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ABSTRACT Carrots are among the richest sources of provitamin A carotenes in the human diet, but genetic variation in the carotenoid
pathway does not fully explain the high levels of carotenoids in carrot roots. Using a diverse collection of modern and historic
domesticated varieties, and wild carrot accessions, an association analysis for orange pigmentation revealed a significant genomic
region that contains the Or gene, advancing it as a candidate for carotenoid presence in carrot. Analysis of sequence variation at the Or
locus revealed a nonsynonymous mutation cosegregating with carotenoid content. This mutation was absent in all wild carrot samples
and nearly fixed in all orange domesticated samples. Or has been found to control carotenoid presence in other crops but has not
previously been described in carrot. Our analysis also allowed us to more completely characterize the genetic structure of carrot,
showing that the Western domesticated carrot largely forms one genetic group, despite dramatic phenotypic differences among
market classes. Eastern domesticated and wild accessions form a second group, which reflects the recent cultivation history of carrots
in Central Asia. Other wild accessions form distinct geographic groups, particularly on the Iberian peninsula and in Northern Africa.
Using genome-wide Fst, nucleotide diversity, and the cross-population composite likelihood ratio, we analyzed the genome for regions
putatively under selection during domestication and identified 12 regions that were significant for all three methods of detection, one
of which includes the Or gene. The Or domestication 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. The rapid fixation of the Or domestication allele in
almost all orange and nonorange carrots in the West may explain why it has not been found with less genetically diverse mapping
populations.
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CARROT domestication and modern breeding have been
driven by selection for large roots containing abundant

carotenoids,whichare responsible for orangepigmentation in
the taproot. The presence of carotenoids in root tissues is
unlikely to confer an advantage for natural selection, but is
meaningful in a domesticated context (Iorizzo et al. 2016)
due to their visual appeal and the role of dietary provitamin A
compounds in human health (Arscott and Tanumihardjo

2010). Carrots are among the richest sources of provitamin
A carotenes in the human diet (Simon et al. 2009) and sig-
nificant breeding effort has focused on increasing root carot-
enoid levels (Simon 2000; Simon and Goldman 2007; Simon
et al. 2008). Although carotenoid biosynthetic genes have
been mapped (Just et al. 2007), they do not fully explain
the presence of high levels of carotenoids in carrot roots,
leaving much of that mechanism unknown (Iorizzo et al.
2016; Ellison et al. 2017).

While carrot is known as a bright orange root crop, the
original carrots domesticated in Central Asia ca. 900 CE were
purple and yellow (Banga 1963) (Figure 1, A and B). There is
some evidence for orange carrots earlier in history
(Stolarczyk and Janick 2011), but it was not until six cen-
turies after domestication that orange roots appeared
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consistently in the historical record. Wild carrot is indigenous
to Europe, North Africa, and Western Asia, with its center of
diversity in present day Afghanistan (Vavilov and Dorofeev
1992). Based on most historical records, the first evidence of
carrot being cultivated as a food crop was in the Iranian
Plateau and Persia in the 10th century (Banga 1957a,b,
1963; Brothwell and Brothwell 1969), and molecular evi-
dence supports a Central Asian origin of domesticated carrot
(Iorizzo et al. 2013). Carrot cultivation spread westward to
North Africa and Europe, and eastward to Asia. Orange roots
appeared in Spain and Germany in the 16th century
(Stolarczyk and Janick 2011), and quickly became the pre-
dominant color (Figure 1, C and D).

Carotenoid levels have doubled due to plant breeding over
the past 60 years (Simon 1990). Hence, there has been sub-
stantial effort to understand the mechanisms of carotenoid
accumulation and regulation. Allelic variation at two genes, Y
and Y2, accounts for most of the distinctive color and carot-
enoid accumulation differences observed in orange, yellow,
andwhite carrot roots (Buishand andGabelman 1979). How-
ever, carotenoid biosynthesis genes in carrot do not map near
enough to Y or Y2 to be responsible for these differences (Just
et al. 2007). The popularity of orange carrot likely fixedmany
of the alleles responsible for carotenoid presence in roots
in domesticated populations. Researchers have therefore
looked outside the biosynthetic pathway to regulatory and
other modifying genes for explanation. Iorizzo et al. (2016)
used two mapping populations and the newly assembled car-
rot genome to identify a candidate outside of the carotenoid
biosynthetic pathway for the Y gene, DCAR_032551, that
regulates photosystem development and conditions a portion
of carotenoid presence in carrot roots.

In cauliflower, the Orange (Or) gene accounts for elevated
levels of carotenoids (Li et al. 2001). TheOr gene is responsible
for both the biogenesis of chromoplasts, where carotenoids are
stored, and post-transcriptional regulation of Phytoene Syn-
thase (PSY), an enzyme necessary for carotenoid biosynthesis
(Lu et al. 2006; Yuan et al. 2015; Zhou et al. 2015). Mutations
in the Or gene have been associated with the presence of
carotenoids in nonleaf tissue through the differentiation of
noncolored plastids into chromoplasts in Arabidopsis, cauli-
flower, and sweet potato (Yuan et al. 2015). Maass et al.
(2009) noted that the presence of large amounts of
b-carotene in the form of crystals in carrot is strikingly similar
to that found in the cauliflowerOrmutant (Maass et al. 2009).
The Or gene has not previously been associated with caroten-
oid presence in carrot. Previous carotenoid studies have fo-
cused either on biparental populations derived from crosses
among domesticated carrot (Buishand and Gabelman 1979),
or on crosses between wild carrot from North America and
domesticated carrot (Santos and Simon 2002; Just et al.
2007; Ellison et al. 2017). Previous studies were also limited
in their ability to detect significant associations by population
size and marker density (Iorizzo et al. 2013).

In this study, we use 674 globally distributed domesticated
and wild carrot accessions to conduct a genome-wide associ-

ation study (GWAS) for carrot root pigmentation. We also
analyze the population structure that developedduring carrot
dispersal and domestication.We sampled germplasm from all
major global regions where carrot originated or was domes-
ticated. Previous studies have identified three major genetic
groups—Western, Eastern, and wild—but with limited num-
bers of accessions and low marker density (Iorizzo et al.
2013). Our analysis enabled the identification of both new
and previously characterized regions of the carrot genome
that were likely involved in selective sweeps during domes-
tication, and we present the first indication of the Or gene
playing a role in carotenoid presence in carrot.

Materials and Methods

Plant materials and phenotypic evaluation

Includedwere 154wild and 520 domesticated carrot (Daucus
carota L.) samples. Samples 1–144 were sown on certified
organic land at Tipi Organic Produce in Evansville, WI and
Elderberry Hill Farm in Waunakee, WI in 2013 and 2014.
Samples 43XXX and 53XXX were grown at the University of
Wisconsin–Madison West Madison Agricultural Research
Station (Verona, WI) in 2014 and 2015 (X stands for any
digit 0–9). Samples 30XXX and 32XXX were grown at the
University of Wisconsin–Madison Hancock Agricultural Re-
search Station (Hancock, WI) in 2013, and samples labeled
GHXXXX, DH, and 493 were grown at the Walnut Street
Greenhouse (Madison, WI) in 2013. Two samples of Daucus
syrticus (Ames 29096 and Ames 29108) were used as an out-
group species (Arbizu et al. 2014). Passport data for the 674 ac-
cessions can be found in Supplemental Material, Table S1
(available at Figshare: 10.6084/m9.figshare.6177110).

Pigmentation analysis was conducted within 5 weeks of
carrot harvest. Rootswere sliced in cross section5–10 cm from
the root tip and root phloem color was classified as orange,
purple, red, white, or yellow. Visual assessment data can be
found in Table S2. Carotenoid presence/absence and root
color classes are highly heritable, and not strongly influenced
by environmental effects, with evidence of discrete inheri-
tance of total carotenoids in crosses of white carrots with
carrots of other colors (Buishand and Gabelman 1979;
Fernandes Santos and Simon 2006). However, carotenoid
concentration can be influenced by environmental conditions
and so samples used for quantifying carotenoids were all
taken from the Hancock Agricultural Research Station. Ca-
rotenoid content was quantified using lyophilized root tissue
for HPLC analysis, as modified from Simon and Wolff (1987)
and Simon et al. (1989). Briefly, 0.1 g of lyophilized carrot
root tissue was crushed and then soaked in 2.0 ml of petro-
leum ether at 4�. After 12–16 hr, 300 ml of the petroleum
ether extract was added to 700 ml of methanol, eluted
through a Rainin Microsorb-MV column, and analyzed on a
Millipore (Bedford, MA) Waters 712 WISP HPLC system.
Synthetic b-carotene (Sigma [Sigma Chemical], St. Louis,
MO) was used in each independent run as a reference
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standard for calibration. Lutein, a-carotene, and b-carotene
were quantified by absorbance at 450 nm. Concentrations are
described in mg g21 dry weight. HPLC data can be found in
Table S3.

Genotyping, SNP production, and filtering

Total genomic DNA of individual plants was isolated from
�0.1 g of lyophilized leaves of 4-week-old plants following
the 10% CTAB protocol described by Murray and Thompson
(1980), with modifications by Boiteux et al. (1999). All DNA
was quantified using the Quantus PicoGreen dsDNA Kit (Life
Technologies, Grand Island NY) and normalized to 10 ng/ml.
Genotyping-by-sequencing (GBS), as described by Elshire
et al. (2011), was carried out at the University of Wisconsin–
Madison Biotechnology Center (WI) with minimal modifica-
tion and half-sized reactions. Briefly, DNA samples were
digested with ApeKI, barcoded, and pooled for sequencing,
and 80–95 pooled samples were run per single Illumina (San
Diego, CA) HiSeq 2000 lane, using 100-nt reads and v3 Se-
quencing by Synthesis reagents (Illumina). Images were an-
alyzed using CASAVA 1.8.2. and bcl2fastq-1.8.4.

The TASSEL-GBS pipeline version 5.2.26 was used to call
SNPs as described by Bradbury et al. (2007) and Glaubitz
et al. (2014) using the carrot reference genome (GenBank

accession LNRQ01000000.1; Iorizzo et al. 2016). SNPs were
filtered into two data sets. D1 had , 30% missing data for
genotype and marker, a 5% minor allele frequency, no more
than two alleles, and at least 53 depth per marker. Markers
were further filtered to set heterozygous markers with an
allele ratio , 0.3 or . 0.7 to missing, leaving 39,710 SNPs
in 674 samples. Missing genotype calls in D1 were imputed
using Beagle 4.1 with n iterations = 10 (Browning and
Browning 2016). The average SNP distribution across the
carrot genome was �54 SNPs per 500 kb bin or �1 SNP
per 10 kb (Figure S1) with an average 183 coverage per
SNP. To reduce potential confounding effects of population
structure and differentiation, we excluded 21 wild samples
from Portugal (D1-noPT).

The same filtering parameters were used for data set D2
except that SNPs were filtered using 10% missing data and
were not imputed. Additionally, two samples from the out-
group D. syrticus were included for a total of 676 individuals
and 32,128 SNPs. The SNP distribution for D2 was 43 SNPs
per 500 kb (Figure S2) and 203 coverage per SNP. Addi-
tional information about SNP filtering can be found in Figure
S3. A subsample of D2was created to exclude samples with.
30% admixture (D2-lowAd) as determined by STRUCTURE.

SNP density across chromosomes, using 500,000-nt bins
for D1 and D2, can be found in Figures S1 and S2. Filtering
parameters for each SNP data set can be found in Figure S3.
SNP data sets are in Data D1 and Data D2.

Linkage disequilibrium

TASSEL 5 (Bradbury et al. 2007) was used to calculate linkage
disequilibrium (LD) for the full matrix of SNPs for data set D1-
noPT. Reported values of LD decay use an r2 cutoff of 0.1 and
0.2 for filtered SNPs (P , 0.01) (Vos et al. 2017). The half-
distance of LD decay was calculated as when the LD decay
curve intersected with half the maximum LD value. Genome-
wide sliding window analysis of LD was conducted for both
wild and domesticated samples using VCFtools with the pa-
rameters –geno-r2 –ldwindow 100 (51). r2 values with fewer
than 95 SNPs per bin were removed. Sliding window analysis
was visualized using qqman in R studio (Wickham 2009).

Population structure

We used data set D2 and conducted eight replications of
the Bayesian clustering program STRUCTURE version 2.3.4
(Pritchard et al. 2000) with populations (K value) ranging
from 1 to 14, with a burn-in length of 20,000 and 50,000
Monte Carlo iterations, respectively. An admixture model
with no previous population information was included; all
other parameters were set to default values. STRUCTURE
results were processed in the software STRUCTURE HAR-
VESTER 0.6.94 with parameter–evanno (Earl and vonHoldt
2012), to detect the most likely number of clusters by using
the rate of change in the log probability between succes-
sive values of K (DK) (Evanno et al. 2005). Population struc-
ture was visualized using distruct software version 1.1
(Rosenberg 2004).

Figure 1 Carrot accessions illustrating the stages of carrot domestication
and improvement. Carrots shown are fully mature (100 days). (A) Wild,
(B) Eastern landrace, (C) Western historic open pollinated, and (D) modern
hybrids (left: processing type and right: imperator type). Photo courtesy of
Matthew Mirkes.
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Principal component analysis

An eigenvalue decomposition of the SNP covariance matrix
was performed using TASSEL 5 using default parameters for
D2 and D2-lowAd. All individuals’ loadings were plotted
along the first and second principal components (PCs) using
ggplot in R. Individuals were colored according to their
STRUCTURE group identity.

Maximum-likelihood tree

Using data sets D2 and D2-lowAd, maximum likelihood anal-
yseswere conductedwith theGTR+Gnucleotide substitution
model using RAxML version 8.2.9 (Stamatakis 2014). GATK
HaplotypeCaller (McKenna et al. 2010) with parameters
–genotyping_mode GENOTYPE_GIVEN_ALLELES was used
to call SNPs for the two outgroup accessions, D. syrticus
SRR2147152 and SRR2147153 (Arbizu et al. 2016). FigTree
(http://tree.bio.ed.ac.uk/software/figtree/) was used to vi-
sualize phylogenetic trees.

Pairwise Fst

Weir and Cockerham’s method for calculating pairwise Fst
(Weir and Cockerham 1984) was implemented within the
genet.dist function of the R package hierfstat (Goudet
2005). Pairwise values were calculated on all K = 6 sub-
populations using data sets D2 and D2-lowAd. The data set
was first converted to a genind object using the df2genind
command of the R package adegenet using default
parameters.

Sliding window analysis of nucleotide diversity, Fst, and
cross-population composite likelihood ratio

Selective sweep detection analyses used data set D1-noPT.
VCFtools was used to calculate genetic diversity (p) in 500-kb
windows across the carrot genome (–window-pi 500000) for
wild and domesticated carrot samples. Genomic bins were set
at 500-kb regions. Each bin was analyzed for reduced nucle-
otide diversity, elevated Fst, and high cross-population com-
posite likelihood ratio (XP-CLR) scores. Potential sweeps
corresponded to each bin; however, the start and stop points
of the sweep are very likely different from those of the bin.
Bin sizes were selected to contain an average of 50 SNPs.
Potential selective sweep regions were found by calculating
the difference between wild and domesticated nucleotide di-
versity bins, and selecting bins in the top 5% of values (P .
1.578). The population differentiation statistic, Fst, was esti-
mated between wild and domesticated samples in VCFtools
in 500-kb windows with 100-kb steps (-weir -fst-pop -fst-
window-size 500000-fst-window-step 100000) (Danecek
et al. 2011). Potential sweep regions were defined as the
top 5% of values ðFst . 0:29Þ: A third method, XP-CLR, was
implemented to test for selective sweeps (Chen et al. 2010).
The XP-CLR software was run with parameters: -w1 0.005
50 100 1 -p1 0.9 for each chromosome. Sweeps were
detected unidirectionally from wild to domesticated. The
genetic distances between SNPs were interpolated according
to their physical distances in a high-density genetic map

(Iorizzo et al. 2016). Mean XP-CLR scores were tabulated
in nonoverlapping 10-kb windows across the genome. Win-
dowswith the top 1%of XP-CLR values (11.93)were selected
and placed in corresponding bins from the Fst and nucleotide
diversity analyses. Genome-wide sliding window analyses
were plotted using the R package qqman (Turner 2014).
Overlapping genomic regions in the top 5% for nucleotide
diversity and Fst, and top 1% for XP-CLR scores, were iden-
tified as the most likely selective sweeps. The physical po-
sitions of four previously identified Diversity Arrays
Technology (DArT) markers (crPT9895272, crPT9891905,
crPT9890532, and crPT9885102; Grzebelus et al. 2014),
which flank previously identified domestication signatures,
were located in the carrot genome (GenBank accession
LNRQ01000000.1; Iorizzo et al. 2016) using BLASTn.

Genome-wide association analysis

A GWAS was performed for carrot root pigmentation using
data set D1 by implementing the EGSCORE function in the
GenABLE R package (Aulchenko et al. 2007). The following
parameters were used: naxes = 2, times = 1, quiet = FALSE,
bcast = 0, clamda=T, and propsPs= 1. No fixed effects were
included as covariates. The kinship matrix was calculated
using the ibs command in GenABLE with the weight param-
eter set to “freq.” The diagonal of the kinship matrix was
replaced with the default option of the variance of the aver-
age homozygosity within each individual to account for the
level of inbreeding of an individual with itself. Manhattan
and qqplots were drawn using the R package qqman
(Turner 2014). While there may be some confounding of
population structure and polymorphisms due to the orange
phenotype being absent in wild carrot accessions but com-
mon in domesticated accessions, when accounting for kin-
ship, the Q-Q plot does not show inflation of observed
2log10ðPÞ-values below expected2log10ðPÞ-values of at least
2.5 (Figure S4). This indicates that any potential confound-
ing of the root pigmentation phenotype with the underlying
population structure was adequately controlled in ourmodel.
The most significant SNP in our GWAS, located on chromo-
some 3 at position 5,224,824, was used to analyze allele
frequency distribution according the groupings identified
by STRUCTURE at K = 6, PC1 and PC2, domestication or
wild status, and orange or nonorange status.

Observed heterozygosity, homozygosity, and
gene diversity

Observed heterozygosityHo, within population gene diversity
(HS), overall gene diversity (Ht), and overall Fst were calcu-
lated using the basic.stats function in the R package hierfstat
(Goudet 2005) using data sets D1, D2, and D2 lowAd. Data
sets were first converted to genind objects using the df2ge-
nind command of the R package adegenet using default pa-
rameters. Sample homozygosity was calculated using data
set D1 by implementing the hom() function in the GenABLE
R package (Aulchenko et al. 2007). Differences in mean
homozygosity among STRUCTURE populations were
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ascertained via pairwise Student’s t-tests with pooled SDs
and Bonferroni correction using the pairwise.t.test command
in R.

Candidate gene sequence analysis

Thirteen previously resequenced carrot samples (Table S4)
were surveyed for any sequence variation within the open
reading frame of the Or gene (DCAR_009172). One SNP was
identified between low- and high-carotenoid genotypes
within exon 5. A transition of T to C at position 3350 resulted
in a change of the codon TTG to TCG, causing a missense
mutation of leucine to serine. This SNP is located on chromo-
some 3, position 5,197,361. To genotype carrot samples for
T3350C, primers that flank the SNP were generated (Table
S5). PCR-based sequencing was performed on 197 domesti-
cated and 82 wild carrot samples. Sanger sequencing was
performed on an ABI 3730xl DNA Analyzer by the University
of Wisconsin Biotechnology Center DNA Sequence Facility. A
gene model for Or was generated from the website http://
wormweb.org/exonintron. Phenotypic differences for lutein,
a-carotene, and b-carotene were analyzed for the three Or
genotypic classes. For each trait, significance between differ-
ent genotypic classes was determined by using the aov and
TukeyHSD functions in R. A genotyping workflow can be
found in Figure S5.

Data availability

Carrot sequences used for the Or gene alignment and D.
syrticus samples used as an outgroup for phylogenetic analy-
sis are available under the National Center for Biotechnology
Information Bioproject accession PRJNA291976. All supple-
mentary tables and data sets necessary to reproduce the anal-
yses for this manuscript are available at Figshare: 10.6084/
m9.figshare.6177110.

Results

Rapid decay of LD in carrot

LD analysis of wild carrot accessions demonstrated a very
rapid genome-wide decay between �100 bp ðr2 ¼ 0:2Þ and
�1 kb ðr2 ¼ 0:1Þ, and a rapid decay of �400 bp ðr2 ¼ 0:2Þ
and�13 kb ðr2 ¼ 0:1Þ in domesticated accessions. This rapid
decay was further supported by estimates of wild and domes-
ticated samples having an LD half-life of 67 and 6544 bp,
respectively (Figure S6). Determination of LD decay dis-
tances does not have a consensus method in the literature,
with both thresholds (0.1 and 0.2) and half-life methods used
(Vos et al. 2017). Half-life methods may be more robust to
differences in minor allele frequencies and have been used in
a number of species (Kim et al. 2007; Lam et al. 2010; Branca
et al. 2011; Zhao et al. 2011; Vos et al. 2017). This is the first
report of genome-wide LD in carrot. LD decay rates appear
slower in domesticated samples around regions putatively
under selection, such as the Y region (Iorizzo et al. 2016)
and the cult region (Macko-Podgorni et al. 2017), as well

as several carotenoid biosynthesis genes (Clotault et al.
2010; Soufflet-Freslon et al. 2013).

Population structure dynamics among wild and
domesticated carrot

An examination of population structure was carried out using
STRUCTURE software with K ¼ 6 as the number of groups
strongly supported by the Evanno method (Evanno et al.
2005) (Figure 2A and Figures S7–S10). The support for
K ¼ 6 was slightly stronger than K ¼ 4 or K ¼ 5, and as we
are interested in understanding population structure in car-
rot, we chose to work with the largest K value strongly sup-
ported by the data.

To maximize cluster separation, a low-admixture group
(D2-LowAd) of 463 accessions was created by only including
sampleswhen the proportion of inferred ancestry was. 70%
ðq  $   70%Þ (Figure 2E and Table S1). Clustering with
STRUCTURE indicated divisions between Western domes-
ticated, Western wild, and all Eastern samples, as well as
emergent subclusters corresponding to geographic origin,
including samples from Tunisia, which weremostly wild with
a few domesticated samples, and wild accessions from Por-
tugal (Figure 2A). An additional cluster formed for Western
Imperator hybrids (Western-HI) (Figure 1D and Figure 2A).
Imperator carrots are one of the major commercial market
classes in the US and cultivars are primarily F1 hybrids. This
market class has been the focus of much of US carrot breeding
efforts in recent decades (Simon 2000). The Q matrix of in-
dividual accessions is reported in Table S1. In the presenta-
tion and discussion of results, we use W to refer to wild
accessions, D to refer to domesticated accessions, and HI to
refer to Hybrid Imperator accessions.

The observed population substructure was supported by
phylogenetic analysis, PC analysis (PCA), and pairwise Fst.
Using D. syrticus as an outgroup (Arbizu et al. 2014), the
maximum-likelihood analysis identified the same six strongly
supported clades (bootstrap . 97%): Portuguese-W,Western-W,
Eastern-W/D, Tunisian-W, Western-D, and Western-HI
carrots (Figure 2D). PCA revealed a clear separation between
wild and domesticated carrots along the first PC (12.4% of
variation explained), and between Eastern andWestern sam-
ples along the second PC (4.6% of variation explained, Figure
2C). Pairwise Fst calculations further supported differentia-
tion between the six subclusters (Table S6). The Portugue-
se-W samples were the most strongly divergent of all the
STRUCTURE groups, forming a very distinct subpopulation
separate from other wild carrot accessions. Observed hetero-
zygosity (Ho) for accessions in data set D2-lowAd was 0.18
(Table S7). All analyses and results were also confirmed on
data set D2, without removal of high-admixture samples
(Figure S8, Table S6, and Table S7).

GWAS analysis identifies Or as a candidate gene for
carotenoid presence in carrot

To identify genomic regions potentially related to carotenoid
presence, we performed a GWAS for orange pigmentation in
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carrot root using data set D1 (Figure S3). We found a
previously unidentified significant 143-kb GWAS signal
on chromosome 3 containing 17 annotated genes (Figure
3A and Table S8). Or, a gene associated with carotenoid
biosynthesis regulation and chromoplast formation (Lu
et al. 2006; Li et al. 2012; Zhou et al. 2015), is in the mid-
dle of the 143-kb region encompassing the most significant
SNPs in our GWAS analysis. No other genes in the 143-kb
region are known to be associated with carotenoid pres-
ence. We selected the most significant GWAS SNP, located
on chromosome 3 at position 5,224,824, to serve as a
proxy to analyze the Or allele frequency distribution with
respect to PC1 and PC2 of our PCA (Figure 3B), STRUC-
TURE populations (Figure 3C), domestication status (wild
and domesticated), and pigmentation status (orange and
nonorange) (Figure 3D). The wild-type allele (A) appears
nearly fixed in all wild STRUCTURE groups as well as the
eastern domesticated nonorange samples. The domestica-
tion allele (T) was found at high frequency in the eastern
domesticated orange samples as well as western domesti-

cated nonorange samples, and is fixed in all western do-
mesticated orange samples. Further, we observe the
domestication genotype (TT) to be absent in all wild sam-
ples and the wild genotype (AA) to be absent in orange
samples.

To better characterize the association of carotenoid
presence and the Or gene, we looked for mutations cose-
gregating between five high- and eight low-carotenoid ac-
cessions that had been previously resequenced (Iorizzo
et al. 2016), and found a nonsynonymous mutation at po-
sition 3350 in exon 5, causing a serine to leucine amino
acid change (Figure 3B). An additional 198 domesti-
cated and 81 wild samples were phenotyped for total ca-
rotenoid content (m  g=g dry weight) using HPLC and
genotyped at Or. Those samples with the T/T genotype
had significantly higher amounts of total carotenoid con-
tent than those that were heterozygous (C/T) or homozy-
gous wild-type (C/C) (Figure 3F and Table S3). This is the
first report of an association between Or and carotenoid
presence in carrot.

Figure 2 Population structure of
463 carrot accessions with ,30% ad-
mixture (D2-LowAd). (A) STRUCTURE
groups. Percentage of membership (q)
for each group identified at K¼6.
(B) Geographic distribution of acces-
sions, each represented by a point
on the map colored according to
STRUCTURE group. Current com-
mercial varieties not shown. (C) Prin-
cipal component (PC) analysis plot of
the first two principal components.
PC1 and PC2 account for 12.4 and
4.6% of the total variation, respec-
tively. (D) Maximum-likelihood tree
of carrot accessions. Numbers on
the branches indicate bootstrap
support. Black branch represents
outgroup D. syrticus. (E) Color key.
Total number of accessions in each
STRUCTURE Group. LowAd, low
admixture.
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Identification of selection signatures during
carrot domestication

During crop domestication, highly favorable alleles undergo
intensive selection and reach fixation rapidly, resulting in
reduced variation in neighboring genomic regions and
thereby creating a signature of a selective sweep. We used
three measures to analyze sweeps: reduced nucleotide di-
versity (p) (Nei and Li 1979) in domesticated samples as
compared to wild ones, high population differentiation (Fst)
(Wright 1951) between wild and domesticated samples, and
allele frequency differentiation between populations (XP-
CLR) (Chen et al. 2010). To reduce potential confounding
effects of population structure and differentiation, we re-
moved the 21 Portuguese-W samples from the selective
sweep analyses (data set D1-noPT, Figure S3).

Overall, we found little reduction in genetic diversity in all
domesticated carrot ð3:133 1025Þ compared to all wild car-
rot ð3:253 1025Þ; averaged across the whole genome level.
Differences in nucleotide diversity between wild and domesti-
cated samples were estimated for 500-kb bins across the carrot
genome. The average difference between groups was 1.080
with 37 potential selective sweep regions detected using the
top 5% of calculated values (1.578) (Figure 4A and Table S9).

The genome-wide average Fst between domesticated and
wild carrot was 0.14. We detected 38 genomic regions with
Fst values above the 95% percentile ð. 0:29Þ; differentiating
wild and domesticated accessions (Figure 4A and Table S9).
These regions with high levels of differentiation likely expe-
rienced selective sweeps during domestication or improve-
ment (Wright 1951). The recently identified Y gene
(Iorizzo et al. 2016), a candidate for carotenoid presence in
carrot taproot, is located within one of these regions of high
differentiation between wild and domesticated carrots
(24.5–25.0Mb on chromosome 5). The carotene hydroxylase
DcCYP97A3 gene associated with increased a-carotene
(Arango et al. 2014) is in a 500-kb bin (6.0–6.5 Mb) that
has high Fst and is adjacent to a 500-kb bin (6.5–7 Mb) that
is one of the 12 regions identified in all tests (Table S9).

Lastlyweused theXP-CLRmethod to compare thewild and
domesticated accessions in 10-kb bins across the genome
(Chen et al. 2010). The top 1% of XP-CLR values ð. 11:94Þ
identified 78 potential sweep bins (Figure 4A and Table S9).
A candidate domestication gene associated with root thick-
ening, DcAHLc1 (Macko-Podgorni et al. 2017), is located at
41.8 Mb on chromosome 2, near one of the regions with the
highest XP-CLR scores (42.0–42.5 Mb). Another region,
33.5–34.0 Mb on chromosome 7, overlaps with the recently
fine-mapped QTL, Y2, a gene associated with carotenoid accu-
mulation (Ellison et al. 2017). Two carrot DArT markers,
crPT9892544 and crPT894175, which were identified in
Grzebelus et al. (2014) to show signatures of selectionmapped
between positions 21,070,220 and 30,397,440 on chromo-
some 2, and position 18,823,084 and 28,211,752 on chromo-
some 6, respectively. Both of these regions align with selective
sweep bins identified in this study (Figure 4B).

To identify the most supported potential selective sweeps
during domestication, we considered regions that were sig-
nificant for all three methods of detection. Using this ap-
proach, 12 regions were identified (Figure 4, A and B and
Figures S11–S13). The candidate carotenoid presence gene
Or, which was identified in our GWAS, falls in 1 of these 12 re-
gions. A genome-wide slidingwindowanalysis of LD also iden-
tified the same region on chromosome 3 to have the slowest
LD decay in domesticated carrots (Figure 4C) but not wild
carrots (Figure S14). These results strongly suggest that selec-
tion pressures acted on the Or locus during carrot domestica-
tion. It is possible that high-carotene alleles at the Or locus
have been fixed in most Western domesticated carrots, which
may explain why it was not identified until a globally distrib-
uted data set of wild and domesticated carrots was used.

Discussion

In this study, we genotyped a large and diverse collection of
carrot accessions to determine the global structure of LD in the
genome. Genome-wide coverage was �1 SNP per 10 kb,
dense enough to give an initial assessment of the pattern of
LD in carrot. The pattern of LD in a genome is a powerful
signal of the population genetic processes that are structuring
it, and similar LD decay rates have been found in other highly
heterozygous outcrossing species, such as maize and grape
(Yan et al. 2009; Myles et al. 2011). We find LD decays very
rapidly in both wild and domesticated accessions, with a half-
life of 67 and 6544 bp, respectively (Figure S6), and we also
demonstrate that LD decline is variable across the nine chro-
mosomes as well as between wild and domesticated acces-
sions (Figure 4C and Figure S14). The observed rapid decay
suggests that GWAS should be very useful for identifying
candidate genes in carrot as long as SNP density and cover-
age is comprehensive. To date, only two GWAS studies have
been conducted in carrot. Prior to the availability of the carrot
reference genome, Jourdan et al. (2015) conducted a candi-
date gene association study in 380 carrots using 109 SNPs
spread across 17 carotenoid biosynthesis genes. The stron-
gest associations with pigmentation were the carotenoid
genes ZEP and CRISTO. More recently, Keilwagen et al.
(2017) used 85 carrot cultivars and 168,000 SNPs to identify
30 QTL for 15 terpenoid volatile organic compounds, which
were further localized to four genomic regions on three dif-
ferent carrot chromosomes containing candidate terpene
synthase genes. Future GWAS and LD projects in carrot will
benefit from improved genotyping techniques, such as rese-
quencing or two-enzyme GBS (Poland et al. 2012), to in-
crease SNP density. There were likely some regions of the
genome that did not have adequate SNP coverage in this
study due to rapid linkage decay.

The primary divisions of population structure across our
diverse carrot accessions are geographic distribution, west to
east, and intensity of breeding effort, wild to domesti-
cated. Previous studies have also demonstrated that wild
and domesticated carrots are genetically distinct (Shim and
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Jorgensen 2000; Clotault et al. 2010; Baranski et al. 2012;
Iorizzo et al. 2013; Rong et al. 2014), and that they separate
into geographically discrete Eastern and Western groups
(Baranski et al. 2012; Iorizzo et al. 2013, 2016; Grzebelus
et al. 2014). However, there is evidence of continued gene
flow where populations overlap geographically, such as in

Western-W accessions, which are present in areas where do-
mesticated carrot is grown. It also appears that there is sig-
nificant overlap in wild and domesticated samples from the
Eastern group. This may be attributed to either recent admix-
ture or to domesticated carrots sharing many of the same
alleles with wild carrots from the region. While STRUCTURE

Figure 3 Genome-wide association analysis of orange pigmentation and identification of the candidate gene Or on chromosome 3. (A) Manhattan plot
for orange carrot root color. SNPs with empirically-adjusted P-values , 0.05, were defined as significant and are colored orange. (B) Allele frequency of
SNP S3_5228434 and pigmentation classification superimposed on the principal component analysis from Figure 2C. o, orange; p, purple; r, red; w,
white; y, yellow. (C) SNP S3_5228434 genotype frequency separated by STRUCTURE classification. Or and NOr indicates orange or nonorange root
pigmentation. W, D, or HI is wild, domesticated, or Hybrid Imperator, respectively. (D) SNP S3_5228434 genotype frequency separated by root
pigmentation and domestication status. Quantities indicate the number of samples in each group. (E) Open reading frame of Or and the nonsynon-
ymous mutation in exon 5 at position 3350 (T3350C). (F) Box plots for total carotenoids for the three Or genotypes (C/C, T/C, and TT) at position 3350.
Center line ¼ median, box limits ¼ upper and lower quartiles, whiskers = 1.53 the interquartile range, dots ¼ outliers. Different letters indicate
significant differences between genotypes (P , 0.05, Tukey’s honest significant difference). Reported values are in m  g=g dry weight.
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failed to identify a distinction between Eastern wild and East-
ern domesticated carrots, these do appear as sister clades in
the phylogeny with wild Western carrots at the root of both
clades (Figure 2D), supporting recent findings that domesti-
cated carrots are genetically closer to Eastern wild carrots
than to Western wild carrots (Vavilov and Dorofeev 1992;
Iorizzo et al. 2013).

Carrots from Northern Africa, Tunisian-W, form a distinct
group but show the least differentiation from all other groups
(Table S6). Previously, North African samples clustered closer
to wild samples from the West and Middle East (Iorizzo et al.
2013) but here, using a much larger data set and number of
SNPs, Tunisian-W samples appear at the base of all domesti-
cated western carrots (Figure 2D), suggesting that carrots
from this region of the world may have been important for
the improvement of domesticated carrots. Future field sam-
pling efforts and population dynamics analysis should in-
clude more representation from North Africa, to better
understand carrot domestication and diversity. Finally, we
observe that Portuguese-W samples are highly diverged from
other accessions. Gene flow in and out of the Iberian penin-
sula region is likely limited because of the Pyrenees mountain
range. However, crosses with Western domesticated carrot
have been successful and therefore Portuguese-W samples
may provide a novel source of alleles for abiotic stresses.

The analysis of an extensive and representative sample of
modern domesticated, historic domesticated, and wild acces-
sions allowed us to identify genomic regions putatively under

selection. False positives can be exacerbated by large genomic
data sets, sowe used a conservative approach to only consider
regions identified by all three detection tests (decreased
nucleotide diversity, high Fst, and elevated XP-CLR scores)
and identified 12 putative genomic regions under selection
during domestication (Figure 4, A and B). One selective
sweep located on chromosome 3 overlapped with the most
significant SNPs in our GWAS analysis for carotenoid pres-
ence and contained the candidate gene Or. Analysis of the Or
sequence between samples with varying carotenoid content
found a nonsynonymous mutation in exon 5 that associates
with the presence of a- and b-carotene, and to a lesser extent
lutein. Single amino acid substitutions in the Or homologs in
melon and Arabidopsis have led to increased carotenoid pres-
ence (Tzuri et al. 2015; Yuan et al. 2015). Twomarkers that had
been previously identified to show domestication signatures
(Grzebelus et al. 2014) overlapped with 2 of the 12 bins iden-
tified in this study. Interestingly, chromosome 2 was previously
shown to carry Vrn1, implicated in flowering habit (Alessandro
et al. 2013), which was likely a target to favor biennial growth
habit during the course of carrot domestication.

Or is important for chromoplast development, a necessary
precursor to the accumulation of carotenoids (Lu et al. 2006).
Or differentiates noncolored plastids into chromoplasts,
which provide the deposition sink for carotenoid accumula-
tion (Lu et al. 2006). Or also post-transcriptionally regulates
PSY, the most important regulatory enzyme in the carotenoid
pathway (Li et al. 2012; Zhou et al. 2015; Park et al. 2016).

Figure 4 Regions of the carrot
genome that likely underwent a
selective sweep during domestica-
tion. (A) Venn diagram represents
the overlapping of 500-kb regions
tested for selection signatures:
top 5% of Fst and nucleotide diver-
sity difference between wild and do-
mesticated carrot accessions, and
top 1%of cross-population compos-
ite likelihood ratio (XP-CLR) values.
(B) Genomic location of potential
selective sweeps identified by Fst,
nucleotide diversity, and XP-CLR.
The asterisk signifies the genome
region carrying the candidate or-
ange pigmentation gene Or. (C)
Genome-wide linkage disequi-
librium averaged across sliding
windows of 100 SNPs in domesti-
cated carrots. Regions identified
as significant in (A) and (B) are
highlighted in orange. The region
containing the Or candidate gene
for orange pigmentation in carrot
is marked “Or.”
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This post-transcriptional effect may be why Or has not been
identified in previous carrot studies that have looked at ca-
rotenoid accumulation mechanisms at the transcription level
(Simpson et al. 2016). Mutations in the Or gene are associ-
ated with increased chromoplast formation, thereby provid-
ing more storage capability for carotenoids (Yuan et al.
2015). In the closest significant GBS SNP to the Or gene,
we find that the wild-type allele (A) appears nearly fixed in
all wild STRUCTURE groups as well as the eastern domesti-
cated nonorange samples. The domestication allele (T) was
found at high frequency in the eastern domesticated orange
samples as well as western domesticated nonorange samples,
and is fixed in all western domesticated orange samples. The
allele frequency distribution of Or across STRUCTURE
groups aligns well with the historical record that the first
domesticated samples were yellow and only later did orange
carrot roots become common (Banga 1963; Stolarczyk and
Janick 2011). We hypothesize that a mutation in Or en-
hanced carotenoid sequestration by optimizing chromoplast
formation. It was likely selected after the initial domestica-
tion of carrot in conjunction with y2 to increase carotenoid
formation and storage in the taproot. The resulting orange
phenotype was then rapidly selected in Western domesti-
cated carrots.

This study brings us one step closer to understanding the
presence of carotenoids in carrots. Future work should ana-
lyze Or expression at the transcript and protein levels, and
verify the effect of disrupting its functionality on carotenoid
presence. Additionally, the 11 other genomic regions show-
ing consistent signatures of selection (Figure 4, A and B)
should be explored for candidate domestication genes, and
be considered in tandem with GWAS and mapping studies.
Understanding the genetic consequences of domestication
and selection on carrot can inform future plant breeding ef-
forts, and allow us to achieve greater gains from selection.
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