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Abstract: Pink lemon is a spontaneous bud mutation of lemon (Citrus limon, L. Burm. f) characterized
by the production of pink-fleshed fruits due to an unusual accumulation of lycopene. To elucidate the
genetic determinism of the altered pigmentation, comparative carotenoid profiling and transcriptional
analysis of both the genes involved in carotenoid precursors and metabolism, and the proteins
related to carotenoid-sequestering structures were performed in pink-fleshed lemon and its wild-type.
The carotenoid profile of pink lemon pulp is characterized by an increased accumulation of linear
carotenoids, such as lycopene, phytoene and phytofluene, from the early stages of development,
reaching their maximum in mature green fruits. The distinctive phenotype of pink lemon is associated
with an up-regulation and down-regulation of the genes upstream and downstream the lycopene
cyclase, respectively. In particular, 9-cis epoxycarotenoid dioxygenase genes were overexpressed
in pink lemon compared with the wild-type, suggesting an altered regulation of abscisic acid
biosynthesis. Similarly, during early development of the fruits, genes of the carotenoid-associated
proteins heat shock protein 21, fibrillin 1 and 2 and orange gene were overexpressed in the pulp of
the pink-fleshed lemon compared to the wild-type, indicating its increased capacity for sequestration,
stabilization or accumulation of carotenes. Altogether, the results highlighted significant differences
at the transcriptomic level between the pink-fleshed lemon and its wild-type, in terms of carotenoid
metabolism and the capacity of stabilization in storage structures between the two accessions.
Such changes may be either responsible for the altered carotenoid accumulation or in contrast,
a metabolic consequence.
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1. Introduction

Carotenoids are isoprenoids-derived molecules that carry out essential functions in plant cells;
they are part of the photosynthetic system and participate in light capture. Carotenoids play an
important role in photo-protection, increasing tolerance to light and heat stresses while preventing
membranes from lipid peroxidation. These pigments are also precursors of important phytohormones
such as abscisic acid (ABA) and strigolactones; carotenoids constitute the substrates for the formation
of apocarotenoids-derived volatiles. In addition, they are involved in plant-animal interactions [1].

Carotenoids are not only responsible for the attractive color of flowers, fruits and other organs
in many plant species, but they are also known for their benefits to human health. These properties
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are mainly due to the antioxidant activity and the fact that - and (3-carotene and (3-cryptoxanthin
are precursors of vitamin A, an essential dietary component [2]. Recent studies highlighted that a
regular intake of carotenoids has a positive effect on human health by preventing neurodegenerative,
cardiovascular and aging-related diseases, as well as reducing cancer risk [2—4].

Citrus fruit pigmentation is characterized by wide variability, with the peel and pulp color ranging
from the pale yellow of lemons, pummelos and grapefruits, to the light and deep orange of oranges
and mandarins, respectively, to the reddish shades of red grapefruits and some orange mutants [5,6].
This variability in pigmentation is mainly due to the differences in carotenoid accumulation and
composition, which is responsible for the species-specific color according to the ripening stages [6,7].
Citrus fruits are consumed worldwide for their organoleptic characteristics as well as their nutraceutical
value [8]. Inlight of this, unravelling the modifications that occur in mutant phenotypes is a prerequisite
to identify new genetic markers associated with improved commercial and nutritional traits. Indeed,
molecular markers are a fundamental tool for breeders to reduce the amount of time and money
required to develop a new cultivar through traditional breeding.

In plants, carotenoids are generally formed by the condensation of eight C5 isoprenoid units that
form a C40 polyene backbone containing a variable number of conjugated double bonds. This particular
chemical structure gives carotenoids the capacity to absorb visible light at different wavelengths.
Carotenoids are classified as carotenes and xanthophylls, the former composed exclusively of carbon
and hydrogen atoms, the latter containing at least one oxygenated group [9,10]. Over recent decades,
several genes encoding for enzymes involved in the main steps of carotenoid biosynthesis pathway
have been isolated and their molecular and biochemical regulation has been clarified [10,11]. Moreover,
other processes related to the storage of carotenoids in chromoplasts and how they are catabolized by a
family of enzymes known as carotenoid cleavage dioxygenases (CCDs) have also been addressed [12,13].
The expression of a large number of carotenoid biosynthetic genes has been studied in the peel and
pulp of many citrus varieties during the ripening process [7,14].

The initial substrate for carotenoid biosynthesis, geranylgeranyl diphosphate (C20, GGPP),
is produced by the condensation of one dimethylallyl diphosphate (DMAP) and three isopentenyl
diphosphate (IPP) molecules (Figure 1). The synthesis of these precursors takes place through the
so-called methylerythritol 4-phosphate (MEP) pathway and involves the participation of several
enzymes, such as 1-deoxy-D-xylulose-5-phosphate synthase (DXS), which is located upstream,
and hydroxymethylbutenyl diphosphate synthase (HDS) and reductase (HDR), which are located
downstream of the pathway. At the end of the MEP pathway, the formation of GGPP is catalyzed
by the geranyl geranyl pyrophosphate synthase (GGPPS) enzyme which is coded by a multigene
family [1]. During the first two steps of carotenoid formation, phytoene synthase (PSY) and phytoene
desaturase (PDS) catalyzes the head-to-head condensation of two molecules of GGPP to form the
colorless phytoene (C40) and phytofluene. Subsequently, desaturation and isomerization by C-carotene
desaturase (ZDS) and C-carotene isomerase (Z-ISO) produce lycopene, through the intermediates
C-carotene and neurosporene. At this point, the pathway splits into two branches. Lycopene e-cyclase
(e -LCY) and lycopene p-cyclase (8-LCY) are responsible for the addition of one or two (3-ionone rings
producing d-carotene and (3-carotene, respectively. Subsequently, f-LCY introduces a second (3-ionone
ring on d-carotene to produce x-carotene [7,15]. Two subfamilies of 3-lycopene cyclases have been
identified in citrus fruits—p-LCY1 and B-LCY2. The first of these genes shows a constant expression
during the ripening process and is expressed in a large variety of organs and tissues, while the
second is chromoplast-specific and is typically expressed in fruit tissues; it is highly up-regulated
during the fruit maturation phase [16]. Two different alleles of f-LCY2 have been isolated: f-LCY2q,
and B-LCY2b. Studies carried out on both variants revealed a differential tissue and temporal expression,
as well as a different enzymatic efficiency to convert lycopene into (3-carotene [17,18]. d-carotene
is converted into f-carotene and then into lutein by 3-carotene hydroxylase, while, 3-carotene is
hydroxylated to 3-cryptoxanthin and zeaxanthin by (3-carotene hydroxylase (3-CHX) [19]. In citrus
fruits, these two last carotenoids can be catabolized to C30-apocarotenoids by a class of enzymes
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generally recognized as carotenoids cleavage dioxygenases (CCDs) [5,20,21]. Zeaxanthin epoxidase
(ZEP) adds to antheraxanthin and, subsequently, to violaxanthin epoxy groups resulting in neoxanthin
formation. The last reaction of the pathway is catalyzed by neoxanthin synthase (NSY), which turns
violaxanthin into neoxanthin. The 9-cis-isomers of these last two xanthophylls are then utilized as
substrates by 9-cis epoxycarotenoid dioxygenase (NCED) to produce ABA [22,23].
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Figure 1. Schematic representation of carotenoid biosynthesis in citrus fruits, indicating main enzymes
and genes of the pathway. 1-deoxy-D-xylulose-5-phosphate synthase (DXS), hydroxymethylbutenyl
diphosphate synthase (HDS) and reductase (HDR), geranylgeranyl diphosphate synthase (GGPSS),
phytoene synthase (PSY), phytoene desaturase (PDS), C-carotene isomerase (ZISO), C-carotene
desaturase (ZDS), e-lycopene cyclase (e-LCY), B-lycopene cyclase (8-LCY1/2), e-carotene hydroxylase
(e-CHX), B-carotene hydroxylase (8-CHX), zeaxanthin epoxidase (ZEP) and 9-cis-epoxy-carotenoid
dioxygenase (NCED). Green and red arrows represent carotenoid biosynthesis flux in green and mature
tissues, respectively.

Carotenoid synthesis takes place concurrently with the differentiation of chromoplasts, leading to
the development of diverse sink structures organized to store the newly produced carotenoid [24].
The ultrastructural changes that occur during this phase involve several proteins. Among them,
the most important are the small heat shock proteins (sHSPs), fibrillins (FIBs or PAPs) and orange
gene protein (OR). HSP21 transcript level has been correlated with carotenoid accumulation in tomato
fruit [25]. Fibrillins play a structural role in fibrils, organizing carotenoids in lipoprotein complexes [26].
Several studies have demonstrated that OR protein promotes PSY activity and chromoplast biogenesis,
which leads to enhanced carotenoid accumulation [24,27,28].

The large variety of pigmentation showed by both rind and flesh of mature citrus fruits is strictly
related to the differences in the total amount and composition of carotenoids typical of each species
and cultivar [7,15]. In the case of ordinary lemon (Citrus limon), the light-yellow coloration is due to a
very low accumulation of carotenoids [9,29]. Comparative transcriptomic analysis has highlighted
a reduced expression of most of the carotenoids biosynthetic genes in both flavedo and juice sacs of
lemon fruits compared to those found in oranges and mandarins [29].
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Accumulation of lycopene in Citrus is relatively uncommon and characterizes just a few varieties
and mutants of pummelo, grapefruit and sweet orange. Despite the extensive efforts to investigate
carotenoid biosynthesis and metabolism in several red-fleshed citrus mutants, the molecular basis
of lycopene accumulation has not been completely elucidated yet [7,15]. In the case of Cara Cara
orange mutant, it has been proposed that the red pigmentation is amenable to an enhanced flow of
carotenoids precursors through the MEP pathway [30,31]. In addition, it has been found that alterations
in the expression of the two alleles of f-LCY2 might lead to the accumulation of lycopene [17,32-35].
Lycopene cyclase activity is a rate-limiting step in the biosynthesis of carotenoids, then a partial
blockage in the conversion of lycopene to 3-carotene may increase the accumulation of lycopene and
repress the production of downstream metabolites like xanthophylls [17,18,32,33]. A comparison
between white and red pummelos indicated that lycopene accumulation is associated with a reduced
expression of genes encoding for enzymes which operate downstream lycopene production [14,36-38],
reinforcing the hypothesis that a reduction of activity of lycopene cyclase might contribute to the onset
of a bottleneck along the carotenoid pathway.

A pink-fleshed lemon was described in 1932 in California as a spontaneous bud mutation of
Eureka lemon. The peel of pink lemon is variegated with green stripes, which turn yellow when mature,
while the yellow section becomes light-pink (Figure 2A). The pulp has a light-pink coloration due to
lycopene accumulation with few seeds and a sour taste when fully mature [39]. Although the mutant
has been known for a long time and is commercially available in specialized markets, no information
is available about the transcriptomic and metabolic changes behind the pink pigmentation.
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Figure 2. External and internal appearance of pink lemon (PL) (A) and wild-type (WT) (B) lemon fruit
during development and maturation. Immature green (IG), mature green (MG), breaker (BR) and
fully mature (FM) stages. Changes in color (a/b Hunter) of the pulp of PL and WT (C) during fruit
maturation. Data are the mean + SD of at least 10 fruits.

The aim of the present work was to carry out a comparative analysis of carotenoids biosynthesis
between the pulp of the pink-fleshed lemon and its wild type (WT), in order to elucidate the metabolic
and molecular changes at the basis of the pigmentation of the red-fleshed mutant. To this end,
the identification and quantification of carotenoids were performed using a HPLC-PDA technique,
while the regulation of the genes involved in carotenoids biosynthesis and the production of proteins
related to carotenoid-sequestering structures were detected through qPCR. An increased understanding
of the genetic determinism of the pink-fleshed lemon phenotype could be of great interest to
identify candidate genes for the development of molecular markers to be employed in fruit quality
breeding programmes.
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2. Materials and Methods

2.1. Plant Material

Fruits of pink lemon (PL) and Fino (Citrus limon, cv. Fino), referred to as wild type (WT) lemon,
were harvested from adult trees grafted on Citrange carrizo (Poncirus trifoliate L. Raf X Citrus sinensis L.
Osb) rootstocks cultivated at The Citrus Germplasm Bank (Instituto Valenciano de Investigaciones
Agrarias, Moncada, Valencia, Spain) and were subjected to standard cultural practices. Samples were
collected at four developmental stages: Immature green (IG), mature green (MG), breaker (BR) and fully
mature (FM) (Figure 2). Trees of both genotypes were located in the same orchards and samples of each
genotype were collected at the same time. Fruits were quickly delivered to the laboratory, where the
pulp was separated from flavedo, frozen in liquid nitrogen, ground to a fine powder and stored at
—80 °C until analysis. The color of the pulp was measured using a CR-400 Minolta chromameter
(Konica Minolta, Tokyo, Japan) on three different locations around the equatorial plan of the fruits.
The Hunter parameters a (negative to positive, from green to red) and b (negative to positive, from blue
to yellow) were measured, and the color was expressed as the a/b Hunter ratio, a color index that has
been widely used for color measurement in citrus fruit [40]. Data regarding the color index for each
cultivar are the means + SD of at least 10 fruits. Fruits were harvested and color was determined in
two consecutive crop seasons.

2.2. Carotenoid Extraction and Quantification by HPLC-PDA

Carotenoids were extracted from frozen flesh following the protocol described by Rodrigo etal. [41].
Extracts were dried and kept at —20 °C until further analysis. Each sample was extracted in triplicate
and results were expressed as mean + SD. In order to prevent photodegradation, isomerizations and
structural changes of carotenoids all the operations were carried out on ice under dim light.

Individual carotenoid analysis of each sample was carried out by HPLC-PDA, as described by
Lado et al. [42] and Rodrigo et al. [41]. Carotenoids were identified by their absorption, fine spectra
and retention time. Then, they were quantified integrating each one of them at its corresponding
maximum absorbance wavelength and using the corresponding calibration curves, as reported by
Rodrigo et al. [41].

2.3. Gene Expression Analysis by Quantitative Real-Time PCR

RNA isolation, cDNA synthesis and gene expression analyses were performed as described by
Rodrigo et al. [43], and subsequently treated with DNA free, DNase treatment and removal (Ambion,
Madrid, Spain) to eliminate any residual trace of DNA. Total RNA was quantified in a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, Madrid, Spain) and the absence of DNA was
checked by gel electrophoresis.

Briefly, 2 pg of total RNA was reverse transcribed using the SuperScript III Reverse Transcriptase
(Invitrogen, Madrid, Spain) following the manufacturer’s instructions. Quantitative real-time
polymerase chain reaction (QRT-PCR) was performed on a LightCycler 480 instrument (Roche, Madrid,
Spain) using the LightCycler 480 SYBRGreen I Master kit (Roche). The primers employed for the
amplification of each gene are listed in Table S1. Then, 20 ng of cDNA was used for each amplification
reaction in a total volume of 10 pL. The cycling protocol consisted of 10 min at 95 °C for pre-incubation,
followed by 35 cycles for 10 s at 95 °C for denaturation, 10 s at 59 °C for annealing and 10 s at 72 °C for
extension. Fluorescence data were acquired at the end of extension phase and reactions specificity
was checked by post-amplification dissociation curve. For expression measurements, we used
the LightCycler 480 Software release 1.5.0, version 1.5.0.39 (Roche, Madrid, Spain), and calculated
expression levels relative to the values of a reference sample using the Relative Expression Software
Tool [44]. Actin gene expression was chosen to normalize raw Cp’s based on a previous selection of
reference genes [45]. The results were the average of three independent sample replicates.



Genes 2020, 11, 1294 6 of 16

2.4. Statistical Analysis

The outputs of both HPLC-PDA and qPCR analysis were processed using the R software
(RDevelopment Core Team, 2016; R Foundation for Statistical Computing, Vienna, Austria). An ANOVA
test was employed to determine significant differences (p value < 0.01) between pink lemon and its
wild type. A Shapiro-Wilk test was performed before the ANOVA test.

3. Results

3.1. Phenotypic Characteristics of the Pink Lemon Fruit

Pink-fleshed lemon trees are characterized by variegated leaves and fruits, both of which can
be characterized by their green and white sectors which are variable in shape and size. The typical
green stripes were unevenly distributed on the fruit skin and even if they were evident from early
developmental stages, during the maturation process, their color changed to the characteristic yellow,
while the white areas turned light pink (Figure 2A). The red tone of the pulp was evident in the IG phase
and increased in intensity with maturation, reaching an intense red color at the MG phase. The reddish
coloration of the pulp at early stages moved to clearer shades, probably due to the dilution effect caused
by the substantial growth of the pulp along the maturation process (Figure 2A). Remarkable differences
in pulp color (determined as 4/b Hunter ratio) were found between the two genotypes (Figure 2C).
The color of pink lemon (PL) pulp assumed positive values at all developmental stages, although they
slightly decreased as maturation progressed. By contrast, the color of wild-type (WT) lemon pulp
assumed negative values typical of a light-yellow tone and it showed an increasing trend over the
course of maturation (Figure 2B).

3.2. Carotenoids Content and Composition in Pink Lemon Fruit

Carotenoids content and composition were analyzed in the pulp of PL and WT fruits at four
developmental stages, going from immature green to full maturity, as outlined in the Material and
Methods section (Table 1). HPLC-PDA analysis facilitated the detection and quantification of eleven
carotenoids. Carotenoids content and composition in PL fruits were markedly different from WT
(Table 1; Figure S1) at all the four stages analyzed. Total carotenoids content was much higher in PL
fruits than in WT fruits, differing by two to three orders of magnitude (Table 1). Total carotenoids
content was very low (<0.4 ng/g FW) in WT fruits at all developmental stages, while in PL fruits the
total carotenoids reached a maximum at MG (53.3 pug/g FW) and declined afterwards. The colorless
phytoene and phytofluene were the major carotenes detected in PL flesh, accounting for 82-86% and
11-16% of total carotenoids, respectively, while these carotenes were only detected in traces or at
extremely low levels in the pulp of WT fruits. In addition to phytoene and phytofluene, low amounts
of lycopene, neurosporene, (- and 6-carotene were detected in the pulp of PL. In the pulp of mature
WT fruits, only low levels of 3-cryptoxanthin and traces of other carotenoids were detected (Table 1).

3.3. Expression of the Genes Involved in the Biochemical Pathway of Carotenoids

The expression levels of eleven genes related to carotenoids biosynthesis were tested through a
gqRT-PCR assay to explore the possible causal relationship between increased carotenoid accumulation
in PL and the transcripts abundance of such candidate genes.

Differences were highlighted in the expression of several genes on the two genotypes (Figures 3-6).
In general, the expression of the three genes belonging to the MEP pathway (DXS, HDS and HDR)
increased progressively in the pulp of WT. DXS and HDR were up-regulated at the early development
stage in PL compared with WT, while they were down-regulated during the last stages of development.
The accumulation of the transcripts corresponding to the plastid-associated GGPS11 was higher in the
pulp of IG mutant lemon and gradually declined during maturation (Figure 3).



Genes 2020, 11, 1294

7 of 16

Table 1. Carotenoid content and composition (pg/g FW) in the pulp of the pink lemon and wild type
lemon at four developmental and ripening stages.

Pink Lemon Wild Type
Carotenoids
(ug/g FW) 1G MG BR M M MG BR M
Phytoene 1759 +1.12 44.01 £ 0.90 498 +0.30 8.81+0.07 tr tr. 0.04 + 0.01 0.04 + 0.01
Phytofluene 227 +0.17 8.93 +1.75 1.00 + 0.01 1.79+0.01 nd nd nd tr.
(-carotene nd 0.05 +0.01 nd nd nd nd nd nd
Neurosporene 0.06 +0.01 0.24 +0.03 nd nd nd nd nd nd
Lycopene 0.24 +0.01 0.49 +0.13 tr. 0.02+0.01 nd nd nd nd
5-carotene tr. 0.04 + 0.01 nd nd nd nd nd nd
Lutein 0.06 + 0.01 nd nd nd tr. tr. tr. tr.
B-carotene nd nd nd nd nd tr nd tr.
B-cryptoxanthin 0.02 + 0.01 nd 0.02 +0.01 nd nd  0.03 +0.01 0.02 + 0.01 0.02 + 0.01
Anteraxanthin nd nd nd nd nd nd tr. tr.
Violaxanthin nd tr nd nd nd tr. nd tr.
Total carotenoids ¢ 2024 +1.54  53.33 +2.17 6.01 +0.29 10.61 +0.03  tr. 0.05 + 0.01 0.06 + 0.01 0.08 + 0.01

The amount of violaxanthin represents the sum of all-trans and 9-cis isomers. Traces indicate amount lower than
0.01 pg/g FW. nd: not detected. Tr: traces. Data are expressed as mean + SD. * Total carotenoids are the sum of the

main carotenoids identified and quantified.
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Figure 3. Changes in the expression of genes involved in the MEP pathway: GGPS11, geranylgeranyl
synthase

diphosphate

synthase

11

(A);

DXS,

1-deoxy-D-xylulose-5-phosphate

(B);

HDS,

hydroxymethylbutenyl diphosphate synthase (C); HDR, hydroxymethylbutenyl diphosphate reductase (D),
in the pulp of the PL and WT lemon fruit at four developmental stages: IG (immature green), MG (mature
green), BR (breaker), FM (fully mature). Asterisks indicate significant differences between genotypes for each
developmental stage (p < 0.01) by one-way ANOVA (p < 0.01).

Expression of genes involved in early desaturation and isomerization steps of carotenoid
biosynthesis, with the exception of PSY3a, were up-regulated during maturation in the pulp of
WT lemon fruits. Expression of the PSY, PDS, ZDS and ZISO genes experienced minor increases in
PL mutant fruit and after the MG phase the transcripts accumulation was significantly lower than
in WT pulp (Figure 4). The transcription of genes involved in lycopene cyclization also showed
important differences between the genotypes under evaluation. The expression of f-LCY1 remained
relatively constant during WT lemon maturation, unlike PL, in which the gene was down-regulated.
Although the expression of f-LCY2 increased in both genotypes during the four ripening stages, it
was consistently lower in the pulp of PL mutant than in WT lemon. No significant differences were
observed in the accumulation of e-LCY transcript between the two varieties. f-CHX was up-regulated
in both WT and PL, following a similar trend (Figure 4).
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Figure 4. Changes in the expression of genes involved in carotenoids biosynthesis: PSY, phytoene
synthase (A); PSY3a, phytoene synthase 3a (B); PDS, phytoene desaturase (C); ZDS1, Z-carotene
desaturase 1 (D); ZISO, Z-carotene isomerase (E); e-LCY, e-cyclase (F); B-LCY1, 3-lycopene cyclase 1
(G); B-LCY2D, B-lycopene cyclase 2b (H); f-CHX, (-carotene hydroxylase (I), in the pulp of PL and
WT lemon fruit at four developmental stages: IG (immature green), MG (mature green), BR (breaker),
FM (fully mature). Asterisks indicate significant differences between genotypes for each developmental
stage (p < 0.01) by one-way ANOVA (p < 0.01).

3.4. Expression of Genes Involved in the Biosynthesis of Abscisic Acid

Regarding the genes encoding for 9-cis epoxycarotenoid dioxygenase (NCED), which are involved
in the production of ABA, both NCED1 and NCED2 were up-regulated in WT and PL. However,
the level of transcript of NCED1 and NCED2 accumulated in PL was from 6 to 9-times and 2.3 to
7-times higher than in WT, respectively (Figure 5).
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Figure 5. Changes in the expression of genes involved in abscisic acid biosynthesis: NCEDI,

Relative expression

9-cis-epoxy-carotenoid dioxygenase 1 (A); NCED2, 9-cis-epoxy-carotenoid dioxygenase 2 (B), in the
pulp of the PL and WT lemon fruit at four developmental stages: IG (immature green), MG (mature
green), BR (breaker), FM (fully mature). Asterisks indicate significant differences between genotypes
for each developmental stage (p < 0.01) by one-way ANOVA (p < 0.01).

3.5. Expression of Accessory Genes Involved in the Accumulation of Carotenoids

To clarify whether the massive accumulation of carotenoid in the pink-fleshed lemon is
associated with alterations in the expression of genes related to chromoplast differentiation and
carotenoids-sequestering structures, accumulation of mRNAs corresponding to three HSP (HSP20_3,
HSP20_4, HSP21), two fibrillins (FIB1, FIB2) and an ORANGE (OR) gene was investigated. The relative
expression pattern of the HSP genes underwent a noticeable up-regulation in WT during the last
ripening stage. The most pronounced difference was in the transcription of HSP21, which was
over-expressed in the pulp of the PL mutant during the developmental stages analyzed. Although the
transcription of FIB1 and FIB2 genes followed a more constant trend in WT lemon, the level of
transcript accumulated in the PL was considerably higher, except for a slight decline at the MG phase.
The expression of the Or gene followed the same pattern of FIB1 and FIB2. Accumulation of the Or
transcript was 3.4 to 11-times higher in the PL than the WT lemon (Figure 6).
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Figure 6. Changes in the expression of genes of carotenoid-associated proteins: HSP20-3, heat shock
protein 20-3 (A); HSP20-4, heat shock protein 20-4 (B); HSP21, heat shock protein 21 (C); FIBI, fibrillin 1
(D); FIB2, fibrillin 2 (E); Or, orange protein gene (F), in the pulp of the PL and WT lemon fruit at four
developmental stages: IG (immature green), MG (mature green), BR (breaker), FM (fully mature).
Asterisks indicate significant differences between genotypes for each developmental stage (p < 0.01) by
one-way ANOVA (p < 0.01).

4. Discussion

Although variegated pink-fleshed lemon was identified in 1932 and its fruits are cultivated
and purchased in many countries, the biochemical and molecular alteration behind its characteristic
pigmentation is still unknown. A detailed observation of the pulp coloration and a comparative
analysis of carotenoid content and composition are reported here for the first time, revealing interesting
features of this mutant in comparison with other red-fleshed citrus mutants.

The pulp of WT lemon contained negligible amounts of carotenoids at the four developmental
stages analyzed (Table 1), in agreement with previous investigations [9,29], reinforcing the classification
of lemon as a low-carotenoid accumulating Citrus genotype [15]. The red coloration of the pulp was
clearly distinguishable in IG fruits (Figure 2A) and lycopene, even at moderated levels (Table 1),
was already detectable. These observations indicate that the accumulation of the red pigment was
not a ripening-related event like in other red-fleshed citruses like pummelos, grapefruits and oranges
mutants. Indeed, lycopene biosynthesis was initiated very early in the fruit development, at the
beginning of the second phase of fruit growth during cell enlargement. Accumulation of lycopene in
the pulp of PL was associated with a high concentration of phytoene and phytofluene, two colorless
carotenes that were virtually absent from the WT lemon (Table 1). The concentration of these two
linear carotenes reached a maximum in MG fruits and declined immediately after (Table 1). Other than
in the Pinalate orange mutant [46], the accumulation of phytoene and phytofluene is very unusual in
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lemons and other citrus fruits; in fact, the concentrations found in the PL pulp are among the highest
ever reported for citrus fruits [7,47]. HPLC-PDA analysis enabled the detection of small amounts of
neurosporene and d-carotene at early developmental stages; both carotenes are hardly identified in the
pulp of citrus fruits [9,47]. This unusual accumulation of 5-carotene, which is a carotene characterized
by a e-ring at one end while the other end is linear, may suggest a defect in the 3-cyclization of lycopene
that would lead to the accumulation of upstream carotenes, and helps explain the large amounts of
phytoene and phytofluene found in the PL (Table 1).

The pattern of carotenoid accumulation in the pulp of PL is different to those found in other
lycopene-accumulating citrus fruits. In the case of orange fruits, such as Hong Anliu or Cara Cara [30,31,48,49],
and red-pummelos [14,37,38], lycopene is accumulated progressively during maturation and the highest
concentration is attained at full maturity. Similarly, the low amount of phytoene accumulated in immature
fruits of some mutants gradually increased during maturation [14,30]. In lemon, the expression of
genes involved in the biochemical pathway of carotenoid is different to other citrus species [15,29],
and non-pigmented lemons have a low capacity to accumulate carotenoids. Then, it is reasonable to assume
that the genetic alteration responsible for the accumulation of lycopene in the pink-fleshed lemon may be
differ from other citrus mutants characterized by increased levels of lycopene.

The transcriptomic analysis, which included the study of four genes of the MEP pathway (Figure 3)
and nine genes of the biosynthesis of carotenoids (Figure 4), highlighted important differences between
the two accessions under evaluation, which might clarify the cause of the mutation. In ordinary lemons,
the transcription of MEP pathway genes increases with ripening in response to an enhanced demand
of precursors due to the formation of downstream products [1,50]. However, in immature PL fruits,
the transcription of GGPS11, HDS and DXS was higher than in the WT. These results are in accordance
with the extensive differences in total carotenoids content between the two genotypes (20.2 pug/g FW in
PL vs. traces in the WT) and may increase the availability of GGPP to be converted into phytoene and
other carotenoids. Similar results have been observed in the pulp of the red-fleshed oranges Hong
Anliu and Cara Cara, where the accumulation of early carotenes appears to be associated with an
increased production of isoprenoid precursors [30,49].

The expression patterns of carotenoid biosynthetic genes in the pulp of WT lemon was similar to the
ones characterizing other white-fleshed varieties [36,51]. The low carotenoid content in non-pigmented
lemons is generally associated with an up-regulation of the upstream carotenoid genes like PSY, PDS,
ZDS, ZISO, B-LCY2b and B-CHX, while e-LCY, f-LCY1 are usually down-regulated. In the pulp of PL,
however, differences in the pattern of expression of carotenoid biosynthetic genes were not consistent
with the alterations in carotenoid content and composition (Figure 4, Table 1). Genes synthesizing the
precursors of lycopene were not up-regulated during maturation; on the contrary, the genes related to
the 3-cyclization of lycopene f-LCY1 and B-LCY2b showed reduced transcript levels in PL than in WT
from early stages of development (Figure 4). In particular, this occurred during the major development
of the fruit (IG to MG), when carotenoids reached their maximum concentration in the PL (Table 1).
In addition, the expression of -LCY1 was severely down-regulated in PL relative to WT (Figure 4).
Transcripts of B-LCY2a, which is the allele with the highest in vitro activity, were not detected in the
pulp of both lemon genotypes at any developmental stage (data not shown), indicating a reduced
capability of lemon fruits to convert early carotenes to xanthophylls. These alterations, combined with
the lower expression of the f-LCY2b in PL, may explain the onset of a bottleneck along the carotenoid
pathway which could lead to the massive accumulation of lycopene, phytoene and phytofluene
(Figure 4). According to this hypothesis, the PSY transcription would not be a limiting factor at early
developmental stages but it might be more critical during the latter stages. These data are in agreement
with those reported for red pummelo, in which the balance between the transcription of genes located
upstream and downstream lycopene, together with the reduced LCY activity, led to the accumulation
of lycopene [14,36,38]. Our results suggest that f-CHX is not a limiting factor for the accumulation of
carotenoids in the PL, although the levels of the transcripts are very low compared with other citrus
fruits [15,29].
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Another key to carotenoid accumulation is the balance between biosynthesis and degradation
of metabolites. Indeed, the pool of carotenoids present in the tissues is related to their degradation
rate [1,50]. It is reasonable to assume that the remarkable alteration in the carotenoid pool that occurred
in the PL could modify the regulatory network operating in ordinary lemons. Thus, besides carotenoid
biosynthetic genes, the expression of NCEDI and NCED2 were up-regulated in PL relative to WT
(Figure 5). These two genes are related to ABA synthesis and operate downstream of xanthophylls
production. Therefore, an enhancement in their transcription might suggest an altered homeostasis
of the pathway. Although ordinary lemons contain very low amounts of xanthophylls in their flesh,
they accumulate considerable quantities of ABA, indicating that the flux of metabolites producing this
hormone is active [51,52]. Then, the altered carotenoid composition in the pulp of the PL, likely due
to a reduced lycopene cyclization, might de-regulate the normal genetic network of the pathway;,
causing a positive feedback of the genes involved in ABA formation. These results are similar to those
found in the Cara Cara orange mutant, where lycopene accumulation in the flesh was accompanied
by a reduction in ABA content and enhanced expression of both NCED1 and NCED2 genes [30].
In other plant tissues, it has been shown that alterations in carotenoids composition caused coordinated
regulation of NCED genes and ABA content [53].

The accumulation of carotenoids in specialized structures is a stable storage system and an
alternative mechanism to regulate carotenoids availability [54,55]. The transcriptional analysis of
genes encoding for carotenoid-associated proteins highlighted significant alterations in PL. HP521,
FIB1, FIB2 and OR genes were consistently over-expressed in the pulp of PL relative to WT (Figure 6).
The carotenoid associated-proteins encoded by these three genes were associated with numerous
processes involved in carotenoid storage; in addition, they contributed to carotenoid stabilization
in plastoglobuli, especially during the transition phase from chloroplast to chromoplast [55]. It has
been found that HSP21 chaperone stimulates accumulation of lycopene in tomato and protects fruit
pigmentation from heat-stress, demonstrating its close relationship with carotenoid content [25].
Fibrillin is a family of proteins playing structural functions in the packaging and organization of
carotenoids in plant tissues, and constitutes a key element for their storage and metabolism [56].
The carotenoid content and composition in tomato and pepper fruits have been correlated with the
transcript abundance of fibrillins [57]. Both FIB genes displayed a similar expression pattern during
the massive accumulation of carotenoids in the PL, with a high mRNA accumulation at IG and a
slight decline at MG (Figure 6). These findings support the involvement of fibrillins in the unusual
accumulation of carotenoids in the pulp of the pink-fleshed lemon mutant, where they probably
increase the storage capacity of structures that are not usually differentiated in ordinary lemons.

The OR gene, first described in cauliflower, enhances carotenoids accumulation and chromoplasts
differentiation [34]. OR is considered one of the main post-translation regulator of PSY [58], since recent
studies carried out on several plant species found that the OR protein interacts directly with PSY,
stabilizing the enzyme and increasing its activity [27,28,59]. Moreover, OR plays a crucial role in the
formation of carotenoid-sequestering complexes and the stabilization of carotenoids in plant tissues [58].
The transcription of Or gene followed the same pattern of FIB in PL (Figure 6), suggesting that both
proteins may share critical functions in the stabilization of the large amount of carotenoids accumulated
in the mutant. It is tempting to speculate that the overexpression of the Or gene in PL may increase PSY
stability, enhancing the flow of carotenes into the pathway. In that case, a reduced enzymatic activity or
a lower transcription of genes encoding for LYCs would favor the accumulation of lycopene and other
upstream carotenes like phytoene and phytofluene in PL. In a transgenic potato tuber overexpressing
the Or gene, the accumulation of 3-carotene was significantly higher than in control samples [60].
On the whole, our results suggest that the over expression of the OR gene might be strictly involved
in the events connected with the stabilization of the massive amount of carotenoids accumulated by
PL. Unfortunately, it is not possible to establish if the up-regulation of carotenoid-associated protein
genes was the cause or just the consequence of the lycopene and the others upstream carotenoids
accumulation in PL. However, these findings provide novel insights into the metabolic changes that
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occur in the mutant, which might support further studies aimed at the identification of molecular
markers related to the accumulation of lycopene, which is currently one of the most in-demand quality
traits in modern fruit crops.

5. Conclusions

The carotenoids profile of the pulp of Pink lemon revealed an increased amount of linear carotenes,
such as lycopene, phytoene and phytofluene compared to the parental line. Thus, the distinctive
phenotype of Pink lemon is associated with an up-regulation and down-regulation of the genes
upstream and downstream the lycopene cyclase, respectively. Moreover, accessory genes involved in
the accumulation of carotenoids such were overexpressed in the pulp of the pink-fleshed, indicating an
enhanced capacity for sequestration, stabilization or accumulation of carotenes. This is the first work
where the physiological and molecular characterization of carotenoids accumulation in Pink lemon is
reported and provides novel insights into the altered metabolism of carotenoids in this mutant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/11/1294/s1,
Table S1. qRT-PCR primer sequences, Figure S1. HPLC profiles of saponified carotenoid extracts in pulp of fruits
of wild type lemon and pink lemon at mature green stage (MG).

Author Contributions: Conceptualization, M.].R. and L.Z.; methodology, M.].R. and L.Z.; formal analysis, G.L.,
J.Z2.G. and M.].R; writing—original draft preparation, G.L. and ].Z.-G.; writing—review and editing, G.L., ].Z.-G.,
G.D.,A.G,MJ.R.and L.Z,; supervision, M.].R. and L.Z.; funding acquisition, G.D., A.G., M.].R. and L.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by research grants RTI2018-095131-B-100 of the Ministry of Science and
Innovation (Spanish Government), and PROMETEQO/2020/027 (Generalitat Valenciana). J. Zacarias-Garcia is the
recipient of a FDEGENT/2018/007 predoctoral scholarship from Generalitat Valenciana (Spain). G. Lana is the
recipient of a scholarship for a PhD in ‘Biotecnologies’ from the University of Catania. We also acknowledge
the support with the publication fee by the CSIC Open Access Publication Support Initiative through its Unit of
Information Resources for Research (URICI).

Acknowledgments: ].Z.-G., M.].R. and L.Z. are members of the CaRed Excellence Network (BIO2017-90877-REDT)
and European COST Action CA15113 EUROCAROTEN. The authors acknowledge the Citrus Germplasm Bank of
Instituto Valenciano de Investigaciones Agrarias (Generalitat Valenciana) for the provision of fruits. The excellent
technical assistance of M? C. Gurrea and I. Carbonell is gratefully acknowledged.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Rodriguez-Concepcion, M.; Avalos, J.; Bonet, M.L.; Boronat, A.; Gomez-Gomez, L.; Hornero-Mendez, D.;
Limon, M.C.; Meléndez-Martinez, A.J.; Olmedilla-Alonso, B.; Palou, A.; et al. A global perspective on
carotenoids: Metabolism, biotechnology, and benefits for nutrition and health. Prog. Lipid Res. 2018, 70, 62-93.
[CrossRef] [PubMed]

2. Eggersdorfer, M.; Wyss, A. Carotenoids in human nutrition and health. Arch. Biochem. Biophys. 2018,
652, 18-26. [CrossRef] [PubMed]

3. Fiedor, J.; Burda, K. Potential role of carotenoids as antioxidants in human health and disease. Nutrients 2014,
6, 466—488. [CrossRef] [PubMed]

4. Woodside, J.V.; McGrath, AJ.; Lyner, N.; McKinley, M.C. Carotenoids and health in older people.
Maturitas 2015, 80, 63—68. [CrossRef]

5. Rodrigo, M.J.; Alquézar, B.; Alos, E.; Lado, J.; Zacarias, L. Biochemical bases and molecular regulation of
pigmentation in the peel of Citrus fruit. Sci. Hortic. 2013, 163, 46-62. [CrossRef]

6. Lado, J.; Cronje, P; Alquézar, B.; Page, A.; Manzi, M.; Gémez-Cadenas, A.; Stead, A.D.; Zacarias, L.;
Rodrigo, M.J. Fruit shading enhances peel color, carotenes accumulation and chromoplast differentiation in
red grapefruit. Physiol. Plant. 2015, 154, 469-484. [CrossRef]

7. Tadeo, ER.; Terol, J.; Rodrigo, M.].; Licciardello, C.; Sadka, A. Fruit growth and development. In The Citrus
Book; Elsevier Inc.: Amsterdam, The Netherlands, 2020; pp. 245-270.

8.  Ma, G,; Zhang, L.; Sugiura, M.; Kato, M. Citrus and health. In The Citrus Book; Elsevier Inc.: Amsterdam,
The Netherlands, 2020; pp. 495-511.


http://www.mdpi.com/2073-4425/11/11/1294/s1
http://dx.doi.org/10.1016/j.plipres.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/29679619
http://dx.doi.org/10.1016/j.abb.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29885291
http://dx.doi.org/10.3390/nu6020466
http://www.ncbi.nlm.nih.gov/pubmed/24473231
http://dx.doi.org/10.1016/j.maturitas.2014.10.012
http://dx.doi.org/10.1016/j.scienta.2013.08.014
http://dx.doi.org/10.1111/ppl.12332

Genes 2020, 11, 1294 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Gross, J. Carotenoids: Pigments in Fruits; London Academic Press: London, UK, 1987.
Rodriguez-Concepcion, M. Supply of precursors for carotenoid biosynthesis in plants. Arch. Biochem. Biophys.
2010, 504, 118-122. [CrossRef]

Yuan, H.; Zhang, J.; Nageswaran, D.; Li, L. Carotenoid metabolism and regulation in horticultural crops.
Hortic. Res. 2015, 2. [CrossRef]

Ahrazem, O.; Gémez-Gémez, L.; Rodrigo, M.].; Avalos, J.; Limén, M.C. Carotenoid cleavage oxygenases from
microbes and photosynthetic organisms: Features and functions. Int. J. Mol. Sci. 2016, 17, 1781. [CrossRef]
Sun, T.; Li, L. Toward the ‘golden” era: The status in uncovering the regulatory control of carotenoid
accumulation in plants. Plant Sci. 2020, 290. [CrossRef]

Tatmala, N.; Ma, G.; Zhang, L.; Kato, M.; Kaewsuksaeng, S. Characterization of carotenoid accumulation
and carotenogenic gene expression during fruit ripening in red colored pulp of ‘siam red ruby” pumelo
(Citrus grandis) cultivated in thailand. Hortic. ]. 2020, 89, 237-243. [CrossRef]

Ikoma, Y.; Matsumoto, H.; Kato, M. Diversity in the carotenoid profiles and the expression of genes related
to carotenoid accumulation among citrus genotypes. Breed. Sci. 2016, 66, 139-147. [CrossRef]

Mendes, A ES.; Chen, C.; Gmitter, EG.; Moore, G.A.; Costa, M.G.C. Expression and phylogenetic analysis of
two new lycopene (-cyclases from Citrus paradisi. Physiol. Plant. 2011, 141, 1-10. [CrossRef] [PubMed]
Alquézar, B.; Zacarias, L.; Rodrigo, M.J. Molecular and functional characterization of a novel
chromoplast-specific lycopene (3-cyclase from Citrus and its relation to lycopene accumulation. J. Exp. Bot.
2009, 60, 1783-1797. [CrossRef] [PubMed]

Zhang, L.; Ma, G.; Shirai, Y.; Kato, M.; Yamawaki, K.; Ikoma, Y.; Matsumoto, H. Expression and functional
analysis of two lycopene B-cyclases from citrus fruits. Planta 2012, 236, 1315-1325. [CrossRef]

Ma, G.; Zhang, L.; Yungyuen, W.; Tsukamoto, I; lijima, N.; Oikawa, M.; Yamawaki, K.; Yahata, M.; Kato, M.
Expression and functional analysis of citrus carotene hydroxylases: Unravelling the xanthophyll biosynthesis
in citrus fruits. BMC Plant Biol. 2016, 16, 1-12. [CrossRef]

Ma, G.; Zhang, L.; Matsuta, A.; Matsutani, K.; Yamawaki, K.; Yahata, M.; Wahyudi, A.; Motohashi, R.;
Kato, M. Enzymatic formation of B-citraurin from p-cryptoxanthin and zeaxanthin by carotenoid cleavage
dioxygenase4 in the flavedo of citrus fruit. Plant Physiol. 2013, 163, 682-695. [CrossRef] [PubMed]

Zhang, Y.; Liu, Y,; Liu, F; Zheng, X.; Xie, Z.; Ye, ].; Cheng, Y.; Deng, X.; Zeng, Y. Investigation of chromoplast
ultrastructure and tissue-specific accumulation of carotenoids in citrus flesh. Sci. Hortic. 2019, 256. [CrossRef]
Rodrigo, M.J.; Alquezar, B.; Zacarias, L. Cloning and characterization of two 9-cis-epoxycarotenoid
dioxygenase genes, differentially regulated during fruit maturation and under stress conditions, from orange
(Citrus sinensis L. Osbeck). J. Exp. Bot. 2006, 57, 633—-643. [CrossRef]

Agusti, J.; Zapater, M.; Iglesias, D.].; Cercés, M.; Tadeo, F.R.; Talon, M. Differential expression of putative
9-cis-epoxycarotenoid dioxygenases and abscisic acid accumulation in water stressed vegetative and
reproductive tissues of citrus. Plant Sci. 2007, 172, 85-94. [CrossRef]

Sun, T.; Yuan, H.; Cao, H.; Yazdani, M.; Tadmor, Y.; Li, L. Carotenoid Metabolism in Plants: The Role of
Plastids. Mol. Plant 2018, 11, 58-74. [CrossRef]

Neta-sharir, 1.; Isaacson, T., Lurie, S.; Weiss, D. Dual Role for Tomato Heat Shock Protein 21:
Protecting Photosystem II from Oxidative Stress and Promoting Color Changes during Fruit Maturation.
Plant Cell 2005, 17, 1829-1838. [CrossRef]

Simkin, A.J.; Gaffé, J.; Alcaraz, ].P.; Carde, ].P.; Bramley, PM.; Fraser, P.D.; Kuntz, M. Fibrillin influence
on plastid ultrastructure and pigment content in tomato fruit. Phytochemistry 2007, 68, 1545-1556.
[CrossRef] [PubMed]

Zhou, X.; Welsch, R.; Yang, Y.; Alvarez, D.; Riediger, M.; Yuan, H.; Fish, T.; Liu, J.; Thannhauser, TW.; Li, L.
Arabidopsis OR proteins are the major posttranscriptional regulators of phytoene synthase in controlling
carotenoid biosynthesis. Proc. Natl. Acad. Sci. USA 2015, 112, 3558-3563. [CrossRef] [PubMed]

Welsch, R.; Zhou, X.; Yuan, H.; Alvarez, D.; Sun, T.; Schlossarek, D.; Yang, Y.; Shen, G.; Zhang, H,;
Rodriguez-Concepcion, M.; et al. Clp Protease and OR Directly Control the Proteostasis of Phytoene
Synthase, the Crucial Enzyme for Carotenoid Biosynthesis in Arabidopsis. Mol. Plant 2018, 11, 149-162.
[CrossRef] [PubMed]

Kato, M.; Ikoma, Y.; Matsumoto, H.; Sugiura, M.; Hyodo, H.; Yano, M. Accumulation of Carotenoids
and Expression of Carotenoid Biosynthetic Genes during Maturation in Citrus Fruit. Plant Physiol. 2004,
134, 824-837. [CrossRef]


http://dx.doi.org/10.1016/j.abb.2010.06.016
http://dx.doi.org/10.1038/hortres.2015.36
http://dx.doi.org/10.3390/ijms17111781
http://dx.doi.org/10.1016/j.plantsci.2019.110331
http://dx.doi.org/10.2503/hortj.UTD-147
http://dx.doi.org/10.1270/jsbbs.66.139
http://dx.doi.org/10.1111/j.1399-3054.2010.01415.x
http://www.ncbi.nlm.nih.gov/pubmed/20875059
http://dx.doi.org/10.1093/jxb/erp048
http://www.ncbi.nlm.nih.gov/pubmed/19325166
http://dx.doi.org/10.1007/s00425-012-1690-2
http://dx.doi.org/10.1186/s12870-016-0840-2
http://dx.doi.org/10.1104/pp.113.223297
http://www.ncbi.nlm.nih.gov/pubmed/23966550
http://dx.doi.org/10.1016/j.scienta.2019.108547
http://dx.doi.org/10.1093/jxb/erj048
http://dx.doi.org/10.1016/j.plantsci.2006.07.013
http://dx.doi.org/10.1016/j.molp.2017.09.010
http://dx.doi.org/10.1105/tpc.105.031914
http://dx.doi.org/10.1016/j.phytochem.2007.03.014
http://www.ncbi.nlm.nih.gov/pubmed/17466343
http://dx.doi.org/10.1073/pnas.1420831112
http://www.ncbi.nlm.nih.gov/pubmed/25675505
http://dx.doi.org/10.1016/j.molp.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29155321
http://dx.doi.org/10.1104/pp.103.031104

Genes 2020, 11, 1294 15 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Alquezar, B.; Rodrigo, M.].; Zacarias, L. Regulation of carotenoid biosynthesis during fruit maturation in the
red-fleshed orange mutant Cara Cara. Phytochemistry 2008, 69, 1997-2007. [CrossRef]

Lu, PJ.; Wang, C.Y,; Yin, T.T,; Zhong, S.L.; Grierson, D.; Chen, K.S.; Xu, CJ. Cytological and molecular
characterization of carotenoid accumulation in normal and high-lycopene mutant oranges. Sci. Rep. 2017,
7,1-15. [CrossRef]

Xu, Q.; Yu, K; Zhu, A.; Ye,].; Liu, Q.; Zhang, J.; Deng, X. Comparative transcripts profiling reveals new insight
into molecular processes regulating lycopene accumulation in a sweet orange (Citrus sinensis) red-flesh
mutant. BMC Genom. 2009, 10, 1-15. [CrossRef]

Yu, K.; Xu, Q.; Da, X.; Guo, F; Ding, Y.; Deng, X. Transcriptome changes during fruit development and
ripening of sweet orange (Citrus sinensis). BMC Genom. 2012, 13. [CrossRef]

Lu, S;; Van Eck, J.; Zhou, X.; Lopez, A.B.; O'Halloran, D.M.; Cosman, K.M.; Conlin, B.J.; Paolillo, D.J.;
Garvin, D.F; Vrebalov, ].; etal. The cauliflower or gene encodes a DnaJ cysteine-rich domain-containing protein
that mediates high levels of 3-carotene accumulation. Plant Cell 2006, 18, 3594-3605. [CrossRef] [PubMed]
Alquezar, B.; Rodrigo, M.].; Lado, J.; Zacarias, L. A comparative physiological and transcriptional study
of carotenoid biosynthesis in white and red grapefruit (Citrus paradisi Macf.). Tree Genet. Genomes 2013,
9, 1257-1269. [CrossRef]

Liu, W,; Ye, Q; Jin, X,; Han, F; Huang, X.; Cai, S.; Yang, L. A spontaneous bud mutant that causes lycopene
and p-carotene accumulation in the juice sacs of the parental Guanxi pummelo fruits (Citrus grandis (L.)
Osbeck). Sci. Hortic. 2016, 198, 379-384. [CrossRef]

Yan, F; Shi, M.; He, Z,; Wu, L,; Xu, X.; He, M; Chen, J.; Deng, X.; Cheng, Y.; Xu, ]J. Largely different
carotenogenesis in two pummelo fruits with different flesh colors. PLoS ONE 2018, 13, e0200320.
[CrossRef] [PubMed]

Promkaew, P.; Pongprasert, N.; Wongs-Aree, C.; Kaewsuksaeng, S.; Opio, P; Kondo, S.; Srilaong, V.
Carotenoids accumulation and carotenoids biosynthesis gene expression during fruit development in pulp
of Tubtim-Siam pummelo fruit. Sci. Hortic. 2020, 260, 108870. [CrossRef]

Shamel, A.D. A pink-fruited lemon. In Citrus-Fruit Improvement: A Study of Bud Variation in the Eureka Lemon;
US Department of Agriculture: Washington, DC, USA, 1932; Volume 23, pp. 23-27.

Stewart, I.; Wheaton, T.A. Carotenoids in Citrus: Their Accumulation Induced by Ethylene. ]. Agric.
Food Chem. 1972, 20, 448-449. [CrossRef]

Rodrigo, M.J.; Cilla, A.; Barbera, R.; Zacarias, L. Carotenoid bioaccessibility in pulp and fresh juice from
carotenoid-rich sweet oranges and mandarins. Food Funct. 2015, 6, 1950-1959. [CrossRef]

Lado, J.; Zacarias, L.; Gurrea, A.; Page, A.; Stead, A.; Rodrigo, M.J. Exploring the diversity in Citrus
fruit colouration to decipher the relationship between plastid ultrastructure and carotenoid composition.
Planta 2015, 242, 645-661. [CrossRef]

Rodrigo, M.].; Alquézar, B.; Alds, E.; Medina, V.; Carmona, L.; Bruno, M.; Al-Babili, S.; Zacarias, L. A novel
carotenoid cleavage activity involved in the biosynthesis of Citrus fruit-specific apocarotenoid pigments.
J. Exp. Bot. 2013, 64, 4461-4478. [CrossRef]

Pfaffl, M.W.; Horgan, G.W.; Dempfel, L. Relative Expression Software Tool (REST©) for Group-Wise Comparison
and Statistical Analysis of Relative Expression Results in Real-Time PCR; Oxford University Press: Oxford, UK,
2002; Volume 30, pp. 9-36.

Albs, E.; Rodrigo, M.].; Zacarias, L. Differential transcriptional regulation of l-ascorbic acid content in peel
and pulp of citrus fruits during development and maturation. Planta 2014, 239, 1113-1128. [CrossRef]
Rodrigo, M.J.; Lado, J.; Al6s, E.; Alquézar, B.; Dery, O.; Hirschberg, J.; Zacarias, L. A mutant allele of (-carotene
isomerase (Z-ISO) is associated with the yellow pigmentation of the “pinalate” sweet orange mutant and reveals
new insights into its role in fruit carotenogenesis. BMC Plant Biol. 2019, 19, 1-16. [CrossRef]

Lado, J.; Zacarias, L.; Rodrigo, M.]. Regulation of Carotenoid Biosynthesis during Fruit Development.
In Carotenoids in Nature; Springer International Publishing: Cham, Switzerland, 2016; pp. 161-198.

Xu, CJ.; Fraser, P.D.; Wang, W.]J.; Bramley, PM. Differences in the carotenoid content of ordinary Citrus and
lycopene-accumulating mutants. J. Agric. Food Chem. 2006, 54, 5474-5481. [CrossRef] [PubMed]

Liu, Q.; Xu, J; Liu, Y,; Zhao, X.; Deng, X.; Guo, L.; Gu, J. A novel bud mutation that confers abnormal
patterns of lycopene accumulation in sweet orange fruit (Citrus sinensis L. Osbeck). J. Exp. Bot. 2007,
58,4161-4171. [CrossRef]


http://dx.doi.org/10.1016/j.phytochem.2008.04.020
http://dx.doi.org/10.1038/s41598-017-00898-y
http://dx.doi.org/10.1186/1471-2164-10-540
http://dx.doi.org/10.1186/1471-2164-13-10
http://dx.doi.org/10.1105/tpc.106.046417
http://www.ncbi.nlm.nih.gov/pubmed/17172359
http://dx.doi.org/10.1007/s11295-013-0635-7
http://dx.doi.org/10.1016/j.scienta.2015.09.050
http://dx.doi.org/10.1371/journal.pone.0200320
http://www.ncbi.nlm.nih.gov/pubmed/29985936
http://dx.doi.org/10.1016/j.scienta.2019.108870
http://dx.doi.org/10.1021/jf60180a024
http://dx.doi.org/10.1039/C5FO00258C
http://dx.doi.org/10.1007/s00425-015-2370-9
http://dx.doi.org/10.1093/jxb/ert260
http://dx.doi.org/10.1007/s00425-014-2044-z
http://dx.doi.org/10.1186/s12870-019-2078-2
http://dx.doi.org/10.1021/jf060702t
http://www.ncbi.nlm.nih.gov/pubmed/16848534
http://dx.doi.org/10.1093/jxb/erm273

Genes 2020, 11, 1294 16 of 16

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Nisar, N.; Li, L.; Lu, S;; Khin, N.C.; Pogson, B.J. Carotenoid metabolism in plants. Mol. Plant 2015,
8, 68-82. [CrossRef]

Kato, M.; Matsumoto, H.; Ikoma, Y.; Okuda, H.; Yano, M. The role of carotenoid cleavage dioxygenases
in the regulation of carotenoid profiles during maturation in citrus fruit. J. Exp. Bot. 2006, 57, 2153-2164.
[CrossRef] [PubMed]

Tan, B.C,; Joseph, LM.; Deng, W.T; Liu, L.; Li, Q.B.; Cline, K.; McCarty, D.R. Molecular characterization of
the Arabidopsis 9-cis epoxycarotenoid dioxygenase gene family. Plant J. 2003, 35, 44-56. [CrossRef]

Seo, M.; Marion-Poll, A. Abscisic acid metabolism and transport. In Advances in Botanical Research; Academic
Press: Cambridge, MA, USA, 2019; Volume 92, pp. 1-49. [CrossRef]

van Wijk, K,; Kessler, F. Plastoglobuli: Plastid microcompartments with integrated functions in metabolism,
plastid developmental transitions, and environmental adaptation. Annu. Rev. Plant Biol. 2017,
68, 253-289. [CrossRef]

Waurtzel, E.T. Changing form and function through carotenoids and synthetic biology. Plant Physiol. 2019,
179, 830-843. [CrossRef]

Singh, D.K.; McNellis, T.W. Fibrillin protein function: The tip of the iceberg? Trends Plant Sci. 2011,
16, 432-441. [CrossRef] [PubMed]

Kilcrease, J.; Rodriguez-Uribe, L.; Richins, R.D.; Arcos, ].M.G.; Victorino, J.; O’Connell, M.A. Correlations of
carotenoid content and transcript abundances for fibrillin and carotenogenic enzymes in Capsicum annum
fruit pericarp. Plant Sci. 2015, 232, 57-66. [CrossRef]

Osorio, C.E. The Role of Orange Gene in Carotenoid Accumulation: Manipulating Chromoplasts toward a
Colored Future. Front. Plant Sci. 2019, 10, 1235. [CrossRef] [PubMed]

Yazdani, M.; Sun, Z; Yuan, H.; Zeng, S.; Thannhauser, T.W.; Vrebalov, ].; Ma, Q.; Xu, Y.; Fei, Z.; Van Eck, J.; et al.
Ectopic expression of ORANGE promotes carotenoid accumulation and fruit development in tomato.
Plant Biotechnol. |. 2019, 17, 33-49. [CrossRef] [PubMed]

Li, L.; Yang, Y.; Xu, Q.; Owsiany, K.; Welsch, R.; Chitchumroonchokchai, C.; Lu, S.; Van Eck, J.; Deng, X.X;
Failla, M.; et al. The Or gene enhances carotenoid accumulation and stability during post-harvest storage of
potato tubers. Mol. Plant 2012, 5, 339-352. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.molp.2014.12.007
http://dx.doi.org/10.1093/jxb/erj172
http://www.ncbi.nlm.nih.gov/pubmed/16714310
http://dx.doi.org/10.1046/j.1365-313X.2003.01786.x
http://dx.doi.org/10.1016/bs.abr.2019.04.004
http://dx.doi.org/10.1146/annurev-arplant-043015-111737
http://dx.doi.org/10.1104/pp.18.01122
http://dx.doi.org/10.1016/j.tplants.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21571574
http://dx.doi.org/10.1016/j.plantsci.2014.12.014
http://dx.doi.org/10.3389/fpls.2019.01235
http://www.ncbi.nlm.nih.gov/pubmed/31636649
http://dx.doi.org/10.1111/pbi.12945
http://www.ncbi.nlm.nih.gov/pubmed/29729208
http://dx.doi.org/10.1093/mp/ssr099
http://www.ncbi.nlm.nih.gov/pubmed/22155949
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Material 
	Carotenoid Extraction and Quantification by HPLC-PDA 
	Gene Expression Analysis by Quantitative Real-Time PCR 
	Statistical Analysis 

	Results 
	Phenotypic Characteristics of the Pink Lemon Fruit 
	Carotenoids Content and Composition in Pink Lemon Fruit 
	Expression of the Genes Involved in the Biochemical Pathway of Carotenoids 
	Expression of Genes Involved in the Biosynthesis of Abscisic Acid 
	Expression of Accessory Genes Involved in the Accumulation of Carotenoids 

	Discussion 
	Conclusions 
	References

