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Abstract: Carrots accumulate numerous carotenoids in the root, resulting in different colors. Orange
carrots are primarily high in «- and (3-carotene, while yellow carrots are packed with lutein. This
study was designed to explore the molecular mechanism underlying the yellow mutation involving
lutein using a recently obtained yellow root mutant carrot (ym) via mutagenesis of an orange root
wild type (wt). Microscopes were used to observe the variations in histological and cellular structures,
and transcriptome and resequencing analyses were conducted for ym and wt. The root callus of ym
contained fewer colored crystals and globular chromoplasts than those of wt. Based on ribonucleic
acid sequencing (RNA-seq) data analysis, 19 photosynthesis-related differentially expressed genes
(DEGs) were enriched. Among them, there were 6 photosynthesis-related genes experiencing non-
synonymous mutations, including PSAL, PSB27-1, psbB, and three homologs of LHCB1.3, and Lut 5,
the mapped gene regulating lutein content in carrot root, also had nonsynonymous mutations in ym.
These 7 genes were shown to be significantly differently expressed at one or more time points during
the lutein accumulation process. It is predicted that the 6 photosynthesis-related genes and Lut 5 are
candidate genes for lutein accumulation, which results in root color mutation. The candidate genes
identified in this study can provide a new insight into the molecular mechanism of lutein modulation.

Keywords: carrot; yellow taproot; lutein; DEGs; nonsynonymous mutations; candidate genes

1. Introduction

Carrots (Daucus carota L.) are one of the most important vegetables cultivated world-
wide and the main source of dietary provitamin A. All carrot varieties accumulate numerous
carotenoids in the root, resulting in different colors, such as yellow, orange, and red. The
main carrot cultivars have yellow and orange taproots. The root color of yellow cultivars is
a result of the lutein accumulation, though less o- and [3-carotene are also synthesized. The
pigment of orange carrots derives from the large amount of (3-carotene and «-carotene, and
these carrots have little lutein and cannot accumulate lycopene [1].

Chromoplasts are the main site of carotenogenesis, which are classified into crystalline,
globular, membranous, and tubular types [2,3]. Previous studies have shown that carrot
chromoplasts contain carotenoids in the solid-crystalline physical state [4]. However, the
four chromoplast types were all observed in dark orange carrot callus, dominated by the
crystalline chromoplasts. Meanwhile, a scarcity of crystalline chromoplasts in pale-yellow
callus indicates the occurrence of complex plastid biogenesis in carrots [5].

Numerous studies have been conducted to elaborate the mechanisms of carotenoid
accumulation in carrots. Forty-four genes in the isoprenoid biosynthetic pathway and 24 genes
in the carotenoid biosynthetic pathway in carrots have been identified [6,7]. The relative
expression of carotenoid genes is also increased during development, but the increases in
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gene expression are usually many-fold less than those in pigment accumulation [8-12]. For
example, carotenoid accumulation during root development exhibits a correlation with
the expression profiles of PSY2, PDS, ZDS2, LCYB1, LCYE, ZEP and NCED1 [10]. The
expression of lycopene f3-cyclase (DcLcybl) is increased 14-fold in mature orange roots [13].
Overexpression of Lut 5 (CYP97A3) in orange transformed carrots results in a lower o-
carotene content in leaves and a reduced root carotenoid level [14]. However, Arias et al. [15]
hypothesized that genes involved in photomorphogenesis and light perception such as
PHYA, PHYB, PIF3, PAR1, CRY2, FYH3, FAR1 and COPI, participate in the synthesis of
carotenoids and the development of the carrot storage root.

In carrots, the Y and Y loci explain most phenotypic variations in white, yellow, and
orange storage roots [6,7,16]. DCAR_032551, the candidate gene for the Y locus, was identi-
fied as a homologous gene of the Arabidopsis homolog PEL (Pseudo-Etiolation in Light),
which is involved in the regulation of photomorphogenesis and de-etiolation [6]. Y? is
mapped to a 650 kb region containing 72 predicted genes, and 2 cleaved amplified polymor-
phic sequences (CAPS) markers cosegregated with color in this region were developed [17].
Chromoplasts are carotenoid-enriched plastids, in which various lipoprotein substructures
(e.g., globules, crystals, membranes, fibrils, and tubules) sequester carotenoids [18,19]. The
orange (Or) gene is the third gene associated with the accumulation of 3-carotene and other
provitamin A carotenoids [20]. Lut 5, the only pathway gene, is mapped to be associated
with the accumulation of most carotenoids in carrots with the exception of lutein [21].

For carotenoid accumulation in carrots, the involvement of other regulatory mecha-
nisms outside of the pathway has been identified in previous studies, but the regulatory
networks are still not well understood. In this study, the taproots of an ethyl methyl sulfone
(EMS)-induced yellow taproot mutant (ym) and an orange taproot wild type (wt) were used
for callus culture to explore the changes of chromoplasts in ym. To distinguish the possible
molecular mechanisms underlying yellow mutation, analysis of differentially expressed
genes (DEGs) and gene variations of enriched genes were compared between wt and ym by
means of transcriptome sequencing and resequencing, respectively. The results of this study
provide insight into a new regulatory mechanism for the accumulation of carotenoids.

2. Materials and Methods
2.1. Plant Materials

The two inbred lines used for transcriptome and resequencing analyses in this study
were orange taproot wild-type (wt) and yellow taproot mutant (ym) carrots. wt is an
inbred line with orange and conic root (Figure 1A) developed from a landrace. ym is
a mutagenic inbred line with yellow and conic root (Figure 1D) developed from EMS-
induced wt mutagenesis. The roots of wt and ym were surface-sterilized and cross-cut
into 1-2 mm thick discs, which were then cultured on MS medium supplemented with
0.5 mg/L 6-benzylamino-purine and 30 g/L sucrose (pH 5.8), and then solidified with
2 g/L Phytagel at 26 °C in the dark. Consecutive subculture was conducted once every
3—4 weeks under the same conditions. After 3 months, the orange (Figure 1B,C) callus and
the pale-yellow callus (Figure 1E,F) produced stable lines.

2.2. Carotenoid Evaluation in the Taproot and Callus

Carotenoid content in the lyophilized root and callus tissues was quantified for high-
performance liquid chromatography (HPLC) analysis [20]. A total of 0.1 g of lyophilized
carrot taproots and callus tissues were crushed and then soaked in 2.0 mL of petroleum
ether at 4 °C. Then, the petroleum ether extract (300 mL) was added to 700 mL of methanol
after 14 h, eluted through an AZ0012 Robusta 100A C18 (250 x 4.6 mm) column, and
analyzed on a Thermo U3000 HPLC system. The reference standard for calibration was
synthetic 3-carotene (Sigma-Aldrich, Shanghai, China). Next, lutein, x-carotene and f3-
carotene were quantified by absorbance at 450 nm. Two technical replicates were performed
for each sample and the results were averaged and described in ug-g’l dry weight (DW).
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Figure 1. Roots of wt (A) and ym (D) used for callus induction. wt callus developed from the cambium
of root discs and cultured on MS mineral medium in vitro (B), and its image observed at higher
magnification (C). ym callus developed from the cambium of root discs and cultured on MS mineral
medium in vitro (E), and its image observed at higher magnification (F).

2.3. Microscopic Identification of Carotenoid Crystals

Fresh callus samples were fixed in 50% FAA (Wuhan Servicebio Technology Co., Ltd.
Hubei, China) for 24 h and then put into a 15% sucrose solution for dehydration. Next,
the tissues completely sinking to the bottom were placed into a 30% sucrose solution for
dehydration in a refrigerator at 4 °C. After that, the dehydrated tissues, embedded with
optimal cutting temperature (OCT) compounds, were cut into 810 pm-thick sections and
photographed using a slide scanner (Pannoramic MIDI, 3D Histech, Budapest, Hungary).

Subsequently, fresh callus samples were quickly frozen in liquid nitrogen and cut into
8 um-thick sections. Then, the sections were placed on clean slides and photographed
under an Axioskop 40 (Carl Zeiss) polarization microscope equipped with a MOTICAMS580
5.0 MP digital camera with the corresponding software (Nikon). At least three sections
were used and photographed from each callus line.

2.4. Transmission Electron Microscopy (TEM)

Fresh callus samples were fixed in 4% glutaraldehyde buffer, kept at 4 °C for 24 h
or even longer, and then rinsed in 0.1 M phosphate buffer (pH 7.4) for 15 min. Next, the
samples were fixed in 1% osmium acid for 7 h, dehydrated in a graded series of ethanol
concentrations, and gradually embedded in resin. Ultrathin (60-80 nm in thickness) sections
were obtained with the Leica EM UC6 ultramicrotome and collected onto copper grids (150
mesh, Formvar Film, Haide Chuangye (Beijing, China) Biotechnology Co., Ltd.). Grids
with sections were stained with a 2% saturated solution of uranylacetate (Polysciences) in
50% ethanol for 8 min and 2.6% lead citrate agents (Sigma-Aldrich) for 8 min, and then
they were analyzed under a HT7800 high-resolution electron microscope (Hitachi, Tokyo,
Japan). TEM images were taken for at least three samples from each callus line.

2.5. Transcriptome Sequencing of Taproots of wt and ym

Carrot root tissues were collected from wt and ym at 35 d after planting (dap) with
three biological replicates. The total ribonucleic acid (RNA) was extracted from taproot
tissues using the RN Aprep Pure Cell Kit (ITANGEN Biotech (Beijing, China) Co., Ltd.),
in accordance with the manufacturer’s protocol. Qualified RNAs were cut into reads of
200-300 bp by means of ion disruption. Next, the reads with adapter at 3’ end and those
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of low quality were removed from the raw sequencing data. In addition, the filtered
reads from each replicate were independently mapped to the reference sequences using
HISAT?2. The original gene expression level was calculated by HTSseq and normalized with
FPKM. The false discovery rate (FDR) < 0.001 and |log,-fold change| > 1 were considered
to have significant differences in gene expressions. The quality of the transcriptome
sequencing is listed in Table S1. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichments were performed using TopGO and ClusterProfiler
programs, respectively [22,23].

2.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) and Gene Expression Analysis

The RNA was isolated from the roots of wt and ym at 25, 35, 45, and 55 dap. Then,
complementary deoxyribonucleic acid (cDNA) was prepared with 2 ug of the total RNA
using a PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Code No. RR047A).
In accordance with the manufacturer’s instructions, the expression levels of Lut 5 and
19 photosynthesis-related genes in the taproots of wt and ym at four time points of root
development were analyzed by means of qRT-PCR on the Roche LightCycler 96 Real-Time
PCR System using SYBR Premix Ex Taq kit (TaKaRa). Three independent samples of carrot
root were used for gRT-PCR experiments. Each gene and sample were run in triplicate. The
reaction mixture (20 pL in total) was composed of 2 pL. of 10x diluted cDNA strands, 10 puL
of SYBR Premix Ex Taq, 6.4 pL of deionized water, and 0.8 pL of each primer (20 mM). The
Ct value of each gene was investigated and normalized to the Ct value of UBQ, and the
relative gene expression level was calculated by the 2~#4CT method [24]. The primers used
for qRT-PCR were designed with Primer Premier 5 software by intron spanning and listed
in Table S2. Finally, the qRT-PCR data were statistically analyzed using SAS 9.2 with t-test
at a significant difference level of 0.05. The heatmap of gene expression was generated in R
4.0.4 with the pheatmap package.

2.7. Resequencing of wt and ym

DNA extraction of wt and ym was performed by the CTAB method. Sequencing
libraries of 400 bp paired-end reads were constructed and sequenced to 30x depths using
Next-Generation Sequencing based on the [lluminaHiSeq platform. FastQC software was
employed to control the data quality. High-quality data were aligned to the reference carrot
genome with bwa (0.7.12-r1039) [25] after filtering. Thereafter, GATK software [26] was
used to identify single-nucleotide polymorphisms (SNPs) between wt and ym. The quality
of resequencing data is presented in Table S3.

3. Results
3.1. Carotenoid Content in the Roots and Calli of wt and ym

The results of HPLC analysis and comparison of carotenoid content in the root
(Figure 1A,D) and callus (Figure 1B,C E,F) of wt and ym revealed that the total carotenoid
content in the root of wt was high (1566.8 ng/g DW), which was a result from the presence
of three main compounds (Figure 2). 3-carotene predominated in the root and accounted
for 67% of all carotenoids, while «-carotene and lutein constituted only 29% and 4%, respec-
tively. In contrast, the wt callus exhibited a similar ratio of x-carotene (28%), 3-carotene
(64%), and lutein (8%), but contained lower content of carotenoids (576.4 ug/g DW) than
the wt root (p < 0.05). Moreover, the total carotenoid content in the root of ym (237.5 ug/g
DW) was significantly lower than that in the root and callus of wt, but lutein accounted for
95% of all carotenoids. The ym callus contained considerably low content of carotenoids
(63.5 pg/g DW) with 100% lutein.
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Figure 2. Carotenoid compositions of the root and callus of wt and ym at 55 dap. Means (+standard
errors) per unit of DW. Lowercase letters a, b and ¢ indicate significant differences at the 0.05 level.

The above results indicated that the observed orange callus of wt and yellow callus of
ym can be attributed to the accumulation of carotenoid pigments, 3-carotene and lutein,
respectively, that are present in a similar ratio in the root.

3.2. Obvious Differences in the Callus of wt and ym at the Histological and Ultrastructural Levels

Observations with a slide scanner revealed that the tissues of wt callus were rich
mainly in orange structures of regular shapes (Figure 3A), and were also obviously visible
under a polarization microscope (Figure 3B). In contrast, ym callus tissues were almost
transparent (Figure 3D) and very few birefringent crystals were observed under polarized
light (Figure 3E). The callus of wt contained large numbers of globular chromoplasts and
amylochromoplasts that had many plastoglobuli enclosed inside the stroma (Figure 3C),
while that of ym only contained a small number of globular chromoplasts with few plas-
toglobuli (Figure 3F). Large starch grains and mitochondria were observed in the wt callus
(Figure 3C), but were absent in the ym callus (Figure 3F).

3.3. Analysis Results of DEGs between wt and ym

The roots of wt and ym carrots started to accumulate a lot of carotenoids at 35 dap
(Figure S1). Therefore, transcriptome analysis of the root at this time point was conducted.
There were 2810 DEGs between wt and ym. Among them, 1549 genes were significantly
downregulated and 1261 genes were significantly upregulated (Figure 4A). GO enrichment
analysis was performed in all DEGs. The most representative biological processes (BPs)
and the top 20 terms are presented in Figure 4B. Three photosynthesis-related categories
containing 19 genes were enriched in the top 10 terms, including light harvesting and
reaction (Figure 4B).
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Figure 3. Callus tissues under the slide scanner (A,D) and polarization microscope (B,E), and
ultrastructure of cells from wt callus (C) and ym callus (F). Tissues from wt were filled with orange
crystals ((A,B), red, open arrows). In contrast, ym callus was rarely observed crystals ((D,E), red,
open arrows). Globular chromoplasts (black, open arrows) were observed in the cells of wt and ym,
but amylochromoplasts (arrow) were only observed in wt; many plastoglobuli (double arrow) were
detected in wt but very few in ym. Crystal remnants (triple arrow) were present in both wt and ym.
cw: cell wall, 1d: lipid droplet, m: mitochondria, sg: starch grain.
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Figure 4. Screening and enrichment analysis of DEGs between wt and ym. (A) Volcano plot of DEGs.
grey dots: genes with no significant difference; red dots: significantly up-regulated genes; green
dots: significantly down-regulated genes. (B) Top 20 terms of GO enrichment analysis of DEGs.
The GO analysis classifified the genes with corrected p-values of less than 0.05 into DEGs. (C) Top
20 pathways of KEGG analysis of DEGs.The KEGG analysis classifified the genes with corrected
p-values of less than 0.05 into DEGs. The five-pointed star represents photosynthesis-related items

or pathways.
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Enrichment analysis of all DEGs was also performed by the Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Figure 4C). It was found that there were 8 enriched pathways
between wt and ym according to the standard significance of p < 0.05, namely, photosyn-
thetic antenna proteins, starch and sucrose metabolism, phenylpropanoid biosynthesis,
arachidonic acid metabolism, glycine, serine and threonine metabolism, cyanoamino acid
metabolism, monoterpenoid biosynthesis, and arginine biosynthesis. The photosynthetic
antenna protein is the top 1 pathway with the lowest p value (4.102 x 10~°) and the highest
rich factor (4.39). This pathway contained 9 genes that were also included in the 19 genes
of the 3 photosynthesis-related categories.

Nineteen photosynthesis-related DEGs clustered by GO and KEGG were analyzed by
gqRT-PCR at different development stages (Figure 5). o-carotene and [3-carotene were the
leading carotenoids of wt, while lutein was the leading carotenoid of ym (Figure 2). From
35 dap, the levels of x-carotene and 3-carotene were significantly increased in wf, while the
level of lutein was significantly increased in ym (Figure S1). The correlation between the
level of carotenoids in the root and 19 DEGs was determined by the Pearson correlation
coefficient based on the data of four development stages. Among them, 11 DEGs were
significantly associated with lutein content in the root of ym (Table 1). DCAR_003942
and DCAR_009633 were significantly correlated with lutein (» = 0.732 and 0.687, p < 0.01
and p < 0.05, respectively) (Table 1), and were significantly upregulated at 45 and 55 dap
in ym, respectively, compared with those in wt (Figures 5 and S2). DCAR_019192 and
DCAR_029630 were negatively correlated with lutein but positively correlated with o-
carotene and [3-carotene (p < 0.01) (Table 1). In comparison with those in wt, these two
genes were both significantly downregulated at 45 and 55 dap in ym (Figures 5 and S2). Five
genes, DCAR_005105, DCAR_007902, DCAR_018610, DCAR_023434 and DCAR_031498,
were significantly correlated with lutein, x-carotene and (3-carotene (p < 0.01) (Table 1). The
expression level of DCAR_005105 was significantly lower in ym than in wt at 35 dap, 45
dap and 55 dap (p < 0.05). The expression levels of DCAR_007902 and DCAR_018610 were
significantly lower in ym than in wt at 55 dap. The expression level of DCAR_023434 was
significantly higher in ym than in wt at 45 and 55 dap. Moreover, the expression level of
DCAR_031498 was significantly higher in ym than in wf at four development stages (p < 0.05)
(Figures 5 and 52). DCAR_015960 and DCAR_032504 were significantly correlated with
lutein and (3-carotene (p < 0.01) and lutein (p < 0.05) and «-carotene (p < 0.01), respectively
(Table 1). The expression level of DCAR_015960 was significantly lower in ym than in wt at
35 dap. DCAR_032504 was expressed at a significantly higher level in ym than in wt at 45
and 55 dap (Figures 5 and S2).

Table 1. Correlation between the expression levels of 19 photosynthesis-related genes and carotenoid
content in different carrots.

Gene ID «-Carotene Content B-Carotene Content Lutein Content
DCAR_003942 —0.204 —0.355 0.732 **
DCAR_003943 0.231 0.511* 0.469
DCAR_005105 0.932 ** 0.841 ** 0.883 **
DCAR_007169 0.681 * 0.735 ** —0.214
DCAR_007901 0.696 * 0.557 * 0.015
DCAR_007902 0.793 ** 0.727 ** 0.677 *
DCAR_009633 0.553 0.232 0.687 *
DCAR_009820 0.054 0.700 ** 0.103
DCAR_015960 0.526 0.685 ** 0.762 **
DCAR 018610 0.795 ** 0.755 ** 0.787 **
DCAR_019192 0.850 ** 0.691 ** —0.885 **
DCAR_023434 0.734 ** 0.804 ** 0.685 **
DCAR_027950 0.952 ** 0.783 ** 0.448
DCAR _027951 0.927 ** 0.053 0.479
DCAR_027952 0.798 ** 0.769 ** 0.573
DCAR_029209 0.642 * 0.720 ** 0.369
DCAR_029630 0.892 ** 0.764 ** —0.778 **
DCAR_031498 0.720 ** 0.742 ** 0.901 **
DCAR _032504 0.777 ** 0.101 0.590 *

Significance at * p < 0.05; ** p < 0.01.
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Figure 5. Heatmap of the 19 photosynthesis-related genes between wt and ym during the accumula-
tion of carotenoids.

3.4. Identification of Variations of 19 Photosynthesis-Related Genes and 4 Mapped Genes
Controlling Carotenoids in the Root of wt and ym

In order to further explore the reasons for lutein accumulation in ym, resequencing
was conducted to identify the variations in the coding sequence (CDS) regions of wt and ym.
There were 4,407,439 SNPs in wt and 5,500,413 SNPs in ym. It was found that 22,889 genes
contained 216,984 SNPs in the CDS regions that led to nonsynonymous mutations in ym
(Table S3). The SNPs of 11 photosynthesis-related DEGs significantly associated with lutein
accumulation were screened from the resequencing data. There were 6 DEGs that contained
nonsynonymous variations within the CDS regions of wt and ym, namely, DCAR_005105,
DCAR_007902, DCAR_018610, DCAR_019192, DCAR_023434, DCAR_029630 (Table 2).
These genes contained one deletion mutation, two insertion mutations, two insertion and
one deletion mutations, four insertion mutations, two insertion mutations, and one deletion
mutation, respectively (Table 2).

Most variations among white, yellow and orange carrot roots can be explained by four
genes of Y, Y, Or and Lut 5. Nonsynonymous mutations of these genes were also identified
in wt and ym. A previous study proved that there was no difference in Y and Y, between wt
and ym [27]. In addition, Or showed no nonsynonymous mutations (Figure S3). However,
Lut 5 (DCAR_023843, CYP97A3) contained three insertion mutations that resulted in the
changes of three amino acids (Table 2). The expression level of Lut 5 was consistently
significantly higher in ym than in wt at 35, 45 and 55 dap (Figure S2).
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Table 2. Variation information of candidate genes.

Gene Name Gene ID Chromosome Mutation . Protein (wt—ym) Annotation
(wt—ym/Location)
LHCB1.3 DCAR_005105 2 T—\:5310926 Ser—Gln Chlorophyll a-b
binding protein 1
\—A:38079097; Ser—Phe; Chlorophyll a-b
LHCBL.3 DCAR_007902 2 \—G:38079148 His—Pro binding protein 1
\—T:31527204; Leu—Thr; Photosystem I
PSAL DCAR_018610 5 \—A:31527207; Val—Cys; reaction center
T—\:31527877 Gln—Arg subunit XI
\—T:36996224; Leu—Thr;
Photosystem II
: \ —T:36996230; Leu—Thr; ; .
PSB27-1 DCAR_019192 5 \—>C:36996242; Gln—Ala; reIp)gng;li(I)_’ﬁm
\ —C:36996245 *—Val
\—G:1473188; Ser—Thr; Photosystem II
psbB DCAR 023434 7 \—C:1473283 GIn—Thr CP47 protein
LHCB1.3 DCAR_029630 9 A—\: 9939156 Ser—Leu Chlorophyllab
binding protein 1
\—G:6068378; Cys—Met; Protein Lutein
Lutb DCAR _023843 7 \—C:6071826; Met—Ser; deficient 5
\—C:6071862 Ile—Ser

4. Discussion
4.1. The Origin of Globular Chromoplasts in ym Callus Might Be Different from That in wt Callus

Chromoplasts are terminated plastids and are derived from other plastids, including
proplastids, amyloplasts, and chloroplasts. Amylochromoplasts, a class of chromoplasts
developing from amyloplasts, maintain starch grains and can include globular structures,
making classification of chromoplasts ambiguous [28]. A number of amylochromoplasts
containing a lot plastoglobuli structures indicate that chromoplasts are originated from
amyloplasts in the wt callus. Plastoglobuli are considered as the most common carotenoid-
containing structures in chromoplasts [2]. The large number of plastoglobuli may ex-
plain the significantly higher carotenoid content in wt callus. Chromoplasts are classified
into globular, crystalloid, tubular and membranous types, depending on the chemical
composition and ultrastructure [2,3,18]. It is well known that crystalloid chromoplasts
store carotenoids in the crystalline form of different shapes in the carrot root [29-31].
Kim et al. [32] found a small number of globular chromoplasts in carrot root tissues. In
this study, globular chromoplasts are the only type found in the ym callus. The small
number of globular chromoplasts with few plastoglobuli observed in the cells of the ym
callus could only accumulate few carotenoids. It can be included that the origin of globular
chromoplasts in the ym callus might be different from that in the wt callus.

4.2. Lut 5 Was the Only Gene of All Mapped Genes Controlling Carotenoids in the Carrot Root
That Contained Nonsynonymous Mutations in ym

Orange carrots are mainly high in x-carotene and [3-carotene, while yellow carrots are
packed with lutein [33]. The HPLC results of wt and ym in this study were consistent with
those of previous research (Figure 1). In carrots, several quantitative trait loci (QTLs) were
identified to be associated with carotenoid accumulation, and the Y and Y, loci were firstly
mapped to chromosomes 5 and 7, which explained most phenotypic variations among
orange, yellow, and white storage roots [34-36]. DCAR_032551, the candidate gene for
Y locus, was identified [6]. Y, was mapped within the 650 kb region, and two closely
linked codominant markers, 41354P°!11 and 41444PKl were associated with p-carotene
accumulation [17]. It has been previously manifested that sequence alignment within the
CDS region of DCAR_032551 and polymorphism identification of Y, with the two linked
CAPs markers between wt and ym exhibit no differences [27].
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Or gene (DCAR_009172) was also demonstrated to control carotenoid presence in
carrots due to a nonsynonymous mutation at 5,228,434 bp cosegregating with carotenoid
content [20,21]. However, in this study, no nonsynonymous mutation was found within the
Or CDS region of wt and ym (Figure S3). Therefore, Y, Y, and Or were all excluded from
the candidate gene list for lutein accumulation in ym. The Lut 5 homolog (DCAR_023843,
CYP97A3), a 3-ring carotene hydroxylase, was mapped within the fourth QTL [21] and was
the only carotenoid pathway-related gene associated with o«-carotene and total carotenoids
in orange carrots [14]. Arango et al. [14] also found an 8 nt insertion in the allele in or-
ange carrots, resulting in a truncated and nonfunctional protein. Overexpression of Lut 5
(CYP97A3) in transgenic orange carrots significantly reduces carotenoid levels in roots [14].
In this study, the expression level of Lut 5 (CYP97A3) in ym was also significantly higher
than in wt during lutein accumulation (Figure S2), and three SNPs of Lut 5 produced non-
synonymous mutations. Therefore, Lut 5 could be a candidate gene for lutein accumulation
in ym, although it contains different variations compared with the mutation detected in the
previous report.

4.3. Photosynthesis-Related Genes Might Be Involved in Lutein Accumulation

Until now, Lut 5 was the only carotenoid pathway-related gene that was mapped
to control carotenoids in carrot roots. The candidate gene of Y, DCAR_032551, regulates
photosystem (PS) development and controls a portion of carotenoid in carrot roots [6]. The
Or gene is responsible for the biogenesis of chromoplasts, where carotenoids are stored [37].
Light inhibits carotenoid accumulation in carrot roots, suggesting the existence of other
regulatory mechanisms outside of the carotenoid pathway. Arias et al. [15] found that
dark-grown carrot roots accumulated high levels of carotenoids compared with light-grown
roots, because several genes involved in photomorphogenesis and light perception such as
PHYA, PHYB, PIF3, PAR1, CRY2, FYH3, FARI and COP1 were highly expressed. PS-related
genes in highly pigmented carrot roots have been upregulated in comparison with white
roots [6]. The above results suggest that PS-related genes are involved in the regulation of
carotenoid biosynthesis in the carrot root with or without light.

Interestingly, according to GO and KEGG analyses by transcriptome sequencing,
19 photosynthesis-related DEGs were also enriched in wt and ym in this study. Six DEGs con-
tained nonsynonymous mutations in the CDS region, including DCAR_005105 (LHCB1.3),
DCAR_007902 (LHCB1.3), DCAR_018610 (PSAL), DCAR_019192 (PSB27-1), DCAR_023434
(psbB), and DCAR_029630 (LHCB1.3). Except for DCAR_023434 (psbB), the remaining
five genes were expressed significantly higher at one or more time points during lutein
accumulation in wt than in ym. DCAR_005105, DCAR_007902 and DCAR_029630 are all
homologs of LHCB1.3, which is a subunit of light-harvesting complex II (LHCII). LHCII
absorbs light and is responsive to phytochromes in etiolated seedlings [38]. DCAR_018610
(PSAL) encodes PSI reaction center subunit L, which is believed to function as a docking site
for LHCII [39,40]. DCAR_019192 (PSB27) is a chloroplast lumen localized protein that is
involved in adaptation to changes in light intensity [41]. PSII is a pigment-protein complex
in the thylakoid membrane. DCAR_023434 (psbB) encodes CP47, a subunit of the PSII
reaction center involved in binding chlorophyll [42].

In the F, population derived from the cross of wt and ym, dark-orange, orange, orange-
yellow, yellow-orange, yellow and light-yellow roots were observed (unpublished). These
phenotypes demonstrate that carotenoids are controlled by at least two genes or more.
Therefore, in addition to Lut 5, there must be other genes controlling carotenoids that
result in ym from wt mutagenesis. The six photosynthesis-related genes can be regarded as
candidate genes as well.

5. Conclusions

Root calli of ym contained fewer colored crystals and globular chromoplasts compared
with those of wt. Based on RNA-seq data analysis, 19 photosynthesis-related DEGs were
enriched. Six of them had nonsynonymous mutations, including PSAL, PSB27-1, psbB,
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and three homologs of LHCB1.3. Lut 5, the mapped gene regulating lutein content in
the carrot root, also had nonsynonymous mutations in ym. These 7 genes were shown
to be significantly differently expressed at one or more time points during the lutein
accumulation process. To sum up, it is predicted that the 6 photosynthesis-related genes
and Lut 5 are candidate genes for lutein accumulation, which results in root color mutation.
The candidate genes identified in this study can provide a new insight into the molecular
mechanism of lutein modulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12081866/s1, Table S1: Statistics of transcriptome
sequencing quality of wt and ym; Table S2: gqRT-PCR primer sequences of reference gene, 19 DEGs
and Lut 5; Table S3: Information of total reads, resequencing data quality and sequence variation of
wt and ym; Figure S1: Carotenoid compositions of the root of wt and ym at different development
stages. Means (+standard errors) per unit of DW. Figure S2: Expression level of 11 DEGs significantly
associated with lutein content and Lut 5 by quantitative real-time PCR. Lowercase letters indicate the
least significant difference at 0.05 between wt and ym at different development stages. Values are the
mean =+ t * SE, with t value from a student-t table. Figure S3: Sequence alignment of Or gene between
wt and ym.
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