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Abstract

Main conclusion Distinct plastid types and ultrastructural changes are associated with differences in carotenoid
pigment profiles in differently coloured carrots, and a variant of the OR gene, DcOR3™" is vital for chromoplast
biogenesis.

Abstract Accumulation of different types and amounts of carotenoids in carrots impart different colours to their taproots. In
this study, the carotenoid pigment profiles, morphology, and ultrastructure of plastids in 25 carrot varieties with orange, red,
yellow, or white taproots were investigated by ultra-high performance liquid chromatography as well as light and transmis-
sion electron microscopy. a-/p-Carotene and lycopene were identified as colour-determining carotenoids in orange and red
carrots, respectively. In contrast, lutein was identified as the colour-determining carotenoid in almost all tested yellow and
white carrots. The latter contained only trace amounts of lutein as a unique detectable carotenoid. Striking differences in
plastid types that coincided with distinct carotenoid profiles were observed among the differently coloured carrots. Micro-
scopic analysis of the different carotenoid pigment-loaded plastids revealed abundant crystalloid chromoplasts in the orange
and red carrots, whereas amyloplasts were dominant in most of the yellow and white carrots, except for the yellow carrot
‘Yellow Stone’, where yellow chromoplasts were observed. Plastoglobuli and crystal remnants, the carotenoid sequester-
ing substructures, were identified in crystalloid chromoplasts. Crystal remnants were often associated with a characteristic
undulated internal membrane in orange carrots or several undulated membranes in red carrots. No crystal remnants, but some
plastoglobuli, were observed in the plastids of all tested yellow and white carrots. In addition, the presence of chromoplast
in carrot taproots was found to be associated with DcOR3"“", a natural variant of DcOR3, which was previously reported to
be co-segregated with carotene content in carrots. Knocking out DcOR3™" in the orange carrot ‘Kurodagosun’ depressed
chromoplast biogenesis and led to the generation of yellow carrots. Our results support that DcOR3" is vital but insufficient
for chromoplasts biogenesis in carrots, and add to the understanding of the formation of chromoplasts in carrots.
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Introduction

Carotenoids are a subgroup of isoprenoid pigments that
play important roles in plants, animals, fungi, algae, and
bacteria (Tapiero et al. 2004; Kim et al. 2021). In plants,
carotenoids are common components of cell photosystems
and serve as precursors for the biosynthesis of strigolac-
tones and abscisic acids, which are essential for devel-
opment and growth (Auldridge et al. 2006; Walter and
Strack 2011; Al-Babili and Bouwmeester 2015). Plant-
derived carotenoids, when they are consumed as a part
of the diet, also affect human nutrition and health. For
instance, dietary a-/B-carotene is converted into vitamin
A for the visual system in the human body (Tanumihardjo
and Arscott Sherry 2010), whereas lutein and zeaxanthin
are important for visual performance and the prevention of
chronic eye-related diseases (Koushan et al. 2013).

In plants, carotenoids are deposited in various plas-
tids, including amyloplasts, etioplasts, chloroplasts,
and chromoplasts, among which chromoplasts are the
main organelles for carotenoid biosynthesis and storage
(Lopez-Juez and Pyke 2005; Howitt and Pogson 2006;
Jarvis and Lépez-Juez 2013; Li et al. 2016). The consid-
erable amounts of carotenoids stored in chromoplasts often
impart the orange, red, and yellow colours to plants' fruits,
flowers, and roots. Plant carotenoids are often deposited
in different types of chromoplasts (Kim et al. 2010; Jef-
fery et al. 2012). For instance, red papaya and tomato fruit
predominantly containing lycopene are characterized by
chromoplasts of crystalloid types, whereas yellow papaya
predominantly accumulates pB-cryptoxanthin esters in
round-shaped plastids (Schweiggert et al. 2011). In orange
carrots cells, carotenoid accumulation mainly occurs in
crystalloid chromoplasts (Frey-Wyssling and Schwegler
1965). The abundance of a-and p-carotene in orange car-
rots (Daucus carota L. var. sativa) imparts orange colour
to their taproots and makes carrots an important source
of provitamin A in the human diet (Maiani et al. 2010).
Compared to orange carrots, non-orange carrots, including
red, yellow, and white carrots, accumulate different types
and amounts of carotenoids in their taproots, where lyco-
pene and lutein impart red and yellow colours, respectively
(Just et al. 2009; Matthieu et al. 2015). However, whether
carotenoids from non-orange carrots are sequestered in
crystalloid chromoplasts is unknown; furthermore, the
ultrastructural differences in plastids among differently
coloured carrots remain to be elucidated.

The Orange (OR) gene, encoding a DnaJ Cys-rich zinc
finger motif-containing protein, plays an important role in
carotenoid accumulation (Lu et al. 2006; Sun et al. 2019).
Furthermore, OR could increase the protein levels of phy-
toene synthase (PSY), the rate-limiting enzyme in the
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carotenoid biosynthetic pathway, to enhance carotenoid
biosynthesis in Arabidopsis (Arabidopsis thaliana) (Zhou
et al. 2015). A natural insertion of a long-terminal repeat
retrotransposon in OR and a ‘golden’ single-nucleotide
polymorphism (SNP) causing a change from Arg!'% to
His'% in OR protein, designated as OR™, was individu-
ally identified in cauliflower (Brassica oleracea var. bot-
rytis L.) (Lu et al. 2006) and melon (Cucumis melo) (Tzuri
et al. 2015). These two types of mutations in OR trigger
chromoplast biogenesis, the storage sink for carotenoid
accumulation, and dramatically increase carotene levels.
Artificial OR™ also trigger chromoplast biogenesis and
promote carotenoid overaccumulation in Arabidopsis and
sweet potato [Ipomoea batatas (L.) Lam. cv. Yulmi] (Yuan
et al. 2015; Kim et al. 2019).

In a previous study, three OR genes, DcORI
(DCAR_020166), DcOR2 (DCAR_009463), and DcOR3
(DCAR_009172), were identified in the carrot genome
(Wang et al. 2021). DcORI and DcOR?2 are homologous
to AtOR, whereas DcOR3 is homologous to AtOR-like.
Although chromoplasts were abundant in orange carrot cells,
the conserved ‘golden’ SNP substitution from Arg to His
was not found within the three DcORs. DcOR3 is located
in a QTL associated with the accumulation of several carot-
enoids (Ellison et al. 2018; Coe et al. 2021). The SNP C>!
to T in the coding sequence of DcOR3 causes a mutation
from Ser!'®* (designated as DcOR3%", also known as Orw) to
Leu'8* (designated as DcOR3%", also known as Orc) (Elli-
son et al. 2018). DcOR3 " co-segregated with high carotene
content in carrots, whereas DcOR3%" was present in carrots
that accumulated low levels of carotenes (Coe et al. 2021).
However, whether DcOR3™" is correlated with chromoplast
biogenesis in carrots remains unknown. This study aimed to
examine the relationship between distinct carotenogenesis
and different plastidal structures in various coloured carrot
taproots, and the correlation between the DcOR3 genotype
and chromoplast biogenesis in differently coloured carrot
taproots.

Materials and methods
Plant materials and growth conditions

Ten orange carrot cultivars (Kurodagosun, Interceptor,
Mini NO. 2, Emperor 3179, Sanhonggicun, Xiaodingbacun,
Hongguan 100, Hongyubahao, Fushigicun, and Adelaide),
five red carrot cultivars (Benhongjinshi, Dayumeirenzhi,
Beta Fruit, Meiguihong, and Zihongjian), eight yellow carrot
cultivars (Yellow Stone, Qitouhuang, Xiyanghuangsheng,
Huanghuluobo, Huangbacun, Jingdingguan 100, Huang-
shanhu, and Longxiahuang), one white carrot cultivar
(White Satin), and white wild carrot variety (Queen Anne’s
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Lace, Daucus carota L. var. carota) were selected for this
study. The carrots were sown and grown at the experimental
station of Nanjing Agricultural University. The carrots were
harvested 120 d after germination and washed in cold tap
water before further analysis.

Carotenoid pigments’ measurement

Fifteen taproots from each carrot cultivar or variety were
selected for carotenoid pigment analysis. Fresh carrot tap-
roots were cut into small cubes, pulverized in liquid nitro-
gen, and lyophilised under vacuum. Dried carrot powder
was used for carotenoid pigment extraction using previously
described method (Wang et al. 2020). The carotenoid pig-
ments were separated and identified on a Hedera ODS-2 Cy4
analytical column (250 mm X 4.6 mm; 5 pm nominal particle
size; Shimadzu, Tokyo, Japan) using a Waters ACQUITY
UPLC H-class system (Waters, Milford) according to a pre-
viously described method (Tomasz et al. 2018).

Isolation of protoplasts and light microscopy

Protoplasts were isolated from fresh carrot taproots using a
protocol developed by Wan (Wan et al. 1987). In brief, carrot
taproots were sliced and digested in an enzyme solution for
12 h in the dark with gentle shaking. The protoplasts were
collected, loaded onto a concave glass slide, and observed
under an Olympus BX-53 microscope (Olympus, Tokyo,
Japan).

Transmission electron microscopy

Phloem tissues of fresh carrot taproots were cut into small
sections (ca. 0.5x 1.0x2.0 mm®) and fixed overnight at 4 °C
in 2.5% glutaraldehyde (0.1 M phosphate buffer, pH 7.0).
The samples were subsequently processed according to a
previously described method (Wen et al. 2020) and observed
by transmission electron microscopy (TEM) using a Hitachi
JEM-1230 (Hitachi Ltd., Tokyo, Japan).

Genomic DNA and total RNA extractions and gene
cloning

Genomic DNA or total RNA was isolated from the carrot
taproots using a DNA secure Plant Kit or an RNA simple
Total RNA Kit (PUDI, Shanghai, China), respectively,
according to the manufacturer’s instructions. First-strand
cDNA synthesis was conducted using the HiScript Il Q RT
SuperMix for qPCR kit (Vazyme Biotech Co. Ltd., Nanjing,
China), following the manufacturer’s protocol. DcOR3 was
amplified using PrimeSTAR HS DNA polymerase (Takara,
Dalian, China) and a pair of primers, 5'-CTGTCCACCCTC
TCTATCTTTCTTG-3' and 5'- GCAGTAGCACTATCTTCA

TCCATTG -3'. The PCR products were sequenced using
Sanger sequencing (GENERAL BIOL, Chuzhou, China).

Generation of DcOR3-knockout mutant carrots

The target sites of DcOR3 were identified using the CRISPR-
GE online tool (http://skl.scau.edu.cn/targetdesign/) for
CRISPR/Cas9-mediated genome editing. Two of the output
target sites in the first exon region were selected to design the
sgRNA expression cassettes, which were individually driven
by AtU3d and AtU6-29 (Supplementary Materials). Two
sgRNA expression cassettes were assembled into the pYL-
CRISPR/Cas9Pubi-H vector to generate the pYLCRISPR/
Cas9Pubi-H-DcOR3 construct (Fig. S1). The construct was
then transformed into orange carrot ‘Kurodagosun’ to pro-
duce a DcOR3-knockout mutant carrot by Agrobacterium-
mediated method (Xu et al. 2019a). As previously described,
transgenic carrots were grown in artificial climatic chambers
(Xu et al. 2019b). To validate the mutation of DcOR3 in
transgenic carrot plants, genomic DNA was extracted from
taproots to amplify the DNA fragment of the target site using
a pair of primers, 5'-CTTGAAGATTCATGAGAAGCAA-
3"and 5'-CAGCACTTCACATCAAGAACTA-3'. The PCR
products were directly sequenced to determine the mutations
within the target sites.

Gene expression analyses

Quantitative RT-PCR (qRT-PCR) assays were performed to
determine the transcript levels of DcOR3™ in the wild-type
and CRISPR knockout carrots using a previously described
method (Wang et al. 2021). The relative transcript abun-
dance was normalized to DcActinl and calculated using the
27A4C method (Schmittgen and Livak 2008). The primers
used for qRT-PCR assays of DcOR3 and DcActinl were the
same as previously described (Wang et al. 2021).

Data analysis

Carotenoid pigment measurements and qRT-PCR assays
for each carrot were performed in triplicate. The results are
expressed as mean + standard deviation (SD).

Accession numbers

Sequence data from this article can be found in Gen-
Bank databases under the following accession numbers:
DcOR1 (XM_017399272), DcOR2 (MW 116211), DcOR3
(XM_017387585), DcActinl (XM_017371101), and pYL-
CRISPR/Cas9Pubi-H vector (KR029109.1).
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Results

Profiles of carotenoid pigments in differently
coloured carrots

A total of 24 different carrot cultivars and one wild carrot
were chosen for this study (Fig. 1a). The 25 carrot sam-
ples were divided into four colour groups according to
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the view of skin and transverse section of carrot taproots:
the orange carrot group included ‘Kurodagosun’ (KRD),
‘Interceptor’ (INTC), ‘Mini NO. 2° (MN2), ‘Emperor
3179’ (EP3179), ‘Sanhongqicun’ (SHQC), ‘Xiaodingba-
cun’ (XDBC), ‘Hongguan 100’ (HG100), ‘Hongyubahao’
(HYBH), ‘Fushiqicun’ (FSQC), and ‘Adelaide’ (ADL); the
red carrot group included ‘Benhongjinshi’ (BHIJS), ‘Day-
umeirenzhi’ (DYMRZ), ‘Beta Fruit’ (BF), ‘Meiguihong’
(MGH), and ‘Zihongjian’ (ZHJ); the yellow carrot group

ADL BHJS DYMRZ  BF MGH  ZHJ

Lutein
M Lycopene
W a-carotene

B-carotene

Fig. 1 Carotenoid pigment profiles in differently coloured carrots at
the 120-day-old stage. a Photographs of outer and cross sections of
25 carrot varieties with orange (top-left), red (top-right), yellow (bot-
tom-left), and white (bottom-right) taproots. Cultivar/variety abbre-
viations: KRD, Kurodagosun; INTC, Interceptor; MN2, Mini NO.
2; EP3179, Emperor 3179; SHQC, Sanhongqgicun; XDBC, Xiaod-
ingbacun; HG100, Hongguan 100; HYBH, Hongyubahao; FSQC,
Fushigicun; ADL, Adelaide; BHJS, Benhongjinshi; DYMRZ, Day-
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umeirenzhi; BF, Beta Fruit; MGH, Meiguihong; ZHJ, Zihongjian;
YST, Yellow Stone; QTH, Qitouhuang; XYHS, Xiyanghuangsheng;
HHLB, Huanghuluobo; HBC, Huangbacun; JDG100, Jingdingguan
100; HSH, Huangshanhu; LXH, Longxiahuang; WST, White Satin;
QAL, Queen Anne’s Lace. b Carotenoid pigments’ content in tap-
roots of different orange-, red-, yellow-, and white-coloured carrots.
Data are means of three replicates with error bars representing +SD
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included ‘Yellow Stone’ (YST), ‘Qitouhuang’ (QTH),
‘Xiyanghuangsheng’ (XYHS), ‘Huanghuluobo’ (HHLB),
‘Huangbacun’ (HBC), ‘Jingdingguan 100’ (JDG100),
‘Huangshanhu’ (HSH), and ‘Longxiahuang’ (LXH); the
white carrot group included ‘White Satin’ (WST) and wild
carrot (Queen Anne’s Lace, QAL).

Carotenoid pigments in 120-day-old taproots of 25 carrot
cultivars/varieties were examined. The types and amounts
of carotenoid pigments varied significantly between the four
carrot groups (Fig. 1b). Four kinds of carotenoids, o-/p-
carotene, lycopene, and lutein, which are responsible for
carrot colour, were identified within these differently col-
oured carrots. Lutein was identified in all the orange, red,
yellow, and white carrots. Lycopene was abundant in all
the five red carrot cultivars, but was undetectable in all the
orange, yellow, and white carrots. a-Carotene was abundant
in all the orange and red carrot cultivars, except for the red
carrot cultivar BHJS, where a-carotene was undetectable.
a-Carotene was undetectable in all the yellow and white
carrots. f-Carotene was abundant in all the orange and red
carrot cultivars, but was scarce in the yellow carrot cultivars
YST and QTH and almost undetectable in the other yellow
and white carrot cultivars/varieties.

Concerning the amount of carotenoid pigments, the
orange and red carrots showed much higher carotenoid pig-
ments than the yellow and white carrots. In the ten orange
carrot cultivars, o- and p-carotene were the most abundant
carotenoids, followed by lutein. All the orange carrot culti-
vars showed higher a-carotene content than the other col-
oured carrot cultivars/varieties. In addition, most orange
carrots showed a relatively higher f-carotene content than
red carrots, but the content was much higher than that in
yellow and white carrots. Among the five red carrot culti-
vars, f-carotene and lycopene were the most abundant carot-
enoids, followed by a-carotene and lutein; a-carotene was
not identified in the red carrot BHJS. Compared with the
orange and red carrot cultivars, all the yellow carrot cultivars
showed much lower carotenoid levels and mostly accumu-
lated lutein as the primary carotenoid. In the white carrot

varieties, extremely low levels of lutein were identified as
the only detectable carotenoids.

Structural diversity of plastids in differently
coloured carrots

Plastids act as storage compartments for carotenoid accu-
mulation, imparting red, orange, or yellow hue. Light
microscopy and TEM were used to examine carotenoid
sequestering structures in differently coloured carrots at the
120-day-old stage to determine whether the differences in
plastid types were associated with different carotenoids stor-
age. Striking differences in plastids were observed among
the differently coloured carrots (Fig. 2). Visible orange or
red crystalloid plastids were frequently observed in the cells
of all the orange and red carrots (Fig. 2a, b), whereas only
grey globe-shaped plastids were observed in all the yellow
and white carrots (Fig. 2c, d), except for the yellow carrot
YST, where yellow plastids were found (Fig. 2c).

The orange- or red-coloured plastids in orange and red
carrot cells were confirmed to be chromoplasts by TEM
analysis (Fig. 3). Two types of chromoplasts, crystalloid
and membranous, were found within the cells of orange
carrots (Fig. 3a, b). Crystalloid chromoplasts were abun-
dant in all the orange carrots and often contained numerous
plastoglobuli, and crystal remnants associated with a char-
acteristic undulated internal membrane (Fig. 3a). In addi-
tion, starch granules remained in some crystalloid chromo-
plasts of the orange carrots KRD, INTC, EP3179, XDBC,
and FSQC (Fig. S2a). However, membranous chromoplasts
containing membranous structures and plastoglobuli were
only observed in the orange carrots MN2, SHQC, and ADL
(Fig. 3b). Membranous chromoplasts are less common than
crystalloid chromoplasts in orange carrots. No crystal rem-
nants were observed within membranous chromoplasts. Only
crystalloid chromoplasts were identified within the cells of
red carrots (Fig. 3c). Their crystalloid chromoplasts con-
tained numerous plastoglobuli and crystal remnants. The
crystal remnants were often surrounded by one or more

a orange b red
KRD INTC MN2 EP3179 SHQC XDBC HG100 HYBH FSQC ADL BF
S 5 4
20 um ’20 ym 2um R | 20 um
¢ yellow d white
HHLB HBC JE\G‘IOO _ HSH WST QAL
3 i Shen ;);{ o P
e Ko »
& Qg X
B TV AT opmc 20m = 20um

Fig.2 Light micrographs of plastids in the protoplasts isolated from orange (a), red (b), yellow (c), and white (d) carrot taproots. Black arrows

mark orange, red, or yellow plastids; white arrows mark grey plastids
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Fig. 3 Electron micrographs a KRD
of chromoplasts in orange and
red carrots. a Ultrastructure

of crystalloid chromoplasts in
ten orange carrot cultivars. b
Ultrastructure of membranous
chromoplasts in orange carrots
MN2, SHQC, and ADL. ¢
Ultrastructure of crystalloid
chromoplasts in five red carrot
cultivars. cr, carotenoid crystal;
pg, plastoglobule; cw, cell wall;
white arrow, undulated internal
membrane

INTC

MN2 EP3179

SHQC

SHQC ADL

Cc BHJS

DYMRZ BF

undulated membranes and showed different shapes when
compared to that of the orange carrot cells. Small starch
granules were also found within some crystalloid chromo-
plasts of BHJS, BF, and ZHJ (Fig. S2b).

TEM analysis revealed that the yellow plastids of yel-
low carrot YST were filled with spindle-like plastoglob-
uli, which comprised plastoglobuli and tubular elements
(Fig. 4a). Thus, the yellow plastids in YST were confirmed

Fig.4 Electron micrographs a YST QTH

of plastids in yellow and white
carrots. a Ultrastructure of
chromoplasts in yellow carrot
YST and amyloplasts in other
seven yellow carrot cultivars. b
Ultrastructure of amyloplasts in
white carrots WST and QAL.
pg, plastoglobule; cw, cell wall;
s, starch; white arrow, tubular
element
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to be chromoplasts. No crystal remnants, but small starch
granules, were found in the chromoplasts of YST (Fig. S2c).
Grey globular plastids were identified as amyloplasts filled
with large starch granules in the yellow carrots QTH, XYHS,
and HSH, and the white carrots WST and QAL (Fig. 4a,
b). Starch granules were also found in the globular plastids
of the yellow carrot cultivars HHLB, HBC, JDG100, and
LXH, but were relatively smaller in size (Fig. 4a). Therefore,

XYHS
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we identified the globular plastids of yellow carrots HHLB,
HBC, JDG100, and LXH as amyloplasts, as they displayed
a grey colour and contained starch granules.

Relationship between DcOR3 genotype
and chromoplast presence

DcOR3 was cloned from all 25 carrot cultivars/varieties
for deduced amino acid sequences analysis to test whether
DcOR3 " is correlated with chromoplast biogenesis in dif-
ferently coloured carrots (Fig. 5). Homozygous DcOR3 "
was found in all the orange and red carrot cultivars, and in
the yellow carrot YST, which is known to contain chromo-
plasts. However, homozygous DcOR3™" alleles were present
in carrots that did not contain chromoplasts in their cells,
including XYHS, HBC, JDG100, HSH, and WST. All other
non-chromoplast-containing carrots were homozygous for
DcOR35¢". Alignment analysis identified another SNP in
DcOR3 of some orange carrot cultivars that caused an Asp
to Tyr change (D309Y) (Fig. 5). Nevertheless, this variation
appears not to be associated with chromoplast biogenesis
or carotenoid accumulation in the different carrot cultivars.
Additionally, the conserved ‘golden’ SNP substitution from

Arg to His was not found within the DcOR3 from all 25 car-
rot cultivars/varieties (Fig. 5).

Knocking out DcOR3'®" in orange carrot KRD

The CRISPR/Cas9-based genome editing system was used
to knock out DcOR3™" in orange carrot KRD. PCR amplifi-
cation and sequencing analyses revealed that biallelic muta-
tions occurred at target site 2 (targeted by AtU6-29-driven
sgRNA) of one carrot line but not at target site 1 (Fig. 6a,
b). The plants of this carrot line carried an allele with a 1-bp
deletion and another allele with a 1-bp insertion at target
site 2, which could lead to the generation of a frameshift
mutant within DcOR3"" (DcOR3"*"-knockout). Regarding
the phenotype, the taproots of DcOR3 “"-knockout carrots
presented a yellow phenotype (Fig. 6¢). Light microscopy
revealed that chromoplast biogenesis was suppressed in the
taproot cells of DcOR3™"-knockout carrots (Fig. 6d). QRT-
PCR analysis revealed that the transcript levels of DcOR-
3L in DcOR3™"-knockout KRD carrots decreased less than
twofold compared with that in the wild-type KRD carrots
(Fig. 6e).

l 516 215 131 1i1 1i4 231 3i0 309 312
KRD . QEIQDNIRSRRNKIFL ceveerennn APVLELKLGIGGTLYEDEIRNMHLPMQOLSQV «eeeeeeannn MASEHDPREFDPFD
INTC M.oooooaoonen QEIQDNIRSRRNKIFL ¢eceeannns APVLELKLGIGGTLYEDFIRNMHLPMQLSQV «ecvveeeenn. MASEHDPRFDPFED
MN2 Meveveeaonnn QEIQDNIRSRRNKIFL ¢cececanans APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ ceeecacans MASEHDPREFYPFD
EP3179 |[M.eevvunnnnns QEIQDNIRSRRNKIFL ceveveeens APVLELKLGIGGTLYEDFIRNMHLPMOLSQV «eeeceeennn MASEHDPREYPFD
Orange SHQC [M.ceeeeennnn QETIQDNIRSRRNKIFEL ¢eceeeeens APVLELKLGIGGTLYEDEFIRNMHLPMQLSQV ¢ ceceeecens MASEHDPREYPFED
XDBC [Meeeeeeecnns QEIQDNIRSRRNKIFETL ¢ecececens APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ ceceeecess MASEHDPREYPFD
HG100 [M«veeeeennns QEIQDNIRSRRNKIFL «eeeeeeens APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ««cevvvvees MASEHDPRFYPFD
HYBH (M «ceeeeenenn QETIQDNIR SRRNKIFETL ¢ecececees APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ «ccccecees MASEHDPREDPFED
FSQC Meeooooooons QEIQDNIR SRRNKIFETL secececees APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ vcececees MASEHDPREDPFED
ADL Meeooooooons QEIQDNIRSRRNKIFETL secececees APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ ecececees MASEHDPREYPFD
BHJS Meoeoooonnns QETQDNIRSRRNKIFL ¢ececeecns APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ««ceceecens MASEHDPREFDPFED
DYMRZ |[Meeeeeennnns QETIQDNIRSRRNKIFETL ¢ececeecns APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ ceceeecess MASEHDPREDPFED
Red BF Meeooooonnns QETIQDNIR SRRNKIFL cccceceeee APVLELKLGIGGTLYEDEIRNMHLPMQLSQV ¢ cccceeeees MASEHDPRFDPFD
MGH Meeoooooenns QEIQDNIRSRRNKIFEL ¢ecececees APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ccececees MASEHDPREDPFED
ZHJ Meeooooooens QEIQDNIRSRRNKIFETL secececees APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ «ccvcecces MASEHDPREDPFED
YST Meoeooaannnn QETQODNIRSRRNKIFL ¢eccececes APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢ cccccecess MASEHDPRFDPFED
QTH ) QEIQDNIRSRRNKIFL ¢eveeveees APVLELKLGIGGTSYEDFIRNMHLPMQLSQV ««cccececee MASEHDPRFDPFD
XYHS Meeoeoennnnn QETIQDNIRSRRNKIFTL ¢eceececes APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢cccececces MASEHDPRFDPFD
Yellow HHLB Meeooooonons QEIQDNIRSRRNKIFEL ¢ecececece- APVLELKLGIGGTSYEDFIRNMHLPMQLSQV +«ccececce- MASEHDPRFDPFD
HBC Meeoooooooos QEIQDNIRSRRNKIFL «+veeveees APVLELKLGIGGTLYEDEFIRNMHLPMQLSQV ¢ ccceece- MASEHDPRFDPFD
JDG100 M eeeceveeees QETQDNIR SRRNKIFETL ¢ecececces APVLELKLGIGGTLYEDFIRNMHLPMQLSQV e cecee MASEHDPRFDPFD
HSH Y QEIQDNIRSRRNKIFETL s*cccecve-- APVLELKLGIGGTLYEDFIRNMHLPMQLSQV * == e*- MASEHDPREDPFED
LXH Moeveoooeoees QEIQDNIRSRRNKIFL *=cvecec-- APVLELKLGIGGTSYEDFIRNMHLPMQLSQV **cccvc--- MASEHDPREFDPFD
White ~ WST Meeoooooonnn QETIQDNIRSRRNKIFEL ¢ececeeees APVLELKLGIGGTLYEDFIRNMHLPMQLSQV ¢«cccecceee MASEHDPRFDPFD
QAL Meeoooroenns QETIQDNIRSRRNKIFETL, ¢ecececees APVLELKLGIGGTSYEDFIRNMHLPMQLSQV ¢ cccceccee MASEHDPRFDPFD
* *

Fig.5 Alignment analysis of the deduced amino acid sequences of
DcOR3 from 16 chromoplast-containing carrot cultivars and nine
non-chromoplast-containing  carrot cultivars/varieties. Identical
sequences are shaded in grey. The amino acid sequences of DcOR3
from 16 chromoplast-containing carrot cultivars and nine non-chro-
moplast-containing carrot cultivars/varieties are enclosed in a red box

and a black box, respectively. The two single amino acid changes at
positions 184 (Ser-to-Leu) and 309 (Asp to Tyr) of DcOR3 are indi-
vidually indicated with a red and a black asterisk (%) below the align-
ment. The conserved ‘golden’ SNP locus at position 95 (Arg) is indi-
cated with a solid orange circle below the alignment
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(1160-1162 bp)
‘golden’ SNP locus
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(Leu™)

(3349-3351 bp)

Cc wild-type  DcOR3-¢“-knockout
TAA | ,

(5168 bp)

KRD

(146 bp) CCTGTTCTGCAAAGGATGACTCTGCTTCCTTCCCTGCTGGAGATAACATC (192 bp)
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b

target 1

/m/\‘;’\»c\/\/\‘ﬂ\f[\/\\"f M‘ \‘N W /\/V\/ \
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Fig.6 Knocking out DcOR3"" in orange carrot KRD by CRISPR/
Cas9. a Schematic representation of the two sgRNAs targeting
DcOR3™", conserved ‘golden’ SNP locus in exon 2, and Leu'$*
locus in exon 5. The black boxes and broken lines indicate individual
exons and introns, respectively. b Representative target site sequences
of mutant alleles identified in DcOR3“-knockout KRD plants. ¢

Discussion

In higher plants, carotenoids are synthesized and stored
exclusively in different types of plastids, including chro-
moplasts, chloroplasts, amyloplasts, and etioplasts (Sun
et al. 2018). These different types of plastids exhibit
dramatic differences in their capacity to synthesize and
accumulate carotenoids, leading to diversity in carotenoid
content and composition among various plant species (Sun
et al. 2018). Chromoplasts provide a high capacity for
carotenoid biosynthesis and storage, as well as bright yel-
low, orange, or red hues to various plants' flowers, fruits,
and roots. In carrots, the orange colouration of taproots
resulted from the massive accumulation of carotenoids
(Ma et al. 2017; Perrin et al. 2017; Wang et al. 2020). The
pigments from orange carrots predominantly comprised
a-/B-carotene, which is mainly deposited in crystalloid
chromoplasts (Kim et al. 2010; Tomasz et al. 2018). o-/p-
Carotene is an important dietary source of provitamin
A, and elucidating its storage in chromoplasts is of great
interest. Significant differences in carotenoid composition
and content were noted among orange, red, yellow and
white carrots (Clotault et al. 2008; Ma et al. 2017; Wang
et al. 2020). However, the comparative study of carotenoid
profile and plastid substructure between these differently
coloured carrots have not been conducted. Therefore, the

@ Springer

allele 1: CCTGTTCTGCAAAGGATGACTCT WT
allele 2: CCTGTTCTGCAAAGGATGACTCT WT

allele 1: CCTTCCACTGCTGGAGATAACATC 1 bp insertion
1 bp deletion

target 2

d wild-type

iy -

wild-type DcOR3-“-knockout

Wild-type and DcOR3™*-knockout KRD carrots. d Representative
protoplasts isolated from taproots of DcOR3"““-knockout carrots. e
Relative transcript levels of DcOR3™" in taproots of wild-type and
DcOR3"“_knockout KRD carrots. Data are means of three replicates
with error bars representing + SD

deposition of carotenoid pigments in plastids of these non-
orange carrots merits further investigation.

The present study determined carotenoid pigment pro-
files and plastidal ultrastructures of orange, red, yellow,
and white carrots. In agreement with previous studies (Ma
et al. 2017), carotenoid pigments from all the orange car-
rots comprised large amounts of a-/pB-carotene and rela-
tively lower amounts of lutein, the former two of which
were predominantly responsible for the orange colour. In
orange carrots, carotenoids are mainly deposited in crys-
talloid chromoplasts, and occasionally in membranous
chromoplasts. High amounts of carotenes sequestered
in chromoplasts can gradually aggregate and finally be
deposited in a crystalline form as crystal structures, lead-
ing to distortion of the shape of the chromoplast to an
elongated crystalline shape (Schweiggert et al. 2011).
This was confirmed in the present study, where typical
elongated-shaped carotene crystal remnants appeared in
the crystalloid chromoplasts but not in the membranous
chromoplasts of the orange carrot cells. Crystal remnants
were also found in the crystalloid chromoplasts of all the
red carrot cells but showed differences in the shape and
number of attached undulated membranes compared with
those of orange carrots. Similar structures were previ-
ously linked to lycopene accumulation in red Citrus fruits
and tomatoes (Schweiggert et al. 2011; Zeng et al. 2015).
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These differences were caused by exclusive lycopene accu-
mulation and crystallization in the chromoplasts of the red
carrots. Plastoglobuli, the site for carotenoid storage, were
observed within the chromoplasts of orange and red car-
rot cells. In addition, starch granules were observed in the
chromoplasts of some orange and red carrots, supporting
previous findings that chromoplasts were converted from
amyloplasts in carrots (Kim et al. 2010).

In contrast to the abundant accumulation of carotenes in
orange or red carrots, yellow or white carrots mainly accu-
mulate lutein as the primary carotenoid pigment, which
is primarily stored in amyloplasts and rarely in globular
chromoplasts. Almost all the tested yellow or white carrots
contained amyloplasts in their taproot cells, except for the
yellow carrot YST, which had chromoplasts in their taproot
cells. Globular plastoglobuli were identified in all the yel-
low and white carrots, while spindle-like plastoglobuli were
only identified in the chromoplasts of YST. The spindle-like
plastoglobuli were similar to those described for papaya,
comprising globular plastoglobuli and attached tubular ele-
ments (Schweiggert et al. 2011). The plastoglobuli from yel-
low carrots were bigger than those from white carrots, partly
explaining the higher amounts of carotenoids in yellow than
in white carrots.

OR is involved in regulation of carotenoid biosynthesis
in many plants. The ‘golden” SNP, which increases carotene
levels and trigger chromoplast biogenesis, has been identi-
fied in some plant species (Tzuri et al. 2015; Zhou et al.
2015; Kim et al. 2021). This conserved ‘golden’ SNP was
not found in any of the three OR genes of carrots (Wang
et al. 2021). However, a Ser-to-Leu amino acid substitution
(Ser184Leu) in the DcOR3 protein which previously had
been described as influencing carotenoid accumulation was
identified in domesticated carrots (Ellison et al. 2018). Pre-
vious study has also revealed that DcOR3* co-segregated
with high carotenoids content and may contribute to the for-
mation of chromoplasts in carrot (Coe et al. 2021). However,
the functionality of DcOR3%“" on chromoplasts presence was
not verified. In the present study, homozygous DcOR3*"
appeared fixed in the non-chromoplast-containing carrot cul-
tivars, whereas all the chromoplast-containing carrot culti-
vars were fixed with homozygous DcOR3“*. Knocking out
DcOR3"" in orange carrot KRD suppressed chromoplast
biogenesis and led to the generation of yellow carrots. These
results suggest that DcOR3™" is essential for chromoplast
biogenesis in carrots. However, homozygous DcOR3 "
was also present in non-chromoplast-containing carrot cul-
tivars, implying that DcOR3™" is not the only genetic factor
responsible for chromoplast biogenesis in carrot taproots.
Future work will focus on verifying the function and molec-
ular mechanism of DcOR3%" and DcOR35¢" in chromoplast
biogenesis and identifying other genetic factors controlling
chromoplast biogenesis in carrots.

Conclusion

This study showed that the differences in carotenoid pig-
ment profiles were related to the distinct plastid types and
ultrastructures of carrots. Overall, orange or red carrots
mainly accumulated substantial amounts of carotenes or
lycopene that formed crystals in crystalloid chromoplasts.
The yellow and white carrots mainly accumulated lutein
stored in plastoglobuli of amyloplasts in most cases or
in globular chromoplasts in rare cases. These results also
support the previous hypothesis that chromoplasts differ-
entiated from amyloplasts. We also determined that allelic
variation at DcOR3, generating DcOR3%", was associated
with chromoplast biogenesis in carrot taproots. Knock-
ing out DcOR3%“" in orange carrot KRD suppresses chro-
moplast biogenesis. The finds of this study support that
DcOR3™" is vital, but insufficient, for chromoplast biogen-
esis in carrots. This study provides further understanding
of chromoplast formation in carrots.
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