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ScienceDirect
Light stimulates the biosynthesis of carotenoids and regulates

the development of plastid structures to accommodate these

photoprotective pigments. Work with Arabidopsis revealed

molecular factors coordinating carotenoid biosynthesis and

storage with photosynthetic development during deetiolation,

when underground seedlings emerge to the light. Some of

these factors also adjust carotenoid biosynthesis in response

to plant proximity (i.e., shade), a mechanism that was

readapted in tomato to monitor fruit ripening progression. While

light positively impacts carotenoid production and

accumulation in most cases, total carotenoid levels decrease in

roots of colored carrot cultivars when illuminated. The recent

discovery that such cultivars might be photomorphogenic

mutants provides an explanation for this striking phenotype.
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Introduction
As sessile organisms that rely on sunlight as the main source

of energy, plants have developed sophisticated systems to

sense and respond to light cues. Light regulates plant

development right after germination. When seeds from

angiosperm plantsgerminate in thedark, seedlings develop

skotomorphogenetically (i.e., with long hypocotyls and

closed cotyledons harboring etioplasts with no chlorophylls

and very little carotenoid contents). Upon illumination,

however, a completely different developmental program
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unfolds: photomorphogenesis. The deetiolation process

involves the inhibition of hypocotyl growth, the expansion

of cotyledons, and the differentiation of etioplasts into

chloroplasts with the concomitant production of high levels

of chlorophylls and carotenoids. The main role of carote-

noids in chloroplasts is to protect the photosynthetic appa-

ratus against photooxidative damage caused by excessive

illumination [1��,2]. Oxidative cleavage of carotenoids can

produce retrograde signals such as b-cyclocitral to regulate

the expression of nuclear genes in response to photooxida-

tive stress, whereas their enzymatic cleavage generates

hormones (abscisic acid and strigolactones) and other sig-

naling molecules whose identity is still unknown [3]. Car-

otenoids also function as pigments, accumulating at mas-

sive levels in specialized plastids called chromoplasts [2].

Chromoplast carotenoids are hence responsible for the

yellow color of corn, the orange color of carrots, and the

red color of tomatoes. Humans cannot produce carotenoids

but take them in the diet as an essential source of retinoids

(including vitamin A) and other health-related biologically-

active metabolites [2–4].

Despite the relevance of carotenoids for agriculture and

health, we still have a limited knowledge on how plants

regulate their synthesis and accumulation. Molecular

mechanisms have been described to control (1) expression

of genes involved in carotenoid biosynthesis and degrada-

tion, (2) activity of the corresponding enzymes, and (3)

development of carotenoid storage structures in plastids.

All three mechanisms are tightly coordinated by both

developmental (internal) and environmental (external)

signals, with light having a major role [2,4–8]. In this article

we will focus on the molecular mechanisms by which light

signals are transduced to regulate carotenoid biosynthesis

at the level of phytoene synthase (PSY), the first and main

rate-determining enzyme of the carotenoid pathway. We

will also revise the impact of light signaling on carotenoid

storage capacity through the regulation of plastid develop-

ment and differentiation. In particular, we will cover three

case studies involving different scenarios of light-regulated

carotenoid accumulation: Arabidopsis thaliana deetiolating

and shade-exposed seedlings, tomato (Solanum lycopersi-
cum) ripening fruits, and carrot (Daucus carota) roots.

Case-study 1: Arabidopsis seedlings.
Emerging to light
During deetiolation, the production of carotenoids is

boosted at the biosynthetic gene expression and enzyme
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activity levels [4,9]. At the same time, etioplasts differ-

entiate into chloroplasts, which have a much higher

capacity to accommodate the newly produced carote-

noids. The molecular factors directly coordinating carot-

enoid biosynthesis and storage (i.e., chloroplast differen-

tiation) were discovered mainly using Arabidopsis

deetiolation as a model system. Perception of light by

photoreceptors such as cryptochromes (receptors of blue

light) and phytochromes (receptors of red (R) and far-red

(FR) light) is transduced by transcription factors to regu-

late photomorphogenesis (Figure 1). The expression of

the only Arabidopsis gene encoding PSY is under the

direct control of two of these transcription factors: PHY-

TOCHROME INTERACTING FACTOR 1 (PIF1) and

LONG HYPOCOTYL 5 (HY5) [10�,11��]. PIF1 and
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other members of the so-called PIF quartet (formed by

PIF1, PIF3, PIF4 and PIF5, collectively referred to as

PIFq) belong to a bHLH subfamily of phytochrome-

regulated transcription factors that typically accumulate

in the dark and degrade in the light [12]. By contrast, the

bZIP transcription factor HY5 is degraded in the dark but

accumulates in the light [13]. PIFq and HY5 act antago-

nistically for a broad set of photomorphogenic responses.

In the case of photosynthetic development, PIFq proteins

are repressors and HY5 is an activator (Figure 1). High

levels of PIFq and low levels of HY5 in etiolated seed-

lings block photosynthetic development (including carot-

enoid biosynthesis and chloroplast development). During

deetiolation, light-mediated degradation of PIF1 (a direct

repressor of PSY expression) and stabilization of HY5 (an
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activator that binds to the same G-box motif in the PSY
promoter) stimulates the expression of PSY and the

eventual production of carotenoids in coordination with

chlorophyll biosynthesis and chloroplast development

(Figure 1). This dynamic repression-activation transcrip-

tional module also functions during day and night cycles

in deetiolated plants, providing robustness in response to

light but also temperature cues [10�,11��].

Photosynthesis and growth of deetiolated plants can be

heavily compromised by the shading of nearby plants.

Changes in light quality associated with crowded (i.e.,
high density) plant environments are actually perceived

by photoreceptors and rapidly transduced into changes in

gene expression aimed to adapt to eventual shading, for

example, by decreasing the production of chlorophylls

and carotenoids to readjust photosynthetic metabolism

[14,15]. Specifically, phytochromes sense and transduce

shade signals generated when the preferential absorption

of R light by chlorophylls present in nearby leaves and

stems decreases the R to FR ratio (R/FR) of the resulting

light. PIF1 and related PIFq proteins were recently found

to repress Arabidopsis PSY expression and carotenoid

biosynthesis in response to shade (i.e., low R/FR) signals

[16�]. While HY5 does not appear to be required for this

process, other known PIF antagonists were found to

contribute to the early response of the carotenoid pathway

to shade. In particular, PHYTOCHROME-RAPIDLY

REGULATED 1 (PAR1), a transcriptional co-factor of

the bHLH superfamily that prevents binding of true

transcription factors to their target promoters [17], was

found to directly induce PSY expression by interacting

with PIF1 [16�] (Figure 1). Similar to HY5, PAR1 was

found to be degraded in the dark and to enhance seedling

deetiolation through multiple photoreceptor signaling

pathways [18]. These results suggest that different antag-

onistic modules of repressors (PIFq) and activators (HY5,

PAR1) ensure a fine regulation of carotenoid biosynthesis

in response to light signals in Arabidopsis.

Beyond the control of PSY transcript accumulation, light

also controls PSY protein and activity levels post-tran-

scriptionally [19,20,21��]. Arabidopsis PSY enzyme levels

were shown to be feedback-regulated by translational

control elements located in the 50-UTR of PSY mRNAs

transcribed during deetiolation [21��]. Translation inhi-

bition requires a hairpin loop whose removal in shorter

alternative splice variants results in a translation-permis-

sive 50-UTR. These shorter transcripts appear to quickly

provide PSY activity following immediate carotenoid

biosynthetic requirements caused by environmental

stress, for example, to replace carotenoids consumed by

photooxidation after a high light episode [21��]. During

light-triggered deetiolation, PSY is enzymatically acti-

vated upon relocation to thylakoid membranes of devel-

oping chloroplasts [19]. Genetic derepression of deetiola-

tion in the dark was found to be sufficient to increase PSY
www.sciencedirect.com 
activity and carotenoid accumulation [20], likely because

chloroplast differentiation (but not chlorophyll biosyn-

thesis) was partially unblocked. Further supporting a

close link between plastid ultrastructure and PSY levels,

cochaperone-like ORANGE (OR) proteins promote both

the stability of the PSY protein and the differentiation of

chromoplasts [22��,23,24].

Case-study 2: tomatoes. Ripe for new
functions
In tomato and many other fleshy fruits, ripening is asso-

ciated with the differentiation of green fruit chloroplasts

into ripe fruit chromoplasts [8,25]. The characteristic

orange and red colors of ripe tomatoes actually result

from the degradation of chlorophylls and the accumula-

tion of the health-promoting carotenoids b-carotene (pro-

vitamin A) and lycopene, respectively. The relevance of

fruit-localized photosensory pathways as important

players in the regulation of fruit ripening in general

and carotenoid biosynthesis in particular is well estab-

lished [5,8]. Cryptochrome (CRY2) overexpression in

tomato increased the levels of carotenoids in the fruit

[26], whereas phytochrome-deficient mutants produce

pigment-devoid white fruits similar to those obtained

when fruit development occurs in complete darkness

[27]. Several downstream factors identified in Arabidopsis

as regulators of photomorphogenesis have been shown to

also modulate fruit carotenoid accumulation in tomato

(Figure 1). They include DAMAGED DNA BINDING

PROTEIN 1/HIGH PIGMENT 1 (DDB1/HP1), DEE-

TIOLATED 1/HIGH PIGMENT 2 (DET1/HP2),

CULLIN 4 (CUL4), CONSTITUTIVELY PHOTO-

MORPHOGENIC 1 (COP1), HY5 and PIF1a (the

tomato fruit homologue of Arabidopsis PIF1) [5,28–

30,31��]. To date, only PIF1a has been shown to directly

regulate the transcription of carotenoid biosynthetic

genes. Specifically, PIF1a binds to a PBE-box located

in the promoter of the tomato PSY1 gene (encoding the

PSY isoform that controls the flux to the carotenoid

pathway during fruit ripening) to repress its transcription

[31��].

While the mechanism for the PIF1-mediated control of

PSY and carotenoid levels is conserved between Arabi-

dopsis and tomato, the tomato PIF1a protein appears to

play a completely different physiological function that is

not directly related to responding to an environmental (i.
e., light) signal. The occurrence of chlorophyll in chlor-

oplasts of green fruit progressively decreases the R/FR of

the light as it penetrates through the fruit pericarp

[31��,32]. As a consequence of this reduction in R/FR

(a sort of ‘self-shading’), PIF1a protein levels accumulate

and repress PSY1 expression. Developmentally-con-

trolled degradation of chlorophylls gradually reduces

the self-shading effect as ripening progresses, hence

allowing the phytochrome-mediated degradation of

PIF1a and subsequently the activation of PSY1
Current Opinion in Plant Biology 2017, 37:49–55
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Figure 2

(a) (b)
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Examples of negative correlations between light and carotenoid levels.

(a) Carrot root. A plant with root segments developed underground

(orange) or exposed to light (green) is shown. Insets show microscopy

images of both segments. Illuminated root sections develop

chloroplasts with a carotenoid profile typical of photosynthetic tissues,

whereas dark-grown roots show chromoplasts with much higher levels

of carotenes. (b) Red grapefruit (Star Ruby) fruits. Pictures show

representative fruits developed in the outer part of the tree canopy

(upper panels) or protected from light (lower panels). The stronger red

color of covered fruits is indicative of higher carotenoid contents in

their peel. Note that some uncovered fruits display green areas (which

correspond to the parts of the peel most directly exposed to sunlight)

and red sectors (in areas that were covered by leaves or other fruits).
expression and carotenoid biosynthesis [31��]. This

mechanism is proposed to adjust the genetic control of

tomato PSY1 expression to the actual ripening stage of the

fruit sensed through the chlorophyll-dependent changes

in the R/FR of the light that reaches the carotenoid-

producing pericarp cells. Given the ubiquitous distribu-

tion of phytochromes and PIFs in plants, it is most likely

that the self-shading mechanism reported in tomato

might also be operative in fruits that lose chlorophylls

and accumulate carotenoids during ripening as a visual

signal to inform seed-dispersing animals that the fruit is

ripe and tasty [8,25].

In many cases, the increased accumulation of tomato fruit

carotenoids observed upon the manipulation of light

signaling components does not involve direct regulation

of carotenoid biosynthetic genes but is mainly coupled to

carotenoid storage capacity. In particular, mutants defec-

tive in DDB1/HP1, DET1/HP2, or CUL4 (Figure 1)

show an increase in plastid number and size [5,28–30].

A positive effect of increasing chloroplast and chromo-

plast number or size on fruit carotenoid accumulation has

also been observed in tomato mutants for genes not

directly related to light, such as UNIFORM (u, defective

in the Golden 2-like transcription factor GLK2, targeted

to degradation by the DDB1-DET1-CUL4 complex)

[33,34] and HIGH PIGMENT 3 (hp3, defective in abscisic

acid synthesis) [35]. This effect might be mediated in part

by carotenoid-associated proteins that assist in the

sequestration and stabilization of carotenoids [36]. In

all the cases, however, an efficient conversion of chlor-

oplasts to chromoplasts is required to permit massive

accumulation of the newly synthesized carotenoids.

Based on the reported role of OR proteins on increasing

PSY activity and promoting the differentiation of chro-

moplasts in several plant systems [22��,23,24], it might be

expected that manipulating OR levels could further con-

tribute to boost the carotenoid content of ripe tomatoes.

Case-study 3: carrots. Underground colors
unearthed
Unlike most plants, which contain very low levels of

carotenoids in their roots, most commercial varieties of

carrot develop roots that accumulate massive amounts of

carotenoids [6,37]. Wild carrot roots are white (i.e., they

lack carotenoids) but domestication led to the selection of

carotenoid-rich varieties. The popular orange carrots

mostly accumulate b-carotene and a-carotene, reaching

highest levels just before completing secondary growth.

Analysis of carotenoid gene expression in orange carrot

roots either exposed or not to light has shown that both

transcriptional control and plastid identity determine

their carotenoid content [38�,39]. When grown under-

ground (i.e., in the dark), carotenoids accumulate in

chromoplasts that develop from carotenoid-devoid leu-

coplasts [40,41]. Strikingly, when root sections are

exposed to light they become dark green due to the
Current Opinion in Plant Biology 2017, 37:49–55 
differentiation of chloroplasts (Figure 2a). Illuminated

root segments have a carotenoid profile typical of photo-

synthetic tissues and lower contents of total carotenoids

compared to dark-grown roots [38�]. When light-exposed

roots are transferred back to darkness (e.g., covered with

soil), their chloroplasts differentiate into chromoplasts

and their carotenoid content changes accordingly, even-

tually reaching the levels found in segments never

exposed to light [38�,42]. Interestingly, a recent work

has shown that the accumulation of carotenoids in carrot

roots is genetically associated to a homologue of the

Arabidopsis PSEUDO-ETIOLATION IN LIGHT

(PEL) protein [43��]. PEL presumably acts as a repressor

of photomorphogenesis (Figure 1). Only carrot varieties

with a loss-of-function allele of the PEL gene accumulate

carotenoids in the root, suggesting that their high pigment

contents might result from a derepressed development of

carotenoid-accumulating plastids (i.e., chloroplasts in the

light but chromoplasts in the dark). This possibility

requires further experimental support [7]. If confirmed,

however, it would provide an explanation to why carot-

enoid accumulation does not improve after illumination

in some systems. For example, similar to that observed in

carrot roots, the accumulation of lycopene in some
www.sciencedirect.com
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cultivars of red grapefruits (Citrus paradisi) is higher when

fruits are kept in the dark or shaded [44] (Figure 2b). This

increment is not mirrored by enhanced expression of

carotenoid biosynthetic genes but correlates with an

accelerated differentiation of chloroplasts into chromo-

plasts. If photomorphogenesis is enhanced in these grape-

fruit cultivars, it might be expected that light would

promote the differentiation of chloroplasts, hence inter-

fering with the developmentally-controlled differentia-

tion of lycopene-accumulating chromoplasts during

ripening.

As described above, the ultrastructure of plastids not only

impacts carotenoid profile and storage capacity but can

also influence biosynthetic capacity by modulating the

activity of PSY [4,19]. Levels of PSY-encoding transcripts

in white carrot varieties are similar to those in colored

carrots [39,43��], but PSY activity is only limiting in white

carrots [45]. It is therefore likely that PSY enzyme activity

increases when leucoplasts differentiate into chloroplasts

(in the light) or chromoplasts (in the dark). On the other

hand, increasing PSY activity is sufficient to promote the

differentiation of chromoplasts from leucoplasts in roots

of white carrot varieties but also in Arabidopsis calli grown

in the dark [45], confirming that both PSY activity and

chromoplast differentiation might be mutually influenced

(Figure 1). Together, it appears that the carotenoid con-

tents of carrot roots are essentially controlled by the same

basic mechanisms described in other plant systems, with

light modulating an intricate network of signals connect-

ing carotenoid biosynthesis (via gene expression and

enzyme activities) and storage (via plastid ultrastructure).

Conclusions
The paramount influence of light on the accumulation of

plant carotenoids was known for a long time. However,

we are just starting to characterize the basic mechanisms

by which light signals are transduced to eventually mod-

ulate the biosynthesis of these important photoprotective

pigments. Besides PSY, other steps of the pathway are

known to be relevant to determine the carotenoid con-

tents of different plant tissues. Yet the light signaling

pathways regulating the expression of genes encoding the

corresponding enzymes remains virtually unexplored. It

is becoming clearer, however, that regulating carotenoid

biosynthesis is only part of the story. Light also has a

major impact on the development of plastids, the orga-

nelles where carotenoids are synthesized and stored.

Rather than mere reservoirs of carotenoids, plastids have

a central role in controlling the activity of PSY and other

carotenoid biosynthetic enzymes as well as the qualitative

and quantitative profile of carotenoids. Light actually

modulates the developmental programs determining

plastid identity. Thus, illumination of etiolated seedlings

triggers the differentiation of etioplasts into chloroplasts

(which accumulate much higher levels of carotenoids to

protect the photosynthetic apparatus from excess light).
www.sciencedirect.com 
Differentiation of chromoplasts (i.e., plastids specialized

in the storage of massive amounts of carotenoids as

pigments) is developmentally regulated in most cases,

but it can be induced by increasing PSY (or OR) activity.

Whereas light normally stimulates the differentiation of

chromoplasts as it induces carotenoid biosynthesis (e.g.,
during tomato fruit ripening), it can also have an opposite

role (e.g., in carrot roots). In the examples shown in

Figure 2, it is likely that light prevents the differentiation

of chromoplasts by overly promoting photomorphogene-

sis (i.e., photosynthetic development and differentiation

of chloroplasts instead of chromoplasts). Unveiling the

molecular mechanisms underlying plastid identity is

expected to be a major breakthrough to manipulate

carotenoid contents in plants. To date, only OR proteins

have been demonstrated to trigger the differentiation of

chromoplasts. Searching for downstream targets of tran-

scription factors known to regulate both carotenoid bio-

synthesis and plastid development (Figure 1) might be a

productive strategy to obtain new molecular tools to

improve the photoprotection of crops or to enrich

plant-derived products in health-promoting carotenoids.
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