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Abstract We performed QTL analyses for pigment con-
tent on a carotenoid biosynthesis function map based on
progeny of a wild white carrot (QAL) which accumulates
no pigments x domesticated orange carrot (B493), one of
the richest sources of carotenoid pigments—mainly provi-
tamin A o- and f- carotenes. Two major interacting loci, Y
and Y, on linkage groups 2 and 5, respectively, control
much variation for carotenoid accumulation in carrot roots.
They are associated with carotenoid biosynthetic genes zea-
xanthin epoxidase and carotene hydroxylase and carotenoid
dioxygenase gene family members as positional candidate
genes. Dominant Y allele inhibits carotenoid accumulation.
When Y is homozygous recessive, carotenoids that accumu-
late are either only xanthophylls in Y, _ plants, or both
carotenes and xanthophylls, in y,y, plants. These two genes
played a major role in carrot domestication and account for
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the significant role that modern carrot plays in vitamin A
nutrition.

Introduction

One of the most striking differences between the modern
cultivated carrot and the wild carrot (also known as Queen
Anne’s Lace, QAL) is that the cultivated carrot accumu-
lates high levels of carotenoids in the storage roots giving it
its characteristic orange color, while the wild carrot roots
accumulate no carotenoid pigments, and consequently are
white. Carrot historians believe that the first domesticated
carotene carrot was yellow in color (accumulating mainly
xanthophylls consisting primarily of lutein) and that the
familiar modern orange carrot, that accumulates f- and o-
carotene, was selected through this yellow carrot intermedi-
ate within the last 500 years (Banga 1957, 1963; Simon
2000).

The genetic control of carotenoid accumulation in carrot
roots has been the subject of several research reports. The
only quantitative trait loci (QTL) study reporting the inheri-
tance and genetics of the carotenoid content in carrots uti-
lized an intercross between a cultivated orange carrot,
B493, and a wild white carrot, QAL (Santos 2001; Santos
and Simon 2002). Heritability and number of genetic fac-
tors have also been estimated for total carotenes, [-caro-
tene, o-carotene, (-carotene, lycopene, and phytoene
(Santos and Simon 2006). Heritabilities for each trait were
around 90%. The estimated number of factors was 4 for o-
carotene, 1-2 for lycopene and total carotenes, and 1 each
for f-carotene, (-carotene, and phytoene. Interestingly,
while several factors account for variation of individual
carotenes, most of them were clustered, so that discrete
inheritance of as few as 2 major loci separate white from
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orange carrot. Interesting too, a two-gene model for orange
versus white color was also suggested by several studies
involving cultivated white, yellow, and orange carrots
(reviewed by Buishand and Gabelman 1979; Simon 1996).

QTL analysis on this data using a single marker stepwise
regression approach demonstrated that the same markers
were linked to the accumulation of several carotenes, espe-
cially in linkage groups 2 and 5 (Santos 2001; Santos and
Simon 2002). This clustering was interpreted as due to link-
age of genes for enzymes in the same biosynthetic pathway.
These two regions interacted epistatically to reduce carot-
enoid accumulation so that many individuals in the popula-
tion had white roots with O values for all traits. Because of
this, all carotenes had non-normal distributions in the F,
population. Normality of distributions for traits is an
assumption in models used to detect QTL using parametric
interval mapping (Kruglyak and Lander 1995). However,
there are methods available for interval analysis of complex
traits that do not fit a normal distribution and they are being
incorporated into standard QTL mapping software. Krugl-
yak and Lander (1995) first proposed an interval analysis
based on the Wilcoxon rank sum test. The technique they
developed is considered to be robust regardless of the trait
distribution. One drawback to this method of QTL mapping
is that it does not provide a direct estimate of the pheno-
typic effect of the QTL; it only tests for the presence of a
QTL. Another approach to nonparametric QTL analysis is
an extension of the Kruskal-Wallis test statistic and is anal-
ogous to Kruglyak and Lander’s (1995) extension of the
Wilcoxon rank sum test (Broman 2003). This method does
not provide means for estimating the effect of a QTL either.
Zou et al. (2003), however, developed a rank-based non-
parametric technique to estimate both positions and effects
of QTL. Another specific type of non-normality is evident
in binary traits. A binary trait has two possible values (e.g.
susceptible and resistant) and is heritable but not necessar-
ily in a simple single gene fashion. The basis for binary
traits is presumed to be polygenic inheritance of genes that
affect a physiological threshold that, once reached, will
cause the phenotype to be expressed (Wright 1934). Tech-
niques have been developed (Xu and Atchley 1996; Yi and
Xu 1999; Broman 2003) that allow for QTL mapping of
binary traits.

While QTL analysis attributes no particular function to
loci identified, candidate gene analysis makes inferences
about gene function. The identification of candidate genes
facilitates the cloning of genes that may produce a marked
phenotypic effect. It allows researchers to use information
about biochemical pathways or information coming from
other organisms to postulate specific underlying genes for a
specific trait. Pflieger etal. (2000) classify two types of
candidate genes (CGs). Functional CGs are cloned genes
that are thought to affect a trait based on knowledge of the
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pathway or information from other organisms. Positional
CGs are mapped genes that co-localize with a trait on a
genetic map. This approach can be a powerful tool in estab-
lishing correlation but is not an end itself. Validation of
positional and functional CGs is essential and can be done
with physiological analyses, genetic transformation, and/or
complementation studies. This technique has been useful in
plants and was recently used in carrot to identify invertase
isozyme II as the gene underlying the Rs locus that controls
the accumulation of reducing sugars in carrot roots (Yau
and Simon 2003).

Several crop species have tissue-specific carotenoid
mutants and quantitative variants analogous to those of car-
rot. In many cases, especially for single gene mutations
with large effects, the underlying genes have been demon-
strated to be variants of some of the structural genes in the
carotenoid pathway. For example, the yI locus in Zea mays
is responsible for the difference between yellow and white
kernel color. This locus is important in developing white,
yellow, and bicolor sweet corn (Marshall and Tracy 2003).
Map-based cloning, followed by sequence and expression
analysis revealed that the y/ locus in maize is phytoene
synthase and that the differences in observed phenotypes
are probably due to a transposable element insertion in
the promoter of the gene that affects expression during
development without causing complete dysfunction (Buckner
et al. 1990; Buckner et al. 1996; Palaisa et al. 2003). Similarly,
large effect genes and QTL in Capsicum and Lycopersicon
have been demonstrated to be caused by polymorphisms in
carotenoid biosynthetic structural gene loci. Table 1 sum-
marizes associations between carotenoid structural gene
loci and phenotypic loci for Capsicum, Lycopersicon and
Zea mays. With varying degrees of evidence, it appears that
it is quite common for carotenoid biosynthetic structural
genes to be associated with drastic or moderate effects on
pigment profiles in fruits of some species. However, it
should be noted that there are also several examples of
major genes and QTL affecting carotenoid accumulation in
cauliflower, pepper and tomato that appear to not be due to
polymorphisms in carotenoid structural genes or regulatory
regions, and while genes have been cloned, their function in
conditioning accumulation of carotenoids is not well under-
stood (Ben Chaim et al. 2001; Li et al. 2001, 2006; Liu
et al. 2004).

By extension, we hypothesize that some of the genetic
control for root pigments can be associated with carotenoid
biosynthetic structural genes in carrot. While a two-gene
model for orange versus white root color has been pro-
posed, naming these genes as Y and Y, (Buishand and Gab-
elman 1979; Simon 1996), there has been no analysis
placing the carotenoid biosynthetic genes on the QTL map
including Y and Y, before. Here we present a QTL analysis
of carrot carotenoids performed on F, derivatives of an
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Table 1 Major genes and QTL that affect pigmentation and are closely linked to carotenoid biosynthesis structural genes

Genus Mutant Phenotype Gene Evidence Reference
Major genes

Lycopersicon Del Orange fruit Lycopene e-cyclase 1,5 Ronen et al. (1999)
Lycopersicon r Pale yellow fruit Phytoene synthase 1,3 Fray and Grierson (1993)
Lycopersicon Beta Orange fruit Lycopene f-cyclase 2,3 Ronen et al. (2000)
Lycopersicon 0g, 0g° Deep red fruit Lycopene fi-cyclase 1,3 Ibid

Lycopersicon tangerine Orange fruit Carotenoid isomerase 2,4 Isaacson et al. (2002)
Capsicum y Red fruit Capsorubin-capsanthin synthase 1 Lefebvre et al. (1998)
Capsicum c2 Red fruit Phytoene synthase 1 Huh et al. (2001)

Zea vl Yellow kernel Phytoene synthase 2 Buckner et al. (1996)
Quantitative trait loci

Capsicum re3.1 Increased red hue p-Carotene hydroxylase 1 Thorup et al. (2000)
Capsicum rl3.1 Increased red lightness p-Carotene hydroxylase 1 Ibid

Capsicum pfc6.1 Increased red chroma Phytoene synthase 1 Ibid

Lycopersicon  fcl.l Increased color {-Carotene desaturase 6 Ibid

Lycopersicon  fc2.2 Increased color Zeaxanthin epoxidase 6 Ibid

Lycopersicon  fc4.2 Increased color Geranylgeranyl pyrophosphate synthase 6 Ibid

Lycopersicon  fcl0.1 Increased color Lycopene f-cyclase 6 Ibid

1 mapping, 2 map-based cloning, 3 transgenic assay, 4 bacterial complementation, 5 transcript quantification, 6 comparative mapping

intercross between B493 and Queen Anne’s Lace (wild car-
rot, QAL) as described by Santos (2001) and Santos and
Simon (2002) that combines QTL maps for carrot carote-
noids with maps containing 24 genes putatively coding for
enzymes in the carotenoid pathway (Just et al. 2007).

The purpose of the study is two-fold: (1) To test the
hypothesis that genes coding for enzymes in the carotenoid
biosynthetic pathway (functional CGs) are positional CGs
for QTL. (2) To apply nonparametric, binary, and two
dimensional genome scans to detect QTL in a population in
which none of the traits are normally distributed, to gain a
better understanding of the genetic basis of differences
underlying pigment accumulation patterns in white-rooted
Queen Anne’s lace and a modern orange inbred (B493).

Materials and methods
Plant material, DNA and RNA extraction

The B493 x QAL F, population (Santos 2001; Santos and
Simon 2002) was used for mapping STS (sequence tagged
site) markers. B493 is a dark orange USDA inbred carrot
(Simon etal. 1990) and QAL is a white wild carrot
(D. carota var. carota). The population evaluated was
derived from crossing a single B493 plant with a single QAL
plant in Madison, WI, in 1989. A single F, plant was
self-pollinated to produce the F, generation used for map-
ping. A total of 183 F, plants grown in field conditions in
1998 and 59 plants in 2000 were included in this study.

Additional plants of the same F, population and both paren-
tal stocks were also grown in 2001 (27 F, plants) and 2007
(21 F, plants). F; populations were derived from plants of
the F, population evaluated in this study by self pollinating
F, plants. Segregation patterns of AFLP and carotenoid gene
STS markers with high LOD values in interval analysis and
epistasis/joint analysis were scored in F; populations and
also in two other mapping populations (Vivek and Simon
1999; Boiteux 2000; Boiteux et al. 2000) to confirm linkage
relationships. Total genomic DNA was extracted from
freeze-dried leaf tissue following the protocol of Doyle and
Doyle (1990) with modifications by Boiteux et al. (1999).

Carotene extraction and analysis

Carrot storage root samples were lyophilized and major
carotenoids were quantified by high-performance liquid
chromatography (HPLC), as described by Simon and Wolff
(1987). Lutein quantification was based upon modification
of this procedure (Craft and Soares 1992; Surles et al.
2004) and concentrations were estimated.

QTL analysis

R/qtl software was used (Broman et al. 2003) for QTL anal-
ysis. For the single QTL model interval analyses, genotype
probabilities were calculated with a step value of 1 over the
entire linkage map. The “scanone” command was used with
nonparametric (model = “np”) and binary (model = “bin”).
For the nonparametric analysis, the pg of pigment per gram
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Table 2 Means and standard errors of each generation for total carotenoids, phytoene, {-carotene, lycopene, a-carotene, and f-carotene (ng/g
fresh weight) in the carrot B493 x QAL cross, its parents, F; and F, (Santos and Simon 2006)

Trait Generation

B493 (1998; n =48) B 493 (2007; n=17) QAL (1998; n=34) F, (1998;n=3) F,(1998;n=178) F, (2000;n=759)

Total carotenoids 947 & 34 1027 £ 41 13+4
Phytoene 500 + 24 573 £ 44 0
{-Carotene 188 £ 12 199 + 10 0
Lycopene 18+2 215 0
o-Carotene 266 + 11 301 + 17 0
p-Carotene 461 £ 20 520 £ 21 0

3£1 64 +9 80 £23
0 16 +4 50+ 17
0 8£3 19+ 6
0 2+1 2+1
0 5£2 7£5
0 14+ 4 39+ 12

of fresh tissue for each of the pigments as calculated in /-
carotene equivalents were used except for xanthophylls for
which maximum absorbance units of the xanthophyll peak
on the chromatogram was used. For the binary analyses the
traits were re-coded as O for all samples for which the cal-
culated pigment concentration was 0 and 1 for samples that
had non-zero values for the trait. Since for total carotenes
there were very few 0 values, and the application of binary
trait analysis requires a relatively large number of 0 values,
this analysis was not performed for that trait. For both
binary and nonparametric analyses, approximate 95% sup-
port intervals were estimated by using the “one LOD rule”
of Lander and Botstein (1989) (“lodint” command in R/qtl).

Two-dimensional scans were initially performed using a
marker regression approach (“scantwo” with method =
“mr-imp”’) with a single imputation for missing data. Some
pairs of linkage groups were reexamined using an interval
mapping technique based on the Haley—Knott regression
(method = “hk”). The analysis was performed on a 1 cM
grid (step = 1).

Post hoc analyses of variance

For each significant region detected in the interval analyses,
the marker nearest to the LOD peak was used to perform a
post hoc analysis of variance (“aov” in R) of marker class
means to get an indication of allelic effects of the QTL
(Ihaka and Gentleman 1996). When a codominant marker
was investigated, pairwise ¢ tests of the three marker classes
were performed. Post hoc tests were also performed for
each significant maximum pair of loci for each pair of link-
age groups being compared. Pairwise ¢ tests were per-
formed for the different marker class combinations of all
pairs of loci in joint and epistatic post hoc tests.

Genome wide significance determination

Genome wide significance thresholds for LOD scores were
determined by permutation tests as suggested by Churchill
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and Doerge (1994). For each analysis of both single QTL
and two dimensional genome scans, 10,000 permutations
were performed in R/qtl (“n.perm” = 10000). LOD scores
significant at the 0.90, 0.95, and 0.99 levels were calculated
empirically from this data.

Sequence data from this article have been deposited with
the EMBL/GenBank Data Libraries under the accession
nos. DQ192183 to DQ192205, DQ222429, and DQ222430.

Results

Carotene analysis of parents, F;, and F, generations
of B493 x QAL

Means for phytoene, {-carotene, lycopene, f-carotene, a-caro-
tene, and total carotenoids of parental, F;, and F, generations
of B493 x QAL as determined by Santos and Simon (2006)
and subsequent years are presented in Table 2. A high inci-
dence of white roots in the F, generation resulted in a signifi-
cant kurtosis and lack of normality (Santos 2001; Santos and
Simon 2006). Ranges of carotenoid content in parental stocks
and smaller F, populations in 2001 and 2007 were within
12% of values in Table 2 (data not presented).

Genome-wide LOD thresholds

Mean LOD thresholds for all traits corresponding to o lev-
els of 0.10, 0.05, and 0.01 were 3.1, 3.5, and 4.4, respec-
tively. Mean LOD thresholds corresponding to o levels of
0.10, 0.05, and 0.01 for epistasis and joint analyses are pre-
sented in Table 3. For the joint analyses LOD thresholds for
the 0.10 level ranged from 13.5 to 36.2, for the 0.05 thresh-
old they ranged from 15.1 to 38.3 and for the 0.01 level
they ranged from 18.0 to 118.2. For the epistasis analyses
LOD thresholds for the 0.10 level ranged from 11.0 to 31.0,
for the 0.05 threshold they ranged from 12.4 to 34.5 and for
the 0.01 level they ranged from 15.1 to 113.2. Values for
parents B493 and QAL were very similar.
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Table 3 Genome-wide LOD

thresholds determined for each Trait Joint analysis Interaction analysis

joint and interaction analysis for LOD thresholds for o = LOD thresholds for « =

o =0.10, 0.05 and 0.01 in the

carrot B493 x QAL cross 0.10 0.05 0.01 0.10 0.05 0.01
QAL
Total carotenes 13.6 15.1 18.1 11.0 12.4 15.1
Phytoene 16.5 18.2 22.8 14.0 15.6 20.2
{-Carotene 21.1 23.1 27.9 19.1 20.5 25.0
Lycopene 36.2 38.3 118.2 30.9 345 113.2
o-Carotene 29.3 35.0 45.7 26.9 31.8 42.4
p-Carotene 15.5 17.0 20.5 12.7 14.3 17.3
Xanthophyll 15.2 16.9 19.5 13.2 14.4 17.4
B493
Total carotenes 13.5 152 18.0 11.2 12.6 15.2
Phytoene 16.6 18.2 22.9 14.2 15.8 20.3
{-Carotene 13.6 15.2 17.8 11.2 12.5 15.2
Lycopene 349 38.2 118.0 31.0 345 112.6
o-Carotene 29.2 33.9 459 26.9 31.0 42.8
p-Carotene 15.6 17.1 20.8 12.9 14.5 17.5
Xanthophyll 15.2 17.0 19.6 13.3 14.7 17.6

Nonparametric and binary interval mapping

Tables 4 and 5 list the QTL detected in this study using
nonparametric and binary interval mapping, the calculated
positions of their peaks with 95% support intervals, as well
as the results of post hoc tests for the nonparametric and
binary interval mapping. Four regions were identified as
having significant QTL in binary and nonparametric inter-
val analyses for total carotenes, phytoene, {-carotene, lyco-
pene, o-carotene, f-carotene, and xanthophylls. QTL on
linkage groups 2 (two separate QTL) and 5 were particu-
larly common and the closest markers associated with
carotenoid QTL are clustered (Fig. 1). In all cases where
post hoc tests were significant, the A (QAL) allele was
associated with a lesser amount of pigment than the B
(B493 allele).

For all traits except xanthophylls, there were significant
QTL (p <0.1 after genome wide significance adjustment
using permutation tests). QTL were detected in a fairly nar-
row region on linkage group 5 in both parents (Fig. 1) and
in both the binary and nonparametric analyses. For each of
these traits Y2mark, a co-dominant marker common to both
parental maps (Bradeen and Simon 1998), was included in
the approximate 95% support intervals (sensu Lander and
Botstein 1989). On the QAL map all of the post hoc analy-
ses were performed on a dominant marker for the linkage
group 5 QTL, but it was clear that in all cases, the QAL
allele (A-) had lower group means than homozygotes for
the B493 allele (BB) (see Table 4). Post hoc tests for mark-
ers near QTL detected for phytoene in the binary and «-car-

otene in both the binary and nonparametric tests were non-
significant (p > 0.10). Post hoc tests for total carotenes in
the nonparametric analysis, {-carotene in the binary analy-
sis, and ff-carotene in both the nonparametric and binary
analyses were performed on Y2mark, a codominant
marker. In all cases the AA and AB genotype means were
not significantly different from one another, but were sig-
nificantly lower (p <0.05) than the BB genotype in pair-
wise ¢ tests (see Table 5), as is typical for dominant gene
action. The closest STS marker for a carotenoid biosyn-
thetic gene on linkage group 5 was zeaxanthin epoxidase
(ZEP) which mapped just outside the 95% support intervals
for most traits on both maps.

On linkage group 2 of the QAL map significant QTL
were found for f-carotene in the binary (p < 0.05) and non-
parametric tests (p < 0.1), a-carotene in the binary (p < 0.05)
and nonparametric (p < 0.05) tests, total carotenes (p < .01),
and xanthophylls for both the binary (p < 0.01) and nonpara-
metric (p < 0.01) tests (Fig. 1). For each of these QTL, post
hoc tests performed on a dominant linked marker were sig-
nificant with the A- marker class having a lower mean than
the BB marker class (see Table 4). Two of the STS markers
for putative carotenoid biosynthesis genes were located in
this region of high QTL density. Epsilon ring carotene
hydroxylase (CHXE) and a copy of nine-cis epoxycarote-
noid dioxygenase, a carotenoid cleavage enzyme, (NCED2)
were both in the 95% support intervals for the o-carotene
binary, f-carotene nonparametric and f-carotene binary
analyses. CHXE was also in the 95% support interval for the
lutein binary analysis.
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Table 4 Interval analysis of the carrot QAL map displaying approximate 95% support intervals for linkage group maxima and corresponding post

hoc statistical tests for marker means

Analysis LG* Peak maximum LOD® Approximate 95% Closest Group means for R? p
position (cM)® support intervals® marker nearest marker®

Lower Upper AA AB A- BB

extreme  extreme

(cM) (cM)
QAL
Total carotenes nonparametric 2 45 11.6%%* 39 51 aggctg078 40.7 131.6 0.11  0.00
Total carotenes nonparametric 5 102 5.7%% 96 115 aagcag233 28.5 151.7 0.23  0.00
Phytoene nonparametric 5 103 9.8%** 08 108 aagcag233 0.5 57.5 0.19  0.00
Phytoene nonparametric 8 116 3.9%% 04 143 gggcat322 9.9 342 0.03 0.02
Phytoene binary 5 104 8.3%** 97 112 aagcag233  See phytoene nonparametric
Phytoene binary 8 119 3.0% 97 157 gggcat322  See phytoene nonparametric
(-Carotene nonparametric 5 102 T.4%¥% 98 108 aagcag233 0.5 27.9 0.14  0.00
{-Carotene nonparametric 8 111 4.0%* 93 123 gggcat322 52 16.2 0.02 0.06
(-Carotene binary 4 11 2.9% 0 25 gggcatl19 7.30 10.9 0.00 0.53
(-Carotene binary 5 103 6.4%*%% 96 112 aagcag233  See (-carotene nonparametric
(-Carotene binary 8 115 2.9% 94 154 gggcat322  See {-carotene nonparametric
Lycopene nonparametric 5 102 11.2%** 98 107 aagcag233 0.0 6.2 0.07 0.00
Lycopene nonparametric 8 112 3.6% 90 124 gggcat322 2.1 0.9 0.00 0.56
Lycopene binary 5 103 9.9%** 97 109 aagcag233  See lycopene nonparametric
o-Carotene nonparametric 2 47 4.0%* 29 57 aggctg078 0.1 18.18 0.07 0.00
o-Carotene nonparametric 5 104 6.4%**% 06 116 aagcag233 0.0 17.2 0.06 0.00
o-Carotene binary 2 45 3.0%* 1 85 aggcetg078  See o-carotene nonparametric
o-Carotene binary 5 105 S4%*k% 94 115 aagcag233  See o-carotene nonparametric
p-Carotene nonparametric 2 29 3.24% 1 85 ggacaa272 6.0 33.5 6 0.00
p-Carotene nonparametric 5 103 8.7#*%* 08 114 aagcag233 0.7 48.8 0.19  0.00
p-Carotene nonparametric 8 115 3.4% 93 151 gggcat322 6.5 34.4 0.06 0.00
p-Carotene binary 2 29 3.4%% 7 84 ggacaa272  See f-carotene nonparametric
p-Carotene binary 5 104 7.5%*% 97 114 aagcag233  See ff-carotene nonparametric
Lutein nonparametric 2 45 26.0%** 41 48 aggctg078 2.134  26.760 030 0.00
Lutein binary 2 48 16.9%%* 42 72 aggctg080 2776 23.670 0.23 0.00
Lutein binary 2 61 16.9%** 55 67 gggetgl4d6 0.2 - 106 - 0.04 0.01

# Linkage group of significant peak
b Position on linkage group of significant peak displayed in cM

¢ LOD score and significance after determination by 10,000 permutation tests. *p < 0.1; **p < 0.05; ***p < 0.01
4" Approximate 95% support intervals for QTL location as determined by ‘One LOD rule. Displayed in terms of positions of ends of intervals

¢ Group means for marker classes of marker closest to LOD peak. AA homozygous QAL allele, AB heterozygous, A- homozygous QAL or heterozygous,
BB homozygous B493 allele. Where more than two genotypes are considered, means marked with the same letter were not significantly different from one

another in pairwise f tests

Linkage group 2 of the B493 map had significant QTL
for phytoene and o-carotene in the binary analysis (p < 0.1)
only, while f-carotene, total carotenes, and xanthophylls
had significant QTL in both the binary (p < 0.01) and non-
parametric (p < 0.1) analyses. Post hoc tests for phytoene,
a-carotene, and f-carotene in the binary analysis and for /-
carotene in the nonparametric tests were non- significant.
For total carotenes and xanthophyll (nonparametric) post
hoc tests were performed on NCED2. These tests were sig-
nificant, with the AA and AB marker class means similar to
each other and lower than the BB marker class, indicating
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dominance for this QTL region. For the binary xanthophyll
analysis, the post hoc test was performed on a dominant
marker with class AA significantly lower than B- (see
Table 5). For all traits, there was at least one fairly large
peak on linkage group 2. In some cases, however, the peak
maximum did not meet the threshold set by our permutation
tests. Two of the STS markers representing carotenoid bio-
synthetic genes were in or close to this region on linkage
group 2. CHXE was in the 95% support interval in the o-
carotene binary, f-carotene nonparametric, and lutein
binary analyses. NCED2 was in the 95% support interval
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Table 5 Interval analysis of the carrot B493 map displaying approximate 95% support intervals for linkage group maxima and corresponding post

hoc statistical tests for marker means

Analysis LG* Peak maximum LOD¢ Approximate 95% Closest Group means R* p
position (cM)® support intervals® marker for nearest marker®

Lower Upper AA AB B- BB

extreme  extreme

(cM) (cM)
B493
Total carotenes nonparametric 2 75 9.7%¥% 66 82 NCED2 382a 393a - 119.5b 0.10 0.00
Total carotenes nonparametric 5 91 4.71%% 71 105 Y2mark 269a 39.7a - 175.8b 0.23 0.00
Phytoene nonparametric 5 91 T.9%%% T2 105 Y2mark 0.0a 54a - 674b 02 0.0
Phytoene binary 2 0 3.2% 46 aaccta353 0.0 - 20.7 - 0.02 0.07
Phytoene binary 4 32 3.4%% 37 aggcta380 0.0 - 220 - 0.03 0.02
Phytoene binary 5 78 6.8%*%% 66 105 gggcaa229 0.0 - 188 - 0.02 0.07
(-Carotene nonparametric 5 78 5.2%%% 60 105 gggcaa229 0.0 - 93 - 0.01 0.12
{-Carotene binary 5 91 5.58%*%* 64 105 Y2mark 0.0a 1.5a - 36.7b 0.18 0.00
Lycopene binary 4 32 3.0% 0 38 aggcta380 0.0 2.6 0.01 0.20
o-Carotene nonparametric 5 83 S5.7F¥% 63 105 acactt135 0.0 - 41 - 0.01 0.35
o-Carotene binary 2 2 2.8% 0 91 aaccta353 0.0 - 56 - 0.01 0.35
o-carotene binary 5 81 5.2%%% 61 105 gggcaa229 0.0 - 62 - 0.01 0.30
p-Carotene nonparametric 2 3 3.6* 0 87 aaccta353 0.0 - 183 - 0.02 0.06
p-Carotene nonparametric 5 98 7.2%%% T3 105 Y2mark 0.0a 4.la 59.7b  0.21 0.00
p-Carotene binary 2 0 4.0%** 0 45 aaccta353  See f-carotene nonparametric
p-Carotene binary 4 32 3.9%* 27 37 aggcta380 0.0 - 20.1 - 0.03 0.02
p-Carotene binary 5 95 6.3%%* 66 105 Y2mark See f-carotene nonparametric
Lutein nonparametric 2 75 22.2%*% 65 80 NCED2 03a 13a - 259b 0.34 0.00

* Linkage group of significant peak
® Position on linkage group of significant peak displayed in cM

¢ LOD score and significance after determination by 10,000 permutation tests. *p < 0.1; **p < 0.05; ***p < 0.01
4 Approximate 95% support intervals for QTL location as determined by ‘One LOD’ rule. Displayed in terms of positions of ends of intervals

¢ Group means for marker classes of marker closest to LOD peak. AA homozygous QAL allele, AB heterozygous, B- homozygous B493 or heterozygous,
BB homozygous B493 allele. Where more than two genotypes are considered, means marked with the same letter were not significantly different from one

another in pairwise 7 tests

for the linkage group 2 QTL in the total carotene nonpara-
metric, a-carotene binary, [-carotene nonparametric and
the lutein nonparametric analyses.

On QAL linkage group 4 a single QTL for {-carotene
was detected (p < 0.1) using the binary method, though the
post hoc test was non-significant. On B493 linkage group 4
we found significant QTL for lycopene (p < 0.1) in the non-
parametric analysis, phytoene (p < 0.05) in the binary anal-
ysis, and f-carotene (p < 0.05) in the binary analysis. For
lycopene, the post hoc test was non-significant. For the
other two traits the tests were significant with the AA geno-
type means significantly lower than the BB means.

QTL were detected on QAL linkage group 8 (Table 4).
They were for phytoene in the nonparametric (p < 0.05)
and binary (p <0.1) analyses, (-carotene in the nonpara-
metric (p < 0.05) and binary (p < 0.1) analyses, lycopene in
the nonparametric analysis (p < 0.1), and for ff-carotene in
the nonparametric analysis (p <0.1). Post hoc tests were
significant for the f-carotene nonparametric and phytoene

nonparametric analyses. For both of these, genotype means
were lower for the A-genotype than the BB genotype.

Two-dimensional marker regression

Two dimensional genome scans of all pairs of markers
revealed strong evidence for epistasis for total carotenes on
both the QAL and B493 maps, and for f-carotene. Tables 6
and 7 display the results of the epistatic and joint (two-QTL
model) tests along with the appropriate post hoc tests. Link-
age relationships among markers on linkage groups 2 and 5
with significant LOD scores in the two-way QTL scan are
noted in Fig. 1. On both maps the major interaction for total
carotenes was between the CHXE region on linkage group
2 and the Y2mark region on linkage group 5. Since these
are both codominant markers common to both maps, the
post hoc analysis was the same: the BB/BB genotype
(homozygous B493 allele) accumulated significantly higher
carotenes than all the others, with levels nearly five fold
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Fig. 1 Linkage maps with the positions of all QTLs detected on link-
age groups 2 and 5 of carrot. QAL and B493 linkage maps are dis-
played side by side. The numbers 2 and 5 on the left are the linkage
group number. Numbering assigned by Santos (2001) and Santos and
Simon (2002) was retained. Bars to the right of the linkage group indi-
cate the 1 LOD confidence intervals for QTLs detected in nonparamet-
ric analyses for total carotenes (7), fi-carotene (B), and xanthophylls
(X). Stars indicate the significance level after genome wide LOD score

higher than the next marker class. Figure 2f graphically
presents the nature of the interaction for total carotenes.
This interaction explains 57% of the variation for total
carotenes. Figure 2a—e displays the effect of these two
markers on C-carotene, o-carotene, ﬁ-carotene, phytoene,
and lycopene, respectively. While this pair of loci was not
significant in the initial analyses for {-carotene, a-carotene,
f-carotene, phytoene, and lycopene, it appears that the
effects of these loci are similar to those on total carotenes.
Additionally, the interaction term is highly significant
(p < 0.000) for all these traits in a two-way analysis of vari-
ance on CHXE on linkage group 2 and Y2mark on linkage
group 5 (data not shown). The LOD thresholds for signifi-
cance in these two-dimensional scans are very high. Larger
population sizes or segregation of these loci on a more uni-
form background will be needed to confirm the epistatic
effects for these traits.

In the joint analyses, several other pairs of loci were
significant on both maps. The significant pairs from the
QAL map are presented on Table 6 with their corresponding

@ Springer

adjustment by permutation tests (*p < 0.10, **p < 0.05, ***p < 0.01).

Letters “j” or “e” to the left of a marker name indicate that the marker

was detected as a joint or epistatic QTL in the marker regression based
two-QTL analysis, respectively, for phytoene (P), zeta- carotene (Z),
total carotenes (7), ff-carotene (B), and xanthophylls (X). The number
next to the letter corresponds to the linkage group on which the other
member of the pair is located

LOD scores, significance level (indicated by asterisk), and
post hoc tests. For total carotenes Y2mark was significant
in combination with five other markers including ZDS1, a
STS marker for zeta-carotene desaturase on linkage group
4. A marker adjacent to Y2mark, aagcag233, was
indicated in a joint QTL pair for total carotenes. Lastly,
for C-carotene, Y2mark was jointly significant with one
other marker. Y2mark was also jointly significant with
five other markers for fi-carotene (also including ZDS1 on
linkage group 4) and two other markers for phytoene. For
xanthophyll, a marker on linkage group 2, ggtcagl82, was
jointly significant with eight other markers and NCED2
on linkage group 2 (adjacent to ggtcagl82) was signifi-
cant with one other marker. With only two exceptions, all
B allele markers were associated with higher levels of
pigment than were A alleles. These exceptions were
acccta508 (QAL linkage groupl) and ggtcagll3 (QAL
linkage group 8) for which the A alleles were associated
with more xanthophylls in the presence of BB alleles at
ggtcag182 (on linkage group?2).
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Significant pairs of joint markers on the B493 map are
presented on Table 7, with their LOD scores, significance
and appropriate post hoc test results. All of the pairs for
total carotenes, (-carotene, [f-carotene, and phytoene
involve Y2mark or another nearby marker on linkage
group 5. ZDS1 on linkage group 4 was jointly significant
with Y2mark for total carotenes and (-carotene. It was
also jointly significant with acactt135 an AFLP marker
adjacent to Y2mark. Every significant pair for xantho-

phyll involves NCED2 (linkage group 2) as one of the
members.

To further confirm the interaction between QTL on link-
age groups 2 and 5 two way interval analysis was per-
formed in R/QTL. Results are shown in Fig. 3. This output
was obtained from running a two-way interval analysis on
the QAL map using total carotenes as the trait. Clear joint
and epistatic effects are observed between linkage groups 2
and 5 with LOD scores of >20 and >15, respectively.
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20

15

10

Chromosome

Chromosome

Fig. 3 R/qtl scantwo output of total carotenes data on linkage groups
2 and 5. The lower right hand corner is a graphical representation of
joint LOD score for each pair of loci. The LOD scores to the right of
the scale bar correspond to this portion of the graph. The upper left
hand corner of the graph represents the interaction LOD score for each
pair of loci. The LOD scores to the left of the scale bar correspond to
this portion of the graph

Marker confirmation

AFLP and STS markers in Fig. 1 were confirmed to be
linked in pairwise combination evaluations in at least one
F; population derived from the B493 x QAL cross for all
markers, and in at least one of the two additional mapping
populations (Vivek and Simon 1999; Boiteux 2000; Boi-
teux etal. 2000), with the exception of AFLP marker
gggctgl146 which segregated in F; populations, but did not
segregate in either population of these latter mapping popu-
lations. Linkages among markers on linkage group 2
included on Fig. 1 were confirmed, as were those on link-
age group 5, and distances were similar to those noted
(£8 cM) (data not presented).

Discussion

Phenotypic effects of major QTL conditioning carotenoid
accumulation in carrots

While mutants affecting carotenoid accumulation in fruit
and leaves have been studied in numerous plants, this study
is the first in depth genetic analysis of carotenoid accumula-
tion in roots. Our data indicate that there are two major
genomic regions located on linkage groups 5 and 2 that
control a large portion of the carotenoid profile differences
between wild white and cultivated orange carrot. These

@ Springer

regions were implicated in several of the joint QTL and epi-
static QTL tests. The interaction is such that high levels of
carotenes only accumulate if the genotype is recessive
(B493 allele) at each locus. Thus it appears that the genetics
of the differences between wild white carrot and orange car-
rot is similar to the genetics of the differences between cul-
tivated white carrot and orange carrot as studied by
Buishand and Gabelman (1979). This study went further, to
demonstrate the Y gene conditions xanthophyll accumula-
tion without carotenes, when the Y, locus is homozygous
dominant or heterozygous. Intercrosses between wild carrot
and white cultivated carrot yield only white-rooted progeny
(accumulating no carotenoids) in F, and F; generations
(Simon, unpublished) to support the idea that the genetic
constitution of these two white phenotypes is the same.

Santos and Simon (2002) suggested that clustering of
several QTL for various carotenoid traits may be due to
clustering of carotenoid biosynthetic genes. This clearly is
not the case, since Just et al (2007) demonstrated that puta-
tive genes coding for known enzymes in the carotenoid
pathway are distributed over all linkage groups and in most
cases, tight linkage was not observed. Furthermore, while a
few of the QTL we detected here mapped relatively close to
carotenoid structural genes, others did not. An alternative
explanation for the clustering of QTL into tight regions is
pleiotropy combined with the inherent imprecision of QTL
analyses with limited numbers of informative individuals
(Beavis 1998). Since the traits in this study are all related, as
they represent compounds produced at different steps in the
same biosynthetic pathway, it is very possible that a single
regulatory gene affects many components of the pathway.

Since we knew the allelic constitution of each individual
in segregating populations, this study provides the first
insights into the similarities and differences of phenotypic
effects of the major QTL that control carotenoid accumula-
tion in carrots. For the QTL on linkage group 5, the domi-
nant allele reduces all carotenes (but not xanthophylls) in
contrast to the QTL on linkage group 2, where the domi-
nant allele reduces all carotenoids, including both carotenes
and xanthophylls. Another way to describe the interaction
between the two loci is that recessive alleles at the linkage
group 2 QTL allow carotenoids to accumulate. When this
QTL is homozygous recessive, the major type of carote-
noids that accumulate are either xanthophylls only, when a
dominant allele occurs at the QTL on linkage group 5, or
both carotenes and xanthophylls, when the linkage group 5
QTL is homozygous recessive.

Role of major QTL for carrot color in carrot domestication
and human health

Our results suggest that the major QTL region on linkage
group 5 is the Y, gene and the major QTL on linkage group
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2 is the Y gene as described by Buishand and Gabelman
(1979). There are several lines of evidence to support this.
First, the major QTL locus on linkage group 5 maps near
Y2mark, a SCAR developed from an AFLP fragment
linked to the Y, gene (Bradeen and Simon 1998). Second,
the differences between cultivated white carrot and orange
carrot have been demonstrated to be due in part to allelic
differences at the Y, gene. In segregating crosses from culti-
vated white x orange crosses the Y, gene is involved in a
similar epistatic interaction: only roots with recessive alle-
les from the orange parent at both the Y, and the Y loci will
accumulate orange o- and f-carotene pigments (Buishand
and Gabelman 1979). This is the same pattern of inheri-
tance suggested by the epistatic interaction between the
linkage group 2 and linkage group 5 alleles. The fact that
the linkage group 2 QTL region had highly significant
effects on xanthophyll accumulation and the linkage group
5 QTL had no effects on xanthophylls, also supports this
idea. These biological observations have interesting impli-
cations about genetic changes that occurred during carrot
domestication. Historical evidence suggests that the orange
carrot was developed through a yellow carrot intermediate
which was grown for hundreds of years before the first
reported orange carrots (Banga 1957, 1963). Thus wild car-
rots probably harbor YYY,Y, alleles and the development of
the yellow carrot from white carrot as long as 1,000 years
ago involved, in part, a mutation at the ¥ locus to yy alleles,
which conditioned the accumulation of xanthophylls in
yyY,Y, roots. The development of the orange carrot from
yellow progenitors probably involved a second mutation at
the Y, locus since the recessive alleles coming from B493
appear to condition the accumulation of carotenes in addi-
tion to xanthophylls.

Root pigment composition clearly has played an impor-
tant role in the domestication and subsequent breeding of car-
rot. It is interesting, and perhaps not surprising, to note that of
the two major loci that determine a large proportion of the
differences in carotenoid accumulation between wild and cul-
tivated carrot are recessive, given the pattern that emerges
from other domestication studies. Like our studies, a small
number of genes with large effect, often with the cultivated
alleles as recessive or partially recessive to the wild alleles,
confer most of the cultivated phenotype for a given trait
(Doebley et al. 1990; Grandillo and Tanksley 1996; Xiong
et al. 1999; Poncet et al. 2002; reviewed by Gepts 2002).

While there is no indication that the nutritional value of
carotenoids was understood as the first orange carrots were
developed (Simon 2000), this was a fortunate development
for modern nutritional health. Orange is by far the most
predominant color of most carrots cultivated today,
accounting for 65% of the f-carotene and 95% of the a-car-
otene in the U.S. diet, and accounting for approximately 1/4
of the dietary vitamin A (Simon et al. 2009).

Candidate genes for Y and Y,

Based upon our conclusions about the identity of these
genes, it is interesting to note that the ¥ and Y, loci on chro-
mosome region on linkage group 2 and 5, respectively, were
linked to several carotenoid biosynthetic enzyme sequence
tagged sites. The Y locus on linkage group 2 is closely
linked to the STS marker for CHXE gene, the STS marker
for NCED2, and more distantly linked to the STS marker for
the PDS gene. Other carotenoid biosynthetic genes demon-
strated significant values in epistasis estimates (Tables 6 and
7). All of these carotenoid biosynthetic genes may be con-
sidered positional candidate genes. Considering the place-
ment of CHXE and NCED?2 in the carotenoid biosynthetic
pathway beyond carotene biosynthesis, a mechanism to
account for their role controlling accumulation of both caro-
tenes and xanthophylls is difficult to explain. A possible role
for PDS in accounting for Y gene phenotype is more readily
explained with its position early in the pathway. The STS
markers for ZEP and ZDS are not as closely linked to Y, as
are the positional candidate genes for Y, and like CHXE and
NCED?2, a mechanism to account for their role in limiting
carotene, but not xanthophyll, accumulation is not obvious.
More research in carotenoid gene expression as it relates to
carotenoid accumulation is necessary to advance any of
these biosynthetic genes to candidate gene status.

Because these two loci in carrot control so much of the
variability and the doubly recessive state was required for
accumulation of large amounts of orange carotene pig-
ments, the power to detect QTL with a smaller effect on
carotenoid content is greatly reduced. QTL with smaller
effects were found on linkage groups 4 and 8 and several
loci were detected as significant in the joint (two locus
model) analyses. Notably, the ZDS1 STS was jointly sig-
nificant with Y2mark (or the adjacent AFLP marker) for
total carotenes and f-carotene on both maps. Future studies
of these loci in appropriate backcross populations are
needed to confirm their presence and to estimate their
effects more accurately.
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