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Abstract QTLs associated with products of the carote-
noid pathway, including Iycopene and the provitamin A
carotenes a- and {J-carotene, were investigated in two
unrelated F2 carrot populations, derived from crosses
between orange cultivated B493 and white wild QAL
(Population I), and orange cultivated Brasilia and dark-
orange cultivated HCM (Population 2). The mapping
popuIations of 160 and 180 individuaIs, respectively,
were analyzed with single-marker and interval-mapping
statistical approaches, using coupling linkage maps for
each parent. Single markers were selected for further
analysis based on the Wilcoxon sum-rank non-para-
metric testo Interval mapping performed with Popula-
tion 2 detected four, eight, three, one and five putative
QTLs associated with accumuIation of ç-carotene, a-
carotene, {J-carotene, Iycopene and phytoene, respec-
tiveIy. Among these, the major QTLs explained 13.0%,
10.2%, 13.0%, 7.2% and 10.2% of total phenotypic
variation. In Population I singIe-marker analysis iden-
tified loci explaining up to 13.8%, 6.8%, 19.3%, 5.7%,
and 17.5%, respectively, of total phenotypic variation
for these same carotenoids. OveralI analysis demon-
strated clustering of these QTLs associated with the
carotenoid pathway: the AFLP loci AACCAT178-Q
and AAGCAG233-Q, on linkage group 5, explained
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17.8%, 22.8% and 23.5% of total phenotypic variation
for (-carotene, phytoene and {J-carotenein PopuIation I.
Two major c1usters of QTLs, with LOD scores greater
than 1.8, mapped to interva1s no larger than 2 cM for
(-carotene, {J-carotene, a-carotene and lycopene on
linkage group 3, and for (-carotene and phytoene on
linkage group 9, and these explained 3.7% to 13.0% of
variation for each carotenoid product. Thus, these
results suggest that c1ustering of related pathway loci is
favored during evolution, since c10selylinked "pathway
mates" are not easily separated by recombination.

Keywords Biochemical pathway . Daucus carola L. .
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The biosynthesis of carotenoids is a welI established and
extensively studied biochemical pathway in many plants
(Cunningham and Gantt 1998; Sandmann 1998), fungi
and microorganisms (Armstrong 1994; Sandmann
1998). The formation of the colorless carotene phytoene
from two molecules of geranylgeranyl diphosphate or
pyrophosphate (GGPP) is the first step in the pathway
of carotenoid biosynthesis. Phytoene undergoes a series
of four desaturation reactions that result first in the
formation of phytofluene, and then, in turn, ç-carotene,
neurosporene and the red-colored lycopene. The four
sequential desaturations undergone by phytoene are
catalyzed by two related enzymes in plants: phytoene
desaturase (PDS) and ç-carotene desaturase (ZDS). In
contrast, bacteria and fungi achieve the same result with
a single gene product (Cunningham and Gantt 1998).A
bacterial carotene desaturase, which is capable of in-
troducing alI four double bonds required, has been used
to engineer {J-carotene accumulation in the endosperm
of "golden rice" (Ye et aI. 2000).

A single gene product, lycopene {J-cyc1ase(LCYB),
catalyzes the formation of the bicyc1ic{J-carotene (with
two (J rings) from the linear, symmetrical lycopene in
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plants and cyanobacteria (Cunningham and Gantt
1998), as demonstrated in studies with Erwinia herbicola
and tomatoes (Sandmann 1998). In the case of a-caro-
tene, with one {3and one Ering, two different enzymes,
LCYB and lycopene E-cyclase (LCYE), are involved
(Sandmann 1998). Whether the route to a-carotene
biosynthesis proceeds only via the Ering first or can also
proceed via the {3ring first has not been determined, and
carotenoids with two Erings are not commonly found in
plants (Cunningham and Gantt 1998).Hydroxylation at
carbon three of each ring of the hydrocarbons {3-caro-
tene and a-carotene will produce the xanthophyll pig-
ments zeaxanthin, with two {3rings, and lutein, with one
{3ring and one E ring (Cunningham and Gantt 1998).
Only a1gaeand higher plants have the potential to form
a-carotene or lutein, whi1ezeaxanthin is synthesized by
some heterotrophic bacteria and all organisms that carry
out oxygenic photosynthesis (Sandmann 1998).

Vertebrates do not synthesize carotenoids and de-
pend on dietary earotenoids for synthesis of their reti-
noids, sueh as retinal (the main visual pigment), retinol
(vitamin A) and retinoic acid (a substance controlling
morphogenesis) (Giuliano et aI. 2000). Consumption of
horticultural crops provides more than 70% of vitamin
A worldwide (Simpson 1983), with carrots accounting
for 30% of the total intake of vitamin A precursor
carotenoids in countries like the United States (Simon
1992). Lyeopene is another carotene whieh accumulates
in earrots and it toa has health benefits, as it is implí-
cated in the prevention of prostate (Giovannucci et aI.
1995) and other cancers.

Efforts to improve carrots have included a focus on
breeding for increased carotenoid eontent (Simon 2000),
but none of these efforts have attempted to map the
major genes for total root earotenoid eontent, or those
genes that condition the aeeumulation of individual
carotenoids. Marker-based analysis of QTLs (quantita-
tive trait 10ei) for earotenoid accumulation provides a
powerful tool for comprehensively mapping the key
steps in this bioehemieal pathway.

Marker-based QTL analysis has proven to be useful
in estimating the number of major 10cithat affeet a given
character, in elueidating the evolution of phenotypic
traits and in providing insight into genome organization
and faci1itating pathway analysis. Specific examples of
pathway disseetion using QTL studies have included
investigations of (l) flavonoid levels and the loci that
encode enzymes of the general phenylpropanoid path-
way that affect eoncentrations of si1k maysin, a com
earworm resistance factor (Byme et aI. 1996, 1998;
McMullen et aI. 1998); (2) activities and concentrations
of key enzymes of carbohydrate metabolism in maize
(Prioul et aI. 1999); (3) erueic acid levels in Brassica
napus (Fourmann et aI. 1998);(4) identification ofQTLs
associated with aeylsugar accumulation in wild tomato
(Blauth et aI. 1998); and (5) mapping of cloned struc-
tural genes of the carotenoid biosynthetie pathway
in pepper (Thorup et aI. 2000). QTL studies have
also been applied to study the distribution of related
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developmentalloci in the maize genome (Khavkin and
Coe 1997). The eontribution of individual loei to the
total variation of traits evaluated by QTL analysis typ-
ically ranges from less that 1% up to 15%, and the
collective contribution of all loci mapped usually ac-
counts for 5% to 40% of the total trait variation.

The goals ofthis study were: (1) to estimate the effects
of QTLs associated with the five key products of the
carotenoid biosynthetic pathway in carrots, and (2) to
analyze the distribution of putative carotenoid QTLs on
the linkage groups, using two different carrot crosses:
B493 (orange) x QAL (white carrot) and Brasi1ia
(medium orange) x HCM (dark orange). Individual
pigments were quantified and QTL analyses were eon-
dueted for phytoene, ç-earotene, {3-carotene,a-carotene
and lyeopene.

The F2 mapping populations were derived from single FI plants
resulting from the crosses B493 x QAL (Population I) and Brasilia
x HCM (Population 2). B493 is a dark-orange inbred carrot with a
carotene content ranging from 180 to 210 ppm (Simon et aI. 1990).
QAL is a white wild carrot (D. carola varo carola) well distributed
in temperate regions of Eastern North and South America and
from the Atlantic coast of Western Europe to Western China
(Rubatzky et aI. 1999), and the parent plant used in this study was
from Madison, Wis. HCM is a very dark orange population with
an average carotene content ranging from 460 to 499 ppm, which
was developed from a cross between Asian and European germ-
plasm (Simon et alo 1989). Brasilia is a typical orange carrot de-
veloped in Brazil for production in warmer production areas
(Hamerschmidt 1993). The population sizes were 180 and 160
plants, respectively, for Population 1 and Population 2. Major
carotenes were quantified by high-performance liquid chromatog-
raphy (HPLC), as described by Simon and Wolff (1987).

Total genomic DNA was isolated from freeze-dried leaves follow-
ing the protocol of Doyle and Doyle (1990), with minor modifi-
cations tested by Boiteux et aI. (1999) for carrots. The AFLP
method was performed essentially as described in Vos et aI. (1995),
with minor adaptations for carrot DNA introduced by Vivek and
Simon (1999). DNA restriction digestion, Iigation, and selective
amplification were performed with 1/4 and the pre-selective am-
plification reaction was performed with 1/10 of the recommended
volumes, respectively. Linkage analyses were performed with the
software JoinMap version 2.0 (Stam and van Ooijen 1995). AFLP
fragments, scored as O or 1 for absence or presence, were codified to
symbols required by JoinMap. Where the parental allelic phase was
unknown, markers were double-scored and the phase was deduced
by association with phase-known linkages (Vivek and Simon 1999)
and based on the warning message issued by the module JMREC,
in the JoinMap software, when the recombination fraction ex-
ceeded 0.6 (Stam and van Ooijen 1995). Segregation distortion tests
were performed with JoinMap and Excel spreadsheets. Linkage
groups were assigned with the JoinMap software using LOD scores
ranging from 3.0 to 6.5 and a maximum recombination fraction of
0.49 as recommended (Stam and van Ooijen 1995). The options
used in the JoinMap module JMMAP were: LOD score of 2.0,
recombination threshold of 0.49, jump Chi-square threshold of 6.0
and triplet jump Chi-square threshold of 6.0. The recombination
fraction frequencies were converted to Kosambi centiMorgans



(eM) (Kosambi 1944). Individual coupling linkage maps were de-
veloped for each population and drawn with DrawMap software
(van Ooijen 1994) kindly provided by the developer.

QTL identification: single-marker and interval analysis

The QTLs were determined to be located near a marker if pheno-
typic values for the trait were significantly dilferent among the
marker genotypes. Tests for normality for all carotenoid products
in the F2 populations were obtained with kurtosis and the Wilk-
Shapiro test in the procedure Univariate (SAS 1989). The Wilcoxon
rank-sum test, implemented using the SAS NPARIWAY proce-
dure (SAS 1989), was used to detect significant dilferences between
the two phenotypic marker classes. t-Tests, assuming both equal
variance and unequal variance, were also implemented with the
SAS t-test procedure (SAS 1989). To compare the Wilcoxon rank-
sum and t-test values, simple correlations were calculated with the
correlations procedure (SAS 1989). According to Hamilton (1990)
the Wilcoxon sum-rank test is a more robust test than parametric
tests; it tests the equality of the medians rather than the means and
it makes use of ranks, rather than raw data.

Loci with significant values by the two-sided Wilcoxon Z-test,
at a p-value of 0.05, were selected and regression analyses were
performed using the default stepwise selection option in the SAS
(1989) regression procedure to find the best small set of AFLP loci
associated with a given charaeter. A final analysis was eonducted
with the chosen group of markers to determine the coefficient of
determination using the regression procedure or using the GLM
procedure when some interaction factor was included in the model
(SAS 1989).

Interval analyses were performed with PlabQTL version l.l
[H. F. Utz and A. E. Melchinger (1996) PLABQTL: a program for
composite interval mapping of QTL. J Agrie Genomies 2(1);
available online at http://www.ncgr.org/ag/papers96/paper196/
indexpI96.html) using the coupling linkage map for eaeh parental
line. A threshold LOD score of 2.0 was chosen to identify QTL
regions with the single interval mapping. Within PlabQTL the QIN
program was chosen to analyze only the additive confounded
dominant model, since only two phenotypic classes were available
to establish contrasts (Liu 1997).

A total of 250 and 287 molecular markers were used to
construct linkage groups in F2 Population 1 (B493 X
QAL) and Population 2 (Brasilia X HCM). Grouping
only markers which were linked in coupling phase re-
sulted in the same nine linkage groups with LOD scores
ranging from 3.0 to 7.5, 3.0 to 5.5, 3.5 to 5.0 and 2.5 to
8.5 in the Brasilia-, HCM-, B493- and QAL-coupling F2
populations, respectively. According to Knapp et aI.
(1995), estimates of recombination fraction are seriously
biased with dominant markers in repulsion phase in F2,

due to the low frequency of the double recessive class.
However, because a locus can be assigned to a group on
the basis of (k2-k)/2 tests the same authors point out
that grouping of loci seldom poses a problem. Further-
more, groupings obtained with LOD thresholds in the
range 4.0-7.0 are safe to work with in general (Stam and
van Ooijen 1995). In contrast, ordering of mixed-phase
dominant markers poses much more of a problem than
grouping (Knapp et aI. 1995)because the recombination

frequeney estimates are frequently biased. Using the
inverse of the variance of recombination fraetion ob-
tained with the method of maximum likelihood, Mather
(1936) demonstrated that repulsion-linked dominant
markers in F2 populations are most eflicient in the ab-
sence of linkage. However, valid maps of dominant
markers can be built by using sub-sets of markers linked
in coupling, thereby creating two parental coupling
maps (Knapp et aI. 1995), which will be close to those
for baekeross mating maps when the recombination
fraction is around 10 cM (Mather 1936). In our study,
the average marker spacing for the two F2 earrot pop-
ulations were 4.78, 4.80, 5.54 and 5.13 eM in the Bra-
silia, HCM, B493 and QAL coupling-phase maps,
respectively. Gaps (greater than 10 eM) were observed
more frequently in the coupling linkage maps of B493
and QAL than in the Brasilia- and HCM-eoupling maps
(Santos 2001).

Wilcoxon sum-rank as a preliminary test to identify
eandidate loei involved in the earotenoid pathway

Correlation values between the non-parametric Wilco-
xon and the t-test p-values were greater than 0.93 for
p-earotene and tl-carotene in Population 2, which had a
welI-fitted normal probability distribution. AlI the other
traits had correlations around 0.5 in population I and
0.8 in Population 2, and they deviated from the normal
distribution.

Since the Wilcoxon rank-sum test is a non-parametric
statistieal approaeh to test the difference between two
medians without assuming normal distribution of data
or equality of variances between two groups (SAS 1989),
it has been applied to the genetic analysis of metabolie
pathways of maysin in com (Byme et aI. 1996), carbo-
hydrate metabolism in maize (prioul et aI. 1999) and
intestinal adenoma size in miee (Gould et aI. 1996). In
this study, single markers were selected for further
analysis based on the Wilcoxon sum-rank test beeause
(1) the correlation with t-test values was greater than 0.9
when the normal distribution fits welI, (2) it is a more
appropriate test in the absence of normal distribution,
and (3) 3:1 segregation of dominant markers can lead to
unequal variance and skewed distribution between the
two classes of a particular molecular marker.

ç-Carotene, p-carotene, tl-carotene, lycopene
and phytoene QTLs: single-marker analysis

Using a stepwise option as an initial step to select AF-
LPs, multiple regression models explained 43.4% and
44.2% of total phenotypic variation for phytoene in the
Brasilia X HCM and B493 x QAL populations, respec-
tively, for example (Table 1). For p-carotene, up to eight
AFLP loei explained 26.4% and 40.4% of the total
phenotypie variation in Populations 1and 2, respectively
(Table 1). The major QTLs explained 4.7-8.0% of the
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total phenotypic variation for ç-earotene, p-earotene,
oc-carotene, lyeopene, phytoene in the Brasilia x RCM
F2 population (Table 1). The individual eontribution of
AFLP loei was quite large in the B493 x QAL F2 pop-
ulation, ranging from 5.7% for lyeopene to 19.3% for p-
carotene (Table 1). A previous study of the carotenoid
pathway enzymes in Solanaceae reported QTLs ex-
plaining much less of the total variation than reported in
this study: 0.03% for ç-carotene desaturase to 12% for
phytoene synthase (Thorup et aI. 2000).

No interval mapping analysis for QAL- and B493-cou-
pling is presented because of strong deviation from the
normal distribution and kurtosis ranging from 12.7 to
78.3. Normal distribution is an assumption required to
test the presenee of a QTL by a simple parametrie test or
interval mapping (Kruglyak and Lander 1995).

Four putative QTLs were associated with C-earotene
accumulation in three different linkage groups of Pop-
ulation 2: two coupled with Brasilia and two eoupled
with RCM, with LOD scores ranging from 1.8 to 3.4

(Table 2). LOD seores of 1.8 and 3.4 eorrespond to p-
values of 0.016 and 0.004, respeetively (Ott 1999). The
multiple-AFLP model for C-carotene accounted for
16.3% of the phenotypic variation. Since the R2 value
was estimated by fitting the nearest AFLP marker loeus
rather than by estimates on the QTL region per se, this
value should be eonsidered a minimum estimate, as
suggested by Byme et aI. (1998). With the exception of
one putative QTL from RCM, all others had positive
effeets upon the total phenotypie variation of C-earotene,
and only the AGGCAT462-R loeus was identified in the
previous single marker analysis.

Eight putative QTLs were detected for oc-carotene,
mapping to linkage groups 3 (2), 8 (2), 6 (2), 4 and 1,
with LOD scores ranging from 1.7 to 4.7 (Table 2). The
multiple R2 for the eight AFLPs mapping to the left of
the eight putative QTLs accounted for 40% of the total
variation in oc-carotene,which was similar to the model
fitted in the single-marker analysis. Single loeus assoei-
ations accounted for up to 13% of the overall pheno-
typie variation in this analysis, while the maximum was
8% in the previous single marker analysis. A large
negative contribution was observed with three out of
four putative QTL regions from Brasilia, while a marked

Table 1. Numbers of AFLP Charaeter Number of AFLP loei Coefficient of deterrnination (R 2)loei selected by the stepwise
regression procedure and their Mode1 Major QTLeoeffieients of determination for
the general fiUed models and BsbxHCM B493 x QAL Bsb xHCM B493 x QAL Bsb xHCM B493 x QALfor the major QTLs eontribut-
ing to phenotypie variation of ç-Carotene 7 8 28.3 21.7 8.4 13.8
the indicated earotenes in the p-Carotene 8 4 40.4 26.4 4.7 19.3
Brasilia x HCM and B493 x IX-Carotene 9 13 36.6 37.7 8.0 6.8
QAL F2 populations Lyeopene 9 7 35.1 15.8 5.2 5.7

Phytoene II 12 43.4 44.2 7.4 17.5

Table 2. Summary of QTLs associated with earotenoid pathway enzymes in the Brasilia x HCM F2 population. QTLs were estimated in
the Brasilia and HCM eoupling maps using the PlabQTL software

Linkage group Position (eM) Charaeter Left AFLP loeus LOD score Coefficient of Additive effect
(parent) determination (%)

1 (BSB) 2 Phytoene AACCTA079-B 3.4 10.2 -1l0.5
I (HCM) 60 IX-Carotene GAGCACI71-H 1.7 6.0 127.0
I (HCM) 76 Phytoene GGGCA T139/260 2.7 7.6 -89.6
2 (BSB) 24 C-Carotene GATCAT092-B 2.4 7.4 52.3
3 (BSB) 24 IX-Carotene AGCCrr057-B 4.7 13.0 -133.2
3 (BSB) 34 C-Carotene AACCAT121-B 2.2 3.7 35.5
3 (BSB) 26 p-Carotene AGCCIT057-B 1.7 4.5 73.5
3 (BSB) 24 Lyeopene AGCCrr057-B 2.5 7.2 -9.2
3 (HCM) 8 C-Carotene AGGCAT462-H 1.8 4.3 -42.2
3 (HCM) 20 IX-Carotene AACCAA358-H 3.9 10.9 -120.6
3 (HCM) 56 p-Carotene GGGCTGI99-H 2.5 7.2 -96.4
4 (BSB) 40 IX-Carotene AAGCfCI63-B 2.9 8.3 106.7
6 (HCM) 28 IX-Carotene GGACAGI09-H 3.3 9.2 114.4
6 (HCM) 44 IX-Carotene GGTCIT350-H 3.4 9.7 123.6
8 (BSB) 18 IX-Carotene GGGCTG 109-B 3.2 9.1 -106.8
8 (BSB) 48 IX-Carotene AAGCTC322-B 3.5 10.3 -121.1
9 (HCM) 92 C-Carotene GGGCTG358-H 3.4 9.6 42.07
9 (HCM) 28 p-Carotene GATCTCI67-H 4.8 13.2 138.5
9 (HCM) 34 Phytoene GATCTCI67-H 3.5 9.7 136.3
9 (HCM) 76 Phytoene ACCCAC425-H 3.6 10.2 135.2
9 (HCM) 92 Phytoene GGGCTG358-H 3.2 9.0 107.8



positive contribution to the <x-carotenevariation was
observed from the HCM parent.

Three putative QTLs were detected for fJ carotene
with the interval mapping analysis: two in the HCM
and one in the Brasilia coupling map (Table 2), and
together they accounted for 21% of total variation.
Two of these putative loci mapped to linkage group 3 of

Table 3. Coefficients of deter-
mination of two leading QTLs
which simultaneously alfect the
phenotypic variation of ç-caro-
tene, p-carotene, IX-carotene,
Iycopene and phytoene in the
B493 x QAL F2 population

Fig. 1. QTL likelihood map
showing LOD scores for (-car-
otene (zet), fJ-carotene (bet),
IX-carotene(ali) and Iycopene
(lic) content detected on Brasi-
lia linkage group 3 and HCM
linkage group 3

the Brasilia and HCM coupling maps and one mapped
to linkage group 9 of HCM. None of the AFLP loci
fitted in the single-marker analysis was among the
AFLP loci fitted in the interval mapping analysis. One
QTL region from HCM had a negative effect upon
overall fJ-carotene content, and the other two putative
QTLs made positive contributions, with linkage group 9

ç-Carotene
p-Carotene
IX-Carotene
Lycopene
Phytoene

AACCA Tl78-Q

13.8
18.1

5.7
17.5

AAGCAG233-Q

13.7
19.3

AACCA Tl78-Q and AAGCAG233-Q

17.8
23.5

8.2
22.8
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from the RCM parent accounting for 13.2% of total
variation.

Only one putative QTL for lyeopene was detected, on
the Brasilia map. This QTL eontributed 7.2% of total
variation in lyeopene eontent (Table 2). Five puta tive
QTLs were assoeiated with phytoeoe eooteot: three
mapped 00 RCM liokage group 9 aod ooe eaeh on
Brasilia liokage group 1 aod RCM liokage group 1
(Table 2). Together these explaioed 28% of the total
phenotypie variatioo for phytoeoe aod oooe of the
AFLP loei was ideotified io the previous siogle-marker
aoalysis. The siogle-marker aoalysis for phytoene ex-
plained almost twice as mueh of the total variation io
phytoeoe levelsas was explaioed by the ioterval mappiog
analysis. Rowever, the interval mapping analysis fitted
only five markers to explaio slightly more than half the
variation explained by the twelve AFLP loei fitted in the

Fig. 2. QTL Iikelihood map
showing LOD scores for (-car-
otene (zet), p-carotene (bet),
IX-carotene(ali) and phytoene
(phy) content detected on the
HCM Iinkage groups 1 and 9

-alf
-phy

~8 2,0
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single aoalysis (Table I). The highest R2 value for aoy
loeus was 10.2%, while the highest eíTeetfor any loeus in
the single-marker analysis was 7.4%.

Clustered loei in a few regions accouot
for most of the pheootypie variatioo
in earoteooid pathway produets

Two AFLP loei, AACCAT178-Q and AAGCAG233-Q,
were assoeiated with pheootypie variatioo for phytoeoe,
(-carotene, lyeopeoe aod p-earotene (Table 3). They
were separated by 9.5 eM and LOD seore of 23 00

linkage group 5 of the B493 x QAL F2 population.
Other AFLPs assoeiated with more thao one earoteooid
were GGACAG480-Q, whieh was iocluded io the phy-
toene, (-earoteoe aod lyeopene models, and AG-
CCTT349-Q, whieh was iocluded in the phytoene and

~ c V ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
HCM Liokage Group-l (eM)
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O(-carotenemodels. AlI these loei mapped to the linkage
group 5 of Population 1.These four AFLP loci common
to ditferent products of the carotenoid pathway en-
compassed a total region of 45 cM, with AACCAT178-
Q and AAGCAG233-Q being most closely linked. These
two loci, plus their interaction term, explained 17.8%,
22.8% and 23.5% of total phenotypic variation for (-
carotene, phytoene and p-carotene content, respectively.
Thorup et aI. (2000) reported no R2 greater than 12%
for phytoene synthase among ten structural genes of the
Capsicum carotenoid biosynthetic pathway in an F2
population phenotypied with AFLP, RAPD and RFLP
markers, and anchored to the Lycopersicum map. In this
carrot study we report a single putative QTL which ex-
plains approximately 20% of total variation for phyto-
ene, (-carotene and p-carotene.

Interval analysis identified a c1uster of putative QTLs
near 26 cM which affected (-carotene, p-carotene, 0(-

carotene and lycopene content, mapping to linkage
group 3 of Brasilia (Table 2 and Fig. 1), with LOD
scores of 2.2, 1.7,4.7 and 2.5, respectively. Phytoene, a
key early compound in the carotenoid pathway, was
associated with a putative QTL at position O of the
Brasilia linkage group 3 but with a LOD of only 1.4.
Putative QTLs associated with carotenoids and LOD
scores larger than 1.8 were also observed on linkage
group 3 of the HCM parent and associated with (-car-
otene, p-carotene and phytoene accumulation (Table 2
and Fig. 1). Other putative QTLs with LOD scores
higher than 2.2 were linked and associated with phyto-
ene, (-carotene and p-carotene accumulation in the
HCM-coupling linkage group 9, where three other QTLs
were detected for phytoene (Table 2 and Fig. 2). Puta-
tive QTLs for O(-caroteneand phytoene content mapping
to linked regions were also observed in linkage group 1
of the HCM parent (Fig. 2). QTL regions contributing
to maysin concentration and larval weight of corn ear-
worm have been reported by Byrne et aI. (1998) as
mapping to the saroe putative QTL intervals. Li et aI.
(1999) reported that defense response (DR) loci were not
randomly distributed throughout the wheat genome, but
rather were located in clusters and/or in distal gene-rich
regions of the chromosomes. Khavkin and Coe (1997)
found that genes for growth, development and stress
response were located in functional clusters, 10-30 cM
long, and distributed non-randomly along alI ten chro-
mosomes of corno

Possible origins and practical implications
of clustering of pathway loci

A simulation performed by Williaros and Hurst (2000)
suggested the attractive idea that proteins encoded by
linked genesevolveat similar rates, and it is reasonable to
assume that there are evolutionary mechanisms that act
to keep the genes for enzymes of the saroe biosynthetic
pathway together, as reported in this study with two
different mapping populations, and also by Byrne et aI.

(1998) in their studies of the maysin pathway. Khavkin
and Coe (1997) speculated that clusters of developmental
genes in corn were in fact the major QTLs and that many
plant reactions to abiotic stress, when mediated by the
growth machinery, rely on gene clusters. Clustering of
genes is advantageous since the products are maximized
and the "pathway mates" are not easily lost due to re-
combination events. It is welI known that carotenoids
protect chlorophylls from photo-oxidation, and they act
as light-harvesting pigments and photoreceptors (e.g.
Simon 1997).Yet it is chalIenging to explain how, while
alI plants have the same protective carotenoids in the
leaves, domesticated carrot roots developed the unusual
orange color when many other plant species did noto

Focused analysis of clustered, functionalIy related
loci could simplify genome sequencing. Evaluation of
BAC libraries and cloning by targeting the analyses to
these information-rich regions of the genome may often
be preferable to scattered prospecting of entire genomes.
According to Khavkin and Coe (1997), the association
of functionalIy related genes helps the cooperative re-
cruitment of transcription factors into multicomponent
regulatory modules of high affinity. Etforts to identify
such hypothesized related transcription factors could be
focused primarily on the clustered regions affecting the
phenotypic variation of major products of the carote-
noid pathway in carrots.
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