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Evolutionary dynamics of inversion and its impact on biochemical traits are a
puzzling question. Here, we show abundance of inversions in three Curcuma
species (turmeric, hidden ginger and Siam tulip). Genes within inversions
display higher long terminal repeat content and lower expression level com-
pared with genomic background, suggesting inversions in Curcuma experi-
ence relaxed genetic constraints. It is corroborated by depletion of selected
SNPs and enrichment of deleterious mutations in inversions detected among
56 Siam tulip cultivars. Functional verification of tandem duplicated terpene
synthase (TPS) genes reveals that genes within inversions become pseudo-
genes, while genes outside retain catalytic function. Our findings suggest that
inversions act as a counteracting force against tandem duplication in balan-
cing birth and death of TPS genes and modulating terpenoid contents in
Curcuma. This study provides an empirical example that inversions are likely

not adaptive but affect biochemical traits.

Chromosomal inversions are a principal driver of genome structure
evolution, which shield inverted haplotypes from exchanging genetic
variation and suppress recombination’. As other type of genetic
mutations, inversions are subject to both neutral evolutionary pro-
cesses (such as genetic drift) and natural selection. The fate of inver-
sion polymorphism will depend on the role of the affected genes in
specific circumstances?. First, inversions may be spread and eventually
fixed in a population as they inhibit recombination and thus maintain
adaptive combinations of multiple beneficial genes for certain traits®™.
Numerous empirical studies have demonstrated their phenotypic
consequences and adaptive significance®'°. For example, an inversion
polymorphism in the white-throated sparrow (Zonotrichia albicollis),
spanning over 100 Mbp and repressing recombination, was found to
be associated with phenotypic variation in plumage color, social
behavior, and mate choice". A well-characterized 14 Mbp inversion on
chromosome 4 of maize (known as Inv4m), originally introgressed

from its wild teosinte relative, was reported to promote earlier flow-
ering in the shorter growing season at high elevations and was thus
essential for highland adaptation of maize populations”™. Second,
some inversions will be lost due to genetic drift or purifying selection,
as inversions may accumulate deleterious mutations”"”, disrupt gene
sequences alter gene expression', or cause negative epistatic
variation’. For example, a 415Kbp polymorphic inversion in human
populations disrupted the transcription factor gene ZNF257 and led to
a significant reduction of its expression level in lymphoblastoid cell
lines despite the absence of significant phenotypic effects. This
inversion was more consistent with the assumption of deleterious
polymorphism based on modeling the change in frequency of the
inversion during evolution”. In the third scenario, both the inverted
and non-inverted haplotypes were maintained over extended periods
of evolutionary time, as balancing selection, disassortative mating,
antagonistic pleiotropy, or selection along ecological gradients were
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involved'®?°, Thus, inversions can have both direct and indirect effects
on phenotypic traits and be adaptive, deleterious or neutral.

Whether or which evolutionary forces act on inversions can be
assessed by their effect on genome features, such as nucleotide
substitution rate, transposable element (TE) insertions, gene
expression levels, etc. Inversions primarily alter the positional
relationship of genes to their regulatory elements or disrupt genes,
thereby modifying gene expression®* %, For instance, an inversion
in maize repositioned the promoter of the p2 gene near the
enhancer of the pI gene, which activated the expression of p2 and
resulted in red kernels; while cultivars with the non-inverted hap-
lotype showed white kernels as p2 was not expressed in kernel
pericarp®. Inversions are generally considered to have milder
effects on gene function unless they disrupt gene sequences®.
However, recent studies showed that chromosomal inversions
might affect the expression of thousands of genes across the gen-
ome in maize”, yeast®, and Drosophila®, suggesting that genomic
structural variation (SV) itself could have a profound effect on
global gene expression. However, comprehensive views of the
functional consequences of inversions on genes within the inver-
sions are not yet well understood. In addition to effects on the order
of genes and their regulatory elements, genes within inversions may
be affected by other unknown pressures. Besides gene expression,
little is known about the detrimental consequences of inversions,
such as increased TE activity and accumulation of deleterious
mutations®, which may disable the function of genes within inver-
sion. Therefore, it is intriguing to explore how inversions affect the
evolutionary fate of genes within the non-breakpoint inversion
regions, and thorough investigations of inversions in multiple
individuals and populations are necessary to determine their func-
tional and evolutionary implications.

Curcuma species are an ideal system to examine the functional
and evolutionary consequences of inversions. Firstly, Curcuma, the
third largest genus in the family Zingiberaceae, demonstrates a wide
range of variation in chromosome base numbers and ploidy levels
among species, which hints at possibly extensive genomic SVs among
species. Its chromosome base numbers vary from 2n=20 in C. har-
mandii, 2n =77 in C. oligantha, to 2n =105 in C. raktakanta*. Frequent
polyploidization (2x ~ 15x) and hybridization lead to varying degrees of
genetic and morphological variation among species and blur species
boundaries®*?, making taxonomic classification of the genus a chal-
lenging task. Secondly, Curcuma appears to be undergoing rapid
radiation®, which is often accompanied by chromosomal SVs. Such a
case has been reported in Rhodiola, where extensive chromosome
fusion/fission events and SVs within the Rhodiola genome might have
facilitated the initial rapid radiation**. Thirdly, Curcuma species, mainly
distributed in tropical and subtropical Asia, are widely used as med-
icinal plants, ornamentals, and sources of starch. Turmeric, C. longa, is
the main ingredient in curry and is widely known for its anti-cancer
properties®*>%. Curcuma species contain abundant volatile com-
pounds, including terpenoids, in their vegetative reproduction organ—
rhizomes, tuberous roots, and flowers in some ornamental species**
(Fig. 1). The medicinal values of Curcuma species make it an ideal
system to investigate the effects of inversion on biochemical traits,
which differs from most existing reports that focus on the effects of
inversion on morphological and agricultural traits*®. Taken together, to
detect the extent of inversions in Curcuma and assess its evolutionary
and functional effects, especially on biochemical traits, is worthy of in-
depth exploration.

Here, we report genome assemblies of three Curcuma species, C.
longa (2n=3x=63), C. petiolata (2n=2x=42), and C. alismatifolia
(2n=2x=32), representing different phylogenetic lineages, ploidy
levels and chromosome counts in the genus. We examine the pre-
valence of inversions within and among species and assess their effects
on genomic features and biochemical traits. It reveals that exceptional

inversions in Curcuma species correlate with elevated TE content,
increased substitution rate and accumulated deleterious mutations, as
well as reduced gene expression levels within inversion regions, sug-
gesting relaxed selection on inversions. Further examination demon-
strates that tandem duplicated TPS genes within inversions become
pseudogenized, affecting terpene biosynthesis.

Results

Haplotype-resolved genome assemblies of three Curcuma
species

We selected three species of the Curcuma genus with different ploidy
levels and chromosome numbers to assemble their genomes, repre-
senting genomic diversity of Curcuma species (Fig. 1a). Genome survey
revealed a genome size of 737.68 Mbp for C. longa (Supplementary
Fig.1),1.00 Gbp for C. petiolata (Supplementary Fig. 2) and 979.41 Mbp
for C. alismatifolia (Supplementary Fig. 3). Furthermore, C. longa
demonstrated a high heterozygosity ratio (4.67%, not autopolyploid
AAA status) compared to the other two Curcuma species (1.61% for C.
alismatifolia and 0.64% for C. petiolata) (Supplementary Figs. 1-3;
Supplementary Note 1).

Based on 30-42 Gbp HiFi data and 100-150 Gbp Hi-C sequencing
data, the retained contig N50 of newly assembled chromosome-level
genomes of C. alismatifolia, C. petiolata, and C. longa were 23.37 Mbp,
25.81 Mbp, and 25.27 Mbp, respectively, which was significantly higher
than previous reports (Table 1, Supplementary Table 1, Liao et al.”’, Yin
et al.”). Subsequently, 94.70-97.28% of the contigs were successfully
anchored to the corresponding chromosomes (Table 1).

The calculated switching error (percentage of single bases that
were supposed to be present in one haplotype were incorrectly
anchored onto another) was 0.52% between the two haplotypes of C.
alismatifolia, profoundly lower than 5.9% in Camellia sinensis*®, which
confirmed accurate separation of these highly heterozygous haplo-
types. As a result, the assembled genome size of C. alismatifolia was
~970 Mbp (951.46 and 973.47 Mbp for the two haplotypes); the size of
both haplotypes of C. petiolata was 1.04 Gbp; while the size of C. longa
was ~700 Mbp (696.23 Mbp, 715.95 Mbp, and 736.66 Mbp), which was
smaller than the chimeric monoploidy genome size (1.11 Gbp) reported
in Yin et al.”’ (Table 1 and Supplementary Figs. 4 and 5).

Next, we utilized two methods to estimate the integrity of the
assembled genomes. First, BUSCO (Benchmarking Universal Single-
Copy Orthologs) statistics revealed 98.55%, 98.50%, and 98.80%
completeness for the conserved reference gene set (n=1614) in
embryophyta_odbl0 database for C. alismatifolia, C. petiolata, and
C. longa, respectively (Table 1). Second, long terminal repeat (LTR)
assembly index (LAI)***° was utilized to estimate the integrity of
LTR-RTs to assess the completeness of non-coding sequences. The
results showed that the LAI of C. alismatifolia, C. petiolata, and
C. longa were 25.46, 23.58, and 21.63 (Table 1), respectively, indi-
cating a golden level of assembly. Noteworthy, LAI of C. longa was
greatly improved compared to 13.56 reported in the previous chi-
meric genome”’.

Subsequently, two layers of genome annotation were conducted
for the three species. First, we annotated TE using EDTA software*
and identified 76.23%, 76.78%, and 69.40% of TE in C. alismatifolia, C.
petiolata, and C. longa, respectively, which echoed previous
results®®*” (Table 1 and Supplementary Data 1). Second, protein-
coding genes were annotated with a combination of ab initio pre-
diction, homology annotation, and transcript assembly. The number
of genes in the three genomes was 50,239/48,465, 45,764/44,683,
and 37,115/37,161/37,995 for C. alismatifolia, C. petiolata and C. longa,
respectively (Table 1). The BUSCO statistics of the proteins showed
an average completeness of over 95% (Table 1), much higher than
previous reports®*. In summary, our assembled genomes and
annotated genes were complete and convincing, which laid a good
foundation for the following analyses.
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Fig. 1| Phenotypic divergence and karyotype evolution among Curcuma spe-
cies. a Images of bract, floret, rhizome, and tuberous root of C. alismatifolia, C.
petiolata, and C. longa. b Ancestral chromosomal reconstruction of Zingiberaceous
species. Phylogeny was constructed based on 1791 single-copy orthologous genes.
11 pseudochromosomes of the common ancestor of Zingiberaceae were marked
with different colors. It showed that modern species experienced at least dozens of
chromosome fusion and fission events. The red dot represents the species of

Zingiberaceae, the blue dot represents the species of Zingiberoideae, and the yel-
low dot represents the species of Curcuma. ¢ A diagram showed the presence of
inversions between haplotypes of C. petiolata and among the three Curcuma spe-
cies. HapA: haplotype A; HapB: haplotype B. d Hi-C interaction signal validated an
inversion between two haplotypes of Chromosome 20 in C. petiolata. e Percentage
of the total length of inter-specific inversions between haplotypes from any two of
the three Curcuma species.

Karyotype evolution and collinearity analyses in Zingiberaceae
revealed pervasive inversions among Curcuma species
Various chromosome numbers and ploidy levels in Curcuma species
motivated us to investigate the karyotype evolution in Zingiberaceae.
First, we constructed the phylogenetic tree of seven Zingiberaceous
species based on 1791 orthologous single-copy genes to infer kar-
yotype evolution. It turned out Curcuma was sister to Zingiber, and C.
alismatifolia was the early diverged species in the genus (Fig. 1b).
Next, 11 ancestral pseudo-chromosomes of Zingiberaceae were
constructed with WGDI software** based on the inferred phylogeny
and collinearity among C. longa, C. petiolata, C. alismatifolia, Z. offici-
nale, and Wurfbainia longiligularis (Lanxangia tsao-ko and W. villosa
were excluded owing to the poor genome quality) (Fig. 1b and Sup-
plementary Fig. 6). The 1:2 collinearity between the ancestral chro-
mosomes of Zingiberaceae and species in the family further validated a

common whole-genome duplication (WGD) event in Zingiberaceae
(Fig. 1b and Supplementary Figs. 7 and 8). Meanwhile, compared with
the ancestral chromosomes of Zingiberaceae, Curcuma species
underwent at least 40 chromosome fissions and fusions to form the
current karyotype (Fig. 1b). In addition, different parts of ancestral
pseudo-chromosomes were retained among haplotypes of Curcuma
genomes, suggesting that the chromosomes of Curcuma species were
still in a state of dynamic change post species divergence (Supple-
mentary Fig. 7).

To illustrate the karyotypic evolution in Curcuma, we analyzed all
extant chromosomes in Curcuma containing ancestral pseudochro-
mosome 11 as an example to illustrate possible fission, fusion and
chromosome rearrangement events (Supplementary Fig. 8). The
ancestral pseudo-chromosome 11 were present in multiple chromo-
somes of Zingiberaceous species (Supplementary Fig. 8 and 9),
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Table 1| Comparison of basic statistics for genome sequencing, assembly, and annotation of three Curcuma species

C. alismatifolia C. petiolata C. longa

This study Liao et al.?® This study This study Yin et al.*’
Haplotype HapA HapB NA HapA HapB HapA HapB HapC NA
Number of chromosomes 16 16 16 21 21 21 21 21 21
Total length (Gbp) 0.95 0.97 0.99 1.04 1.04 0.70 0.72 0.74 m
GC% 39.31 39.32 39.98 39.32 39.31 38.81 38.83 38.90 40.18
Number of contigs 54 65 582 69 69 53 56 54 680
Scaffold N50 (Mbp) 59.67 61.96 57.51 52.23 51.60 33.54 34.06 36.15 50.12
Contig N50 (Mbp) 23.37 NA 25.81 25.27 2.34
Anchor rate (%) 94.70 NA 97.28 95.66 96.25
LAl 25.46 26.38 23.58 21.63 13.56
BUSCOs of genome (%) 98.55 96.53 98.50 98.80 95.20
Number of protein-coding genes 50,239 48,465 57,634 45,764 44,683 37,115 37,161 37,995 49,612
BUSCOs of protein set (%) 96.10 95.40 90.70 97.30 97.20 97.20 97.20 96.90 NA
Repeat sequences (%) 76.23 75.84 76.78 69.40 69.99

suggesting that the evolution of pseudo-chromosome 11 had included
numerous chromosome fission and fusion events. In addition, an
inversion was detected among chromosome 6 of C. alismatifolia and
chromosomes 13, 15, and 8 of C. petiolata (Supplementary Fig. 9b),
among chromosome 20 of C. petiolata, chromosome 8 of C. longa and
chromosome 11 of C. alismatifolia, as well as between the two haplo-
types of C. petiolata (Fig. 1c), which was verified by the conflict signals
of Hi-C interaction (Fig. 1d).

The signals of frequent inversions in Curcuma motivated us to
systematically identify inversions among the three Curcuma species
via chromosome collinearity analysis based on 10 chromosomes with
one-to-one correspondence. Inversions were identified between hap-
lotypes from any two of the three Curcuma species as inter-specific
inversions (named INTER hereafter). It revealed that the percentage of
the total length of inter-specific inversion accounted for ~32% to 39% of
the 10 chromosomes (Fig. 1e). The highest percentages appeared
between C. petiolata and C. alismatifolia, accounting for ~17%-23% of
the 10 chromosomes (Supplementary Fig. 10 and 11). Altogether, these
findings suggested that chromosomal inversions frequently accom-
panied karyotype evolution in Curcuma species.

Pervasive inversions between haplotypes within Curcuma spe-
cies and among populations of C. alismatifolia

For highly heterozygous horticultural species, SV between haplotypes
within species has often been neglected or poorly studied at a basic
level such as describing numbers of structure variations. To further
explore whether inversions, especially between haplotypes, had an
impact on the evolution of Curcuma species, we first characterized the
inversions between haplotypes within Curcuma species (list INTRA;
Fig. 2a). We found 63 inversions in C. alismatifolia, 47 inversions in C.
petiolata, and 54 (HapA/HapB), 49 (HapA/HapC), and 59 (HapB/HapC)
inversions in C. longa, respectively (Supplementary Data 2 and 3). The
existence of these inversions was further confirmed by conflict signals
of Hi-C interaction (Supplementary Fig. 12) and the intact/split HiFi
reads mapping at the inversion boundary (Supplementary Fig. 13). The
percentage of inversions between the two haplotypes of C. alismati-
folia (HapA: 14.52%, 138,137,483 bp; HapB: 15.65%, 152,306,047 bp) was
particularly high (Supplementary Data 2 and 3), and 16 inversions
exceeded 1 Mbp in length, with 5 of them more than 10 Mbp (Supple-
mentary Data 2 and 3).

Furthermore, to evaluate the prevalence of these inversions in
Curcuma species, we compared the percentage of nucleotides within
inversions in Curcuma with that of the published haplotype-resolved
genome of representative diploid and allotetraploid species

(Supplementary Table 2). We found that the length percentage of
INTRA inversions in Curcuma species was approximately 30 times
higher than in Camellia sinensis, a diploid species (Theaceae) with a
high proportion of translocations, and 8 times higher than that in Vitis
vinifera®, a diploid perennial species (Vitaceae) that mainly relied on
asexual reproduction. Moreover, this percentage even exceeded that
observed in Oryza alta, an allotetraploid species (Fig. 2b). Additionally,
~3000-5000 genes were located within inversions of Zingiberoideae
species, representing a much higher percentage compared to other
diploid species (Fig. 2c).

To further investigate the prevalence of inversions at the popu-
lation level, we generated a genome-wide variation map containing
>1.51 million SNPs from 56 C. alismatifolia cultivars based on whole
genome resequencing data. First, the local PCA analysis was performed
to identify genomic regions with abnormally high differentiation,
which were typically considered potential inversion polymorphisms at
the population level. It turned out that almost all INTRA inversions in C.
alismatifolia overlapped with these highly differentiated regions
(Supplementary Fig. 14), suggesting these inversions affected local
population structures. Second, three software were utilized to detect
SVs among populations of C. alismatifolia, and inversions predicted by
at least two software were compared with those inversions between
two haplotypes of C. alismatifolia. When the length of overlapped
regions was over 50% of the length of corresponding inversions in the
two lists, they were treated as the same inversion. It revealed that 33
(list POP) out of 63 inversions between haplotypes were present at the
population level. The average frequency of these inversions was
18.67%, and shorter inversions exhibited higher frequency (Supple-
mentary Fig. 15 and Supplementary Data 4).

Genes within inversions exhibited lower expression level, higher
nucleotide substitution rates, and more frequent LTR insertions
We next evaluated how inversions affected gene evolution in the three
inversion lists (INTER, INTRA, and POP) and found that gene pairs
within inversions in C. longa exhibited significantly lower gene
expression levels (two-sided Wilcoxon rank-sum test, p <0.001) but
higher nucleotide substitution rates (Ka/Ks, nonsynonymous sub-
stitution rates/synonymous substitution rates; two-sided Wilcoxon
rank-sum test, p < 0.001) and LTR content in the 3 Kbp flanking regions
of genes (two-sided Wilcoxon rank-sum test, p=0.189) compared
to the genomic background (Fig. 3a). The pattern held with the dif-
ferent inversion lists in the three Curcuma species (Fig. 3a), while
inversions in Zingiber officinale showed an opposite trend (Supple-
mentary Fig. 16).
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Fig. 2 | Pervasive inversions detected between haplotypes within species.
a Inversions and translocations between haplotypes within each of the three Cur-
cuma species. b Percentages of total length of inversions and translocations among
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species with different ploidy levels. ¢ Percentages of genes in inversions. INTRA:
inversions between haplotypes within species.

To identify the potential causes of the low gene expression and
high nucleotide substitution rate within inversion regions, such as
chromosomal SV or TE insertion, we compared the statistics between
genes within the inversion and in the high LTR region (where the LTR
content was higher than the average LTR content of inversion). We
found that the observed lower gene expression and higher nucleotide
substitution rates in inversions persisted even when compared to
genomic regions with higher LTR content (Fig. 3b). Interestingly, this
pattern was restricted to LTRs, but not other categories of TEs, whose
distribution patterns varied across the three Curcuma species (Sup-
plementary Fig. 17). As C. alismatifolia demonstrated the highest per-
centage of intra-specific inversions, we explored how gene expression
level, nucleotide substitution rate and LTR content varied when mov-
ing away from the inversion breakpoints and discovered that gene
expression level was gradually increased (R°=0.91, p = 0.001, Supple-
mentary Data 5 and 6), while nucleotide substitution rate (R?=0.84,
p=0.004) and LTR content (R?=0.45, p=0.102) were gradually
decreased to the genomic background level (Fig. 3c-e).

Inversions within populations of C. alismatifolia were enriched
with deleterious mutations and depleted with selected SNPs
Population structure analyses revealed that C. alismatifolia cultivars
could be divided into two main groups, gl and g2. Individuals in the gl
and g2 groups differed in several traits, such as inflorescence mor-
phology, plant height, and leaf traits (Fig. 4a, Supplementary
Figs. 18 and 19, Supplementary Data 7), which were likely polygenic
traits as shown in model plant species***®. Thus, C. alismatifolia cul-
tivars provided us with suitable contrasting populations to detect
signals of selection and evaluate the prevalence of selected SNPs
across the genome.

Subsequently, we detected SNPs under positive selection between
the same number (seven) of non-admixed gl-L and g2-L samples
(individuals retained after excluding heterozygous individuals based
on population structure and morphological characteristics) via three
approaches, including the cross-population composite likelihood ratio
(XP-CLR), number of segregating sites by length (nSL), and the method
combining both nucleotide diversity (ir) and population divergence
(Fs7) (Fig. 4b and Supplementary Figs. 20-25). We found that inver-
sions were significantly depleted with selected SNPs in all three
approaches (two-sided y* test, p<0.001, Supplementary Data 8)
(Fig. 4b and Supplementary Table 3). However, we could not rule out
that a few inversions might be subject to selection, such as the 16-
19167948-19763037 inversion with lower i and the 6-5019267-5216546
inversion with higher Fs; compared with genomic background (Fig. 4
and Supplementary Fig. 26).

Next, we found the polymorphism information content (PIC) of
multi-allelic SNPs (allele number >2) in genes within the inversion
region was significantly higher than that in genes outside of inversions
(two-sided Wilcoxon rank-sum test, p <0.001). Fewer selected SNPs
and higher PIC of SNPs in genes within the inversion regions implied
the inversion regions contained enough polymorphic sites but were
less likely to be selected (Fig. 4c).

Finally, we examined the recombination rate across the genome
of C. alismatifolia populations and found it was significantly lower in
the inversion regions than that of genomic background and even
than that of genomic regions with high LTRs (two-sided Wilcoxon
rank-sum test, p <0.001) (Fig. 4d), implying the reduced crossover
events and strengthened linkages within inversion regions. The
count of deleterious mutations in C. alismatifolia was assessed in
both additive and recessive modes. It indicated that the inversion
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regions accumulated more deleterious mutations in both modes
(two-sided Wilcoxon rank-sum test, p<0.001) (Fig. 4e), and the
suppressed recombination failed at efficient removal of deleterious
mutations in inversion regions. In addition, we detected significantly
more deleterious mutations in the inversion “CaChr8-TPS-TD-INV”
(8-10517073-28214380, the longest inversion on chromosome 8 of C.
alismatifolia) compared to genomic background (Fig. 4e), which was
heterokaryoptype in the surveyed individuals, including nine C.
alismatifolia individuals and two other Curcuma species (Supple-
mentary Fig. 27, Supplementary Data 4). Furthermore, when the 33
inversions (list POP) were divided into two groups based on whether
the two arrangements of inversions were heterokaryotypes (HETE) or
homokaryotypes (HOMO), it showed HETE inversions (including
CaChr8-TPS-TD-INV) in C. alismatifolia accumulated more deleter-
ious mutations than HOMO inversions (Supplementary Fig. 28,

Supplementary Data 4). Taken together, all the above evidence sug-
gested that inversions within C. alismatifolia suppressed recombi-
nation in heterokaryotype inversions, leading to the accumulation of
deleterious mutations, and contained enough polymorphic sites,
which were less likely to be selected (Fig. 4).

Inversions affected terpenoid biosynthesis via pseudogeniza-
tion of tandemly duplicated TPS genes

To further determine how inversions affected functions or traits, we
performed KEGG (Kyoto Encyclopedia of Genes and Genomes)
enrichment analysis of genes within inversions, and found that the
genes within inversions of three Curcuma species were significantly
enriched in the terpene biosynthesis pathway (Fig. 5a and Supple-
mentary Data 9), which was not detected in Z. officinale (Fig. 5a). To
exclude the possibility that TPS genes are also enriched in other
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where Chr08 stood for “CaChr8-TPS-TD-INV” (8-10517073-28214380), the longest
inversion on C. alismatifolia chromosome 8. Additive: the additive mode with
deleterious alleles in both homozygous and heterozygous genotypes; Recessive:
the recessive mode with deleterious alleles only in homozygous genotypes. CDS:
coding sequence. Box-plot elements are defined as: center line, median; box limits,
upper and lower quartiles; whiskers, 1.5x interquartile range; points, all values,
n=>56. INTRA inversions between haplotypes within species, NON-INV non-inver-
sion region, BK genome-wide background, HLR high LTR regions. c-e two-sided
Wilcoxon rank-sum test was employed for significance evaluation, and multiple
comparisons were adjusted with the Bonferroni correction. Asterisks represented
significant differences (***p < 0.001, adjusted, Supplementary Data 5). Source data
are provided as a Source Data file.

genomic regions, we randomly selected 5133 genes (the number of
genes contained in inversions) for KEGG enrichment in C. alismatifolia
and repeated it five times. It turned out that the enriched items did not
contain anything related to terpenoid biosynthesis pathways (Sup-
plementary Fig. 29), suggesting that inversions in Curcuma might
affect the content of terpenes. Next, we examined the genes that were
enriched in terpene biosynthesis pathway, and found three tandem
duplications of TPS-a genes (Supplementary Table 4, Supplementary
Data 10, Supplementary Figs. 30 and 31). The 7PS gene family of
angiosperms could be divided into seven major groups: TPS-a, TPS-b,
TPS-c, TPS-d, TPS-e/f, TPS-g, and TPS-h, of which the TPS-a mainly
controlled the synthesis of sesquiterpenes in angiosperms*’. Based on
gene annotation and phylogenetic analyses, the genes on chromo-
some 8 of C. alismatifolia and on chromosome 14 of C. petiolata were
identified as the best hits for germacrene synthase and spanned both
interior and exterior of inversion (Supplementary Figs. 32 and 33,
Supplementary Table 4, Supplementary Data 9-12).

The TPS genes within the inversion on chromosome 8 of C. alis-
matifolia showed incomplete gene domains and the majority were not
expressed (FPKM <1) in 37 samples representing a complete set of
tissues and developmental stages (except ChrOS8HA1044 and
ChrO8HB723), whereas genes outside of the inversion retained com-
plete domains and were normally expressed (Fig. 5b, Supplementary
Fig. 33a, Supplementary Data 9). The incomplete genes within the
inversion regions on the two haplotypes of chromosome 8 of C. alis-
matifolia lost different domains (Supplementary Fig. 33a), implying
the independent evolution of the two haplotypes. The phenomenon
was also observed in C. petiolata, where orthologous incomplete 7PS
genes within inversion regions on chromosome 14 were not expressed.
The expression profile of all TPSs revealed that compared to TPSs
outside of the inversion, TPSs within inversions had higher Ka/Ks and
lower expression in C. alismatifolia (Supplementary Fig. 33b, Supple-
mentary Data 9). 52.63% inversion-internal TPS genes (20/38) were not
expressed (FPKM<1) in 37 samples, and only 20.00% TPS genes
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¢ Compound 1 content detected by GC-MS and floret phenotype at three devel-
opmental stages of florets. The bar indicated 1cm. Error bars represent the stan-
dard deviations (SD), and data are presented as mean values + SD. Three biological
replicates were performed. d GC-MS analysis of the main products formed by
prokaryotic expression of germacrene synthases, compound 1 (m/z=93), com-
pound 3 (m/z=93), and compound 4 (m/z=93). Enzymes were incubated with
compound 5. Reaction products were identified by standard chemicals and com-
parison of their mass spectra and retention indices with authentic standards and
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NIST libraries. Empty vector, pCold-TF. p.GIn64Glu, p.His124Leu, p.lle228Leu,
p-Met303Thr, p.lle374Val, p.Val435Ala, and p.Val513lle indicated seven different
amino acid sites between ChrO8HA727 and ChrO8HA736 were mutated one by one
accordingly. The direction of mutation is from ChrO8HA727 to ChrO8HA736.
DDXXD deletion: DDXXD domain was deleted. Exon deletion (4): The sequence of
exon 4 (containing the DDXXD domain) was deleted. All indicated assays were
conducted for four or more repetitions. e Relative catalytic activity of germacrene
synthase genes in producing compound 1. Box-plot elements are defined as: center
line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range; points, all values. 5-6 biological replicates were performed for each treat-
ment. f GC-MS analysis of the products from prokaryotic expression of
ChrO8HA727 proteins at different injection temperatures. Reaction products were
identified by comparison of their mass spectra and retention indices with authentic
standards and NIST libraries. Empty vector, pCold-TF. When the injection tem-
perature was lowered to 150 °C, the content of compound 1 was decreased, and
compound 2 was increased significantly (p < 0.01). g Catalytic scheme of germa-
crene synthase. The triangle represented the cope rearrangement of compound 2
to form compound 1 that easily occurred at high injection temperatures.

c, e Statistical tests were two-sided Student’s ¢-test, and multiple comparisons were
adjusted with the Bonferroni correction. Asterisks represented significant differ-
ences (*p < 0.05, *p <0.01, **p < 0.001, adjusted).

Nature Communications | (2024)15:9349


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53719-y

a c .
Germacrene synthase o e QE e o Gene Number C. petiolata
Pinene synthase ® 10 Chr14
Linalool synthase ® 2 HAChr27.487 HBChr28.491
* HAChr27.489 HBChr28.494
Humulene synthase . 30 HAChr27.493 HBChr28.495
Ent-kaurene synthase . 0 HAChr27.494 Egg:rggigs
r. . .
Ent-copalyl diphosphate synthase HAChr27.495 HBChr28.499
Bornyl diphosphate synthase * HAChr27.499 HBChr28.500
Bifunctional levopimaradiene synthase
HAChr27.52
Beta-eudesmol synthase HAghr27 222 HBChr28.525
. ref. HBChr28.526
(S)-beta-bisabolene synthase HBGhr28.527
(3S,6E)-nerolidol synthase
oxoo\rb(\a .\\06% {\0 »5\ O&fo
N OS & s el Guaia-6,9-diene
“ (\Q\ @ \\ OQ y-elemene i
° o 5-elemene B-elemene CAS 29873-99-2 CAS 36577-33-0
b CAS 20307-84-0 CAS 515-13-9 Germacrene B
CAS 15423-57-1
C. longa HAChr42 /‘ %D/K
33.50-0.01Mb ) T /
y axis
| 30,000,000
\ ° — — A CIHAChr42.1119
\ g J‘l ~———————— CpHACh27.499 | Quside
\\‘ §b }'\ A CpHBChr28.525 of inversion
\ P } CpHBChr28.526
& Jl‘ L CpHAChr27.489 7 inside
\\ ¥ A CpHBChr28.497 of inversion
| <
C. petiolata HAChr27
0.00-58.45Mb : : : : :
16 17 18 19 20 21

Fig. 6 | The evolution of germacrene synthase genes in Zingiberaceous species.
a Annotated functions of TPS genes in Zingiberaceous species in the NR (Non-
Redundant Protein Sequence) database revealed that the annotated germacrene
synthase genes were expanded in Curcuma. b Collinearity of tandem duplicated
genes of germacrene synthase (blue) in C. petiolata and C. longa. ¢ Germacrene
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synthase tandem duplication genes spanning inversions on C. petiolata chromo-
some 14 (Chrl4). Inversions between haplotypes were marked in red. Germacrene
synthase genes in the inversion were labeled blue. Black dots denoted the genes
with the complete gene structure. d GC-MS analysis of the products from prokar-
yotic expression of intact germacrene synthases in Zingiberoideae species.

(35/175) outside of the inversion were not expressed (two-sided ° test,
p <0.001). Further investigation of gene expression data revealed that
18 TPS genes with complete gene structure were expressed highly in
bracts and florets and lowly in rhizomes of C. alismatifolia (Supple-
mentary Data 9), and these genes were down-regulated during floret
development, consistent with the content levels of 1-8-elemene
(C15H24), animportant anticancer substance that was easily formed by
cope rearrangement of 2-Germacrene A at high temperatures (Fig. 5c,
Supplementary Figs. 33a and 34, Supplementary Tables 5 and 6, Sup-
plementary Data 9, Liu et al.*®).

We functionally validated two representatives of these genes,
ChrO8HA727 and ChrO8HA736, which had a 7 amino acid difference
(Supplementary Fig. 35). The main catalytic products of ChrOS8HA727
and ChrO8HA736 included compound 1, 3-6-elemene (C15H24), and 4-
Guaia-6,9-diene (m/z=93), of which the compound 1 catalytic effi-
ciency of ChrO8HA727 was 1.79-fold (two-sided Student’s t-test,
p <0.05) higher than that of ChrO8HA736 (Fig. 5d, e, Supplementary
Fig. 36, Supplementary Table 7, Supplementary Data 13). In addition,
when the injection temperature of GC-MS was lowered from 215 °C to
150°C, products of ChrO8HA727 changed from non-detection of
compound 2 (CAS, 28028-64-0, the fragment ion was consistent with
that of the published compound 2*°, Supplementary Fig. 37) to traces
of compound 2, whereas compound 1 content was reduced 14.31-fold
(two-sided Student’s ¢ test, p<0.001) (Supplementary Fig. 37b),
implying that ChrO8HA727 and ChrO8HA736 were germacrene syn-
thases and the observed compound 1 was formed by the conversion of
compound 2 at high temperatures (Fig. 5f, g, Supplementary Fig. 37,
Supplementary Table 8). Moreover, we mutated the seven amino acids
from that in ChrO8HA727 to that in ChrO8HA736 and evaluated the

catalytic activities of mutants. It showed that the catalytic activity of
ChrO8HA727 was reduced by 3.63-fold (two-sided Student’s ¢ test,
p <0.001) when p.Met303Thr located close to the DDXXD structural
domain (essential for terpenoid biosynthesis’®) was mutated, sug-
gesting the significance of this locus in the catalytic activity (Fig. 5d, e,
Supplementary Fig. 36a, Supplementary Table 7, Supplementary
Data 13). The kinetic parameters of ChrO8HA727, ChrO8HA736, and
p.Met303Thr indicated that ChrO8HA727 had the highest catalytic
efficiency in producing compound 1 (K.o/K;=0.0883 uM* min?)
(Supplementary Fig. 36b).

In addition, most of the germacrene synthase genes within the
inversion of chromosome 8 lost exon 4, which contains the DDXXD
domain. Subsequently, we synthesized sequences lacking the DDXXD
domain and exon 4, respectively (Fig. 5d, e, Supplementary Fig. 36a,
Supplementary Table 7, Supplementary Data 13) and evaluated the
function of the synthesized pseudogenes. Not surprisingly, they were
no longer catalytically active, indicating that the function of the ger-
macrene synthase within the inversion was impaired and catalytically
inactivated.

Evolutionary history and dynamics of TPS tandem duplication in
Zingiberaceae

To further explore whether and when the tandem duplicated germa-
crene synthase genes in C. alismatifolia occurred in other Zingiberac-
eous species, we first characterized all 7PSs and classified them based
on their functions in Zingiberaceae. It showed that germacrene syn-
thase genes were significantly expanded in Curcuma species (Fig. 6a,
Supplementary Table 9, Supplementary Data 14). Another tandem
duplication of germacrene synthase genes was also detected in
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Fig. 7| A schematic model depicting how inversions underwent relaxed genetic
constraints and balanced birth and death of TPS genes in Curcuma species.
Inversions acted as a counteracting evolutionary force of gene tandem duplication
to keep a balance between gene birth and death of TPS genes, and genomic char-
acteristics associated with inversions indicated relaxed genetic constraints.
Recombination within inversions between haplotypes was suppressed, resulting in
inefficient removal of TEs and deleterious mutations. Higher levels of TE content,
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deleterious mutations, PICs, and base substitutions were observed within inver-
sions. Genes within inversions were barely expressed, and inversion-internal genes
on different haplotypes lost different domains, implying that these genes were
pseudogenes and the two haplotypes evolved independently. And fewer selected
SNPs were detected within inversions. Red and blue arrows indicated an increase
and decrease within inversions relative to the genome-wide background,
respectively.

collinear regions between C. longa and C. petiolata that spanned the
inside and outside of the inversion (Fig. 6b, c; Supplementary Fig. 38),
suggesting that the tandem duplication of germacrene synthase genes
might occur at the common ancestor of Curcuma (Fig. 6a). Functional
verification of the intact germacrene synthase genes of Zingiberoideae
species, showed that genes in both Z. officinale and Curcuma pos-
sessed catalytic activity of converting 5-(EE)-farnesyl diphosphate
((E,E)-FPP) into compound 2 and converted into compound 1 at high
temperatures (Fig. 6d and Supplementary Figs. 39-41).

Finally, we have summarized our findings in a brief model illus-
trating how inversions affected genomic features (Fig. 7). Inversions
broke the tandem duplicated TPSs, and caused genes within inversions
to experience reduced genetic constraints. Specifically, recombination
within inversions was inhibited, leading to inefficient removal of TEs
and deleterious mutations, which further caused pseudogenization
and the absence or decrease of gene expression within inversions.
Despite sufficient polymorphic sites within inversions, SNPs within
inversions were less likely to be selected. Taken together, the inversion
caused the pseudogenization of the tandem duplicated germacrene
synthase genes within the inversion, which maintained a balance
between the birth and death of terpenoid synthase genes.

Discussion
Our study represented an extensive investigation of inversions in a
plant genus and its evolutionary and functional effects. We detected

enormous inversions in Curcuma, and found they suffered from
relaxed genetic constraints, allowing genes within inversions to exhibit
higher nucleotide substitution rates, more deleterious mutations and
TE contents, and lower expression levels. Meanwhile, SNPs within
inversions were less likely to be under positive selection between two
populations of C. alismatifolia differentiating at multiple traits. In
addition, an explicit example of tandem duplicated TPS genes span-
ning inversion breakpoints showed that 7PS genes within inversion
were pseudogenes, and their function was disabled, while TPS genes
outside of inversion were functional in catalyzing compound 5 into
compound 2, which was converted into compound 1 at high
temperatures.

Distinct from numerous empirical studies that demonstrated
the advantageous role of inversions as they preserved combinations
of multiple adaptive loci via suppressed recombination®*™°, our
study provided an empirical example that inversions experienced
relaxed genetic constraints and were less likely under positive
selection in Curcuma. On the other side of the coin, the suppressed
recombination of inversions led to inefficient removal of TEs and
deleterious mutations (Fig. 4), which could also be exaggerated by
the asexual reproduction of Curcuma species. Meanwhile, the accu-
mulation of TEs and deleterious mutations within inversions might
lead to reduced expression levels and pseudogenization of genes
within inversions in Curcuma (Figs. 3, 5, and 6). Our study uncovered
the extensive impacts of inversions on all genes within inversion
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regions, rather than restricting to its impacts on genes at
breakpoints’* %,

How SVs impacted biochemical traits, especially the diversity and
content of secondary metabolites, was a rarely addressed field”. Our
study originally shed light on the effect of inversions on terpenoid
biosynthesis. As previously reported, TPS genes acted as metabolic
gatekeepers of terpenoid diversity in plants*’, and tandem duplication
events were common in the TPS gene family’>*. However, TPS gene
family expansion through tandem duplication was often accompanied
by the lack of expression of most TPS genes, and the underlying
genetic mechanism was yet unknown®>, In C. petiolata and C. alisma-
tifolia, we found TPS tandem duplicated genes spanning inversion
breakpoints, and they were almost pseudogenized within inversion
but retained complete structure and germacrene synthase activity
outside of the inversion. Our study provided an empirical example of
how inversion coupled with tandem duplications affected terpenoid
accumulations, which filled in a gap in how SVs influence biochemical
traits.

The evolutionary history of inversions has been mysterious. As for
the origin of CaChr8-TPS-TD-INV, given that the tandem duplication of
germacrene synthases was also detected in C. longa and C. petiolata
but absent in Z. officinale, it was possible that the tandem duplicated
germacrene synthases genes were originated in the common ancestor
of Curcuma species. Meanwhile, haplotypes of CaChr8-TPS-TD-INV in
C. alismatifolia lost different domains of TPS genes within the inver-
sions, suggesting independent evolution of the two haplotypes. The
above evidence stimulated us to propose that this inversion occurred
after the tandem duplication event.

In fact, whether this TPS-related inversion is adaptive, deleterious,
or neutral still depends on its interaction with the environment. In a
mild environment, growth is often prioritized over secondary meta-
bolite production regarding efficient resource allocation. In such a
case, the dramatic expansion of 7PS tandem duplicated genes possibly
caused the exhausted supply of substrates, and the inversion acted as a
“stop/pause” mechanism of terpenoid production by pseudogeniza-
tion of gene copies within inversions. However, given that terpenes
were essential for the resistance and adaptation of plants®, in an
adverse environment where enough terpenoids were beneficial for
plants’ survival and fitness, inversions reducing terpenoid production
played a negative role in plants’ adaptivity. Given the variability of
environments following the establishment of the inversion, the real
situation might be a mixture of multiple processes, and the relative
role of selection, drift, mutation, and recombination might be dyna-
mically variable over the lifetime of the inversion and within its dis-
tributional area’.

Frequent occurrence of inversions in Curcuma species implied
that some regions on chromosomes in the genus might be relatively
susceptible to being broken. To predict inversion hotspots based on
sequence and structural features with machine learning models might
deserve further investigation. Such exploration, together with the
identification of inversions affecting important phenotypic and/or
biochemical traits, will provide insights into candidate sites for gen-
ome editing. Recent studies have demonstrated that not only genes
but also entire chromosomes could be engineered with CRISPR-Cas9
technology to develop desirable traits in both Arabidopsis and
maize**>. Therefore, future breeding efforts of economic plants are
likely to involve the creation of cultivars with inversions underlying
significant traits.

Methods

Genome assembly

The plants of C. alismatifolia, C. petiolata, and C. longa were cultivated
in a greenhouse of the Institute of Agricultural Genomics at Shenzhen,
Chinese Academy of Agricultural Sciences. DNA was extracted from
the young leaves based on the Qiagen Genomic DNA kit (QIAGEN) for

PacBio HiFi, MGI-SEQ 2000, and Hi-C data sequencing. To well anno-
tate the genome, total RNA was extracted from flowers, leaves, and
young stems and sequenced on the MGI-SEQ 2000 platform. Quality
control was conducted in Fastp v0.20.1°°. The genomes of three Cur-
cuma species (C. alismatifolia, C. petiolata, and C. longa) were assem-
bled using Hifiasm v0.16.1-r375”. Chromosome-level assemblies were
obtained after the confirmation of misjoins in contigs through Juicer
v1.9.9°® and 3D-DNA v180922%. All details are available in Supple-
mentary Note 1. The final distinction between HapA and HapB of C.
alismatifolia and C. petiolata was based on the division of HapA and
HapB in the initial assembly result of Hifiasm 0.16.1-r375". Meanwhile,
the initial splitting of the haplotypes of C. longa was based on the
separation in Subphaser®. Furthermore, we calculated the switch error
(a phasing error between the two haplotypes) taking the final HapA
and HapB genome of C. alismatifolia as an example in calc_switchErr®®,

Genome annotation

Repeat annotation was implemented in EDTA v2.0.1" and GETA was
utilized to integrate annotations from homology-based, tran-
scriptome-based, and ab initio predictions with a parameter setting of
“max-intronlen 50000’ for gene structure annotations. Additional
details are available in Supplementary Note 2. Next, the completeness
of assembled genomes was evaluated with both BUSCO v5.3.2° in the
embryophyta_odbl0 database and the LAI statistic in LTR retriever
v2.9.0*%°, GO and KEGG functional enrichment analyses were con-
ducted by TBtools v1.120%%, based on the annotation results of eggnog-
mapper v2.0.1°%,

Phylogenetic relationships and ancestral chromosome recon-
struction in Zingiberaceae

To reconstruct the phylogenetic tree of Zingiberaceae, a total of seven
species, including C. longa, C. petiolata, C. alismatifolia, W. villosa®, L.
tsao-ko®®, Z. officinale®’, and W. longiligularis®® were selected, with Musa
acuminata (https://banana-genome-hub.southgreen.fr/) as an out-
group. To infer phylogenetic relationships, orthologous genes were
obtained with OrthoFinder v2.5.2 (https://github.com/davidemms/
OrthoFinder), and finally, a total of 1791 orthologous single-copy
genes were used. Sequence alignments for each single-copy gene
family were performed with MAFFT v7.464°°, and these alignments
were converted into a nucleotide matrix by PAL2NAL v147°. Under the
GTRGAMMA model, a phylogenetic tree was constructed with RAXML
v8.2.12"". To infer the ancestral karyotype of Zingiberaceae, C. longa, C.
petiolata, C. alismatifolia, and W. longiligularis, along with their hap-
lotypes, were compared with haplotype A of Z officinale. Collinearity
between Curcuma species was obtained with WGDI*’, and further
analyzed in JCVI v1.3.5%. Additional details are available in Supple-
mentary Note 3.

Identification of SVs

To detect the SVs between haplotypes among Curcuma and several
representative diploids and allotetraploid species in angiosperms. The
whole-genome  alignments were performed with Nucmer
v4.0.0beta2”, and the SVs were detected in SyRI v1.6”* (Supplementary
Fig. 42 and Supplementary Table 10). All details are available in Sup-
plementary Note 4.

In order to identify the shared inversions among species, we first
determined the chromosome correspondences among the three spe-
cies using JCVI v1.3.5"%, and selected 10 chromosomes with one-to-one
correspondence. The alignments were also performed with Nucmer
v4.0.0beta2” and filtered with parameter ~i 90 -1100’, and then the SVs
were detected in SyRI v1.67.

To explore the frequency of inversions identified between hap-
lotypes within species, we re-analyzed the whole-genome resequen-
cing data of 56 C. alismatifolia cultivars published in our previous
study”. The data was quality-controlled with Fastp v0.20.1%.
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Subsequently, the filtered data were aligned to haplotype A of C. alis-
matifolia as a reference in GTX v2.2.1 (http://www.genetalks.com/
gtxlab.html#clin-gtx-heal4) and the BAM files were obtained. To obtain
reliable inversions, we utilized three SV detection software, including
Delly v1.2.6”, Pindel v0.2.5b97¢, and Smoove v0.2.5 (https://github.
com/brentp/smoove) to call SVs, respectively, and the resultant SVs
were merged with the parameter of 1000 211150’ in Survivor v1.0.7”.
Inversions detected in at least two software were intersected with the
inversions between haplotypes of C. alismatifolia in Bedtools v2.30.0
(http://bedtools.readthedocs.org). When the length of overlapped
regions was over 50% of the length of corresponding inversions in the
two lists, they were treated as the same inversion.

To validate the inversions with the conflict signals of Hi-C inter-
action, we merged the two assembled haplotype genomes as one
reference genome. Subsequently, we reused Juicer v1.9.9% for Hi-C
reads mapping against the reference, and 3D-DNA v180922°° was used
with parameter “-q 0” to retain all possible contact signals.

HiFi data were further mapped to the haplotypes with minimap2
v2.21-r1071® and the mapping was visualized in IGV v2.17.4”° to verify
the accuracy of inversion identification. The extraction of genes within
the inversion was based on the gene annotation files resulting from
SyRI v1.6” by Bedtools v2.30.0 (http://bedtools.readthedocs.org). The
BK (genome-wide background) for comparison with INTRA (inversions
between haplotypes within species) was the whole genomic back-
ground including the inversion region.

Population genetics analyses

Based on resequencing data, SNP calling was performed with GTX
v2.2.1, followed by GATK v4.2.2.0-1* for VariantFiltration with ‘QD <
2.0, QUAL<30.0, SOR>3.0, FS>60.0, and MQ<40.0". PLINK
v2.00a3.3LM® was used to further filter the low-quality SNPs with
parameters of ‘~-maf 0.05 --geno 0.2’ to obtain the SNP dataset D1
(13,517,360 SNPs), and LD pruning was further perform based D1 with
‘-indep-pairwise 50 10 0.2’ to obtain a more pivotal SNP dataset D2
(1,509,564 SNPs). With the D2 dataset, we first inferred population
structure with Admixture v1.3.0%, and then constructed a phyloge-
netic tree using VCF2Dis v1.46 (https://github.com/hewm2008/
VCF2Dis) with Z. officinale as a outgroup.

To detect genomic regions with abnormal population structure,
we performed local PCA analysis based on the D2 dataset. By referring
to methods in Todesco et al.*}, we used Lostruct program (https://
github.com/petrelharp/local_pca) to run PCA on 500 SNP-wide non-
overlapping sliding windows for each chromosome independently and
calculate their similarity scores, and finally visualized the similarity
scores using a multidimensional scaling transformation in R v4.3.3.

In order to detect SNPs under positive selection, we calculated Fsr
and m using VCFtools v0.1.16%* and pixy (https://pixy.readthedocs.io/
en/latest/), and verified by xpclr v1.1.2 (https://github.com/hardingnj/
xpclr) based on the D2 dataset and selscan v2.0.0 (https://github.com/
szpiech/selscan) with --nsl’ based on the D1 dataset to identify the
selected regions. For selected SNPs, we filtered for windows with the
top 5% outliers, and all SNPs contained in the window were considered
as selected SNPs. All details are available in Supplementary Note 5.

The PIC value of an [-allele locus was calculated as following:

l -1 I
PIC=1-"P; =" %" 2PP; @
i=1

i=1j=i+1

where P;and P; were the allele frequencies of the ith and jth allele in the
population, and [ represented allele number®. Finally, the mean value
of PIC was calculated with the window size of 100 Kbp.
Recombination rate was estimated across the genome with sliding
windows (window size =10 Kbp) using FastEPRR v2.0%°. In order to
evaluate whether deleterious SNPs were enriched in inversions, we first

annotated SNPs located in protein-coding regions with Sorting Intol-
erant From Tolerant 4 G (SIFT4G)¥, with Uniref90 as the reference
protein database. The Z. officinale genome was used as an outgroup to
identify the deleterious alleles in the C. alismatifolia genome. At a
given position, if a C. alismatifolia reference allele matched the Z
officinale reference allele, the C. alismatifolia allele was categorized as
an ancient allele. If a C. alismatifolia allele was different from the Z
officinale allele, it was defined as a derived allele. Only homozygous
deleterious sites were polarized. Derived alleles with SIFT scores less
than 0.05 were considered “deleterious”. Information belonging to
each chromosome was extracted in Bedtools v2.30.0 (http://bedtools.
readthedocs.org).

Collinear gene pairs

To detect collinear gene pairs, gene pairs from two haplotypes were
retrieved in MCScanX®®, Gene pairs from the same pair of homologous
chromosomes were retained. A final manual check was performed to
ensure that the retained collinear gene pairs exhibited both sequence
similarity and sequence continuity. Nucleotide substitution rate of the
collinear gene pairs was calculated with the Simple Ka/Ks Calculator
using TBtools v1.120%%

Gene expression

RNA-seq data were generated from 37 samples representing a com-
plete set of tissues and developmental stages. 2-3 replicates for each
sample. Additional details are available in Supplementary Note 6.
Then, RNA from all samples was extracted and sequenced on the MGI-
SEQ 2000 sequencing platform, yielding -6 Gbp of raw data. Next, data
was quality-controlled and filtered with Fastp v0.20.1°°. To ensure data
volume uniformity, we randomly selected an identical amount (equal
to the minimum amount among all samples) of sequencing reads of
samples in C. alismatifolia for gene expression quantification with
Seqtk v1.3-r106 (https://github.com/Ih3/seqtk). Subsequently, to
obtain read counts for genes, the gene annotation files from different
haplotypes were merged for read mapping and counted with STAR
v2.7.10a* with parameters ‘-alignintronMax 50000 --alignMa-
tesGapMax 50000 --outFilterMismatchNmax 1 --outSAMattrIHstart O’.
The stringent parameters were set to ensure that different copies of
the gene could be uniquely matched by controlling the mismatch rate.
Finally, FPKM values were calculated with StringTie v2.1.6”°.

Identification of terpene synthase genes

Based on the TPS protein sequences of Arabidopsis thaliana and other
species listed in Supplementary Data 15, we scanned for candidate 7PS
genes in C. alismatifolia with BLASTP v2.12.0+ (ftp://ftp.ncbi.nlm.nih.
gov/blast/executables/blast+/LATEST/). The hit sequences were then
filtered for those containing PF01397 and PF03936 domains. The
remaining TPS sequences were structurally corrected with IGV-
GSAMAN v0.6.76, based on transcriptome data. Subsequently, we
aligned TPS sequences with MAFFT v7.464%° software, and trimmed
poorly aligned positions with TrimAL v1.4°* software. To reveal phy-
logenetic clustering of the TPS genes, we reconstructed the phyloge-
netic tree with 1000 ultrafast bootstrap replicates to assess branch
support in IQ-TREE v2.2.0-beta®. Finally, tree visualization of phylo-
genetic tree was implemented through FigTree v1.4.3 (http://tree.bio.
ed.ac.uk/software/Figtree).

To further examine the structural integrity of candidate genes, the
ten conserved motifs (Supplementary Table 11) were identified with
MEME v5.5.2%, The TPS gene identification in C. petiolata and C. longa
was conducted by searching for C. alismatifolia TPS gene sequences
within their respective genome sequences. Finally, all TPS genes were
functionally annotated against the NR database (https://ftp.ncbi.nlm.
nih.gov/blast/db/FASTA/nr.gz), and the annotation accuracy was ver-
ified based on reported catalytic activity (Supplementary Table 12;
Yang et al.*>“%). The positions of the TPS genes on the chromosome
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were displayed via MG2C v21 (http://mg2c.iask.in/mg2c v2.1/
index.html).

Terpene synthase activity assay

To perform TPS activity assays, the coding sequences of selected TPS
genes were synthesized by Tsingke company (China, www.tsingke.
com.cn) and inserted into the protein expression vector pCold-TF. The
in vitro products were detected with GC-MS, and the HPLC >98% of -
elemene (CAS: 515-13-9, WiKeQi Company, China) was used as the
standard. To further clarify whether the TPSs catalyze the formation of
compound 2 or compound 1, the products from prokaryotic expres-
sion of ChrO8HA727 and reference gene AmGAS* (accession number,
KC145534.1) were detected with GC-MS (ThermoTSQ9000-Tracel310,
Thermo, USA). An empty vector (pCold-TF) was served as a negative
control. All experiments were performed in three or more biological
replicates. The injection volume was set to 1l and the injection tem-
perature at 150 and 215 °C. Data acquisition and subsequent analysis
were executed employing Xcalibur v4.1 software (Thermo Fisher Sci-
entific, USA). Compounds were identified by comparing mass spectra
with the NIST2017 mass spectra library as well as standard samples. All
details are available in Supplementary Note 7.

Quantification of secondary metabolites

Volatile compounds from flowers of C. alismatifolia cv. “Chiang Mai
Pink” at three different stages (Flowerl, Flower2, and Flower3) were
gathered with a solid-phase microextraction method. Subsequently,
0.2 g of each sample was added to a 15 mL bottle along with 3 mL of
MTBE for overnight extraction. The final volume was adjusted to 1mL
for thermal analysis. Three biological replicates were performed.

An internal standard of 1 pL of 0.2 ng uL™ Dodecane per 1 mL was
added, and the samples were analyzed with GC-MS. The parameters for
GC analyses were as follows: 50 °C for 3 min, ramp at a rate of 5 °C min™
t0 250 °C and held for O min, ramp at a rate of 10 °C min™ to 290 °C and
held for 5 min. The total run time was 52.0 min. The ion source tem-
perature of MS was set to 300 °C and spectra were recorded from m/
z=50to 500. Data acquisition and subsequent analysis were executed
employing Xcalibur v4.1 (Thermo Fisher Scientific, USA). The com-
pounds were then qualitatively analyzed using the NIST2017 library
and compared with published plant volatiles in the pherobase data-
base (www.pherobase.com).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequence data for the PacBio HiFi reads, ONT reads, MGl short
reads, and Hi-C reads as well as the genomic assembly of C. longa, C.
petiolata, and C. alismatifolia reported in this paper have been
deposited in the Genome Sequence Archive at the National Genomics
Data Center, Beijing Institute of Genomics, Chinese Academy of Sci-
ences/China National Center for Bioinformation under BioProject
number PRJCA017980. Genome assembly and annotation are available
in Figshare [https://doi.org/10.6084/m9.figshare.25303411.v2]. Source
data are provided with this paper.

Code availability

The python code used to perform PIC analysis, and the R code used for
visualization are available in GitHub [https://github.com/monian1113/
Curcuma-scripts].
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