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Abstract 

Background White clover (Trifolium repens) is a globally important perennial forage legume. This species also serves 
as an eco-evolutionary model system for studying within-species chemical defense variation; it features a well-studied 
polymorphism for cyanogenesis (HCN release following tissue damage), with higher frequencies of cyanogenic 
plants favored in warmer locations worldwide. Using a newly generated haplotype-resolved genome and two other 
long-read assemblies, we tested the hypothesis that copy number variants (CNVs) at cyanogenesis genes play a role 
in the ability of white clover to rapidly adapt to local environments. We also examined questions on subgenome evo-
lution in this recently evolved allotetraploid species and on chromosomal rearrangements in the broader IRLC legume 
clade.

Results Integration of PacBio HiFi, Omni-C, Illumina, and linkage map data yielded a completely de novo genome 
assembly for white clover (created without a priori sequence assignment to subgenomes). We find that white clover 
has undergone extensive transposon diversification since its origin but otherwise shows highly conserved genome 
organization and composition with its diploid progenitors. Unlike some other clover species, its chromosomal struc-
ture is conserved with other IRLC legumes. We further find extensive evidence of CNVs at the major cyanogenesis 
loci; these contribute to quantitative variation in the cyanogenic phenotype and to local adaptation across wild North 
American populations.

Conclusions This work provides a case study documenting the role of CNVs in local adaptation in a plant species, 
and it highlights the value of pan-genome data for identifying contributions of structural variants to adaptation 
in nature.
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Background
White clover (Trifolium repens L., 2n = 4x = 32) is the 
most widely grown temperate forage legume world-
wide due to its superior nitrogen-fixing ability, peren-
niality, and resilience in frequently disturbed habitats 
[1–3]. Prior to the twentieth century invention of syn-
thetic nitrogen fertilizer, this species was so important 
as a source of soil nitrogen that it was considered the 
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agricultural equivalent of coal in fueling agricultural 
expansion during the Industrial Revolution [4]. In addi-
tion to its longstanding agricultural importance, white 
clover is also a well-known eco-evolutionary model sys-
tem for studying how selection maintains within-species 
chemical defense variation. The species is characterized 
by a genetically well characterized polymorphism for 
cyanogenesis (HCN release following tissue damage); 
multiple studies over the last 80  years have established 
that climate-associated clines in cyanogenesis evolve rap-
idly across latitudinal and other environmental gradients 
worldwide, with cyanogenic plants generally predominat-
ing in warmer locations [5–8]. While native to Europe, 
white clover has become widely naturalized in mesic 
environments worldwide (from subtropical to boreal cli-
mates), and recent genomic research has linked its ability 
to become so widely adapted to its allopolyploid origin 
from two ecologically distinct diploid progenitor species 
(T. occidentale and T. pallescens) [9].

White clover’s importance both in agriculture and as an 
eco-evolutionary model system has spurred recent efforts 
to develop high-quality genetic and genomic resources for 
the species [9–13]. Most recently, two independent genome 
sequencing projects have utilized long-read sequencing 
technologies to overcome the scaffolding difficulties asso-
ciated with polyploid genome assembly [11, 12]. While 
these two high-quality genomes are a major step in white 
clover studies, the recent growth of plant pangenome pro-
jects (e.g., [14–16]) has demonstrated clearly that multiple 
high-quality reference genomes are required to properly 
understand the genomic structure and intraspecific diver-
sity of a species; this is especially true when patterns of 
genomic structural variation contribute to natural pheno-
typic variation. In addition, high-quality reference genomes 
can facilitate investigations of genome evolution on a mac-
roevolutionary scale. For white clover specifically, genome 
sequence comparisons between this species and related 
legume genera could fill a current knowledge gap con-
cerning karyotype evolution in the inverted repeat-lacking 
clade (IRLC) of the legume family, which contains multiple 
economically important crop species, such as soybean and 
chickpea, and is characterized by extensive genome rear-
rangements [17].

Among the many types of structural variation that 
can occur in a genome, copy number variation (CNV), 
defined as the variable repetition of specific sequence 
motifs ranging from 50 bp to several Mbp, is a major con-
tributor to both genetic and phenotypic variability across 
eukaryotes [18–22]. Despite abundant evidence that 
CNVs are pervasive in genomes and that they contribute 
to phenotypic variation, such as in domesticated crops 
[19, 23, 24], there are remarkably few documented cases 
where CNVs have been shown to underlie adaptation in 

wild species [25–27]. To the best of our knowledge, the 
only potential example in a plant species involves flow-
ering time regulation in common waterhemp, where 
CNVs of an ATP synthesis pathway locus appear related 
to natural flowering time variation [25]. Consequently, 
our knowledge about the role of CNVs in shaping local 
adaptation in wild populations is lacking, particularly for 
plant species. Even in the model plant Arabidopsis, stud-
ies of CNVs have been restricted to either documenting 
genome-wide CNV distributions without knowledge of 
associated phenotypes (e.g., [16]), or to functional char-
acterization of the phenotypic impact of CNVs without 
data from natural populations to assess their role, if any, 
in adaptation (e.g., [28]).

Based on our prior knowledge of white clover and the 
genetic basis of adaptation in this species, we hypoth-
esized that local environmental adaptation in wild 
populations could arise, in part, through CNVs, particu-
larly at the loci known to control the well-documented 
cyanogenesis polymorphism. This chemical defense 
polymorphism is controlled by two independently seg-
regating simple Mendelian genetic polymorphisms that 
determine the presence or absence of two cyanogenic 
chemical precursors, both of which must be present for 
a plant to produce the cyanogenic phenotype: (1) Ac/
ac, controlling the presence/absence of cyanogenic glu-
cosides, and (2) Li/li, controlling the presence/absence 
of their hydrolyzing cyanogenic β-glucosidase enzyme, 
linamarase (reviewed by [29]). At the molecular level, 
Ac is a 3-gene metabolic cluster on chromosome 2 that 
comprises the cyanogenic glucoside biosynthetic path-
way, while Li is a single gene located on chromosome 
12 that encodes linamarase [13, 30–32]. Interestingly, 
the Ac gene is only present in the T. occidentale subge-
nome, and the Li gene is only present in the T. pallescens 
subgenome, which suggests that the two genes in white 
clover were contributed by its two different diploid pro-
genitors [13]. For both loci, the recessive (nonfunctional) 
alleles are the result of gene deletions, meaning that 
both the Ac/ac and Li/li polymorphisms are gene pres-
ence/absence variations (PAVs) [30, 32, 33]. However, 
while the recessive ac and li alleles have consistently 
been shown to be gene deletions [34, 35], our observa-
tions of Ac and Li dominant allele inheritance in green-
house pedigree populations suggested the occurrence 
of CNVs at both loci (see the “Results” section). Given 
that variability in the cyanogenesis phenotype is known 
to contribute to white clover’s adaptation across climatic 
gradients [5, 6, 29, 36], we therefore hypothesized that 
CNVs at the Ac and Li loci could play an important role 
in this adaptive response.

In this study, we tested the hypothesis that CNVs at the 
Ac and Li cyanogenesis loci contribute to natural adaptive 
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variation in white clover. We used PacBio HiFi, Omni-C, 
and two linkage maps to generate and de novo assemble a 
new chromosome-scale and haplotype-resolved genome. 
We then compared structural variation at the cyanogen-
esis loci among three high-quality white clover genomes 
(this study; [11, 12]). Next, we assessed Ac and Li CNV 
occurrence and distributions across wild populations 
spanning much of the North American species range 
(419 accessions across 43 locations). In a complemen-
tary analysis, we examined the contribution of CNVs to 
natural phenotypic variation by assessing the relationship 
between Ac CNVs, gene expression, and cyanogenic glu-
coside content. We further tested whether CNVs at the 
cyanogenesis loci contribute to adaptation in nature by 
conducting association analyses between the CNVs and 
the local environments of the sampled wild populations. 
Finally, we leveraged our high-quality genome to address 
questions concerning karyotype evolution in the clover 
genus Trifolium and related genera in the “IRLC clade” 
of the legume family (Fabaceae). To our knowledge, this 
study is among the first to document the contribution of 
CNVs to local environmental adaptation in a wild plant 
species, and it also provides new insights into the history 
of genome rearrangements in an economically important 
clade of legume species.

Results
Genome assembly statistics
We isolated DNA from a wild North American white clo-
ver accession (GFL_007) to assemble a haplotype-resolved 
white clover genome using a combination of PacBio HiFi, 
Omni-C, and linkage map technologies. The total length 
of the primary haplotig was 995,597,458 bp and contained 
1,033 contigs (N50 = 17,751,673  bp). After Omni-C and 
linkage map scaffolding, 94.529% of the haplotig sequences 
were placed into 16 linkage groups, corresponding to the 
16 chromosomes in white clover (N50 = 57,173,913  bp). 
The total length of the alternative haplotig was of simi-
lar size (1,002,960,897  bp) and contained 584 contigs 
(N50 = 15,995,289  bp); after scaffolding (performed inde-
pendently of the primary haplotig), 95.546% of the alterna-
tive haplotig sequences were placed into 16 chromosome 
scale linkage groups (N50 = 60,046,767 bp). An independ-
ent Illumina-sequenced dataset (2 × 150  bp, 185 million 
read pairs;  SRR27541471) of the same plant accession 
was used for genome size estimation and quality assess-
ment. The estimated short-read haploid genome size was 
similar to the PacBio HiFi assembly (1,025,512,829  bp), 
with 1.46% heterozygous sites (k-mer length = 21) (Addi-
tional file  4: Fig. S1). The consensus quality (QV) of the 
diploid genome was 51.3697, indicating > 99.99% accuracy 
in the consensus base calls. The k-mer completeness was 
98.4765%.

Approximately 60% of the genome assembly was 
made up of repeated elements; half of these (30% of the 
genome) were retroelements, which closely matches 
retroelement proportions in the two recently published 
long-read assemblies [11, 12]. The retroelements did not 
show any biased distribution between the two white clo-
ver subgenomes. Furthermore, our phylogenetic analyses 
revealed several major, recent retroelement diversifica-
tion events in the white clover genome (Additional file 4: 
Fig. S2, Fig. S3). These patterns are consistent with trans-
posable element (TE) proliferation following the allopol-
yploid speciation origin of white clover, a phenomenon 
that has been reported in other allopolyploid systems 
[37]. Unfortunately, due to the lack of high-quality 
genomes of the two diploid progenitor species (T. occi-
dentale and T. pallescens), a direct test of this TE prolif-
eration hypothesis is currently unfeasible.

BUSCO assessments indicated that 98% of the single-
copy orthologous genes of the fabales_odb10 database 
(5366 genes) were covered in our assembly. Of these, 82% 
were found to be duplicated, which is consistent with 
the allotetraploid origin of white clover. More detailed 
genome assembly statistics are provided in Additional 
file 1: Table S1. The quality of the separation of the two 
haplotigs was assessed by comparing the k-mer distribu-
tions between the raw reads, the primary haplotig and 
the alternative haplotig (Fig. 1A, B). The k-mer multiplic-
ity distributions of the primary and alternative haplotigs 
show nearly complete overlap (indicated by purple shad-
ing in Fig.  1A), suggesting a highly accurate separation 
of the genome’s two haplotigs. The k-mer distribution 
of the diploid genome indicates that most k-mers were 
found only once (Fig. 1B), consistent with the high het-
erozygosity of the genome. The much lower peaks of the 
3- or 4-hit distributions compared to 1- or 2-hit distribu-
tions indicate that there is divergence between homeolo-
gous sequences of the two subgenomes; this suggests that 
while the genome is tetraploid, it likely behaves meioti-
cally as a diploid species.

Omni‑C and linkage map scaffolding and subgenome 
characterization
The two haplotigs of the contiguous genome were first 
scaffolded by Omni-C linked reads and then scaffolded 
by our two previously published linkage maps (DG and 
GS  F2 mapping populations; 6,173 unique GBS SNP 
markers after combining the two mapping populations) 
[13]. Where there were conflictions between the Omni-
C and linkage map scaffolding results, we prioritized the 
results from the linkage maps (see the “Discussion” sec-
tion). The read count distribution of the chromatin con-
tact map of the scaffolded genome supports our finding 
that our 16 scaffolds (pseudomolecules) are high-quality 
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representatives of the 16 white clover chromosomes 
(Fig. 1C). Although we do see weak signals between the 
homeologous chromosomes (e.g., between chr 1 and chr 
9), we believe this result can be attributed to the highly 
similar gene sequences (see BUSCO analyses in Addi-
tional file  1: Table  S1) and inaccurate read-mapping of 
Omni-C short-reads (2 × 150  bp). In addition, the inter-
homeologous signals are not evident in the recombina-
tion map (Fig. 1D), as most of the GBS markers used in 
linkage map construction are in the non-genic regions, 
which are more divergent between the homeologous 
chromosomes.

The subgenome identities of the 16 scaffolds/chromo-
somes were assessed using BLAST against the two diploid 
progenitors’ genomes. Across the board, there were more 

hits to the T. occidentale genome than to the T. pallescens 
genome (Fig.  1F). This is consistent with previous evi-
dence that present-day individuals of T. occidentale are 
genomically highly similar to the ancestral species that 
contributed one of white clover’s subgenomes (chr 1–chr 
8), whereas present-day representatives of T. pallescens 
are somewhat diverged from the ancestral species that 
contributed the other subgenome (chr 9–16) [38]. When 
setting the mapping threshold at 0.45 (where − 1 is com-
pletely T. pallescens-like and + 1 is completely T. occi-
dentale-like; see the “Methods” section), we were able to 
categorize the 16 chromosomes into eight of T. occiden-
tale origin (chr 1–chr 8) and eight of T. pallescens origin 
(chr 9–chr 16) (Fig. 1F and Additional file 4: Fig. S4). We 
detected no obvious inter-chromosomal translocation 

Fig. 1 Genome quality assessment and subgenome identity characterization. A k-mer multiplicity distribution between the primary and alternative 
haplotigs. Purple color indicates the overlap between the primary and alternative haplotigs, reflecting their nearly identical distributions. B The 
number of the times of the k-mers are found in the diploid genome. C Omni-C heatmap visualized by KR normalization method with window 
size at 1 Mbp. D Linkage map visualized by calculating the LOD (upper triangle) and the recombination fraction (RF, lower triangle) of the genetic 
markers of the DG  F2 mapping population at their physical location. Only the primary haplotig is presented here. E Whole genome nucleotide 
alignment of the primary and alternative haplotigs (identity > 95%, query length > 10,000 bp, hit length > 10,000 bp). F Chromosomes categorized 
into T. occidentale (To) or T. pallescens (Tp) subgenomes. The gradient color is the mapping rate to either diploid progenitor, where − 1 is ideally 
completely T. pallescens-like and + 1 is ideally completely T. occidentale-like; values exceeding that range indicate mapping to multiple locations 
in the diploid progenitors’ genomes
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signal, except for at the center of the chromosomes where 
the signals were ambiguous; this is likely because these 
regions include centromeric long tandem repeats, which 
can interfere with the mapping process. However, we 
cannot validate this conclusion due to the limited resolu-
tion of the diploid progenitors’ genomes [9].

As predicted, our assessments of haplotig similarity 
using our whole genome nucleotide alignment revealed 
clear alignment hits between the primary and alterna-
tive haplotigs (indicated by the major blue diagonal line 
in Fig. 1E). In contrast, hits between homeologous loci 
are much less evident (the two weak blue diagonal lines 
in the top-left and bottom-right quadrants of Fig.  1E). 
We also found that there are generally more intra-sub-
genome hits than inter-subgenome hits (Fig.  1E and 
Additional file  1: Table  S2). Together, these observa-
tions suggest that inter-subgenome recombination (i.e., 
homeologous translocation) was very limited after the 
polyploidization event that created white clover and 
that the integrity of the two parental species’ subge-
nomes has been preserved, in agreement with the same 
conclusion inferred from the k-mer analysis above and 
previous analysis [9].

Gene synteny and synonymous mutation rate
We annotated 96,293 protein coding genes in the pri-
mary haplotig, which is slightly more than double the 
number of genes in the diploid genome of the related 
legume Medicago truncatula (44,295); this finding is 
consistent with white clover’s tetraploid genome. A 
total of 61,352 of the annotated genes were successfully 
mapped by BLAST against the NCBI RefSeq database 
and functionally annotated with the GO database. The 
median lengths of the concatenated coding sequence 
(CDS) and intron sequence per gene were 927  bp and 
1693  bp, respectively, which is comparable to closely 
related legume species (Additional file  4: Fig. S5). The 
gene synteny between the two subgenomes was espe-
cially high (Fig.  2A), suggesting the lack of any large-
scale genome rearrangements in white clover or its 
closest relatives either before or after the polyploidiza-
tion event that produced the species. The orthologous 
synonymous rate (KS) analysis showed a neutral genetic 

distance to the other species, reflecting the species-
level phylogenetic relationships (Fig. 2B). Interestingly, 
the KA/KS distribution for the two white clover sub-
genomes [T. repens (occ) vs. T. repens (pall)] was sta-
tistically indistinguishable from the KA/KS of the two 
diploid progenitor species [T. pallescens vs. T. occiden-
tale] (Additional file  4: Fig. S6). This pattern suggests 
that, following the polyploidization event that created 
white clover, the homeologous gene copies within the 
tetraploid genome have exhibited no detectable sign 
of relaxed purifying selection, despite the high likeli-
hood of functional redundancy among the many gene 
duplicates.

Interspecific gene synteny analysis indicated that the 
white clover genome is highly syntenic to the closely 
related species Medicago truncatula (24.53 MYr 
divergence) and moderately syntenic to the more dis-
tantly related Cicer arietinum (32.01 MYr divergence) 
(Fig.  2C). There were only two chromosome-scale 
translocations between M. truncatula and white clo-
ver: between Mt chr 2 and Tr chr 6 and between Mt 
chr 4 and Tr chr 8 (Fig.  2C and Additional file  4: Fig. 
S7E, F). Given the relatively high synteny between these 
species in different genera, we were surprised to detect 
multiple genome rearrangements within the genus Tri-
folium when comparing white clover with its two con-
gener species with reference genomes, T. subterraneum 
and T. pratense (12.97 MYr divergence). Trifolium sub-
terraneum has the same basal chromosome number 
as white clover (n = 8); however, this lineage appears 
to have undergone at least 2 or 3 chromosome-scale 
translocations in chr 2, chr 3, chr 4, chr 6, chr7, and chr 
8 (Fig. 2C and Additional file 4: Fig. S7A, B). Trifolium 
pratense, in comparison, appears to have lost one chro-
mosome after divergence from the T. subterraneum lin-
eage, and it shows more complex patterns of genomic 
rearrangements (Fig. 2C and Additional file 4: Fig. S7C, 
D). Based on the phylogeny and the gene synteny analy-
ses, we therefore infer that among the three Trifolium 
species with reference genomes, white clover preserves 
the more ancestral genome structure, and that there 
have been extensive rearrangements among its diploid 
congeners.

Fig. 2 Genome assembly of white clover. A Circular view of genomic feature distribution along the 16 chromosomes. The blue, green, and brown 
tracks stand for the GC content, gene density, and repetitive element density, respectively. The links show the gene synteny between the two 
subgenomes, where chromosomes 1–8 (light green) and chromosomes 9–16 (light blue) belong to the T. occidentale (To) and T. pallescens (Tp) 
subgenomes, respectively. B Pairwise synonymous mutation rate  (KS) between the subgenomes and closely related species in the legume family 
(Fabaceae, subfamily Papilionoideae). C Gene synteny plot and consensus gene tree of the inverted repeat-lacking clade (IRLC) within subfamily 
Papilionoideae. The node numbers show the crown ages in Myr, which are adapted from [39]. For visualization purposes, only the synteny 
of the chromosome 1–8 was plotted. The plot of the chromosome 9–16 is highly similar

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Cyanogenesis genes and copy number variation
Genome sequence analyses
We hypothesized that CNVs at the Ac and Li loci con-
tribute to the phenotypic variation found in white clo-
ver populations across environmental gradients. This 
hypothesis was initially based on patterns of SNP inherit-
ance in greenhouse pedigree populations, where Sanger 
sequencing of PCR amplicons revealed that Acac and Lili 
hemizygotes could transmit dominant alleles with SNPs 
that appeared heterozygous (Additional file 2: Table S3). 
To assess this hypothesis with our whole-genome data, 
we first tested for evidence of gene copy number varia-
tion (CNV) between the primary and alternate haplotigs 
in our newly generated genome. We found that our long-
read based assembly unambiguously confirmed the pres-
ence of CNVs at both loci. We aligned the sequences 
around the Ac gene cluster (comprising the three cya-
nogenic glucoside biosynthesis genes: CYP79D15, 
CYP736A187, and UGT85K17) and the Li gene and per-
formed BLAST analyses between haplotigs (Fig.  3). For 
Ac, there are two complete gene clusters in the primary 
haplotig and three in the alternative haplotig (Fig.  3A; 
Additional file  1: Table  S4). The gene order inside the 
Ac gene cluster is consistent with previous findings [32] 
(Additional file 4: Fig. S8). For Li, there are two gene cop-
ies in both haplotigs (Fig. 3B; Additional file 1: Table S4). 
To determine the span of the Ac and Li CNV repeat 
motif, we plotted the gene synteny in the chromosomal 
region surrounding each locus (Fig. 3C, D). A single copy 
of the Ac motif is approximately 255–320 Kbp (Addi-
tional file 1: Table S5), while a single copy of the Li motif 
is approximately 24 Kbp (Additional file  1: Table  S6). 
Although the CNV motifs are clearly replicated, the 
non-coding regions between the copies show sequence 
divergence (Fig.  3C, D). Multiple repetitive sequences 
are evident in the Li gene region, including other glucosi-
dase genes that are predicted to have different substrate 
specificities than linamarase [40] (Fig. 3D and Additional 
file 4: Fig. S9). The presence of these repetitive sequences 
could contribute to genome instability that underlies the 
structural variation of this genomic region.

In addition to comparing CNVs in our newly gener-
ated genome, we performed similar analyses with the two 

other published white clover genomes. In the haplotig-
resolved genome of Santangelo et al. [12], we found two 
copies of the Ac gene cluster in the primary haplotig and 
a deletion of the entire Ac gene cluster in the alterna-
tive haplotig (a ~ 500 Kbp deletion compared to the pri-
mary haplotig in the present study) (Additional file 4: Fig. 
S10A, B). For the Li gene, we found two copies per hap-
lotig, similar to our new genome assembly (Additional 
file 4: Fig. S10C, D). In the genome of Wang et  al. [11], 
which does not provide haplotig resolution, we found 
three copies of the Ac gene cluster and two copies of the 
Li gene (Additional file 4: Fig. S11). In none of the three 
white clover whole genomes did we find a haplotig with 
a complete deletion of the Li locus. However, since Li 
deletions are known to be common in nature [30, 35], we 
wanted to estimate of the size of the Li genomic deletion 
in plants where it occurs. To do this we mapped the raw 
reads (2 × 150 bp) of the genome sequences of an acces-
sion lacking linamarase activity (DMN_010, lili genotype, 
NCBI SRR27541472) to the primary haplotig of our novel 
genome. In the lili accession, we found a low coverage 
window of ~ 500 Kbp (Additional file  4: Fig. S12); this 
result suggests a much larger genomic deletion than the 
span of the Li CNV motif (24 Kbp) alone.

Gene expression and phenotypic data
After demonstrating the existence of both Ac and Li CNVs 
in all three white clover whole genomes, we sought to test 
the hypothesis that CNVs at the Ac and Li loci directly 
affect the cyanogenesis phenotype. To do this, we focused 
on the Ac locus because synthesis of cyanogenic glucosides, 
mediated by the Ac gene cluster, is predicted to be directly 
correlated with the cyanogenic response [41]. We per-
formed qPCR of genomic DNA and mRNA to estimate the 
correlation between CNV counts and expression in the Ac 
gene cluster (CYP79D15, CYP736A187, UGT85K17). First, 
we found that the inferred copy numbers of the three genes 
in the Ac cluster consistently occur in a 1:1:1 ratio (Addi-
tional file 4: Fig. S13); this is consistent with our findings 
above that the entire Ac gene cluster is duplicated as a unit. 
In addition, we found that cyanogenic glucoside content 
is significantly positively correlated with copy number for 
each of the three genes in the Ac cluster (Fig.  4A–C and 

(See figure on next page.)
Fig. 3 Nucleotide alignment and gene synteny of the white clover cyanogenesis genes. A, B Nucleotide alignment of the regions around the Ac 
gene cluster and the Li locus. Blue, the pairwise alignment is in the same direction. Red, the pairwise alignment is in the opposite direction. 
C, D Gene synteny of the regions around the Ac gene cluster (C) and the Li locus (D). Schematic plot on the top-right of each panel shows 
the overall arrangement of the repeated gene copies that are shown in detail in the main plots. Top sequence, the chromosome in the primary 
haplotig. Bottom sequence, the corresponding homeologous chromosome in the alternative haplotig. Gray links, nucleotide alignments (same 
as in A and B). Purple stacks, the number of nucleotide alignment hits in the homeologous chromosome. Note that Chr. 2 is in the T. occidentale 
subgenome and Chr. 12 is in the T. pallescens subgenome
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Fig. 3 (See legend on previous page.)
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Additional file 1: Table S7). In comparison, no such correla-
tion was observed for the Li gene, whose function is unre-
lated to cyanogenic glucoside biosynthesis (Fig.  4D and 

Additional file 1: Table S7). We further detected that cya-
nogenic glucoside content is significantly positively corre-
lated with the expression of CYP79D15 and CYP736A187, 

Fig. 4 Cyanogenesis gene copy number variation and associations with cyanogenic potential and climate. A–D Gene copy number variation 
and cyanide (HCN) content (per gram fresh leaf tissue). Linear regression line and standard error are plotted if the slope is significantly different 
from zero (p < 0.05). Each point stands for the mean value of 3–4 repeated measurements. E–H Association between cyanogenesis gene copy 
number and Mean Temperature of Coldest Quarter (MTCQ). E Ac copy number. F Li copy number. G The product of (Ac copy number)*(Li copy 
number) within an accession. H Collection locations of 419 sampled accessions (43 populations) across North America. The map is shaded 
by MTCQ. Pearson correlation coefficient was calculated; if the value was significantly different from zero, the linear model was plotted. Raw data are 
available at Additional file 1: Table S7 and Additional file 3: Table S8
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which correspond to the first two steps in the cyanogenic 
glucoside biosynthetic pathway (Additional file  4: Fig. 
S14). Surprisingly, however, no significant correlation was 
observed between the number of gene copies and levels of 
gene expression (Additional file 4: Fig. S15); this could be 
an artifact of inadequate time point sampling of tissue, as 
regulation of cyanogenic glucoside synthesis is known to 
vary diurnally in other cyanogenic plant species [42].

Wild populations and environmental associations
Finally, to assess whether CNVs at the Ac and Li cyanogen-
esis loci contribute to environmental adaptation in wild 
populations of white clover, we sampled 419 wild acces-
sions from 43 white clover populations distributed across 
North America, estimated the copy number at the Ac and 
Li loci using genomic DNA qPCR, and tested for associa-
tions with climatic variables of the collection locales using 
the WorldClim 2 dataset [43]. CNVs for the wild popula-
tion samples ranged from 0 to 8 per accession for Ac and 
0 to 6 for Li (Additional file  3: Table  S8 and Additional 
file  4: Fig. S16). Because previous observations of white 
clover cyanogenesis clines have detected strongest asso-
ciations between cyanogenesis frequencies and minimum 
winter temperature [6, 36], we focused on the climatic vari-
able Mean Temperature of Coldest Quarter (MTCQ) for 
CNV association tests. Notably, both CYP79D15 (the first 
gene in the Ac cluster) and Li are significantly correlated 
with MTCQ (Fig.  4E, F, H). Importantly, these correla-
tions remained significant after removing accessions with 
zero copies of the genes (corresponding to the acac and lili 
recessive genotypes); this indicates that the significant cor-
relations between CNVs and climate are not simply reflect-
ing the previously described PAVs at the Ac and Li loci, 
which are well known to contribute to white clover cyano-
genesis clines [6, 36] (Additional file 4: Fig. S17, Fig. S18).

Because the cyanogenic phenotype arises through an 
epistatic interaction between the two cyanogenesis loci, 
we also examined the cumulative effects of CNVs at both 
loci by assessing MTCQ associations with the product of 
CYP79D15 and Li gene copy numbers. As with the individ-
ual loci, this assessment revealed a significant positive cor-
relation (Figs. 4G and Additional file 4: Fig. S17C, S18C). 
This finding further suggests that adaptive clinal variation 
at the white clover cyanogenesis loci arises through selec-
tion acting on the Ac and Li CNVs.

Discussion
PacBio HiFi, Omni‑C, and linkage map bridge the gap 
to allotetraploid genome assembly
The increased availability of high-quality long-read 
genomic data has contributed to our understanding of 
the importance of structural variation, including CNVs, 
as contributors to phenotypic variation. However, despite 

the fact that CNVs are prevalent in nature, very few stud-
ies to date have documented the distribution of CNVs in 
the wild and correlated these with known adaptive phe-
notypes along an environmental gradient. In this study, 
we bridge this knowledge gap by revisiting the molecu-
lar mechanism underlying the well-known cyanogenesis 
polymorphism in white clover using three newly available 
high-quality genomes generated with long-read based 
sequencing technology (this study; 11, 12). The genome 
assembly presented here is the second haplotig-resolved 
genome of white clover and was generated by incorpo-
rating high-depth (84 ×) PacBio HiFi sequencing, Omni-
C chromatin interaction, and linkage map information. 
The quality of our new genome assembly highlights the 
value of high-density linkage map data for complement-
ing Omni-C data in scaffolding, especially when join-
ing two long-range scaffolds in their correct orientation 
(e.g., across centromeres). The ability to accurately scaf-
fold chromosomes is often limited when using Omni-C 
data alone (see, e.g., comparisons of the three white clo-
ver genomes with and without linkage map assisted scaf-
folding; Additional file 4: Fig. S19, Fig. S20). Our genome 
also represents a true de novo genome assembly for white 
clover — created without first assigning sequences to a 
subgenome before attempting the assembly. The resulting 
assembly thereby provides the most unbiased and reliable 
chromosome-level and haplotig-resolved genome to date 
for this economically important legume species.

Unexpectedly little genome reorganization in white clover
Polyploidization is characterized by an immediate mul-
tiplication in chromosome number through a  whole 
genome duplication event, which can produce a major 
shock to the genome that may cause a series of unpre-
dictable but discernible downstream changes [44]. These 
may include but are not restricted to bursts of transpos-
able element (TE) proliferation [37], large-scale genome 
rearrangements [45], fractionation [46], and the accu-
mulation of deleterious mutations due to duplicated 
gene redundancy [47]. In our study, we found extensive 
distribution of TEs in white clover genome (30% of the 
genome). The short branches of the phylogenetic trees of 
LTR retrotransposons (LTR-RTs) suggest a recent mul-
tiplication of LTR-RT elements within the white clover 
genome (Additional file 4: Fig. S2, Fig. S3). It is possible 
that the high number of TEs in the white clover genome 
has facilitated the diploidization process by accumu-
lating new mutations that contributed to subgenome 
divergence, thereby repressing recombination between 
homeologous chromosomes [37]. Further investigation 
of the TE family expansions, including in the diploid pro-
genitor species, would be useful to test this hypothesis.
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The genus Trifolium is characterized by extensive chro-
mosome number variation between species and occa-
sional polyploid speciation events [48]. In our genomic 
comparisons with the closely related legume Medicago 
truncatula, white clover shows the most conserved chro-
mosome structure of the three Trifolium species with 
reference genomes, the other two of which are diploid; 
T. pratense (2n = 14) and T. subterraneum (2n = 16) each 
possess a minimum of 2–3 chromosomal rearrangements 
in a majority of their chromosomes (Fig. 2C). This finding 
suggests that polyploidization by itself does not necessar-
ily lead to large-scale genome reorganizations and, con-
versely, that extensive genome reorganization can occur 
in the absence of polyploidization.

Beyond the genus Trifolium, inclusion of the white clo-
ver genome in legume genome sequence comparisons is 
also pivotal in accurately reconstructing the karyotype 
evolution of the IRLC legume clade. This economically 
important group contains the majority of agriculturally 
important legumes, including chickpea, lentil, pea, vetch, 
alfalfa, and clovers. Notably, without the white clover 
genome sequence comparison, it would be impossible to 
tell that the basal chromosomal organization in Trifolium 
is conserved with related legume genera (Fig. 2C).

Evolutionary theory predicts that species may experi-
ence a relaxation of purifying selection after polyploidi-
zation because the redundant gene copies (homeologs) 
are capable of masking the effect of deleterious recessive 
mutations [47]. We therefore expected to detect more 
mutations in homeologous gene pairs than in pairwise 
comparisons of homologous (orthologous) genes of the 
extant progenitors. However, no significant difference in 
the ratio of nonsynonymous versus synonymous muta-
tion rate (KA/KS) was found (Additional file  4: Fig. S6). 
Moreover, we did not detect any major genome fraction-
ation in either subgenome (Fig. 2A) (see also [9]). These 
observations together suggest that white clover has expe-
rienced little relaxation of purifying selection after the 
polyploidization event that created this species. Although 
this finding is contrary to the classic expectations for 
homeologous gene copies, it is possible that selection to 
maintain dosage balance could be preventing any such 
relaxation of purifying selection [46]. It is also possible 
that white clover’s very recent evolutionary origin (esti-
mated at 15,000–28,000 years ago) [9] is simply too short 
of a time period to allow for the detectable accumulation 
of deleterious mutations.

Revisiting the evolution of the adaptive cyanogenesis 
polymorphism
Understanding the genetic and biochemical bases of 
the white clover cyanogenesis polymorphism, and the 
ecological factors that shape its evolution, has been a 

century-long research endeavor. Initial characteriza-
tions of the biochemical components and the polymor-
phism’s inheritance patterns predated the molecular era 
[49–53]. In the 1950s, a series of classic studies by Daday 
surveyed cyanogenesis frequencies in wild populations 
worldwide; this work revealed the widespread occur-
rence of latitudinal and elevational cyanogenesis clines 
throughout the native and introduced species range, 
with cyanogenic plants consistently present at higher 
frequencies in warmer climates [7, 8, 54]. In subsequent 
decades, numerous studies have examined the potential 
environmental factors that maintain the polymorphism 
and drive the evolution of climate-associated cyanogen-
esis clines (reviewed by [5, 29, 36, 55, 56]). Key selective 
factors likely include chemical defense in areas of high 
herbivore abundance, fitness tradeoffs associated with 
the energetic costs of producing cyanogenic compo-
nents, and abiotic stresses including cold and drought. 
Complementary studies have focused on the molecular 
basis of the polymorphism and its evolutionary origins. 
This work has revealed that the Ac/ac and Li/li polymor-
phisms arise through two unlinked PAVs [30–32]; that 
the recessive (deletion) alleles have evolved repeatedly 
in white clover as well as in related Trifolium species 
[32, 33, 35]; and that the Ac and Li loci of white clover 
are derived from different diploid progenitors, with Ac 
derived from T. occidentale and Li derived from the T. 
pallescens lineage [13]. As the body of white clover 
cyanogenesis research has progressed, this system has 
come to be regarded as a textbook example of a balanced 
polymorphism maintained by geographically heteroge-
neous selective pressures [57, 58].

By identifying the occurrence of CNVs for the domi-
nant (gene-presence) alleles of the Ac and Li loci, and by 
documenting their associations with climatic variation 
in wild populations across the North American species 
range, the present study adds new depth to our under-
standing of the white clover cyanogenesis polymor-
phism and its role in adaptive evolution. Analysis of the 
three long-read genome assemblies (this study; 11, 12) 
revealed CNV counts of 0, 2, and 3 for the Ac locus and 
2 copies for the Li locus in the haploid genomes (Fig. 3, 
Additional file 4: Fig. S10, Fig. S11). With expanded sam-
pling to include 419 wild North American accessions, 
estimated CNV counts ranged from 0 to 8 per acces-
sion for Ac and 0–6 for Li (Additional file 3: Table S8 and 
Additional file  4: Fig. S16). The mechanism responsible 
for the producing these CNVs remains unknown; how-
ever, our genome sequence analyses suggest that it is 
unlikely to be due to mobile element activity. TEs are not 
especially abundant in the genomic regions of the Ac and 
Li loci, and those elements that are present do not show 
any detectable patterns associated with CNV counts 
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(Additional file 4: Fig. S21). This may suggest that other 
mechanisms, such as nonallelic homologous recombina-
tion (NAHR), are responsible for the observed structural 
variation.

The physical chromosome map produced in the present 
study corroborates our previous findings, based on QTL 
mapping of the cyanogenesis phenotype, on the genomic 
locations of the Ac and Li loci [13]. Interestingly, unlike 
most genes in the polyploid white clover genome, no 
functional homeologs of either Ac or Li were detected in 
BLASTs against all gene models (data not shown), despite 
the highly conserved gene synteny between the two sub-
genomes overall. These findings lend further support to 
our prior conclusions that the Ac and Li genes of white 
clover are uniquely derived from its two different diploid 
progenitors [13].

Another key finding of our study is the positive cor-
relation between the number of CNVs at the Ac locus 
and cyanogenic glucoside production (Fig.  4A–C). To 
our knowledge, this is the first reported evidence in any 
cyanogenic species of quantitative variation in cyano-
genic glucoside production due to CNVs of the underly-
ing biosynthetic pathway. In contrast to white clover, the 
cyanogenic glucoside content in cassava [59] and Lotus 
corniculatus [60] has been reported to be regulated by 
cell membrane transporter genes and stress responsive 
genes, respectively. It thus appears that quantitative con-
trol of cyanogenic glucoside accumulation in different 
plant lineages has evolved independently through differ-
ent molecular mechanisms. The correlation between Ac 
CNV dosage and cyanogenic glucoside production also 
illustrates the importance of multiplication of the entire 
gene cluster. We found that each Ac CNV unit includes 
all three component genes  of the biosynthetic pathway 
(CYP79D15, CYP736A187, UGT85K17) [32] and that 
the gene order is conserved across CNV copies (Fig. 3A, 
C; Additional file 4: Fig. S10A, Fig. S11A). If there were 
multiplication of some but not all of the three genes, the 
imbalance and resulting accumulation of unstable chemi-
cal intermediates could potentially be maladaptive or 
even toxic [32, 61, 62]. To our knowledge, only one other 
study has documented the role of variable copies of an 
entire gene cluster in contributing to phenotypic varia-
tion (soybean nematode resistance locus Rhg1) [19].

Finally, our results demonstrate that CNVs contrib-
ute to local adaptation and the evolution of climate-
associated adaptive clines in wild populations of a plant 
species. As noted above, the white clover cyanogenesis 
polymorphism has long served as a model for under-
standing the forces that generate and maintain adaptive 
polymorphisms within species. Our findings here that 
CNVs in wild white clover populations are significantly 
correlated with local climate (Fig. 4E–H), together with 

the evidence that CNVs directly affect the cyanogenic 
phenotype (Fig.  4A–C), provide a new level of resolu-
tion to our understanding of how natural selection 
interacts with the genome to shape this adaptive poly-
morphism. To our knowledge, these results provide the 
first extensively documented case of CNV-mediated 
local environmental adaptation in a wild plant species. 
Equally importantly, they highlight the value of long-
read sequencing technologies in accurately capturing 
the full spectrum of genomic variants that contribute 
to adaptation. The last decade has witnessed a rapid 
growth in studies using whole genome sequencing to 
assess molecular basis of adaptation in plants and many 
other species [63, 64]. However, reliance on short-read 
data and alignments to a single reference genome has 
meant that discoveries are heavily biased towards SNP 
variants, with little knowledge of the role that CNVs 
or other structural variants (SVs) may play in adapta-
tion. While population-scale pangenome sequencing 
is still economically unfeasible for nearly all eukaryotic 
systems, a hybrid approach such as employed in our 
study (i.e., using a low-sample pangenome to discover 
and validate SVs, followed by qPCR to conduct popula-
tion-scale investigations) could be an affordable way to 
uncover the role of SVs in adaptation.

Conclusions
Through analyses based on a newly generated, de novo 
assembled haplotype-resolved genome for white clover, 
we are able to draw several key inferences about the 
genomic composition and evolution of this economi-
cally important species: (1) the allotetraploid white clo-
ver genome, while characterized by recently elevated 
TE activities, retains highly conserved genome organ-
ization and gene composition, with no evidence of 
relaxed purifying selection in homeologs since its ori-
gin; (2) unlike its two diploid congeners with reference 
genomes (T. pratense and T. subterraneum), both of 
which have undergone extensive chromosomal reorgan-
izations, white clover has preserved a more ancestral 
genome structure that is shared with other members of 
the IRLC legume clade; (3) the Ac and Li cyanogenesis 
loci are both characterized by CNVs, which contribute 
to quantitative variation in the cyanogenic phenotype 
and to local climatic adaptation in wild populations 
spanning the North American species range. Finally, 
this study highlights the value of integrating PacBio 
long-read sequencing, Omni-C chromatin interaction, 
and linkage map data in polyploid genome assembly 
and the power of pangenome perspectives in identify-
ing the functional effects of structural variation and its 
role in local adaptation in nature.
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Methods
De novo genome assembly
Young leaf tissue of a wild North American white clo-
ver accession “GFL_007” (grown from seed collected in 
Gainesville, Florida; NCBI SAMN37329216) was dark-
treated for 48  h before DNA isolation. High molecular 
weight (HMW) DNA was isolated by Polar Genomics 
(Ithaca, NY) using a CsCl gradient to remove mitochon-
drial and chloroplast genomes. The HMW DNA was then 
submitted to the Roy J. Carver Biotechnology Center 
(University of Illinois at Urbana-Champaign, Urbana, 
IL 61801) for PacBio HiFi sequencing. The HMW DNA 
was sheared with a Megaruptor 3 to a size of ~ 15 Kbp. 
Sheared gDNA fragments were converted to a library 
with the SMRTBell Express Template Prep kit 2.0. The 
library was sequenced on three SMRTcell 8  M on a 
PacBio Sequel II using the circular consensus sequenc-
ing (CCS) sequencing mode and a 30-h movie time. 
CCS analysis was performed using SMRTLink V8.0 
using the following parameters: ccs –min-length 1000 
–max-length 50000 –min-passes 3 –min-rq 0.99. By 
this approach, PacBio HiFi generated 7.3 million reads 
with average length 11.6 Kbp. The expected mean cover-
age is 77 × for a collapsed haploid genome based on the 
sequencing depth and previously reported genome size 
[9]. In order to phase the diploid genome and scaffold, 
Omni-C was used to capture the chromatin proximity 
interactions. The Omni-C library and sequencing ser-
vices were also provided by the Roy J. Carver Biotechnol-
ogy Center. One hundred million read pairs (2 × 150 bp) 
were sequenced by using NovaSeq 6000 System with SP 
flow cell (Illumina). The raw reads were demultiplexed 
and the adaptors were trimmed using the Illumina stand-
ard software.

Although the  extant white clover genome is likely 
to have minimal inter-subgenome translocations (e.g., 
homeologous recombination) [9], we cannot exclude that 
translocations might have occurred following polyploidi-
zation. Therefore, unlike the most recent previous assem-
bly [12], which categorized the PacBio HiFi reads into 
subgenomes before final assembly, we conducted a com-
plete de novo assembly from the raw PacBio HiFi reads. 
Hifiasm v0.16.1 was used for the de novo genome assem-
bly with Hi-C integrated mode [65]. The output of the 
fully phased contigs of the primary and alternative hap-
lotigs were used as the template for Omni-C scaffolding 
independently. The adaptor-trimmed Omni-C reads were 
mapped to the two haplotigs independently according to 
the mapping pipeline provided by Arima Genomics [66]. 
In short, the pipeline first maps the reads to the reference 
in single-end mode. Then, the chimeric mapped reads (if 
present) were processed to retain only the 5′-end of the 
sequence (on the assumption that the 3′-end was a result 

of proximal ligation). Finally, the paired reads were joined 
and sorted in the output.

The genome scaffolding was conducted in two steps. 
First, the Hi-C scaffolding was performed by SALSA2 
with the default settings [67]. Second, two linkage maps 
created from two  F2 mapping populations (see the “Link-
age map construction” section) were used to place the 
Hi-C scaffolds into pseudochromosomes. The two link-
age maps were merged based on the physical locations 
of the markers in the corresponding contigs, and the 
genetic distances (cM) were re-estimated using either 
the mean genetic distance of the two linkage maps or 
the only available value if the marker was only present in 
one linkage map. Chromonomer was used to integrate 
the information of the Hi-C scaffolding and the linkage 
map and then generate the final genome assembly infor-
mation file (AGP file) [68]. Then, agptools was used to 
update the final assembly [69]. The chromosome num-
bers were labeled by the BLAST against the diploid pro-
genitors’ genome (see subgenome characterization) and 
the nucleotide alignment to Medicago truncatula (see 
gene synteny and nucleotide alignment). The complete 
chloroplast and the partial mitochondrial genomes were 
assembled from the Illumina reads in GetOrganelle [70]. 
Then, the chloroplast and mitochondrial genome, plus 
the NCBI prokaryotic RefSeq genomes were used as the 
reference in BLAST to remove the contaminations from 
the nuclear genome.

k‑mer based genome quality assessment
To estimate the reference-free genome size and heterozy-
gosity before assembly, an independent Illumina short 
read (2 × 150 bp) dataset of the same accession (GFL_007; 
SAMN37329216) was used to generate a histogram of 
k-mer frequencies in jellyfish with default settings (k-mer 
length of 21) [71]. Then, the estimation was performed by 
GenomeScope [72]. To assess the assembly quality, the 
same Illumina dataset was used and the assessment was 
performed by Merqury [73].

Linkage map construction
Two linkage maps were used to scaffold and assess 
the scaffolding quality of the new assembly. These 
were generated from two  F2 mapping populations 
derived from biparental crosses of GFL_007 and two 
other white clover genotypes [DG population from a 
cross of accessions DMN_010 (SAMN34157026) and 
GFL_007 (SAMN37329216), GS population from acces-
sions GFL_007 (SAMN37329216), and STL_0701 
(SAMN34157027)] [13, 74]. Protocols for generation 
of genotyping-by-sequencing (GBS) marker data used 
in linkage map construction are described in [13]. For 
the present study, de novo linkage map construction 
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was performed by mapping raw GBS reads to the two 
Omni-C scaffolded haplotigs; SNPs were called inde-
pendently following the GATK best practice workflow 
[75]. In brief, the reads were mapped to the reference by 
Bowtie2 (bowtie2 –sensitive –no-mixed –no-discord-
ant –minins 100 –maxins 1000). Then, the SNPs were 
called by HaplotypeCaller (-ERC GVCF) and combined 
by GenotypeGVCFs. The output in vcf format was first 
hard-filtered (bcftools filter -e ’QD < 0.5 || FS > 200.0 
|| MQ < 20.0 || MQRankSum < -12.5 || MQRank-
Sum > 12.5 || ReadPosRankSum < -8.0 || SOR > 8 || INFO/
DP < 2000’); then, individuals with missing genotype 
(SNP site) > 0.25 were removed and then filtered for 
minor allele frequency > 0.35, max number of alleles ≤ 2, 
p-value > 1e − 20 on a genotype frequency test (indicat-
ing no significant deviation from 1:2:1 segregation in the 
 F2 populations), minimum mean depth > 15, and missing 
data < 0.25; finally, only genotypes (SNP sites) that were 
homozygous in the parents were preserved. The linkage 
maps were then constructed by GUSMap package with 
the standard protocol with the minimum LOD threshold 
that can form 16 linkage groups [76]. The quality of the 
final phased genome assembly (primary haplotig) was 
further validated by serving as the reference for mapping 
the raw GBS reads. All procedures for raw read mapping 
and follow-up steps were the same as for linkage map 
construction, except for that all the individuals of the 
mapping populations were kept. The final vcf files were 
converted to the “cross” format and imported to the R/qtl 
package [77]. Then, the heatmaps of the LOD scores and 
the recombination fractions between the pairwise mark-
ers were visualized.

Subgenome categorization
In order to characterize the subgenome identities of 
either T. occidentale or T. pallescens origin, the final 
assembly (primary and alternative haplotigs) was used 
as the query to BLAST (which allows multiple align-
ment hits to ambiguous genomic regions) against 
published genomes of the two diploid progenitors, T. 
occidentale and T. pallescens [9]. Only the hits with 
alignment > 1000  bp and identity > 95% were kept. 
Then, a customized index was calculated based on: 

(To alignment length)i − (Tp alignment length)k/Bin size (0.5Mb) , 
where i and k are the filtered hits to either the T. occi-
dentale (To) or T. pallescens (Tp) subgenome, respec-
tively. This measure creates an index where a value of -1 
is completely T. pallescens-like and + 1 is completely T. 
occidentale-like.

Gene prediction and functional annotation
The two haplotigs of the diploid assembly were indepen-
dently annotated with the BRAKER2 pipeline [78]. The 

haploid genome was first softmasked for the repeated 
regions by RepeatModeler v2.0.4 and RepeatMasker 
v4.1.4 with a de novo constructed and lineage-specific 
database. Then, the gene model was separately predicted 
with RNA-seq and protein data. The results were then 
combined by TSEBRA as suggested [79]. The RNA-seq 
data were derived from leaf tissue samples of the three 
accessions used to create the linkage maps (DMN_010, 
GFL_007, STL_0701); tissue was collected from plants 
grown in the greenhouse under control and drought 
treatments (N = 18, including three accessions and three 
clonal replications of each accession). The RNA-seq 
reads were mapped to the reference in a relaxed mode 
(–outFilterScoreMinOverLread 0 –outFilterMatchN-
minOverLread 0) by STAR v2.7.10a [80]. The protein 
data were from the translated sequences of the previous 
published white clover genome [9] and OrthoDB v10 
“Fabales” database. For functional annotation, the pri-
mary transcripts of each gene model were translated into 
protein sequences and analyzed using the blastp algo-
rithm against the NCBI RefSeq genomes of Arabidopsis, 
soybean (Glycine max), and Medicago truncatula. The 
BLAST result was then imported in Blast2GO software. 
After combining the results from InterProScan, the GO 
terms were mapped and annotated following standard 
protocols [81].

LTR retrotransposons (LTR‑RTs) characterization
LTR-RTs were detected and classified by inpactor2 [82]. 
The functional components of LTR-RT were then clas-
sified by TEsorter [83] with REXdb database [84]. The 
reverse transcriptase (RT) amino acid sequences were 
extracted and aligned by MAFFT [85]. Maximum likeli-
hood tree was reconstructed by IQ-TREE2 [86].

Gene synteny and nucleotide alignment
Interspecific gene synteny analysis was conducted for 
related legume species by GENESPACE v0.9.3 [87], 
which integrates the results from OrthoFinder [88] 
and MCscanX [89]. In short, the primary transcripts 
of Trifolium pratense [90], Trifolium subterraneum 
[91], Medicago truncatula [92], Cicer arietinum [93], 
Lotus japonicus [94], and Phaseolus vulgaris [95] were 
used as the input in OrthoFinder in nucleotide mode. 
Then, the gene synteny was generated by MCscanX 
with the settings: blkSize = 20, nGaps = 25. Nucleotide 
alignment was conducted by Mummer 4.0.0 with the 
function: nucmer [96]. Only the alignment hits with 
more than 1000  bp were kept. The gene synteny and 
nucleotide alignment were then visualized using pack-
age gggenomes v0.9.5 in R.
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Synonymous mutation rate  (KS) and nonsynonymous 
mutation rate  (KA)
To assess the divergence among orthologs across spe-
cies and examine subgenome-specific patterns of 
molecular evolution within white clover (e.g., relaxed 
purifying selection), synonymous mutation rate (KS) 
and nonsynonymous mutation rate (KA) were calcu-
lated based on the single copy orthologous genes that 
are universally available in all the taxa in the synteny 
analysis (except for Trifolium subterraneum). After 
filtering, 3884 genes were kept. The orthologous gene 
sequences were aligned and guided by their translated 
protein sequences in MACSE v2 [97]. The low-quality 
alignment was removed following the OMM_MACSE 
pipeline. The cleaned alignments were then used for 
mutation rate calculation in KaKs_Calculator 2.0 with 
YN method [98].

Cyanogenesis gene copy number variation, gene 
expression and cyanide quantification
Plant materials used to characterize cyanogenesis vari-
ation were collected as seeds or stolons from North 
American wild populations and cultivated in the green-
house of Washington University in St. Louis (Additional 
file 1: Table S7, S8). The cyanogenic phenotype, includ-
ing the presence/absence of the cyanogenic glucosides 
and the substrate-specific glucosidase, was assessed 
biochemically by Feigl-Anger cyanogenesis assay and 
genetically by PCR-genotyping of CYP79D15 (the first 
gene in the Ac metabolic cluster) and Li [30, 31]. Plants 
that produced one or both cyanogenic precursors were 
further examined by qPCR with gDNA to estimate 
the gene copy number information and with cDNA to 
estimate the relative gene expression level. The qPCR 
primers of CYP79D15, CYP736A187, and UGT85K17 
(together comprising the Ac locus) and Li were designed 
based on the sequences in our previous publications 
[30, 32] and are available in Additional file 1: Table S9. 
The qPCR was conducted in the CFX96 Real-Time PCR 
Detection System (BIO-RAD), and the data were ana-
lyzed by ΔΔCT method with efficiency calibration in 
CFX Maestro™ Software (BIO-RAD) according to the 
manufacturer’s instructions. At least three independ-
ent qPCR replicates were conducted for each gene. In 
each independent replicate, three technical replicates 
were included. The CT value was first normalized to 
Ef1α gene and then scaled to the normalized CT value of 
the single-copy genotype. To provide a reference geno-
type for quantification of gene copy numbers, acces-
sions possessing a single copy of each assayed gene were 
identified in pedigree populations created by crossing 

cyanogenic and acyanogenic parents (Additional file 2: 
Table S3).

The cyanogenic glucoside content per unit weight 
of the fresh leaf tissue was measured by a colorimetric 
method. Leaf tissue (1  g) was homogenized in liquid 
nitrogen and resuspended in 2 mL of  Na2HPO4 buffer 
(0.067 M, pH 6.0). Then, the sample was centrifuged at 
4 °C for 20 min at 13,000 × g twice. After each centrifu-
gation, the supernatant was transferred to a new tube. 
Then, an excess amount of linamarase (100 μL bulk 
protein extract from cassava latex, [99]) was added 
to the sample (50 μL supernatant + 450 μL  Na2HPO4 
buffer) and incubated 30  min at 37  °C to release cya-
nide from cyanogenic glucosides (linamarin and 
lotaustralin). After incubation, 600 μL NaOH solution 
(0.2 M) was added to terminate the reaction. Then, 500 
μL of the reaction mix was used for cyanide quantifi-
cation by Spectroquant® Cyanide Test kit (Millipore 
cat. no. 1.09701) following the standard protocol. The 
standard cyanide solution was prepared by the same 
procedure but replaced the supernatant with the com-
mercial cyanide standard (Millipore cat. no. 119533). 
The colorimetric reaction had the maximum absorb-
ance at 607  nm. We used the absorbances at 700  nm 
and 775  nm to estimate the background absorbance 
at 607  nm by simple linear regression. Finally, the 
absorbance of 607  nm was subtracted by the back-
ground, and then compared to the standard curve for 
concentration.

Environmental association
To investigate the association between the cyanogen-
esis gene copy number variation and environmental 
factors, climatic information at 1-km resolution was 
downloaded from WorldClim 2 [43]. We extracted the 
environmental information for collection locations of 
the sampled wild clover populations as the mean value 
from the 1000-m-buffered sample location. Then, the 
gene copy number was correlated to Mean Temperature 
of Coldest Quarter (MTCQ) with Pearson correlation 
method and visualized in R.
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