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KEY WORDS Abstract  Crocus sativus (saffron) is a globally autumn-flowering plant, and its stigmas are the most
expensive spice and valuable herb medicine. Crocus specialized metabolites, crocins, are biosynthesized

Crocus sativus;

in distant species, Gardenia (eudicot) and Crocus (monocot), and the evolution of crocin biosynthesis

WGT; . .

Lo . remains poorly understood. With the chromosome-level Crocus genome assembly, we revealed that
Crocin biosynthesis; . R o . .
Chrationaidhs two rounds of lineage-specific whole genome triplication occurred, contributing important roles in the
Apocarotenoids; production of carotenoids and apocarotenoids. According to the kingdom-wide identification, phyloge-
CCDs netic analysis, and functional assays of carotenoid cleavage dioxygenases (CCDs), we deduced that

the duplication, site positive selection, and neofunctionalization of Crocus-specific CCD2 from CCD1
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members are responsible for the crocin biosynthesis. In addition, site mutation of CsCCD?2 revealed the
key amino acids, including 1143, 1146, R161, E181, T259, and S292 related to the catalytic activity of
zeaxanthin cleavage. Our study provides important insights into the origin and evolution of plant special-
ized metabolites, which are derived by duplication events of biosynthetic genes.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The stigmas of autumn-flowering Crocus sativus, named ‘“red
gold” saffron, are the source of the most expensive spice'. Owing
to its prevalent uses as a spice, colorant, and medicine, saffron is
an important cash crop distributed in Europe, the Mediterranean,
and central Asia. Saffron has been introduced into China for
nearly seven hundred years, and stigmas of saffron have been
noted in the Chinese Pharmacopoeia for their medicinal usage in
invigorating blood circulation and removing depression. The main
active compounds of saffron stigmas are crocins, the glycosides of
apocarotenoids, which have anticancer, anti-inflammatory, anti-
oxidant, and antidiabetic activities and are of great pharmaco-
logical value, especially in the treatment of central nervous system
and cardiovascular diseases” .

The Crocus genus, belonging to Iridaceae, comprises approx-
imately 100 perennial and seasonal flowering species that grow
from corms®. Several classifications of the Crocus genus have
been proposed based on morphological characteristics, flowering
habits, and molecular evidence® ''. Phylogenetic analysis using
the barcodes from chloroplast and nuclear loci determined that
in the whole genus Crocus, the classification of section Crocus
and Nudiscapus, which could be further separated into different
series, is acceptable®. C. sativus, a sterile triploid species
(2n = 3x = 24), is clustered in series Crocus of section Crocus,
and the phylogenetic relationships among the faxa of Crocus
series Crocus via chloroplast genome, genome-wide DNA poly-
morphism, genome survey, and multicolor fluorescent in situ
hybridization revealed that triploid C. sativus originated from the
autotriploidization of wild Crocus cartwrightianus’'>">. Vegeta-
tive propagation and cultivation of C. sativus by corms prevented
genetic segregation of the favorable traits of saffron, resulting in
the worldwide cultivation of a unique clonal lineage.

Crocin biosynthesis and in vitro production are subjects of
considerable interest'*'?. Crocins are also enriched in the mature
fruits of Gardenia jasminoides, and the flowers of Buddleja
davidii. Previously, we reported the genome of G. jasminoides and
fully elucidated the biosynthetic pathway of crocins (crocin I—V),
including one carotenoid cleavage dioxygenase (GjCCD4a), one
aldehyde dehydrogenase (GjJALDH2C3), and two UDP-
glucosyltransferases (GjUGT74F8 and GjUGT94E5)'*. Crocin
biosynthesis in saffron stigmas is initiated by carotenoid cleavage
dioxygenase 2 (CsCCD2), which cleaves zeaxanthin at the
7,8/7',8' positions to produce crocetin dialdehyde®™'. The alde-
hyde dehydrogenase CsALDH3117?, the UDP-glucosyltransferase
(UGT) CsUGT74AD1?%, and CsUGT91P3* perform, respec-
tively, the dehydrogenation of crocetin dialdehyde to crocetin, and
its glycosylation to crocins I—V. The homologous or more
efficient genes involved in these crocin biosynthetic genes in
C. sativus remain unclear. Owing to its large genome size and

autotriploidization, high-quality whole-genome sequencing of
C. sativus has not yet been achieved. Although short-read and
long-read based transcriptomes have been reported and used to
identify crocin biosynthetic genes in C. sativus®"****~2°, the gene
structure, gene cluster, collinearity, and duplication events related
to crocin biosynthesis, or the developmental mechanism of
Crocus, are difficult to determine. Furthermore, the saffron
genome will benefit mining and utilizing genes related to crocin
biosynthesis and elucidating the genetic basis for crocin produc-
tion in distantly related plants.

Here, we sequenced and assembled the haploid genome of
triploid C. sativus, which is the first chromosome-level genome of
Iridaceae species. The whole genome duplication event showed
that C. sativus underwent two lineage-specific whole genome
triplication (WGT) events, and the retained genes after these WGT
events were mainly enriched in the metabolic pathway, revealing
that the evolution of saffron and glucoside synthesis are closely
linked. Comparative genomics, gene duplication, and functional
verification of CsCCDs in saffron revealed that Crocus-specific
CsCCD?2 genes related to crocin synthesis originated from the
duplication of CsCCDI1. Furthermore, the functional convergence
of GjCCD4a and CsCCD2 drives the independent evolution of
crocin biosynthesis in eudicots (Gardenia) and monocots
(Crocus). Homologous modeling, molecular docking, and site
mutations revealed the key amino acids related to the catalytic
activity of CsCCD2. The C. sativus genome provides important
insights into the convergent evolution of crocetin/crocin biosyn-
thesis in distantly related plants.

2. Results

2.1.  Crocus sativus genome assembly and annotation

A total of 451.10 Gb long reads with an N50 length of 11.45 kb
using a third-generation Sequel sequencing platform, and 600 Gb
short reads from Illumina sequencing were generated for the
triploid C. sativus genome with a high level of heterozygosity
(Supporting Information Tables S1 and S2). The filtered
long-reads were error-corrected, trimmed, and initially assembled,
and an approximately 7.59 Gb genome with contig N50 length of
299.03 kb for C. sativus was produced (Supporting Information
Table S3). The assessment of genome assembly showed that
95.70% completed BUSCOs were identified, suggesting a high
completeness of genome assembly. However, a high proportion of
duplicated BUSCOs (66.40%) and a genome size that was much
larger than predicted represented the occurrence of triploid-fused
assembly. The redundancy assembly was further purged to
produce a haplotype genome of 4.79 Gb with a contig N50 length
of 353 kb (Table 1, Table S3). The assembled Crocus genome size
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Table 1 The statistics of assembly and annotation of C.
sativus.
Assembly and annotation C. sativus
Total number of contigs 26,118
Assembly size (Mb) 4769.31
Contig N50 (bp) 361,768

Total number of pseudo-chromosomes 8

Total anchored genome size (Mb) 4637.29
Complete BUSCO for genome assembly 97.5%
Number of protein-coding genes 60,656
Complete BUSCO for annotation 92.2%
Repeat density 65.57%

is much larger than the genome size of Asparagus (Asparagus
officinalis, 1.18 G)*’ from Asparagaceae and Apostasia (Apostasia
shenzhenica, 349 Mb)*® from Orchidaceae. The longest contig
was 16.50 Mb. The purged genome presents high completeness
with 93.20% BUSCO mapping, indicating that the genome
assembly is of high quality. Furthermore, a library of chromosome
conformation capture techniques (Hi-C) was constructed, and
677.66 Gb sequencing reads covering 144 x of the assembled
genome size were produced to cluster and order, a total of 27,709
contigs into 8 pseudochromosome-level scaffolds with 97.5%
BUSCO mapping (Table 1, Fig. 1, Supporting Information
Table S4, Fig. S1). The completeness of Crocus genome assem-
bly is also superior to the assembly of A. officinalis (BUSCO,
88.2%) and A. shenzhenica (BUSCO, 93.62%).

Approximately 65.57% (3,127,423,950 bp) of the draft
C. sativus genome was composed of transposable elements (TEs)
(Table 1, Supporting Information Table S5). LTR-RTs (long ter-
minal repeat retrotransposons) are the major type of TEs in plants,
and Copia and Gypsy are the two most prominent superfamilies of
LTR-RTs. Among them, 60.78% of the total genome was anno-
tated as LTR-RTs, of which the Gypsy and Copia superfamilies
accounted for 95.82% of the total LTR elements (Supporting
Information Fig. S2, Table S5). The proportion of LTR-RTs in
C. sativus was similar to that in A. officinalis, and significantly
higher than that in A. shenzhenica, which only occupied 14.45%
of their genomes (Supporting Information Tables S6 and S7). In
the Crocus genome, the proportions of Copia and Gypsy elements
are similar; however, Gypsy elements are dominant in A. shenz-
henica, and the Copia superfamily is primary in A. officinalis,
suggesting the lineage specificity of LTR-RT duplication
(Supporting Information Fig. S3). Next, we examined the insertion
time of the intact LTR-RTs in Crocus, A. officinalis, and
A. shenzhenica. The results showed that insertion times of the
Copia and Gypsy superfamilies proliferated rapidly at ~0.1 MYA
in the Crocus genome (Supporting Information Fig. S4). However,
the insertion and expansion of LTR-RTs in A. shenzhenica
(Supporting Information Fig. S5) and A. officinalis (Supporting
Information Figs. S6 and S7) occurred much earlier. The more
recent burst of LTR-RT insertion in Crocus might be correlated
with the large expansion of genome size.

Furthermore, we predicted 60,656 protein-coding genes from
the repeat-masked genome of C. sativus through a combination of
homology-based  prediction, de novo prediction, and
transcriptome-based prediction methods (Table 1, Supporting
Information Table S8). Complete orthologs for 94.8% of the
embryophyta BUSCOs were identified, indicating that the
predicted protein-coding genes are largely complete (Supporting

Information Table S9). We identified 57,964 duplicated genes,
which were grouped into five different categories, including
31,373 whole-genome duplicates (WGD, 54.17%), 5075 dispersed
repeats (DSD, 8,76%), 2764 tandem duplicates (TD, 4.78%), 8340
proximal duplicates (PD, 14.39%), and 10,408 transposed dupli-
cates (TRD, 17.96%) (Supporting Information Fig. S8A). We
compared the K4, Ks, and Kx/Ks distributions for different modes
of gene duplication and found higher K5/Kg values for tandem
duplication gene pairs (Fig. S§B-D), suggesting that the process
of tandem duplication is ongoing, with faster sequence changes
and positive selection than for genes generated through other
modes of duplication. We further performed functional enrich-
ment of these different modes of gene duplication, and compar-
ative analysis showed that the functional enrichment of TD was
significantly different from that of DSD, PD, and TRD
(Supporting Information Figs. S9-S12, Tables S10-S14). The
functional annotation of TDs showed that the functional terms
related to secondary metabolic biosynthesis, including mono-
terpene synthesis and carotenoid synthesis, were enriched
(Fig. S12).

2.2.  Phylogenomic analysis and whole genome duplications of
C. sativus

Here, 27,239 orthologous groups covering 409,744 genes were
identified for 14 angiosperms, including 13 monocots and Vitis
vinifera. A total of 1590 orthologous groups representing the
low-copy gene families were chosen to construct the phylogenetic
tree using V. vinifera as an outgroup with coalescent and concat-
enated models. The topologies of these two phylogenetic trees are
consistent with the bootstrap value of 100% for all the nodes. The
final phylogenetic relationships of C. sativus with other candidate
species are also consistent with the Angiosperm Phylogeny Group
IV botanical classification system, and the results showed that
C. sativus from Iridaceae is sister to the branch of Allium
sativum®  from Amaryllidaceae and A. officinalis’’ from
Asparagaceae. Molecular dating using the nucleotide sequences of
the 1590 low-copy genes and six fossil age calibrations predicted
that Iridaceae species diverged from Amaryllidaceae and
Asparagaceae approximately 95.53 million years ago (MYA), with
a 95% confidence interval (CI) of 75.53—111.17 MYA. The
divergence time between Orchidaceae (A. shenzhenica) and
Iridaceae species was inferred to be 111.86 MYA with a 95% CI of
97.11 and 123.30 MYA. By comparing 13 other plant species, we
found 10,218 and 5303 gene families that appeared to expand and
contract, respectively, in C. sativus (Fig. 2A). Functional analysis
of 2573 rapidly expanded gene families in C. sativus revealed the
marked enrichment of genes related to metabolic pathways and
secondary metabolites, including carotenoid biosynthesis, which
might be related to the biosynthesis of active ingredients of Crocus
(Supporting Information Fig. S13, Tables S15 and S16).

During the evolution of plants, genome expansion is mainly
driven by whole-genome duplication events or polyploidy and the
proliferation of transposable elements. These events are a ubiq-
uitous feature of plant genomes, not only increasing the diversity
of genome sizes but also enriching the genetic information. Here,
we analyzed WGD events in C. sativus genome. Syntenic analysis
showed at least one WGD event in the C. sativus genome
(Supporting Information Fig. S14). The distributions of synony-
mous substitutions per synonymous site (Ks) for C. sativus
paralogs detected obvious peaks in the C. sativus genome
(Supporting Information Figs. S15 and S16). Next, ‘ksrates’ was
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Figure 1
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Genome features of the C. sativus genome. a, chromosome karyotypes in 100-kb windows; b, gene density; ¢, GC content; d, repeat

sequence density of the Gypsy family; e, repeat sequence density of Copia. The middle part is the flower of C. sativus.

used to adjust the whole-genome duplication time according to the
evolutionary rate. The distributions of Ky for all paralogous genes
of C. sativus show three obvious peaks at 0.07 (a, Fig. 2B), 0.17
(b, Fig. 2B), and 0.39 (c, Fig. 2B), indicating that multiple WGD
events have occurred (Fig. 2B). The paralogous genes localized at
the Ks peak of 0.07 are interspersed repetitive sequences, which
might be caused by explosive LTR insertion. The Kg distributions
for homologous pairs between C. sativus and other species, i.e., A.
sativum and A. officinalis showed different values, 1.68 and 1.01,
respectively, suggesting that these three species have evolved at
different substitution rates. In addition, the species phylogeny
indicated that A. sativum presented a larger branch length, that is,
higher substitution rates, than C. sativus and A. officinalis. Then,
the K value of divergence between C. sativus and A. sativum, and
A. officinalis were further adjusted to 0.92 and 0.93, respectively
(Fig. 2B and C). The two K peaks at 0.17 and 0.39 for paralogous
genes of C. sativus are much less than the divergent Kg value with
A. sativum and A. officinalis, suggesting that these two rounds of
whole genome duplication events of C. sativus are species-
specific. Furthermore, collinearity analysis combined with Kg
values of the C. sativus genome revealed that two whole genome
triplication (WGT) events occurred (Supporting Information
Fig. S17). The Kg value of paralogous pairs for A. sativum and
A. officinalis, respectively, also supported those two rounds of A.
officinalis-specific WGD events and once A. sativum-specific
WGD event occurred after their speciation (Supporting
Information Figs. S18 and S19). Here, we estimated the
mutation rate as 4.87 x 107° synonymous substitutions per
synonymous site per year for C. sativus, A. sativum, and A. offi-
cinalis according to the divergent Kg value and time. Then, the
Crocus-specific WGT events occurred at approximately 17.46

MYA (WGT-2) and 40.06 MYA (WGT-1), respectively (Fig. 2A).
The slight Ks peak at 1.23 (d, Fig. 2B) for Crocus paralogous
genes presented the ancestor whole genome duplication, which
occurred before the spit with A. sativum and A. officinalis; in
addition, the duplication time occurred at approximately 126.36
MYA, representing the tau (7) duplication event. We further
performed functional enrichment of WGD genes, and the results
showed that metabolic and secondary metabolic biosynthesis were
enriched, including terpenoid backbone and carotenoid biosyn-
thesis, suggesting that WGD events play important roles in the
biosynthesis of Crocus specialized metabolites (Supporting
Information Fig. S20, Tables S17 and S18).

2.3.  Stigma-specific accumulation of apocarotenoids and
coexpression network analysis

The three stigmas of C. sativus exhibit a visible red color due to
the presence of crocins, a kind of apocarotenoid. We collected
samples from seven different organs of saffron: roots, peduncles,
leaves, whole flowers, stamen, petals, and stigmas, to detect the
accumulation of carotenoids and apocarotenoids. Based on tar-
geted metabolome analysis of different organs and tissues, apoc-
arotenoids (crocetin and five crocins) are largely enriched in
stigmas and whole flowers; however, carotenoids such as
B-carotene, zeaxanthin, and antheraxanthin are also detected in
leaves with high accumulation (Fig. 3A).

We also mapped the RNA-seq reads from seven C. sativus
organs to the assembled genome, and a total of 9430 genes
(15.5%) were not expressed (FPKM <1) in any tested organ.
Using k-means clustering, all the expressed genes were clustered
into 48 clusters based on their expression profiles in different
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Evolution of the C. sativus genome. (A) Orthologous genes and phylogenetic analysis among C. sativus and 13 other angiosperms.

Blue bars at nodes represent 95% credibility intervals of the estimated dates. The red and green numbers represent the expansion and contraction

of gene families among 14 angiosperms. The ellipse in the branch represents the duplication events and divergence time. (B) K distributions of
anchor pairs for the paralogs of C. sativus, and for the orthologs between C. sativus and A. sativum, and C. sativus and A. officinalis. The divergent
K value of orthologs between C. sativus and A. sativum was adjusted from 1.68 to 0.92 (1), and the Ky value between C. sativus and A. officinalis
was adjusted from 1.01 to 0.93 (1). Four K peaks for the paralogs of C. sativus named a, b, c, and d, were detected. (C) Phylogenetic tree for
C. sativus, A. sativum, A. officinalis, and A. shenzhenica with the branch lengths of ortholog K distributions. The ellipse in the branch represents
the duplication events. The red ellipse represents a WGT event, the yellow ellipse represents a WGD event, and the green ellipse represents the

divergence. The dotted line represents the outgroup.

organs (Supporting Information Fig. S21). The functional
enrichment for clusters 3, 5,13, 15, 17, 20, 34, and 43 that con-
tained significantly or specifically expressed genes in stigmas
showed that the terpenoid and carotenoid biosynthetic genes are
significantly enriched (Supporting Information Fig. S22,
Tables S19 and S20). In these clusters, 85 candidate transcription
factors were further identified with FPKM >10. Furthermore, the
co-expression network between structural genes in the carotenoid
synthesis pathway and these transcription factors was performed,
showed that MIKC_MADS, bHLH, and MYB might be related to
the regulation of crocin biosynthesis and flower development
(Supporting Information Fig. S23, Table S21).

2.4.  Biosynthesis and evolution of carotenoids in Crocus

Carotenoids are lipid-soluble isoprenoids that act as the basis of
plant pigments, such as flowers and fruits, and carotenogenesis
genes have been completely elucidated in plants®*>'. First, two
molecules of geranylgeranyl diphosphate (GGPP) are condensed
to form carotenoid skeleton phytoene by phytoene synthase
(PSY), and phytoene is sequentially catalyzed to produce lyco-
pene under a series of enzymes, including phytoene desaturase
(PDS), 15-cis--carotene isomerase (Z-ISO), {-carotene desatur-
ase (ZDS), and carotenoid isomerase (CRTISO)*>** (Fig. 3B).
Here, we identified these coding genes related to upstream
carotenoid biosynthesis in Crocus based on their homologs from
Arabidopsis thaliana, and 7 CsPSY, 8 CsPDS, 5 CsZISO, 3 CsZDS,
and 6 CsCRTISO genes were annotated (Supporting Information
Table S22). PSY is the core rate-limiting enzyme in carotenoid

biosynthesis®*, and this enzyme coding gene has evolutionarily
expanded into a PSY gene family with gene numbers ranging from
1 to 13 in most monocot genomes, in contrast to one ArPSY from
A. thaliana. Notably, PSY genes in Crocus expressed with tissue-
specificity, such as CsPSY5 and CsPSY6, are specifically and
largely expressed in stigmas (Fig. 3C), and CsPSY3 is uniquely
transcribed in leaves. Additionally, the CsPSY3, CsPSY5, and
CsPSY6 genes showed high identities of 78.2%, 77.6%, and 75.5%
with AzPSY, respectively, revealing their highly conserved phy-
toene synthase activity in plants (Table S22). In addition to the
expansion of CsPSY genes, we also detected the expansion of
CsPDS, CsZISO, CsZDS, and CsCRTISO genes in the Crocus
genome, and these genes were distributed in different locations of
the physical genome. In addition, we identified the significantly
high expression of CsZDSI1, CsZDS2, CsCRTISOI-1, and
CsCRTISOI-2 in stigmas and flowers in correlation with carot-
enoid accumulation in three stigmas of Crocus, suggesting their
contribution to the coloration of stigmas (Table S22).

Beyond lycopene, carotenoid biosynthesis diverges into two
branches with competing cyclization to d-carotene and vy-caro-
tene catalyzed by lycopene e-cyclase (LCYE) and lycopene
B-cyclase (LCYB), respectively’”. Then, d-carotene and
y-carotene are further transformed into a-carotene and (-caro-
tene by LCYB, respectively. The hydroxylation of a-carotene
and B-carotene produces different carotenoids, such as lutein,
B-cryptoxanthin, zeaxanthin, etc, catalyzed by CYP97 family
members (Fig. 3B). Here, we identified 3 LCYE, 2 LCYB, and 8
CYP97 members in the Crocus genome (Table S22). Consistent
with the observed coloration of stigmas, CsLCYB2 presented
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Figure 3  Proposed crocin biosynthesis and related gene expression in C. sativus. (A) Distribution of targeted carotenoids and apocarotenoids in

different tissues of C. sativus. (B) The proposed biosynthetic pathways of carotenoids, abscisic acid (ABA), and crocins in Crocus. The pathway in
the green box is the production of lutein and ABA biosynthesis, and the pink box is the biosynthesis pathway of crocins. (C) Gene expression of
core genes involved in the biosynthetic pathways of carotenoids, ABA, and crocins in different tissues of C. sativus.

extremely high expression in Crocus flowers, particularly stig-
mas (Fig. 3C). However, silencing expression of CsLCYE genes
in stigmas and specific expression of CsLCYE! and CsLCYE?2 in
leaves of Crocus were detected, suggesting that the lutein
pathway was inhibited in stigmas and activated in leaves. In
addition, the CYP97A and CYP97C genes exhibited low
expression in all tested tissues, and CYP97B3-1 and CYP97B3-2
showed specifically high expression in stigmas, indicating that
CYP97B members might be responsible for the formation of (-
cryptoxanthin and zeaxanthin in Crocus.

The 9-cis-epoxycarotenoid cleavage dioxygenase (NCED)
family member NCED3 cleaves neoxanthin or violaxanthin to
produce ABA (Fig. 3B). From the Crocus genome, 6 NCED3
genes were identified; however, all NCED3 genes showed silent
expression in stigmas. Similarly, zeaxanthin epoxidase (ZEP)
genes and neoxanthin synthase (NSY) genes in Crocus stigmas
were expressed very slightly (FPKM <5), implying that ABA
biosynthesis in Crocus stigmas might be significantly inhibited.
This allows the metabolic flux towards the crocin pathway from
carotenoids (e.g., B-carotene, zeaxanthin, etc.) in stigmas.

The whole biosynthetic map of carotenoids from GGPP based
on the Crocus genome was drawn (Fig. 3B), and compared to 12
other monocots, 2 eudicots (V. vinifera and A. thaliana) and
Amborella trichopoda, we found significant expansion of
carotenogenesis genes in Crocus (Table S23). Then, the carotenoid
biosynthetic genes were mapped onto Crocus chromosomes
(Table S22). Only CsPDS2-2 and CsPDS2-3 cluster with each
other on chromosome 2, and there are no other tandem duplication
genes for carotenoid biosynthesis in the Crocus genome. These
results indicated that tandem duplication might not be the driving
force of gene expansion related to carotenoid biosynthesis in

Crocus. Distributions of Kg for all paralogous genes of carotenoid
genes in Crocus showed that mean Kg values for three groups are
consistent with the interspersed repetitive and two lineage-specific
rounds of WGT events (Supporting Information Table S24),
suggesting these gene duplication events contributed to the
carotenoid biosynthesis. Additionally, the PD, TRD, and WGD
events have played important roles in the expansion of carotenoid
biosynthetic genes (Supporting Information Table S25).

2.5. Catalytic activities and evolutionary origin of carotenoid
cleavage dioxygenases in Crocus

Crocins are the main valuable compounds in the stigmas of Crocus
and the mature fruits of Gardenia, and crocin biosynthetic path-
ways in Crocus and Gardenia have been nearly completely
elucidated. Generally, carotenoid cleavage dioxygenase (CCD),
aldehyde dehydrogenase (ALDH), and UDP-glucosyltransferase
(UGT) are responsible for crocin biosynthesis from caroten-
oids®™. Here, we identified 20 CCD genes from the Crocus
genome, including 6 CCDI, 1 CCDIL, 2 CCD2, 3 CCD4, 2
CCD7, and 6 NCED members (Supporting Information
Table S26). Among them, two CCD4 genes were highly
expressed in flower tissues, such as petals, stamen, and stigmas,
and silently expressed in roots, leaves, and peduncles (Fig. 4A). In
Crocus, CsCCD2 from C. sativus and CaCCD2 from Crocus
ancyrensis with 87% identity have been proven to cleave zeax-
anthin into crocetin dialdehyde. Here, we found that two genome-
annotated CsCCD2 genes comprise the difference of three amino
acids, site 151: I-L, site 230: K-E, and site 425: E-Q, and both
genes are specifically expressed in stigmas of C. sativus, implying
the same enzymatic activity (Supporting Information Fig. S24).
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Figure 4 Functional identification and evolutionary analysis of CCD genes in C. sativus. (A) Gene expression patterns for CsCCD genes in
different tissues of C. sativus. (B—D) The catalytic activities of candidate CsCCD genes, including CsCCD1-1, CsCCD1-2, CsCCD2-1,
CsCCD2-2, CsCCD4-1, and CsCCD4-2, using B-carotene (B), zeaxanthin (C), and lycopene (D) as substrates, respectively. GjCCD4a was
chosen as a positive control and has been indicated to cleave B-carotene (B), zeaxanthin (C), and lycopene (D) into crocetin dialdehyde,
respectively. (E) Genome-wide identification and phylogenetic tree of the CCD gene family from the 14 angiosperms listed in Fig. 2A.
(F) Phylogenetic topology of the CCD2 and CCD1 subfamilies. @ represents the average w ratio (K5/Kg) of each branch. (G) Syntenic blocks for
CsCCDI1 and CsCCD2 genes in C. sativus. Different colored boxes represent the anchored gene pairs. The pink lines represent the synteny
relationships between the CsCCDI and CsCCD2 genes. The average K value of paralogous genes localized in the syntenic regions was calculated
using CodeML of the PAML package.

We tested four highly expressed CsCCD genes, named could cleave the 7—8/7'—8’ position of 3-carotene, zeaxanthin, and
CsCCD4-1, CsCCD4-2, CsCCD2-1, and CsCCD2-2, using lycopene. However, the cleavage activities for CsCCD4-1 and

carotenoid-producing Escherichia coli strains as host cells. GCCD4a CsCCD4-2 were not detected at the different positions of 8-carotene,
from G. jasminoides cleaved the 7,8 (7',8') positions of lycopene, (- zeaxanthin, and lycopene, although there is an unknown peak at
carotene, and zeaxanthin into crocetin dialdehyde as a positive con- 15.09 min for the catalysis of CsCCD4-1 and CsCCD4-2 to (3-caro-

trol (Fig. 4B-D). The results showed that (-carotene-producing tene. Additionally, the catalytic activities of two CCD1 enzymes
strains with the plasmid containing GjCCD4a, CsCCD2-1 and (CsCCDI-1 and CsCCD1-2) were detected, and the results showed

CsCCD2-2, respectively, produced two new peaks with high- that these two tested CCD1 enzymes could not perform any cleavage
performance liquid chromatography (HPLC) (Fig. 4B), and one using lycopene, §-carotene, and zeaxanthin as substrates.

new product with a retention time of 16.37 min and characteristic Compared with other monocots, V. vinifera, and G. jasmi-
fragmentions ((M4-H]": m/z417.3152) that were the same as those of noides, CCD genes show a distinctive evolutionary profile. The
&'-apo-f-carotenal. Another new peak at 11.88 min with character- phylogenetic tree showed that all Crocus CCD2 genes clustered
istic fragment ions ([M-+H]": m/z 297.1847) was identified as cro- into one branch, suggesting the lineage-specific evolution of
cetin dialdehyde by comparison with the standard (Supporting CCD2 subfamily members (Fig. 4E). The CCD2 branch is sister to
Information Fig. S25). Zeaxanthin-producing strain containing all CCD1 gene family members from the tested species, and the
GjCCDA4a, CsCCD2-1 and CsCCD2-2, respectively, also produced Crocus CCD1 genes are sister to the CCD1 genes of other
crocetin dialdehyde at 11.82 min (Fig. 4C). The lycopene-producing monocots, V. vinifera, and G. jasminoides, revealing the rapid
strain containing GjCCD4a could produce an obvious peak of cro- evolution of CsCCD1 genes (Fig. 4F). Generally, gene duplication

cetin dialdehyde at 11.82 min, and we could also observe slight has contributed to the evolution of novel gene functions related to
product peaks for the strains containing CsCCD2-1 and CsCCD2-2, adaptation'®. Here, we found that the CsCCD2 genes presented
respectively. The EIC extraction using LC-MS/MS confirmed that the significant genome synteny with CsCCD1 genes. Additionally, the
peaks under the catalysis of GiCCD4a, CsCCD2-1 and CsCCD2-2 average Kg value of paralogous genes localized in the syntenic
are identical to the fragment ions of crocetin dialdehyde (Fig. 4D, regions was approximately 0.17, in accordance with the Kg value
Fig. S25). These results suggest that CsCCD2-1 and CsCCD2-2 with of WGT-2 (Fig. 4G). Our results supported that the CCD2 sub-
95.34% identity possess the same activity with GjCCD4a, which family evolved from CsCCD1 members after the Crocus-specific
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WGT event, and the rapid evolution of CsCCD2 gave rise to
neofunctionalization to produce crocetin dialdehyde. The non-
synonymous to synonymous rate ratios (w KA/Ks) for CCDs
were analyzed using the two-ratio model of PAML, and the results
showed that the w values for the branches of CCD1 and CCD2
genes were less than 1 (P < 0.01), suggesting that CsCCD genes
experienced purifying selection (Fig. 4F). Furthermore, we tested
the site selection pressure of CsCCD2 using a branch-site model,
and thirteen positive selection sites including sites, L174, T326,
and N335 at the level P > 99% and sites S232, S257, E283, S292,
H295, F341, S389, Q405, R450, and S508 at the level P > 95%,
were observed (Supporting Information Table S27). Our results
showed that the positive selection of these amino acids might be
related to the functional divergence of CsCCD2 genes.

2.6. Identification of key amino acids responsible for the
cleavage activity of CsCCD2-1

Given the different catalytic activities of CsCCD1, CsCCD2, and
CsCCD4, we aligned their amino acid sequences to identify the
important residues related to CCD2 catalytic activity. Among the
various residues, protein structure prediction with AlphaFold2 and
molecular docking narrowed down the candidate residues,
including 1143, L146, R161, E181, T259, 1260, S292, T326,
M352, L353, and S364, which are distributed within 5 A of the
substrate, zeaxanthin (Fig. 5A and B). Among them, sites S292
and T326 have undergone positive selection. Molecular dynamics
of the CCD2 and zeaxanthin complex revealed that eleven
candidate residues are relatively rigid with low root-mean-square
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Figure 5

Residues

fluctuation (RMSF) values, suggesting their possible contributions
to conserved substrate recognition or binding pocket stabilization
(Fig. 5C).

To verify the importance of these amino acid residues, we
constructed CsCCD2 mutants with a single substitution, and each
mutant was transformed into zeaxanthin-producing strains for
functional identification. Liquid chromatography showed that the
[143A and E181A mutants led to an almost complete loss of the
ability to cleave zeaxanthin, and only a slight peak for crocetin
dialdehyde was detected (Fig. 5D and E). We observed that the
1143 and E181 residues are distributed in the entrance of the
CCD2 binding pocket, and the volumes of the protein binding
pockets of the I143A and E181A mutants are obviously shrunken,
suggesting that these two residues are crucial for the shape of the
binding pocket (Supporting Information Fig. S26). In addition, the
mutants L146A, RI161A, T259A, and S292A significantly
increased the catalytic activity of CCD2 toward zeaxanthin
(Fig. 5D and E), and these residues are also distant from the active
Fe' center, suggesting their long-range effects on the catalytic
center. Given the positive selection pressure of S292, we generated
an additional mutant of S292F, and the result showed that the
catalytic activity of S292F mutant was significantly reduced
(P < 0.05, Fig. 5D and E).

3. Discussion

Asparagales, a monophyletic orchid order of flowering plants, is
one of the largest angiosperm families, comprising 14 families and
more than 36,200 species. This order contains crop plants (e.g.,

f ;—_,L_/\—»M zeaxanthin
N L L _ crocetin
A N - dialdehyde
= W1 A 4+GiCCD4a
R161 4+CsCCD2-1
El(g)o $292-A
&1 E— " S292F
1260-F
1146
é : L353F
1143-A
L146-A
© 1143 X mea
1260 1222 EISI-A
(%) T259-A
22 O H 11 G
[#) _ fy T326-A
F280 7 DA~ \as2m
F290 IX. TX. -
© e e s36aA
11.0 12.0 13.0 140 15.0 16.0 min
E 200 -
180000 “
160000 -
-
2 140000 E3
g
s
% 1200001
< 100000 [
g
S 80000 T l - |
3
S 600001 b =
-
40000
‘ 20000 H -
" =
. g ] M
PRI S 0 T I i 0 I S S
oY VoV oY G e IR MBS N i
300 400 500 Q\LCCSS«Q & I T S

The identification of key amino acids responsible for the catalytic activity of CsCCD2-1. (A) Sequence alignment among CsCCD

genes. (B) Molecular docking between CsCCD2-2 and zeaxanthin. The amino acids are selected around zeaxanthin within a 5 A distance. (C)
Molecular dynamics analysis of the CsCCD2-1 and zeaxanthin complex. The peaks represent the root-mean-square fluctuation (RMSF) value of
all CsCCD2-1 amino acids. (D—E) The candite sites were mutated into alanine (Ala) to verify the catalytic activities of CsCCD2-1 mutants. (*)
represents a significant difference (P < 0.05), and (**) represents an extremely significant difference (P < 0.01), compared with the catalytic

activity of wild-type CsCCD2-1.
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Allium and Asparagus), horticultural plants (e.g., Apostasia and
Phalaenopsis), and medicinal plants (e.g., Crocus and Den-
drobium). The genome size varies tremendously among
Asparagales species, ranging from 0.38 pg (Apostasia nuda,
Orchidaceae) to 75.90 pg (Scilla mordakiae, Asparagaceae)
(https://cvalues.science.kew.org/). The genomes of representing
species, such as Allium®>°, Asparagus®, Apostasia®®, Phalae-
nopsis®’, and Dendrobium™®, have been reported; importantly, our
study sequenced the first chromosome-level genome of Iridaceae
(C. sativus). The high BUSCO values for genome assembly and
gene structure represented high completeness, which will be
effectively applied to genome evolution and gene selection,
although the continuity of contigs needs to be further improved
using novel sequencing platforms, such as ultra-long reads and
optical maps. The C. sativus genome and annotated coding genes
will provide important genetic resources for evolutionary studies
of Asparagales species. The phylogenetic tree supported the
APGIV classification system, that Iridaceae species, C. sativus, is
sister to Asparagaceae and Amaryllidaceae with divergence time
of 95.53 MYA. The Crocus-specific LTR insertion after the split
with Allium and Asparagus might have contributed to the large
genome formation. Duplication events play important roles in the
response to environmental stress and species diversity via gene
dosage, subfunctionalization, neofunctionalization, and pseudo-
genization®®. After the ancestral 7 event shared by the majority of
monocotyledons™, at least two additional WGT events occurred in
the Crocus genome. Through the adjusted Kg distributions of the
Allium and Asparagus paralogs, two independent WGD events
were identified in A. officinalis, and one WGD event was identi-
fied in A. sativum. These lineage-specific WGD events support
their different biological processes, such as terpenoid and
phenylpropanoid biosynthesis for Crocus. In addition, we
determined that PD, TRD, and WGD gene duplication events were
related to the duplication of carotenoid biosynthetic genes. This
suggests their potential contribution to specific stigma
development and crocin production.

Crocins are distributed in distant species, Crocus and
Gardenia, and their evolutionary mechanism has attracted
increasing attention'*. CCD family members are responsible for
the conversion of carotenoids into apocarotenoids, with CCD1 and
CCD4 enzymes showing high diversity in substrate and cleavage
specificities*' **. CCD1 family members have been reported to
cleave a wide range of carotenoids at different positions 9,10; 9,10
(9,10); 5,6 (5,6"), and CCD4 enzymes mainly cleave carotenoids
at the unsymmetrical 9,10 or 7,8 positions*'. In C. sativus, zeax-
anthin is cleaved symmetrically at the 7,8 (7',8') positions by
CsCCD2 to produce crocetin dialdehyde, while in Gardenia, the
same reaction is carried out by GjCCD4a, which shares only 31%
identity with CsCCD2, but different carotenoids, including
(-carotene, lycopene, and zeaxanthin, can be accepted as
substrates'*. Importantly, GjCCD4a localized in the Gardenia-
specific CCD4 tandem duplication, and the ancestral CCD4
conservatively cleaved the carotenoids at the unsymmetrical 9,10,
however, duplicated CCD4a gene evolved the ability to produce
crocetin dialdehyde. Additionally, our study indicated that
CsCCD4 could not catalyze lycopene, 3-carotene, and zeaxanthin
to produce crocetin dialdehyde. These results suggested that the
independent evolution of CsCCD2 and GjCCD4 contributed to
crocin biosynthesis. Therefore, the convergent evolution of
CsCCD2 and GjCCD4a between Crocus and Gardenia, and the
divergent evolution of CCD4 genes between Coffea and Gardenia

are the principal factors of crocin accumulation in a few distant
and individual species. Notably, our results showed that
CsCCD2-1 and CsCCD2-2 could also cleave the 7,8 (7',8') posi-
tions of all tested carotenoids, (-carotene, lycopene, and zeax-
anthin, the same as the activity of GjCCD4a. However, the results
presented different cleavage with previous findings, in which
Frusciante et al., reported that CsCCD2 could not accept
B-carotene and lycopene as substrates”’. Recently, Wang et al.,
also supported the functional characteristics of CsCCD2, which
can catalyze not only zeaxanthin cleavage but also §-carotene and
lycopene cleavage™.

Fang et al. also cloned the FACCD?2 gene from Freesia hybrida
of the Iridaceae family, and identified that FhACCD2, which
showed 77.46% sequence identity with CsCCD?2, could cleave
zeaxanthin at the 7,8 (7',8) double bonds into the precursor
substrate of crocin biosynthesis, the same activity as CsCCD2".
Our study indicated that the emergence of the ancestor CCD2
gene could be traced back to before the split between Freesia and
Crocus. The divergence time of these two genera has been re-
ported as 16.1 MYA with a 95% CI of 9.3 and 22.9 MYA (http://
timetree.org), which is later than the WGT-2 event of Crocus,
determining that the two rounds of WGT events are shared by
Freesia and Crocus. Furthermore, our study indicated that the
functional CsCCD2 in Crocus evolved from the duplication of
CsCCD1 genes, and the duplication occurred after the Crocs
WGT-2 event. Therefore, we speculate herein that the functional
CCD2 and crocin accumulation evolved after the WGT-2 event
before the split between Freesia and Crocus. In addition, the
replicon of CCD1 genes after the WGT-2 event experienced
strongly positive selection to exhibit novel cleavage activity at the
7,8 (7',8') double bonds. Indeed, the catalytic mechanism of
CCD1, CCD2, and CCD4, including the regioselective cleavage of
substrates and enzyme promiscuity, needs to be deeply elucidated
via the theories of quantum mechanics/molecular mechanics and
enzyme-directed evolution.

4. Conclusions

In conclusion, we reported the first chromosome-level genome of
the Iridaceae medicinal plant, C. sativus, providing important
insights into the genome evolution and species speciation.
Furthermore, using comparative genomic studies combined with
in vitro assays, we reported the functional diversity and conser-
vation of CCDs involved in crocin biosynthesis, and revealed the
independent evolution of crocin biosynthesis between Crocus and
Gardenia.

5. Experimental

5.1.  Plant materials

The original C. sativus plants were collected from the planting
base of Chongming Island, Shanghai. All independent tissues,
including roots, peduncles, leaves, petals, stamens, stigmas, and
flowers, were separated into three replicates for transcriptomes
and metabolomes. High-quality DNA extracted from young leaves
was used to construct different libraries for genome sequencing,
including short insert fragments for Illumina sequencing and long
fragments for SMRT sequencing.
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5.2.  Sequel sequencing and genome assembly

The high molecular weight genomic DNA of C. sativus was
extracted as described for megabase-sized DNA preparation, and
long DNA fragments (>20 kb) were selected using BluePippin.
Long-read libraries were constructed following the protocols for
the PacBio Sequel platforms (https://www.pacb.com/). The short-
read libraries (300 and 500 kb) were constructed and sequenced
using Illumina NovaSeq X Series. The raw reads from the Sequel
platform were corrected, trimmed, and assembled by CANU
(v2.0) with the default parameters““’. Then, the redundant assem-
bly of the FINAL contigs using the CANU pipeline was purged to
improve the haploid assembly using purge_haplotigs with the
default parameters’’. The haplotigs were further polished by
[llumina short reads three times using Pilon (v1.22) to improve the
quality of genome assembly*®. Finally, the completeness of the
assembled genome was estimated by searching Benchmarking
Universal Single-Copy Orthologs (BUSCO v4)*’. Young leaves of
C. sativus were fixed in 1% formaldehyde for Hi-C library con-
struction. Cross-linked DNA was then lysed and digested using
Mbol restriction enzyme. DNA fragments were labeled with biotin
and linked with blunt ends to construct an Illumina sequencing
library. The clean sequencing data were mapped to the initial
genome assembly, and valid Hi-C reads were used to correct the
draft assembly. Then, the draft genome of C. sativus was assem-
bled into chromosomes (2n = 3x = 24) using ALLHIC", and the
mis-assembly was further manually corrected.

5.3.  Genome annotation and RNA-Seq analysis

The RepeatModeler (v1.0.9) package was used to identify and
classify the repeat elements of C. safivus genomes’'.
RepeatMasker (v4.0.6) was used to calculate and mask the repeat
elements. The long terminal repeat retrotransposons (LTR-RTs)
were identified by LTR_Finder (v1.0.6) and LTRharvest™”.
LTR _retriever was used to integrate the identification results.
Protein-coding region identification and gene prediction were
conducted through a combination of homology-based prediction,
de novo prediction, and transcriptome-based prediction methods.
Homologous proteins from six angiosperm genomes (A. shenz-
henicazg, A. ()ﬁ'z'cinalis27, Dendrobium catenatumss, Phalaenopsis
equestris’’, Oryza sativa® and A. thaliana®) were downloaded.
Protein sequences were aligned to the assembly using GenBlastA
(version 1.0.4)S °. GeneWise (version 2.4.1)5 7 was used to predict
the exact gene structure of the corresponding genomic regions on
each GenBlastA hit. Three ab initio gene prediction programs,
Augustus (version 3.2.1)58, GlimmerHMM (version 3.0.4)59 and
SNAP (version 2006-07-28)%", were used to predict coding regions
in the repeat-masked genome. Finally, RNA-seq data were map-
ped to the genome assembly using HiSAT2 (version 2.0.1)°',
StringTie (version 1.2.2)°> and TransDecoder (version 3.0.1,
https://github.com/TransDecoder/TransDecoder) were then used
to assemble the transcripts and identify candidate coding regions
into gene models. All gene models predicted from the above three
approaches were combined by EvidenceModeler® into a nonre-
dundant set of gene structures. Functional annotation of protein-
coding genes was achieved using BLASTP (E-value 1e-05)
against two integrated protein sequence databases: SwissProt and
TrEMBL. Protein domains were annotated by using InterProScan
(V5.30)°*. The Gene Ontology (GO) terms for each gene were
extracted with InterProScan. The pathways in which the genes

might be involved were assigned by BLAST against the KEGG
databases (release 84.0)%, with an E-value cutoff of 1e—05.

5.4.  Ortholog detection and phylogenetic construction

The amino acid sequences from C. sativus and 13 other angio-
sperms were clustered into orthologous groups using OrthoFinder
(v.2.5.4)°°. Low-copy genes were used to construct a phylogenetic
tree using the RAXML package using the JTT + G + I substitution
model for amino acid sequences with 1000 bootstrap replicates
(v8.1.13)%”. The eudicot V. vinifera was chosen as the outgroup.
The divergence times of the tested species were calculated using
the MCMCtree program based on the fossil-based age con-
straints®®: 42—52 MYA for the divergence between O. sativa™* and
Zea mays(’g, 80—85 MYA for the divergence between Calamus
simplicifolius’® and Elaeis guineensis’', 103—134 MYA for the
divergence between Dioscorea rotundata’” and O. sativa, and
152—162 MYA for the divergence between V. vinifera’ and O.
sativa®*. CAFE (v 3.1) was used to predict gene family expansion
and contraction’*. The expanded gene families were further
annotated using KEGG and GO enrichment analyses.

5.5.  Whole genome duplication event analysis

Syntenic blocks within C. sativus or between C. sativus and A.
officinalis®’/A. sativum® were identified based on paralogous or
homologous gene pairs using MCscan (Python version)’>. LAST
was used to identify the homologs within the genome of
C. sativus, and then to filter the gene pairs to remove tandem
duplications and weak hits. A single linkage clustering is
performed on the LAST output to cluster anchors into synteny
blocks. For gene collinearity analyses, we also used BLASTP
software to search the potential homologous gene pairs for each
protein within and between genomes. Then, the BLAST results
were selected as input for WGDI” to improve the synteny blocks.
For inferences of WGD events, Kg values were estimated using the
Nei-Gojobori method implemented in the YNOO program in the
PAML (4.9 h) package®. Because the rate of evolution varies
widely among species, we used ksrates’® to correct the K values
for the accurate identification of whole genome duplications and
divergence times among tested species. First, ksrates was used to
estimate the Kg values of one-to-one orthologs and paralogs. Then,
rate adjustment was performed based on the phylogenetic tree
with branch lengths equal to the Kg distances estimated from the
ortholog Kg distributions.

5.6.  Co-expression network analysis between transcription
factors and carotenoid biosynthetic genes

The whole genes of C. sativus genome were clustered into various
groups according to expression profiles in roots, peduncles, leaves,
petals, stamens, stigmas, and flowers using the k-means clustering
algorithm (R packages). The clusters that contained significantly
or specifically expressed genes in stigmas were selected, and
candidate transcription factors were further functionally annotated
using PlantTFDB (v5.0) with default parameters’’. The carotenoid
biosynthetic genes of C. sativus were identified using the
BLASTP (v2.11.0) search and the homologous evidence from
A. thaliana as query sequences with an E-value cutoff of 1le—10.
The co-expression networks between structural genes and tran-
scription factors were constructed using Cytoscape (v3.7.1).
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5.7.  Metabolome analysis of different crocus tissues using
UPLC-MS/MS

Fresh petals, stamens, stigmas, leaves, roots, peduncles, and
flowers of C. sativus were respectively taken and powdered by
adding liquid nitrogen, and 50% methanol was extracted by
ultrasonic extraction for 30 min. The samples were analyzed by a
1290—6490 UPLC-QTOF (ESI) MS/MS system (Agilent) using
an Acquity UPLC BEH C18 column (1.7 pm, 2.1 mm X 100 mm,
Waters). The mobile phase was water with 0.1% formic acid
(A) and acetonitrile (B) at a flow rate of 0.3 mL/min. The elution
gradient was set as 0—5 min, 10%—50% B; 5—8 min, 50%—90%
B; 10—11 min, 90%—100% B; 11—25 min, 100% B. Five
microliters of 1 mg/mL filtered samples were injected into the
systems. The following QTOF-MS parameters were used: scan
range, 100—2000 Da; gas temperature, 350 °C; gas flow, 8 L/min;
sheath gas temperature, 350 °C; sheath gas flow, 11 L/min; frag-
mentor, 120 V.

5.8.  Phylogenetic relationship and selection pressure analysis
of CCD genes

We downloaded the reported A. thaliana CCD genes, which were
divided into the CCD1, CCD4, CCD7, CCD8, and NCED
subfamilies’®. The CCD gene family members in 13 angiosperm
genomes were annotated using the BLASTP method with an
E-value of le—-5. The annotated CCD genes were manually
filtered, and sequence alignment was performed using MAFFT
(v7.487). The alignment gaps or poorly aligned regions were
further removed using trimAl (v1.4. revl5). Then, IQ-TREE
(v2.1.4-beta) was employed to construct the phylogenetic tree of
CCD genes using JTT + R7 as the best-fit model with 1000
bootstraps. The selection pressure was estimated using the
CodeML program of PAML packages using the phylogenetic tree
as input. The tested CCDs were realigned via codon-based
alignment using the ‘backtrans’ parameter of trimAl (v1.4.
revl5). Here, branch models including the one-ratio model (MO0)
and two-ratio model (M2) of CodeML were used to calculate the
w value (Kx/Ks) of specific branches. w values > 1, = 1, or <1
represent positive selection, neutral evolution, or purifying
selection, respectively®. In addition, the branch-site model
(Model 2, NSites = 2, fix_omega = 0, omega = 1.1) was
employed to calculate the w values for certain amino acid sites.

5.9.  Protein structure prediction, molecular docking, and
molecular dynamics analysis

We used AlphaFold2 to predict the protein structures of
CsCCD2-1 and its mutants’®. The resulting PDB files were visu-
alized in PyMOL (v2.5). The structure of zeaxanthin was down-
loaded from the PubChem Data Bank in PDB format (PubChem
CID: 5280899). AutoDock Vina software and AutoDock Tools
were used for molecular docking analysis®’. The AutoDockTools
(ADT) graphical interface was applied to add the charges and
polar hydrogens. The structures of the ligands were set to be
routable in the ADT program, while the protein was kept as a rigid
structure. AutoGrid was applied to the grid box, which was
formed in the active site of the CsCCD2-1 protein with grid center
coordinates X = 1.599, Y = 1.502, and Z = —11.569, and the
sizes of x, y, and z are 33.0, 30.75, and 15.0, respectively. Out of

the 9 different shapes obtained for each ligand—protein complex,
and the best-ranked complex was examined by PyMOL (v2.5).
GROMACS (v2018) was used to run all the simulations®'. The
ligand topologies were obtained with UCSF Chimera® and
acpype™; and modeled with the all-atoms AMBER99SB force
field®*. The proteins were immersed in rectangular boxes filled
with TIP3 water molecules, and then the necessary amount of
counterions was added in electrostatically preferred positions,
until the system was neutralized. The system underwent 50,000
steps of steepest descent energy minimization to remove steric
overlap. Afterward, the systems were subjected to a two-step
equilibration phase, namely NVT (number of particles, volume,
and temperature) and NPT (number of particles, pressure, and
temperature). The NVT equilibration was run for 100 ps (ps) to
stabilize the temperature of the system, and the NPT was run for
100 ps to stabilize the pressure of the system by relaxing the
system and keeping the protein restrained. All systems were
subjected to a full 50 ns (ns) simulation under conditions of no
restraints, an integration time step of 0.002 ps, and an xtc
collection interval of 500 steps for 10 ps. The analyses of the
trajectory files were performed using GROMACS utilities. The
root mean square deviation (RMSD) was calculated using the
parameter ‘gmx -rmsd’, and root mean square fluctuation (RMSF)
analysis was performed using the parameter ‘gmx -rmsf’.

5.10.  Functional identification of CsCCDs and mutants

The primers and plasmids used in this study are listed in
Supporting Information Table S28. CsCCDI-1, CsCCDI-2,
CsCCD2-1, CsCCD2-2, CsCCD4-1, and CsCCD4-2 were ligated
to the EcoR1/Kpnl position of the pET32a series plasmids,
respectively. The plasmid, which could produce carotenoids,
including zeaxanthin, lycopene, and §-carotene, respectively, and
the pET32a-CCDs plasmid were cotransferred into the BL21
(DE3) strain. The cells were induced with 0.3 mmol/L IPTG-
induced and cultured overnight at 16 °C. Then, the cells were
extracted with acetone, and the extracts were resuspended in ethyl
acetate for HPLC and LC-MS/MS analyses. The primers for site-
directed mutagenesis are listed in Supporting Information
Table S29. The candidate sites of the CsCCD2-1 gene were spe-
cifically replaced with alanine (A) using the CloneExpress II one-
step cloning kit. The recombinant plasmid pET32a-CCD2-mutants
were further cotransferred with carotenoid-producing plasmids to
verify the catalytic activities for six repetitions each.

Samples were analyzed using SHIMADZU LC-2050C instru-
ment with a Thermo Scientific Hypersii GOLD C18 column
(5§ pm, 4.6 mm x 250 mm). The mobile phase was composed of
water containing 0.1% formic acid (A) and acetonitrile (B).
Different gradient elution procedures were performed. For zeax-
anthin, the gradient was 10%—50% B at 0—5 min, 50%—90% B at
5—8 min, 90%—100% B at 8—10 min, and held at 100% B for
15 min and returned to 10% B within 1 min. For 3-carotene and
lycopene, the gradient was 10%—50% B at 0—5 min, 50%—90%
B at 5—8 min, 90%—100% B in the next 2 min, held at 100% B
for 30 min, and returned to 10% A in 1 min.

5.11.  Data availability

The raw data of genome and transcriptome sequencing reported in
this paper have been deposited in the Genome Sequence Archive
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in BIG Data Center, Beijing Institute of Genomics (BIG), Chinese
Academy of Sciences, under accession number CRA007742 that
are publicly accessible at http://bigd.big.ac.cn/gsa. The assembled
genome and gene structures of C. sativus have been deposited in
the Figshare (https://doi.org/10.6084/m9.figshare.21988667).
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