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Abstract

Carotenoids are liposoluble pigments found in plant chromoplasts that are responsible for the yellow, orange, and red colors of
carrot taproots. Drought is one of the main stress factors affecting carrot growth. Carotenoids play important roles in drought
resistance in higher plants. In the present work, the carotenoid contents in three different-colored carrot cultivars, ‘Kurodagosun’
(orange), ‘Benhongjinshi’ (red), and ‘Qitouhuang’ (yellow), were determined by ultra-high-performance liquid chromatography
(UPLC) after 15% polyethylene glycol (PEG) 6000 treatment. Real-time fluorescence quantitative PCR (RT-qPCR) was then
used to determine the expression levels of carotenoid synthesis- and degradation-related genes. Increases in (3-carotene content in
‘Qitouhuang’ taproots under drought stress were found to be related to the expression levels of DcPSY2 and DcLCYB. Increases
in lutein and decreases in «-carotene content in ‘Qitouhuang’ and ‘Kurodagosun’ under PEG treatment may be related to the
expression levels of DcCYP97A3, DcCHXE, and DcCHXBI. The expression levels of DeNCED1 and DeNCED? in the three
cultivars significantly increased, thus suggesting that NCED genes could respond to drought stress. Analysis of the growth status
and carotenoid contents of carrots under PEG treatment indicated that the orange cultivar ‘Kurodagosun’ has better adaptability to
drought stress than the other cultivars and that (3-carotene and lutein may be involved in the stress resistance process of carrot.
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Carrot (Daucus carota L.) is a biennial root vegetable crop of
the Apiaceae featuring taproots that are rich in carotenoids
(Luby et al. 2014; Que et al. 2019). Carrots have a variety of
colors, including purple, red, orange, yellow, and white (Sun
et al. 2009; Ma et al. 2017, 2018; Xu et al. 2019, 2020).
Carotenoids are the second most abundant natural pigments
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in nature and include over 700 types (Ben-Amotz and Fishler
1998). Most carotenoids are 40-carbon isoprenoid polymers
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that are ubiquitous in animals, higher plants, algae, and fungi
(Nisar et al. 2015). In higher plants, carotenoids are essential
components for photosynthesis, photoprotection, and antioxi-
dant and plant hormone production, such as abscisic acid
(ABA) and strigolactone (SL). In addition, plants rich in carot-
enoids can attract insects and birds via their bright colors, thus
contributing to the spread of pollen and seeds and plant repro-
duction (Cazzonelli 2011; Walter and Strack 2011).

The biosynthetic pathway of carotenoids has been well
studied in carrots (Ma et al. 2017; Wang et al. 2020). The
precursor of carotenoid biosynthesis is isopentenyl diphos-
phate (IPP) (Cunningham and Gantt 1998; Nisar et al.
2015). Under the action of IPP isomerase (IPI) and
geranylgeranyl diphosphate synthase (GGPS), dimethylallyl
diphosphate (DMAPP) and IPP condense into geranylgeranyl
diphosphate (GGPP) (Eisenreich et al. 2001). Two molecules
of GGPP condense to produce phytoene by phytoene synthase
(PSY) (Fraser et al. 2007). Then, under the action of four
enzymes, namely, phytoene desaturase (PDS), &-carotene
desaturase (ZDS), carotenoid isomerase (CRTISO), and &-
carotene isomerase (Z-ISO), phytoene produces a red all-trans
lycopene through a series of dehydrogenation and isomeriza-
tion steps (Bramley 2002; Isaacson et al. 2002; Park et al.
2002; Nisar et al. 2015). After the production of lycopene,
the biosynthetic pathway of carotenoids begins to branch.
Lycopene ¢-cyclase (LCYE) and lycopene (-cyclase
(LCYB) act on both ends of the molecule to form «-
carotene and [3-carotene, respectively (Cunningham and
Gantt 1998). Subsequently, e-carotene hydroxylase (CHXE),
[3-carotene hydroxylase (CHXB), and cytochrome P450-type
monooxygenase 97A3 (CYP97A3) catalyze the conversion of
«-carotene into lutein, while CHXB catalyzes the conversion
of 3-carotene into zeaxanthin (Tian et al. 2003; Arango et al.
2014). Under the action of zeaxanthin epoxidase (ZEP), zea-
xanthin is epoxidated to produce violaxanthin, which is con-
verted to neoxanthin under the influence of neoxanthin syn-
thase (NXS) (Marin et al. 1996; North et al. 2007).
Neoxanthin generates xanthoxin under the action of 9-cis-
epoxycarotenoid dioxygenase (NCED), followed by phyto-
hormone ABA (Schwartz et al. 2003; Auldridge et al.
2006a). 3-Carotene can also be degraded into apocarotenoids
and SL by carotenoid cleavage dioxygenase (CCD)
(Auldridge et al. 2006b; Koltai and Kapulnik 2011).

Changes in environmental conditions and the expansion of
the carrot cultivation area have led to the noticeable influences
of environmental factors on the growth and development of
carrots (Huang et al. 2015; Wang et al. 2017; Que et al. 2019).
Drought is the main abiotic stress factor in carrot production
and seriously affects the yield and quality of the crop
(Herppich et al. 2001). Studies have shown that drought in-
creases the content of free proline, glycinebetaine, and total
phenols in carrot leaves (Razzaq et al. 2017), but decreases
storage root diameters (Reid and Gillespie 2017). Ali et al.
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screened drought-resistant genotypes from different varieties
of carrot by analyzing root weights and membrane thermo-
stability (Ali et al. 2019). Carotenoids are important antioxi-
dant substances in plants (Treutter 2006); these substances play
direct roles in eliminating and reducing the reactive oxygen
species (ROS) damage caused by drought and other adverse
conditions (Niyogi et al. 1997). Carotenoids are among the
important indices used to evaluate drought resistance in vari-
ous higher plants (Farooq et al. 2009). Parida et al. found that
the degree of decrease in carotenoids in cotton under drought is
higher in the sensitive genotype than in the moderately tolerant
genotype (Parida et al. 2007). Ma et al. and Wang et al. ana-
lyzed the carotenoid contents and gene expression levels of
several carrots with different colors under different growth
stages. The authors found that the accumulation of «-
carotene and formation of lutein may be related to the expres-
sion level of carotene hydroxylase genes and that the high
expression of genes related to lycopene synthesis may lead to
the accumulation of lycopene in red carrot (Ma et al. 2017;
Wang et al. 2020). However, the mechanism of the carotenoid
response to drought stress in carrot taproots remains clear.

In this study, three different-colored carrot cultivars were
selected as experimental materials: ‘Kurodagosun’ (orange),
‘Benhongjinshi’ (red), and ‘Qitouhuang’ (yellow). The content
changes of four types of carotenoids (lutein, lycopene, o-car-
otene, and [3-carotene) in carrot taproots were determined after
treatment with 15% polyethylene glycol (PEG) 6000, and the
real-time fluorescence quantitative PCR (RT-qPCR) technolo-
gy was used to determine the expression levels of carotenoid
synthesis- and degradation-related genes. Analysis of the rela-
tionship between carotenoid contents and gene expression
levels in the carrot taproots was conducted to determine the
characteristics of carotenoids in carrot taproots under drought
stress. The results of this work provide a potential theoretical
basis for research on drought resistance mechanisms and se-
lective cultivation of drought-resistant carrot cultivars.

Materials and methods
Plant materials and growth conditions

Three different-colored carrot cultivars were selected as ex-
perimental materials: ‘Kurodagosun’ (orange),
‘Benhongjinshi’ (red), and ‘Qitouhuang’ (yellow). Carrot ma-
terials were planted in the artificial climate laboratory of State
Key Laboratory of Crop Genetics and Germplasm
Enhancement, Nanjing Agricultural University (32° 04’ N,
118° 85" E). The temperature was set at 25 °C (day) and
18 °C (night). The photoperiod was light of 16 h, and the light
intensity was 300 pumol m > s~'. After germination on filter
paper for 10 days, the carrot seeds were transferred to plastic
pots (20 x 20 x 25 c¢m) mixed with organic substrate,
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vermiculite, and perlite (1:1:1, v/v). Three plastic pots were
used for each cultivar, and eight seedlings were added to each
plastic pot. Ninety days after sowing (DAS), the carrot plants
were irrigated with 1 L of 15% PEG 6000 (Wang et al. 2011;
Li and Li 2014). Samples on day 0 were taken as the control.
The taproots treated for 2, 4, and 6 days were frozen in liquid
nitrogen and preserved at — 80 °C for subsequent experiments.

Extraction and determination of carotenoids

Carotenoids were extracted according to the method of
Chen et al. (2013) with some modifications. Briefly, the
taproots were ground into powder in liquid nitrogen.
Approximately 50 mg of the vacuum-frozen materials
was weighed and extracted thrice in 2 mL of acetone.
The combined supernatants were filtered through
0.45-pum filters, and carotenoid contents were measured
by Waters ACQUITY UPLC Hclass system (Waters,
USA). The injection volume of the extract in the ultra-
high-performance liquid chromatography (UPLC)
Hedera ODS-2 C;g analytical column (inner diameter
250 mm x 4.6 mm, particle size 5 um) at 30 °C was
20 uL. The detection wavelength was 450 nm; the mo-
bile phase was methanol/acetonitrile = 10:90, and the
flow rate was set as 0.25 mL min . Carotenoid con-
tents were calculated from standard curves (lutein, lyco-
pene, «-carotene, and [3-carotene) and expressed as dry
weight (mg g ' DW). Three technical replicates were
performed for each sample.

Extraction of total RNA and synthesis of cDNA

Total RNA was extracted from the carrot taproots by using a
plant total RNA extraction kit (Beijing Tiangen Biochemical
Technology Co., Ltd., China), and the concentrations were
determined by micro-ultraviolet detector Nano-Drop. The ex-
tracted RNA samples were reverse-transcribed into cDNA by
HiScript II Q RT SuperMix for qPCR (+gDNA wiper) kit
(Nanjing Vanzyme Co., Ltd., China).

RT-qPCR analysis

The expression of carrot carotenoid pathway genes un-
der 15% PEG 6000 treatment was detected by RT-qPCR
according to the instructions of Hieff qPCR SYBR
Green Master Mix (Shanghai Yeason Biotechnology
Co., Ltd.). DcActinl gene was used as the reference
gene (Xu et al. 2014). The fluorescent quantitative de-
tection primers were designed by Primer Premier 5.0
software, and the primer’s specificity was detected by
the NCBI website, as shown in Table S1 (Xu et al.
2014; Wang et al. 2015; Iorizzo et al. 2016). The total
RT-qPCR reaction system was 20 pL, including 10 pL

of SYBR Premix Ex Taq enzyme, 2 uL of cDNA tem-
plate, 7.2 uL of ddH,O, and 0.4 puL of forward and
reverse primers. The reaction procedure was pre-
denaturation at 95 °C for 5 min, denaturation at 95 °C
for 10 s, and annealing at 60 °C for 30 s for a total of
40 cycles, and the melting curves were drawn during
the gradual heating of 65 to 95 °C. The relative expres-
sion of genes were calculated by 2 A8 method (Pfaffl
2001), AActz(ct, target gene_ct, DcActinl)treatment_(Ct,
target genefct, DcActin])control' Three biOIOgical repeats
were set up for each treatment sample. IBM SPSS
Statistic 20 and WPS Excel 2019 were used to analyze
the significant differences in the values obtained.

Results

Growth status of three carrot cultivars under PEG
treatment

The growth status of three different-colored carrots treated
with PEG is shown in Fig. 1. As the number of treatment days
increased, the three cultivars showed different degrees of
wilting. Wilting in ‘Qitouhuang’ was the most obvious,
followed by that in ‘Benhongjinshi’ and then in
‘Kurodagosun’. The plant size of the three cultivars also de-
creased with increasing number of PEG treatment days.

Carotenoid contents in carrot taproots under PEG
treatment

The content of carotenoids in different carrot taproots
treated with PEG was determined. According to the
UPLC peak spectra obtained (Fig. 2), lutein, lycopene,
«-carotene, and (3-carotene contents peaked at 2, 8, 14,
and 15 min, respectively. As shown in Fig. 3, lycopene
was detected only in the red cultivar ‘Benhongjinshi’;
the content of this carotenoid decreased and reached
minimum levels, at approximately 0.52 times lower than
that of the control, 2 days after PEG treatment. As the
number of PEG treatment days increased, the contents
of o-carotene and lutein showed an up—down—up trend
whereas the contents of lycopene showed the opposite
trend in ‘Benhongjinshi’. Under drought stress, the con-
tents of «-carotene in ‘Kurodagosun’ and ‘Qitouhuang’
showed a decreasing trend; indeed, the level of this
carotenoid in ‘Qitouhuang’ was virtually undetectable.
The contents of lutein in the three carrot cultivars
showed an increasing trend 2 days after PEG treatment.
Changes in {3-carotene content among the three carrot
cultivars during PEG treatment differed. The orange cul-
tivar ‘Kurodagosun’ was rich in «-carotene and [3-
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Fig. 1 Growth status of three 0d

carrot cultivars under PEG
treatment. a Kurodagosun. b
Benhongjinshi. ¢ Qitouhuang. 0
d,2d, 4 d, 6 d represent days of
PEG treatment. The white lines in
the right in each image represent
Scm

carotene, while the yellow cultivar ‘Qitouhuang’ was
main rich in lutein.

Expression level of lycopene synthesis genes in carrot
taproots under PEG treatment

The expression levels of seven genes (DclPl,
DcGGPS1, DcPSY1, DcPSY2, DcPDS, DcZDSI, and
DcCRTISO) related to the biosynthesis of lycopene were
determined in three carrot taproots under PEG treatment
(Fig. 4). Except for that of DcPDS, the expression
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2d 4d 6d

levels of other genes in ‘Kurodagosun’ reached mini-
mum levels 4 days after PEG treatment and then in-
creased. In ‘Benhongjinshi’, the expression level of
DcGGPSI increased significantly 2 days after treatment,
but the expression levels of all seven genes were lower
than those of the control 4 days after treatment. The
expression levels of five genes (DcGGPSI, DcPSYI,
DcPSY2, DcPDS, and DcCRTISO) in ‘Qitouhuang’
peaked after 6 days of PEG treatment and were 5.67,
6.17, 1.62, 2.89, and 6.50 times higher than those of the
control, respectively.
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Fig. 2 UPLC peak spectrum of carotenoid contents in carrot taproots treated with PEG. Cultivar abbreviations: KRD Kurodagosun, BHJS
Benhongjinshi, QTH Qitouhuang. The days in the right in each image represent days of PEG treatment

Expression level of lutein and carotene synthesis
genes in carrot taproots with PEG treatment

Figure 5 shows the expression levels of five genes (DcLCYE,
DcLCYB, DcCHXB1, DcCHXE, and DcCYP97A3) related to
the biosynthesis of carotene and lutein under PEG treatment.
The expression levels of all five genes in ‘Kurodagosun’
peaked 6 days after treatment. The expression of
DcCYP97A3 and DcCHXE in ‘Qitouhuang’ increased signif-
icantly 6 days after PEG treatment, which were 4.54 and 6.80
times higher than those of the control.

Expression level of carotene degradation-related
genes in carrot taproots with PEG treatment

The expression levels of seven genes (DcZEP, DcVDE,
DcNXS, DcCCD4, DcCCDS8, DeNCED1, and DeNCED?2) re-
lated to carotene degradation under PEG treatment are shown
in Fig. 6. As the number of PEG treatment days increased, the
expression levels of DcZEP in the three carrot cultivars
showed a consistent increasing trend. The expression levels
of DcCCD4, DcCCDS, and DcNCED1 significantly increased
in ‘Qitouhuang’ 6 days after PEG treatment, which were
11.29, 4.74, and 6.45 times higher than those of the control.
DcNCED?2 was highly induced in response to PEG treatment
in ‘Benhongjinshi’.

Schematic view of carotenoid metabolism after 6 days
of PEG treatment in carrot taproots

The variation trend of each enzyme-encoding gene after 6 days
of PEG treatment in the three carrot taproots is summarized in
Fig. 7. Compared with the control, the expression levels of
DcPSY1, DcLCYB, DcCYP97A3, DcZEP, and DcNCED?2 in
the three carrot cultivars showed increasing trends 6 days after
PEG treatment. The expression levels of DcPSY2,
DcCRTISO, DcCHXE, DcVDE, and DcNCEDI were down-
regulated in ‘Benhongjinshi’; the expression levels of DeNXS
and DcCCD8 were upregulated in ‘Qitouhuang’, and these
trends were reversed in the two other cultivars. The expression
levels of DcIPI, DcZDS1, DcLCYE, and DcCHXBI were up-
regulated only in ‘Kurodagosun’.

Discussion

Carotenoids are a type of antioxidant pigment in plants that are
of great significance in plant stress resistance; these pigments
eliminate ROS and free radicals and maintain the redox balance
(Havaux 2013; Hou et al. 2016). Under adversity, plants regu-
late the accumulation and degradation of carotenoids by regu-
lating genes related to carotenoid metabolism. The accumula-
tion and degradation of carotenoids involves a complex process
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Fig. 3 Carotenoid contents in carrot taproots treated with PEG. Cultivar abbreviations: KRD Kurodagosun, BHJS Benhongjinshi, QTH Qitouhuang.
Different lowercase letters indicate significant differences between days of PEG treatment for the same carrot cultivar at P <0.05

of gene regulation (Nisar et al. 2015). Drought is an important
factor affecting the biosynthesis and metabolism of carotenoids.
Drought stress has been reported to affect the content of carot-
enoids in many crops, including strawberry (Munné-Bosch and
Pefiuelas 2004), maize (Mohammadkhani and Heidari 2007),
soybean (Rys et al. 2015), and so on. Carrot taproots are rich in
carotenoids. The red, orange, or yellow color of the carrot tap-
roots is mainly attributed to lycopene, x-carotene, (3-carotene,
and lutein, respectively (Just et al. 2009). In the present study,
three carrot cultivars with different colors were selected as ex-
perimental materials, and 15% PEG 6000 was used to simulate
drought treatment at 90 DAS. The contents of carotenoid and
expression of the related genes in the carrot taproots were de-
termined at 0, 2, 4, and 6 days after treatment.

A previous study identified two PSYs in carrots (Just et al.
2007). DcPSY1 and DcPSY2 mainly play roles in leaves and
roots, respectively (Fuentes et al. 2012). Simpson et al. pro-
posed that salt stress and ABA could induce the expression of
DcPSY?2 by binding the AREB transcription factor (maybe
DcAREB3) with the ABRE cis-element in the promoter.
The expression of DcPSY2 in carrot taproots increases the
production of carotenoids, thereby increasing the level of
ABA and protecting the plant from abiotic stress (Simpson
et al. 2018). In this work, among the cultivars examined,
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‘Qitouhuang’ showed the highest and most significant in-
creases in DcPSY2 expression levels. The contents of lutein
and (-carotene in this cultivar also increased. These results
suggest that increases in carotenoid contents in ‘Qitouhuang’
may be related to the high expression of the DcPSY2 gene.
Lycopene e-cyclase (LCYE) and lycopene {3-cyclase
(LCYB) play important roles in the branching point of the
carotenoid biosynthetic pathway and catalyze the cyclization
of lycopene (Cunningham and Gantt 1998). Research has
shown that downregulation of the LCYB gene causes lycopene
accumulation in tomato fruits during ripening (Ronen et al.
2000). Bang et al. found that the mutation of LCYB allele in
red watermelon may reduce the activity of LCYB and lead to
the accumulation of lycopene (Bang et al. 2007). In this study,
lycopene was only accumulated in ‘Benhongjinshi’. The con-
tent of lycopene in this cultivar first decreased, subsequently
increased, and then finally decreased under PEG treatment. In
addition, the expression level of DcLCYB showed a corre-
sponding up—down—up trend. These results are consistent with
the conclusions of other researchers (Ronen et al. 2000; Bang
et al. 2007). Therefore, lycopene accumulation in carrot may
be speculated to be related to the downregulation of DcLCYB
gene. Studies have shown that overexpression of NtLCBY1
and inhibition of NtLCYE in tobacco could promote the
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Fig. 4 Expression level of lycopene synthesis-related genes in carrot
taproots treated with PEG. Cultivar abbreviations: KRD Kurodagosun,
BHIJS Benhongjinshi, QTH Qitouhuang. Different lowercase letters

accumulation of 3-carotene and improve the tolerance of the
plant to salt and drought (Shi et al. 2015a, 2015b). Kim et al.
confirmed that the downregulated expression of LCYE in

indicate significant differences between days of PEG treatment for the
same carrot cultivar at P < 0.05

sweet potato enhances the accumulation of carotenoids and
ABA and improves the salt tolerance of the plant (Kim et al.
2012). In the present study, the expression level of DcLCYE in
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Fig. 5 Expression level of lutein and carotene synthesis-related genes in
carrot taproots treated with PEG. Cultivar abbreviations: KRD
Kurodagosun, BHJS Benhongjinshi, QTH Qitouhuang. Different
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lowercase letters indicate significant differences between days of PEG
treatment for the same carrot cultivar at P < 0.05
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Fig. 6 Expression level of carotene degradation-related genes in carrot
taproots treated with PEG. Cultivar abbreviations: KRD Kurodagosun,
BHIJS Benhongjinshi, QTH Qitouhuang. Different lowercase letters

‘Qitouhuang’ decreased whereas the expression level of
DcLCYB and content of [3-carotene increased with PEG treat-
ment. Considering these results, the increase in (3-carotene
content in ‘Qitouhuang’ under drought stress appears to be
related to the upregulation of the DcLCYB gene and downreg-
ulation of the DcLCYE gene. Under PEG treatment, the con-
tents of lutein and expression levels of DcCYP97A3,
DcCHXE, and DcCHXB] increased in the yellow and orange
cultivars, but their x-carotene contents decreased. In plants,
the carotene hydroxylase encoded by these genes hydroxyl-
ates o-carotene into lutein in some branch of the carotenoid
biosynthetic pathway (Quinlan et al. 2012). Drought stress
may promote the synthesis of lutein in carrot taproots by af-
fecting the expression of carotene hydroxylase genes.

Shafiq et al. showed that, under drought stress, the con-
tents of carotenoids and malondialdehyde (MDA) in radish
roots increase and the weight of radish roots decreases
(Shafiq et al. 2015). Increases in carotenoid contents may
be related to their role as antioxidants, which have largely
been proven to be involved in the plant response to drought
stress condition. Riggi et al. and Atkinson et al. found that,
compared with sufficiently watered plants, plants under
drought stress show reduced lycopene contents and in-
creased [3-carotene contents (Riggi et al. 2008; Atkinson
et al. 2011). In the present study, lycopene was detected
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indicate significant differences between days of PEG treatment for the
same carrot cultivar at P <0.05

only in ‘Benhongjinshi’ and the content of this carotenoid
significantly decreased 2 days after PEG treatment.
Moreover, x-carotene contents and the expression levels
of DcLCYE and DcLCYB genes significantly increased in
this cultivar. Based on these results, we speculate that,
under 2 days of PEG treatment, lycopene in the red cultivar
‘Benhongjinshi’ preferentially transforms into the o-
branch and produces «-carotene in response to drought
stress. Studies have shown that ABA and carotenoids are
indicators that could determine whether plants are drought-
resistant; under drought stress, the contents of ABA in
plants increase and 3-carotene is accumulated accordingly
(Chaves et al. 2008). Some crops accumulate large
amounts of carotenoids in storage roots, such as carrots
and potatoes. Perrin et al. demonstrated that the amount
of total carotenoids decreases in the xylem of orange ge-
notypes but increases in the xylem and phloem of purple
genotypes and in the phloem of red genotypes under

Fig. 7 Schematic view of carotenoid metabolism after 6 days of PEG P>
treatment in carrot taproots. Cultivar abbreviations: KRD Kurodagosun,
BHIJS Benhongjinshi, QTH Qitouhuang. The variation trends of gene
expression levels were represented by 1, | and —. 1 represents
upregulation, | represents downregulation, — represents no significant
change
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restricted-water conditions (Perrin et al. 2017). Results
have shown that the response of potato to drought stress
is highly cultivar-specific, but the contents of (3-carotene
consistently increase in all cultivars (Andre et al. 2009).
The drought stress of carrot increased with increasing num-
ber of PEG treatment days, and, among the cultivars stud-
ied, ‘Kurodagosun’ showed the strongest adaptability to
drought stress. The results showed that the contents of [3-
carotene in this cultivar increased 4 days after PEG treat-
ment and decreased 6 days after PEG treatment whereas
lutein contents increased significantly 6 days after PEG
treatment. The change trends of {3-carotene and lutein in
the two other cultivars were identical to those in
‘Kurodagosun’. Thus, 3-carotene and lutein may be spec-
ulated to respond to drought stress and participate in the
drought resistance process of carrot.

The enzymes involved in carotenoid cleavage in plants are
mainly carotenoid cleavage oxidases (CCDs) (Tan et al.
2003). The CCD family includes carotenoid cleavage
dioxygenase (CCD) and 9-cis-epoxycarotenoid dioxygenase
(NCED), both of which can catalyze the decomposition of
carotenoids and apocarotenoids. NCEDs are related to the
drought resistance of plants (Zhang et al. 2009). They can
cleave the 11,12 double bonds of 9-cis-epoxy carotenoids
and produce xanthoxin, which is the precursor of the plant
hormone ABA (Rodrigo et al. 2013). In this study, the expres-
sion levels of DeNCED1 and DcNCED? in the three cultivars
significantly increased under PEG treatment, but the degree of
increase differed according to the cultivar. These results indi-
cate that NCED plays a role in the drought resistance of carrot.
Differences in the expression of this gene under drought stress
may be related to differences in the various cultivars, drought
degree, and other factors. Although only a small amount of
carotenoid accumulation was detected in the cultivar,
‘Qitouhuang’ showed higher expression of DcCCD4 and
DcNCED? than the two other cultivars. These results reveal
that these genes may degrade carotenes and lutein into
apocarotenoid or other carotenoid-degrading derivatives.

The drought resistance mechanism of carotenoids in plants
is relatively complex. The expression and regulation of the
related genes are involved not only in transcription but also
in post-transcriptional processing and modification, as well as
in protein translation, editing, and transport (Cunningham and
Gantt 1998; Park et al. 2002). The contents of carotenoids and
expression of related genes in three different-colored carrot
cultivars under PEG stress were studied in this experiment to
understand the relationship between drought resistance and
carotenoids. The results provide a reliable basis for the selec-
tive cultivation of cultivars with high contents of carotenoids
and strong stress resistance. We noted that the contents of the
four carotenoids studied in this work and the expression levels
of the related genes show variations in response time and
intensity of PEG treatment, thereby indicating that other
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synergistic and antagonistic pathways may be involved in
the plants’ response to adversity. The relevant response mech-
anism requires further study.
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