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Genomic structural variants (SVs) can play important roles in
adaptation and speciation. Yet the overall fitness effects of SVs
are poorly understood, partly because accurate population-level
identification of SVs requires multiple high-quality genome assem-
blies. Here, we use 31 chromosome-scale, haplotype-resolved ge-
nome assemblies of Theobroma cacao—an outcrossing, long-lived
tree species that is the source of chocolate—to investigate the
fitness consequences of SVs in natural populations. Among the
31 accessions, we find over 160,000 SVs, which together cover
eight times more of the genome than single-nucleotide polymor-
phisms and short indels (125 versus 15 Mb). Our results indicate
that a vast majority of these SVs are deleterious: they segregate at
low frequencies and are depleted from functional regions of the
genome. We show that SVs influence gene expression, which
likely impairs gene function and contributes to the detrimental
effects of SVs. We also provide empirical support for a theoretical
prediction that SVs, particularly inversions, increase genetic load
through the accumulation of deleterious nucleotide variants as a
result of suppressed recombination. Despite the overall detrimen-
tal effects, we identify individual SVs bearing signatures of local
adaptation, several of which are associated with genes differen-
tially expressed between populations. Genes involved in pathogen
resistance are strongly enriched among these candidates, high-
lighting the contribution of SVs to this important local adaptation
trait. Beyond revealing empirical evidence for the evolutionary
importance of SVs, these 31 de novo assemblies provide a valuable
resource for genetic and breeding studies in T. cacao.
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For more than a century, genomic structural variants (SVs)
have been recognized as an important source of functional

variation (1–3). Such variants influence the presence, quantity,
position, and/or direction of nucleotide sequence, commonly af-
fecting a larger proportion of the genome than single-nucleotide
polymorphisms (SNPs) (4–8). SVs also can have large phenotypic
effects (9–12) and contribute to adaptation and speciation (13,
14). However, genome-scale analyses have revealed that SVs
usually segregate at low frequencies and are depleted from func-
tional regions of the genome, indicating strong purifying selection
(4, 7, 15, 16). Despite this general observation, processes re-
sponsible for the fitness effects are poorly understood. The fitness
consequences of SVs could be due to direct effects on gene
function, through disruption of coding regions or regulatory ele-
ments (17–19), or the effects may be indirect, arising from sup-
pression of recombination (20, 21).
The suppression of recombination by SVs might play an im-

portant role in local adaptation, as theory predicts that SVs can
shelter locally beneficial alleles from gene flow by preventing or
reducing the formation of viable crossovers within chromosomal
heterozygotes (22, 23). Consistent with this expectation, SVs—

particularly inversions—have been associated with locally bene-
ficial phenotypes in multiple species, including Mimulus guttatus
(24), Zea mays (25), Boechera stricta (26), and Helianthus annuus
(27). However, the suppression of recombination also has a
downside, as it reduces the effective population size (Ne) of the
arrangements. The lower Ne can, in turn, weaken the efficacy of
purifying selection and thus increase the accumulation of dele-
terious mutations within the SVs (28, 29).
To examine the fitness consequences of SVs, we constructed

chromosome-scale, haplotype-resolved de novo assemblies for 31
wild-collected accessions of Theobroma cacao (hereafter cacao).
Most previous work on the evolutionary role of SVs has been
conducted on short-lived, selfing, and/or domesticated species. By
contrast, cacao is a predominantly outcrossing and long-lived pe-
rennial with diverse accessions originating from undomesticated
populations (30, 31). The combination of wild-collected accessions
and SV detection based on diploid assemblies—the gold standard
of SV detection (32)—makes our dataset uniquely suited for
studying the evolutionary impact of SVs in natural populations. We
ask the following questions: What are the overall fitness effects of
SVs? Do SVs influence gene expression, suggestive of impaired
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gene function? Do SVs accumulate deleterious nucleotide variants
as a result of suppressed recombination? What proportion of SVs
are likely contributors to local adaptation?

Results
To identify SVs segregating among 31 wild-collected cacao ac-
cessions (Fig. 1A), we constructed de novo genome assemblies
using 10x Genomics linked-read technology (SI Appendix, Fig.
S1). Each of our 62 haplotype-specific genome assemblies had a
total size between 341 and 387 Mb, with scaffold N50 between 35
and 41 Mb and contig N50 between 94 and 188 Kb (Datasets S1

and S2). The assemblies also captured >96% of the universally
conserved single-copy benchmark (BUSCO) genes (Dataset S3)
and showed high collinearity with two cacao reference genomes,
Matina 1-6 version 1.1 (33) and Criollo B97-61/B2 version 2.0
(34) (SI Appendix, Figs. S2 and S3). Overall, our chromosome-
scale, haplotype-resolved genome assemblies yielded better
qualitative metrics than the two previously published reference
assemblies (Fig. 1B and SI Appendix, Table S1).
By aligning each of the 62 assemblies against the Criollo ref-

erence genome, we identified five types of SVs: insertion (INS),
deletion (DEL), tandem duplication (DUP), inversion (INV),
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Fig. 1. SVs identified from 62 high-quality genome assemblies. (A) Approximate locations of the study populations. (B) Sequence contiguity (based on the
5,000 longest contigs) between the two published reference assemblies (black lines) and our 31 assemblies (one haplotype per accession; colored lines). For
each of our assemblies, the cumulative sequence length increases faster than in the reference genomes, indicating higher contiguity. (C) The number of SVs
identified for each accession. (D) The number of SVs overlapping different genomic features, counted individually for each accession. (E) The number of
uniquely located SVs at different regions of the genome, counted in windows of 2 Mb.
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and translocation (TRA). We further used the diploid assemblies
to distinguish between heterozygotes (SV found in one haplotype)
and homozygotes (SV found in both haplotypes). We identified
36,303 uniquely located SVs longer than 50 bp (cumulative total of
163,423 SVs), with 4,610 to 5,963 variants per accession (Fig. 1C
and SI Appendix, Table S2). The proportion of heterozygous SVs
per accession was consistent with SNP data (Pearson’s r = 0.97),
although homozygosity was generally higher for SVs than for SNPs
(SI Appendix, Table S3). In total, these SVs cover a much larger
portion of the cacao genome than SNPs and short (<50 bp) in-
sertions/deletions (INDELs) (125 versus 15 Mb). As expected,
shorter variants were more common than long ones: 15,829
were <1 Kb, 14,104 were 1 to 10 Kb, 6,186 were 10 to 100 Kb, 152
were 100 Kb to 1 Mb, and 32 were >1 Mb (SI Appendix, Fig. S4
and Table S4). Although most SVs were in intergenic regions
(Fig. 1D and SI Appendix, Table S5), 64% of genes annotated in
the Criollo genome had SVs overlapping coding regions or puta-
tive regulatory elements (≤5 Kb up- or downstream of genes). SVs
were present in nearly all parts of the genome, but some regions
harbored a considerably higher than average number of SVs
(Fig. 1E), indicative of SV hotspots. Overall, we detected abun-
dant structural variation in the 31 accessions, suggesting that SVs
can have a considerable impact on evolution in cacao.

SVs Are Overall Deleterious. To determine the overall fitness ef-
fects of SVs, we examined their frequency patterns. We did this
for each SV type, but as there are very few translocations (Fig.
1 C and D), we excluded them from these and subsequent
analyses. We further combined INS and DEL into a joined

INDEL type because the mutations underlying INDELs cannot be
defined based on a reference genome (e.g., INS in the query could
be a DEL in the reference), which might influence the fitness
inferences. Minor allele frequency spectra (AFS) showed that SVs
segregate at considerably lower frequencies than synonymous or
nonsynonymous SNPs (Fig. 2A), suggesting that SVs have, on
average, more detrimental effects on fitness than SNPs (35). We
note, however, that the skewed AFS also may arise from a shift in
the mutation-selection balance associated with a limited Ne, a high
rate of point mutations, and a considerably lower SV mutation
rate (SI Appendix, Fig. S5). Nevertheless, simulations conditioned
on demography and mutation rate indicated that >85% of new
SVs are strongly deleterious, compared to 56% of nonsynonymous
SNPs (SI Appendix, Fig. S6). The stronger fitness effects of SVs
were also supported by a large frequency difference between SVs
overlapping functional and (presumably) nonfunctional elements,
which was ∼6 times greater than the difference observed between
nonsynonymous and synonymous SNPs (Fig. 2B).
The strong depletion of SVs overlapping functional elements

is suggestive of impaired gene function, and we next examined
whether relaxed selective constraint allows SVs to be retained at
these genes. To do so, we estimated the strength of purifying
selection by calculating the ratio of nonsynonymous to synony-
mous nucleotide diversity (πN/πS) within cacao and the ratio of
nonsynonymous to synonymous nucleotide divergence between
cacao and a close relative, Herrania umbratica (dN/dS). As puri-
fying selection tends to reduce the frequencies of functional
variants, increased πN/πS and dN/dS is an indication of relaxed
selective constraint. We found that both genes located within the
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SVs and genes overlapping the SV breakpoints had
higher-than-expected estimates of πN/πS and dN/dS (Fig. 2C; P ≤
0.0001, Wilcoxon rank-sum test). The strength of the effect dif-
fered among the SV types: genes overlapping INV breakpoints
had higher πN/πS and dN/dS than genes within INVs, whereas the
opposite was true for INDELs and DUPs (Fig. 2C). These results
indicate that, on average, genes overlapping SVs are under
weaker selective constraint, presumably because the majority
have nonessential roles in physiology and development.

SVs Influence Gene Expression. To further understand the potential
fitness effects of SVs, we studied their impact on gene expression.
We first examined how common SVs (minor allele frequency
[MAF] > 0.05) influence the expression of nearby genes (≤5 Kb
away). Using a naïve quantification approach, we detected 214
genes (3% of tested genes) that were differentially expressed be-
tween accessions carrying the major and minor arrangements (SI
Appendix, Fig. S7). However, after controlling for potential bias
resulting from reduced mapping accuracy around SVs and pop-
ulation structure among accessions, considerably fewer SVs har-
bored evidence of influencing the expression of nearby genes: out of
8,004 tested pairs, only 12 (0.1%) passed the nominal false dis-
covery rate (Q value) threshold of 0.1. For these 12 genes, the SV
genotypes explained 39 to 84% of the expression variance among
accessions (SI Appendix, Fig. S8). Although only a small number of
genes showed strong signals of their expression being affected by
SVs, by randomly assigning genotypes to genes, we found that
common SVs were more often associated with gene expression than
expected by chance (Fig. 2D; P = 1 × 10−9, likelihood ratio test
[LRT]). However, repeating the analysis using SNPs revealed that
common SVs were ∼3 times less likely to influence gene expression
than common SNPs (Fig. 2D; P = 4 × 10−6, LRT).
We next assessed the potential of rare SVs (MAF ≤ 0.05) to

influence gene expression. Compared to common variants, rare
SVs are more likely to have arisen recently and have a detri-
mental impact on gene expression. By contrasting the expression
of the minor arrangements against the distribution of expression
values from the major arrangements, we detected 405 SVs (3%
of tested SVs) with a putative effect on gene expression (SI
Appendix, Fig. S8). In contrast to the pattern observed among
common variants, rare SVs were ∼4 times more likely to influ-
ence gene expression than rare SNPs (Fig. 2D; P < 2 × 10−16,
LRT). Although we only detected few INVs associated with gene
expression (SI Appendix, Fig. S8), data on allele-specific ex-
pression (ASE) revealed that genes with ASE were overrepre-
sented at INV heterozygotes (SI Appendix, Fig. S9), suggesting
that INVs influence the expression of genes within them. Taken
together, these results suggest that common SVs, which are likely
neutral or beneficial, have only a subtle influence on gene ex-
pression. Rare SVs, by contrast, show a stronger tendency to im-
pact gene expression, which likely impairs gene function and
contributes to the deleterious effects of SVs.

Genetic Load Is Increased at Inversions. Besides directly impairing
gene function, the deleterious effects of SVs may arise indirectly
through the accumulation of detrimental nucleotide variants. This
prediction particularly concerns INVs, as they often result in
complete loss of recombinant haplotypes (14, 20, 21). Consistent
with the effects of suppressed recombination, we found elevated
nucleotide differentiation between the INV arrangements (Fig. 3A;
P < 2 × 10−16, Wilcoxon rank-sum test) as well as increased genetic
linkage within the arrangements (Fig. 3B; P < 2 × 10−16, Wilcoxon
rank-sum test).
The suppressed recombination is expected to reduce the Ne of

the arrangements, potentially resulting in greater accumulation
of deleterious nucleotide variants (28). Indeed, INVs harbored a
higher proportion of derived alleles at functional sites than collin-
ear regions (Fig. 3C; P < 2 × 10−16, LRT), suggestive of increased

genetic load (35). Similar increase of derived alleles was found at
putatively neutral sites (Fig. 3C; P < 2 × 10−16, LRT), likely
reflecting weaker background selection at INVs compared to col-
linear regions (see SI Appendix, Fig. S10 for simulation results). We
note that, if INVs mainly capture nonessential genes, they may
contain more derived alleles even in the absence of SVs. However,
the minor INV arrangements also had higher derived allele fre-
quencies than the major arrangements (Fig. 3C; P < 2 × 10−16,
LRT), indicating that Ne at these regions is reduced due to sup-
pressed recombination (28). The increased genetic load was further
supported by mutational effects predicted with SIFT4G (36), which
identified an increase of deleterious SNPs at INVs compared to
collinear regions (Fig. 3D; P < 2 × 10−16, LRT) as well as an in-
crease at minor arrangements compared to major arrangements
(Fig. 3D; P = 1 × 10−5, LRT). Together, our results support the-
oretical predictions that suppressed recombination leads to an in-
crease of genetic load at INVs. This increased load is greater in the
minor than the major arrangements, likely due to both their lower
frequency and lower levels of recombination resulting from the
minor arrangements being more often in a heterozygous state (SI
Appendix, Fig. S10).

SVs Contribute to Local Adaptation in Cacao. Although SVs, as a
class, appear to be deleterious and thus constrain adaptation,
some may contribute to local adaptation. The 31 accessions in
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this study were sampled from four environmentally different lo-
cations (SI Appendix, Figs. S11 and S12), providing an opportunity
to identify SVs that contribute to adaptive divergence. We note
that SVs show similar, although less pronounced, patterns of
population structure than SNPs (Fig. 4A and SI Appendix, Fig.
S13). The weaker signal of population structure seen for SVs (FST:
INDEL = 0.22, DUP = 0.20, INV = 0.13) compared to SNPs
(0.24) does not appear to result from gene flow but rather SVs
having, on average, a lower MAF than SNPs. By conditioning the
variants on MAF, we found that population structure is generally
more pronounced at SVs than at SNPs (SI Appendix, Fig. S14).
To identify SVs that potentially contribute to local adaptation,

we compared FST estimates of SVs to neutral variants simulated
under a demographic model conditioned on Ne, divergence time,
and migration rate estimates for these populations (Fig. 4B). In
each pairwise population comparison, between 136 and 291 SVs
had FST estimates exceeding the 99th percentile of their simu-
lated distributions (total of 846 unique SVs). We consider these
SVs as candidates contributing to local adaptation. A large ma-
jority of the SVs were INDELs, but five INVs also were identified
as outliers. These INVs potentially contribute to adaptive diver-
gence between closely related population pairs Iquitos and Nanay
(three INVs) and Marañon and Guiana (two INVs), suggesting
that suppressed recombination between the INV arrangements
(Fig. 4C) may shelter locally beneficial alleles from gene flow.
These INVs capture four genes involved in stress responses, cell
differentiation, and protein biosynthesis (Dataset S4).
To understand the potential phenotypic effects of the outlier

SVs, we examined gene ontology (GO) annotations of the 769
genes within 5 Kb of the 864 candidate SVs. These genes were
enriched for 22 GO terms (Q < 0.1, hypergeometric test), in-
cluding terms related to defense against bacteria and oomycetes
(SI Appendix, Fig. S15). In 140 of these genes, the SV genotypes
explained a higher-than-expected proportion of expression vari-
ance among accessions (Fig. 4D and Dataset S5). Using data on
all tested SVs (MAF > 0.05) within 5 Kb of genes, we found that
the selection outliers were ∼6 times more likely to affect gene
expression than other SVs (SI Appendix, Fig. S16; P = 2 × 10−16,
LRT). Five GO terms were enriched among the 140 differen-
tially expressed outlier genes, of which “defense response to
bacterium” (Q = 1 × 10−5, hypergeometric test) was the most
highly enriched. To determine if the same genes would be found
through SNP-based analyses, we repeated the outlier analysis
using SNPs (weighted FST estimated for each gene). Although
genes identified by the SV-based analysis had higher-than-aver-
age SNP-based FST estimates (SI Appendix, Fig. S17), only 47 of
the 769 genes were identified as selection outliers using both
approaches. We also found no overlap between GO terms
enriched among the SV and SNP outliers (SI Appendix, Fig. S18).
To further study the role of SVs in local adaptation, we uti-

lized publicly available whole-genome data from 126 cacao ac-
cessions (Fig. 4E), sampled across the species’ native range (30).
Of the assembly-based SVs, 3,311 were segregating (MAF > 0.05)
in this larger dataset, and our ancestry-based genome scan ap-
proach identified 45 as candidates contributing to local adaptation
(Fig. 4F). Genes annotated as involved in “defense response to
bacterium” were strongly enriched (Q = 8 × 10−6, hypergeometric
test) among the genes ≤5 Kb from these SVs (Dataset S6). To-
gether, our results suggest that SVs contribute to local adaptation
in cacao and that the beneficial fitness effects are likely conferred
though traits involved in pathogen resistance.

Discussion
Genomic structural variants (SVs) have been repeatedly implicated
in adaptive divergence between populations (24–27), suggesting
that SVs have ubiquitous roles in ecological and evolutionary
processes (13, 14, 20). Although most empirical studies have fo-
cused on these positive effects, the majority of SVs are likely

deleterious—either because of their direct impact on gene func-
tion or because of suppressed recombination. To better under-
stand the mechanisms behind the fitness effect of SVs in natural
populations, we generated high-quality genome assemblies for
31 wild-collected cacao accessions, allowing us to identify a wide
range of SVs. Among the 62 genomes, we detected over 160 K
SVs, which together cover ∼8 times more of the cacao genome
than SNPs and short INDELs.
Consistent with theoretical predictions, the vast majority of

these SVs bore signatures of purifying selection, indicating con-
straint on adaptation. By associating SVs with gene expression, we
found that many rare SVs influence the expression of adjacent
genes, which likely impairs gene function and contributes to the
deleterious impact of SVs. Theory predicts that SVs, particularly
inversions, also may constrain adaptation by accumulating delete-
rious nucleotide variants as a result of suppressed recombination
(22, 28). We found empirical support for this prediction by showing
that inversions harbored an increased proportion of derived, del-
eterious alleles at functional sites. In addition, inversion break-
points were overrepresented in genes under weak purifying
selection. There is no reason to assume that inversions are more
likely to arise in genes under relaxed selective constraint, but rather
this result is consistent with inversions being purged from essential
genes. Although the loss of recombinant haplotypes at inversions
may occasionally be beneficial (22, 23), our results suggest that an
overwhelming majority of inversions are detrimental to fitness.
Despite these overall deleterious effects, a small proportion of

SVs carried footprints of local adaptation. The local adaptation
candidates had an increased tendency to influence gene ex-
pression and were enriched for genes involved in pathogen re-
sistance. The same genes were not identified through SNP-based
analyses, demonstrating that SVs need to be considered to gain a
full understanding of how selection shapes genomic variation. In
crop species, SVs underlie many agronomically important traits
(8–10, 15, 19, 37, 38), and natural loss-of-function alleles created
by short INDELs have been implicated in drought adaptation in
Arabidopsis (39). Similarly, impaired gene function by SVs may
have locally beneficial effects, if there exists a cost of expressing a
phenotype. A cost of pathogen resistance is well documented in
plants (40), making it a prime target for SV-mediated local ad-
aptation. Indeed, resistance genes have been linked to SVs in
multiple plant species (41), and, in Arabidopsis, high SV diversity
in resistance genes is likely maintained by balancing selection
(16), which may also arise from local adaptation. For example, of
the top five local adaptation candidates identified in our analysis
(Fig. 4D), four have annotated functions involved in pathogen
resistance: Tc01v2_g014660, flavonoid glucosyltransferase (42);
Tc02v2_g026140, receptor-like protein kinase (43); and
Tc02v2_g026130 and Tc07v2_g011300, NBS-LRR (44).
In sum, our analyses provide support for theoretical predic-

tions that most SVs are selected against, likely due to their direct
effects on coding sequence or expression as well as due to ac-
cumulation of deleterious nucleotide variants. Nevertheless, a
subset of SVs bore signatures of local adaptation. By extending
the pangenomic approach (41) to wild-collected genotypes, we
have demonstrated how SVs can both constrain and facilitate
adaptation in natural populations. The genome-scale analyses in
a long-lived, undomesticated species broadens the perspective of
the fitness effects of SVs that has emerged from work in do-
mesticated species (6, 8, 19, 45, 46) as well as from studies that
have focused on individual selectively beneficial SVs (24–27).

Materials and Methods
For full materials and methods, see SI Appendix, Supplementary Information
Text.

We used 10x Genomics linked-read technology to construct chromosome-
scale, haplotype-resolved genome assemblies for 31 wild-collected cacao
accessions. With ∼65-fold raw read coverage of each genome, we assembled
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the linked reads into phased contigs and scaffolds with Supernova (47) and
then used RaGOO (48) to anchor them to the cacao cultivar Matina 1-6
(version 1.1) reference chromosomes (33). We aligned each of the 62
haplotype-specific assemblies against the Criollo B97-61/B2 (version 2.0)
reference genome (34) with MUMmer4 (49) and identified SVs from the
alignments using MUM&Co (50). We assessed the strength of purifying se-
lection acting on SVs by estimating allele frequency spectra for SVs over-
lapping different genomic regions and by inferring the distribution of
fitness effects using fit∂a∂i (51).

To quantify gene expression, we collected leaf samples from trees main-
tained in a common garden in Costa Rica. We compiled data on SVs within the
vicinity of genes (≤5 Kb) and tested whether common (MAF > 0.05) and rare
(MAF ≤ 0.05) SVs were associated with the expression of these genes. Common

SVs were analyzed using linear regression models, with DNA-sequencing
(DNA-seq) read counts and 10 genotype-based principal components as co-
factors to control for reduced mapping accuracy around SVs and population
structure among samples, respectively. We tested whether gene expression is
affected by rare SVs using absolute median Z normalization and the normal
cumulative distribution function. For both analyses, we used false discovery
rate–based Q values (52) to account for multiple testing.

We utilized short-read sequencing data from standard Illumina se-
quencing to identify SNPs that localized within inversions. We estimated
genetic differentiation between the major and minor inversion arrangements
using dXY (53), quantified linkage disequilibrium within the arrangements
using a method by Mangin et al. (54), and determined the extent of
genetic load at the arrangements by estimating the proportion of derived and
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deleterious alleles at functional sites (35). Ancestral versus derived alleles were
inferred using genomic sequences from a closely related species, H. umbratica,
as an out-group. We predicted mutational effects with SIFT4G (36) to distin-
guish between deleterious and tolerated SNPs in the inverted regions.

We studied how SVs contribute to local adaptation by searching for highly
differentiated variants between the populations. Population differentiation
was quantified using the FST estimator by Hudson et al. (55), and the observed
estimates were compared against neutral samples simulated with msprime
(56) to detect outliers. We assessed how the local adaptation candidates in-
fluence gene function by testing for an association with gene expression using
linear models that controlled for technical variation using DNA-seq read
counts. We also used Paragraph (57) to genotype our assembly-based SVs
using publicly available resequencing data from 126 accessions (30) and
searched for differentiation outliers among this larger dataset. To do so, we
used multiple linear regression and the Mahalanobis distance to find SVs that
best explain the distribution of ancestry proportions among the accessions.
Ancestry proportions were estimated with ADMIXTURE (58). We then exam-
ined whether SVs involved in the same biological processes, as determined
using GO, have been under selection across the species range.

Data Availability. Raw sequence data are available at the National Center for
Biotechnology Information Sequence Read Archive under accession number
PRJNA558793. Genome assemblies are available at Dryad at the following
link: https://doi.org/10.5061/dryad.rfj6q579s. Custom scripts for conducting
the analyses are available at GitHub at the following link: https://github.
com/thamala/cacaoSV.
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