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The yellow and orange colorations of the mesocarp of pumpkins and squash of Cucurbita pepo are
due to the presence of carotenoid pigments that also greatly contribute to their nutritional value.
Carotenoids, as well as tocopherols (vitamin E), are isoprenoid compounds formed by branches of
a common biosynthetic pathway. Photodiode array HPLC analysis was used to simultaneously
determine the content and composition of fruit-flesh carotenoids and tocopherols in five pairs of near-
isogenic lines differing in the allelic state of genes previously identified as having profound effects on
fruit color. The dominant B allele promoted carotenoid accumulation up to 5-fold and prevented
tocopherol accumulation in all genetic backgrounds. The dominant L-2 allele doubled carotenoid
content and, in combination with the dominant B allele, increased carotenoid content by 10—15-fold
as compared to the recessive /-2 allele. The genes D and L-1 had no significant effects on mesocarp
tocopherols or carotenoids content. These results indicate that the B gene, which affects both
carotenoids and tocopherols, may play a regulatory role in the flux of the isoprenoid pathway products.
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INTRODUCTION ecules, a reaction catalyzed by the enzyme phytoene synthase
(14). This step is considered to be the first committed step in
carotenoid biosynthesis, and thus phytoene synthase is regarded
as a key regulatory point in the pathway3( 15). Phytoene, a
colorless compound, is converted into colored carotenoids
hrough a series of desaturation, isomerization, cyclization,
ydroxylation, epoxidation, and esterification reactiot (6,
17). Pumpkins synthesize both hydrocarbon and xanthophyll
f:arotenoids. Some of these compounds, suclf-aearotene,
o-carotene, an@-cryptoxanthin, are referred to collectively as

Cucurbita L. species (pumpkin, squash) rank collectively
among the 10 leading vegetable crops worldwide with an annual
production (2004) of almost 20 million metric tons (http://
faostat.fao.org)C. pepoL. is the economically most important
species of the genus and is grown extensively in temperate an
subtropical regions of the world.). This is one of the widely
cultivated plant species in which variable characteristics of fruits
are well-documented, and this species has one of the larges
fruit diversity within the entire plant kingdom due to the great

L ) provitamin A (18,19).
range of variation for shape, size, and cold+@). Shape and o . . .
size in pumpkin fruits are under polygenic control () Vitamin E is the generic descriptor for all tocopherols that

whereas over a dozen major genes have been identified thafualitatively exhibit the biological activity ak-tocopherol 20,
affect fruit color (7). 21). Vitamin E is produced only by plants, being most
Among pumpkin and squash cultivars, intense fruit-flesh concentrated in pla_nt 9"520)' T_ocopherols are ant|OX|dant_s
coloration is a positive sensory attribu®),(and the intensity and prevent autoxidation of highly unsaturated fatty .aCId.S
of fruit-flesh color has a positive association with total caro- mediated by molecular oxygen. Thus, one of the roles of vitamin

tenoid contentq, 10). Carotenoids are red, orange, and yellow Ein human_s, as yvell asin plar!ts, might be the preservation of
molecules that can act as photoprotective agents and accessorgembrane integrity from oxidative damagi®(22,23). Recent
light-harvesting pigments, but also add nutritional and orna- tUd'.eS have shown that tocppherols ha\{e the potential to reduce
mental value to many planta{, 12). Carotenoids are tetrater- € fisk of cancer and cardiovascular disea2ds 15).
penes and thus are products of the plastidial isoprenoid metabolic - Tocopherols, similar to the chlorophylls, contain a phytol-
pathway (13). The 20-carbon diterpene molecule geranylgeranyl-derived chain and thus also are partially formed by the
diphosphate (GGPP) is the precursor of the carotenoids,isoprenoid metabolic pathway from GGPP. Therefore, caro-
generated by head-to-head condensation of two GGPP mol-tenoids, tocopherols, and chlorophylls share a common precur-
sor, the 20-carbon diterpene molecule GGPP (53,
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Table 1. Genotypes, Phenotypes, and Tocopherol and Carotenoid Contents (Micrograms per Gram of Fresh Weight) of the Mesocarp of the Fruits
of Five Pairs of Near-Isogenic Lines of C. pepo?

mature fruit mature fruit vitamin xantho- hydro- total

genotype exocarp color mesocarp color o-tocopherol  y-tocopherol E phylls carbons  carotenoids
bbb dd 11 2112 light yellow light yellow 0.3(0.08) 1.0 (0.20) 12(0.26) 10(0.17) 0.5(0.19) 1.6 (0.26)
BB dd U1 22 light yellow light yellow 0.0 0.0 0.0 12(023) 05(0.10)  1.7(0.28)
blb DD  [|1/I-1 I-2l1-2 intense orange  light yellow-orange 0.3(0.11) 0.9 (0.28) 1.2 (0.28) 1.0(0.28) 0.5(0.32) 1.5(0.57)
BB DID [|1/I-1 I-211-2 intense orange  light yellow-orange 0.0 0.0 0.0 15(0.40) 0.8(0.33) 2.3(0.62)
bbb dd  L-2L-1 212 light yellow light yellow 0.3(0.10) 1.0(0.21) 1.3(0.29) 0.8(0.19) 0.5(0.20) 1.3(0.36)
BB dd L-1L-1 212 light yellow light yellow 0.0 0.0 0.0 16(045 09(0.39)  2.4(0.73)
b dd -1 L-2IL-2  light orange light green-yellow-orange 0.3(0.17) 1.2(0.34) 15(046) 2.8(0.68) 1.2(0.44) 4.0 (1.07)
BB dd |11 L-2/IL-2  light orange intense orange 0.0 0.0 0.0 17.9(351) 5.6(2.93) 23.4(5.19)
blb  dd L-1/L-1 L-2IL-2 intense green light yellow-orange 0.3(0.09) 1.0(0.37) 1.3 (0.36) 1.8(0.68) 0.6 (0.24) 2.4(0.85)
BB dd L-1/L-1 L-2IL-2 intense orange intense orange 0.0 0.0 0.0 10.9(3.56) 3.0(1.16) 13.8(4.43)

2 Numbers are means of at least three independent extractions and analyses of three fruits (standard deviations appear in parentheses). Compounds were identified by
their retention times and UV-visible spectra in comparison to authentic standards.

coloration-2) @6). When these three loci are homozygous phenotypically selected for various allelic combinations according to
recessive, the fruits are light-colored throughout their develop- previous results (2629). The genotypes together with their mature
ment. The two dominant allelek;1 andL-2, have a comple-  fruit external and internal colors are listed Table 1.

mentary interaction that results in intense coloration of the fruits  S€eds of these 10 genotypes were sown in the field in late July at
throughout their development. The dominanallele does not Newe Ya'ar (northern Israel). Standard methods of field preparation,

affect the color of the fruits early in their development but results irrigation, and fertilization were employed. Row centers were covered
in intense coloration in the maturing fruit with silver-on-brown plastic mulch. Plants were spaced 100 cm apart

; . . within the rows, with a distance of 200 cm between row centers. Fruits
A fourth fruit-color gene, designate8 (Bicolor) (27), does  \yere harvested late the following October, when they were fully mature
not noticeably affect fruit exterior color intensity but rather fruit  (at least 40 days past anthesis), and stored in a refrigerator for up to 2
hue. Inb/b plants, which is characteristic of practically all of weeks. Each genotype was represented by at least three fruits, and at
the natural variations of. pepo, the ovaries and young fruits least three samples were taken from each fruit.
begin development green. Depending on the genotype with Analysis of Carotenoids and Tocopherols.All chemicals and
regard to other fruit coloration loci, especialy; I-1, andl-2, solvents were purchased from Sigma Chemical Co., St. Louis, MO.
the fruits either remain green or turn orange or yellow later in ~ Mature fruit flesh, after removal of seeds and rind, was cut into
their development. The dominaBtocus results in “precocious ~ Small (<1x 1 cm) cubes that were weighed, frozen in liquid nitrogen,
fruit pigmentation” (27); the ovaries and young fruits are cream- and freeze-dried. TQ calculate fresh-to-dry-weight ratio, freeze-dried
yellow from the earliest point of development, never accumulat- S2MPIes were reweighed.

: Four hundred milligrams of finely ground samples was extracted
'ng chlo.roph.yll and unaple to develop normal ChlorOpla.g@'( . using a slight modification of the method described by Tadmor et al.
The fruits either remain yellow or turn orange later in their

. (31). 6-Tocopherol (2ug/mL) and ~400 mg of fine freeze-dried
development, depending on the genotype (26). material were extracted for 5 min at 86 in 4 mL of ethanol containing
Fruit-flesh (mesocarp) color is also affected by these genes. 1 mg/mL butylated hydroxytoluene (BHT). All steps were carried out
Most of the genotype combinations result in light yellow to light in darkness or under gold fluorescent light to prevent possible
orange fruit-flesh color. However, there is a complementary photodegradation of products, mainly tocopherols dNocopherol was

interaction of the dominar® allele with the dominarit-2 allele present in any of the analyzed squash extracts, and thus we used it as
that results in an intense orange fruit-flesh col@®)( Most an internal standard.
pumpkin cultivars possess tiéb L-2/L-2genotype, and thus To hydrolyze esterified carotenoids that might complicate the

into such Cchromatographic determinations, we saponified the sanpBsgighty

cultivars. the fruit-flesh color was observed to be an intense Microliters of an 80% w/v KOH methanolic solution was added to each
y tube, and the samples were saponified for 10 min &35 he samples

orange (30). o _ were cooled in an ice bath, and 2 mL of ice-cold water was added.
The primary objective of this work was to observe the effects 11, syspensions were extracted twice with 2 mL of hexane by vigorous

of the genes leading to carotenoid accumulation on the toco-yortexing followed by a 2000gentrifugation for 10 min at room
pherol and specific carotenoid content of squash fruit flesh. This temperature. The upper hexane layers were pooled and evaporated to
was accomplished by analyzing the content, compositions, anddryness in a Savant SpeedVac apparatus and resuspended i 400
genetic interaction effects of carotenoids and tocopherols of of an acetonitrile/methanol/dichloromethane (45:20:35 v/v/v) solution.

when theB allele was introduced, by backcrossing,

mature fruit mesocarps of five pai(®/B and b/b) of near- Samples were filtered through a poly(tetrafluoroethylene) Syrasep

isogenic lines ofC. pepadiffering in the allelic state at the other ~ Syringe filter, pore size= 0.2um (Intersep, Berkshire, U.K.), and kept

pigmentation lociD, I-1, and|-2 at room temperature in darkness for not more than 24 h before analysis
e ' by HPLC.

HPLC analyses were carried out using the method described by
MATERIALS AND METHODS Tadmor et al. (31). An HPLC apparatus model 2690 equipped with a
Plant Material. The B/B breeding line Precocious Fordhook 996 photodiode array detector (Waters Co., Milford, MA), a 4.6

Zucchini (27), a derivate of Fordhook Zucchi@.(peposubsp.pepo 250 mm C18 60 A 4um Nova-Pak column, and a Nova-Pak Sentry
Zucchini Group), has intensely colored fruits and genotigf® D/D guard cartridge (Waters Co.) was used for the analyses.

L-1/L-1 L-2/L-2 (26). It was crossed with the cultivar Vegetable The initial mobile phase consisted of acetonitrile/methanol (97:3,
Spaghetti (C. pepsubsppepoVegetable Marrow Group), which has  v/v/v) containing 0.05% (v/v) triethylamine. We used a linear gradient
light-colored fruits and genotypé/b d/d I-1/I-1 |-2/I-2 This was of dichloromethane from 0 to 10% in 15 min at the expense of
followed by six generations of backcrossing to the latter with selection acetonitrile, and then the dichloromethane was kept constant at 10%
for B/b D/d L-1/I-1 L-2/I-2 in each generation. Sixth-backcross- until the completion of the runs. Methanol and triethylamine contents
generation plants were self-pollinated for several generations and were kept constant at 3 and 0.05%, respectively. The flow rate was
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1.5 mL/min while the column temperature was 30. A photodiode mesocarp carotenoids content and composition has been ob-
array detector was used to detect colored carotenoids at 450 nm andserved in the analysis of the 10 NIL$gble 1).
tocopherol at 295 nm. The detector was set to monitor spectra from
265 to 500 nm, at a sampling rate of 1 spectrum/s and utilizing an
optical resolution of 2.4 nm. An injection volume of 40 was used. DISCUSSION
Compounds were identified by comparison of retention times, co-  The most striking result of our study was the effect of Bie
injection V\_/lth known .standards, and comparison of thelrJd_mslbIe . allele on tocopherol content, effectively preventing its ac-
;Zicggsgghoiuttﬁf?ﬁ'fersrfzrggﬂj'a&'gg'aﬁ';g|°(f3i?“§2?f£tgu§n§fues cumulation in all of the genetic backgrounds studied. Until this
. cop ’ g study theB allele was reported to affect chlorophyll, carotenoid,
dry weight was calculated for each fruit and results were calculated on .
a fresh weight basis. and starch c_ontenté33, 34)_._The major effect on _tocopherol
Statistical Analysis. Statistical analysis was conducted using the ﬁoﬂtem Cﬁnmbultes lan ?ddltl_onal ?'?ﬁe of !nformatlon that sheds
JMP version 3.2.6 software package for PC (SAS Institute Inc.). ight on the mo ecu ‘T’“’ unction _O t ls.u.nlque gene. . .
Squash fruit flesh is not a major nutritional source of vitamin
E. Even among thé/b genotypes, levels are not high (1.32
0.10ug/g of fresh weight), with a fairly constant ratio af to
Vitamin E Content and Composition. Tocopherols were ~ ¥-tocopherol (3.55+ 0.50), and little variation for vitamin E
not detected in the fruit mesocarp of any of the lines carrying content. However, th@ allele, concomitant with inhibiting
the dominantB allele (Table 1). In contrast, alb/b lines chlorophyll accumulation, similarly affects accumulation of
possessed measurable amounts of tocopherols-a+fdld more tocopherol, together with increases in carotenoid content and
o-tocopherol thary-tocopherol. Differences in total vitamin E ~ decreases in flesh starch content.

content between the fivéb/b genotypes were small and The common denominator of all four of these ComponentS,
nonsignificant (Table 1). carotenoids, tocopherol, chlorophyll, and starch, is the plastidic

component of the cell. Three of the components, carotenoids,
tocopherol, and the chlorophyll phytol chain, are synthesized
via the plastidic isoprenoid pathway sharing common biosyn-
thetic intermediates1@). Both tocopherols and chlorophylls
share a similar phytol chain derived from GGHF®B,35). The
classical phenotypic effect of gefis “precocious pigmenta-
tion”, the prevention of chlorophyll accumulation in the young
ovary (27), and in light of our results the primary cause may
be the lack of phytol needed for both chlorophyll and tocopherol
biosynthesis (35). One of the genotypes classified as having a
light-colored mesocargh/b d/d |-1/-1 L-2/L-2 also retained
chlorophyll in the mature flesh, leading to a light greenish hue
Table 1), and when thé/b of this genotype was substituted
ith B/B, the mesocarp was intensely orange. Thus, it may be
that the dominanB allele stimulates the flow through the
pathway to tetraterpenes (carotenoids) and at the same time
greatly reduces the levels of the diterpene-derived metabolites
in the flesh (tocopherols and chlorophylls). The reces$ive
would accordingly allow the formation of the diterpene-derived
tocopherols and chlorophylls, perhaps at the expense of the
tetraterpene carotenoids. This model would suggest thaB the
gene functions at the control crossroads of diterpgagater-

RESULTS

Carotenoid Content and Composition. The major caro-
tenoids present in the mesocarp of all of the lines were the
xanthophyll lutein and the hydrocarbofis and a-carotenes.
Lower levels ofa- and S-cryptoxanthins and an unidentified
compound with a spectrum identical to that of lutein were also
present (not shown).

Phenotypically, the fruits were easily distinguishable into two
categories, one having light-colored, orange to yellow mesocarp
and the other having intense orange mesocarp. Light-colored
flesh contained carotenoid levels ranging from 1 taglg of
fresh weight Table 1). The intense-orange flesh contained-14
23 uglg of fresh weight. There were eight near-isogenic lines
that possessed light-colored mesocarp and two that possesse
intense-colored mesocarp. The intense-colored fruit flesh was
exclusive to the two lines that possessed two dominant alleles,
B andL-2. The other eight lines, which lacked either or both of
these dominant alleles, had light-colored fruit fleSlalfle 1).

The intense-colored mesocarp had a higher proportion of
xanthophylls (3.48t 0.25) than did the light-colored mesocarp
(2.05+ 0.43). The intense-colored fruit mesocarps contained
on average 11-fold more xanthophylls, whereas the increase in
nyg{f?l%irﬁ?ﬂj:gvms was 7-fold as compared to the mesocarp Ofpene metabolism and would possibly implicate the GGPP
9 ’ ) dimerization step of phytoene synthase in the function of gene

The effect ofB on carotenoid content was strongly dependent g

on the genetic background. In the triple recessivl (-1/1-1 A role for phytoene synthase has been shown in studies of

I-2/1-2) genotype, B had no effect on mature fruit flesh  ¢onqqenic tomatoes expressing the gene and subsequently
carotenoid content. In the two backgrounds that contained e'therexhibiting increased carotenoid levels (36). This study demon-

the dominanD or dominant_-1, theB/B genotype had-50% strated competition of the metabolic flow through the different
greater total carotenoid content than did b genotype.  pranches of the isoprenoid pathway. Plants overexpressing
Generally,B increased the xanthophylls content slightly more ,,vtnene synthase contained higher carotenoid contents but
than |t_|ncreased the carotene content, leading to a h'gherdisplayed reduced chlorophyll levels (possibly due to lack of
proportion of xanthophylis than ib/b fruits. phytol) and dwarfing of vegetative growth, possibly due to a
The b/b L-2lines had a slightly higher carotenoid content |ack of another diterpene derivative, gibberell®6). Dwarf
than the respectivié/b I-2lines, indicating an independent effect  phenotypes and reduced chlorophyll levels were also detected
of L-2 on fruit pigmentation intensity. The lines that had in tobacco plants overexpressing phytoene synthase genes and
dominantL-2 also had a significantlyR < 0.05) higher ratio  therefore accumulating high phytoene lev&@#)( The competi-
of xanthophylls to hydrocarbons. Most significant, however, was tion between branches of isoprenoid metabolism is also sug-
that theB allele greatly increased (5—15-fold) the carotenoid gested by thep/rp carrot mutant that is characterized by whitish
content of the fruit flesh only in the presence of the dominant yellow roots having reduced carotenoid synthesis but containing
L-2 allele an enhanced level of tocopherol as compared with normal orange
The effect ofL-1 andD seems to be limited to the exocarp. roots (38). Similarly, in transgeni®rassica napus, seed-
No significant effect of the allelic state in these loci on the specifically overproducing bacterial phytoene synthase, a sig-
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nificant increase of carotenoid accumulation accompanied by a content together with measurable amounts of tocopherol produc-
significant reduction of tocopherol content was record&®) ( tion in the fruit mesocarp.

Our observations on the increased carotenoid accumulation and

limitation of diterpene synthesis by the domin&nllele inC. ACKNOWLEDGMENT

pepo(Table 1) support the hypothesis that this allele is somehow

implicated in the phytoene synthase metabolic step, perhapsWe thank Fabian Baumkoler for expert field assistance and
but not only, via its expression. Elena Lastochkin for excellent technical aid.

Alternatively, B may be acting at the plastid organellar level
rather than directly at the enzymatic level. Externally, the ovaries
of b/b plants are green early in their development, with
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