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Carrot (Daucus carota) is a biannual plant that accumulates massive amounts of carotenoid pigments in
the storage root. Although the root of carrot plants was white before domestication, intensive breeding
generated the currently known carotenoid-rich varieties, including the widely popular orange carrots

K?J/WOTdS-' ) that accumulate very high levels of the pro-vitamin A carotenoids B-carotene and, to a lower extent,

Blosy"th?“s o-carotene. Recent studies have shown that the developmental program responsible for the accumula-

Earotfnond tion of these health-promoting carotenes in underground roots can be completely altered when roots
arro

are exposed to light. [lluminated root sections do not enlarge as much as dark-grown roots, and they con-

Devel t . . . .. . .
evelopmen tain chloroplasts with high levels of lutein instead of the B-carotene-rich chromoplasts found in under-

Gene expression

Light ground roots. Analysis of carotenoid gene expression in roots either exposed or not to light has
Regulation contributed to better understand the contribution of developmental and environmental cues to the root
Root carotenoid profile. In this review, we summarize the main conclusions of this work in the context of our

current knowledge of how carotenoid biosynthesis and accumulation is regulated at transcriptional and
post-transcriptional levels in carrot roots and other model systems for the study of plant carotenogenesis
such as Arabidopsis de-etiolation and tomato fruit ripening.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Daucus carota var sativus (2n = 18), the domesticated carrot, is a
biennial plant of the botanical group Umbelliferae (or Apiaceae)
that also includes parsley (Petroselinum hortense), celery (Apium
graveolens), anise (Pimpinella anisum), caraway (Carum carvi), dill
(Anethum graveolens), and thousands of other species. But unlike
most plants, the storage root of many carrot cultivars displays a
characteristic color due to the accumulation of high levels of
carotenoids. Young carrot roots are pale but after the first month
of growth they start accumulating carotenoids to reach highest lev-
els in about 3 months, just before secondary growth is completed
[1-3]. It is likely that wild carrot plants had uncolored roots of a
bitter taste and a woody core but were initially cultivated because
of their aromatic leaves and seeds. Carrot domestication probably
took place around the 10th century [4] but despite intensive breed-
ing procedures since the 19th century, the background structure
coming from demographic and early cultivation history still per-
sists in currently cultivated carrot germplasm [5]. At present, car-
rots (i.e. mature D. carota roots) are available in a range of colors,
although orange varieties are most popular. Even though the high
carotene content in carrots makes them one of the richest
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pro-vitamin A sources in the human diet, the mechanisms regulat-
ing their production remained poorly known until recently. In this
review, we will summarize recent advances in our knowledge of
how carotenoid biosynthesis is orchestrated in this unique system.

Genes and enzymes of the carotenoid pathway in carrot

Carotenoids are a group of isoprenoid molecules synthesized by
all photosynthetic organisms (including plants) and some non-
photosynthetic fungi and bacteria [6]. Their characteristic yellow,
orange, and red colors are due to the presence of a number of con-
jugated double bonds in a polyene chain that functions as a chro-
mophore. The hundreds of carotenoid structures known to date
can be divided into two major groups (Fig. 1): carotenes (non-oxy-
genated molecules) and xanthophylls (oxygenated carotenoids).
The core pathway for the biosynthesis of the major carotenoid spe-
cies found in plants is well established [6-8]. They are produced in
plastids from isoprenoid precursors supplied by the MEP pathway
[8]. The first committed step in carotenoid biosynthesis (Fig. 1) is
the production of 15-cis-phytoene catalyzed by the enzyme phyto-
ene synthase' (PSY). This colorless carotenoid is then desaturated
and isomerized to form the reddish all-trans lycopene by the

! Abbreviations used: PSY, phytoene synthase; PDS, phytoene desaturase; ZISO, 15-
cis-(-carotene isomerase; ZDS, {-carotene desaturase; LCYB, lycopene B cyclase;
LCYE, lycopene ¢ cyclase; CHYB, carotenoid B hydroxylase.
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Fig. 1. Pathway for carotenoid biosynthesis in plants. MEP, methylerythritol 4-
phosphate; GGPP, geranylgeranyl diphosphate. Dashed arrows represent multiple
steps. The main carotenoids found in plant tissues are boxed. Enzymes are indicated
in bold. PSY, phytoene synthase; PDS, phytoene desaturase; ZISO, 15-cis-{-carotene
isomerase; ZDS, {-carotene desaturase; CRTISO, carotenoid (pro-lycopene) isomer-
ase; LCYB, lycopene B cyclase; LCYE, lycopene € cyclase; CHYB, carotenoid B
hydroxylase; CHYE, carotenoid & hydroxylase; ZEP, zeaxanthin epoxidase; VDE,
violaxanthin deepoxidase; NSY, neoxanthin synthase; CCD, carotenoid cleavage
dioxygenase; NCED, 9-cis-epoxycarotenoid dioxygenase.

enzymes phytoene desaturase (PDS), 15-cis-{-carotene isomerase
(ZISO), {-carotene desaturase (ZDS), and carotenoid (pro-lycopene)
isomerase (CRTISO). Next, lycopene cyclases of the B (LCYB) or/and
€ (LCYE) type produce two types of orange carotenes from lycopene:
B-carotene (by the cyclization of the two ends of the lycopene mol-
ecule to form two B rings) or a-carotene (with one B ring in one end
and one ¢ ring in the other). The two pathway branches that result
from these cyclization reactions are named B,8-branch and B,e-
branch (Fig. 1). Hydroxylation of B-carotene by carotenoid p hydrox-
ylase (CHYB) enzymes preferentially of the nonheme di-iron (BCH)
type leads to the production of zeaxanthin, whereas hydroxylation
of a-carotene carried out by B and € hydroxylase (CHYB and CHYE)
enzymes mainly of the cytochrome P450 (CYP97) type results in
the production of the yellowish xanthophyll lutein. However, BCH-
type CHYB enzymes show some activity toward the p and € rings
of a-carotene, and the CYP97 enzymes can also hydroxylate the B
rings of B-carotene [9,10]. The B,B-branch produces additional xan-
thophylls such as violaxanthin, produced from zeaxanthin by the
activity of zeaxanthin epoxidase (ZEP), and neoxanthin, produced
from violaxanthin by a neoxanthin synthase (NSY) enzyme (Fig. 1).
Violaxanthin deepoxidase (VDE) can transform violaxanthin back
into zeaxanthin in the so called xanthophyll cycle. As shown in
Fig. 1, some carotenoids can be cleaved by carotenoid cleavage diox-
ygenase (CCD) and 9-cis-epoxycarotenoid dioxygenase (NCED) en-
zymes to produce apocarotenoids such as the hormones
strigolactones and abscisic acid (ABA) [11].

Table 1 summarizes the sequences showing homology to carot-
enoid biosynthesis genes in carrot [12]. No sequences encoding
ZISO and NSY have been reported yet, whereas only partial

Table 1
Genes and proteins of the carotenoid pathway in cultivated carrot (Daucus carota var.
sativa). Adapted from [12]. N.L, not identified; P.S., partial sequence.

Enzyme Name cDNA Protein Length
(aa)
Phytoene synthase PSY1 DQ192186 ABB52067 398

PSY2 DQ192187 ABB52068 438

Phytoene desaturase PDS DQ222429 ABB52082 573
15-cis-{-carotene isomerase ZISO N.L N.L
{—Carotene desaturase ZDS1 DQ222430 ABB52083 573

ZDS2 DQ192189 ABB52070 575

Carotenoid isomerase CRTISO DQ192188 ABB52069 615
Lycopene B-cyclase LCYB1 DQ192190 ABB52071 508
LCYB2 DQ192191 ABB52072 492
Lycopene g-cyclase LCYE DQ192192 ABB52073 530
Carotenoid B-hydroxylase CHYB1 DQ192193 ABB52074 309
(BCH) CHYB2 DQ192194 ABB52075 303
CHYB3 DQ192195 PS.
Carotenoid e-hydroxylase CHYE DQ192196 ABB52076 548
(CYP97)
Zeaxanthin epoxidase ZEP DQ192197 ABB52077 668
Violaxanthin de-epoxidase VDE DQ192198 PS.
Neoxanthin synthase NSY N.I N.I
9-cis-epoxycarotenoid NCED1 DQ192200 ABB52078 573
dioxigenase NCED2 DQ192201 ABB52079 588
NCED3 DQ192202 ABB52080 588
Carotenoid cleavage CCD1 DQ192203 ABB52081 547
dioxigenase CCD2 DQ192204 P.S.

CCDh3 DQ192205 PS.

sequences are available for VDE and some isoforms of CHYB
(BCH type) and CCD enzymes (Table 1). The available information
suggests that, similar to that found in the model plant Arabidopsis
thaliana and other plants [7], only one carrot gene might encode
the enzymes PDS, CRTISO, LCYE, ZEP, and VDE, whereas small gene
families exist for carotenoid hydroxylases and dioxygenases
(CHYB, CHYE, NCED, CCD). But unlike that observed in Arabidopsis,
at least two isoforms are found in carrot for PSY, ZDS, and LCYB
[7,12]. The presence of more than one PSY or LCYB enzymes is
common in plants, but carrot might be one of the few plants with
more than one gene encoding ZDS [6,7,13,14]. The presence of sev-
eral enzyme isoforms in a particular organism often implies that
different isozymes are involved in the production of carotenoids
in specific plastid types. For example, the tomato PSY1 and LCYB2(-
CYCB) isoforms are required for the production of carotenoids in
the chromoplasts of ripe fruit, whereas PSY2 and LCYB1 are in-
volved in the biosynthesis of carotenoids in chloroplasts of photo-
synthetic tissues [15-17]. The analysis of gene expression in carrot
led to propose a preferential contribution of the PSY1, ZDS1, and
LCYB2 isoforms to the production of carotenoids in chloroplasts
of photosynthetic tissues, whereas the PSY2, ZDS2, and LCYB1 iso-
forms could be involved in the biosynthesis of carotenoids in chro-
moplasts of storage roots [1-3]. The model does not exclude that at
least some isoforms could participate in carotenoid biosynthesis in
different organs. This might be the case of LCYB1, which was re-
cently shown to enhance carotenoid accumulation in both leaves
and roots when overexpressed in carrot [18]. However, clear-cut
evidence supporting this model in carrot is still missing. Most
strikingly, the biochemical activity of the encoded sequences also
awaits experimental demonstration in most cases. Thus, the carrot
sequence annotated as CHYE (Table 1) shows homology to CYP97-
type hydroxylases, which might also function as CHYB enzymes
[9,10]. Also, it is possible that some of the identified isoforms of
ZDS might not be active. A genome-wide search for sequences with
homology to carotenoid biosynthetic enzymes, together with func-
tional studies as the one recently demonstrating the enzymatic
activity of the LCYB1 isoform [18], would be required to have a
clearer picture of the structure of the carotenoid biosynthetic path-
way in carrot. In this context, work in our labs is in progress to
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functionally characterize the role of the two isoforms for PSY, LCYB,
and ZDS that are found in carrot.

Carrot carotenoid profiles depend on genetic background,
developmental program, and environmental signals

Although all plastid types synthesize carotenoids, their quanti-
tative and qualitative profiles vary widely. In photosynthetic tis-
sues, high levels of carotenoids accumulate in chloroplasts to
contribute to light-harvesting and protect the photosynthetic
apparatus against photooxidative damage caused by an excess of
light energy [9,19-21]. Chloroplasts mainly accumulate lutein, B-
carotene, and lower levels of B, xanthophylls in most plant spe-
cies. By contrast, completely different carotenoid profiles can be
found in chromoplasts, which are plastids specialized in accumu-
lating high levels of carotenoids in non-photosynthetic organs such
as flowers, fruits, or seeds [6,11,13,22-24]. For example, the chro-
moplasts of marigold (Tagetes erecta) flowers mainly synthesize lu-
tein, those of ripe tomato (Solanum lycopersicum) fruit accumulate
high levels of lycopene, and maize (Zea mays) kernels are rich in
zeaxanthin. The accumulation of carotenoids in reproductive or-
gans contribute to their color and therefore functions to attract
animals for pollination and seed dispersal [22,23]. Very low levels
of carotenoids (typically lutein, B, xanthophylls, and B-carotene)
are present in other non-photosynthetic plastids such as the etiop-
lasts of dark-grown seedlings, where they facilitate greening when
soil-emerging seedlings perceive the light and de-etiolate [25,26],
and the leucoplasts of roots, where they serve as precursors for
the production of hormones such as strigolactones and ABA that
can later be transported to aerial tissues to regulate development
or trigger appropriate stress responses [27,28].

As indicated above, chromoplasts differentiate in the storage
root of carrots during the late stages of growth underground. A
remarkable diversity of carotenoid profiles are found in different
D. carota varieties (Fig. 2) but also during root development and
in response to light exposure (Fig. 3A). The level and type of the
carotenoids produced and accumulated in storage roots result in
white, yellow, orange or red carrots [29-34]. White carrots
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Fig. 2. Carotenoid profile of different carrot varieties. Data were acquired and
adapted from [29]. Values correspond to the mean and standard deviation of three
determinations of the main carotenoid species in fresh carrots.
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Fig. 3. Root development and carotenoid accumulation in Nantaise carrots. (A)
Carrot plants grown for 4, 8 and 12 weeks. Dashed line separates light-exposed
(upper) and underground (lower) sections of the plant. All panels are to the same
scale except the one on the right, which shows a magnification of the root and shoot
sections of a plant in which the upper segment of the root was left above ground.
(B) Carotenoid content and composition during development of root segments
either exposed to light (left) or grown in the dark (right). Data acquired and adapted
from [2].

virtually lack carotenoids and only show traces of lutein and other
carotenoids. Higher levels of lutein in yellow varieties are respon-
sible for their color, whereas red varieties are rich in lycopene. The
most popular orange varieties produce B-carotene and lower levels
of o-carotene (Fig. 2). The color of purple carrots is caused by the
accumulation of anthocyanins, although these varieties also accu-
mulate carotenoids [32,33,35,36].

Carotenoid profiles also change dramatically during the devel-
opment of roots of cultivars like the orange carrot Nantaise [2,3].
Under normal growth conditions (i.e. underground, in the dark),
the root is thin and colorless at early stages of development but it
thickens and starts accumulating carotenoids (B-carotene and o~
carotene) after two months. At later stages, secondary root growth
results in a dramatic enlargement (Fig. 3A) and a boosted produc-
tion of carotenoids (Fig. 3B). In orange carrots, carotenoids mainly
accumulate as large crystals inside chromoplasts [2,37,38]. Carrot
chromoplasts, which likely derive from starch-containing leucop-
lasts (amyloplasts), are particularly abundant in the secondary
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phloem of the root [31,37,39]. However, when the root is illumi-
nated, chromoplast development is prevented and leucoplasts dif-
ferentiate into chloroplasts [2,3]. Light-exposed carrot root
sections display a carotenoid profile similar to that of leaves (i.e.,
with high lutein levels), whereas their total carotenoid levels do
not increase but even decrease during root development (Fig. 3B).
Besides promoting the differentiation of chloroplasts and prevent-
ing the differentiation of chromoplasts, light also impairs normal
root growth, as illuminated root segments remain thin at late stages
of development (Fig. 3A). When left again in the dark, dark-exposed
segments are able to resume the chromoplast differentiation pro-
gram and to enlarge, eventually reaching a morphological and met-
abolic phenotype similar to that of roots kept continuously
underground [3,40].

Regulation of carotenoid biosynthesis in plants: learning from
model systems

Despite the relevance of carotenoids for plant life and human
health, our knowledge of how their synthesis and accumulation
are regulated at the molecular level is still limited. The main mech-
anisms described to date can be grouped in three major categories:
(1) control of expression of genes encoding enzymes involved in
carotenoid biosynthesis and degradation, (2) regulation of enzyme
activities, and (3) availability of storage structures. All three mech-
anisms are tightly coordinated throughout the plant life cycle by
internal (developmental) signals but also in response to external
(environmental) stimuli, with light having a major role
[13,41,42]. The best studied examples of how gene expression,
post-transcriptional mechanisms, and plastid differentiation act
together to eventually determine carotenoid contents are Arabid-
opsis de-etiolation and tomato fruit ripening, two processes in
which the production of carotenoids is boosted. In this section,
we will summarize the information that these two model systems
have contributed to our understanding of carotenoid regulation.

Arabidopsis de-etiolation (etioplasts to chloroplasts)

In Arabidopsis, the transcriptional control of genes encoding
key biosynthetic enzymes can explain the carotenoid profiles of
many organs and developmental stages [7]. Developmental con-
trol of gene expression results in a pre-established set of carote-
noids in the etioplasts of seedlings germinated in the dark
[25,43,44]. But when underground seedlings perceive the light,
this environmental signal triggers a dramatic change in the com-
position of carotenoids aimed to protect the photosynthetic
apparatus from excess light [25,45,46]. The quantitative (total
levels) and qualitative (relative abundance) changes in caroten-
oid patterns during seedling de-etiolation are associated with
concomitant changes in the expression of most Arabidopsis
genes encoding carotenoid biosynthetic enzymes [43,47,48] but
they also result from the differentiation of etioplasts into chloro-
plasts promoted by the new light-triggered developmental pro-
gram. The development of thylakoid membranes and
plastoglobules as well as the assembly of photosynthetic com-
plexes in chloroplasts increases the capacity to accommodate
the carotenoids required for photosynthesis and photoprotection
[20,21]. In chloroplasts, light also modulates the metabolic flux
through the carotenoid pathway by regulating the activity of
biosynthetic enzymes [7]. Although de-etiolation triggers similar
changes in carotenoid levels in other plant species [49-52], the
use of Arabidopsis as a model has allowed to identify not only
major regulators of the de-etiolation process but also direct reg-
ulators of the carotenoid pathway [44,46,53,54]. Among them,
basic helix-loop-helix (bHLH) transcription factors of the Phyto-

chrome-Interacting Factors (PIF) family were found to accumu-
late in the dark to repress chloroplast development and
chlorophyll and carotenoid biosynthesis by directly binding to
promoters like the one encoding PSY [46,55]. Light-mediated
degradation of PIFs de-represses chloroplast development and
PSY expression, therefore promoting the production and accumu-
lation of carotenoids in coordination with chlorophylls to facili-
tate the transition to a photosynthetic metabolism.

Tomato fruit ripening (chloroplasts to chromoplasts)

Carotenoid biosynthesis during tomato fruit ripening is also
determined by a developmental program that controls gene
expression and plastid differentiation but influenced by environ-
mental (light and temperature) conditions [56-58]. Mature green
fruit contain chloroplasts similar to those of leaves. During ripen-
ing, chloroplasts differentiate into chromoplasts, chlorophylls are
degraded, and a massive accumulation of carotenoids (particularly
lycopene) changes the fruit color from green to red [59]. The tran-
scriptional regulation of genes encoding carotenoid pathway en-
zymes appears to be instrumental for the changes in carotenoid
levels and composition observed during ripening. While the
expression of genes encoding fruit isoforms of PSY and lycopene-
producing enzymes increases at the onset of carotenoid accumula-
tion, the level of transcripts for lycopene cyclases decreases, result-
ing in an increased production of total carotenoids and a relative
enrichment in lycopene at the late stages of ripening [50,60-63].
Analysis of mutants with altered fruit carotenoid profiles has led
to the identification of regulators of the ripening process that also
impact carotenoid gene expression [64,65]. For example, the iden-
tification of direct targets of the MADS-box transcription factor
Ripening INhibitor (RIN) has revealed that it regulates carotenoid
biosynthesis by directly binding to the promoter of PSY1 (encoding
the fruit-specific isoform of PSY in tomato) and other genes of the
pathway, but it also controls the expression of genes involved in
many other ripening-associated processes, including ethylene pro-
duction and chlorophyll degradation [66,67]. Transcriptional regu-
lation of the carotenoid pathway also appears to be the main
mechanism responsible for the general carotenoid patterns of
chromoplast-containing tissues of most other plant systems,
including pepper or orange fruits [68-70] and marigold or chrysan-
temum flowers [71,72]. On the other hand, the level of transcripts
encoding carotenoid-degrading CCD enzymes negatively correlates
with carotenoid contents in chrysanthemum and orchid flowers
[73,74], maize endosperm [75], and potato tubers [76], but not in
Ipomea flowers [77], citrus fruit [78] or rice endosperm [79].

Besides the transcriptional regulation of gene expression, post-
transcriptional control has been proposed to contribute to the final
carotenoid profile of tomato fruits and other chromoplast-harbor-
ing systems [42,80]. Tomato high pigment (hp) mutants have re-
vealed that deficient light signaling and ABA production increase
the accumulation of carotenoids in ripe fruit because they result
in higher number or volume of chromoplasts [56,81-85]. Besides
illustrating how environmental cues such as light or water deficit
can influence carotenoid contents, these results confirmed that
carotenoid accumulation can be boosted in the absence of up-reg-
ulated carotenoid gene expression, just by triggering the synthesis
of a plastid deposition sink to facilitate their storage. In fact, the
development of large plastoglobules and carotenoid-sequestering
structures in chromoplasts largely contributes to the deposition
of massive amounts of carotenoids [11,86-88]. Although the spe-
cific factors controlling the differentiation of chromoplasts remain
unknown, there are promising candidates such as the plastidial
Dnaj-like protein encoded by the cauliflower (Brassica oleracea
var. botrytis) Orange (Or) gene [89].
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Mechanisms controlling carotenogenesis in carrot roots

The molecular mechanisms underlying the pigmentation of car-
rots were first analyzed with genetic approaches. Besides mapping
several candidate genes and major QTLs for carrot color (i.e. carot-
enoid content), these studies have recently contributed to estimate
heritabilities, gene numbers, and limiting steps for the production
of carotenoids in storage roots [90-93]. The analysis of segregating
populations resulting from the cross of white, orange, and dark or-
ange carrot varieties provided evidence that inheritance of B-caro-
tene and total carotenoids was continuous in the orange x dark
orange cross but discrete in the white x orange cross, suggesting
only two major loci as the minimum number separating white
from orange carrots [91]. These studies led to propose that the pri-
mary difference between white and orange carrots resulted from a
block in the production of phytoene early in the pathway [90]. La-
ter work confirmed that the sole upregulation of PSY activity in
white carrots was indeed sufficient to boost the production of -
carotene and other carotenoids and their accumulation as crystals
in chromoplast-like plastids [38]. Consistent with the key rele-
vance of the early steps of the pathway for carotenoid production
in carrot roots, phylogenetic analyses have recently suggested that
carrot domestication involved a preferential selection for muta-
tions affecting upstream genes of the biosynthetic pathway, which
could potentially have a greater effect on increasing metabolic flux
to carotenoid biosynthesis [94].

The identification of genes putatively encoding carotenoid path-
way enzymes in the first decade of this century opened the door to
investigate the relevance of transcriptional regulation for the
carotenoid profile of different carrot varieties [1,2,12]. In a pioneer
study, the transcript levels of carrot genes encoding proteins with
homology to PSY (isoforms PSY1 and PSY2), PDS, ZDS (isoforms
ZDS1 and ZDS2 together), LCYE, LCYB1, and ZEP were quantified
during the development of underground roots from white
(Blanche), yellow (Yellowstone), orange (Bolero), and red (Nutri-
red) cultivars [1]. It was found that these genes were globally
up-regulated during root development in all cultivars. This is con-
sistent with the increased accumulation of total carotenoids ob-
served during the same period in colored carrot varieties, even
though the upregulation of transcript levels was only modest com-
pared with the dramatic increase in carotenoid levels observed in
Bolero and Nutrired cultivars. In addition, the levels of transcripts
for LCYE and ZDS were highest in Yellowstone and Nutrired roots,
respectively, in agreement with the preferential accumulation of
lutein (Yellowstone) and lycopene (Nutrired) in these cultivars
[1]. These results would support the conclusion that the regulation
of carotenoid gene expression is instrumental for defining the gen-
eral carotenoid profiles in colored carrot varieties. However, the
lack of correlation between transcript and metabolite levels when
carotenoid accumulation is boosted in the late stages of root devel-
opment suggests that other mechanisms are also relevant to deter-
mine final carotenoid contents. The existence of additional control
points regulating carotenogenesis in carrot roots is also evidenced
by the absence of carotenoids in the white cultivar despite showing
a profile of carotenoid gene expression similar to that of colored
roots [1]. Although several mechanisms were proposed to explain
this apparent paradox (including the existence of non-functional
alleles, tissue-specific isoforms, impaired enzyme activity, or in-
creased carotenoid degradation in white carrots), direct experi-
mental evidence supporting any of them was not provided in the
paper.

A second, more recent analysis of carotenoid gene expression
during carrot root development, went a step forward to show the
central influence of plastid identity for carotenoid accumulation
in carrot roots [2]. Based on a previous observation that light had

a dramatic influence on root development and carotenoid profiles
in carrot [3,40], samples from root sections of the orange variety
Nantaise that developed either underground or exposed to light
(Fig. 3) were used to quantify the level of transcripts for a large
set of carotenoid pathway enzymes (PSY1, PSY2, PDS, ZDSI1,
ZDS2, LCYE, LCYB1, LCYB2, CHYB2, ZEP, VDE, NCED1, and NCED3).
This unique experimental system revealed a complex interaction of
developmental and environmental (light) cues on defining plastid
differentiation and expression of carotenoid genes [2]. The caroten-
oid profiles found in light-grown and dark-grown root tissues were
completely different but they both partially correlated with the
patterns of carotenoid gene expression. A decrease in total caroten-
oid levels was observed in illuminated root sections, whereas they
increased in dark-grown segments during development. A similar
pattern was observed for genes directly involved in the biosynthe-
sis of carotenes, with the only exceptions of ZDS1 (no significant
changes), LCYB2 (no significant changes), and LCYE (increased in
both types of root samples). The strong increase in LCYB1 and LCYE
transcripts and decrease in CHYB2 expression detected in late
stages of underground root development also correlated with the
preferential accumulation of a-carotene and B-carotene in mature
roots [2]. But similar to that previously concluded with other carot-
enoid cultivars [1], transcriptional regulation could only explain
part of the carotenoid profiles observed in carrot roots. A second
key carotenoid-defining parameter regulated by both developmen-
tal and light cues was plastid identity. Differentiation of chloro-
plasts in light-exposed root sections also explained their
carotenoid profile, similar to that of other chloroplast-containing
organs such as leaves [2,3,40]. In dark-grown root segments, a dra-
matic increase in total carotenoid levels and a preferential accumu-
lation of p-carotene and o-carotene correlated with the
differentiation of chromoplasts during secondary growth [2,3,40].
Therefore, both carotenoid gene expression and chromoplast dif-
ferentiation appear to be instrumental to define the carotenoid
content of carrot storage roots.

The higher accumulation of carotenoids in chromoplasts of
underground storage roots compared to that in chloroplasts of
light-exposed tissues could be the result of an increased storage
capacity, an enhanced metabolic flux by removal of carotenoid
end-products, or the absence of photooxidative processes that de-
grade the accumulated carotenoids when exposed to light
[24,31,87]. Plastid ultrastructure has also been shown to be rele-
vant for the activity of key enzymes required for carotenoid bio-
synthesis [7]. For example, PSY activity in etioplasts is very low
but it increases upon association to thylakoid membranes in the
chloroplasts that differentiate during de-etiolation [95]. Because
storage roots of white carrot varieties show levels of PSY-encoding
transcripts similar to those in colored carrots [1] but phytoene syn-
thesis is limiting only in white carrots [38,90], it is possible that
PSY enzyme activity is reduced in leucoplasts but it increases when
they differentiate into chromoplasts. On the other hand, increased
PSY levels and activity in the root of white carrot cultivars but also
in other plant systems was sufficient to promote the differentiation
of chromoplasts [38,62,96,97], suggesting that both PSY activity
and chromoplast differentiation might be mutually influenced.

These results together suggest that a complex feedback mecha-
nism coordinates carotenoid gene expression, enzyme activities,
and plastid differentiation to ensure an appropriate production of
carotenoids. In agreement, a recent work showed that transgene-
mediated alteration of LCYB1 levels caused concomitant changes
in the expression of genes encoding PSY1, PSY2, and LCYB2 in the
leaves (chloroplasts) and roots (chromoplasts) of carrot [18]. Feed-
back regulation of carotenoid gene expression and enzyme activi-
ties by phytoene, lycopene, or/and other carotenoid metabolites
has been proposed to account for the observed carotenoid profiles
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in many cases [98-108]. However, the molecular mechanisms and
the specific metabolites involved in this regulation remain unclear.

Open questions and future perspectives

The described results indicate that carotenoid profiles in carrot
roots are determined by the developmental and environmental
control of carotenoid gene expression, enzyme activity, and plastid
differentiation. However, the specific molecular factors involved in
this control remain to be identified. Based on the key role of light
for the regulation of carotenogenesis in carrot, a first step to iden-
tify regulatory factors could be the study of carrot homologues of
light signaling proteins shown to control carotenoid accumulation
in well-studied model systems such as Arabidopsis and tomato. In
particular, transcription factors of the PIF family, which accumu-
late in the dark to repress carotenoid biosynthesis and chloroplast
development [46,55], could be good candidates to test in carrot.
Besides influencing carotenoid gene expression and plastid differ-
entiation, light also impacts thickening and normal development
of carrot storage roots [2,3,40], suggesting that the levels or activ-
ities of developmental regulators (i.e. hormones) might also be
modulated by light signals, similar to that observed in other plant
systems. Hormones like auxin, cytokinin, ABA, and ethylene are in-
volved in regulating chromoplast differentiation and other physio-
logical processes associated with tomato fruit ripening [24,64]. In
particular, ABA has been shown to influence chromoplast number
and volume in tomato fruit [81] but also to feedback-regulate the
expression of genes encoding key carotenoid biosynthetic enzymes
like PSY in the root of many plants, including Arabidopsis [47,109-
111]. It has been proposed that an increased PSY activity provides
carotenoid precursors for the enhanced production of ABA that
takes place in roots under drought or saline stress, but it is un-
known whether the presence of high carotenoid levels in carrot
roots makes it unnecessary the ABA-mediated regulation of PSY
gene expression observed in other plants. It would be interesting
to test whether the presence of high levels of carotenoids available
for ABA synthesis in colored carrots influences their fitness in re-
sponse to abiotic stress under adverse environmental conditions
compared to white carrot cultivars. The role of hormones in the
coordination of root development and carotenoid accumulation
represents an attractive challenge for future studies.

Carrots are consumed worldwide and are popular in a variety of
foods because of their pleasant flavor, mainly due to the presence
of volatile isoprenoids and sugars [33,112]. Although carotenoid
pigments do not influence carrot flavor per se [29], they contribute
to make the product appealing to consumers. But most impor-
tantly, carotenoids are powerful phytonutrients that contribute
to human health [6,113,114]. Unlike plants, vertebrates are unable
to produce carotenoids de novo but take them in their diet. Carote-
noids contribute to prevent some types of cancer, cardiovascular
diseases, and age-related macular degeneration, whereas those
with B rings (specially pB-carotene) are precursors of vitamin A.
These properties make carotenoids of particular economic rele-
vance not only as natural pigments in the industry but also as sup-
plements in animal and human nutrition [6,114,115]. In particular,
orange varieties represent a major source for pro-vitamin A in the
Western diet. Future research focused on the identification of tran-
scriptional factors and hormonal regulators of carotenogenesis in
carrot should eventually provide additional tools to improve the
visual appeal and nutritional content of this important vegetable.
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