology and Life History
Strategies Influence Gene
Flow

Carrot, Daucus carota L. is a diploid, highly
outcrossed and insect-pollinated species in the
family Apiaceae (see also Chap. 2). Plants are
andromonoecious (both male and hermaphroditic
flowers on a plant) and have protandrous her-
maphroditic flowers (pollen shed before stigmas
become receptive) (see also Chap. 3). Some
plant populations are reported to exhibit gyn-
odioecy as male sterile plants (functionally
female plants) co-occur with hermaphroditic
individuals (Ronfort et al. 1995). The hermaph-
roditic plants in gynodioecious populations are
likely andromonoecious. The male sterility trait
has been a very useful tool in the development of
cultivated hybrid carrot. Small, white flowers are
grouped into umbels that flower sequentially on a
plant (Koul et al. 1989). The primary umbel,
located at the tip of the flowering stalk, is the
largest and first umbel to flower. Plants have one
primary umbel and can have many secondary,
tertiary, and higher order umbels. Carrots are
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monocarpic or semelparous, i.e., they reproduce
once and then die (Lacey 1982), and they do not
reproduce vegetatively (Gross 1981). Carrots
generally require vernalization (some period of
exposure to cold following the seedling stage) to
flower, though the degree of vernalization
required varies greatly across accessions (lines)
and may be minimal in accessions adapted to
warmer climates (Alessandro and Galmarini
2007; Alessandro et al. 2013). Wild carrot or
Queen Anne’s lace (D. carota L. subsp. carota)
seeds can remain dormant in the soil for over a
year or two prior to germinating, creating a seed
bank (Magnussen and Hauser 2007).

In wild carrot, substantial variation in life
history strategies exists, and because carrots are
monocarpic, the age at which a plant reproduces
and therefore disperses its pollen and seeds will
vary among individuals with different life history
strategies. While carrots are typically thought of
as biennial, a significant amount of variation can
exist both within and among wild carrot popu-
lations, where biennials co-occur with mono-
carpic perennials, winter annuals and at times,
summer annuals (Table 4.1).

Biennials reproduce in their second year:
seeds produced the previous fall germinate in the
spring, plants overwinter as rosettes and they
flower and set seed during their second summer
(de Jong et al. 2016; Lacey 1982; Lacey and Pace
1983). In contrast, monocarpic perennials flower
and then die in their third or later summers and
survive as rosettes over more than one winter (de
Jong et al. 2016; Lacey and Pace 1983; Lacey
1986). However, some populations consist
mostly of annuals (de Jong et al. 2016). Winter
annuals germinate in the fall (typically from seed
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produced that summer), overwinter as rosettes,
and flower in the summer (de Jong et al. 2016;
Lacey 1982; Lacey and Pace 1983). Summer
annuals, on the other hand, germinate in the
spring (likely from seed produced in the fall) and
flower that same growing season (de Jong et al.
2016; Harrison and Dale 1966).

The relative prevalence of the different life
history strategies in a population is affected by
both genetics and environment. For example,
seeds set earlier during the flowering season are
more likely to become annuals (Lacey and Pace
1983). In the USA, there is a latitudinal gradient
in the mean age of reproduction with earlier
reproduction (more annuals) in the South and
later reproduction (more biennials and perenni-
als) in the North (Lacey 1988). The latitudinal
gradient in age of reproduction persists under
common garden conditions suggesting a genetic
basis (Lacey 1988). There is also a strong envi-
ronmental component to age at reproduction
where annuals are more common in resource-rich
environments and biennials and perennials are
abundant in nutrient-poor environments (Lacey
1986; Verkaar and Schenkeveld 1984). More-
over, a greater proportion of perennials are found
in older successional fields (Gross 1981; Gross
and Werner 1982; Holt 1972; Lacey 1982).
Finally, age of reproduction is associated with
the ratio of first-to-second-year survival: in the
South, a greater first-to-second-year survival
ratio is associated with early reproduction while
in the North, where biennials and perennials are
more common, second-year survival tends to be
greater than first-year survival (Lacey 1988).

Life history strategies will affect the growth
rate of carrot populations (see Sect. 4.4).

Table 4.1 Summary of the different life history strategies reported in wild carrots

Life history Seeds Seed
strategy produced germination
Biennial Fall Spring
Monocarpic Fall Spring
perennial

Winter annual Fall Fall
Summer annual Fall Spring

Rosette Flowering

Survive one winter Summer of second year

Summer of third or next
years

Survive two or more

winters
Survive winter Summer of first year

Spring Summer of first year
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Populations comprised mostly of annuals will
have greater reproductive rates relative to popu-
lations with a majority of biennial plants. This
occurs because annual plants reproduce after one
year instead of two years for biennials or three or
more years for perennials. Biennials would have
to produce twice as many seeds as annuals in
order to attain a similar reproductive output. The
proportion of annuals relative to biennials in a
population will vary with the environment.
Environments with low seed germination and
low rosette survival favor perennials while
annuals thrive in environments where seed ger-
mination and rosette survival are high (Van Etten
and Brunet, unpublished data). Resource-rich
environments are likely to have higher seed
germination and rosette survival relative to
nutrient-poor environments and this could
explain the differences in the proportion of
perennials versus annual plants observed in these
two types of environments. The proportion of
annuals, biennials and/or perennial individuals in
a carrot population varies with latitude and with
the resource quality of their habitat (Gross 1981;
Holt 1972; Lacey 1986, 1988). Populations with
a greater proportion of annual plants and a higher
population growth rate will tend to expand and
have greater gene flow. This occurs because
more plants are likely to be flowering in these
populations each year and therefore more pollen
and seeds will be produced each year increasing
the gene flow potential. We therefore expect,
within a latitude, populations in resource-rich
habitats to have greater gene flow relative to
populations in resource-poor habitats. Range
expansion will also be maximized when seeds
land in resource-rich habitats.

4.1.2 Overlap of the Geographic
Distributions
of Cultivated and Wild
Carrot and Opportunities
for Gene Flow

Cultivated carrots (Daucus carota L. subsp. sativus)
are grown worldwide (see also Chap. 2). The
genetic evidence suggests domesticated carrot likely
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originated from wild carrot in Central Asia with the
first domestication occurring —approximately
1100 years ago (Iorizzo et al. 2013, 2016; see also
Chap. 5). Cultivated carrots were grown on over
87,000 acres in the USA in 2015 (USDA, National
Agricultural Statistics Service 2017). Carrots are
typically grown for their roots throughout
the USA with California producing over 85%
of all carrots grown in the USA. Michigan and Texas
are other important carrot-producing states
(http://www.agmrc.org/commodities-products/veg
etables/carrots). The majority of carrot seed pro-
duction in the USA occurs in the Columbia Basin of
Washington, the Madras area of Oregon, California,
and in Idaho-in areas where wild carrot is not as
common. Though wild carrot is quite common
across the seed production area on the Olympic
Peninsula in the Sequim-Dungeness Valley (Clal-
lam County) in Washington State and has been
classified as a noxious weed there due to the
potential for contamination of commercial carrot
crops (Fig. 4.1 and see Sect. 4.3.2). Seed and root
production also occurs in other regions across the
globe including Southern Europe, Chile, Australia,
and Japan (Magnussen and Hauser 2007; Umehara
et al. 2005).

The geographic distribution of wild carrot is
also global occurring on all continents except
Antarctica (Grzebelus et al. 2011), thereby pro-
viding ample opportunity for gene flow between
the cultivated fields and wild populations (see
Sect. 4.2.2). Wild carrot is common in temperate
regions worldwide and is frequently found in
full sun to partial shade in disturbed sites, along
roads and in abandoned fields. In the USA, wild
carrot plants flower in June—July in more
southern populations (Tennessee, North Car-
olina, and Virginia) and in July—August in more
northern populations (Michigan, Wisconsin)
(Lacey 1984; Brunet, pers. obs.). The genetic
evidence supports the introduction of wild carrot
into North America as a weed from Europe
(Iorizzo et al. 2013). Wild carrot is commonly
found in the eastern, Midwestern and western
parts of the USA but is less common in the
Great Plains. It has been declared invasive in a
number of states (http://www.invasiveplantatlas.

org).
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Wild Carrot
Alias “Queen Anne’s Lace, Dacus carota
For threatening

Clallam County’s commercial
carrot seed production

Decription: Dacus carota is a class B noxious weed in Washington
State. It can be seen blooming along local roadsides in the summer
and fall. This plant is a close relative of the carrot we eat. Because
the two plants can cross pollinate, this plant threatens the viabilty

of local crops of commercial carrot seed.

Lend a hand to 5
our local farme:s!%
If you see this plant, please kindly

pull it up, cut it off at ground level,

or take off the seed head

Don’t let it go to seed!

Fig. 4.1 Poster from wild carrot seed prevention cam-
paign in Washington State. Credit to and permission from
Clea Rome, Washington State University

4.1.3 Pollinators and Agents of Seed
Dispersal as Facilitators
of Gene Flow

In its native range across central Asia, wild carrot
is reported as a pollination generalist, with the
largest group of pollinators being Diptera
(Ahmad and Aslam 2002; Westmoreland and
Muntan 1996). In central England and in the
USA, wild carrot flowers are also visited by a
variety of generalist insects including 15 insect
families: Andrenidae, Apidae, Calliphoridae,
Crabronidae, Dolichopodidae, Empididae, Hal-
ictidae, Ichneumonidae, Lycaenidae, Muscidae,
Nymphalidae, Sphecidae, Syrphidae, Tabaninae,
and Vespidae (Lamborn and Ollerton 2000;
Ramsey and Mandel, unpublished data). Culti-
vated carrots are also visited by a large variety of
bees (Bohart and Nye 1960), and these include
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honey bees, leafcutting bees, and wild bees
(Davidson et al. 2010; Howlett et al. 2015). Gene
flow is expected to be high in carrots. In fact,
wild carrot plants are highly outcrossed (96%)
which indicates that the majority of the
pollen-reaching stigmas and fertilizing ovules
comes from other plants in the population (Rong
et al. 2010). In addition, carrot pollen can remain
viable for days although 50% viability was
observed after 12 h (Umehara et al. 2005).

Seed dispersal in carrots can occur via wind or
animals with wind likely the most frequent dis-
persal agent (Lacey 1981). Controlled air veloc-
ity studies indicate short-distance dispersal of
seeds via wind of a scale of a few meters
(Umehara et al. 2005). The presence of spines on
carrot seeds suggests seed dispersal by animals
via transportation outside of the body (epizoo-
chory) (Lacey 1981; Umehara et al. 2005).
Manzano and Malo (2006) demonstrated seed
dispersal up to 400 km for carrot seeds attached
to the fur of live sheep.

4.2 Gene Flow Studies
with Molecular Markers

Gene flow homogenizes the genetic composition
of populations and therefore limits genetic dif-
ferentiation. Gene flow in plant populations can
occur via pollen and via seeds, and in carrot
insect pollinators move genes via pollen while
seeds can be dispersed by wind or by animals.
Depending on the sampling strategy and the
program used to estimate gene flow, one can
obtain contemporary or historical measures of
gene flow. Contemporary measures may reflect
gene flow over one ecological season, for
example, using paternity analyses (Burczyk et al.
2002) or a Kindist approach (Robledo-Arnuncio
et al. 2007). Contemporary measures may also
quantify recent immigration over the last several
generations, as is the case when using BayesAss
(Wilson and Rannala 2003; illustrated in Mandel
et al. 2016). In addition, when available, phe-
notypic and genetic markers such as transgenes
can facilitate the process of detecting gene flow
events (Greene et al. 2015). Historical measures
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of gene flow are typically based on measures of
genetic differentiation among populations tradi-
tionally calculated using Fsr measures but more
recently obtained with various Bayesian cluster-
ing methods (for example, STRUCTURE,
Pritchard et al. 2000; illustrated in Brunet et al.
2012). Methods based on coalescence
(MIGRATE) also provide historical gene flow
estimates (Beerli 2006; Beerli and Felsenstein
1999). In addition, historical gene flow measures
can be obtained from fine-scale spatial structure
data (Vekemans and Hardy 2004). Measures of
gene flow obtained from Fgr values assume
isolation by distance and are calculated as the
product of effective population size and migra-
tion as Nm = (1 — Fs1/4 Fsr), €.g., where Nm is
the number of migrants per generation and Fgr is
the standardized measure of the genetic variance
among populations (Wright 1951). The greater
the level of genetic differentiation the lower the
gene flow.

Gene flow in carrot can be studied to answer
different questions. One may be interested in the
transfer of genes among cultivated carrots with
the goal of limiting gene flow to maintain culti-
var purity. Gene flow from wild to cultivated
carrot can also impact cultivar purity due to the
presence of early bolters and less edible roots
(Wijnheijmer et al. 1989). Gene flow from cul-
tivars to wild populations has implications for the
spread of cultivar genes and genetically modified
genes, were genetically engineered crops to
become available, into wild carrot populations.
Gene flow among wild populations will also
influence the spread of these genes. Below, we
summarize the results of studies in carrot that
examined these different aspects of gene flow
using the various methods described above.

4.2.1 Crop-to-Crop Gene Flow

Given that carrot is highly outcrossing and gen-
eralist pollinated, maintaining cultivar purity is a
high priority. Recommendations for minimum
distances require maintaining at least 1000 m
from another field with flowering plants and
Grzebelus et al. (2011) report that carrot seed
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production in the USA typically maintains a 3—
5 km minimum distance between different root
and color types, respectively.

The carrot germplasm is a valuable resource
for plant-breeding efforts including improvement
to crop yield and protecting against pests and
disease (see also Chap. 6). Therefore, under-
standing the genetic composition and structuring
of diversity within the cultivated germplasm has
been an important goal of carrot researchers (see
also Chap. 5). Studies have been carried out with
molecular markers using allozymes to whole
genome sequencing with a goal to assess genetic
relatedness among cultivar lines but also to
understand and ensure the maintenance of culti-
var purity, especially across agricultural land-
scapes. Chapter 5 provides substantial detail of
the genetic diversity and structure of the germ-
plasm; therefore, we will only highlight a few
examples here as they pertain to gene flow
among cultivars. Moreover, as less work has
been carried out to evaluate the maintenance of
cultivar purity in the landscape (but see Hauser
and Bjern 2001), we describe this as an area for
future work in carrot (see Sect. 4.4).

Bradeen et al. (2002) used AFLPs and
inter-simple sequence repeat (ISSR) markers to
assay genetic variation in a diverse set of cultivar
carrot  accessions  which  included 73
open-pollinated lines from European, North
American, and Asian primary cultivars. Genetic
similarity coefficients ranged from 0.3 to 0.8
across the cultivated lines, and no strong genetic
structuring was seen among cultivars (similar to
their findings from the wild populations). The
authors suggest that given carrot’s outcrossing
breeding history, and the lack of strict control
over pollinations during seed production prior to
the 1950s, gene flow among cultivar lines was
probably extensive. The authors also suggest that
gene flow among wild populations and cultivar
lines during this time may have been widespread
thus influencing the cultivated gene pool. Nota-
bly, the authors argue that human selection
against hybrids (with maladapted phenotypes)
during these breeding efforts likely played a role
in preventing some gene flow among wilds and
cultivars. However, later studies observed
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genetic differentiation between old and new
breeding varieties (Shim and Jergensen 2000)
and between eastern (Asia) and western (Europe
and America) cultivars (Baranski et al. 2012;
Grzebelus et al. 2014; Iorizzo et al. 2013).

42,2 Crop-Wild and Wild-Crop Gene
Flow

Wild and crop carrots belong to the same species,
have similar flowering phenology and can easily
hybridize (Grebenstein et al. 2013; Hauser and
Shim 2007; Small 1984; Umehara et al. 2005).
This implies that pollen reaching a plant’s stigma
has a high probability of setting a seed, which
represents a gene flow event. In addition to the
timing of flowering and genetic compatibility,
physical proximity can strongly influence gene
flow. In many regions of the world, populations
of wild carrots are found in close proximity to
cultivated carrot fields (Umehara et al. 2005;
Magnussen and Hauser 2007; Mandel et al.
2016). In fact, in the USA, carrot seed production
usually occurs in areas with little or no wild
carrots in order to limit hybridization and main-
tain the purity of the crop.

Hybrids between cultivated and wild carrots
have been detected in wild carrot populations
(Hauser and Shim 2007; Magnussen and Hauser
2007). In addition, wild carrots have been found
growing inside cultivated carrot fields (Wijnhei-
jmer et al. 1989; Hauser and Bjern 2001).
Therefore, gene flow is bidirectional; it occurs
both from cultivars to wild and from wild to
cultivars. Gene flow from wild to cultivated
carrots can affect cultivar purity. It is typically
detected by the presence of early bolters in cul-
tivated fields when hybrids between crop and
wilds flower early. This occurs because culti-
vated carrot is biennial while many wild carrots,
especially in Europe where many of these studies
took place, are mainly annual (Wijnheijmer et al.
1989; Hauser and Bjern 2001; Magnussen and
Hauser 2007). Annual hybrids in cultivated fields
are early bolters, and they can increase in fre-
quency via seed dispersal as seeds are not
removed from fields and can lead to pockets of
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early bolting plants in cultivated fields (Hauser
and Bjern 2001; Magnussen and Hauser 2007).
In addition, early bolters can survive crop rota-
tion due to their seed bank (seed dormancy)
(Hauser and Bjern 2001).

The presence of cultivated genes in wild car-
rot populations has been examined by comparing
the genetic differentiation between cultivated and
wild carrot populations for wild populations in
close proximity to the cultivars and populations
further away. Lower levels of genetic differenti-
ation for wild populations in closer physical
proximity to cultivated fields would suggest gene
flow between cultivated and wild carrots. Mag-
nussen and Hauser (2007) found that wild carrot
populations located in closer proximity to the
cultivar fields were more genetically similar to
the cultivar lines relative to the wild populations
located further away from the cultivar fields.
A similar pattern was observed by Mandel et al.
(2016). Using both nuclear and plastid DNA
markers, Mandel et al. (2016) demonstrated gene
flow between cultivated and wild carrots in both
the eastern part of the USA where carrots are
grown for their roots (Nantucket Island, MA) and
in a region on the Olympic Peninsula where
open-pollinated carrot seeds are produced
(Sequim-Dungeness Valley, WA). In both
regions, populations geographically closer to
crop fields were genetically more similar to the
crops than populations that were further away
from sites where crops were grown. This study
also found evidence that plastid DNA may move
via pollen (paternal leakage). If this is common
enough, plastid genes could be used as an extra
marker for pollen movement in carrots, and not
simply as a marker for seed movement.
Although, it may be more difficult to separate
these two processes.

Magnussen and Hauser (2007) also looked for
the presence of hybrid individuals in wild carrot
populations in Denmark as evidence of intro-
gression of cultivar genes into wild carrot pop-
ulations. Using amplified fragment length
polymorphisms (AFLPs), the authors detected
four hybrid individuals after testing 71 wild
plants. The authors determined, based on the
genetic data, that the hybrids were likely F2 or
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backcross individuals. These individuals Mag-
nussen and Hauser (2007) detected could repre-
sent the second-generation hybrids in wild carrot
populations, supporting the presence of intro-
gression. However, the bidirectional gene flow in
carrot, from wild to cultivated and cultivated to
wild, and the presence of early bolters in culti-
vated fields introduce another possible explana-
tion for the presence of backcross individuals in
wild carrot populations. These backcross indi-
viduals found in wild carrot populations could
result from bidirectional gene flow. For example,
a gene flow event from wild to cultivated carrot
could have produced hybrid bolters in the culti-
vated carrot fields. Subsequent gene flow from
the early hybrid bolter in cultivated fields to wild
carrot populations could have created the
first-generation backcross individuals in wild
carrot populations. While such a process is not
the typical scenario invoked to explain the pres-
ence of first-generation backcrosses in wild
populations, in carrot, it is a probable and inter-
esting scenario and may represent a frequent
route to production of backcross individuals.
These potential routes to the formation of back-
crosses in wild carrot populations require further
investigation.

The presence of hybrids between cultivated
and wild carrots, either in carrot fields or in wild
carrot populations, is supported by several stud-
ies (Hauser and Bjern 2001; Hauser et al. 2004;
Magnussen and Hauser 2007). However, in wild
populations, F1 hybrids show fitness fairly sim-
ilar to wild carrots (Hauser and Shim 2007,
Ghosh 2012; Umehara et al. 2005). However,
Hauser (2002) reported that hybrids were less
frost tolerant than wild plants indicating a
selective disadvantage to hybrids. Though only
preliminary data has been published for
first-generation backcrosses to wild carrots
(BC1), the data suggests a survival probability to
flowering and umbel size very similar to wild
carrots (Ghosh 2012). Interestingly, similar fit-
ness to wild carrot does not translate into a fitness
advantage to hybrids and suggest hybrids would
not increase in frequency in the population via
selection. While gene flow may be high enough
to produce F1 hybrids, and potentially backcross
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individuals, in the bidirectional gene flow sce-
nario described above, the fitness differences
could not explain the potential for introgression
of cultivar genes into wild carrot populations.
Moreover, as noted above, Hauser (2002)
reported that hybrids were less frost tolerant than
wild plants indicating a selective disadvantage to
hybrids which would act as a barrier to the
introgression of cultivar genes into wild carrot
populations. More studies are needed both to
compare the fitness of F1 and later-generation
hybrids to wild carrots in wild populations and to
quantify the extent of introgression of cultivar
genes into wild carrot populations.

Although cultivated carrots were derived from
wild carrots (Iorizzo et al. 2013), and bidirec-
tional gene flow occurs between cultivated and
wild carrot (Wijnheijmer et al. 1989; Hauser and
Bjern 2001; Magnussen and Hauser 2007), the
two groups remain genetically differentiated
(Grzebelus et al. 2014; Iorizzo et al. 2013; St.
Pierre and Bayer 1991; Shim and Jergensen
2000). Using AFLPs, Shim and Jergensen (2000)
detected clear clustering of wild and cultivated
carrot populations based on unweighted pair
group method with arithmetic mean (UPGMA)
and on principal component analysis (PCA).
The UPGMA dendrogram based on genetic dis-
tance separated wild from cultivar while the PCA
identified three distinct groups, the wild, the old
varieties, and the more recently bred varieties.
The analysis of molecular variance (AMOVA)
on these three groups indicated strong differen-
tiation with an Fgy value of 0.398. Using DArT
microarray-based genotyping and the program
STRUCTURE, Grzebelus et al. (2014) identified
three carrot groups in their samples, the wild,
eastern (Asia) and western (Europe and America)
cultivars. Such separation among the three
groups was also found by lorizzo et al. (2013)
who used 4000 SNP to describe the genetic
diversity of carrot. Baranski et al. (2012)
observed the separation between eastern and
western cultivars based on simple sequence
repeats (SSRs or microsatellites) but did not
examine wild carrot. Therefore, studies based on
a variety of genetic markers have identified three
groups in carrots, the wild carrots, the eastern
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(Asia) cultivars, and the Western cultivars (Eur-
ope and America). The genetic differentiation
between wild and cultivated carrots indicates that
gene flow remains restricted between these two
groups overall. However, this finding does not
preclude the possibility of gene flow occurring
between specific cultivar fields and surrounding
wild populations.

Despite being genetically differentiated from
one another, the groups of wild and cultivated
carrots both maintain high and similar levels of
genetic diversity. In other words, the alleles may
differ between the two groups leading to genetic
differentiation but the number of alleles and level
of heterozygosity remain high in both groups.
This finding was identified by St. Pierre and
Bayer (1991) using allozymes where they
observed only a slight decrease in genetic
diversity in cultivated relative to wild carrot
accessions. It was later confirmed by lorizzo
et al. (2013) who detected no differences in
genetic diversity between wild and cultivated
carrots when using 4000 single nucleotide poly-
morphisms (SNPs). The differentiation between
wild and cultivated carrots should permit the
identification of genetic markers to detect culti-
var genes in wild populations although to date,
few such markers have been identified (Umehara
et al. 2005).

4.2.3 Wild-Wild Gene Flow

Below, we summarize the different studies used
to measure gene flow among wild carrot popu-
lations. Gene flow estimates varied, some being
contemporary and others historical and used
many of the approaches described earlier to
measure gene flow, such as Fgt, Kindist, and
BayesAss.

In populations of wild carrot collected from
five locations in Denmark, Shim and Jergensen
(2000) used ten AFLPs to study genetic variation
and population structure. Populations were
located in Zealand and Jutland with geographical
distances ranging from a few km to more than
200 km. The degree of genetic differentiation
among wild populations was moderate with
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Ggst = 0.18 (Shim and Jargensen 2000). Popu-
lations that were separated by just a few km were
the most genetically similar with the one popu-
lation collected from more than 200 km away
showing the greatest divergence (Shim and
Joargensen 2000). This pattern suggests isolation
by distance as gene flow decreases with
increasing geographic distances.

Using nuclear microsatellite markers, Rong
et al. (2010) estimated contemporary and his-
torical measures of gene flow in two populations
of wild carrot in the Netherlands: Meijendel and
Alkmaar. The authors obtained historical gene
flow estimate based on small-scale spatial genetic
structure (SGS) (Vekemans and Hardy 2004).
Because historical and contemporary gene flow
estimates often differ, they also estimated con-
temporary gene flow using Kindist (Robledo-
Arnuncio et al. 2007). They detected weak but
statistically significant SGS in both populations.
Limited gene flow can create such non-random
distribution of genotypes at a small scale. The
most common method to obtain historical gene
flow measures from SGS data assumes isolation
by distance (Vekemans and Hardy 2004). Using
such a method, Rong et al. (2010) estimated that
roughly 95% of the historical gene dispersal
occurred at a distance of 8-24 m in Meijendel
and 20-62 m in Alkmaar. The method Kindist
fits a dispersal kernel to pollen dispersal data in
order to determine pollen dispersal distances. It
indirectly estimates gene flow based on a nor-
malized measure of correlated paternity among
offspring of mother plants sampled at different
spatial distances. Rong et al. (2010) determined
that an exponential power function best fitted the
pollen dispersal data and observed low differen-
tiation of pollen pools among mother plants
(oft = 0.057). The authors estimated 95% of
contemporary pollen dispersal could potentially
occur over distances up to 1.8 km and 99% of
pollen dispersal within 4.2 km. The authors also
estimated an outcrossing rate of 96% for
wild carrot using progeny arrays and the
MLTR program developed by Ritland (1996,
2002).

In another study by Rong et al. (2013), the
authors used 11 nuclear microsatellite markers to
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estimate both contemporary and historical esti-
mates of gene flow among a metapopulation
comprising 12 patches separated by a few km. In
this study, contemporary gene flow was quanti-
fied using BayesAss (Wilson and Rannala 2003)
while historical estimates used MIGRATE
(Beerli 2006). Rong et al. (2013) observed
low-to-moderate measures of genetic differenti-
ation among populations (Fsr = 0.082). They
identified a pattern of isolation by distance,
where gene flow decreased as the geographical
distances increased. The assignment-based
method (BayesAss: Wilson and Rannala 2003)
provided fairly low migration rate (mm) estimates
ranging from m = 0.0008 to 0.0898 (overall
mean m = 0.0032) between the 12 wild carrot
patches. However, historical estimates, based on
coalescence theory were five times lower than
contemporary estimates and ranged from 0.0003
to 0.0012 with an overall mean of 0.006.
Reiker et al. (2015) studied the genetic
diversity and level of genetic differentiation
among nine indigenous and ten restored wild
carrot populations in Germany, where non-local
(non-indigenous) seeds were used for restoration
and the ten restored sites spanned a
200 x 200 km® region. Using ten nuclear
microsatellites (developed previously by Cav-
agnaro et al. 2011), the authors detected high
genetic diversity in both indigenous and restored
carrot populations with observed heterozygosity
levels greater than 0.75 in each population. The
level of genetic differentiation among indigenous
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populations was low with an Fst = 0.030. The
degree of population genetic structure among all
sampled populations was also low (Fst = 0.044)
leading the authors to note that carrot populations
from their study (both indigenous and restored)
were essentially randomly mating with one
another and indicated that gene flow was high.
The authors claimed that the higher pattern of
genetic differentiation observed in Denmark by
Shim and Jergensen (2000) (Fst = 0.18) resulted
from the fact that the Denmark populations were
at the northern edge of the distribution of wild
carrot.

Mandel et al. (2016) used 15 nuclear
microsatellites (also developed previously by
Cavagnaro et al. 2011) and one polymorphic
plastid marker to assess patterns of genetic
diversity and genetic differentiation and infer
patterns of gene flow among wild carrot popu-
lations (and cultivated lines, see Sect. 4.2.2)
located in the Northwestern and Northeast-
ern USA. The Northwestern USA study site
comprised seven wild carrot populations and was
located on the Olympic Peninsula in the
Sequim-Dungeness Valley (Clallam County) in
Washington State. This site was chosen for study
because it co-occurs with locations where culti-
vated carrot is grown for seed production. Pair-
wise population distances ranged from 1.91 to
6.49 km. Estimates of pairwise population
genetic differentiation measured by calculating
Wright’s Fgp varied from 0.049 to 0.288
(Table 4.2). The Northeastern USA study site

Table 4.2 Pairwise Fst values (below diagonal) and geographic distance in km (above diagonal) for Olympic

Peninsula wild carrot populations

Site Hemlock Kendall Medsker Eberle Fasola Fencebird Prince
Hemlock® - 2.66 2.94 6.49 4.56 4.67 4.94
Kendall* 0.134 - 2.17 4.18 191 2.52 3.83
Medsker® 0.109 - 3.92 3.13 2.18 2.03
Eberle 0.106 0.138 0.072 - 2.76 3.06
Fasola 0.209 0.288 0.196 0.139 - - 3.87
Fencebird 0.141 0.183 0.126 0.106 0.236 - 2.13
Prince 0.157 0.190 0.129 0.089 0.165 0.137 -

aSites that were not in close proximity to root production crop fields
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Table 4.3 Pairwise Fgt values (below diagonal) and geographic distance in km (above diagonal) for Nantucket Island

wild carrot populations

Moors
Site Cliff Rd Polpis Rd Tuckernuck Bart Farm Farm
Cliff Rd - 6.54 11.02 3.87 4.24
Polpis Rd 0.109 - 17.53 8.54 28N
Tuckernuck 0.135 0.112 - 10.93 15.20
Bart Farm® 0.171 0.139 0.169 - 5.77
Moors Farm* 0.178 0.143 0.169 [ 0.064 | -

“Sites that were not in close proximity to seed production crop fields

comprised five wild carrot populations and was
located on Nantucket Island (Nantucket County)
in Massachusetts. Pairwise population distances
ranged from 2.78 to 17.53 km in that region and
the level of genetic differentiation based on
Wright’s Fgt varied from 0.064 to 0.178
(Table 4.3), indicating low-to-intermediate levels
of genetic differentiation. Higher levels of
genetic differentiation can indicate lower gene
flow. Low migration rates were also reported
using the program BayesAss that measures gene
flow over the last several generations; values of
migration rates varying between 0.0057 and
0.0405 with some values greater than 0.20 were
obtained for the pairwise Olympic Peninsula
populations while values between 0.0077 and
0.0434 with one estimate at 0.2113 were
obtained for the Nantucket populations.

While the above studies used nuclear makers
to assess levels of gene flow in carrot. Mandel
et al. (2012), studied the mitochondrial gene Afp9
in 24 populations collected from the
Eastern USA. This study found a surprisingly
low level of mitochondrial population structure
in wild carrot populations. In fact, although the
observed Fgr value indicated population struc-
turing (Fst = 0.34), it was quite low when
compared to estimates derived from haploid,
maternally inherited markers in other angiosperm
species (mean for 124 angiosperm species:
Fst = 0.637; Petit et al. 2005). Note that the
generally high levels of organellar Fgt in
angiosperms (compared to nuclear estimates) are
due to reduced effective population size (and thus

more effective genetic drift) due to haploidy and
uniparental inheritance (Blanchard and Lynch
2000), as well as generally lower dispersal of
seeds versus pollen. This finding of lower than
expected organellar Fgp suggests wild carrot
seeds may move much more efficiently than
those of other angiosperm species on average
and/or that organellar DNA may occasionally be
transmitted via pollen (see Sect. 4.3.3). A lower
than expected geographic structuring of mito-
chondrial diversity was also reported in a study
wild populations of carrot from France, Greece,
the Mediterranean Basin, and Asia. Ronfort et al.
(1995) found on average that 4.4 mitochondrial
haplotypes were present per population and that
populations tended to share haplotypes indicating
a moderate amount of gene flow among them.
Taken together, these results indicate that gene
flow is occurring among wild carrot populations.
However, the data suggests that the majority of
pollen dispersal occurs at fairly short distances
(Rong et al. 2010). Dispersal by seeds can occur
over long distances by attaching themselves to the
fur of animals (Manzano and Malo 2006).
Genetic differentiation among carrot populations
tends to be low, although intermediate levels have
also been detected (Mandel et al. 2016; Reiker
et al. 2015; Rong et al. 2013; Shim and Jergensen
2000). Low genetic differentiation suggests high
gene flow although rates of migration measured
using the program BayesAss among wild carrot
populations tended to be low (Rong et al. 2013;
Mandel et al. 2016). Contemporary measures of
dispersal were larger than historical gene flow
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measures (Rong et al. 2010, 2013). Genetic dif-
ferentiation among wild carrot populations may
increase as a result of their proximity to cultivated
carrot fields (Mandel et al. 2016). More studies of
gene flow among wild carrot populations are
needed to generalize the patterns of gene flow
occurring in wild carrot populations.

4.3 Consequences of Gene Flow
4.3.1 Gene Flow Among Crop Fields
and Between Crop

and Wild

Gene flow among crop fields has implications for
maintaining cultivar purity. The flow of genetic
material between fields of cultivated carrot for
root production is less of a concern. However, for
the production of carrot seed, stricter guidelines
are generally followed to prevent unwanted gene
flow. In the USA, commercial growers typically
plant orange cultivar varieties with different root
shapes a minimum of 3 km apart and fields with
different root colors are kept a minimum of 5 km
apart (Grzebelus et al. 2011).

Gene flow from wild to cultivated carrot can also
negatively impact cultivar purity. Grzebelus et al.
(2011) describe that carrot foundation seed is kept
atminimum of 1 km distance to wild carrot sites to
maintain purity and quality of the seed. In general,
carrot seed production in the USA occurs in areas
where wild carrot is uncommon; however, at least
one carrot seed production site on the Olympic
Peninsula struggles with potential contaminants
from wild carrot. In fact, there is a campaign on the
Peninsula by Washington State University and the
Clallam County Extension office to prevent wild
carrot from “going to seed.” In Washington State, it
is a noxious weed and is considered to threaten
commercial seed production. An active public
education campaign (including “Wanted” posters)
to remove Queen Anne’s Lace in the county was
launched (Fig. 4.1). Proximity of wild carrot to
seed production areas is also an issue in Europe and
can result in the presence of bolters (flowering in
their first year) in carrot production areas (Rong
et al. 2010).
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Gene flow from crop to wild carrot popula-
tions has implications for the introduction (gene
flow and hybridization) and spread (introgres-
sion) of cultivar genes into wild populations.
Moreover, carrot can be used as a model for the
spread of transgenes or other genetically modi-
fied genes into wild populations (see Sect. 4.3.3).
Gene flow from the crop fields into wild popu-
lations does occur and can be substantial as
demonstrated earlier (see Sect. 4.2.1). Gene flow
from cultivated to wild carrots produces F1
hybrids. However, the spread of the cultivar
genes within and among wild carrot populations,
i.e., the formation of first- and later-generation
backcrosses and F2, indicating that the genes are
introgressing into wild populations, requires
either that the F1 hybrids have a selective
advantage over wild plants, i.e., have greater
seed set or survival relative to the wild plants,
else selection is not occurring and the spread
must result from neutral processes, a balance
between gene flow and genetic drift. The evi-
dence accumulated to date (see Sect. 4.2.1) does
not suggest a selective advantage to F1 hybrids
(Ghosh 2012; Hauser et al. 2004; Hauser and
Shim 2007; Umehara et al. 2005) and one study
(Hauser 2002) demonstrated a selective disad-
vantage to F1 hybrids. From that study, F1
hybrids survived frost less than wild carrots and
only slightly better than the cultivars indicating
that frost could limit their survival in the wild
(Hauser 2002).

The current evidence indicates that selection
would not favor the spread of cultivar genes
within wild carrot populations. Future studies of
wild carrot populations are therefore needed to
explain why wild carrot populations closer to
cultivated carrots are less genetically differenti-
ated from cultivated carrots relative to wild pop-
ulations located at a greater physical distance from
these fields. In other words, is gene flow between
cultivated and wild carrot sufficient to maintain
such differences or are the cultivar genes intro-
gressing into wild carrot populations? If cultivar
genes are introgressing into wild carrot popula-
tions, we expect movement of cultivar genes
among wild carrot populations and the presence of
later-generation hybrids (i.e., backcrosses) in wild
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carrot populations. However, as noted earlier, the
presence of first-generation backcrosses in wild
populations could also result from gene flow of
early bolter plants from cultivated to wild popu-
lations and therefore be the result of the bidirec-
tional gene flow that occurs between cultivated
and wild carrot. More studies are needed to
determine how widespread cultivar genes are in
wild carrot populations and to understand the
mechanisms that contribute to the establishment
of cultivar genes in wild carrot populations and to
their spread over the wild carrot landscape.

4.3.2 Gene Flow Among Wild Carrot
Populations

Gene flow among wild carrot populations has
been reported from both wild carrot populations
in the USA and across Europe where studies have
been conducted (e.g. Mandel et al. 2016; Reiker
et al. 2015; Ronfort et al. 1995; Rong et al. 2010,
2013). Gene flow among wild carrot populations
will facilitate the spread of cultivar genes over the
wild carrot landscape. Gene flow via seeds will
facilitate establishment into new areas and may
have contributed to the successful establishment
of wild carrot across much of the globe (see
Chap. 2). By homogenizing the genetic compo-
sition of wild carrot populations, gene flow can
hinder processes of local adaptation as selection
must be strong to counteract the effects of gene
flow. Studies have reported local adaptation for
life history of carrot populations with generally
shorter generation times (becoming more
annual-like) in lower latitudes as compared to
more northern (Lacey 1988) suggesting some
degree of local adaptation. In the Netherlands
over a smaller latitudinal scale, de Jong et al.
(2016) demonstrated only small differences in life
history strategy and other fitness measures across
six different populations of wild carrot and sug-
gested that genetic differences among populations
were minimal. Wild carrot populations in the
Netherlands have a great majority of annuals (de
Jong et al. 2016) while in the USA annuals are
more common in the southern latitudes and
biennial and perennials are more dominant at
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northern latitudes (Lacey 1988). A greater fre-
quency of annuals could increase population
growth rate relative to biennials (Van Etten and
Brunet 2017, unpublished data). Therefore, a
number of questions remain unanswered with
regard to gene flow in wild carrot. We need more
estimates of gene flow among wild carrot popu-
lations in different areas. The population
dynamics of wild carrot populations is an under-
studied area and research in this area could yield
insights into the establishment of weedy species
to novel environments especially under a chang-
ing climate. The variation in life history strategies
observed in wild carrot makes it a great system to
examine the relationships between life history
strategies and population growth rate and range
expansion and to study the role of population
dynamics in the spread of cultivar genes in wild
carrot populations (see Sect. 4.4).

4.3.3 Implications for Transgene

Escape

While genetically engineered (GE) crops provide
many agricultural and consumer benefits, there
have been growing concerns over the use of GE
crops. One concern relates to the potential for the
GE crop itself to become weedy and/or invasive
(Craig et al. 2008). Another major issue relates to
the risk of escape of GE genes from an agricul-
tural setting to the wild by gene flow or intro-
gressive hybridization. Given that crop plants
and their sexually compatible wild relatives often
overlap in terms of geographic proximity and
phenology (Ellstrand 2003), the likelihood of
gene escape can be quite high. Assuming that
crop-wild gene flow does occur, the chief con-
cern is that a GE gene escape could result in the
production of an increasingly weedy or invasive
wild plant populations (Burke 2004; Craig et al.
2008; Raybould and Gray 1994).

A number of strategies have been suggested
for minimizing the risks associated with GE gene
escape. One approach is the insertion of GE
genes into an organellar genome (i.e., either the
plastid or mitochondrial genome), as these
cytoplasmic genomes are typically maternally
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inherited in angiosperms (Bilang and Potrykus
1998; Birky 2001; Daniell and Edwards 2011;
Daniell et al. 1998; Gressel 1999; Grevich and
Daniell 2005; Ijaz 2010; Verma and Daniell
2007). The resulting lack of transmission through
pollen would presumably reduce the probability
of “escape” to related weedy species (Bilang and
Potrykus 1998; Daniell et al. 1998; Gressel 1999;
Grevich and Daniell 2005; Ijaz 2010; Verma and
Daniell 2007), as pollen would be unable to serve
as a vector for gene transfer from crop plants to
their sexually compatible wild relatives. Cyto-
plasmic inheritance is, however, far from uni-
versal (Corriveau and Coleman 1988; Ellis et al.
2008; McCauley et al. 2007; Reboud and Zeyl
1994; Rohr et al. 1998; Sears 1980; Zhang et al.
2003), and mathematical models have suggested
that even low levels of transmission may be
sufficient for the establishment and spread of
advantageous transgenes in the wild (Haygood
et al. 2004). Moreover, the paternal leakage of
cytoplasmic inheritance observed in carrots
makes this approach less reliable (Mandel et al.
2016).

Paternal leakage of cytoplasmic genomes via
transmission through pollen can result in
heteroplasmy (having a mixture of different
plastid or mitochondrial genomes within the
same individual) (reviewed in McCauley 2013;
illustrated in Mandel et al. 2016). In wild carrot,
substantial levels of heteroplasmy in the mito-
chondrial and plastid genomes of wild carrot
have been reported, potentially caused by some
degree of paternal leakage (Mandel et al. 2012,
2016; Mandel and McCauley 2015). Further-
more, Mandel et al. (unpublished data) have
shown that heteroplasmy can be inherited from
mother to offspring and maintained in the off-
spring. Thus, if a transgene escapes via pollen
into wild populations, it may persist in the wild
being maintained in the heteroplasmic state for at
least one generation following the leakage event.
No transgenic carrots have been released, so the
concern in this system is not high; however,
carrot serves as a good model for studying
heteroplasmy and paternal leakage, and the
results have implications for other crop systems
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where organellar placement of transgenes has
been proposed.

An alternative strategy with similar outcomes
would be to insert the GE gene(s) in area(s) of
the carrot genome shown not to introgress into
wild carrot populations. More research is needed
in this area, and study of introgression using
genomic approaches should help identify areas of
the carrot genome that are not prone to intro-
gression. With gene editing methods, these
regions would be helpful to reduce unwanted
introduction of these edited genes into wild
populations if the edited genes were located on a
“non-introgressive” section of a chromosome.

4.4 Future Approaches
and the Need to Incorporate
Population Dynamics
into Studies of Introgression

The study of gene escape and spread is compli-
cated: many ecological, demographic, and pop-
ulation genetic processes affect the spread and
establishment of genes within and among popu-
lations including dispersal rates, life history
traits, population growth rates, fitness, and the
environment. With the growing concern that
escaped GE genes could have significant detri-
mental effects on natural communities (Chapman
and Burke 20006; Ellstrand et al. 2013; Rieger
et al. 2002), a major goal in biotechnology risk
assessment is to develop methods that allow the
prediction of the fate of an escaped gene (both
the rate of spread and the potential for estab-
lishment). A critical gap in this area of study and
therefore in our understanding of the introgres-
sion process is the interplay between population
genetics and population dynamics in leading to
the successful spread of an escaped gene.
Population dynamics can provide data on
traits or characteristics most influential to wild
carrot population growth and provide informa-
tion on which life stages to target to prevent
unwanted spread of wild carrot. For example,
using a stage structure model for a biennial life
cycle with a reproductive and a non-reproductive
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stage, Van Etten and Brunet (2017) obtained
increasing population growth (i.e., lambda > 1.0)
for carrot populations with a growth rate of 1.9
when germination was low and 6.1 with high
germination. The model was parameterized using
values for reproduction, germination rate, over-
winter survival and flowering rate, obtained from
wild carrot populations in Wisconsin. The aver-
age seed production per plant was 4402 + 484
seeds per plant (mean =+ s.e.), germination rate
of 0.027 (low) or 0.309 (high), overwintering
survival of 0.409 and a flowering rate of 0.063.
The model demonstrated that reproduction from
a single plant could increase the population by
382 individuals within three years. Sensitivity
analyses highlighted the transition from non-
reproductive to reproductive, which included
overwinter survival and flowering rate, as having
the greatest impact on population growth. The
proportion of non-reproductives that remained
non-reproductive had the least impact on popu-
lation growth.

This population dynamics approach can also
be used to examine whether annuals or biennials
are more likely to persist in different types of
environment, environments that affect reproduc-
tion and survival. Using matrix modeling, Van
Etten and Brunet (unpublished data) showed that
annuals will be more common in favorable
environments and remain at low frequency in
harsher environments which favor biennials.
Interestingly, in wild carrot populations, there is
a strong environmental component to life history
strategies with more annuals observed in richer
environments and more biennials in environ-
ments with poor resources (Lacey 1986; Verkaar
and Schenkeveld 1984). The matrix modeling
approach can also help examine whether and
how hybrids may influence population growth
and under what conditions they can be main-
tained. While these questions examine popula-
tion dynamics, besides the population growing, a
GE or cultivar gene introduced into a wild carrot
population via gene flow (F1) has a trajectory
and, depending on its fitness relative to wild
carrots, it can increase or decrease in frequency
in the population or remain neutral (exhibits
no fitness advantage or disadvantage). This
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trajectory will occur irrespective of whether a
population is increasing or decreasing or
remaining stable. Population genetics approaches
have typically been used to study the spread of
GE or cultivar genes in wild populations;
however, combining population dynamics with
population genetics, although not an easy task,
would provide a clearer picture of the fate of GE
genes introduced into wild populations. We
therefore recommend that efforts be placed into
this area of study because predicting the fate of
introduced genes and understanding the factors
that affect their spread will help design man-
agement strategies that best contain them and
limit their spread.

4.5 Conclusions

In many carrot-producing regions throughout the
world, wild carrot populations can be found
growing in close proximity to cultivated carrot
fields, and there are also reports of wild carrot
growing within cultivated carrot fields. Culti-
vated and wild carrot are fully inter-fertile, often
overlap in flowering time, and hybrids between
cultivated and wild carrot may sometimes have
high fertility and viability. Gene flow between
cultivated and wild carrot is bidirectional and this
bidirectionality may even contribute to the
maintenance of first-generation backcross indi-
viduals in wild carrot populations. While gene
flow between crops and wild carrots appears
extensive, more work is needed to generalize
about gene flow among wild carrot populations.
The greater level of genetic differentiation among
wild carrot populations at different geographic
distances from cultivated carrots could simply
reflect high gene flow from crop to wild carrot
and not be an indicator of limited gene flow
among wild carrot populations. The spread of
wild carrots over the landscape suggests a good
ability to disperse genes, and seed dispersal at
least has been documented to happen over long
distances.

It is not clear whether cultivar genes have
introgressed into wild carrot populations. Gene
flow does occur and F1 hybrids are formed and
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some first-generation backcrosses may occur but
their spread beyond the populations closest to
cultivar fields has not to date been demonstrated.
Although wild populations in proximity to cul-
tivated carrots are more similar genetically to
cultivated carrots relative to wild populations
further away, this could simply result from high
gene flow between crop and wild carrot. In fact,
there is little evidence that the F1 hybrid indi-
viduals have a selective advantage over wild
carrot and they may actually be at a disadvan-
tage. Without a selective advantage to the F1
hybrid, selection will not help cultivar genes
increase in frequency within wild carrot popula-
tions and the frequency of cultivar genes would
depend on the balance between gene flow and
genetic drift. Because wild carrot populations
tend to be large, at least in the USA, the effect of
genetic drift is expected to be small and gene
flow would dominate the process.

New methodologies such as gene editing
increase the chances that modified genes will be
released in carrot and in many other crops in the
future. To prepare for this eventuality and to
prevent unwanted gene escape and gene spread
into wild populations of close relatives, it is
important to have a good understanding of the
process. Knowledge of gene flow from crop to
wild and among wild populations are very
important parameters in this process. An under-
standing of the impact of population dynamics
and population genetics on the spread and
introgression of cultivars or modified genes will
help us better understand and prevent the
potential consequences of such actions. Carrot is
a good model system to study these processes to
help develop and test models of the spread of
modified genes into wild populations.

The wide variation in life history characteris-
tics in carrots will influence the rate of growth of
populations and can influence range expansion.
These characteristics will influence gene flow
among wild carrot populations, and this is an
area of study where more work is needed to
understand the influence of life history traits on
gene flow. Moreover, the life history character-
istics will affect how quickly cultivar genes can
spread within wild carrot populations. There is
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also a need for combining population genetics
and population dynamics approaches in the study
of the spread of cultivar genes and of any GE
genes in carrot and in other crop/wild systems.
Carrot can serve as a great model to develop such
approaches as the variation in life history
strategies can facilitate the testing of different
hypotheses for the mechanism of spread of cul-
tivar and/or GE genes in wild populations.
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Abstract

The domestication syndrome of carrot (Dau-
cus carota subsp. sativus) includes increased
carotenoid, anthocyanin, and sugar content,
loss of lateral root branching, biennial growth
habit, and increased size and variation of root
shape. Recent advances in high-throughput
sequencing and computational techniques
have facilitated new ways to study the genetic
and genomic changes that accompany plant
domestication. While most genetic studies
now support a central Asian center of domes-
tication for carrot much remains unknown
regarding the genetic mechanisms that con-
tribute to phenotypic changes associated with
domestication. Most research to study the
genetics of plant domestication uses a
top-down approach, which begins with a
phenotype of interest and then identifies
causative genomic regions via genetic analy-
ses such as quantitative trait locus (QTL) and
linkage disequilibrium (LD) mapping. An
alternative approach is to start by identifying
genes or genomic regions with signatures of
selection and then make use of genetic tools to
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identify the phenotypes to which these genes
contribute, also referred to as a bottom-up
approach. In this chapter, we present a
thorough review of genetic and genomic
studies that have used both top-down and
bottom-up approaches to study the domesti-
cation syndrome of carrot.

Domestication Introduction
and Overview

5.1

Darwin (1868) was first to describe how human
selection altered plants to meet human food,
fiber, shelter, medicinal, and aesthetic needs
(Gepts 2004). The process of domestication fol-
lows a similar path in most species where the
plant is first cultivated and then conscious and
unconscious selection occurs to modify plant
characteristics to meet human needs, typically
resulting in a plant that has lost its ability to
survive without human intervention (Harlan
1992). Early studies of where plant domestica-
tion first occurred were dominated by the centers
of origin concept. This hypothesis, initially pro-
posed by Candolle (1884) and later refined by
Vavilov (1926), posits that domestication
occurred in a few discrete geographies or “cen-
ters”. Recent genomic and archeological data
suggest that the concept of discrete centers of
origin or diversity may oversimplify the actual
histories of cultivated species. In many cases,
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Primary Domestication
Enlarged Taproot
Biennial Growth Habit
Reduction of lateral branching
Lutein and anthocyanin presence

Shape

Fig. 5.1 Domestication syndrome in carrot during pri-
mary domestication, secondary domestication, and carrot
improvement. White arrows (left to right) align with
phenotypic shifts between wild and primary domesticates

the evolution of crop plants has been a more
complex and continuous process (Harlan 1971;
Meyer and Purugganan 2013). Although limited
in universality, these concepts remain useful
frameworks for finding and preserving valuable
variation for plant breeding and determining the
extent of genotypic and phenotypic evolution in
crops (Ross-Ibarra et al. 2007).

The domestication syndrome is a set of phe-
notypic characteristics that are common across
crop plants and include grain retention by loss of
shattering (rice, barley, wheat, and soybean),
reduction of lateral branching (maize and sun-
flower), increase in organ size (tomato, potato,
and bean), and flowering-time modification
(small grains, sunflower, maize, and soybean)
(Harlan 1971; Meyer and Purugganan 2013;
Zohary and Hopf 2000). After primary traits have
been selected and fixed, the process of domesti-
cation often has directed more attention to quality
traits such as color, shape, and flavor, and
physiological traits contributing to uniformity
(Doebley et al. 2006). The domestication

Secondary Domestication
Carotene presence
Flavor
Loss of lateral branching

Improvement
Flavor
Uniformity
Anthocyanin and carotenoid accumulation
Male sterility
(A)biotic stress tolerance

and secondary domesticates and secondary domesticates
and improved varieties. Domestication syndrome traits
associated with each stage are listed below the white
arrows

syndrome of carrot (Daucus carota subsp. sati-
vus) includes increased carotenoid, anthocyanin,
sugar content, loss of lateral root branching,
biennial growth habit, and increased size and
variation of root shape (Fig. 5.1). After domes-
tication, carrot improvement traits have included
better flavor, nutrition, uniformity, (a)biotic
stress tolerance, and male sterility for hybrid
cultivar development (Fig. 5.1).

5.2 Wild Carrot Distribution

Wild carrot (D. carota subsp. carota), also
known as Queen Anne’s lace, is native to tem-
perate regions of Europe and Western Asia, and
has been introduced into America, New Zealand,
Australia, and Japan (Bradeen et al. 2002; lorizzo
et al. 2013; Rong et al. 2010). It is speculated that
the seed was the first part of the carrot plant
used by humans, as observed by the presence
of carrot seed at prehistoric human habitations
in Switzerland and Southern Germany,
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4000-5000 years ago (Neuweiler 1931). Wild
carrot seed was likely used medicinally or as a
spice  (Andrews 1949; D. Brothwell and
P. Brothwell 1969). The Romans used carrot
seed as an aphrodisiac and to render the body
safe from poison (Stolarczyk and Janick 2011).
In fact, Roman-made pills containing carrot seed
were recovered from a shipwreck that occurred
approximately 130 BCE (Fleischer et al. 2010).

5.3 Carrot Domestication
and Dispersal

The first evidence of carrot used as a storage root
crop is in the Iranian Plateau (Afghanistan,
Pakistan, and Iran) and the Persian Empire
(modern day Turkey) in the tenth century AD (D.
Brothwell and P. Brothwell 1969; Laufer 1919).
The Iranian Plateau was described as the primary
center of greatest carrot diversity (Heywood
1983; Mackevic 1929; Vavilov 1951) with Tur-
key being proposed as a secondary center of
diversity (Banga 1963a, b; Clement-Mullet 1866;
Vavilov 1951). Several recent studies support a
Central Asian center of domestication by show-
ing that domesticated carrots from Central Asia
are more genetically similar to wild samples from
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the same region, as compared to wild samples
from Turkey (Arbizu et al. 2016; Ellison et al.
2018; Iorizzo et al. 2013; Rong et al. 2014). Wild
carrot roots lack carotenoid and anthocyanin
pigments and are therefore white. The first
descriptions of domesticated carrot roots inclu-
ded purple and yellow types and therefore these
traits were likely some of the first human selec-
tions in carrot. Purple and yellow carrots spread
west to Syria, North Africa, the Mediterranean
region, and Southern Europe during the eleventh
to fourteenth centuries (Fig. 5.2) (Simon 2000;
Smartt and Simmonds 1976). Carrot arrived in
Europe in the early middle ages after the Arab
conquest and the revival of horticulture under
Charlemagne. Documents from Muslim Spain
and Christian Europe describe carrots as purple
and yellow without any mention of orange
(Banga 1957b, 1963b). Carrot spread eastward to
China, India, and Japan during the thirteenth to
seventeenth centuries (Banga 1957a, b, 1963a, b;
Shinohara 1984) (Fig. 5.2). Purple root color was
apparently popular in eastern regions, yellow
more popular in the west although the red (likely
purple) carrots in twelfth century Spain were
described as more “juicy and tasty” than the
“more coarse” yellow types (Banga 1957a;
Clement-Mullet 1866). The Asiatic carrot was
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Fig. 5.2 Origin and spread of carrot throughout the
world. Dates shown indicate the first known appearance
of domesticated carrot within a region. Colors within the

cartoon carrots indicate the most prevalent carrot pigment
class found in that region at the time of first arrival
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developed from the Afghan type and a true red
type appeared in China and India around the
1700s (Laufer 1919).

In Europe, genetic improvement led to a wide
variety of cultivars. White and orange-colored
carrots were first described in Western Europe in
the early 1600s (Banga 1963a, b). It is unknown
why carrot breeders shifted their preference to
orange types, but this preference has had a sig-
nificant effect in providing a rich source of vitamin
A, from o- and PB-carotene, to carrot consumers
ever since (Simon 2000). The modern orange
carrot was stabilized by Dutch growers in the
sixteenth and seventeenth centuries, supported
from variety names and contemporary works of art
(Banga 1957b; Stolarczyk and Janick 2011)
(Fig. 5.2). Soon after orange carrots became
popular, the first named carrot cultivars came to be
described in terms of shape, size, color, and flavor,
and the first commercially sold carrot seed became
available (Banga 1957b; Simon 2000; Simon et al.
2008). Orange carrots first arrived in North
America during the early seventeenth century
(Rubatzky et al. 1999) (Fig. 5.2). After the eigh-
teenth century, with the discovery of gold, there
was a strong and systematic immigration from the
Acores islands to the South of Brazil. Immigrants
brought along many varieties of vegetables
including white, yellow, purple, and red carrots
from Spain, Holland, and Germany (Madeira et al.
2008) (Fig. 5.2).

Several hypotheses have been proposed to
explain the origin of orange carrots: (1) Vilmorin
(1859) concluded that orange carrots were
selected from European wild carrots; (2) Small
(1978) and Thellung (1927) discussed the pos-
sibility that orange carrot had a Mediterranean
origin, resulting from a hybridization event with
D. carota subsp. maximus (3) Banga (1957b)
concluded that orange carrots were selected from
yellow cultivated carrots; and (4) Heywood
(1983) concluded that orange carrots were
hybrids between European cultivated and wild
carrots. A study by lorizzo et al. (2013)
demonstrated that wild carrots from Europe and
samples of D. maximus, grouped into two sepa-
rate clades that are phylogenetically distinct from
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all cultivated carrot, contrary to the hypotheses of
Vilmorin (1859), Thellung (1927), Small (1978),
and Heywood (1983). Additionally, Iorizzo et al.
(2013) found orange carrots formed a sister clade
with all other cultivated carrots (yellow, red, and
purple) supporting the idea that orange carrot
was selected from cultivated carrot. Their work
provides support for Banga’s hypothesis that
orange root color was selected out of yellow,
domesticated carrots (Banga 1957b). In fact,
there now appears to be three genetic loci (Y, s,
Or) that must be fixed for the “domestication
allele” to maximize carotenoid accumulation in
carrot (Ellison et al. 2017, 2018; Iorizzo et al.
2016).

5.4 Historic Evidence of Carrot
Domestication

The wide distribution of wild carrot, the absence
of carrot remains in archeological excavations,
and lack of historical documentation make it
challenging to determine precisely where and
when carrot domestication was initiated. A partic-
ular challenge is that of carrot and parsnip
nomenclature. Carrot and parsnip have often been
confused in historical references and in many
cases were discussed interchangeably. In classical
and medieval texts, both vegetables were com-
monly referred to as “pastinaca’” making it difficult
to know if authors were discussing carrots or
parsnips. We refer the reader to Nissan (2014) for
an extensive review of the etymology of the word
carrot and the relationship between the word and
its origins. Furthermore, there have been numer-
ous theories regarding the first occurrence of
orange carrots in works of art. Art works alone are
not considered to be strong evidence for crop
origins as the colors used are not always true to
type and artists may use “artistic freedom” to
embellish or deviate from the subject matter. We
refer the reader to Stolarczyk and Janick (2011)
and Vergauwen and Smet (2016) for extensive
reviews of historical documentation, particularly
artwork, as related to the origin of various pig-
mentation classes of carrot.
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5.5 Genetics and Genomics
of Carrot Domestication

Recent advances in high-throughput sequencing
and computational techniques have facilitated
new ways to study the genomic changes that
accompany plant domestication. There is sub-
stantial interest in discovering the genes and
genetic mechanisms that contribute to phenotypic
changes associated with domestication, because
their identification may facilitate trait manipula-
tion during breeding. Most research to study the
genetics of plant domestication uses a top-down
approach, which begins with a phenotype of
interest and then identifies causative genomic
regions via genetic analyses such as quantitative
trait locus (QTL) and linkage disequilibrium
(LD) mapping. An alternative approach is to start
by identifying genes or genomic regions with
signatures of selection and then make use of
genetic tools to identify the phenotypes to which
these genes contribute, also referred to as a
bottom-up approach (Ross-Ibarra et al. 2007).

5.6 Population Structure
and Genetic Diversity

Many studies have analyzed population structure
and genetic relatedness in carrot. Population
structure can cause spurious correlations between
the genetic background and traits of interest in
association studies and therefore must be
accounted for by using a mixed model approach
such as proposed by Zhang et al. (2010). Fur-
thermore, population structure and genetic relat-
edness can shed light on where domestication
may have occurred and if gene flow is continu-
ous between wild and domesticated populations.
Finally, understanding the genetic diversity
within breeding resources is important for
developing carrot varieties with new beneficial
alleles.

Strong population structure is commonly
observed between wild and domesticated carrots
(Bradeen et al. 2002; Rong et al. 2014; Shim and
Jorgensen 2000) and between eastern (Central
and Eastern Asia) and western (American and
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European) geographies (Baranski et al. 2012;
Clotault et al. 2010; Ellison et al. 2018;
Grzebelus et al. 2014; Iorizzo et al. 2013, 2016;
Maksylewicz and Baranski 2013; Soufflet-
Freslon et al. 2013). However, there is evidence
of continuous gene flow where populations
overlap geographically, such as in Europe and
the USA where wild accessions are present in
areas where domesticated carrot is grown. There
is significant overlap in structure between wild
and domesticated samples from the eastern
group. This may be attributed to either recent
admixture or to domesticated carrots sharing
many of the same alleles as wild carrots from the
region.

Further geographic substructure has been
observed by Arbizu et al. (2016) including the
Balkan Peninsula and the Middle East, North
Africa exclusive of Morocco, and the Iberian
Peninsula and Morocco with the two latter
groups confirmed by Ellison et al. (2018).
Interestingly, domesticated carrot germplasm in
the USA, representing many market types,
formed an unstructured population with only
some evidence of structure within the hybrid
imperator market class (Ellison et al. 2018; Luby
et al. 2016). Ma et al. (2016) used 119 carrot
accessions to investigate the relationship between
Chinese carrots and western orange varieties.
Their results indicated that western orange sam-
ples were clearly separated from Chinese carrots.
They concluded that Chinese orange carrots were
derived from Chinese red carrots according to the
mixed distribution of red and orange accessions
in the observed phylogeny, suggesting that Chi-
nese orange carrots may have undergone a
specific, independent process different from that
of western orange.

Although a reduction of allelic diversity
caused by a genetic bottleneck is a hallmark of
domestication, cultivated carrot does not appear
to have gone through a severe bottleneck. As
compared to domesticated western carrot, there is
slightly higher genetic diversity in wild and
eastern germplasm with advanced breeding
materials from the west containing the least
amount of observed diversity. Baranski et al.
(2012) assessed 30 SSRs in a collection of 88
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carrot accessions comprised of cultivars and
landraces mainly from Asia, Europe, and North
America and found genetic diversity of the Asian
gene pool was higher than that of the western
gene pool. lorizzo et al. (2013) used 3326 SNPs
to genotype 84 geographically well-distributed
wild and domesticated carrots samples and
observed no reduction of genetic diversity. Rong
et al. (2014) used 622 SNPs to genotype 115
domesticated carrots, wild carrots, and other wild
D. carota subspecies, and found genetic diversity
was significantly reduced in western cultivars;
however, a high proportion (85%) of genetic
diversity found in wild carrot was retained in
western cultivars. Consistent with these previous
findings, Iorizzo et al. (2016) found nucleotide
diversity estimates in wild carrots have a slightly
higher level of genetic diversity than domesti-
cated carrots as well as a clear reduction in
genetic diversity in inbred breeding lines. Mak-
sylewicz and Baranski (2013) studied
intra-population variation of 18 cultivated carrot
populations of diverse origins using 27 SSRs and
found accessions originating from continental
Asia and Europe had more allelic variants and
higher diversity than those from Japan and USA.
Also, allelic richness and variability in landraces
was higher than in F; hybrids and
open-pollinated cultivars. Finally, Ellison et al.
(2018) found little reduction in genetic diversity
in 520 domesticated carrot compared to 154 wild
carrot after analyzing over 30,000 SNPs.

5.7 Linkage Disequilibrium

Linkage disequilibrium (LD) between two loci
decays gradually in proportion to the recombi-
nation rate and time as measured in numbers of
generations. When mutations are under positive
selection, the LD surrounding the mutations is
maintained because of the hitchhiking effect
which produces longer haplotypes at high fre-
quencies within the population. Extended blocks
of LD found in domesticated populations as
compared to their wild counterparts can inform
researchers of potential regions of the genome
under selection. Additionally, LD decay rates are
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important for the design of powerful association
studies as they inform necessary marker density
and casual mutation discovery. Few studies to
date have assessed LD in carrot. In 2010, Clo-
tault et al. found carotenoid biosynthesis genes
did not exhibit LD decay (mean = 0.635)
within the 700-1000 bp analyzed.
Soufflet-Freslon et al. (2013) observed the
absence of LD decay across 4234 bp in the
CRTISO sequence. Similarly large blocks of LD
were found around the Y and cult candidate
domestication genes (lorizzo et al. 2016;
Macko-Podgérmi et al. 2017). The first estimates
of genome-wide LD found very rapid decay in
wild carrot and moderate decay in domesticated
accessions. Furthermore, decay was uneven
across the nine chromosomes and large blocks of
LD were found to correlate with observed sig-
natures of selection (Ellison et al. 2018). The
observed rapid LD decay in carrot suggests
genome-wide association studies (GWAS)
should be very useful for identifying candidate
genes as long as SNP density and coverage is
comprehensive.

5.8 Top-Down Approach: QTL
and LD Mapping
5.8.1 Anthocyanins
From a historical viewpoint, the appearance of
purple-colored carrot coincided with that of the
yellow carrot at the beginning of the domestica-
tion from white wild carrots in central Asia,
1100 years ago (Baranski et al. 2016). In
Southeastern Europe and Asia, purple carrot
became an important crop during the early
Middle Ages (Simon 2000; Stolarczyk and Jan-
ick 2011). Purple carrots accumulate abundant
cyanidin-based anthocyanins in taproots. Dis-
covery of candidate genes relating to antho-
cyanin production will be quite helpful when
tracing the origins of carrot domestication.
Several studies have mapped purple pigmen-
tation and anthocyanin content as well as analyzed
transcriptional differences between purple and
non-purple carrot taproots. Yildiz et al. (2013)
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quantified the gene expression of six anthocyanin
biosynthetic genes, phenylalanine ammonia-lyase
(PAL3), chalcone synthase (CHSI), flavanone 3-
hydroxylase (F3H), dihydroflavonol 4-reductase
(DFRI), leucoanthocyanidin dioxygenase
(LDOX2), and UDP-glucose:flavonoid 3-O-glu-
cosyltransferase (UFGT), in three carrot inbreds
with contrasting root color. Transcripts for five of
these genes (CHSI, DFRI, F3H, LDOX2, and
PAL3) accumulated at high levels in solid purple
carrots, less in purple—orange carrot, and low or no
transcript in orange carrots. In addition, they
mapped the PI locus that conditions purple root
color, to chromosome 3 near the anthocyanin
biosynthetic genes, F3H and FLSI. In 2014,
Cavagnaro et al. identified a total of 15 significant
QTL, mapped to six chromosomes, for all antho-
cyanin pigments and purple epidermis pigmenta-
tion. Eight of the QTL with the largest phenotypic
effects mapped to two regions of chromosome 3.
Additionally, a single dominant gene conditioning
anthocyanin acylation was identified and mapped.
In 2016, Chen et al. cloned the DcUSAGTI gene
from “Deep Purple” carrot taproots. UDP-glu-
cose: sinapic acid glucosyltransferase (USAGT)
helps stabilize the accumulation of anthocyanins.
Expression profiles of DcUSAGTI showed high
expression levels in the taproots of all three purple
carrot cultivars tested but low expression levels in
non-purple carrots. In many species, R2ZR3-MYB
transcription factors form “MBW” complexes
with other proteins and bind to the promoters of
target genes to directly activate the transcription of
structural genes in the anthocyanin pathway
(Baudry et al. 2004). In 2017, Xu et al. observed
that the expression pattern of DcMYB6 was cor-
related with anthocyanin production. DcMYB6
transcripts were detected at high levels in three
purple carrot cultivars but at much lower levels in
six non-purple carrot cultivars. Overexpression of
DcMYB6 in Arabidopsis led to enhanced antho-
cyanin accumulation in both vegetative and
reproductive tissues and upregulated transcript
levels of all seven tested anthocyanin-related
structural genes.
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The presence and accumulation of carotenoids in
carrot taproot is the hallmark of carrot domesti-
cation. Certainly, it is the most studied domesti-
cation trait and provides a clear phenotypic
divide between wild and domesticated carrot.
Although the historical record has several dif-
ferent accounts of when orange carrots first
occurred, the majority of researchers and histo-
rians believe orange carrots rose in popularity in
Europe hundreds of years after the first yellow
and purple cultivars were observed in Central
Asia. As more candidate genes relating to car-
otenoid accumulation are discovered, the origin
of pigmentation in carrot will become elucidated.

Initial efforts to understand the phenotypic
variation among white, yellow, and orange carrot
storage roots identified two major loci, ¥ and Y,
(Buishand and Gabelman 1979; Laferriere and
Gabelman 1968). A digenic segregation pattern
was observed in the F, when white roots were
crossed to orange, with some evidence that a
third gene, Y;, was segregating. Bradeen and
Simon (1998) used bulked segregant analysis and
found AFLP markers flanking the Y, locus at a
distance of 3.8 and 15.8 cM. Later, a SCAR
marker for Y, was developed to facilitate
marker-assisted selection for B-carotene (Brad-
een and Simon 1998). Just et al. (2007) mapped
twenty-two carotenoid biosynthetic pathway
genes on a carrot genetic linkage map developed
from a cross between orange-rooted and
white-rooted carrot. The two major interacting
loci Y and Y, were mapped to chromosomes 5
and 7, respectively, near carotenoid biosynthetic
genes zeaxanthin epoxidase, carotene hydroxy-
lase, and carotenoid dioxygenase (Cavagnaro
et al. 2011; Just et al. 2009; Santos and Simon
2002). In 2016, Iorizzo et al. identified a candi-
date gene, DCAR_032551, for the Y locus on
chromosome 5. This gene conditions carotenoid
accumulation in carrot taproot and is a homolog
of the Arabidopsis PSEUDO-ETIOLATION IN
LIGHT (PEL) protein. PEL presumably acts as a
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repressor of photomorphogenesis. Only carrot
varieties with a loss-of-function allele of the PEL
gene accumulate carotenoids in the root, sug-
gesting that their high pigment contents might
result from a derepressed development of
carotenoid-accumulating plastids (i.e., chloro-
plasts in the light but chromoplasts in the dark).
Ellison et al. (2017) identified a single large
effect QTL on the distal arm of chromosome 7
which overlapped with the previously identified
B-carotene accumulation QTL, Y,. Fine mapping
efforts reduced the genomic region of interest to
650 kb including 72 genes. Transcriptome anal-
ysis within this fine-mapped region identified 17
differentially expressed genes included tran-
scription factors and genes involved in light
signaling and carotenoid flux, including a mem-
ber of the Dil9 gene family involved in Ara-
bidopsis photomorphogenesis, and a homolog of
the PHLH36 transcription factor involved in
maize carotenoid metabolism.

Many carrot carotenoid studies have focused
on a candidate gene approach utilizing known
carotenoid biosynthetic genes, with particular
interest in phytoene synthase (PSY), the proposed
rate limiting enzyme in the carotenoid pathway
(Santos et al. 2005). Maass et al. (2009) over-
expressed crtB, a bacterial PSY gene, in white
carrots, to increase PSY protein amounts. This
resulted in increased carotenoids deposited in
crystals, similar to carotenoid amounts and
sequestration mechanisms found in Arabidopsis
when ArPSY is overexpressed in green and
non-green cells. Wang et al. (2014) utilized three
backcross inbred lines (BC2S4) with different
colored roots derived from a cross between an
orange inbred line and related wild species to
investigate the role of the duplicated DcPSY
genes in root carotenogenesis. Expression levels
of DcPSYI and DcPSY2 were generally posi-
tively correlated with carotenoid content during
root development. There were higher quantities
of DcPSY1 transcripts in carrot leaves compared
with roots suggesting that DcPSYI seems to be
more important in carotenoid accumulation in
photosynthetic tissues. Similarly, Bowman et al.
(2014) found increased phytoene synthase 1
(PSYI) and phytoene synthase 2 (PSY2)
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expression in orange carrot roots compared with
yellow and white carrots.

Clotault et al. (2012) analyzed partial
sequence from carotenoid biosynthetic pathway
genes IPI, PDS, CRTISO, LCYB, LCYE, CHXE,
and ZEP in 46 individuals representing a wide
diversity of cultivated carrots. An excess of
intermediate frequency polymorphisms, high
nucleotide diversity, and/or high differentiation
(Fst) was found in cultivated CRTISO, LCYBI,
and LCYE suggesting balancing selection may
have targeted genes acting centrally in the car-
otenoid biosynthetic pathway. Rong et al. (2014)
sequenced the root transcriptomes of cultivated
and wild carrots and looked for expression pat-
terns that differed radically between them. They
found elevated expression of
carotenoid-binding-protein genes in cultivars
which could be related to the high carotenoid
accumulation in roots. In 2014, Arango et al.
found overexpression of CYP97A3 in orange
carrots strongly reduced o-carotene and total root
carotenoids in the root and correlated with
reduced PSY protein levels while PSY expression
was unchanged. Furthermore, they identified a
deficient CYP97A3 allele containing a
frame-shift insertion in orange carrots. Associa-
tion mapping analysis using a large carrot pop-
ulation revealed a significant association of this
polymorphism with both o-carotene content and
the o-/B-carotene ratio and explained a large
proportion of the observed variation in carrots.
Jourdan et al. (2015) developed an unstructured
population of 380 samples and genotyped 109
SNPs located in 17 carotenoid biosynthesis genes
to test their association with carotenoid contents
and color components. Total carotenoids and
[-carotene contents were significantly associated
with genes zeaxanthin epoxydase (ZEP), phy-
toene desaturase (PDS), and carotenoid iso-
merase (CRTISO) while o-carotene was
associated with CRTISO and plastid terminal
oxidase (PTOX) genes. Ma et al. (2017) looked at
six different carrot cultivars to simultaneously
analyze carotenoid contents by high-performance
liquid chromatography and quantify the expres-
sion levels of genes involved in carotenoid
biosynthesis of carrot by quantitative PCR. They
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found that genes involved in xanthophyll for-
mation were expressed at high levels in yellow
carrot cultivars. However, these genes were
expressed at low levels in orange carrot cultivars.

Most recently, Ellison et al. (2018) used a
diverse collection of domesticated varieties and
wild carrot accessions to conduct an association
analysis for orange pigmentation and revealed a
significant genomic region that contained the Or
gene. In other species, the Or gene differentiates
non-colored plastids into chromoplasts, which
provide the deposition sink for carotenoid accu-
mulation (Lu et al. 2006). Analysis of sequence
variation at the carrot Or locus revealed a
non-synonymous mutation co-segregating with
carotenoid content. This mutation was absent in
all wild carrot samples and nearly fixed in all
orange domesticated samples. The Or domesti-
cation allele appears to have been selected after
the initial domestication of yellow carrots in the
east, near the proposed center of domestication in
Central Asia.

5.8.3 Flavor

Free sugars (sucrose, glucose, and fructose) are
the major reserves in mature carrot roots (Alab-
ran and Mabrouk 1973). Total sugar content is
moderately heritable in carrot (h* = 0.40) and
has a large effect on flavor which is highly cor-
related with sweetness (R*> = 0.95) (Simon
2000). The type of sugar accumulated in carrot
roots is conditioned by a single dominant gene,
Rs (Freeman and Simon 1983). Carrots with the
Rs/- genotype predominantly accumulate the
reducing sugars glucose and fructose, while rs/rs
carrots accumulate sucrose. The Rs allele occurs
in nearly all wild carrots with only rare incidence
of the rs allele (Freeman and Simon 1983). Yau
et al. (2003, 2005) found an rs/rs inbred line that
harbored a naturally occurring 2.5 kb insertion in
the first intron of acid soluble invertase isozyme
II. Co-dominant, PCR-based markers for acid
soluble invertase isozyme Il allowed genotyping
of the Rs locus in 1-week-old carrot seedlings
whereas mature carrot roots were needed to make
this evaluation previously. More recently, Liu

85

et al. (2018) surveyed the contents of soluble
sugar and sucrose in four carrot cultivars at five
different developmental stages. Three DcSus
genes (DcSusl, DcSus2, and DcSus3), were
identified and cloned in carrot. They found that
during carrot root development, the soluble sugar
content and sucrose content showed increasing
trends, while DcSus activities had persisting
declinations, which may be due to the decreasing
expression levels of genes encoding sucrose
synthase.

In carrots, terpenes are an important group of
secondary metabolites that are important for taste
and flavor but are also known to influence bit-
terness and harshness (Kramer et al. 2012).
Indeed harsh flavor is highly correlated
(R? = 0.93) with total volatile terpenoid content
(Simon 2000). Keilwagen et al. (2017) used
metabolite profiling to identify 31 terpenoid
volatile compounds in carrot leaves and roots in a
panel of 85 carrot accessions and
genotyping-by-sequencing (GBS) was used to
provide dense genome-wide marker coverage
(>168,000 SNPs). A total of 30 QTL were
identified for 15 terpenoid volatiles. Most QTL
were detected for the monoterpene compounds
ocimene, sabinene, B-pinene, borneol, and bornyl
acetate. In total, 27 genomic regions across the
nine carrot chromosomes associated with distinct
mono- and sesquiterpene substances and terpene
synthase candidate genes.

5.8.4 Flowering

Wild carrot is mostly biennial, but both annual
and short-lived perennial forms often occur. As a
biennial species, carrot plants develop leaves and
storage roots during the first year of growth, and
flowering is induced after a long vernalization
period. In some cases, wild carrot and landraces
adapted to warmer climates require less vernal-
ization and can be classified as early flowering or
annuals (Alessandro and Galmarini 2007). East-
ern carrots have a greater tendency toward early
flowering than western carrots, likely due to the
somewhat warmer climates over the eastern
production range. Once flowering occurs, the
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xylem quickly becomes lignified before the floral
stalk elongates and the taproot becomes woody
and inedible. During carrot domestication and
improvement, there has been strong selection
against premature flowering as it results in a
complete loss of the commercial value of the
crop. Despite its economic importance only a few
studies have looked into the genetic control of
flowering in carrot.

In 2013, Alessandro et al. created an F, pop-
ulation, derived from the intercross between the
annual cultivar “Criolla INTA” and a petaloid
male sterile biennial carrot. They evaluated early
flowering habit, named Vrnl, which was found
to be a dominant trait conditioned by a single
gene. Vrnl mapped to chromosome 2 with
flanking markers at 0.70 and 0.46 cM. Ou et al.
(2016) used RNA-seq in a wild carrot species
sensitive to flower induction by vernalization and
photoperiod and an orange cultivar to identify
flowering-time genes and wuse digital gene
expression (DGE) analysis to examine their
expression levels. Homologs of COL2,
CONSTANS-LIKE 5 (COLS5), SUPPRESSION
OF OVEREXPRESSION OF CONSTANS 1
(SOC1), FLOWERING LOCUS C (FLC), and
GIBBERELLIC ACID INSENSITIVE (GAI) were
differentially expressed between the early flow-
ering wild carrots and domesticated carrots. Shen
et al. (2018) used a set of backcross inbred lines
developed by crossing a wild carrot with an
orange cultivar to map days to initial flowering
(DIF), main stalk length (MSL), and seed weight
per plant (SWP). Two, four, and two QTLs
associated with DIF, MSL, and SWP were dis-
covered, respectively, with 14.6-23.8% pheno-
typic variance. The QTL for DIF mapped to
chromosomes 1 and 5.

5.8.5 Root Shape

The ability to form a fleshy storage root, with
reduced lateral branching, was undoubtedly one
of the first selected domestication traits in carrot.
Later, during carrot improvement, a vast array of
carrot shapes and sizes become important for
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classifying market types grown in different
regions of the world, many of which are still used
today. Until recently, very few carrot root shape
studies were conducted likely due to the diffi-
culty of phenotyping root traits. Fortunately,
modern advances in automated image analysis
have started to help unravel complex traits such
as root system architecture.

Macko-Podgérni et al. (2017) identified a
candidate  domestication = syndrome  gene,
DcAHLcl, carrying three non-synonymous sin-
gle nucleotide polymorphisms and one indel that
systematically differentiates wild and cultivated
accessions. This gene belongs to the AT-hook
motif nuclear localized (AHL) family of plant
regulatory genes which are involved in the reg-
ulation of organ development, including root
tissue patterning. AHL genes work through direct
interactions with other AHL family proteins and
a range of other proteins that require intercellular
protein movement. They speculate that DcAHLcI
might be involved in the development of the
carrot storage root, as the localization of the gene
overlapped with one of the QTL for root thick-
ening. Turner et al. (2018) developed an auto-
mated analysis platform that extracts size and
shape components for carrot shoots and roots.
This method reliably measures variation in shoot
size and shape, petiole number, petiole length,
and petiole width, root length, and biomass. They
used the imaging pipeline to phenotype an F,
mapping population consisting of 316 individu-
als which segregated for root and shoot mor-
phologies and identified co-localization of
quantitative trait loci for shoot and root charac-
teristics on chromosomes 1, 2, and 7, suggesting
these traits are controlled by genetic linkage
and/or pleiotropy. Machaj et al. (2018) reported
the first comparative transcriptome analysis
between wild and cultivated carrot roots at mul-
tiple developmental stages. Comparisons of
expression between cultivated and wild carrot
found that transcription factors and genes
encoding proteins involved in post-translational
modifications were mostly upregulated, while
those involved in redox signaling were mostly
downregulated. Also, genes encoding proteins
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regulating cell cycle, involved in cell divisions,
development of vascular tissue, water transport,
and sugar metabolism were enriched in the
upregulated clusters of cultivated carrot.

5.9 Bottom-up Approach:
Signatures of Selection

One of the most observed trends during crop
domestication is a reduction of genetic diversity
caused by a genetic bottleneck (Doebley et al.
2006). Since selected genes experience more
severe bottlenecks than unselected ones, the
reduction of genetic diversity becomes uneven
along chromosomes and creates distinct genetic
characteristics that can be used to identify
selective sweeps. Within domesticated popula-
tions, low genetic diversity (m), Tajima’s D, and
runs of extended haplotype homozygosity
(EHH) can be used to find recent positive
selection (Nielsen 2005). When the population
data of both wild ancestors and modern domes-
ticated accessions are available, the selective
sweeps can be identified by comparing distinct
genetic characteristics between two populations.
A straightforward method is to scan the genome
for regions with significant reduction of genetic
diversity (Tyiig/Teurivar)- Population differentia-
tion statistics, such as Fgt which measures vari-
ation of allele frequency between two
populations, can also be used to identify selec-
tion (Shi and Lai 2015). Additionally, a
cross-population composite likelihood ratio
(XP-CLR) approach jointly calculates multiple
locus allele frequency differentiation to identify
selective sweeps between two groups (Chen et al.
2010). With the newly sequenced carrot genome
(Iorizzo et al. 2016) and the cost of genotyping
rapidly declining, genome-wide scans for signa-
tures of selection are now possible in carrot.
Identified regions can be crossed referenced with
genes found using traditional top-down approa-
ches or scanned for potential candidates using the
carrot genome.

Grzebelus et al. (2014) identified 27 DArT
markers that showed signatures of selection and
localized two of these markers to chromosomes 2
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and 6. Macko-Podgormi et al. (2014) selected one
of the DArT markers showing the strongest evi-
dence for directional selection from the Grze-
belus et al. (2014) work and converted it into a
co-dominant cleaved amplified polymorphic site
(CAPS) marker named cult which was used to
differentiate wild and domesticated accessions.
The cult marker was validated on 88 domesti-
cated and wild carrot accessions.
Macko-Podgormi et al. (2017) mapped cult to the
distal portion of the long arm of carrot chromo-
some 2, where it overlapped with a plant regu-
latory gene (DcAHLcl) involved in the
regulation of organ development, including root
tissue patterning and confirmed that this gene had
been selected, as reflected in both the lower
nucleotide diversity in the cultivated gene pool,
as compared to the wild, as well as high Fgr.

To identify genomic regions associated with
domestication events, lorizzo et al. (2016) ana-
lyzed genome-wide Fgst between wild and
domesticated eastern accessions and found local
differentiation signals on chromosomes 2, 5, 6, 7,
and 8. Peaks on chromosomes 2, 5, and 7 over-
lapped with previously mapped domestication
QTL for root thickness (cult) (Macko-Podgérni
et al. 2017) and carotenoid content, (Y and Y>)
(Cavagnaro et al. 2011; Just et al. 2009). Ellison
et al. (2017) found a drastic decrease in nucleo-
tide diversity in the fine-mapped Y, region in
orange cultivated accessions.

In the most extensive investigation of
genome-wide selective sweeps to date, Ellison
et al. (2018) surveyed Fgr, nucleotide diversity,
and XP-CLR ratios in 500 kb genomic bins
across the genomes of 520 cultivated and 154
wild carrot accessions. Twelve genomic regions
were significant for all three methods of selective
sweep detection. The candidate carotenoid gene,
Or, was located in one of these 12 genomic
locations. Interestingly, two DArT markers that
showed signatures of selection in Grzebelus et al.
(2014) overlapped with genomic regions on
chromosome 2 and 6. Chromosome 2 was pre-
viously shown to carry the Vrnl trait (Alessandro
et al. 2013) which was likely a target to favor
biennial growth habit during the course of carrot
domestication.
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5.10 Concluding Remarks

The study of carrot domestication will continue
to be an important area of focus in which the
location, timing, and genes under selection will
be under examination. There are new resources
for domestication studies that were once limited
to major crops but are now readily available for
all crop species. Historical efforts to collect and
preserve wild relatives, landraces, and cultivated
varieties have strengthened the world’s public
genebanks, and the onset of low-cost sequencing
and global interest in these genetic collections
have initiated a transition from long-term storage
facilities to active exploration. Within the next
few years, over a thousand carrot wild relatives,
landraces, and modern cultivars will be geno-
typed and available to the public scientific com-
munity. Although the focus of these efforts will
be to enable plant breeders, these resources will
be equally useful for studies of domestication,
population genetics, genome evolution, and
diversity in carrot.
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Abstract

Plant genetic resources offer the essential raw
material of genetic diversity for crop improve-
ment. Globally, ex situ carrot germplasm
collections are extensive with >13,400 listed
by 62 different institutes. The majority of
accessions conserved are of cultivated origin,
and however, recent interest and recognition
of the importance of crop wild relatives have
led to an increase in the number of wild
Daucus accessions conserved in genebanks.
Carrot genetic resources can also be conserved
in situ and on-farm methods which are
particularly applicable to wild and landrace
material. The scale of global Daucus collec-
tions means that the identification and use of
core collections and subsets is helpful in order
to reflect genepool variation with manageable
numbers of samples.
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An Introduction to Genetic
Resources for Crop
Improvement

6.1

In common with other crops, carrot crop
improvement and breeding programmes rely on
the raw material of genetic diversity for the
development and production of new varieties.
Similarly, plant and crop scientists seeking to
understand the biological underpinnings of phe-
notypic variation also rely on diverse genotypes
to enable them to understand the underpinning
mechanisms and genomic regions involved.
Access to relevant genetic resources for crop
improvement and research in carrot is therefore
vital. This chapter briefly describes key collec-
tions of genetic resources for carrot as well as
practical issues surrounding access and manage-
ment for potential users.

The twentieth century heralded major devel-
opments in agricultural systems which impacted
the type of cultivated material being grown on
farms, and a threat to crop genepool diversity
was recognised. Farmers sought to improve the
agronomic and economic performance of their
operations through adoption of new technologies
and practices and began to operate at larger
scales than was previously possible. Many swit-
ched from locally developed traditional varieties
and landraces, in favour of more broadly adapted
varieties which offered better uniformity, higher
yields and were more amenable to mechanized
cultivation. The widespread adoption of broadly
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adapted varieties and the loss of landraces trig-
gered concern over the loss of crop genetic
diversity, and efforts were made at a national and
international level to safeguard crop genepool
diversity through ex situ conservation of germ-
plasm in genebanks. In 2010, there were esti-
mated to be some 7.4 million accessions
conserved in 1700 genebanks across the world
(FAO 2010). This germplasm serves the pur-
poses of conservation and as a tool for research
and plant breeding. Genebanks operate at an
international, regional, or national scale depend-
ing on their focus. There are no international
genebanks besides that of the World Vegetable
Center which has a specific focus on vegetable
crops, and major collections of carrot germplasm
can be found in the national genebanks of several
different countries.

The need for a coherent mechanism to govern
the exchange of carrot genetic resources is clear
when it is bred and cultivated in many different
countries. The international legislative frame-
work underpinning the acquisition and use of
plant genetic resources for crop improvement has
shifted significantly over time. Prior to the
Convention on Biological Diversity (CBD), crop
genetic resources were regarded as the common
heritage of mankind and as such could be freely
accessed. The CBD created a legal framework of
recognition of national sovereignty over genetic
resources, and however, it was recognised that
crop genetic resources exhibited a specific set of
issues, given that crops have moved in tandem
with people across the world and the interna-
tional nature of plant breeding and agriculture.
The issue of timely and legal access to the
diverse resources required for plant breeding
became potentially problematic. In response, the
International Treaty on Plant Genetic Resources
for Food and Agriculture (ITPGRFA) was
adopted in 2001. This treaty facilitated the
exchange, use and equitable sharing of benefits
of genetic resources of 64 commonly cultivated
crops, including Daucus. Access to germplasm
conserved in countries which are party to the
treaty is on the basis of a Standard Material
Transfer Agreement (SMTA). This arrangement
has replaced the many individual MTAs which

C. Allender

existed prior to the ITPGRFA and has allowed
clarification and standardization of the terms of
access. The SMTA has facilitated the use of
carrot genetic resources through the provision of
a common set of terms and conditions governing
us and benefit sharing; if a commercial benefit is
derived from germplasm supplied under an
SMTA, then users make a payment into a com-
mon fund to support agricultural development on
conservation in the developing world.

6.2 Collections of Carrot Genetic
Resources

6.2.1 Genebanks and Ex Situ

Conservation

No single international genebank has responsi-
bility for the conservation of global diversity in
carrot. The UK Vegetable Genebank, founded in
1980, was designated at the global base collec-
tion for carrot germplasm by the International
Board for Plant Genetic Resources (IBPGR, now
Bioversity). A snapshot of carrot germplasm
collections across the world can be obtained via
the Genesys information system (https://www.
genesys-pgr.org). This online database provides
information on the holdings of participating
institutions. A total of 58 institutions report car-
rot germplasm collections in Genesys. In addi-
tion to the UK Vegetable Genebank, significant
collections are held by the USDA, the Plant
Breeding and Acclimatization Institute in Poland
and the German genebank at the Leibniz Institute
of Plant Genetics and Crop Plant Research,
Gatersleben (Table 6.1). A total of 6642 acces-
sions are reported as being conserved via the
accession passport data submitted to the Genesys
database by participating genebanks and other
organisations. However, Genesys does not con-
tain information on every carrot germplasm col-
lection at the current time. Important collections
to note are the extensive collection held by the
Vavilov Institute, Russia (3102 accessions
(Khmelinskaya et al. 2013), carrot genetic
resources conserved in the genebank of the
Institute of Vegetables and Flowers, Chinese
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Table 6.1 Breakdown of collections of Daucus germplasm conserved by country and institute where collection size is

>20 accessions

Country FAO Organisation name No. accessions
institute
code
Azerbaijan | AZEO015 Genetic Resources Institute 25
Bulgaria BGRO001 Institute for Plant Genetic Resources ‘K. Malkov’ 105
Brazil BRA020 Embrapa Clima Temperado 25
Switzerland = CHEO001 Agroscope Changins 40
Czech CZE122 Gene bank, Crop Research Institute 387
Republic
Germany DEU146 Genebank, Leibniz Institute of Plant Genetics and Crop Plant Research = 493
Spain ESP004 Centro Nacional de Recursos Fitogenéticos 101
ESP027 Gobierno de Aragon. Centro de Investigacion y Tecnologia 78
Agroalimentaria. Banco de Germoplasma de Horticolas
United GBRO004 Millennium Seed Bank Project, Seed Conservation Department, Royal = 169
Kingdom Botanic Gardens, Kew, Wakehurst Place
GBRO006 Warwick Genetic Resources Unit—UK Vegetable Genebank 1457
Croatia HRV041 Faculty of Agriculture, University of Zagreb 24
Hungary HUNO03 Institute for Agrobotany 208
Israel ISR002 Israel Gene Bank for Agricultural Crops, Agricultural Research 64
Organisation, Volcani Center
Poland POL003 Plant Breeding and Acclimatization Institute 629
Portugal PRTO01 Portuguese Bank of Plant Germplasm 145
Romania ROMO07 Suceava Genebank 70
Sweden SWEO054 Nordic Genetic Resource Center 200
Taiwan TWNOO1 World Vegetable Center 20
Ukraine UKRO008 Ustymivka Experimental Station of Plant Production 48
UKRO021 Institute of Vegetable and Melon Growing 330
USA USA005 National Seed Storage Laboratory, USDA-ARS 100
USA020 North Central Regional Plant Introduction Station, USDA-ARS, 1381
NCRPIS
USA974 Seed Savers Exchange 239
USA995 National Center for Genetic Resources Preservation 100
Total in other institutes with <20 accessions 204
Total 6642

Data originate from the Genesys database (http://www.genesys-pgr.org; accessed 22 May 2018)

Academy of Agricultural Sciences (approxi-
mately 400 accessions, mostly open-pollinated
varieties; Zhuang, personal comm.) and a col-
lection of 112 accessions maintained in India by
the National Bureau of Plant Genetic Resources
(NBPGR 2018). In France, a different approach
is used to conserve and maintain crop genetic

resources; a national network ‘Carrot and other
Daucus genetic resources’ manages 3131 acces-
sions (including heritage and research lines) in a
co-operative effort among public research
organisations and commercial breeding compa-
nies. Global Daucus germplasm collections
contain material which has been collected from
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>75 countries, indicating a broad coverage of
ecogeographic adaptation, and however, sam-
pling depth is uneven with some areas (Europe,
USA) extensively sampled and others lacking in
depth (South America, Africa). Other carrot
germplasm collections doubtless exist, and
however, those detailed above most certainly
represent the vast majority of available ex situ
carrot genetic resources; the total number of
accessions conserved across these collections is
>13,400. This figure almost certainly does not
represent the total number of unique and distinct
accessions—there is likely to be a level of
duplication of material between institutes.

Ex situ conservation of carrot genetic resour-
ces is generally through long-term storage of
seed samples. Carrot has orthodox seed, which
means that viability is maintained when seed are
stored under conditions of low-moisture content
and low temperature (Kew 2018). The FAO has
developed a set of guidelines for the long-term
conservation of germplasm (FAO 2014). These
are a general set of standards which apply to
species with orthodox seed storage behaviour
and indicate that long-term storage should be
carried out at temperatures of —18 £ 3 °C and a
relative humidity of 15 + 3%. Humidity control
is vital to prevent rehydration of seed during
storage; this is normally achieved by the use of
suitable packaging material or containers to
prevent ingress of water vapour. Viability mon-
itoring is essential and should be carried out
every 10 years. Successful ex situ conservation
of crop germplasm requires the regeneration of
seed samples due to depletion of seed stocks
through use or due to the inevitable gradual loss
of viability during storage. Due to the highly
outcrossing nature of carrot and its wild relatives,
successful conservation of genetic diversity
requires the production of seed from sufficiently
large populations of plants to reduce the loss of
allelic variation through stochastic genetic drift
(FAO 2014; Le Clerc et al. 2003). This is rele-
vant for open-pollinated varieties, but particu-
larly for samples of landraces and wild
populations which are likely to be even more
heterogeneous and heterozygous. Currently,
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many new carrot varieties are produced as F1
hybrids, for reasons of uniformity, vigour and
varietal protection. Given that the parental lines
of these hybrids are not often donated to gene-
banks for commercial reasons, it is not possible
to maintain the hybrid variety in a genebank
collection using standard regeneration tech-
niques, meaning that the combinations of allele
represented by elite varieties cannot be main-
tained in the longer term, and new approaches
will have to be considered.

6.2.2 Biological Status of Daucus
Germplasm Held Ex Situ:
Cultivated Versus Wild

Based on the Genesys data set (Table 6.1), 35%
of global Daucus germplasm collections are
made up of ‘advanced cultivars’—material which
is the result of some kind of formal crop
improvement programme (Fig. 6.1). As noted
earlier, the vast majority of this material is likely
to be made up of open-pollinated varieties due to
the difficulties of maintaining hybrid varieties.
Samples identified as originating from wild
populations make up 27% of the global collec-
tion (1311 accessions in total), with landrace
samples comprising 17%. Samples of breeding
lines and material of weedy origin make up a
minority proportion of the global collection.
There is a lack of information on some acces-
sions due to incomplete associated passport data
with 14% accessions lacking a clear biological
status. The number of accessions in ex situ col-
lections currently identified as wild has increased
by 463 from 848 in 2011. The latter figure was
taken from a survey of the USDA and European
genebank holdings (Grzebelus et al. 2011).
A total of 76% (1004 accessions) of germplasm
classified as wild belongs to the species Daucus
carota and its subtaxa. Other Daucus species are
less well-represented (Table 6.2). Wild material
is also conserved in collections not listed in
Genesys, notably the French Daucus network
and the Vavilov Institute. Heightened interest
and recognition of crop wild relatives as
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= Wild
= Weedy
Landrace
= Breeding material
= Advanced cultivar

= Unknown

Fig. 6.1 Breakdown of Daucus germplasm by sample biological status. Data originate from the Genesys database

(http://www.genesys-pgr.org; accessed 22 May 2018)

important resources for crop improvement have
led to an increase in collection activity of wild
Daucus species in recent years, and this has fed
through into an increase in ex situ genebank
holdings.

6.2.3 In Situ and on-Farm

Conservation

Landraces are farmer-developed traditional vari-
eties which are maintained on farm through
saving and propagating seed of desired plants.
They tend to have a higher degree of within-
population variation than open-pollinated vari-
eties created through formal crop improvement
programmes and exhibit local adaptation to
biotic and abiotic conditions. This makes them
valuable resources for crop improvement as they

may contain alleles which may be absent from
existing formal breeding programmes due to
intensive selection by plant breeders. It is, of
course, possible to conserve them ex situ in
genebanks, but on-farm maintenance of this type
of material brings with it a continuation of the
process of adaptation to local conditions. How-
ever, loss or genetic erosion of landraces can
occur very easily as farmers may choose to cul-
tivate modern varieties instead, and the product
of many generations of selection and mainte-
nance are lost. Although globally, the carrot is a
significant vegetable, there are relatively few
examples of carrot landraces documented in the
scientific literature, unlike for major arable crops
such as maize and rice. Perhaps the best studied
is Polignano, a landrace from the south of Italy,
which has been found to be at potential risk of
genetic erosion (Renna et al. 2014). Likewise,
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Table 6.2 a Daucus
species conserved ex situ in
genebanks. b Subtaxa of
D. carota conserved in
genebanks

a
Daucus species
Daucus aureus
Daucus bicolor
Daucus broteri
Daucus capillifolius
Daucus carota
Daucus crinitus
Daucus durieua
Daucus durieua Lange
Daucus glaber
Daucus glochidiatus
Daucus guttatus
Daucus halophilus
Daucus hispidifolius
Daucus involucratus
Daucus littoralis
Daucus mauritii
Daucus montevidensis
Daucus muricatus
Daucus pusillus
Daucus sahariensis
Daucus syrticus
Daucus tenuisectus
Other/unknown/hybrid
Total

C. Allender

b
N D. carota subtaxon N
16 azoricus 1
1 carota 308
38 commutatus 10
12 drepanensis 1
1004 fontanesii 2
41 gadecaei 3
1 gummifer 21
1 hispanicus 4
7 hispidus 12
2 major 10
28 maritimus 59
1 maximus 51
1 rupestris 1
4 sativus 20
3 Unknown/blank 503
1 Total 1004
1
40
41
7
11
2
48
1311

Data originate from the Genesys database (http://www.genesys-pgr.org; accessed 22 May
2018). Taxonomic designation is that provided by the genebank to Genesys

carrots are among vegetable landraces disap-
pearing from traditional farming systems in
Morocco (Walters et al. 2018). In Turkey, Ipek
et al. (2016) report that while 90% of orange
carrots produced are F1 hybrid varieties, pro-
duction of highly pigmented purple or black
carrots with high levels of anthocyanins is based
on traditional local varieties. Rather than being
directly consumed, these purple or black carrots
are used to produce food colourings and dyes.
Traditional varieties and landraces have also
been developed and maintained in locations far
away from the accepted centre of domestication
of the carrot in Central Asia. For example, in
Chile, the Chiuchiu carrot is recognised by

farmers for traits including adaptation to local
conditions and postharvest storage (Pedreros
et al. 2017).

While losses of crop landraces in general have
been a global concern since the 1970s (FAO
2010), the advent of genebanks and the collec-
tion and conservation of landrace samples ex situ
has addressed some of the concerns and allows
ease of access for users. Adequate conservation
on farms allows the continued development and
adaptation of landrace type varieties, and how-
ever, this is often dependent on the landrace
offering an economic return for the farmer com-
pared to available modern varieties. In other
words, conservation of landrace genetic
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resources on farms is dependent on continued
utilisation. A parallel approach is undertaken by
seed saving organisations such as the Seed
Savers Exchange in the USA and Heritage Seed
Library in the UK who rely on networks of
gardeners and growers to maintain heritage and
heirloom varieties.

In situ conservation of carrot crop wild rela-
tives (CWR), similar to on-farm conservation of
landraces offers an opportunity to conserve
diversity in large populations, typically in
national parks, nature reserves or other protected
Successful conservation requires an
understanding of which species are present in a
given area and the overlap of species distribu-
tions with protected areas (Castaneda-Alvarez
et al. 2016). These strategies need to be devel-
oped at a national level as well as regional. In
Europe, such strategies have been or are in the
process of development in many countries
(Labokas et al. 2018). Daucus is one of the focal
crops of a major project co-ordinated by the
Global Crop Diversity Trust which seeks to
safeguard key CWR taxa through a programme
of prioritisation, collection, conservation and
pre-breeding. Material collected through this
project is made available via project partners and
by the Millennium Seed Bank, Royal Botanic
Gardens Kew, UK.

areas.

6.3 Using Carrot Genetic Resources

While there are thousands of Daucus accessions
conserved globally, a major barrier to use is the
lack of available associated data on basic mor-
phological or phenological traits such as
annual/biennial growth habit, root colour and
shape. There are two sets of standard descriptors
in use; those produced by UPOV (2015) and
IPGRI (1998). Collectively these kinds of data
are termed characterisation data, and they can aid
users of genetic resources by signposting in
which sets of germplasm are most appropriate for
their work. While characterisation data are
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straightforward to acquire, many genebanks lack
the financial or other resources to undertake
comprehensive characterisation programmes.
Evaluation for more complex phenotypic traits
such as disease resistance or drought tolerance is
even more challenging in terms of the resources
required and is often beyond the remit of gene-
banks funded only for conservation and man-
agement of their collections. Such work tends to
be carried out in separate research projects.

As with many crops, given the scale of both
global and national collections, characterisation
and evaluation projects have been undertaken by
consortia including both genebanks and academic
research organisations and also including public
and private sector research organisations. Trait
screening of genetic resources allows germplasm
to be identified, either to be used directly in
breeding programmes or through the construction
of research populations and lines, for example,
biparental mapping populations, substitution
lines and other research resources. Due to the
numbers of accessions conserved, it is necessary
to construct core collections and manageable
numbers of accessions which nonetheless reflect
genepool diversity. An example of this is the
Carrot Diversity Set produced by the UK Vege-
table Genebank—a set of 77 genebank accessions
covering phenotypic diversity and geographic
origin which is available on request.

Carrot genetic resources have been deployed
for a range of purposes—pertinent examples
include studies of domestication and phyloge-
netics (Grzebelus et al. 2014; Spooner et al.
2013), identification of sources of resistance to
biotic stresses (Ellis et al. 1993; Nothnagel et al.
2017) and developmental studies (Rong et al.
2014). The advent of comparatively cheap and
rapid sequencing technologies will doubtless see
larger-scale studies of genetic variation and will
aid both understanding of critical regions of
genetic variation associated with key traits and
the uptake of novel diversity into crop varieties
in the future.
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Abstract

Carrot (Daucus carota L.) is an important root
vegetable crop that is consumed worldwide and
is appreciated for its taste and nutritional
content (e.g., provitamin A carotenoids, antho-
cyanins, vitamins, and other minerals). Carrot
genetic research has improved vastly over the
past few decades due to advancements in
molecular genomic resources developed for
carrot. The increasing availability of DNA
sequences such as expressed sequence tags
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(ESTs), creation of a physical map, sequencing
of the carrot genome, and the numerous
advancements in DNA genotyping has enabled
the study of phenotypic variation of crop traits
through the development of genetic linkage
maps, which enable the ability to identify QTLs
and their underlying genetic basis. In addition,
the creation of genetic and genomic tools for
carrot has enabled the study of diversity within
carrot populations and germplasm collections,
enabled genome-wide association studies
(GWASS), characterization of populations at
the species level, and comparative genomics
with other crops and model species. Combined,
these tools will advance the breeding process
for carrot by enabling a targeted approach to
improving traits by utilizing marker-assisted
selection (MAS) strategies.

7.1 Introduction

Classical genetic mapping in crop species,
including carrot (Daucus carota subsp. sativus),
was initially based on a relatively small number
of qualitative traits most of which were related to
pigmentation, morphological and physiological
traits, response to disease, and other easily
measured phenotypes (reviewed by Simon 1984;
Tanksley 1983). Early application of molecular
markers in genetic mapping studies used isozyme
markers which was the most frequently used
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method of analysis to detect genetic variation
between 1960 and 1980 (Tanksley 1983). The
subsequent development of the polymerase chain
reaction (PCR) technology provided a method to
easily analyze DNA polymorphisms and led to
the expansion of several DNA marker technolo-
gies (Mullis et al. 1986). These included
PCR-based microsatellite or simple sequence
repeat (SSR), random amplified polymorphic
DNA (RAPD), and amplification fragment length
polymorphism (AFLP) markers (Joshi et al.
1999). These markers have extensively been
applied in carrot genetic studies (reviewed by
Bradeen and Simon 2007). As more high
throughput and less expensive, on a cost-by-
marker basis, DNA sequencing and genotyping
systems became available, and detection and
screening of single nucleotide polymorphisms
(SNPs) or sequence length polymorphisms (e.g.,
SSR) became more common. Rapid analysis of
thousands of SNPs in a large number of indi-
viduals using systems such as the GoldenGate®
assay from Illumina, Inc., or the KASPar assay
from KBiosciences has resulted in the wide-
spread use of SNP markers in genetic analyses
and has facilitated large-scale QTL mapping
studies and gene cloning in many crops (Rasheed
et al. 2017), including carrot (reviewed by Ilor-
izzo et al. 2017). With the completion of
sequenced reference genomes for many species,
the advent of high-throughput sequencing tech-
nologies now enables rapid and accurate rese-
quencing of a large number of crop genomes to
detect the genetic basis of phenotypic variation.

Comprehensive maps of genome variation
and the development of new computational
methods are rapidly facilitating the application of
genome-wide association studies (GWASs) of
economically important traits and are accelerat-
ing the identification and functional characteri-
zation of candidate genes in many crop species
(Huang and Han 2014), including carrot. These
advances will greatly accelerate crop improve-
ment via genomics-assisted breeding in carrot
and other species with such available resources.

M. lorizzo et al.
7.2 Genetic Markers

7.2.1 Isozyme Markers

Isozymes are multiple forms of an enzyme that
differ in amino acid sequence and control dif-
ferent chemical reactions based on different
kinetic parameters or regulatory properties. Iso-
zyme markers are generally codominant, allow-
ing differentiation between heterozygous and
homozygous individuals. Their application in
plants has been limited by the paucity of loci that
can be unambiguously scored. For carrot, four-
teen isozyme markers were used to develop the
first linkage map (Westphal and Wricke 1991).
Eight of these isozyme markers were also used to
assess the genetic variability within the D. carota
complex (St. Pierre et al. 1990). The markers
were able to discriminate wild and cultivated taxa
and indicated that these two groups of taxa har-
bor the same level of genetic diversity in terms of
the mean number of alleles per locus, the pro-
portion of polymorphic loci, and the observed
and expected heterozygosity.

7.2.2 Restriction Fragment Length
Polymorphism (RFLP),
Randomly Amplified
Polymorphic DNA (RAPD),
and Amplified Fragment
Length Polymorphism
(AFLP) Markers

As DNA-based markers proved to be very effec-
tive, in terms of cost, time, and outcome, molec-
ular tools in plant genetic studies increased in the
mid- and late 1990s and their application in carrot
became common. RAPD, RFLP, and AFLP
became the markers of choice in genetic studies
from the mid-1990s to early 2000s. RAPD
markers use short (10-nt) random primers to
amplify DNA fragments, which, depending on
the primer annealing sites, can reveal polymor-
phic PCR amplicons. RFLP includes digestion of
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DNA samples using restriction enzymes, then the
separation of restriction fragments by gel elec-
trophoresis followed by hybridization with
genomic DNA/cDNA probes. The presence of
fragments of different lengths is due to the dif-
ferent position of the restriction sites within and
among plants, and their analysis is used to
determine DNA polymorphisms. AFLP markers
effectively combine principles of both RAPD and
RFLP in order to obtain reproducible results.
Fragmented DNA generated as a result of
restriction digestion is ligated with primer-
recognition sequences, called ‘adaptors,” and
selective PCR amplification of these restriction
fragments using labeled primers is performed,
generating multiple amplicons varying in size,
which are then separated on gel/capillary elec-
trophoresis to detect fragment length polymor-
phisms. These three types of molecular markers
were extensively used in carrot genetic studies,
especially for linkage map construction and QTL
mapping (reviewed by Bradeen and Simon 2007).
Overall, across multiple studies in carrot, the
polymorphic rate of RFLP and RAPD markers
varied from 10 to 33%, respectively, yielding
about 60 informative markers (Bradeen and
Simon 2007). Further, out of 404 AFLP bands
generated using seven primer combinations, 164
polymorphic fragments were identified for an
observed polymorphic rate of 42% (Vivek and
Simon 1999). Thus, AFLPs were more efficient
than RFLPs and RAPD markers at generating
markers for linkage map construction. Consis-
tently, Nakajima et al. (1998) reported that while
both AFLP and RAPD markers were useful for
phylogenetic studies in Daucus, the AFLP system
yielded more than four times as many useful
markers per reaction. Conversely, an advantage
of RFLPs over RAPDs and AFLPs is the fact that
the former tends to yield codominant markers,
which are particularly useful for robust linkage
mapping, whereas RAPD and AFLP produce
mainly dominant markers.
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7.2.3 Diversity Arrays Technology
(DArT) Markers

In the late 1990s and early 2000s, increasing
amount of sequence information became avail-
able for model crops like barley (Wenzl et al.
2004), and new high-throughput genotyping
technologies able to screen single nucleotide
polymorphism (SNP) markers were developed
and applied in plant genetic studies (LaFram-
boise 2009), making the early generation of
DNA-based markers, including AFLPs, rela-
tively low throughput. Yet discovering sequence
polymorphisms in non-model species was diffi-
cult, which was particularly true for many crops
with limited sequence resources such as carrot. In
the early 2000s, Diversity Arrays Technology
(DArT) represented a pioneering cost-effective
high-throughput genotyping technology that did
not require prior knowledge of the genome
sequence (Kilian et al. 2012). Although the
technology does not directly provide sequence
information, it uses cloned fragments, which may
be easily characterized by Sanger sequencing.
Given these advantages, DArT markers have
been widely applied in plant genetic studies and
represented the first high-throughput genotyping
platform for several non-model species, includ-
ing carrot. A DArT array comprising 7680 DArT
clones generated from 169 diverse genotypes
including wild and cultivated germplasm was
successfully used in carrot for population genet-
ics and linkage map construction studies (Grze-
belus et al. 2014). Across a diverse set of carrot
germplasm, 866 markers were non-redundant,
polymorphic, and present in over 95% of the
samples. 79% of the markers were highly dis-
criminating with a PIC value above 0.25.
Approximately 50% of the DArT markers, 431,
were polymorphic in a biparental population and
were used to construct a genetic map and identify
molecular markers associated with domestication
(Grzebelus et al. 2014). Recently, a DArT marker
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associated with carrot root domestication, named
‘cult,” was cloned and its sequence was annotated
as DcAHLcl, a member of the AT-hook motif
nuclear localized (AHL) family of plant regula-
tory genes which are involved in the regulation
of organ development, including root tissue pat-
terning (Macko-Podgoérmni et al. 2017).

7.2.4 Repetitive Sequence-Based
Markers

Repetitive DNA sequences are present in all
higher plants and can account for up to 90% of
the genome size in some species. These repetitive
DNA sequences account for major differences
across genomes, both within and among species.
Microsatellites represent a unique type of tan-
demly repeated genomic sequences, which are
abundantly distributed across plant genomes and
demonstrate high levels of allele polymorphism
(Vieira et al. 2016). To date, both genomic and
transcript sequences have been used to detect and
design SSR markers in carrot. About 300 SSR
markers were developed from genomic DNA
sequences, including 144 SSRs detected on
BAC-end sequences (BSSR) (Cavagnaro et al.
2009) and 156 SSRs were developed from an
enriched repetitive sequence library (GSSR)
(Cavagnaro et al. 2011). SSR markers have also
been mined from expressed sequence tags
(EST-ESSR) (Iorizzo et al. 2011). Frequency
distributions of both repeat types and sequence
motifs for each microsatellite origin, i.e., a
library enrichment procedure (GSSRs), BAC-end
derived (BSSRs), and EST-derived SSRs
(ESSRs), varied markedly across these DNA
fractions. Di- and tetranucleotide repeats are
most common in GSSRs, while trinucleotides are
most abundant in BSSRs and ESSRs. Within
BSSRs, trinucleotide repeats occurred preferen-
tially inside open reading frames (ORFs). The
abundance of the trinucleotide repeats in ESTs
and in ORFs has been attributed to a negative
selection against frameshift mutations in the
coding regions (caused by SSRs different from
tri- or hexanucleotides) and to a positive selec-
tion for specific single amino acid stretches
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(Morgante et al. 2002). Besides the differences in
structure and abundance, the polymorphic rate
varies across these three types of SSR markers.
Cavagnaro et al. (2011) reported that GSSRs
were more polymorphic than BSSRs. Overall,
nearly 77% of GSSRs and 52% of BSSRs were
polymorphic in at least one F, family. ESSR
polymorphism rate was 83% in a mapping pop-
ulation. Despite this observation, a direct com-
parison of the latter with the GSSR and BSSR
polymorphism rate could not be made, since
these ESSR markers were developed on the basis
of a computational preselection for polymorphic
SSR loci, and thus, a high polymorphic rate was
expected. An additional set of 100 SSR markers
has been described (Le Clerc et al. 2015). The
abundance of SSR markers was also investigated
at the genome level. After identifying SSR motifs
based on the whole-genome DNA sequence of an
orange inbred line, ‘DC-27,” 57,519 SSR primer
pairs were identified (Xu et al. 2014). Mononu-
cleotide repeats were the most abundant, fol-
lowed by di- and tetranucleotide repeats. A small
number of additional SSR markers, including
Inter Simple Sequence Repeat (ISSR) have been
developed from various sequence resources
(Bradeen et al. 2002; Niemann et al. 1997; Rong
et al. 2010; Vivek and Simon 1999). In summary,
over 66,000 SSRs have been detected in carrot
and over 500 primer pairs have been used,
empirically, for genetic studies.

Other repetitive sequence-based markers
developed in carrot include those targeting
transposable elements (TEs), also known as
transposable display (TE display). Transposable
elements account for 41% of the carrot genome,
and DNA transposons (class II TE) are particu-
larly abundant in carrot (Iorizzo et al. 2016).
Miniature inverted-repeat transposable elements
(MITEs) are a special type of class 1I
non-autonomous elements with a maximum of a
few hundred base pairs in size. Their dispersal,
repetitiveness, and the fact that their mobilization
is a source of polymorphism make them good
candidates as molecular markers (Le and Bureau
2004). To date, molecular markers targeting two
MITE superfamilies, PIF/Harbinger-like and
Stowaway-like, have been developed in carrot
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and used to examine genetic diversity, develop
linkage maps, and address cytogenetic questions.
Grzebelus et al. (2006) used primers comple-
mentary to the terminal inverted repeats (TIRs)
of Master transposable elements to characterize a
new family of PIF/Harbinger-like TEs in carrot
and demonstrated that the amplicon products
were highly polymorphic. Following this study, a
modified transposon display approach was used
to characterize two DcMaster-like elements,
DcMaster-Krak and DcSto, and observed that
over 70% of the amplicons were polymorphic
and could be used for genetic mapping (Budahn
et al. 2014; Grzebelus et al. 2007; Grzebelus and
Simon 2009), hybrid seed purity testing (Macko
and Grzebelus 2008), and cytogenetic studies
(Macko-Podgorni et al. 2013; Nowicka et al.
2016). The release of the carrot genome in 2016
(Iorizzo et al. 2016) opened the opportunity to
develop a new generation of transposable
element-based markers that specifically target
genes and insertions within introns also known as
intron length polymorphisms (ILPs) (Wang et al.
2005). ILPs can be detected by PCR with a pair
of primers anchored in the exons flanking the
intron of interest, which offers several advan-
tages, including reliability, cost-efficiency, and
the ability to detect codominance. Primers tar-
geting 209 Stowaway-like (DcSto) MITE inser-
tion sites within introns along the carrot genome
have been designed and tested for genotyping in
carrot (Stelmach et al. 2017). Over 47% of the
DcS-ILP were polymorphic and successfully
used to characterize carrot root-shape diversity
and population structure. Due to the nature of the
markers being codominant, locus specific, and
highly reproducible, DcS-ILP markers could also
be used for gene tagging and genetic map
construction.

7.2.5 Conserved Orthologous
Sequence (COS) Markers

COS markers are PCR-based markers developed
from a set of single-copy conserved orthologous
genes (Fulton et al. 2002). These markers have
been utilized in Daucus species to resolve the
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taxonomy of some Daucus clades (Arbizu et al.
2014). Since the markers were designed to target
genes that are single copy, they are largely used
to elucidate phylogenies and to study compara-
tive genomics across different species (Small
et al. 2004). A set of carrot COS markers was
developed by comparing carrot EST sequences
against Arabidopsis, sunflower, and lettuce
sequences (Arbizu et al. 2014). Out of 102 COS
markers, a total of 94 (92%) were successfully
used to assess the taxonomic relationships among
carrot, lettuce, and sunflower. Therefore, these
markers could also be useful for phylogenetic
studies among Euasterid II species.

7.2.6 Single Nucleotide
Polymorphism
(SNP) Markers

Despite the advances made in carrot genetics
using all of the markers mentioned above, the
number of molecular assays required to identify
informative DNA polymorphisms is still limiting
in large-scale carrot genetic studies. Single
nucleotide polymorphism (which includes single
base changes) are present throughout the genome
in genic and non-genic regions at a higher fre-
quency than polymorphisms in repetitive
sequences (e.g., detected by SSR, ILP, and TE
display markers) or restriction enzyme sites (e.g.,
detected by DArT, RFLP, or AFLP markers)
making this type of polymorphism a very pow-
erful tool for large-scale studies. In the last dec-
ade, the rapid advancement of next-generation
sequencing technologies (NGS) in conjunction
with new bioinformatics tools and the develop-
ment of high-throughput SNP genotyping plat-
forms has provided essential genomic resources
for accelerating the molecular understanding of
biological properties. This rapid development has
decreased the cost, improved the quality of
large-scale genome surveys, and allowed spe-
ciality crops such as carrot to access these tech-
nologies (Egan et al. 2012). The first
high-throughput transcriptome data for carrot,
which was published in 2011 (Iorizzo et al.
2011), provided an opportunity to detect a
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massive number of SNPs and establish the first
high-throughput SNP resource. Sequences from
four different carrot genotypes were compared,
and over 20,000 SNPs were detected in 7684
contigs with an average density of 1.4 SNPs/kb.
In comparison, within the same sequence set,
8823 ESSRs located in 6995 contigs were
detected, confirming the higher abundance of
SNP markers in the genome. A subset of 4000
SNPs (K-SNPs) were used to design the first
high-throughput SNP genotyping assay in carrot
using the KASPar chemistry assay. KASPar
utilizes a unique form of competitive allele-
specific PCR combined with a homogeneous,
fluorescence-based reporting system for the
identification and measurement of genetic varia-
tion occurring at the nucleotide level to detect
SNPs (http://www.lgcgroup.com/products/kasp-
genotyping-chemistry/how-does-kasp-work/). In
total, 3636 (91%) SNP markers were validated in
carrot and were used to characterize the genetic
diversity of carrot and patterns of domestication
(Iorizzo et al. 2013). The large number of SNPs
also enabled researchers, for the first time, to
clearly resolve genetic differentiation among and
within wild and cultivated carrot subpopulations
(Iorizzo et al. 2013). Previous studies that used
SSR, ISSR, and AFLP markers, found a low to
moderate differentiation between subpopulations.
The same set of SNPs were further used to
develop the first SNP-based linkage map (Cav-
agnaro et al. 2014) and perform marker-trait
association analyses (Cavagnaro et al. 2014;
Torizzo et al. 2016; Parsons et al. 2015). Despite
the proliferation of several new ultra-high-
throughput SNP genotyping platforms available
today (Rasheed et al. 2017), the KASPar assay
described above still represents the only
large-scale SNP genotyping assay available for
carrot.

Recently, SNPs were also mined from
genotyping-by-sequencing (GBS) and resequenc-
ing data in carrot. Genotyping-by-sequencing
(GBS) is a genome-wide reduced representation
method that generates sequence variants, such as
indels and SNPs, by utilizing next-generation
sequencing technology, producing a powerful
and cost-effective genotyping procedure (Elshire
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et al. 2011). The reduced representation of the
genome is obtained by performing an enzymatic
digestion with one or more restriction enzymes that
are sensitive to methylation. DNA polymorphisms
between the reduced genome representations of
each genotype can be detected with or without
using a reference genome (Scheben et al. 2017). To
date, six studies have utilized GBS in carrot to
identify SNP markers for phylogenetic, linkage
map construction and marker-trait association
analysis. For the initial digestion, five of these
studies used ApeKI as the restriction enzyme
(Arbizu et al. 2016; Ellison et al. 2017, 2018; Ior-
izzo et al. 2016; Macko-Podgormi et al. 2017) and
one study used Msll (Keilwagen et al. 2017). In all
cases, the authors used the carrot reference genome
(Iorizzo et al. 2016) to align the sequences and to
detect the SNPs. The number of SNPs detected in
these different studies varied from nearly 78,000 to
890,000. Arbizu et al. (2016) compared over 140
accessions of wild carrot (D. carota subsp. carota)
and other related species and subspecies and
detected 889,445 SNPs. After filtering using dif-
ferent criteria such as a minor allele frequency of
0.1-1, missing data <10%, he retained 10,814
SNPs for a phylogenetic analysis. In comparison,
Keilwagen et al. (2017) detected 281,394 bi-allelic
SNP markers among 85 cultivated accessions and
after filtering for a minor allele frequency of <5% or
>90% heterozygosity retained 168,663 SNPs for
further analyses. Ellison et al. (2018) used GBS to
detect SNPs across 676 carrot samples, and after
filtering using <30% missing data, minor allele
frequency <5%, >5x depth coverage, retained
39,710 SNPs. Overall, these studies demonstrated
that the application of GBS in carrot is a powerful
tool to investigate genetic studies. It also highlights
that other than differences in the natural diversity
existing in the germplasm, the number of SNPs
detected and used in GBS studies is determined by
other factors, including the type of restriction
enzyme used for DNA digestion and/or the
parameters used to detect or filter SNPs.
Resequencing represents the ultimate strategy
to achieve the maximum number of SNPs. The
new sequencing techniques not only increase
sequencing throughput by several orders of
magnitude but also enable simultaneous
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sequencing of a large number of samples using a
multiplexed sequencing strategy (Craig et al.
2008; Cronn et al. 2008). These recent technical
advances have paved the way for the develop-
ment of a whole-genome sequencing-based
high-throughput genotyping method that combi-
nes advantages of time and cost-effectiveness,
dense marker coverage, high mapping accuracy
and resolution, and an easier comparison of
genomes and genetic maps among mapping
populations and organisms. However, the cost
and success of a resequencing study are deter-
mined by several factors, including those that are
specific to the species, e.g., genome size and
ploidy level, and others factors that are more
technical, such as the availability of computing
infrastructure and bioinformatic tools and
expertise. Thus, establishing and validating
resequencing experiments for each crop is a
critical step to apply this approach for genetic
studies. To date, the only resequencing study in
carrot was performed by resequencing 35
carrot accessions which were representative of
D. carota subspecies (N =31) and outgroups
(N = 4) (Iorizzo et al. 2016). Each accession was
sequenced using the Illumina platform, at a
median depth of 14x. Multiple bioinformatic
tools including BWA (Li and Durbin 2009),
SAMtools (Li et al. 2009), Picard MarkDupli-
cates (http://broadinstitute.github.io/picard/), and
GATK (McKenna et al. 2010) were used to map
the Illumina reads, detect SNPs, and apply mul-
tiple filters to remove low-quality SNP calls. The
minimum depth for each allele was set to 5x.
Using this strategy, 39,695,937 SNPs were
detected and after filtering 1,393,431 SNPs were
retained and used for further analyses. SNP calls
were validated against a set of 3,202 previously
characterized SNPs (lorizzo et al. 2013) and
indicated an over 98.8% accuracy rate. The SNPs
were successfully used to establish phylogenetic
relationships, perform cluster analysis, estimate
nucleotide diversity, and identify signatures of
selection. The same set of sequences was also
used to perform a genome-wide comparative
analysis of the repetitive sequences across all 35
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accessions. This first study provided fundamental
information to the carrot community to further
use resequencing as a high-throughput genotyp-
ing method for genetic studies.

7.3 Carrot Genetic Maps

Construction of linkage maps represents a prereq-
uisite to determining the genomic location of loci
controlling agronomic traits targeted for quality
improvement. They may also be used to establish
the structure of chromosomes and to study the
recombination frequency among homologous
chromosomes. Sequence-based markers are the
only category of markers directly transferrable
from genetic linkage maps to genomic sequences,
enabling analyses such as the study of candidate
genes underlying important traits, and to establish
comparative genomic studies. A summary of the
genetic maps and traits mapped in carrot is reported
in Table 7.1. To date, 19 mapping populations,
mainly F, segregating populations, have been used
for genetic mapping of traits in carrot. The first
linkage map integrated biochemical isozymes and
DNA-based markers, RFLPs and RAPDs, which
generated a genetic map with 8 LGs, utilizing 55
markers with an average distance of 13.1 cM
(Schulz et al. 1993). Two F, mapping populations,
Brasilia x HCM and B493 x QAL, were used to
develop the most dense carrot linkage maps, at the
time, using AFLP markers combined with
codominant SCAR markers (Santos and Simon
2004). The linkage maps included 277 and 242
dominant AFLP markers and 10 and 8 codominant
markers assigned to the nine linkage groups,
respectively. The linkage maps were further used to
study the genetic inheritance of carotenoid accu-
mulation in carrot root and detect 21 QTL associ-
ated with this trait (Santos and Simon 2002).
Until 2002, this represented the most comprehen-
sive QTL study in carrot. Just et al. (2007) inte-
grated the first set of SNP markers into the
B493 x QAL AFLP linkage map, previously
developed by Santos and Simon (2002). The SNP
markers anchored 22 genes related to the
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carotenoid pathway. Cavagnaro et al. (2011) fur-
ther used the B493 x QAL map to integrate 49
SSR markers (BSSR, ESSR, and GSSR), making
this the densest sequence-based genetic map for
carrot utilizing 79 markers, enabling the integration
of additional data. Iovene et al. (2011) anchored
this linkage map to the corresponding pachytene
chromosomes by FISH mapping of 17 map-
anchored BACs, which established a landmark to
further anchor genetic maps to carrot chromo-
somes. Other mapping efforts focused on identi-
fying simply inherited loci for vernalization (Vinl
locus) and male fertility restoration (RfI locus),
using 355 AFLP, RAPD, SCAR, and SSR markers
(BSSRs, ESSRs, and GSSRs), covering all 9
chromosomes with a total map length of 669 cM
and an average marker distance of 1.88 cM
(Alessandro et al. 2013). Yildiz et al. (2013) iden-
tified loci for anthocyanin and carotenoid pig-
mentation in population B1896 x B7262, using
AFLP, SSR, and SNPs to construct a map with 279
marker data points. These included 2 phenotypic
loci (P1 and Y2), 237 AFLPs, 40 SSRs, 1 SCAR, 5
anthocyanin biosynthesis structural genes (F3H,
FLS1, LDOX2, PAL3, and UFGT), and 3 antho-
cyanin transcription factors (DcEFRI, DcMYB3,
and DcMYB)). Ali et al. (2013) generated a genetic
map using a combination of RAPDs and SSRs to
identify a new source of root-knot nematode
resistance in PI 652188 (Ping Ding) x B7262.
Budahn et al. (2014) generated a 781-cM genetic
map using 285 RAPD, AFLP, SCAR, BSSR,
ESSR, and GSSR markers and identified loci
controlling fertility and flower development. This
map was anchored to the Cavagnaro et al. (2011)
map. Dunemann et al. (2014) used a linkage map
that included 285 AFLP molecular markers located
on nine linkage groups to locate CENH3, a cen-
tromeric histone. Le Clerc et al. (2015) generated
two linkage maps for populations PC2 and PC3
using SSR markers, which segregated for resis-
tance to Alternaria dauci. A consensus genetic map
was generated and detected 11 QTLs for resistance
to Alternaria.

By 2013, 19 carrot linkage maps were devel-
oped, though the number of codominant
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sequence-based markers was still very limited
(<150). The advent of DArT and SNP molecular
markers for carrot has brought the first
high-throughput class of markers for genetic
mapping of traits. Grzebelus et al. (2014) devel-
oped the first linkage map based on DArT markers
which spanned 419.1 cM and included 431
non-redundant markers across nine LGs. The
validation of the first set of SNP markers using the
KASPar chemistry in 2013 opened the opportunity
to advance carrot mapping studies (Iorizzo et al.
2013). Using this set of markers, Parsons et al.
(2015) built three linkage maps including over 550
SNP markers and identified several QTL for
resistance to Meloidogyne incognita. Cavagnaro
et al. (2014) developed a dense genetic map using
894 SNP and SSR markers, and three major loci
conditioning anthocyanin pigmentation in roots
and petioles and 15 QTL for root anthocyanins
were identified (Cavagnaro et al. 2014). To anchor
the carrot genome, these SNP markers were used to
develop the first high-density integrated linkage
map (Torizzo et al. 2016). The map was developed
using SNP data from three mapping populations,
70349 (Cavagnaro et al. 2014), Br1091 x HM1
(Parsons et al. 2015), and 70796, and integrated
2,073 markers for the full dataset and 918 markers
for the bin dataset covering 622 and 616 cM,
respectively. In the bin map, each marker repre-
sents a true recombination event. This analysis
revealed that in the three mapping populations, on
average, one recombination event occurred every
388 kb.

A GBS approach was used in a genetic study
on [-carotene accumulation in carrot roots;
37,361 novel SNPs were identified and used to
create a genetic linkage map using 569 high-
quality GBS-SNPs with an average of 1.3 cM
distance (Ellison et al. 2014). Another GBS map
was developed which integrated 394 markers and
covered 450 cM was used to assess the quality of
the carrot genome assembly (lorizzo et al. 2016).
GBS was used again in a separate mapping pop-
ulation to study [-carotene in which 33,712
high-quality SNPs were used to create a genetic
map with nine linkage groups and an average of
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one GBS marker every 11.3 kb (Ellison et al.
2017). In general, the density of the linkage maps
and the number of codominant sequence-based
markers in carrot are rapidly increasing, provid-
ing an opportunity to perform fine mapping QTL
studies to identify candidate genes (Iorizzo et al.
2016) and study the recombination behavior of
homologous chromosomes. For example, in car-
rot, segregation distortion, or the skewed fre-
quency of genotypes from a typical Mendelian
ratio in a segregating population, has been
observed in multiple genetic mapping studies.
Schulz et al. (1993) reported that 24% of the
markers (RFLP, isozyme, and RAPD) used in
their study deviated from the expected Mendelian
ratios. A high segregation distortion of DArT
markers was observed in an F, population, which
resulted in very few markers mapping to chro-
mosome 8 (Grzebelus et al. 2013). Using the
same F, population, Cavagnaro et al. (2014)
observed clusters of distorted SNP markers on
CH1, CHS, and CH9; however, the majority of
segregation distortion was observed on CHS. In a
separate mapping study to identify nematode
resistance in carrot, a significant segregation
distortion was observed in the two mapping
populations used. In the Br1091 x HMI1 popu-
lation, K-SNP markers on chromosomes 4 and 9
were skewed from the typical segregation of
1:2:1, and in the HM3 map, three chromosomes
lacked segregating markers (Parsons et al. 2015).
The segregation distortion observed in the two
studies on CHS could be considered a segregation
distortion loci (SDL) in which distorted markers
are clustered in the same chromosomal region
(Xian-Liang et al. 2006). Lethal alleles (gamete
genes) controlling skewed homologous recombi-
nation have been described in other crops like
maize and rice (Cheng et al. 1996; Iwata et al.
1964; Yan et al. 2003). Screening of a large
number of F, individuals from different mapping
populations using SNPs surrounding the distorted
region on carrot CH8 will facilitate the identifi-
cation of candidate genes causing segregation
distortion. Given the preliminary findings
regarding segregation distortion, a comparative
genetic and cytogenetic analysis could be
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undertaken to understand the effect of segregation
distortion on the inheritance of the QTLs. This
will enhance knowledge to breeders regarding
which combination of crosses causes segregation
distortion and the expected number of progenies
that will inherit the loci where distortion exists.

7.4 Marker-Trait Association
Mapping

As summarized above, utilizing linkage analysis
to map genomic loci that have an effect on a trait
of interest has been commonplace for the last
25 years. Since recombination rates are relatively
low in mapping populations, tagging a region in
linkage with a casual variant requires only a few
genetic markers per chromosome. However, the
downside to a small number of recombination
blocks is that the mapping resolution can be very
low. Other disadvantages of linkage mapping
include the substantial amount of time and
resources needed to generate mapping popula-
tions and that the identified QTL are limited to the
diversity of the parents of the biparental popula-
tion. Genome-wide association studies (GWASs)
have emerged in the last decade as an alternative
to linkage analysis to expose the genetic basis of
quantitative traits. Such studies address the rela-
tionship between marker-based polymorphism
and phenotypic variation in a diverse population,
which in turn may increase the resolution of a
study by using all ancestral recombination events
(Myles et al. 2009). GWAS can take advantage of
pre-existent germplasm populations, exploit
multiple recombination events, and consider a
greater diversity in alleles. Additionally, if the
mapping resolution is high, associated SNPs can
be used directly for marker-assisted selection.
GWAS is based on the principle of linkage
disequilibrium (LD) or the non-random associa-
tion between alleles at different loci. The geno-
mic distance at which LD decays determines how
many genetic markers are needed to tag a hap-
lotype. The high effective recombination rate in
outcrossing species, such as carrot, is expected to
cause a fast decay of LD. The first report of
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genome-wide LD in carrot showed fast decay in
wild samples (<1 kbp) and moderate rates
(<10 kb) in cultivated samples (Ellison et al.
2018). LD decay rates appear even slower in
domesticated samples around regions putatively
under selection such as the Y region (Iorizzo et al.
2016), the ‘cult’ region (Macko-Podgoérni et al.
2017), the Or region (Ellison et al. 2018), and
several carotenoid biosynthesis genes (Clotault
et al. 2010; Soufflet-Freslon et al. 2013).

A potential pitfall of GWAS is the lack of
power when performed in structured populations
which can lead to an increase of false discovery
rate. This occurs when phenotypic traits are
correlated with underlying population structure at
non-causal loci (Nordborg and Weigel 2008).
D. carota L. genetic resources are known to be
structured into at least six genetic groups (Ellison
et al. 2018; Grzebelus et al. 2014; Iorizzo et al.
2013, 2016; Rong et al. 2014) according to their
geographical origin and level of domestication.
This can be a potential problem in carrot as many
traits, such as carotenoid content, are associated
with a particular genetic group and GWAS could
lead to a false-positive detection. The effect of
population structure can be estimated and added
as a covariate in association models, which will
limit false positives. Two commonly used ways
to estimate population structure are the use of the
Structure software (Pritchard et al. 2000) or
conduct a principal component analysis (Falush
et al. 2003; Price et al. 2006). Estimates of
population structure as well as a kinship matrix
are commonly used in a unified mixed model
approach to account for relatedness between
individuals (Yu et al. 2006).

To date only a few GWASs have been con-
ducted in carrot. Prior to the availability of the
carrot reference genome (lorizzo et al. 2016), a
candidate gene association study was conducted
in 380 carrot genotypes, derived from the inter-
crossing of 67 cultivars for three generations,
using 109 SNPs spread across 17 carotenoid
biosynthesis genes (Jourdan et al. 2015). The
strongest association with carotenoid content and
color components was for the carotenoid genes
zeaxanthin epoxidase (ZEP) and carotenoid iso-
merase (CRTISO). In 2017, a diverse set of 85
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carrot cultivars and ~ 168,000 SNPs were used
to identify 30 QTL for 15 terpenoid volatile
organic compounds (Keilwagen et al. 2017).
Genomic locations of known terpene synthase
genes were positioned with respect to significant
GWAS signals to suggest candidate terpene
synthase genes for particular terpenoid com-
pounds. More recently, ~40,000 SNPs were
used in 674 wild and cultivated globally dis-
tributed carrots to analyze orange pigmentation
(Ellison et al. 2018). A significant association for
pigmentation was found on chromosome 3, in
which the Or gene, which has been shown to be
important for chromoplast development and the
accumulation of carotenoids, was identified
within the region on chromosome 3.

The statistical power to detect associations
between DNA variants and a trait depends on the
experimental sample size, the distribution of
effect sizes and frequency of causal genetic
variants segregating in the population, and the
LD between genotyped DNA variants and causal
variants (Visscher et al. 2017). Therefore, the
potential of a GWAS to succeed depends on how
many loci affecting the trait segregate in the
population, the genetic architecture of the trait,
the experimental sample size, and the variants
that are used in the GWAS. Additionally, the
accuracy at which a trait can be measured is
imperative to the success of the GWAS.
Since LD decays rapidly in carrot, GWAS has a
great potential to identify linked or causal vari-
ants for traits of interest. Future GWAS projects
in carrot will benefit from improved genotyping
techniques, such as whole-genome sequencing,
to increase SNP density across the genome.

7.5 Future Perspectives

A wide range of molecular markers have been
developed and applied in carrot genetic and
genomic studies (Fig. 7.1), which has accelerated
knowledge in traits of agronomic interest and the
domestication of carrot. Resequencing is a
valuable approach for identifying SNPs in carrot,
and given the relatively small size of its genome,
generating resequencing data is cost-effective.
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However, compared to some genotyping assays
like array-based platforms (e.g., Affymetrix
array), the resequencing approach requires addi-
tional resources such as computational infras-
tructures to store and analyze the raw sequences
and bioinformatics expertise to process the data
and identify SNPs. These additional costs asso-
ciated with resequencing are usually not included
in the overall genotyping price. Other potential
issues include a high level of missing data and
the absence of perfect bioinformatics tools for
data imputation models. Whereby, high-
throughput genotyping platforms such as Affy-
metrix or Illumina arrays provide multiple ben-
efits including: (1) a range of multiplex levels
providing rapid high-density genome scans;
(2) robust allele calling with high call rates;
(3) cost-effectiveness per data point when

resources. A disadvantage to this approach is that
it requires a relatively large up-front investment
to build the array; however, the cost can be
reduced by increasing the number of samples that
will be genotyped. In other crops, such as potato
and corn, to overcome these challenges, public
and private breeding programs have established
partnerships to develop the genotyping array.
These partnerships increased the number of users
and consequently samples, which reduced the
costs to design the array and cost per sample.
A genotyping platform is still not available for
carrot. As part of the public—private partnership
that supported the carrot sequencing and geno-
mic efforts (see Chap. 11), establishing an
array-based genotyping platform should be con-
sidered a high priority.

As new SNP markers associated with eco-

genotyping large numbers of SNPs and nomically important traits in carrot are developed
samples; (4) does not require extensive and validated, it will be critical to develop a
post-processing analysis and computational low-density genotyping assay that specifically
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Fig. 7.1 Different platforms for genotyping, showing
their relative high throughput in terms of number of
samples and assays that can be used in a single run

(developed using data from Rasheed et al. 2017). Assays
labeled in italic are those platforms/assays that have been
used in carrot genetic studies
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targets those SNPs. Some single-marker methods
have been developed in carrot and could be used
for marker-assisted breeding. This includes an
allele-specific PCR (AS-PCR) assay, cleaved
amplified polymorphic sequences (CAPS), and
sequence-tagged site (STS) markers (see
Chap. 9). However, all of these methods have in
common limitations of low throughput, high
cost, and are labor intensive, which limits their
application in carrot breeding programs. Multiple
cost-effective low-density genotyping assays are
currently available including KASPar, TagMan,
and semi-thermal asymmetric reverse PCR
(STARP). These genotyping technologies could
be used to develop a panel of allele-specific
assays from functional genes or QTLs, which
could be used in marker-assisted breeding in a
high-throughput cost-effective fashion in carrot.

For future marker-trait associations in carrot,
GWAS is a promising method to associate a
genotype with a phenotype. Since LD decays
very fast in carrot, the resolution is high and an
association could be identified directly with the
gene that controls a given phenotype; thereby,
the marker could be directly used for marker-
assisted selection. Currently, three GWAS have
been successfully performed, which has
enhanced our understanding of the biosynthesis
of carotenoids and terpenoids and the production
of orange pigmentation in carrot roots. All of the
GWAS were conducted in a single location, each
evaluating one specific trait. However, use
of multi-location studies enables the under-
standing of genotype X environmental (G X E)
interactions, which is important for the under-
standing and improvement of carrot cultivars in
breeding programs. The wuse of accurate
high-throughput phenotyping techniques, which
enables the ability to evaluate multiple traits from
several locations, requires a large investment. For
these reasons, optimizing the number of samples
to be used in future GWAS will be critical.
A future direction should consider the develop-
ment of a carrot core collection that represents
the highest phenotypic and genotypic diversity
for future GWAS and could be used to make
more informative breeding decisions regarding
the diversity of their breeding materials and the
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potential to exploit novel alleles. The use of a
core collection in a GWAS would reduce the
number of samples needed to be phenotyped and
genotyped, without reducing the potential genetic
gain. A core collection could then be used to
evaluate the performance of economically
important traits across multiple locations and
with high accuracy.
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Abstract

In this chapter, we review the contribution of
cytogenetics to our understanding of the
genome organization of the carrot (Daucus
carota subsp. sativus) and its wild Daucus
relatives. The genus Daucus includes about
40, mainly diploid, species with basic chro-
mosome numbers ranging from n =28 to
n = 11. Early studies have suffered the diffi-
culty to distinguish individual carrot chromo-
somes. Thanks to the development of carrot
genomic resources, reliable chromosome iden-
tification and high-resolution karyotyping
were obtained by using fluorescence in situ
hybridization (FISH) and bacterial artificial
chromosomes (BACs) as well as cocktails of
repetitive sequences. These advances have
contributed to study the organization and
distribution of several repeat elements, such
as miniature inverted—repeat transposable ele-
ments (MITEs) and retrotransposons, identify
candidate centromeric and knob-associated
repeats in carrot and other Daucus species,
and begin uncovering syntenic chromosome
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regions between carrot and other Daucus
species. Genome size analysis of about ten
diploid species indicated a three-fold differ-
ence across Daucus. However, for many
species, basic cytological data remain sketchy.
Given the difficult taxonomy and the ongoing
revision of the entire genus, we briefly argue
that expanding such data as well as compar-
ative cytogenetics studies in Daucus will
contribute to clarify the phylogeny and per-
form a more effective exploitation and man-
agement of the Daucus germplasm.

8.1 Introduction

Daucus carota is a morphologically diverse
species that comprises a complex of subspecies
with weak crossing barriers and difficult taxo-
nomical delineation (reviewed in Spooner et al.
2014). Cultivated carrot (Daucus carota
subsp. sativus) is the only cultivated species of
the genus. Traditionally, the genus Daucus has
included about 20-25 species mainly centered in
the Mediterranean region (Séenz Lain 1981;
Rubatzky et al. 1999). However, a series of
molecular studies have reappraised the phyloge-
netic relationships among Daucus and extended
the genus boundaries to other nine genera
(Arbizu et al. 2014; Banasiak et al. 2016; Spalik
and Downie 2007; Spalik et al. 2010; Spooner
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et al. 2013, 2017). Following these revisions,
which are described in Chap. 2, the genus Dau-
cus includes now about 40 species and two main
clades (Banasiak et al. 2016). These species are
for the most part diploids, with basic chromo-
some numbers ranging from n = 8 ton = 11.

Carrot has a relatively small genome, esti-
mated at 473 Mb per haploid genome, organized
in nine pairs of chromosomes (Arumuganathan
and Earle 1991). In the last decade, a growing
number of studies have contributed to a tremen-
dous development of the carrot genomic resour-
ces. These resources include genetic linkage
maps with medium to high resolution (Cav-
agnaro et al. 2014; Grzebelus et al. 2014); at least
two deep-coverage BAC libraries, one generated
from a carrot inbred line (Cavagnaro et al. 2009)
and another from a “double haploid” line whose
genome was sequenced (lorizzo et al. 2016); the
transcriptome of carrot root and leaf tissues from
four genetic backgrounds (Iorizzo et al. 2011);
and a high-quality assembly of the carrot genome
along with several resequenced genomes of cul-
tivated and wild accessions with diverse origin
(Torizzo et al. 2016). These resources have been
used to gain insight into the carrot genome
organization and evolution, clarify the origin of
domesticated carrots, and identify genomic
regions, markers, and candidate genes associated
with traits of interest (Ellison et al. 2017; Iorizzo
et al. 2013, 2016; Macko-Podgoérmi et al. 2017;
Rong et al. 2014).

Molecular cytogenetics is being applied to
several genome-related projects of plants. Cyto-
genetic analyses are instrumental in resolving the
order of contigs and tightly linked genetic
markers, estimating gap sizes within sequenced
genomic regions, integrating heterochromatic
domains in genetic and physical maps (Cheng
et al. 2001; Iovene et al. 2008b; Saski et al. 2017;
Shearer et al. 2014; Szinay et al. 2008; Wang
et al. 2006), and characterizing repetitive
sequences as well as specific chromosomal
structures, such as centromeres and knobs (Avila
Robledillo et al. 2018; Fransz et al. 2000; Gong
et al. 2012; Tek et al. 2005). In addition, cyto-
genetics plays an important role in comparative
genomics, by revealing the chromosome
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rearrangements underlying the karyotypic varia-
tion among related plant species of several fam-
ilies. Such studies have been reported for
Brassicaceae (Lysak et al. 2005; Mandékova
et al. 2017; for a review, see also Lysak et al.
2016), Solanaceae (Braz et al. 2018; Gaiero et al.
2017; Lou et al. 2010; Szinay et al. 2012),
Cucurbitaceae (Han et al. 2015; Lou et al. 2014)
and Poaceae (Betekhtin et al. 2014; Dong et al.
2018; Ma et al. 2010).

Thanks to the availability of genetic and
genomic resources, molecular cytogenetics has
been successfully applied to carrot, which has
allowed a reliable identification of the carrot
chromosomes, high-resolution karyotyping and
the characterization of heterochromatic domains
spanned by repetitive elements. However, for
most Daucus non-carota species, the basic
cytological data, such as chromosome number
and genome size, remain sketchy. Cytogenetics
could provide complementary tools useful to
achieve a refined elucidation of the carrot gen-
ome organization and contribute to a better
understanding of the relationships among Dau-
cus species by uncovering chromosomal differ-
ences and the underlying mechanisms. In this
chapter, we review the contribution of the past
and recent cytogenetic researches to our under-
standing of the carrot genome organization.
Prospective applications of cytogenetics to
Daucus comparative genomics are briefly
discussed.

8.2 Chromosome Numbers
and Classical Cytogenetic
Studies in Daucus

Classical cytogenetics has provided information
on the chromosome number and ploidy status of
carrots and several Daucus species. However,
due to the difficulty to distinguish individual
carrot chromosomes, conventional cytogenetics
has given a limited contribution to carrot genome
research. One of the first somatic chromosome
count of carrot traces back to 1932 (Lindenbein
1932; reviewed by Sharma and Ghosh 1954).
Subsequent  cytotaxonomic  studies  have
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confirmed that both cultivated and wild forms of
D. carota are diploid with nine pairs of chro-
mosomes (Bell and Constance 1960; Sharma and
Bhattacharyya 1959; Sharma and Ghosh 1954).
Other species, namely D. syrticus, D. sahariensis
(Aparicio Martinez 1989), and two members of
the recently added Tornabenea genus (D. annuus
and D. insularis, for which the chromosome
number is known), have 2n = 18 chromosomes
(Grosso et al. 2008). Conversely, most Daucus
species (including the majority of those recently
added) have chromosome numbers of 2n = 20 or
22 (Bell and Constance 1957, 1960, 1966;
Constance et al. 1976; Rice et al. 2015). In
addition, the inclusion of Cryptotaenia elegans
and Pseudorlaya spp. under the genus expands
the range of variation to 2n = 16 (Suda et al.
2005; Vogt and Oberprieler 1994, 2009). Daucus
are for the most part diploid species but at least
five polyploids, that is, the tetraploid D.
glochidiatus (2n = 44), the hexaploid D. mon-
tanus (2n = 66), and the tetraploid species D.
incognitus, D. melananthos, and D. pedunculatus
(all 2n = 44) formerly under Agrocharis genus
(Banasiak et al. 2016), exist (Constance et al.
1976; Constance and Chuang 1982). To our
knowledge, the record of the base chromosome
number for Daucus is incomplete (e.g., there is
no report for D. mauritii and the recently added
D. dellacellae and D. mirabilis). In addition, for
a few species (e.g., D. durieua), different chro-
mosome counts are reported (Luque and Lifante
1991 and references therein). This discrepancy
could potentially arise from species misidentifi-
cation due to the difficult taxonomy of Daucus,
and it calls for the need of a reassessment of the
chromosome numbers of wild Daucus, in the
frame of the revised classification of the genus.
Several cytotaxonomic studies have described
the karyotype of various accessions of D. carota.
Bayliss (1975) reported that carrot mitotic chro-
mosomes have average length of ~1.5 um and
are metacentric to submetacentric, except for the
chromosome pair with a prominent satellite
which has a submetacentric to subtelocentric
centromere. However, an apparent intraspecific
karyotype variation emerges among several
cytological studies, with differences in the
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chromosome morphology and the number of the
secondary constrictions (Hamal et al. 1986;
Sharma and Bhattacharyya 1959; Sharma and
Ghosh 1954; Subramanian 1986). These differ-
ences could be rather an artifact due to the dif-
ficulty to identify accurately the centromere
position and specific chromosomes. Indeed, all
studies agreed that carrot chromosomes were
uniformly short and difficult to distinguish based
on their shape. In addition, classical staining
procedures such as C and Q banding have pro-
vided limited aid to the chromosome identifica-
tion of carrot (Essad and Maunoury 1985; Kumar
and Widholm 1984). A better discrimination with
Giemsa C banding was achieved by using carrot
prometaphase chromosomes (Schrader et al.
2003).

Since the dawn of plant in vitro culture, carrot
has served as a model system to develop in vitro
culture procedures and study the process of
somatic embryogenesis and the behavior of cul-
tured cells (for a review see Sussex 2008).
Therefore, a number of studies have addressed
the questions of what type of chromosomal
changes occurred in in vitro cells, what condi-
tions contributed to such instability, and whether
aneuploidy and polyploidy arising in certain
carrot cell lines were responsible for the decline
of totipotency (Al-Safadi and Simon 1990;
Bayliss 1973, 1975, 1977; Smith and Street
1974). Bayliss (1973, 1975) described carrot
aneuploid cell lines with 17 chromosomes, sup-
posedly the result of a translocation. In addition
to aneuploid and polyploid lines, a haploid cell
line (HA) developed from a haploid carrot
seedling was described and karyotyped (Smith
et al. 1981; also reviewed in Simon 1984).
This HA suspension has provided a valuable tool
in several studies related to embryo development
in plants (Borkird and Sung 1987). Aneuploid
and polyploid plants have been regenerated from
both protoplast and cell cultures (Dudits et al.
1976; Grzebelus et al. 2012; Sung and Jacques
1980) as well as after protoplast fusion (Dudits
et al. 1977, Lazar et al. 1981). Dudits et al.
(1976) reported that the inflorescences of both
tetraploids and hexaploids regenerated from
carrot protoplasts had normal phenotype;



122

however, the meiotic stability of these materials
was not analyzed. In fact, there are only a few
reports on the analysis of the carrot meiotic
chromosomes. This is partly because carrot
flowers are minute and difficult to manipulate,
which complicates the preparation of meiotic
chromosomes. Zenkteler (1962) conducted a
comparative analysis of the microsporegenesis of
male-fertile versus male-sterile plants. Male-
fertile plants had a regular meiosis, with nine
bivalents up to metaphase I. Conversely, several
irregularities occurred during the meiosis of
male-sterile plants, including a cross-shape con-
figuration at pachytene and multivalent pairing at
diakinesis, both indicative of a heterozygous
reciprocal translocation (Zenkteler 1962). Sinha
and Sinha (1978) confirmed regular bivalent
formation in the pollen mother cells of two fertile
carrot varieties. Most paired chromosomes (mean
values of 6.8 and 7.5, depending on the variety)
formed rings, and the remaining chromosomes
paired as rods. The average number of chiasma
per chromosome arm was ~0.9 (Sinha and
Sinha 1978).

8.3 Nuclear Genome Size

The amount of DNA in an unreplicated gametic
nuclear genome (known as C-value) is com-
monly used to describe the nuclear genome size
of a species (Bennett and Leitch 2011) and is
expressed in pg or Mb (1 pg = 978 Mb; Dolezel
et al. 2003). The C-value is an important
parameter in phylogenetic studies because it
contributes to species identification and to
uncover misclassifications in germplasm collec-
tions as well as polyploidization/aneuploidization
events and large-scale structural rearrangements
such as large deletions/duplications or insertions
(Nowicka et al. 2016b; Sliwinska 2018). The
circumscription of species and genera with dif-
ficult taxonomy, such as Daucus, could greatly
be benefitted by the integration of molecular
phylogenetic and morphometric studies with the
nuclear genome size analysis. To obtain mean-
ingful nuclear genome size data, it is necessary to
evaluate a large number of accessions and
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individuals, especially when dealing with species
complexes and genera, such as D. carota and the
Daucus genus, that lack a comprehensive taxo-
nomic treatment (Nowicka et al. 2016b).

Owens (1974) reported the first nuclear DNA
content estimates of several Daucus species in
his doctoral thesis, which were later reviewed by
Bennett and Smith (1976) in their large compi-
lation of plant DNA amounts. These first esti-
mates were based on Feulgen microdensitometry
using Allium cepa as a DNA standard, and cov-
ered five D. carota subspecies (including culti-
vated carrot) and seven non-carota Daucus
species. The 2C-values ranged from 2 pg in D.
carota subsp. carota to 11 pg in D. montanus,
which are much higher than the flow cytometry
(FCM) values published later. However, such
high C-values for Daucus species were not
reported in any following experiments, and
because polyploidy and supernumerary chromo-
somes are not common in this genus, they likely
represented overestimates reflecting technical
shortcoming or species misidentification. Indeed,
subsequent FCM-based studies reported consis-
tent values of nuclear DNA content in 2C nuclei
of (slightly less than) 1.0-1.1 pg (Arumu-
ganathan and Earle 1991; Bennett and Leitch
1995; Bai et al. 2012; Pustahija et al. 2013).
However, these studies relied on the analysis of a
single D. carota population with the exception of
the work of Pustahija et al. (2013), who evalu-
ated three populations collected from western
Balkan regions (Table 8.1). A comprehensive
survey, based on a large number of Daucus
species, accessions and plants per accessions,
confirmed that the cultivated carrot has a mean
2C-value of 0.96 pg (Nowicka et al. 2016b). This
study analyzed multiple individuals from 26
cultivated carrots, including cultivars and
advanced breeding lines with orange or purple
roots, and landraces producing orange, yellow, or
purple roots (Table 8.1). In addition, in the same
study, 14 wild D. carota subspecies (each
including several accessions and individuals) had
2C-values ranging from ~09 to ~1.1 pg
(Table 8.1; Nowicka et al. 2016b). In another
study based on different accessions, Tavares et al.
(2014) assessed the genome size of four
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subspecies of D. carota native to Portugal, each
represented by two to six populations and up to
six individuals per population. Similar to the
results obtained by Nowicka et al. (2016b), the
measurements were highly reproducible with low
variation in 2C-values among individuals of the
same population (Tavares et al. 2014). However,
the 2C-values reported by Tavares et al. (2014)
were slightly higher compared to other published
estimates for the same subspecies, and varied
from 1.21 to 1.26 pg/2C (Table 8.1). Genome
size data are also available for another approxi-
mately ten wild Daucus species (Table 8.1;
Nowicka et al. 2016b; Suda et al. 2005). Now-
icka et al. (2016b) found three-fold difference for
the genome size of nine diploid Daucus species,
with 2C-values ranging from about 1 pg in
D. carota species complex (2n = 18) to 3.02 pg
in D. littoralis (2n = 20). Differences among
accessions within the same taxon were usually
small. The only exception was D. guttatus, which
displayed large differences in the nuclear DNA
content among accessions (1.49-2.83 pg;
Table 8.1). This discrepancy likely reflects the
complicated taxonomy of D. guttatus, which is
indeed a species complex including four species
(Arbizu et al. 2016). On the other hand, differ-
ences in the 2C-content among diploid Daucus
species are not related to their different chromo-
some number (Nowicka et al. 2016b) and the
origin of such diversity (e.g., differential activity
of mobile elements) remains to be investigated.

8.4 Development
of Chromosome-Specific Probes
for Chromosome Identification
and Integration of Genetic
and Cytological Maps in Carrot

Efficient methods for reliable chromosome
identification are the foundation for cytogenetic
research in both animals and plants. In species
with small to medium size genomes, fluorescence
in situ hybridization (FISH), coupled with the use
of large insert genomic libraries, represents a
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well-established tool for chromosome identifica-
tion, karyotyping, and integration of the chro-
mosomal features in the genetic linkage map of a
species (Cao et al. 2016; Chao et al. 2018; Dong
et al. 2000; Pedrosa-Harand et al. 2009; Zhang
et al. 2010).

In carrot, a set of 15 bacterial artificial chro-
mosomes (BACs) was selected by screening two
carrot BAC libraries with various types of
molecular markers, but mainly sequence-tagged
site (STS) markers and SSR markers (Cavagnaro
et al. 2009; Grzebelus et al. 2007; Just et al.
2007). Markers anchoring the BACs mapped to
the nine carrot linkage groups (LGs), with one to
three markers for each LG. The selected BACs
were used as FISH probes for mitotic and meiotic
chromosome identification and integration of the
genetic linkage groups of carrot with the carrot
pachytene chromosomes (Fig. 8.1; Iovene et al.
2011). This way, each carrot linkage group was
assigned to a specific chromosome, and six of
them were oriented according to the short
(north)/long (south) arm of the corresponding
chromosome. In the same work, these
chromosome-specific BACs provided a frame-
work for the localization of additional DNA
sequences with unknown genetic position rela-
tive to the markers used in the initial library
screening. These sequences included the rDNA
gene clusters and other six BACs (adding up to
21 BACs), which were either not mapped or
mapped in diverse, unrelated mapping popula-
tions. For example, the FISH signal of BAC
2B20, selected for a marker linked to the nema-
tode resistance locus Mj-I from a different
genetic map (Boiteux et al. 2000), was located on
the long arm of chromosome 8 (LGY), distal to
BAC 9KI15 (containing the STS marker for
LCYE, from LG9) and to the 5S rDNA (Fig. 8.1).
Using two-color FISH, reliable identification of
the carrot chromosomes was achieved by using a
probe cocktail containing a subset of ten BACs
(Tovene et al. 2011).

Several other BACs have been mapped on the
carrot pachytene chromosomes in the frame of
the carrot genome sequencing project (lorizzo
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Table 8.1 Summary of the nuclear genome size analysis in several Daucus

Species name 2C DNA No. pop.d No. ind.° | Reference
2n)* content (pg)
FCM"  Range®
D. carota (18) 1.03 0.98-1.10 4 nd Arumuganathan and Earle (1991),

Bennett and Leitch (1995),
Bai et al. (2012),
Pustahija et al. (2013)

D. carota ssp. azoricus 1.06 - 1 15 Nowicka et al. (2016b)
D. carota ssp. carota 1.06 0.95-1.24 5 47 Tavares et al. (2014),
Nowicka et al. (2016b)
D. carota ssp. commutatus | 0.98 - 1 13 Nowicka et al. (2016b)
D. carota ssp. drepanensis  0.99 - 1 15 Nowicka et al. (2016b)
D. carota ssp. gadecaei 0.98 - 1 12 Nowicka et al. (2016b)
D. carota ssp. gummifer 1.11 0.99-1.29 5 43 Tavares et al. (2014),
Nowicka et al. (2016b)
D. carota ssp. halophilus 1.18 1.12-1.33 7 36 Tavares et al. (2014),
Nowicka et al. (2016b)
D. carota ssp. hispanicus 0.95 - 1 10 Nowicka et al. (2016b)
D. carota ssp. hispidifolius | 0.98 0.97-1.00 2 26 Nowicka et al. (2016b)
D. carota ssp. hispidus 1.09 - 1 10 Nowicka et al. (2016b)
D. carota ssp. libanotifolia  0.97 - 1 7 Nowicka et al. (2016b)
D. carota ssp. major 0.95 0.94-0.96 2 30 Nowicka et al. (2016b)
D. carota ssp. maritimus 0.96 - 1 16 Nowicka et al. (2016b)
D. carota ssp. maximus 1.12 0.99-1.26 6 63 Tavares et al. (2014),
Nowicka et al. (2016b)
D. carota ssp. sativus 0.96 0.95-098 26 403 Nowicka et al. (2016b)
D. broteri (20) 2.07 1.91-2.22 2 19 Nowicka et al. (2016b)"
D. crinitus (22) 2.39 2.37-2.40 2 20 Nowicka et al. (2016b)
D. elegans (16) 0.94 - 1 3-6 Suda et al. (2005)
D. guttatus (20) 2.05 1.49-2.83 3 23 Nowicka et al. (2016b)"
D. involucratus (22) 1.80 1.79-1.81 3 35 Nowicka et al. (2016b)
D. littoralis (20) 3.02 - 1 Nowicka et al. (2016b)
D. montevidensis (22) 1.30 - 1 Nowicka et al. (2016b)
D. muricatus (20) 1.99 1.97-2.04 3 45 Nowicka et al. (2016b)
D. pusillus (22) 1.30 1.29-1.40 3 41 Nowicka et al. (2016b)

*Species names and somatic chromosome numbers (in brackets) reported as in the corresponding references. D. elegans
was previously classified as Cryptotaenia elegans

"FCM, flow cytometric measurement using propidium iodide; mean 2C DNA content (pg) calculated for each taxon
based on the data presented in the corresponding references

“Range of the average 2C-values as reported in the corresponding references

9No. pop., the total number of analyzed populations/accessions calculated based on the corresponding references
°No. ind., the total number of analyzed individuals per taxon calculated based on the corresponding references

"The data of Nowicka et al. (2016b) were revised to account for the fact that one accession of D. broteri (Ames 25879)
is reclassified as D. guttatus in the U.S. National Plant Germplasm System

— No variation

nd No data
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Fig. 8.1 Representative carrot pachytene chromosomes
and their association with the nine genetic linkage groups
(LGs) of the carrot based on FISH using LG-specific BAC
clones (green and red signals). Chromosomes were
counterstained with DAPI (blue). The numbering of the
chromosomes is according to their decreasing length.

et al. 2016). These included fourteen clones from
the BAC library of carrot DH1 (the genotype
whose genome was sequenced), which were
identified to contain sequences that unambigu-
ously aligned at the ends of the pseudomolecules
of chromosome 1, 2, 4, 5, 6, 8, and 9. These
BACs were FISH-mapped on carrot pachytene
chromosomes along with a telomeric probe
(TTTAGGG),, in order to evaluate the consis-
tency and the coverage of the carrot genome
assembly in the subtelomeric—telomeric regions
(Iorizzo et al. 2016). Apart from BAC clones, the
feasibility of using other sources or types of
single/low  copy  sequences as  carrot
chromosome-specific markers has not been fully
investigated. Recently, Macko-Podgori et al.
(2017) have successfully used a FISH probe
made of bulked DNA fragments obtained
through long-range PCR to map a region located
at the distal region of the long arm of carrot
chromosome 2. This FISH probe covered almost
entirely the 37 kb long genomic region that the
authors had identified to be under selection in
cultivated carrot and to include a candidate gene
for carrot domestication (Macko-Podgoérni et al.
2017).

BAC names are reported on the left of each chromosome.
BAC clone information is provided in Table 1 of Iovene
et al. (2011). Arrows indicate the centromeric regions.
Reused and modified with kind permission of Springer
Science+Business Media B.V. from Iovene et al. (2011)

8.5 Carrot Pachytene-Based
Karyotype and Candidate
Centromeric-
and Knob-Associated Tandem
Repeats

A FISH-based karyotype of carrot was developed
by measuring the length of each individual carrot
pachytene chromosome in 24 best pollen mother
cells of the inbred line B2566. The pachytene
chromosomes were ordered from 1 to 9 accord-
ing to their descending length. Each carrot
pachytene was readily identified by using the
chromosome-specific BACs described above. In
addition, pachytene chromosomes could be dis-
tinguished, with relative ease, based on their
length, arm ratio and DAPI staining pattern. The
average length of the carrot pachytene comple-
ment measured ~ 193 & 18 pm, which repre-
sented about sevenfold the length of the somatic
metaphase counterpart (Iovene et al. 2008a,
2011). Carrot chromosome 1 was about 27 pm
long and covered approximately 14% of the total
karyotype length, whereas the other chromo-
somes represented each 13 to 8% of the
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<« Fig. 8.2 Localization and organization of CentDc-like

repeats. a FISH mapping of CentDc repeat (red signals)
on carrot pachytene chromosomes. Chromosomes are
counterstained with DAPI (blue) and b presented as black
and white image to enhance the visualization of the
heterochromatic domains. Chromosomes are numbered
according to their decreasing length. Bar = 5 um. Reused
and modified with kind permission of Springer Science
+Business Media B.V. from Iovene et al. (2011). ¢c—
e Comparative organization of CentDc-like repeats
among various Daucus spp. Note that the length of the
CentDc cluster arrays is unknown. ¢ Carrot and D.
syrticus (2n = 18): CentDc repeat units of 159 bp
represent higher-order repeat (HOR) structures, each

karyotype length. Chromosome arm ratios
(long/short) ranged from 1.2 to 10.6, but most
chromosomes had a ratio within the range 1.2—
4.9. Heterochromatic regions, which stain
brightly with DAPI, represented a small fraction
of all the chromosomes and were mainly located
in the pericentromeric regions. However, cen-
tromeric regions of the carrot pachytene chro-
mosomes did not have the obvious primary
constrictions and the distinct differential staining
that are instead observed in other species, such as
tomato and maize. Related to this aspect, a can-
didate centromeric tandem repeat family (named
CentDc) was identified in carrot, which allowed
performing more accurate  measurements
(Fig. 8.2a, b). CentDc repeats were isolated from
BAC 4HO08, a clone that was initially selected for
the phytoene synthase 1 gene (PSY1; Cavagnaro
et al. 2009) and it was expected to contain mainly
low/single copy sequences. However, the FISH
analysis revealed that BAC 4HOS8 hybridized to
the centromeric regions of all carrot chromo-
somes. In addition, the FISH signals of this BAC
overlapped with those generated by the carrot
cot-1 DNA fraction, corroborating that it con-
tained a dominant centromeric repeat of the
carrot (Iovene et al. 2011). The partial sequenc-
ing of this BAC revealed the typical structure of
a CentDc repeat unit with monomers of
~159 bp. Several lines of evidence suggested
that each CentDc unit of ~ 159 bp represents, in
turn, a higher-order repeat (HOR) structure, in
that a typical 159 bp repeat motif is itself com-
posed of four shorter monomers of 39-40 bp
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made of four monomers (A, B, C, D) of 39-40 bp, which
are arranged in the same order in adjacent HORs. The A,
B, C, D monomers are represented by different colors to
reflect the SNPs in their sequences. d D. aureus
(2n = 22): CentDc-like repeat units of 40 bp (black
arrows), most similar to CentDc monomer A. e D.
pusillus (2n = 22): the initial portion (40 bp; thick black
lines in the gray arrows) of the most abundant tandem
repeat of D. pusillus (~159 bp long) shares >82%
similarity with CentDc monomer A. The remaining
portion of this 159 bp tandem repeat of D. pusillus
differs from CentDc. Drawn based on the data published
by lorizzo et al. (2016)

(Fig. 8.2¢c; lIorizzo et al. 2016; Iovene et al.
2011). Indeed, the 39-40 bp monomers (named
A, B, C, and D) have accumulated several private
polymorphisms each. These shorter monomers
are repeated in the same order, that is, ABCD
(Fig. 8.2c). The average pairwise similarity
among these 39-40 bp monomers is lower than
that among adjacent CentDc unit of ~ 159 bp
(Iorizzo et al. 2016), which is a typical feature of
HORs (Melters et al. 2013).

It is well established that the centromere
function is determined epigenetically by the
presence in the centromeric chromatin of a spe-
cialized histone H3 variant, known as CENPA in
humans and CENH3 in plants (McKinley and
Cheeseman 2016, for a review). Recently,
Dunemann et al. (2014) developed an antibody
against the carrot CENH3 based on the analysis
of the CENH3 gene in carrot and three wild
Daucus species. The immunofluorescence assays
indicated that the anti-DcCENH3 antibody
localizes to centromeres of carrot chromosomes
as well as those of D. glochidiatus, indicative of
the cross-reactivity of the D. carota antibody
with CENH3 of other Daucus species (Dune-
mann et al. 2014). Unfortunately, to our knowl-
edge, this anti-DcCENH3 antibody has not been
used yet to confirm the association between
CentDc repeats and the CENH3-containing
nucleosomes. However, FISH signals derived
from CentDc repeats hybridized at the most
poleward position of each carrot chromosome at
both meiotic metaphase I and mitotic anaphase,
suggesting that CentDc repeats are indeed
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associated with the kinetochore complex (Iovene
et al. 2011; Nowicka et al. 2016a).

In addition to the pericentromeric hete-
rochromatin, small heterochromatic domains
were consistently detected in other chromosomal
regions. The short arm of chromosome 2 was
almost entirely heterochromatic and ended with a
terminal heterochromatic knob. The short arm of
chromosome 4, also brightly stained by DAPI,
was occupied by the 18S-25S rDNA sequences.
Finally, the long arm of carrot chromosome 1
had a small heterochromatic knob located at
~39% from the end of the short arm. This knob
is associated with another abundant satellite
repeat family (named CL80) of carrot. CL80
repeat units are 169 bp long and their sequences
are highly homogenized in the carrot genome
(TIorizzo et al. 2016). An in silico search of the
CL80 sequences throughout the carrot genome
indicated that most CL80 repeats localize on
chromosome 1 at the junction between super-
scaffold 7 and 8 of the corresponding assembled
pseudomolecule (Iorizzo et al. 2016). Indeed, the
FISH signal of CL80 overlapped with the knob
on chromosome 1 and spanned the chromosomal
region between carrot BACs 20G08 and 20P12,
which were selected from the superscaffolds 7
and 8, respectively (Iorizzo et al. 2016).

8.6 Karyotyping Using Carrot
Repetitive Sequences

In addition to rDNA sequences, other repetitive
sequences identified in the carrot genome have
been used as FISH probes to provide a reliable
hybridization pattern for the identification of the
carrot mitotic chromosomes as well as investi-
gate their distribution along the carrot chromo-
somes. Nowicka et al. (2012) used as FISH
probes random amplified polymorphic DNA
(RAPD) amplicons obtained from a group of
accessions representing carrot genetic diversity.
These  amplicons were abundant and
non-polymorphic among carrot accessions, an
indication of both their repetitive nature and
sequence conservation in carrot (Nowicka et al.
2012). This way, the authors analyzed 13 RAPD
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products, ranging in size from 517 to
1758 bp. Four of such probes (B4A, C15A, n75,
and T20B4) produced clear and reproducible
hybridization patterns on most or all chromo-
somes. The majority of the signals were confined
to the pericentromeric regions and had a preva-
lent dot-like hybridization pattern, suggesting
that these sequences are organized in clusters
comprising many copies (Nowicka et al. 2012).
These probes had sequence similarity to coding
portions of gypsy (CI5A, n75) and copia
(T20B4) retrotransposons of plant species dis-
tantly related to carrot, as well as to carrot
BAC-end sequences (Cavagnaro et al. 2009).
Simultaneous hybridization of either two
RAPD-PCR probes in combination with CentDc
repeats generated a specific FISH pattern that
enabled individual chromosome identification.
Miniature inverted-repeat transposable ele-
ments (MITEs), which are particularly abundant
and diversified in the carrot genome, have pro-
vided another source of FISH landmarks for the
carrot chromosomes (Macko-Podgorni et al.
2013; Nowicka et al. 2016a). Both Stowaway-
like (named DcSto) and Tourist-like (named
Krak) elements, the two most abundant groups of
MITE:s in plants (Jiang et al. 2004), were iden-
tified in carrot. Stowaway-like DcSto elements
are 300 bp long and are present in >4000 copies
in the diploid carrot genome (Macko-Podgorni
et al. 2013; Iorizzo et al. 2016). Tourist-like Krak
elements are less than 400 bp long and have an
estimated copy number in carrot of about 3600
(Grzebelus et al. 2007; Grzebelus and Simon
2009). However, lorizzo et al. (2016) identified
only about 400 Krak copies in the carrot
assembled genome that carried intact terminal
inverted repeats. FISH using DcSto and Krak
resulted in a pattern of signals widely dispersed
along all chromosome arms with intercalary and
pericentromeric localization (Nowicka et al.
2016a; Fig. 8.3). Several DcSto signals were
located in the euchromatic regions (Fig. 8.3). In
addition, both MITE groups were not detected in
the centromeric, telomeric, and nucleolar orga-
nizer regions. lorizzo et al. (2016) found evi-
dence that DcSto and Krak elements are
randomly distributed in the carrot genome, and
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Fig. 8.3 Identification of the carrot mitotic chromosomes
by FISH using a cocktail of repetitive sequences including
the miniature inverted—repeat transposable element a DcS-
tol probe or b Krak probe along with the centromeric
(CentDc) and telomeric repeats. The top row in each panel
shows the FISH hybridization signals; in the bottom row,
the hybridization signals are superimposed on the

not preferentially inserted into or near genes. The
DcSto probe produced a pronounced dot-like
banding pattern with stronger signals compared
to Krak. Moreover, the intensity of the DcSto
signals differed considerably among chromo-
somes, while the hybridization pattern of Krak
was relatively uniform (Nowicka et al. 2016a;
Fig. 8.3). Hybridization using DcSto or Krak
probe, along with CentDc and the Arabidopsis-
type telomeric probe, enabled the authors to
distinguish the mitotic chromosome pairs
(Fig. 8.3). In the same work, Nowicka et al.
(2016a) investigated the distribution and the
usefulness for karyotyping of repeat elements
specific to D. carota (DCREs) previously iden-
tified by Cavagnaro et al. (2009). Out of eleven
DCRE repeats screened as potential chromosome
landmarks, three (DCRE9, DCREI16, and
DCRE22) produced a specific FISH pattern on
the carrot mitotic complement (Nowicka et al.
2016a; Fig. 8.4). These DCRE repeats had an
estimated length of 388 bp (DCRE9), 677 bp
(DCREL16), and 896 bp (DCRE22) and an esti-
mated copy number in the carrot genome of

The chromosomes were

DAPI-stained chromosomes.
paired based on their hybridization pattern and size and
ordered according to their decreasing length. Bar = 5 pm.
Reused and modified with kind permission of Springer
Science+Business Media Dordrecht from Nowicka et al.
(2016a)

7340, 4621, and 2990, respectively (Cavagnaro
et al. 2009). DCRE probes differed for their
hybridization pattern and intensity of the signals
(Nowicka et al. 2016a). In addition, for each
probe, the intensity of the signals differed among
the carrot chromosomes, an indication of differ-
ent amounts of DCRE elements among chro-
mosomes. Among the probes, DCRE9 produced
the strongest dot-like pattern. Conversely, the
DCRE22 probe generated the weakest signals,
the majority of which were localized in peri-
centromeric regions (Fig. 8.4). The strongest
DCRE22 signals were located on the
NOR-bearing  chromosome pair.  Finally,
DCREI16 hybridized to the pericentromeric
region of all chromosomes with additional cen-
tromeric signals on two chromosome pairs
(Fig. 8.4). The most pronounced DCRE16 signal
was located on NOR-bearing chromosome pair.
The differences in the strength of the FISH sig-
nals among the chromosomes, along with chro-
mosome measurements and hybridization with
CentDc, enabled to distinguish the carrot mitotic
chromosomes (Nowicka et al. 2016a; Fig. 8.4).
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Fig. 8.4 Ideogram showing the FISH distribution of two
D. carota repetitive elements (DCRE22 and DCRE16) on
the carrot mitotic chromosomes in relation to the
centromeric (CentDc), telomeric, and rDNA sequences.
Chromosome length and arm ratio are based on the

8.7 Comparative Cytogenetics
Among Daucus

Comparative cytogenetic tools have been instru-
mental to uncover large-scale chromosome
changes and the mechanisms responsible for
karyotype diversity among related species,
especially within mammals (Ferguson-Smith and
Trifonov 2007 for a review). In plants, compar-
ative cytogenetics has mainly relied on the FISH
mapping of chromosome-specific BACs from a
given species on the chromosomes of its close
relatives. In Brassicaceae, several favorable
conditions have made it possible to develop
painting probes covering long chromosome
regions by pooling dozens of closely spaced
BACs from Arabidopsis thaliana containing
single/low copy sequences (Lysak et al. 2016 for
a review). However, in most species from other
plant families, a smaller number of BACs per
chromosome has been usually used due to the
difficulty to exclude repetitive DNA sequences
from these cocktail probes (Fonséca et al. 2016;
Gaiero et al. 2017; Lou et al. 2010; Yang et al.

measurements reported in Table 1 of Nowicka et al.
(2016a). Scale in micrometers. Reused and modified with
kind permission of Springer Science+Business Media
Dordrecht from Nowicka et al. (2016a)

2014). Following the strategy of cross-species
BAC-FISH, a subset of the carrot
chromosome-specific BACs were applied to D.
crinitus and D. pusillus (both 2n = 22), belong-
ing to Daucus clade I and II, respectively. This
preliminary work began to uncover syntenic
chromosome regions among these species
(Iovene et al. 2011). For example, four clones
located on carrot chromosome 3 (67N21 on 3S
and 25M9, 32K 14, and 238G6 on 3L) hybridized
to two different chromosome pairs in both the
wild species, with 67N21, 25M9, and 32K14 on
a same chromosome and BAC 238G6 on a dif-
ferent chromosome. The analysis also indicated
that the NOR-bearing chromosome of carrot
(chromosome 4) is either not homologous to that
of D. crinitus, or highly rearranged due to
translocation(s). In  addition, the 5S
rDNA-bearing chromosome of the carrot (chro-
mosome §) is likely homologous to that of D.
crinitus and D. pusillus. However, the relative
order of the carrot chromosome 8-specific BACs
and the 5S rDNA was different in any pairwise
comparison among these three species, possibly
suggesting the involvement of at least one
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inversion. In addition to single/low copy
sequences, various repetitive sequences have
been analyzed by FISH to gain insights into the
origin of the genome size differences among
related species and the evolutionary dynamics of
specific repeat elements (Gong et al. 2012; Park
et al. 2012). One of the first of such studies in
Daucus analyzed the distribution of the rDNA
gene clusters and the karyotypes in eight species
with various phylogenetic distance to carrot
(Iovene et al. 2008a). The cultivated carrot and
its close relative D. carota subsp. capillifolius
(both 2n = 18) had similarly short chromosomes
with uniform morphology (total mitotic kary-
otype length of 56 £6 and 59 &+ 11 um,
respectively). D. crinitus (2n = 22) along with D.
littoralis and D. muricatus, two species with
2n = 20, had the longest karyotypes, about 1.7-2
times longer than that of D. carota. This figure
likely reflects the two- to three-fold increase of
their genome size compared to the carrot genome
(Nowicka et al. 2016b; see also the genome size
section of this chapter). Each species examined,
including the tetraploid D. glochidiatus, had a
single 5S rDNA and a single 18S-25S rDNA site
(one chromosome pair each). The 18S-25S
rDNA site was invariably terminally located.
Conversely, the 5S rDNA locus was located
interstitially on the long arm of a
metacentric/submetacentric chromosome pair,
except for D. crinitus in which it localized at the
end of the short arm of a
metacentric/submetacentric pair, suggesting the
involvement of a chromosome rearrangement
compared to the other species. Two additional
repeats specific to carrot (that is, the carrot cen-
tromeric satellite repeat CentDc and the satellite
repeat CL80 which hybridized to a knob on
carrot chromosome 1) were analyzed in repre-
sentative species with 2n = 18, 20, and 22 of the
two main Daucus clades (Iorizzo et al. 2016).
This comparative analysis was carried out both in
silico and cytologically. The analysis indicated
that both CentDc-like and CL80-like repeats
differed among species in terms of repeat
sequence, structure, abundance, and distribution.
However, there is an indication that origin of
both repeats predated the divergence of the two
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Daucus clades (Iorizzo et al. 2016). CentDc-like
repeats represented the most abundant tandem
repeat in other species of the Daucus clade I
However, the structure of its monomers differed
among these species (lorizzo et al. 2016;
Fig. 8.2c—e). In addition, the 40 bp monomers A
of CentDc had a significant similarity with the
initial 40 bp of the most abundant tandem repeat
of D. pusillus (2n =22, Daucus clade I,
Fig. 8.2c—e). Similarly, CL80-like repeats were
detected in species of both Daucus clades. The
sequence of CL80 was conserved across Daucus,
with a pairwise average similarity of >96%
between any two species analyzed. However, the
abundance and distribution of CL80 differed
among the species. D. guttatus and D. littoralis
(both 2n = 20; clade II) were enriched of CL80
sequences but they were devoid of CentDc. FISH
analysis detected CL80 signals at both sub-
telomeric and intercalary regions of each chro-
mosome of D. littoralis, with intercalary signals
likely spanning all centromeres. In D. guttatus,
CL80 hybridized to the ends of most chromo-
somes and the pericentromeric regions of four
chromosomes. In several ways, CL80 repeat
resembles the  Oryza  satellite  repeat
CentO-C2/TrsC which localizes at several func-
tional centromeres and subtelomeric regions in
O. rhizomatis and exclusively at the subtelomeric
regions in the related O. officinalis (Bao et al.
2006; Lee et al. 2005). Further analyses are
necessary to characterize the DNA sequences
associated with the centromeres of diverse Dau-
cus species.

8.8 Conclusion and Perspectives

Carrot cytogenetics has advanced thanks to novel
genomic resources and tools. This progress has
contributed to the understanding of the carrot
genome organization, by enabling reliable chro-
mosome identification and high-resolution kary-
otyping, beginning to uncover the organization
of several repeat elements including those span-
ning heterochromatic domains and identify can-
didate centromeric- and knob-associated repeats
in carrot and related species. These studies
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indicate that Daucus is an appealing genus to
study the evolutionary dynamics of satellite
repeats as well as how and what type of mobile
elements contributed to the genome size differ-
ences among Daucus species. Indeed, Daucus
includes species for the most part diploid, with
basic chromosome numbers ranging from n = 8
to n =11 and up to a three-fold difference in
genome size. However, for many species, basic
cytological data such as chromosome number
and genome size remain sketchy or to be con-
firmed. Such data are of great value especially
given the ongoing taxonomic revision of the
entire genus Daucus (Banasiak et al. 2016). In
addition, new strategies in painting individual
chromosomes or specific regions, based on
probes made of pools of thousands of
custom-synthesized oligonucleotides (Braz et al.
2018; Han et al. 2015), would greatly contribute
to the elucidation of the chromosome rearrange-
ments occurred during the evolution of the genus
Daucus. This knowledge, in turn, would help
clarify the phylogenetic relationships and per-
form a more effective exploitation and manage-
ment of the Daucus germplasm.
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Philipp W. Simon

Abstract

Classical plant breeding approaches have
succeeded in improving the productivity of
the carrot crop for growers and the quality of
the crop for consumers over the last century.
A significant breeding focus has been on
genetic control of male fertility to assure
successful production of hybrid cultivars, with
relatively little emphasis on formal studies of
other reproductive traits such as seed yield and
vernalization requirements, or on crop mor-
phology. Another strong focus for carrot
breeders has been selection for resistance to
Alternaria leaf blight and root-knot nema-
todes. Future crop producers will likely face
more challenging abiotic threats and addi-
tional biotic threats to the crop, and little effort
has been directed to those traits. In an effort to
improve carrot consumer quality, pigments
and flavor compounds have received much
attention by carrot breeders. With the expan-
sion of carrot global markets, a broader range
of consumer traits may require attention as
carrot breeding programs move forward. The
sequencing of the carrot genome provides an
important foundation for a better understand-
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ing of the genetics of traits important for
growers and consumers, for developing
molecular tools to accelerate the breeding
process, and for identifying genes of potential
interest for gene editing. The breadth of
genetic diversity in carrot germplasm is a
valuable resource that will provide an impor-
tant foundation for future carrot breeding.
A better understanding of that diversity will be
needed to take full advantage of it, and the
carrot genome sequence will provide insights
into that understanding.

9.1 Introduction

Cultivated carrot (Daucus carota ssp. sativus L.)
is a diploid, outcrossing, insect-pollinated veg-
etable (2n = 2x = 18) that originated as a root
crop in Central Asia around 1100 years ago.
Carrot is the most widely grown member of the
Apiaceae today. Storage root color and flavor
were traits noted early in carrot domestication
history, and root shape became an important trait
to differentiate cultivars beginning around
500 years ago (see Chap. 5), but it was not until
85 years ago that the first genetic analysis of
carrot was reported, describing white storage root
color to be dominant over yellow, and under
monogenic control (Borthwick and Emsweller
1933; Emsweller et al. 1935) (see Chap. 14).
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Given the relatively slow growth of carrots in
the field and maximum of one breeding cycle per
year (Simon et al. 2008), molecular markers to
facilitate selection are important to assure pro-
gress in carrot breeding programs. The develop-
ment of dense molecular marker-based genetic
maps described in Chap. 7 combined with pre-
cise, high-throughput phenotyping technologies
provides plant breeders with detailed trait maps
to routinely apply marker-assisted selection
(MAS) in breeding programs. These detailed trait
maps will contribute to not only more efficient
MAS, but also more accurate identification of
candidate genes that may become targets for
editing approaches for carrot improvement.

9.2 Carrot Reproductive Biology
and Seed Production

Carrot is categorized as a biennial crop since the
crop of commerce is harvested in the vegetative
phase of its life cycle. The transition from veg-
etative crop to flowering varies widely in diverse
carrot germplasm, and the genetic and environ-
mental bases underlying this transition are dis-
cussed in Chap. 3. Carrot cultivars are
categorized as temperate and late flowering, or
subtropical and early flowering, depending on
their intended area of production. Vernalization
of the vegetative crop, achieved by exposing it to
cold temperatures to induce floral development,
is required for floral initiation in temperate carrot
cultivars. In contrast, carrots developed for sub-
tropical or tropical climates typically require little
or no exposure to cold temperatures for floral
induction (Simon et al. 2008). Wild carrots from
many global regions will flower with no apparent
vernalization required. One gene influencing
floral mutation, Vrnl, has been reported to date
(Table 9.1) (Alessandro et al. 2013). Vrnl was
mapped to chromosome 2 in a region spanning
0.36 cM. Several additional genes controlling
carrot vernalization are expected to be discovered
as a broader range of germplasm is evaluated,
given the wide range of variation observed for
this trait.

P. W. Simon

Phenotyping of carrot germplasm for vernal-
ization requirements is not a trivial matter. To
date, phenotyping has been done in open fields,
so well-characterized, reliable environmental
conditions are needed for effective selection of
carrot breeding stocks. As the genetic control of
floral induction becomes better understood, the
development of well-defined phenotyping meth-
ods will be needed to ensure progress in carrot
breeding programs.

The architecture of flowering plants and seed
yield varies widely in diverse carrot germplasm.
While adequate seed yield is crucial for produc-
ers of commercial seed, little has been published
on the genetic control of variation in carrot seed
productivity.

In contrast, since the initial discovery of
cytoplasmic male sterility (CMS) in carrot in the
late 1940s, the genetics and molecular basis of
CMS have been extensively studied and is
reviewed in Chap. 3. Most widely grown carrot
cultivars in major global markets are hybrids, and
reliable trait expression is mandatory for both
male-sterile and male-fertile parents in the pro-
duction of hybrid seed. Nuclear genes maintain-
ing male sterility and restoring fertility in plants
with male-sterile cytoplasm derived from wild
and cultivated carrot have been characterized,
nuclear genes controlling male sterility in plants
with male-fertile cytoplasm have been reported,
and their inheritance evaluated (Alessandro et al.
2013; Banga et al. 1964; Borner et al. 1995;
Hansche and Gabelman 1963; Mehring-Lemper
1987; Thompson 1961) (Table 9.1). Alessandro
et al. (2013) mapped RfI, a nuclear restorer of
cytoplasmic male sterility, to chromosome 9
within a 3.36 cM genomic region. It has been
speculated that numerous additional restorers of
CMS occur in carrot.

In addition to markers for nuclear restorer
genes, molecular markers for the cytoplasm itself
are important in breeding programs. Variation in
the mitochondrial genome controls male fertility,
and several studies have developed markers to
differentiate male-sterile and male-fertile cyto-
plasms currently used in breeding programs
(Bach et al. 2002; Nakajima et al. 1999)
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Table 9.1 Genes of carrot: reproductive biology, morphology, and biotic stress resistance

Gene symbol (parentheses indicate

suggested symbol)
Reproductive biology
Vil

Msl1-Ms-3
Ms-4-Ms-5, ms,
a, B, D, E,

Lt

Rf1

Guml-2, Marl-2, Gadl-2

STS1-STS6

14 primer pairs
Morphology and growth
(Cr)

Gls

(spl, sp2)

Phenl
COLA

YEL

cult

5,4, and 3 QTL
1, 5, and 3 QTL
6, 2, and 2 QTL

Disease and pest resistance

(Ce)

Eh
3 QTL

11 QTL

(Mh-1, Mh-2)

Mj-1

Character description/trait

Vernalization

Nuclear restorers of CMS

Novel cytoplasms and
sterility

Petaloid male-sterile and
fertile cytoplasm

Root cracking

Glabrous seed stalk

Spine formation

Small, dark green, annual

Compressed lamina

Yellow leaf

Root thickening

Shoot height, biomass, area
Petiole number, width, and
length

Root length, biomass, and
area

Cercospora leaf spot

Powdery mildew

Alternaria leaf blight

Meloidogyne hapla root-knot
nematodes

M. javanica root-knot
nematodes

Mendelian
inheritance reported

Alessandro et al.
(2013)

Thompson (1961)
Hansche and
Gabelman (1963)
Banga et al. (1964)
Mehring-Lemper
(1987)

Alessandro et al.
(2013)

Borner et al. (1995)

Dickson (1966)

Morelock and
Hosfield (1976)

Nieuwhof and
Garritsen (1984)

Schulz et al. (1994)
Budahn et al. (2014)

Nothnagel et al.
(2005)

Macko-Podgoérni
et al. (2017)

Turner et al. (2018)

Angell and Gabelman
(1968)

Bonnet (1983)
Le Clerc et al. (2009)

Le Clerc et al. (2015)
Wang and Goldman

(1996)
Simon et al. (2000)
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Placed on a linkage
map

Alessandro et al.
(2013)

Alessandro et al.
(2013)

Borner et al. (1995)

Nakajima et al.
(1999)

Bach et al. (2002)

Schulz et al. (1994)

Budahn et al.
(2014)

Budahn et al.
(2014)

Macko-Podgorni
et al. (2017)

Turner et al. (2018)

Le Clerc et al.
(2009)

Le Clerc et al.
(2015)

Boiteux et al.
(2000, 2004)

(continued)
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Table 9.1 (continued)

Gene symbol (parentheses indicate

suggested symbol)
Mj-2

7 QTL

Character description/trait

M. javanica root-knot
nematodes

M. incognita root-knot
nematodes

Storage root pigments, carbohydrates and terpenoids

y

Vi

Y2

Rp

16 QTL

Or

P,

P,

P

Raal
15 QTL
30 QTL

Yellow xylem and phloem

Differential orange
phloem/xylem

Differential orange
phloem/xylem

Orange xylem

a-Carotene, lycopene

Reduced carotene content

Carotene content

Carotene content

Petiole anthocyanins

Root anthocyanins

Node anthocyanins

Root and petiole
anthocyanins

Acylated anthocyanins
Anthocyanin content

Volatile terpenoid content
and composition

Reducing sugar

Mendelian
inheritance reported

Ali et al. (2014)

Parsons et al. (2015)

Laferriere and
Gabelman (1968)
Imam and Gabelman
(1968)

Buishand and
Gabelman (1979)
Simon (1996)

Kust (1970)

Umiel and Gabelman
(1972)

Goldman and
Breitbach (1996)

Santos and Simon
(2002)

Ellison et al. (2018)

Angell and Gabelman
(1970)

Simon (1996)
Cavagnaro et al.
(2014)

Simon (1996)
Cavagnaro et al.
(2014)

Cavagnaro et al.
(2014)

Keilwagen et al.
(2017)

Freeman and Simon
(1983)

Vivek and Simon
(1999)

Yau and Simon
(2003)

P. W. Simon

Placed on a linkage
map

Ali et al. (2014)

Parsons et al.
(2015)

Just et al. (2007,
2009)
Torizzo et al. (2016)

Bradeen and Simon
(1998)

Just et al. (2007,
2009)

Yildiz et al. (2013)
Ellison et al. (2017)

Santos and Simon
(2002)

Ellison et al. (2018)

Vivek and Simon
(1999)

Yildiz et al. (2013)
Cavagnaro et al.
(2014)

Cavagnaro et al.
(2014)

Cavagnaro et al.
(2014)

Keilwagen et al.
(2017)

Vivek and Simon
(1999)

Yau and Simon
(2003)

Yau et al. (2005)
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(Table 9.1). Additional cytoplasmic diversity has
been noted in more diverse germplasm (Borner
et al. 1995). Given the critical need for reliable
fertility phenotypes, the extensive use of diverse
carrot germplasm in carrot breeding programs
that has not been characterized for CMS restorers
or cytoplasms, and the fact that it can take up to
one year to phenotype a plant, the development
of additional molecular markers to characterize
carrot male fertility restorer genes and cyto-
plasms is critical to progress in breeding
programs.

9.3 Morphology and Growth

For carrot breeding programs that utilize both
early-flowering and late-flowering germplasm in
their breeding programs, a heavy emphasis is
been placed upon selection for vernalization
requirement to meet those production require-
ments in temperate or subtropical growing
regions. Beyond variation in flowering tendency,
carrots vary widely for growth rate and mor-
phological characteristics, but little genetic
analysis has been reported. Two carrot morpho-
logical traits—glabrous seed stalk (gls) (More-
lock and Hosfield 1976) and tendency for root
cracking (Dickson 1966)—were reported to be
controlled by one gene, and spine formation
(Neiuwhof and Garritsen 1984) followed a
digenic pattern of inheritance (Table 9.1). None
of these three traits have been placed on the
carrot genetic map.

The phenl trait was observed in a mapping
population derived from an open-pollinated cul-
tivar (Schulz et al. 1994) (Table 9.1) where it
was found to be under monogenic control, and it
was the first trait mapped to the carrot genome.
Two other leaf morphological traits, COLA
(compressed leaf) first described by Nothnagel
et al. (2005) on chromosome 4 and YEL (yellow
leaf) on chromosome 1, are also monogenic
traits, both discovered in crosses between culti-
vated and wild carrots (Budahn et al. 2014).
Since MADS-box, alternative oxidase, and
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chalcone synthase genes had been associated
with fertility and floral development in other
plants, these genes were evaluated as candidates,
but none colocated with COLA or YEL.

In another study that utilized a cross between
cultivated and wild carrot, traits associated with
domestication were evaluated. Macko-Podgérni
et al. (2017) discovered a 37 kb genomic region
on chromosome 2 that controlled root thickening
or diameter which they evaluated with a marker
referred to as cult. A candidate gene in that
region, DcAHLcl, belongs to the AT-hook motif
nuclear localized (AHL) family of plant regula-
tory genes. AHL genes are involved in the reg-
ulation of organ development, including root
tissue patterning.

A recent study reported research on the genetic
control of traits of interest to carrot breeders:
canopy and root size and shape. Turner et al.
(2018) evaluated shoot and root morphological
characteristics and mapped five QTL for shoot
height, seven for shoot biomass and area, seven
for petiole width and length, seven for root length,
and two for root biomass. Given the importance
of these traits in carrot yield and cultivar classi-
fication, markers developed for these QTL may
have some immediate application.

9.4 Disease and Pest Resistance

The inheritance of resistance has been reported
for several carrot foliar diseases and root-knot
nematodes (RKN) and discussed in Chap. 18.
Monogenic resistance to two foliar diseases,
Cercospora leaf spot (Angell and Gabelman
1968) and powdery mildew (Bonnet 1983), was
reported, but resistance genes have not yet been
mapped (Table 9.1).

Alternaria leaf blight (ALB) occurs worldwide
and is regarded as the most important disease of
carrots. Genetic control of resistance has been
evaluated in several studies including two that
mapped three and eleven QTL, respectively (Le
Clerc et al. 2009, 2015) (Table 9.1), where rel-
atively high heritability (75-78%) was reported.
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Given the importance of ALB, markers to select
for enhanced resistance will be of interest to
breeders.

Galls formed on carrot roots caused by the
attack of root-knot nematodes (RKN) disfigure
them in production regions worldwide. Genetic
resistance to three RKN species has been repor-
ted. Genetic resistance to Meloidogyne hapla has
been studied and found to be controlled by two
genes (Wang and Goldman 1996) which have
not yet been mapped. A single dominant gene on
chromosome 8, Mj-1, confers resistance to M.
javanica. Mj-1 has been mapped (Boiteux et al.
2000), and marker-assisted selection for resis-
tance has been exercised (Boiteux et al. 2004).
A second gene conferring additional M. javanica
resistance, Mj-2, has also been mapped to chro-
mosome 8 (Ali et al. 2014). The Mj-1 gene, in
addition to six additional QTL on chromosomes
1, 2, 4, and 9, confers resistance to M. incognita
(Parsons et al. 2015), which is a common RKN
species in the soils of most warmer carrot pro-
duction regions of the world. Molecular markers
to facilitate selection of Mj-I were reported
(Boiteux et al. 2004).

9.5 Storage Root Quality Traits

Given their importance for human nutrition and
consumer acceptance, genetic variation in the
content and composition of carrot storage root
pigments and flavor compounds has been studied
quite extensively. Genetic control of root color
due to carotenoids and anthocyanins, in particu-
lar, has been evaluated.

Relatively early studies on carotenoid-based
colors of carrots discussed in Chap. 14 named
the Y, Y;, Y, O, IO, A, L, and Rp genes based on
single gene inheritance patterns (Buishand and
Gabelman 1979, 1980; Goldman and Breitbach
1996; Imam and Gabelman 1968; Laferriere and
Gabelman 1968; Kust 1970; Simon 1996; Umiel
and Gabelman 1972) (Table 9.1). More recently
variation in the Or gene on chromosome 3 was
discovered to be associated with orange storage
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root color in a diverse panel of carrots (Ellison
et al. 2018). Candidate genes and/or closely
linked markers developed for three of these
genes (Y, Y5, and Or) which dramatically alter the
carotenoid composition and storage root color
ranging from white to yellow to orange (Bradeen
and Simon 1998; Ellison et al. 2017, 2018; Ior-
izzo et al. 2016) (Table 9.1). Candidate genes
have been identified for the Y (Fig. 9.1) and Or
genes, and molecular markers have been devel-
oped to facilitate breeding variation in storage
root color for all three of these genes. These
markers are also a valuable tool to provide
insights into the domestication history of carrot
(see Chap. 5). Given the important role of carrot
carotenoids in human nutrition and their
increasing use as a natural pigment, there has
been some effort in breeding orange carrots for
higher carotene content (Simon et al. 1989). In a
cross between two orange carrots that had a
fivefold difference in carotenoid content, 16 QTL
were found to influence carotenoid content
(Santos and Simon 2002).

Anthocyanin color varies widely among
diverse carrot germplasm, and three genes con-
trolling anthocyanin accumulation (P;, P3; and
Raal) have also been mapped (Cavagnaro et al.
2014; Yildiz et al. 2013) (Table 9.1) with can-
didate genes and/or closely linked markers
identified for all three genes as discussed further
in Chap. 15. Like carotenoids, anthocyanins also
have a positive impact on human health, and they
are also being extracted and extensively used as a
natural food coloring. Studies evaluating the
quantitative inheritance of anthocyanin content
have reported 15 QTL contributing to that vari-
ation (Cavagnaro et al. 2014). As breeders
incorporate genes conditioning carrot pigment
content and composition, an understanding of the
relative contribution of more of these genes,
beyond the major genes listed above, will be
important.

The two major attributes of fresh carrot flavor
are sweetness and harsh flavor (Simon et al.
1980). Volatile terpenoids account for harsh fla-
vor and Keilwagen et al. (2017) (Table 9.1)


http://dx.doi.org/10.1007/978-3-030-03389-7_14
http://dx.doi.org/10.1007/978-3-030-03389-7_5
http://dx.doi.org/10.1007/978-3-030-03389-7_15

9 C(lassical and Molecular Carrot Breeding

D-Glyceraldehyde 3-phosphate

|

Pyruvate
DXS1a A

1-Deoxy-D-xylulose 5-phosphate

143

Photosystem land Il A A

Chloroplast development A A

MEP
Dimethylallyl- ./\- isopentenyl-
pyrophosphate “H pyrophosphate
l l GGPPS > GA metabolism AR
TPS5 v geranylgeranyl pyrophospate — Chlorophyll metabolism & A
TPS6 v l PSY1-2A
. PSY3 «
159 phytoene CCD4 v
TPS10v
| 2DST A | cepg v
. TPS12w v lycopene
onoterpenoids
AALCYE N\ LCYBA | £
a-carotene  [B-carotene
WBCH1| | BCH2A
lutein  zeaxanthin
A VDE 1| ZEP
violaxanthin
| NCED1-2 A
ABA

Fig. 9.1 Y gene of carrot that controls carotenoid
accumulation in the storage root. Upward- and
downward-pointing arrows indicate upregulated and
downregulated genes, respectively, in the yellow versus
white (yellow arrows) and dark orange versus pale orange
(orange arrows) comparisons. The orange box delimits the
isoprenoid biosynthetic branch that leads to the carotenoid
pathway. As shown in the green box, the majority of the
upregulated genes in yellow and dark orange roots are
involved in the photosynthetic pathway; genes that are

recently identified 30 QTL conditioning 15
mono- and sesqui-terpenoids in carrot. Only 4 of
the 30 QTL comprise terpene synthase candidate
genes since these genes are clustered, but 65
candidate gene models were identified.

Carrots store little starch but up to 10% free
sugars which contribute to sweet flavor (Simon
2000). A single gene, Rs, located on chromo-
some 2 conditions the ratio of reducing sugars
(glucose and fructose) to sucrose in storage roots
(Freeman and Simon 1983; Vivek and Simon
1999; Yau and Simon 2003) (Table 9.1).

included are involved in the assembly and function of
photosystems I and II and plastid development. We
hypothesize that loss of the constitutive repression
mechanisms conditioned by genes involved in
de-etiolation and photomorphogenesis in
non-photosynthetic tissue, such as carrot roots, induces
overexpression of DXS1 and, consequently, activation of
the metabolic cascade that leads to high levels of
carotenoid accumulation in carrot roots. From Iorizzo
et al. (2016)

Invertase isozyme II has been identified as the
candidate gene controlling this trait, where the
mutation is caused by a 2.5-kb insertion into an
intron of this gene (Yau and Simon 2003)
(Fig. 9.2). Marker-assisted selection for sugar
type has been demonstrated (Yau et al. 2005).
Plants with the dominant wild-type allele store
primarily glucose and fructose, while rsrs plants
store primarily sucrose. Most carrot cultivars are
RsRs, but the rs allele does occur in some fresh
market genetic backgrounds where it can serve as
a useful marker to monitor seed purity.
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Fig. 9.2 Rs gene of carrot that controls sugar type in the
storage root. Genomic DNA and cDNA of wild-type and
mutant carrot acid soluble invertase isozyme II genes
(diagrams are not drawn to scale). (A) Diagram of the
cDNA of 1953 bps from the wild-type acid soluble
invertase isozyme II gene from carrot line B4367Rs
amplified using RT-PCR. Primers INV-5 and INV-6
contain the start and stop codons of the gene, respectively.
The position of primers INV-5, INV-6, and INV-18 are
indicated. (B) Diagram of genomic DNA of 3821 bps
from wild-type acid soluble invertase isozyme II gene
from carrot line B4367Rs. Symbols “i” and “e” stand for
intron and exon, respectively. The first intron is in bright
green, and the insertion site for the 2.5-kb insert is labeled
with a red oval. Positions of primers INV-5, INV-6,

9.6 Utilizing the Carrot Genome
in Carrot Breeding

For most of the traits of importance to carrot
breeders discussed above, biparental mapping
populations were used to map genes controlling
important traits, followed by the development of
molecular markers linked to those genes to track
them using MAS in breeding programs. For rel-
atively simply inherited traits, this application of

INV-18, and INV-22 are noted. (C) Diagram of genomic
DNA of the mutated acid soluble invertase isozyme Il
gene from carrot line B4367rs with the first intron
highlighted. The green (including bright green) bars
represent the wild-type carrot acid soluble invertase
isozyme II gene. Bright green and yellow bars represent
the sequences spliced out of the first intron during mRNA
processing. Yellow, orange, and red bars comprise the
2.5-kb insert. Positions of primers INV-5, INV-6,
INV-18, INV-22, INV-27, 1sINVIImut-1 through
rsINVIImut-5, and rsINVIImut-8 are indicated. (D-F)
Diagram of cDNA fragments “a,” “b,” and “d” amplified
using RT-PCR with primers INV-5 and INV-18 from line
B4367rs. From Yau and Simon (2003)

genomic tools will continue to be critically
important, since breeding programs usually
exercise selection in biparental populations. But
those same approaches can be applied in
genome-wide association studies (GWAS) to
evaluate variation in broad-based germplasm
collections, rather than biparental populations,
especially when genetic control of the trait of
interest in complex. Ellison et al. (2018) discov-
ered the Or gene on chromosome 3 using GWAS,
and the association between terpenoid
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biosynthetic genes and volatile terpenoid flavor
components was accomplished using GWAS
(Keilwagen et al. 2017). As discussed in
Chap. 14, GWAS have also been used to evaluate
the association between carotenoid pathway
genes and carotenoid color (Jourdan et al. 2015).
It is expected that the use of GWAS for molecular
genetic mapping will be broadly applied by plant
breeders in the future (Myles et al. 2009; Yu et al.
2006), and with the sequencing of the carrot
genome, carrot will be no exception.

Regardless of whether candidate genes are
identified with GWAS in diverse germplasm
collections or in biparental populations, accurate
phenotyping is essential to success in identifying
candidate genes. To address that requirement,
machine phenotyping has recently been devel-
oped to gather digital images for evaluating
carrot top size and root shape (Turner et al. 2017,
2018). Both of these traits are difficult to phe-
notype accurately by manual analysis, but with
the detail of digital imaging, extensive genetic
data was collected and QTL mapped. This study
sets the stage for fine-mapping of these traits and
for identifying candidate genes. In these studies,
the machine data was collected after harvest,
which can be useful to evaluate storage root and
canopy traits during storage for vernalization.
But for many field traits such as biotic and abi-
otic stress, collection of machine data in the field,
and with minimal human attendance, will be the
intended approach for traits of interest for carrot
breeders, as it is for other plant breeders.

The identification of candidate genes not only
identifies the best genomic region in which to
develop molecular markers to track a trait, but it
also provides a breeding program able to utilize
gene editing with the basic information to edit.
Genome editing has been demonstrated to be
successfully accomplished in carrot as described
in Chap. 10, and as editing may well become a
standard plant breeding technique, the carrot
genome will play a critical role in the application
of this technology.

145

References

Alessandro MS, Galmarini CR, Iorizzo M, Simon PW
(2013) Molecular mapping of vernalization require-
ment and fertility restoration genes in carrot. Theor
Appl Genet 126:415-423

Ali A, Matthews WC, Cavagnaro PF, lorizzo M,
Roberts PA, Simon PW (2014) Inheritance and
mapping of Mj-2, a new source of root-knot nematode
(Meloidogyne javanica) resistance in carrot. J Hered
105:288-291

Angell FF, Gabelman WH (1968) Inheritance of resis-
tance in carrot, Daucus carota var. sativa, to the
leafspot fungus, Cercospora carotae. J Am Soc Hort
Sci 93:434-437

Angell FF, Gabelman WH (1970) Inheritance of purple
petiole in carrot Daucus carota var. sativa. Hort Sci
5:175

Bach IC, Olesen A, Simon PW (2002) PCR-based
markers to differentiate the mitochondrial genome of
petaloid and male fertile carrot (Daucus carota L.).
Euphytica 127:353-365

Banga O, Petiet J, Van Bennekom JL (1964) Genetical
analysis of male-sterility in carrots, Daucus carota L.
Euphytica 13:75-93

Boiteux LS, Belter JG, Roberts PA, Simon PW (2000)
RAPD linkage map of the genomic region encom-
passing the root-knot nematode (Meloidogyne javan-
ica) resistance locus in carrot. Theor Appl Genet
100:439-446

Boiteux LS, Hyman JR, Bach IC, Fonseca MEN et al (2004)
Employment of flanking codominant STS markers to
estimate allelic substitution effects of a nematode
resistance locus in carrot. Euphytica 136:37-44

Borner T, Linke B, Nothnagel T, Scheike R et al (1995)
Inheritance of nuclear and cytoplasmic factors affect-
ing male sterility in Daucus carota. Adv Plant Breed
18:111-122

Borthwick HA, Emsweller SL (1933) Carrot breeding
experiments. Proc Am Soc Hortic Sci 30:531-533

Bonnet A (1983) Source of resistance to powdery mildew
for breeding cultivated carrots. Agronomie 3:33-37

Bradeen JM, Simon PW (1998) Conversion of an AFLP
fragment linked to the carrot Y, locus to a simple,
codominant, PCR-based marker form. Theor Appl
Genet 97:960-967

Budahn H, Baranski R, Grzebelus D, Kietkowska et al
(2014) Mapping genes governing flower architecture
and pollen development in a double mutant population
of carrot. Front Plant Sci 5:504

Buishand JG, Gabelman WH (1979) Investigations on the
inheritance of color and carotenoid content in phloem
and xylem of carrot roots (Daucus carota L.).
Euphytica 28:611-632


http://dx.doi.org/10.1007/978-3-030-03389-7_14
http://dx.doi.org/10.1007/978-3-030-03389-7_10

146

Buishand JG, Gabelman WH (1980) Studies on the
inheritance of root color and carotenoid content in red
x yellow and red x white crosses of carrot, Daucus
carota L. Euphytica 29:241-260

Cavagnaro PF, lorizzo M, Yildiz M, Senalik D, Parsons J,
Ellison S, Simon PW (2014) A gene-derived
SNP-based high resolution linkage map of carrot
including the location of QTL conditioning root and
leaf anthocyanin pigmentation. BMC Genom 15:1118

Dickson MH (1966) The inheritance of longitudinal
cracking in carrot. Euphytica 15:99-101

Ellison S, Senalik D, Bostan H, Iorizzo M, Simon PW
(2017) Fine mapping, transcriptome analysis, and
marker development for Y, the gene that conditions
[-carotene accumulation in carrot (Daucus carota L.).
G3: Genes, Genomes, Genet 7:2665-2675

Ellison S, Luby C, Corak K, Coe K et al (2018)
Association analysis reveals the importance of the
Or gene in carrot (Daucus carota L.) carotenoid
presence and domestication. Genetics 210:1-12

Emsweller SL, Burrell PC, Borthwick HA (1935) Studies
on the inheritance of color in carrots. Proc Am Soc
Hortic Sci 33:508-511

Freeman RE, Simon PW (1983) Evidence for simple
genetic control of sugar type in carrot (Daucus carota
L.). J Am Soc Hortic Sci 108:50-54

Goldman IL, Breitbach DN (1996) Inheritance of a
recessive character controlling reduced carotenoid
pigmentation in carrot (Daucus carota L.). ] Hered
87:380-382

Hansche PE, Gabelman WH (1963) Digenic control of
male sterility in carrots, Daucus carota L. Crop Sci
3:383-386

Imam MK, Gabelman WH (1968) Inheritance of
carotenoids in carrots, Daucus carota, L. Proc Am
Soc Hortic Sci 93:419-428

Iorizzo M, Ellison S, Senalik D, Zeng P et al (2016) A
high-quality carrot genome assembly provides new
insights into carotenoid accumulation and asterid
genome evolution. Nat Genet 48:657-666

Jourdan M, Gagne S, Dubois-Laurent C et al (2015)
Carotenoid content and root color of cultivated carrot:
a candidate-gene association study using an original
broad unstructured population. PLoS ONE 10:
e0116674

Just BJ, Santos CAF, Fonseca MEN, Boiteux LS et al
(2007) Carotenoid biosynthesis structural genes in
carrot (Daucus carota): isolation,
sequence-characterization, single nucleotide polymor-
phism (SNP) markers and genome mapping. Theor
Appl Genet 114:693-704

Just BJ, Santos CA, Yandell BS, Simon PW (2009)
Major QTL for carrot color are positionally associated
with carotenoid biosynthetic genes and interact
epistatically in a domesticated x wild carrot cross.
Theor Appl Genet 119:1155-1169

P. W. Simon

Keilwagen J, Lehnert H, Berner T, Budahn H, Noth-
nagel T, Ulrich D, Dunemann F (2017) The terpene
synthase gene family of carrot (Daucus carota L.):
identification of QTLs and candidate genes associated
with terpenoid volatile compounds. Front Plant Sci
8:1930

Kust AF (1970) Inheritance and differential formation of
color and associated pigments in xymlem and phloem
of carrot, Daucus carota, L. PhD, University of
Wisconsin

Laferriere L, Gabelman WH (1968) Inheritance of color,
total carotenoids, alpha-carotene, and beta-carotene in
carrots, Daucus carota L. Proc Am Soc Hortic Sci
93:408-418

Le Clerc V, Pawelec A, Birolleau-Touchard C, Suel A,
Briard M (2009) Genetic architecture of factors
underlying partial resistance to Alternaria leaf blight
in carrot. Theor Appl Genet 118:1251-1259

Le Clerc V, Marques S, Suel A, Huet S, Hamama L,
Voisine L, Auperpin E, Jourdan M, Barrot L, Prieur R
(2015) QTL mapping of carrot resistance to leaf blight
with connected populations: stability across years and
consequences for breeding. Theor Appl Genet
128:2177-2187

Macko-Podgorni A, Machaj G, Stelmach K, Senalik D
et al (2017) Characterization of a genomic region
under selection in cultivated carrot (Daucus carota
subsp. sativus) reveals a candidate domestication
gene. Front Plant Sci 8:12

Mehring-Lemper M (1987) Genetisch-ziichterische Unter-
suchungen zur Schaffung von Hybridsorten bei Méhren
(Daucus carota L.), Dissertation, Universitdt Hannover

Morelock TE, Hosfield GL (1976) Glabrous seedstalk in
carrot: inheritance and use as a genetic marker. Hort
Sci 11:144

Myles S, Peiffer J, Brown PJ, Ersoz ES et al (2009)
Association mapping: critical considerations shift
from genotyping to experimental design. Plant Cell
21:2194-2202

Nakajima Y, Yamamoto T, Muranaka T, Oeda K (1999)
Genetic variation of petaloid male-sterile cytoplasm of
carrots revealed by sequence-tagged sites (STSs).
Theor Appl Genet 99:837-843

Nieuwhof M, Garritsen F (1984) Inheritance of spine
formation on seeds of carrot (Daucus carota L.).
Euphytica 33:75-80

Nothnagel T, Ahne R, Straka P (2005) Morphology,
inheritance and mapping of a compressed lamina
mutant of carrot. Plant Breed 124:481-486

Parsons J, Matthews W, lorizzo M et al (2015) Meloidog-
yne incognita nematode resistance QTL in carrot. Mol
Breed 35:114

Santos CAF, Simon PW (2002) QTL analyses reveal
clustered loci for accumulation of major provitamin A
carotenes and lycopene in carrot roots. Mol Genet
Genom 268:122-129



9 C(lassical and Molecular Carrot Breeding

Schulz B, Westphal L, Wricke G (1994) Linkage groups
of isozymes, RFLP and RAPD markers in carrot
(Daucus carota L. sativus). Euphytica 74:67-76

Simon PW, Peterson CE, Lindsay RC (1980) Correlations
between sensory and objective parameters of carrot
flavor. J Agric Food Chem 28:549-552

Simon PW, Wolff XY, Peterson CE et al (1989) High
Carotene Mass carrot population. HortScience 24:174

Simon PW (1996) Inheritance and expression of purple
and yellow storage root color in carrot. J Hered 87:63—
66

Simon PW (2000) Domestication, historical development,
and modern breeding of carrot. Plant Breed Rev
19:157-190

Simon PW, Matthews WC, Roberts PA (2000) Evidence
for simply inherited dominant resistance to Meloidog-
yne javanica in carrot. Theor Appl Genet 100:735-
742

Simon PW, Freeman RE, Vieira JV, Boiteux LS, Bri-
ard M, Nothnagel T, Michalik B, Kwon Y-S (2008)
Carrot: In: Prohens J, Carena MJ, Nuez F (eds) Hand-
book of crop breeding, Volume 1, Vegetable breeding.
Springer, Heidelberg, pp 327-357

Thompson DJ (1961) Studies on the inheritance of
male-sterility in the carrot, Daucus carota L. var.
sativa. Proc Am Soc Hortic Sci 78:332-338

Turner SD, Maurizio PL, Valdar W, Yandell BS,
Simon PW (2017) Dissecting the genetic architecture
of shoot growth in carrot (Daucus carota L.) using a
diallel mating design. G3: Genes, Genomes, Genet
8:411-426

147

Turner S, Ellison S, Senalik DA, Simon PW et al (2018)
An automated, high-throughput image analysis pipe-
line enables genetic studies of shoot and root
morphology in carrot (Daucus carota L.). Front Plant
Sci 9:1703

Umiel N, Gabelman WH (1972) Inheritance of root color
and carotenoid synthesis in carrot, Daucus carota L.
Orange vs. red. ] Am Soc Hort Sci 97:453-460

Vivek BS, Simon PW (1999) Linkage relationships
among molecular markers and storage root traits of
carrot (Daucus carota L. ssp. sativus). Theor Appl
Genet 99:58-64

Wang M, Goldman I (1996) Resistance to root knot
nematode (Meloidogyne hapla Chitwood) in carrot is
controlled by two recessive genes. J Hered 87:119-123

Yau Y, Simon PW (2003) A 2.5-kb insert eliminates acid
soluble invertase isozyme II transcript in carrot
(Daucus carota L.) roots, causing high sucrose
accumulation. Plant Mol Biol 53:151-162

Yau YY, Santos K, Simon PW (2005) Molecular tagging
and selection for sugar type in carrot roots with
codominant, PCR-based markers. Mol Breed 16:1-10

Yildiz M, Willis DK, Cavagnaro PF, lorizzo M, Abak K,
Simon PW (2013) Expression and mapping of antho-
cyanin biosynthesis genes in carrot. Theor Appl Genet
126:1689-1702

Yu J, Pressoir G, Briggs WH, Bi IV, Yamasaki M,
Doebley JF, McMullen MD, Gaut BS, Nielsen DM,
Holland JB (2006) A unified mixed-model method for
association mapping that accounts for multiple levels
of relatedness. Nat Genet 38:203



Rafal Baranski and Aneta Lukasiewicz

Abstract

Carrot (Daucus carota) is one of the model
species used in research for in vitro plant cell
and tissue culture. The development of these
techniques has enabled efficient cell and tissue
proliferation and somatic embryogenesis
under in vitro conditions, thus favoring the
use of carrot for elucidating the mechanisms
of horizontal gene transfer and gene function.
Deployment of genetic engineering techniques
has led to the development of carrots with
improved traits, enhancing plant production
for human health. The first product derived
from genetically modified (GM) carrot cells
cultured in a bioreactor has been approved for
the treatment of human metabolic disease and
for commercialization. This chapter describes
methods of carrot genetic transformation
using both vector and non-vector methods.
Furthermore, we present reports of basic
research in which carrot was used as a model
to elucidate the function of heterologous genes
and promoters, revealing selected mechanisms
of plant metabolism, including the phe-
nomenon of bacteria to plant gene transfer.
Separate sections exemplify modified charac-
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teristics of GM carrot, including resistance to
pathogens and the biosynthesis of recombi-
nant proteins.

10.1 Introduction

Cultivated carrot (Daucus carota L. subsp. sativis
Hoffm.) is the most commonly grown plant of
high economic importance belonging to the
Apiaceae family. Development of new carrot
cultivars fulfills the demands of growers, indus-
try, and consumers, and the genetic improvement
of carrot using advanced biotechnology methods
is an intriguing option with high potential.
Numerous researches have been conducted on the
optimization of carrot genetic engineering meth-
ods as well as creating carrots that exhibit new
characteristics such as improved nutritional value,
enhanced resistance to pathogens, and tolerance
to abiotic stress (Fig. 10.1). Currently, there are
no data available indicating that genetically
modified (GM) carrots have ever been included in
pre-registration field trials, which aim to intro-
duce GM crops for commercialization. Advances
in carrot genetic modification have largely resul-
ted from the fact that carrot was a pioneer species
utilized in research on the development of plant
cell and tissue culture techniques in vitro. The
first reports showing cell development in vitro
and experimentally proving the hypothesis of
plant cell totipotency was dated as early as
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1939-1958 (Gautheret 1939; Nobécourt 1939;
Steward 1958; Steward et al. 1958). Since then,
the development of cell and tissue culture tech-
niques has improved exponentially and carrot was
one of the main species utilized. Therefore, it is
not surprising that this species was successfully
used in the research on horizontal gene transfer

that started in the 1980s. Consequently, carrot has
served as one of the models for elucidating
mechanisms of bacteria to plant gene transfer and
promoter and gene function. The high potential of
carrot cells to proliferate when cultured in vitro
has also opened opportunities for the bioreactor
production of recombinant proteins, in particular



10 Genetic Engineering of Carrot

those of pharmaceutical significance. The first
product of engineered carrot cells cultured in a
bioreactor was approved for the treatment of
Gaucher’s disease in 2012 (FDA 2012) and is the
only commercialized product of GM carrot.

10.2 Methods of Carrot Genetic
Engineering

Both vector and non-vector methods have
been developed and applied in carrot genetic
engineering. Protocols utilizing Agrobacterium
tumefaciens as a gene construct vector are the
most common and have been widely used in both
basic research and research aiming to develop
carrots with new traits. The other vector,
Agrobacterium rhizogenes (Rhizobium rhizoge-
nes; Young et al. 2001), has been used mainly in
the elucidation of the genetic mechanisms of the
hairy root phenotype, which was utilized for the
production of pharmaceutical metabolites. In
contrast to vector methods, direct delivery of
nucleic acids to carrot cells or protoplasts has
been used less frequently.

The schematic presentation of the various
genetic transformation protocols for carrot is
shown in Fig. 10.2. In general, the main steps
include: (1) the choice of initial plant material,
(2) preparation of target explant, (3) choice of the
gene construct delivery technique, (4) selection
and production of GM tissue or plant.

10.2.1 Initial Plant Material

The seeds and the storage root of carrot are the
two main plant organs used as the initial plant
material for transformation. Seeds germinated
in vitro may be used to produce sterile seedlings
in which the juvenile plants can serve as explant
donors. Production of sterile seedlings requires
surface sterilization to eliminate microorganisms
from the seed. In general, the seeds are normally
washed in 70-95% ethanol for 30-120 s, then
washed with a 1-10% sodium or calcium
hypochlorite solution or a 20-50% commercial
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bleach for 15—45 min, then washed several times
with sterile water (Luchakivskaya et al. 2011;
Rosales-Mendoza et al. 2007; Simpson et al.
2016). A tea infuser can be used and convenient
to completely immerse seeds in the different
sterilizing solutions. Highly infected seeds may
require a higher concentration or a longer expo-
sure to the bleaching solution; however, it may
negatively affect the germination of the seed.
Additional steps may help such as the treatment
with warm water (40 °C) or an overnight wash at
room temperature to stimulate the germination or
presence of microorganisms, after which the
sterilization steps can be repeated. An additional
bath using a fungicide solution before bleaching
can be considered for additional protection when
seeds are heavily infected (Aviv et al. 2002;
Grzebelus et al. 2012).

The transformation of roots was primarily
used, due to research on the development of
hairy roots after inoculation with A. rhizogenes.
In addition, root slices are also a convenient
material for direct DNA delivery using micro-
projectile bombardment. By slicing the root, it is
possible to produce many explants of hard tissue
but also containing cambium, a meristematic
tissue responsible for the secondary growth of
the root. The ability of this meristematic region
to proliferate is of particular importance for the
multiplication and selection of rare GM events
among a mass of untransformed root disc cells.
Alternatively, root discs can be stimulated to
massively produce callus when exposed to media
enriched with auxins. Typically, 0.1-1.0 mg/l
2,4-dichlorophenoxyacetic acid (2,4-D) is suffi-
cient to induce callogenesis and to maintain the
continuous growth of the unorganized tissue,
which can be used as a target explant for gene
delivery. Alternatively, 2.0 mg/l of Dicamba can
be used instead of 2,4-D (Luchakivskaya et al.
2011) or a combination of 2,4-D and a low
concentration of cytokinin (e.g., 0.1 mg/l
No6-[2-isopententl] adenine (2iP) (Noh et al.
2012) or 0.025-0.25 mg/l kinetin (Balestrazzi
et al. 1991; Klimek-Chodacka et al. 2018).

The use of storage carrot roots for transfor-
mation requires that they are surface-sterilized.
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Multi-stage protocols are commonly used. First,
the storage root is washed and peeled which
eliminates most soil residue and microorganisms
attached to the skin. Then the root is sterilized in
sodium or calcium hypochlorite solution or in a
commercial bleach solution and then washed in
sterile water (Baranski et al. 2006; Bercetche
et al. 1987). However, this procedure is highly
destructive and kills many layers of cells, and the
symptoms are visible as tissue discoloration of
the whole root surface. The destruction of the
outer 5-mm tissue layer can be performed with-
out any harm to the explant preparation if the
cambium and proximal tissue remain unaffected.
After slicing the root into 3- to 8-mm discs, the
whole discs containing the core surrounded by
the secondary cambium and the remaining layer
of living tissue can be placed on a mineral
medium with a growth regulator. The outer tissue
destroyed by sterilization can be removed by
excising after slicing or it can be left untouched
since it does not prevent or limit callogenesis in
the cambium layer. Disc explants can also be cut
into several circular sectors or smaller fragments
of about 1 cm” before incubation on mineral
medium while ensuring that they contain sec-
ondary cambium capable of further callus
development (Araujo et al. 2002). In addition,
cutting the disc into cube fragments increases the
surface developing callus as cambium cells are
exposed not only at the upper disc surface but
also on its sides; hence, callus production can be
sped up. Callus is also a convenient source of
cells for the establishment of a cell suspension
culture or for protoplast release, both of which
can be further transformed.

Currently, there are no successful reports of
carrot transformation in planta. The floral-dip
method, which is commonly used in the genetic
transformation of Arabidopsis (Clough and Bent
1998) and has been used in other plant species
(Niazian et al. 2017), has been unsuccessful in
carrot, despite the fact that carrot has a
well-developed inflorescence, making it a desired
target for gene delivery. Carrot develops several
branched stems, each containing more than 50
umbel inflorescences, which can contain about
50 exposed flowers. Thus, a single plant can
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produce ~ 30,000 seeds. The flowering period of
a single umbel lasts for 7-10 days, and a plant
develops flowers for approximately 30-50 days
(Merfield et al. 2010; Rubatzky et al. 1999). The
high seed yield from a single plant makes carrot a
potential target for genetic transformation using
in planta methods. However, attempts to trans-
form carrot by immersing the umbels in
Agrobacterium has remained unsuccessful,
despite trying a broad range of factors including
different bacteria strains, time of inoculation,
vacuum infiltration, different temperatures
applied to flowers at various developmental
stages and the use of different cultivars (Gladysz
and Baranski 2003). The floral-dip method has
remained unsuccessful for carrot and other Api-
aceae species; no GM events were found after
screening 10,000 carrot seeds (Ghabouli et al.
2013). Currently, only sterile carrot explants
grown in vitro have been reported as successfully
transformed targets.

10.2.2 Target Explants

A wide range of carrot explants can be used for
gene delivery depending on the initial plant
material used (Table 10.1). The simplest proce-
dure relies on the use of root discs that are
directly exposed to a solid mineral medium or to
a pure agar medium in a Petri dish. The whole
seed-derived juvenile plants growing in vitro are
rarely used as direct targets for genetic transfor-
mation (Luchakivskaya et al. 2011). They are
usually grown for 4 weeks or longer to develop
firm leaves, in which petiole fragments of about
1 cm in length can be excised and are easier to
handle (Wally et al. 2006). Fragments of leaf
blades can also be used for protoplast release
(Dirks et al. 1996).

More frequently, seedlings are used as an
explant source and virtually all seedling parts
have been successfully transformed, i.e., hypo-
cotyl, epicotyl, and cotyledons (Brodzik et al.
2009; Hardegger and Sturm 1998; Pawlicki
et al. 1992; Tokuji and Fukuda 1999). The use
of 3-week-old aseptic seedlings doubled the
efficiency of hypocotyl transformation in
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Table 10.1 Explant types and Agrobacterium tumefaciens strains used for carrot transformation

Explants

Hypocotyls

Cotyledons

Epicotyls

Hypocotyls and
cotyledons

Hypocotyls and
epicotyls

Whole plants

n.a.—not available

A.t.
strain

LBA4404

C58C1
GV3101

A281

EHA101

GV2260

AM109

GV2260

GV3101

EHA105

MOG101

GV3101

LBA4404

GV3101

GV3101

Reference

Thomas et al. (1989)
Chen and Punja (2002)

Marquet-Blouin et al.
(2003)

Brodzik et al. (2009)
Kim et al. (2009)

Noh et al. (2012)

Hardegger and Sturm
(1998)

Porceddu et al. (1999)

Hardegger and Sturm
(1998)

Balestrazzi et al. (1991)

Tokuji and Fukuda (1999)

Pawlicki et al. (1992)

Guan et al. (2009)

Pawlicki et al. (1992)

Monreal-Escalante et al.

(2016)
Gilbert et al. (1996)

Maass et al. (2009)

Arango et al. (2010, 2014)

Rosales-Mendoza et al.
(2007, 2008)

Simpson et al. (2016)

Luchakivskaya et al. (2011)

Explants

Petioles

Roots

Callus

Cell
suspension

At
strain

LBA4404

GV2260
LBA4404

GV3101

GV2260

LBA4404

GV3101

A281

A348

EHA101

GV3850

n.a.

LBA4404

GV3101

GV3850

n.a.

Reference

Chen and Punja (2002)

Jayaraj and Punja
(2008)

Wally et al. (2008,
2009a, b)

Pawlicki et al. (1992)

Hardegger and Sturm
(1998)

Hardegger and Sturm
(1998)

Pawlicki et al. (1992)

Yau et al. (2008)
Annon et al. (2014)

Klimek-Chodacka
et al. (2018)

Hardegger and Sturm
(1998)

Hardegger and Sturm
(1998)

Wourtele and Bulka
(1989)

Waurtele and Bulka
(1989)

Waurtele and Bulka
(1989)

Waurtele and Bulka
1989

Permyakova et al.
(2015)

Mikschofsky et al.
(2009)

Hardegger and Sturm
(1998)

Hardegger and Sturm
(1998)

Scott and Draper
(1987)

Imani et al. (2002)
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comparison with 2-week-old seedlings; however,
a lower efficiency was observed for hypocotyls
excised from seedlings that were older than
3 weeks (Pawlicki et al. 1992). However,
4-week-old plants were preferred over 1-week-
old plants whose hypocotyls remained untrans-
formed (Rosales-Mendoza et al. 2007).

Hypocotyls can also serve as a source of
protoplasts. As carrot seedlings are fragile, their
etiolation in the dark is often provoked. Such
elongated hypocotyls enable the production of a
higher mass of tissue necessary for protoplast
isolation, particularly to ensure sufficient proto-
plast density in the final suspension (Grzebelus
et al. 2012). Hypocotyls can also be exposed to
mineral media supplemented in 2,4-D for the
induction and growth of callus tissue (Pawlicki
et al. 1992), which is similar to the case of root
discs. Callus develops at the ends of injured
hypocotyl segments and can also generate along
the segment surface, however, with a lower
efficiency. The production of callus from hypo-
cotyls or root discs usually takes one to a few
months, requiring several subcultures of the tis-
sue to a fresh medium. Callus is a highly con-
venient material that can be easily propagated,
divided into smaller fragments, and can be
exposed to various conditions, making it a useful
source of explant for transformation using vector
or non-vector methods. Callus soft structure is
highly advantageous for the establishment of a
cell suspension when incubated in a liquid
medium on gyratory shaker and is analogous to
callus derived from root discs. Hence, callus
tissue and cell suspension derived from hypo-
cotyls or other explants can be used for proto-
plast isolation. Somatic embryos can also be
induced from callus. In addition, incubation at a
lower temperature restricts the callus growth rate,
which slows down the growth rate between
subcultures, thus enabling longer periods without
human intervention, reducing labor and costs. All
these features make the use of callus a valuable
material for direct or indirect gene delivery
(Wurtele and Bulka 1989).

Both cell suspensions and protoplasts can be
targets for gene delivery through the use of
vector and non-vector methods. The maintenance
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of a cell suspension culture is the most laborious,
requiring frequent medium replacement and
constant oxygenation by shaking; thus, addi-
tional equipment is necessary. However, cell
suspensions are a valuable target for Agrobac-
terium-mediated transformation. Bacteria have
an unlimited access to individual cells or small
cell aggregates in the suspension and can easily
attach to the plant cell wall. To enhance the
suitability of the cell suspension for genetic
transformation, Imani et al. (2002) proposed
cell cycle synchronization using the fluorodes-
oxyuridine (FDU)/thymidine system, which
resulted in a higher efficiency of transgenic
events. Cells were incubated in the presence of
0.1 uM FDU for 24 h that arrested the cell cycle
at the G1 phase, and then, 10 uM of thymidine
was added to initiate the transition from the G1 to
S phase. Consequently, the fraction of cells at the
same stage of cell cycle was increased. Further-
more, cell proliferation activity in cell suspension
resulted in a continuous increase of free cells
that can be easily reprogrammed to somatic
embryogenesis by replacing the medium with a
fresh media without auxins. However, the effi-
ciency of somatic embryogenesis may be unsat-
isfactory as the process is sensitive to a low cell
density, which can be expected after selection
is applied to eliminate non-GM cells (Higashi
et al. 1998).

The gene transfer process is often performed
immediately after explant excision and their
exposure to mineral media. This procedure saves
time and does not require repetitive subcultures.
Alternatively, some authors pre-incubate
explants for a few days to promote growth and
limit stress applied by excision and change of the
environment. Such pre-incubation was applied to
hypocotyls (Hardegger and Sturm 1998; Paw-
licki et al. 1992). In general, pre-incubation of
seedling or juvenile plant-derived explants
increases the transformation efficiency when a
vector method is used. During the initial incu-
bation, such explants swell and the expanding
tissue breaks the cuticle, which is a natural bar-
rier normally preventing Agrobacterium pene-
tration. As the fragmented cuticle expands,
bacteria enter the intercellular spaces, which
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favor bacteria attachment to the cell wall (Tokuji
and Fukuda 1999). At the same time, explant
cells initiate stress response mechanisms due to
stress induced by wounding and the changing
environment. Consequently, the amount of phe-
nolic compounds elevate and are secreted,
enabling a more effective binding of phenolics to
Agrobacterium VirA receptors, which promotes
agroinfection (Balestrazzi et al. 1991).

Scott and Draper (1987) developed a method
which enhanced cell proliferation using a feeder,
or nurse layer that was later patented (Haupt-
mann et al. 1997). The feeder layer is prepared
by diluting a 2-week-old carrot cell suspension of
1.3 x 10° cells/ml in a 0.8% agar using 70 ml
suspension per one liter medium and poured into
a Petri dish where it solidifies. The cell suspen-
sion is then covered by guard and transfer discs,
i.e., two discs of filter or blotting paper covering
the solidified medium and incubated in white
light for 3 days. Fresh cell suspension (0.1-
0.2 ml) is then applied to the upper (transfer) disc
and incubated for 5-7 days prior to transforma-
tion. The transfer disc with attached and dividing
cells can be easily removed and placed to a fresh
medium when needed. A positive effect on
transformation efficiency was also observed
when the medium was enriched in a peptide plant
hormone, phytosulfokine. This hormone stimu-
lates cell proliferation, thus favoring callus
development that was observed during hypocotyl
transformation (Matsubayashi et al. 2002, 2004).

Independent to the explant type, explants are
exposed to a mineral medium in vitro and are
stimulated to cell division. The choice of medium
composition is usually limited to either Mura-
shige and Skoog (MS) (Murashige and Skoog
1962) or Gamborg B5 (Gamborg et al. 1968).
Both media can be used with a complete amount
of macro- and micronutrients or the concentra-
tion can be reduced by half. Gamborg B5 med-
ium stimulates callus development with two- and
threefold higher rates than MS medium when
hypocotyl and root explants were exposed
(Hardegger and Sturm 1998). Root discs can also
be placed into a medium with highly diluted salts
or even on water agar plates without any addi-
tional nutrients or growth regulators. Such
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minimalist medium can be used in experiments
in which root discs are inoculated with A. rhi-
zogenes. The developing hairy roots uptake
nutrients stored in the root disc tissue and then
are excised within 3—4 weeks; thus, the use of
mineral medium to feed the disc explant is not
necessary (Araujo et al. 2002).

Despite the sterilization of initial material,
endogenous microorganisms may still exist
inside tissues and their presence can be observed
during explant culture. This problem may occur
in any explant type but is most frequently
observed in root disc and seedling explants. The
appearance of bacterial colonies around the
explant is the primary indicator of endogenous
infestation. However, this problem is not a con-
cern, and during the later stages of transforma-
tion, explants are exposed to various antibiotics
to kill Agrobacterium or to select transgenic
events. The presence of antibiotics in the medium
often kills endogenous bacteria or at least pre-
vents their development.

10.2.3 Techniques of Gene
Construct Delivery

10.2.3.1 Agrobacterium
tumefaciens-Mediated
Transformation

Virtually all transformation methods have been
used to engineer the carrot genome; however,
A. tumefaciens-mediated transformation has been
the most frequently reported. The first successful
carrot transformation using this vector was
reported over 30 years ago when a suspension
culture was co-incubated with a culture of
A. tumefaciens (Scott and Draper 1987). In this
pioneering work, a high number of putative
transgenic events were obtained as 60% of cell
colonies developed on the selection medium
containing 100 mg/l kanamycin. Gene transfer to
the carrot genome was confirmed in callus and
plants developed through use of somatic
embryogenesis when the neomycine phospho-
transferase II (nprll) gene presence was detected
by Southern blotting. The acquired resistance to
kanamycin and additionally the synthesis of
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nopaline by these materials confirmed the inte-
gration of functional bacterial genes. The authors
also showed that GM plants with a normal
phenotype can develop from A. tumefaciens-
mediated cell suspension stimulated to somatic
embryogenesis.

Early studies on carrot transformation were
devoted to test the effects of various factors that
might influence gene transfer to carrot cells.
These included testing different bacterial strains
and inoculum preparations as well as donor and
target plant materials. A comparison of the dif-
ferent protocols has remained inconclusive, since
different plant genotypes, explant types, and
bacterial strains were used by the research
groups. Hardegger and Sturm (1998) concluded
that by using available protocols it was not
possible to ensure the effective development of
independent transgenic events. Until now, none
of the protocols can be considered as versatile;
however, some protocols predominate despite
slight modifications implemented.

Hypocotyl explants remain the main target for
Agrobacterium-mediated transformation. How-
ever, Thomas et al. (1989) reported that hypoco-
tyls did not respond when they were exposed
directly to A. tumefaciens. Therefore, pre-culture
of hypocotyls may be implemented to overcome
the problem. The most common procedure of
A. tumefaciens-mediated carrot transformation
involves excision of hypocotyls from 2- to
4-week-old seedlings (Brodzik et al. 2009;
Monreal-Escalante et al. 2016); however,
1-week-old seedlings were also used (Arango
et al. 2010; Hardegger and Sturm 1998). The
hypocotyls are cut into ca. 1-cm-long fragments
and either pre-incubated for 2-3 days on a min-
eral medium with growth regulators (Kim et al.
2009; Noh et al. 2012) or used directly for inoc-
ulation. A. tumefaciens inoculum is prepared from
an overnight culture resuspended in the same
medium as used for explant incubation. Addi-
tionally, phenolic compounds like acetosyringone
can be included, although a stimulating effect of
phenolic compounds on carrot transformation
is questionable (Hardegger and Sturm 1998;
Pawlicki et al. 1992; Wurtele and Bulka 1989).
Co-cultivation is initiated by submerging
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hypocotyls in inoculum for 5-20 min, and then
hypocotyls are incubated on a solid medium for
2 days. Co-cultivation is rarely prolonged past
5 days (Marquet-Blouin et al. 2003). Next, the
hypocotyls are transferred to a fresh medium with
antibiotics for 2—4 weeks for callus development.
At this culture stage, two different strategies can
be implemented. The first strategy uses antibiotics
to kill the bacteria; claforan (200 mg/1), cefotaxim
(200 mg/l), timentin (300 mg/l), or vancomycin
(200 mg/1) are usually applied, but their concen-
trations can also be doubled. After 2 weeks,
explants are transferred to a fresh medium sup-
plemented with a selection agent, either an
antibiotic or herbicide, depending on the intro-
duced resistance gene (Arango et al. 2010;
Brodzik et al. 2009; Hardegger and Sturm 1998).
The alternative strategy and simpler procedure
relies on the immediate placing of explants after
co-cultivation on a medium containing agents
eliminating bacteria and enabling selection of the
transformants simultaneously (Kim et al. 2009;
Noh et al. 2012). Several subsequent subcultures
aim in the development and selection of trans-
genic callus and the formation of somatic
embryos which later develop into plants.

The amount of tissue collected by hypocotyl
excision can be limited; therefore, some
researchers do not differentiate between seedling
parts during explant preparation and use hypo-
cotyls together with cotyledons (Arango et al.
2010, 2014; Maass et al. 2009) or epicotyls
(Monreal-Escalante et al. 2016; Rosales-
Mendoza et al. 2007; Simpson et al. 2016). Fur-
thermore, Luchakivskaya et al. (2011) used the
whole 14-day-old plants that were vacuum-
infiltrated with inoculum and co-cultivated for
2 days. Then they were cut into fragments and
stimulated for callus development using a selec-
tion medium with cefotaxim and kanamycin and
2 mg/l Dicamba instead of 2,4-D. Other experi-
ments showed that petiole segments were more
prone to develop transgenic callus than hypoco-
tyls, 3.3% versus 1.4%, respectively (Chen and
Punja 2002). Consequently, 5- to 10-mm-long
petiole segments of 4- to 6-week-old plants were
recommended as target explants (Jayaraj and
Punja 2008; Wally et al. 2006, 2008; Wally and
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Punja 2010). Similar to the case of hypocotyls,
petioles’ response to A. tumefaciens highly
depends on the plant genotype, which ranged
from O to 47% of explants developing callus
(Pawlicki et al. 1992).

Callus tissue, either of hypocotyl or of storage
root origin, can be conveniently used for
A. tumefaciens-mediated transformation. Two
procedures can be recommended. Fragments of
callus tissue are collected in a Petri dish and
submerged in the inoculum (Klimek-Chodacka
et al. 2018), or alternatively, small aliquots are
applied to callus clumps (Annon et al. 2014; Yau
et al. 2008). The use of acetosyringone in the
inoculum was also reported (Annon et al. 2014;
Klimek-Chodacka et al. 2018). Independent of
the method, the co-cultivation for 2-3 days is
terminated by spreading callus on a fresh med-
ium with antibiotics. Selection agents can be
used simultaneously or in the next subculture.
Theoretically, only transgenic cells should sur-
vive on the selection medium and subsequently
small new GM callus clumps should develop on
the surface of decaying initial material. However,
if too much tissue is exposed to the medium after
co-cultivation, the growth of GM callus may be
arrested, and also the availability of the selection
agent to upper layers of cells is limited. There-
fore, it is essential to evenly distribute a thin
layer of cells on the selection medium, and then
transfer it to fresh selection media until single
well-visible callus clumps of high growth
potential are observed. The cell transfer to a fresh
media can be simplified by using a filter or
blotting paper disc placed on the medium surface
and spreading the cells over the disc. Then the
whole paper disc is transferred (Yau et al. 2008).

Cell suspension is infrequently used for carrot
transformation. This may be due to the lengthy
time required for its establishment and frequent
interventions to keep it continuously growing by
replacing the liquid medium. Nevertheless, large
numbers of cells directly exposed to A. tumefa-
ciens make cell suspensions a valuable target for
transformation. The protocol relies on mixing a
well-growing cell suspension with the inoculum
and further co-cultivation on a gyrating shaker.
Then cells are poured directly onto the solid
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medium or on a paper disc laying on the solid
medium. Either the solid medium can be sup-
plemented with a selection agent or the selection
is done in the next round of the paper disc
transfer (Hardegger and Sturm 1998; Imani et al.
2002; Scott and Draper 1987). Cell cycle syn-
chronization can be additionally provoked using
the FDU/thymidine system (Imani et al. 2002;
Mikschofsky et al. 2009).

The comparison of data provided by various
authors is difficult as they usually use different
bacterial strains and plant cultivars. Predomi-
nantly, the octopine LBA4404 and nopaline
GV3101 A. tumefaciens strains were used. These
strains differ in their chromosomal background
and virulence helper plasmids. Their direct
comparison showed that the use of GV3101
strain leads to a higher transformation efficiency
when applied to various explants (Hardegger and
Sturm 1998). The most remarkable differences
were observed for seedling root explants, 5% for
GV3101 versus 95% for LBA4404, and storage
root slices, 2% for GV3101 versus 41% for
LBA4404, while efficiencies using hypocotyl
explants were almost independent of the bacteria
strain. Other works showed that the pGV3850
helper plasmid favors gene transfer in compar-
ison with the pTiA6 plasmid when they were
inserted into the same C58 strain (Wurtele and
Bulka 1989). Despite the fact that the binary
plasmid effect on the transformation efficiency of
petioles of juvenile plants was reported, this
effect was found meaningless for explants from
older plants (Gilbert et al. 1996; Pawlicki et al.
1992). The effect of the type of bacteria strain is
additionally modified, depending on the plant
genotype being targeted for transformation. Such
bacteria strain x plant genotype interaction was
reported, which showed that transformation of
‘Nantes Scarlet’ was two times more efficient
when using the LBA4404 strain than the C58C1
strain (Takaichi and Oeda 2000). In contrast, the
efficiency of the transformation of ‘Kuradogo-
sun’ was six times higher when using C58Cl
rather than the LBA4404 strain. These observa-
tions were analogous to earlier results by Gilbert
et al. (1996), who reported that ‘Nanco’ was
about six times more susceptible to EHA105 than
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to MOG101, while ‘Danvers Half Long’ was 10
times more susceptible to MOGI101 than to
EHA105. The main effect of plant genotype was
observed when the frequency of transgenic callus
derived from hypocotyls ranged from 0.9 to 5.8%
among four carrot cultivars (Thomas et al. 1989).
The difference between the other two cultivars in
the number of transgenic plants developed was
twofold (Takaichi and Oeda 2000) and between
the three other cultivars was over a threefold
change (Wally et al. 2006). Less pronounced
differences in cultivar response to A. fumefaciens
were reported in a study using vacuum-infiltrated
plants (Luchakivskaya et al. 2011).

10.2.3.2 Agrobacterium
Rhizogenes-Mediated
Transformation
Plants or plant explants infected by A. rhizogenes
develop hairy roots from cells, which acquire rol,
and aux genes located at the T-DNA or, in case
of agropine strains, at the Ty -DNA and Tg-DNA
of bacteria Ri plasmid. The newly developed
roots usually have a characteristic hairy pheno-
type and the ability to grow on the medium
without growth regulators after their excision
from the host tissue. They are also highly bran-
ched, do not exhibit geotropism, and thus are
easy to identify (Chilton et al. 1982; Willmitzer
et al. 1982). In carrot, hairy roots are free of
hairs, so morphologically they resemble a bran-
ched seedling root system. For these reasons,
they are often described as ‘adventitious roots’ or
‘transformed roots,” particularly when wild
A. rhizogenes strains not possessing any binary
plasmids are used for carrot transformation.
Experiments targeting the induction of hairy
root development were initiated in the late 1980s.
One protocol was established, although some
researchers adjust it to fit their needs. The target
for inoculation is the cambium, a meristematic
tissue of storage roots that has a high potential
for neoplasy. To inoculate cambium, discs of a
surface-sterilized storage root are prepared and
then placed on Petri dishes. They can be exposed
to a mineral medium (Cardarelli et al. 1987b),
water agar (Friindt et al. 1998; Cardarelli et al.
1985), or filter paper moistened with water
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(Epstein et al. 1991). Exogenous auxins are
usually not required as hairy roots are naturally
induced, due to the expression of bacterial aux
genes introduced to explant cells. However, hairy
root development is much more pronounced
when the inoculation is performed at the root disc
apical surface, i.e., the surface being closer to the
root tip before the root was sliced. Therefore,
discs are preferentially orientated to face the
apical side up. A reversed orientation signifi-
cantly reduces the transformation efficiency if no
exogenous auxins are applied. This rule is less
important when the basal positive strains (Bas®),
e.g., A4, 1855, 15834, and TR105, are used for
inoculating carrot. The activity of the aux genes
of Bas® strains is higher than those of Bas~
strains, and this mitigates the effect of unidirec-
tional auxin transport in a root disc. The appli-
cation of Bas strains to basal side of the root
disc imposes the necessity of using exogenous
auxin, which is added to the inoculum (Bercetche
et al. 1987; Ryder et al. 1985). Nevertheless,
auxins are often added to the inoculum which
may increase the number of hairy roots, in par-
ticular if less susceptible carrot genotype to
A. rhizogenes is used. Also, a stimulating effect
was observed when discs were pre-incubated in
the medium enriched in auxin (Guivarc’h et al.
1993). Further enhancement was observed by
applying acetrosyringone, when present either in
the inoculum or in the culture medium. This
phenolic compound more effectively stimulated
hairy root induction on explants of less suscep-
tible carrot genotypes and in combination with
NAA (Baranski et al. 2006; Guivarc’h et al.
1993).

The inoculum is spread on the disc surface,
ensuring it covers cambium cells, which are
preferentially transformed (Bercetche et al. 1987;
Boulanger et al. 1986). Discs with bacteria are
co-incubated usually in the dark for several
weeks without any need for bacteria elimination
unlike in protocols with A. fumefaciens being
exposed to antibiotics after 2-3 days. The
appearance of hairy roots along cambium ring is
observed in 10-14 days, and during the next
1-3 weeks they elongate to a few centimeters in
length. Too long incubation time causes the root
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tips to attach to the Petri dish lid, restricting their
further undisturbed growth. Hairy roots of
1-3 cm in length can be easily excised from the
disc and grown separately without need for
exogenous growth regulators. Depending on the
aim, hairy roots are then subcultured using a
solid or liquid mineral media. When cultured on
the surface of a solid medium, they rapidly
spread in all directions due to a highly branching
phenotype and form a mass of intertwined roots.
The use of liquid medium requires constant agi-
tation ensuring oxygenation, which accelerates
hairy root growth. The mean yield of biomass
after 30 days of culture increased 45 times
(Araujo et al. 2006).

The response to A. rhizogenes inoculation is
highly dependent on the carrot genotype. Highly
susceptible cultivars develop a vast number of
hairy roots on virtually all inoculated root discs.
Less susceptible genotypes produce fewer hairy
roots, and the frequency of responding root discs
can be several times lower. There are usually not
much differences in the response between root
discs originating from the same storage root;
however, such variation is observed when dif-
ferent storage roots are used, even of the same
cultivar. The efficiency depends also on the
bacterial strain used. Strains can differ in the Ri
plasmid harboring aux and rol genes but also
may have different chromosomes. Both genetic
elements significantly interfere with the trans-
formation process; e.g., LBA9402 and A4 strains
tend to be less virulent than their counterparts
LBA1334 and A4T, the latter being derivatives
with the same Ri plasmids but possessing a
chromosome from the C58 A. tumefaciens strain
(Baranski et al. 2006).

10.2.3.3 Microprojectile Bombardment

The microprojectile bombardment method, also
known as particle bombardment, uses biological
ballistics or biolistic transformation, which was
developed in the late 1980s by Sanford et al.
(1987). In this method, microcarriers made from
gold or more cost-effective tungsten are coated
with DNA and fired at high velocity into cells
or tissues (Klein et al. 1987). This method of
transformation is applicable especially in
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monocot plants resistant to Agrobacterium.
Although the most commonly used method of
carrot transformation is made with vectors, suc-
cessful transformation with direct DNA delivery
has also been achieved.

The main starting material for microprojectile
bombardment in carrot is callus, derived from
cell suspension or pre-cultured on filter paper
(Deroles et al. 2002) or stems and petioles cut
into 0.5- to 5-mm fragments and placed on a
mineral medium with hormones for callus
induction (Kumar et al. 2004; Rojas-Anaya et al.
2009). For callus derived from cell suspension, a
short pre-culture period of up to 6 days improved
the transformation efficiency (Deroles et al.
2002). Root discs of about 3 mm thick placed on
the moistened filter paper prior to bombardment
were also used (Hibberd et al. 1998). Regardless
of the target plant material, the downstream
protocol steps and factors influencing micropro-
jectile bombardment are similar. The tungsten or
gold particles of 0.4-1.6 pm in diameter are
coated with DNA in the presence of CaCl, and
spermidine. The type and size of particles are
important factors affecting transformation effi-
ciency. In carrot, 1-um gold particles ensured
better transformation efficiency than 1.6-pm gold
or tungsten particles (Deroles et al. 2002) that is
consistent with studies on other plant species,
where higher efficiency of stable transformation
was obtained when 0.7- to 1.0-pm gold particles
were used as carriers (Kikkert et al. 2005). Also,
the amount of DNA and volume of particles per
shot were estimated for the best transformation
efficiency. A significant difference was observed
between 2 and 5 pl of particles, the latter being
more effective; however, DNA quantity had no
impact on transformation (Deroles et al. 2002).
Other important parameters affecting successful
transformation are helium pressure, which varied
depending on the reports from about 500 to
8963 kPa, and a shooting distance, usually
ranging from 6 to 14 cm (Deroles et al. 2002;
Hibberd et al. 1998; Kumar et al. 2004;
Rojas-Anaya et al. 2009). The results for opti-
mization of the shooting distance are rather
consistent, and the highest transformation effi-
ciency was obtained at the 12 cm distance;
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however, the results for helium pressure are
inconclusive. Deroles et al. (2002) observed the
highest efficiency at 600 kPa, while Kumar et al.
(2004) at 7584 kPa, albeit the pressure consid-
ered the optimum by Deroles et al. (2002) was
the highest, which they used. Another explana-
tion for these differences could be the fact that
the two research groups used different carrot
genotypes. Deroles et al. (2002) observed that the
efficiency of microprojectile bombardment could
be influenced by the use of different genetic
backgrounds of plant materials. After transfor-
mation, the bombarded material is incubated for
a few days and then transferred to a selection
medium with either antibiotics or an herbicide.
Medium used for the selection is usually solid,
but also semi-solid or liquid medium has also
been used successfully (Rojas-Anaya et al.
2009). The presence of the uidA reporter gene in
the gene construct allows for fast assessment of
transformation effectiveness, and commonly, it is
evaluated 24 h after the bombardment (Deroles
et al. 2002).

10.2.3.4 DNA Uptake by Protoplasts

An alternative non-vector method of plant
transformation is DNA uptake by protoplasts
induced by either electroporation or polyethylene
glycol (PEG) treatment. Protoplasts can be iso-
lated from leaves, petioles, callus, or suspension
cell culture; however, for carrot electroporation
the most common starting material is cell sus-
pension (Bates et al. 1988, 1990; Boston et al.
1987; Langridge et al. 1985). For the PEG
method, both cell suspension (Droge et al. 1992,
Rasmussen and Rasmussen 1993, Gallie 1993)
and petioles have been used (Aviv et al. 2002,
Dirks et al. 1996). These two methods of DNA
direct delivery to protoplasts have several com-
mon points and sometimes are used simultane-
ously in order to increase the transformation
frequency. Besides the plant genotype and gene
construct, other factors that should be taken into
consideration prior to transformation are the
density of protoplasts, amount of DNA, addition
of carrier DNA, and ion presence. The most
common concentration of protoplasts used for
electroporation and PEG treatment is about

161

10°-10° cells/ml, although Rasmussen and Ras-
mussen (1993) found 10° protoplasts/ml as the
optimal density and either the increase or
decrease of the density had an adverse impact on
transformation frequency. Among the main fac-
tors affecting the efficiency of electroporation are
voltage and time of the pulses. Generally, there
are two approaches that can be used. In the first,
longer pulses (1-50 ms) but with a low voltage
(200-800 V/cm) are applied; in the second one,
pulses are shorter (5-200 ps), but the voltage is
higher (2-10 kV/cm) (Bates et al. 1988). The
time of the pulses and voltage can be lower when
the pulses are applied in series with short inter-
vals (Langridge et al. 1985). Bates et al. (1988)
showed that increasing the voltage from 250 to
750 V resulted in higher expression of chlo-
ramphenicol acetyltransferase (CAT) with the
maximum obtained when the pulses lasted for
8 ms; however, the increased voltage reduced
protoplast viability. The impact of voltage and
pulses period on transformation is strongly
associated with the medium composition. When
salt-free medium is used, the voltage should be
increased to at least 2 kV/cm and pulses should
be shorter than 1 ms. Transformation can be
ineffective in a low-salt medium when the volt-
age is low and the pulses are longer, and also no
transgene expression was observed and proto-
plasts lost their viability when HEPES-buffered
saline (HBS) medium lacked Ca** (Bates et al.
1988). Some reports indicate that the electropo-
ration carrying on ice allows cell membrane
pores to stay open for a longer period, hence
making  electroporation ~ more  effective
(Langridge et al. 1985; Neumann et al. 1982).
The additional application of heat shock prior to
transformation was also successful (Shillito et al.
1985). Nevertheless, the conclusions concerning
the effect of temperature on carrot protoplast
transformation are inconsistent. In experiments
conducted by Langridge et al. (1985), the cold
treatment was crucial for electroporation while
Bates et al. (1988) did not observe any
improvement; the best results they obtained were
at room temperature. Another factor which could
influence the protoplast transformation process is
addition of the salmon sperm, which could even
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double the transgene expression (Bates et al.
1988) or calf thymus DNA, although in some
experiments addition of the latter decreased the
expression (Boston 1987). The concentration of
DNA used has varied from 10 to 40 ng (Bates
et al. 1988, 1990; Langridge et al. 1985). Bates
et al. (1988) showed that doubling the DNA
concentration from 20 to 40 pg resulted in a
twofold change in CAT expression. The process
of electroporation could be combined with PEG
treatment, which also increases the transforma-
tion efficiency (Boston et al. 1987).

Similar to electroporation, PEG mediates
reversible changes to the cell membrane causing
pores. The unquestionable advantage of
PEG-mediated transformation is that this method
does not require any additional equipment. The
optimal PEG concentration seems to be 22-25%
(Gallie 1993; Rasmussen and Rasmussen 1993).
However, that optimal range could still be too
high for stable transformation and lead to the
degradation of transformed cells within a few
days (Baranski et al. 2007b). PEG should be
added immediately to the prepared protoplast-
DNA solution as the last component. By delay-
ing the addition of PEG by 20 min, decreased
GUS activity almost three times, whe