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Abstract

Chromosomal inversions are theorized to play an important role in adaptation by preventing recombination, but testing this hypothesis requires
an understanding of the rate of inversion fixation. Here, we use chromosome-level whole-genome assemblies for 32 genera of plants to ask how
fast inversions accumulate and what factors affect this rate. We find that on average species accumulate 4-25 inversions per million generations,
but this rate is highly variable, and we find no correlation between sequence divergence or repeat content and the number of inversions or the
proportion of genome that was inverted and only a small correlation with chromosome size. We also find that inversion regions are depleted for
genes and enriched for TEs compared to the genomic background. This suggests that idiosyncratic forces, like natural selection and demography,

are controlling how fast inversions fix.
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Introduction

The field of genomics has undergone a remarkable expansion
in the last decade. With the rapid advances in long- and linked-
read sequencing technologies, assembling a chromosome-re-
solved eukaryotic genome is no longer a fantasy (Pucker et al.,
2022). While earlier draft genomes often covered the entire
genome, they were in many small contigs which meant that
genome structure was not resolved. Recent empirical work
has highlighted that changes in genome structure can be crit-
ical for important evolutionary processes such as adaptation
and speciation, and chromosome-resolved genome assemblies
allow for these to be surveyed in an unbiased way for the first
time (Mérot et al., 2020).

One type of structural variation, inversions, are particu-
larly interesting because of their effect on meiosis and recom-
bination. Initial investigations into inversions focused on
underdominance effects (White, 1973). Due to how homol-
ogous alignment occurs during meiosis, in heterozygous indi-
viduals a recombination event within an inversion will lead
to unbalanced gametes and a loss of fertility (Dobzhansky,
1933; White, 1978). This underdominance led to research
into their role in reproductive isolation, as inversions in dif-
ferent orientation are often fixed between species (Rieseberg,
2001; Trickett & Butlin, 1994) and have been shown to
directly cause hybrid sterility (reviewed in Zhang et al.,
2021). It was also recognized that the recombination suppres-
sion abilities of inversions may link together favorable alleles
and be relevant in the context of adaptation (Charlesworth
& Charlesworth, 1973; Kirkpatrick & Barton, 2006; Ohta
& Kojima, 1968; Sturtevant & Mather, 1938). For example,
loci that are locally adaptive can benefit from inversions since
they can be co-inherited as an adaptive multi-loci haplotype

and protected from recombination with non-adaptive alleles
(Kirkpatrick & Barton, 2006). Numerous non-model systems
have been observed to have inversions with adaptive signifi-
cance: sunflower (Todesco et al., 2020), monkeyflower (Lowry
& Willis, 2010), Atlantic cod (Barth et al., 2017; Sodeland et
al., 2022), stickleback (Jones et al., 2012), marine snail (Koch
et al., 2022), fire ant (Wang et al., 2013; Purcell et al., 2014),
honeybee (Wallberg et al., 2017), ruff (Kipper et al., 2016;
Lamichhaney et al., 2016), and deer mice (Hager et al., 2022;
Harringmeyer & Hoekstra, 2022) to name a few.

There are several molecular mechanisms of inversions, all
of which are triggered by some form of DNA strand breaks
during meiosis or in other situations (reviewed in detail by
Burssed et al., 2022; Casals & Navarro, 2007). In non-allelic
homologous recombination (NAHR), segments with a high
degree of sequence similarity misalign during meiosis and
recombine within the chromatid (intrachromatid) instead of
between sister chromatids. This is known as ectopic recombi-
nation. When repeats are found in the opposite orientation,
inversion of the region surrounded by the misaligned repeats
can occur. This means that inverted repeats are necessary for
inversions mutations with this mechanism. Non-homologous
end-joining (NHE]) inversions occur from random paired
double-stranded breaks surrounding a segment of the
genome, followed by 180° flipping of the detached region
and a repair. This mechanism does not require any sequence
homology around breakpoints and could occur during any
stage of the cell cycle. The isochromatid mechanism is sim-
ilar to NHE] but requires staggered single-stranded breaks
instead of double-stranded breaks (Ranz et al., 2007). The
inversion through this mechanism would result in the cre-
ation of inverted sequence duplicates around the breakpoint
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Figure 1. Overview of our comparative genomics framework. We aligned the whole genome for two different species in the same genus and identified
inversions based on these alignments. The inversions identified were used in further analyses.

regions. Lastly, inversions that are especially small and found
in a complex rearrangement pattern could arise from DNA
replication machinery being disturbed and confused due to
formation of DNA secondary structures (e.g., Cruciform,
hairpin, triple helical DNA, quadruplex). The replication
fork may be subjected to breakage or stalling and cause tem-
plate switching event, called invasion. If the new position has
switched orientations of strand (so say invasion occurred
from template to lagging strand), then inversions of that
segment would result. Additionally, large number of mobile
elements (transposable elements or TEs) has been associated
with recurrent chromosomal rearrangements, documented by
the reuse of some of the breakpoints identified (Porubsky et
al., 2022; Ranz et al., 2007). These regions could be prone to
inversions and be the driving force of rearrangements.
Despite growing interest in chromosomal inversions for
their adaptive potential and appreciation of their prevalence,
there is a lack of knowledge on the rate of inversion fixation
in plants. Most studies of the rate of chromosomal inversions
have focused on Drosophila species (Bhutkar et al., 2008;
Ranz et al., 2001). A literature review on plants has estimated
the rate of inversion fixation to be around 15-30 inversions
per million years based on the divergence time of a small num-
ber of species analyzed (Huang & Rieseberg, 2020). However,
the method of inversion detection and divergence estimation
cited in this review were variable and did not account for the
size of the inversions. A recent theoretical work proposed that
different mechanisms driving inversion fixation (e.g., local
adaptation, drift) will lead to different size distributions of
inversions (Connallon & Olito, 2022). This means that the
size distribution of inversions tells us something about the
evolutionary forces driving their fixation. Altogether, further
studies with robust and consistent approaches are needed.
Leveraging the resource of publicly available genome
assemblies, we conducted a comparative study to investigate
how chromosomal inversions accumulate in eudicots. We
expected to observe that inversions would accumulate over
time at a consistent rate; therefore, more divergent species
pairs should harbour more inversions. We also predicted that
if there is more space in the genome for chromosomal rear-
rangement (i.e., larger genome size), would lead to more inver-
sions. Alternatively, if fixation of inversions was dominated
by selection, which can be highly variable, then rates will be
idiosyncratic. We further investigated the genomic context of
inversions, which gives us insight into their functional sig-
nificance. Lastly, we asked if inversions were surrounded by

inverted repeats, which tells about the relative rate of differ-
ent inversion mechanisms.

Methodology

Data collection

The schematics for the overview of our study is found in
Figure 1. Publicly available genomes within Eudicots were
searched through the published plant genomes database
(last screened in November 2021; https://www.plabipd.de/
plant_genomes_pa.ep). We selected genera with at least two
sequenced species, but did not specifically target sister species.
Then individual genomes were screened for all of the following
criteria: (1) same ploidy (diploid), (2) chromosome-resolved
assembly, (3) same number of chromosomes, (4) de novo
assembled and (5) valid NCBI BioProject number or similar.
Assemblies published before 2018 were carefully assessed for
quality. Those that used guidance from genetic mapping or
reference assembly were excluded because such assemblies
rely on alignment to the older reference genomes, which tend
to be less accurate than current techniques. If the assemblies
did not have an associated publication or did not provide
adequate information on how the genome was sequenced,
they were excluded from the study. For one species per genus,
we downloaded coding sequences and gene annotations. In
total, 64 chromosome-resolved genomes from 32 genera
were included (Supplementary Tables 1 and 2). To explore
biological factors that may affect the fixation of inversions,
we surveyed the literature to characterize for each species
pair the range overlap, evidence of hybridization, reproduc-
tive self-compatibility, domestication history, and generation
time. Range overlap was categorized as a binary trait (yes/no)
based on geographic distribution overlap. Evidence of hybrid-
ization was categorized into three groups: weak (no evidence
of hybridization or evidence of sterile hybrid attempt), strong
(evidence of hybridization/introgression in nature or lab or
genes), unclear (lack of evidence to support either weak or
strong). Self-compatibility was assessed by three categories:
selfing (mainly reproduce by self-pollinating), mixed (can self
or mate), outcrossing (cannot produce viable offspring from
selfing). Domestication history was categorized by whether
it has been domesticated or not, and the generation time
was divided into either annuals or perennials. Two genome
pairs were missing the gene annotation file and thus excluded
from analyses involving gene locations. All species used and
recorded information are in Supplementary Table 1.
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Structural analysis

The collected 32 genome pairs were analyzed for structural
variant detection using Synteny and Rearrangement Identifier
v1.5 (SyRI) (Goel et al., 2019). To do this, first, genomes
were assigned either reference or query based on assem-
bly statistics (N50 and number of contigs) and availability
of gene annotation file. “Reference” status was assigned to
those with good contiguity and gene annotation file avail-
able. Next, only chromosomal sequences were extracted from
genome assemblies and scaffolds were removed. Therefore,
from here onward, the “total genome length” in our study
refers to the total length of assembly that has been assigned
to chromosomes. For Luffa and Acer genomes, the chromo-
somes in the query genome that had half synteny with one
chromosome and the other half with another chromosome in
the reference genome were removed from SyRI analysis. This
is due to SyRI being unable to perform comparison between
divergent genomes lacking one-to-one synteny. Specifically,
in Luffa: CM029395, CM029402 (reference), CM022716,
CMO022722 (query) were excluded, in Acer: chr3, chr4 (refer-
ence), CM017761, CM017766 (query) were excluded. When
running SyRI, default parameters were used and whole-ge-
nome base-to-base alignment was performed by minimap2
v2.17-r974-dirty (Li, 2018, 2021). When necessary, chromo-
somes were reverse complemented using Samtools v1.12 (Li
et al., 2009) prior to SyRI. All the following statistical analy-
ses were performed in R (tidyverse) (Wickham et al., 2019).

For our analyses, we identified inversions that differ in ori-
entation between closely related species, but we are not able
to determine which orientation is derived or ancestral. An
inversion region in the reference species is a region that is in
the opposite orientation in the query species, which is because
either the reference or query species inverted. If we assume
that the rate of inversion fixation is roughly equal between
the two species—which may not be true—then roughly half
of the inversion regions contain a derived inversion in the ref-
erence species and the other half contain the ancestral state,
but have inverted in the query species.

Transposable element annotation

Transposable elements (TEs) were detected and annotated
using Extensive De novo TE Annotator v2.0.0 (EDTA) (Ou
et al., 2019) pipeline on the 30 reference genomes with
gene annotations available. TEs are defined as repetitive,
mobile elements and EDTA incorporates multiple individual
repeat finders to annotate them (Ou et al., 2019); thus, in
this work we are using TEs as a general proxy for repetitive
elements. Due to resource limitation, the pipeline was per-
formed chromosome-by-chromosome. The whole-genome
fasta file was first divided into individual chromosome files.
Then, the EDTA pipeline was performed separately on each
chromosome as follows and the resulting TE library was later
combined. In brief, candidate TE sequences were de novo
identified using LTR-Finder (Xu & Wang, 2007; Ou & Jiang,
2019), LTRharvest (Ellinghaus et al., 2020), LTR_retriever
(Ou & Jiang, 2018), generic repeat finder (Shi & Liang,
2019), and HelitronScanner (Xiong et al., 2014), respectively.
Once individual TEs were identified, candidates were filtered
(Zhang et al., 2019) and further refined by RepeatModeler2
(Flynn et al., 2020) according to EDTA pipeline default
parameters. Finally, TE-free coding sequences retrieved from
gene annotation files (feature name = “CDS”) were aligned to
the repeat library, and those overlapped with coding sequence
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(CDS) were excluded from the identified TE candidates. Total
genomic TE content (%) was calculated by the total length
of detected TE without overlaps divided by the total genome
length.

Species divergence calculation and the rate of
inversion accumulation

The principal advantage of SyRI over basic genome aligners
is that SyRI identifies larger regions with consistent synteny.
To do this, SyRI takes alignment blocks identified by the
initial aligner, in this case minimap2, and identifies larger
regions consisting of multiple consecutive one-to-one align-
ment blocks. We focused our analysis on regions which each
represent a single structural variant (or contiguous syntenic
region without any structural variation). While SyRI iden-
tifies several types of structural variation, we focused our
analysis on inversions and syntenic regions only. To min-
imize noise from small amounts of data, detected regions
smaller than 1 kbp were excluded from the dataset. To
calculate the sequence divergence for each region (X), we
used Equation 1. From SyRI output, for each block (i) in
a region, we measured percent identity (xi) and reference
length (Li).

X=1~— Z?:l Li‘xi

>oim1 Li (1)
Previous work has found inversions haplotypes older than
speciation events, so to explore the possibility of ancient seg-
regating inversions differing between species we compared
the sequence divergence of syntenic and inversion regions
(Todesco et al., 2020). We first used two-sided F-statistics to
test if variance in sequence divergence differed between inver-
sion and syntenic regions for each genus. We then tested for
differences in the level of sequence divergence using unpaired
t-tests. We intend this as an exploration of general patterns,
and not to identify exceptional species, so we did not correct
these significance values for multiple testing.

To calculate the average sequence identity between species,
we used the Equation 1 but, in this case, combining all syntenic
blocks. With this formula, sequence divergence score of 0 indi-
cates identical species, and the value increases as the genomes
become more different. To convert sequence divergence into
divergence time, we used the genome-wide substitution rate
estimated from Arabidopsis thaliana (Exposito-Alonso et al.,
2018), which estimated 2-5 x 10~ substitutions per genera-
tion. Based on this rate, and that the divergence rate is equal
for each species in the pair, each percentage point divergence
represents a common ancestor 1-2.5 million generations ago.
This estimate should be used with caution as substitution
rates are known to vary and divergence between close rela-
tives is affected by standing variation (Ho et al., 2011).

We next aimed to estimate the rate of accumulation of
inversions for each genus. To do this, we divided the number
of inversions in a size category by the average amount of syn-
tenic sequence divergence in that genus. To convert this into
generations, we divided that value by 2 x 10~ and 5§ x 10~ to
represent the range of possible mutation rates. When calculat-
ing rates, we excluded inversions with sizes < 1 kbp because
SyRI is less reliable at detecting these small inversions.

To test if there is a consistent rate of inversion accumulation,
we used a linear model testing the effect of sequence divergence
on inversion number or proportion. Similarly, we tested for the
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Figure 2. Two different interpretations of inversion consequences. (A) An inversion creates a new gene in the reference species. (B) An inversion

disrupts an ancestral gene in the query species.

effect of genome size, chromosome size, genetic map length,
and proportion of the genome in TEs on the number and
proportion of inversions. We were also interested in whether
features of the species, or the genome assembly affected the
amount of inversions. Specifically, we tested the effect of gener-
ation time (annual vs. perennial), domestication status (domes-
ticated vs. non-domesticated), evidence of hybridization (weak
vs. strong), reproductive strategy (outcrossing vs. mixed mating
vs selfing), assembler category (accurate vs. fast vs. short-read
based), sequencing platform (Oxford Nanopore vs. PacBio vs.
short-read) and physical mapping which include Hi-C and
optical mapping (present vs. absent). For each of these, we used
a one-way ANOVA. We did not include sequence divergence as
a covariate in this test because it was not a significant predictor
in our earlier analyses.

Quantifying CDS andTE in inverted regions vs.
syntenic regions

We were interested if inversions contained different propor-
tions of genomic elements. Bedtools v2.30.0 (Quinlan &
Hall, 2010) intersect function was used to analyze how many
features and base pairs of coding sequence (CDS; as identified
by annotations) or TEs (as identified by EDTA) were found
to overlap with the inverted regions in the genome. Inversion
regions identified by SyRI were extracted using custom perl
script and reorganized into a bed format using bash shell
commands. The gene annotation file and TE library in gff3
were reformatted into bed format using gff2bed. Prior to
using bedtools intersect, CDS and TE bed files were edited by
bedtools merge function to concatenate overlapping features
into a single feature, avoiding overrepresentation due to iso-
forms of the same gene sometimes present in the gene anno-
tation file. The validity of data was confirmed by ensuring the
proportion of CDS or TE per inverted region no larger than
1. In addition to inverted regions, the process was repeated
with syntenic regions identified by SyRI. We used paired
t-tests to ask if inversions were enriched for CDS or TEs
when compared with syntenic regions. The total proportion
of CDS or TE for all inversions or all syntenic regions for a
species pair was used as a single datapoint, which means our
unit of replication is species pair, not individual inversions.

Quantifying CDS andTE in inversion breakpoint
regions

We were also interested in whether genomic elements differ
at the breakpoints of inversions compared to the rest of the

genome. Quantification of CDS/TE in inversion breakpoints
were performed using Bedtools (Quinlan & Hall, 2010) inter-
sect function. The number of CDS and TE in the inversion
breakpoint regions were extracted as follows. First, inversion
breakpoint regions (defined as 4 kbp regions surrounding the
inversion; 4 kbp upstream of the inversion start point and 4
kbp downstream of the inversion end point) were identified.
Five inversion breakpoint regions were within 4 kbp of the end
of the chromosome, and were excluded from the dataset. A
total of 11,225 breakpoint regions from 30 species pairs were
used for analysis. To infer whether breakpoints are enriched
with CDS/TE, baseline numbers for the whole genome are
necessary. To determine the baseline number of CDS/TE in the
genome, the total length of CDS/TE was computed from the
merged bed file from previous step. Then, the genomic CDS/
TE proportion was calculated by the total length of CDS/TE
divided by the length of the reference genome. The result-
ing average proportion of CDS/TE in the 4 kbp breakpoint
regions was compared to the genomic CDS/TE proportion.

Quantifying frequency of gene occurrence at
inversion breakpoints

Chromosomal inversions can disrupt gene sequence if an
inversion breakpoint occurs within the gene itself. Since we
cannot identify whether the derived orientation occurred
in the reference or query genome, we are focusing on genes
identified in the reference species. If an inversion breakpoint
falls within a gene sequence it has two possible meanings
(Figure 2):

1. The orientation is derived in the reference species. The
inversion either created the gene or modified its coding
sequence.

2. The orientation is ancestral in the reference species. The
inversion disrupted or modified the coding sequence of
the gene in the query species.

Both models assume that the genes are largely shared between
the reference and query species. For example, if a new gene
appears only in the reference species genome, it cannot be
disrupted by an inversion in the query genome.

We were interested in how often inversion breakpoints fell
within genes. We used Bedtools intersect to count the number
of breakpoints that occurred within the coding sequence or
introns of a gene. To identify if breakpoints are less likely
to occur within genes, we selected # random positions (n
adjusted to 1,000 per chromosome for each genome) from
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the syntenic portion of the genome using Bedtools (Quinlan
& Hall, 2010) random function and used this as a baseline.
Additionally, we also calculated the proportion of genes that
contained at least one inversion breakpoint to identify how
often inversions may be disrupting genes.

Breakpoints regions sequence similarity analysis

Some models for inversion mutations require or create seg-
mental duplications at the breakpoints of the inversion. To
explore this idea, the 10 kbp regions upstream and down-
stream of breakpoints described above were aligned to each
other using BLAST v2.12.0 (Zhang et al., 2000). In some
cases, breakpoints were within 10 kbp of the ends of chro-
mosomes, resulting in smaller analysis regions. For these, we
required there to be at least 2 kbp of sequence both upstream
and downstream of the inversion. In cases where one refer-
ence sequence (breakpoint start region) had multiple BLAST
hits to the query sequence (breakpoint end region), only the
longest aligned hit was retained. Additionally, to search for
potential repeats within the breakpoint regions themselves,
we divided each 10 kbp breakpoint region into ten 1 kbp
pieces and aligned against each other using BLAST, with
default parameters. Self-alignment, meaning a 1 kbp piece
aligning to itself, was removed in all cases. For each 10 kbp
region, we characterized it as being repetitive if at least one
of the 1 kbp pieces had a blast hit to a different 1 kbp piece
within the region.

Results

Inversion accumulation is idiosyncratic

We identified a total of 6,140 inversions across our 32 com-
parisons, 5,298 of which were larger than 1,000 bp. In gen-
eral, inversions tended to be small: 45.0% (2,766/6,140) of
inversions were less than 10 kbp, 46.8% (2,873/6,140) were
between 10 kbp and 1 Mbp and 8.2% (501/6,140) were
greater than 1 Mbp (Figure 3A). The number of inversions
varied between comparisons (Figure 3B), along with the
proportion of the total genome length in inversions, with
the lowest being 1.3% to the highest being 37.4% (Figure
3C). For each of our genera, we observed whether sequence
identity in inversion regions differed from sequence identity
in syntenic regions and found a statistically significant dif-
ference in variance in 14 out of 32 comparisons; however,
the mean value of sequence identities in syntenic and inverted
regions were mostly similar, except four genera (Corymbia,
Gossypium, Malus, and Raphanus; Supplementary Figure 1,
Supplementary Table 3). In syntenic regions, our species pair
had on average 3% to 5% sequence divergence, supporting
their close relationship (Supplementary Figures 2 and 3).
Inside inversions, similar sequence divergence was observed
on average.

We were interested in determining factors that affected the
number of inversions and the rate of inversion accumula-
tion. To investigate the evolutionary forces driving inversion
accumulation, we plotted their size distributions by genus
(Supplementary Figure 4). In a majority of genera, short
inversions were most common (e.g., Populus and Prunus), but
in some cases, we saw a peak at larger sizes (e.g., Corymbia)
or two different peaks (e.g., Cucumis) (Figure 3D). Since
sequence divergence is expected to increase over time and
can be a proxy for divergence time, we expected a general
positive correlation between the number of inversions and
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species divergence (with many potential caveats) (Drummond
et al., 2006; Ho et al., 2011). We used a linear model to ask
if species pair with higher sequence divergence had more
inversions and found no significant relationship (p = .6)
(Figure 3E). This was also not significant if we instead used
the proportion of the genome that is inverted, rather than
the number of inversions (p = .5) (Supplementary Figure 5).
All else being equal, we expected that larger genomes should
have more inversions. When tested using the entire genome
length, we saw no significant relationship (p = .96) (Figure
3F), but when treating each chromosome separately, we
found a slight positive relationship (7 = 405; F value = 12.78;
p = .00039***; linear model R? = 0.029; Figure 3G). We
tested for a relationship between recombination rate (link-
age map length/haploid genome size) and inversion number/
proportion for those species pairs with physical maps avail-
able, but no significant relationship was observed (7 = 27;
p = .46, .215; Supplementary Figure 5), Since some mech-
anisms of genomic inversion require repetitive regions, we
expected that species with a higher proportion of TEs would
have more inversions, but again this relationship was not
significant (p = .3) (Figure 3H).

Given that inversions are not accumulating in a clock-like
manner, we used a one-way ANOVA to explore other factors
controlling the number and genomic proportion of inversions.
We found that the assembly method used, sequencing tech-
nology, whether species are annual or perennial, or whether
domesticated or wild did not affect the number of inversions
significantly (Table 1). But, evidence of hybridization with
limited dataset (# = 11) did show a statistical significance,
where and weakly hybridizing pairs have more inversions
than strongly hybridizing pairs (p = .0143*), and reproduc-
tive strategy also did when it was calculated with the propor-
tion of inverted genome instead of the number (p = .031%, 7 =
32). We found that selfing species had the highest proportion
of the genome inverted while mixed and outcrossing species
had a similar proportion (Supplementary Figure 6).

Although the rate of inversion accumulation relative to
sequence divergence is not consistent in our dataset, the range
of possible values may be a useful baseline for other studies.
We present a fixation rate by dividing the number of inver-
sions by the sequence divergence for different size categories
of inversions (Figure 4). We find the smaller inversions are
more common, with the exception of the smallest category
(<1 kbp) which was omitted from the results. Further, based
on an estimate of 1-2.5 million generations of divergence per
1% sequence divergence, we present a range of estimates of
inversion accumulation by size (Table 2).

Inversions tend to occur in less functional regions

If inversions cause the deleterious disruption of gene sequence
or expression, then we expect fixed inversions to contain less
gene sequence when compared with syntenic regions. Indeed,
we found this was the case (Figure 5A; t = -13.97,df =29, p
= 2.08e-14 ***), We also found the reverse pattern for TEs,
where inversions were enriched compared to syntenic regions
(Figure SB; £ = -3.93, df = 29, p = 4.77e—4 **%),

We next asked whether inversion breakpoints differed
from the genome background. Although SyRI identifies
breakpoints, limitations in the alignment of repetitive regions
means that these may not be the exact breakpoint, therefore
we selected 4 kbp regions downstream/upstream of identified
breakpoint positions. These regions were compared against
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Figure 3. Summary of inversions between paired eudicot genomes in the same genus. (A) Size distribution of inversions by inversion length. Note

that the number of small inversions (< 1 kbp) was probably underestimated due to detection sensitivity. (B) Number of inversions and (C) proportion

of reference genome in inversion, for 32 species pairs used in the study. (D) Inversion length distribution by genus, showing representative patterns of
predominantly large (Corymbia), predominant small (Populus and Prunus), or combination of the two (Cucumis). Number of inversions plotted against
(E) percent sequence divergence between the 32 species pair (F value = 0.264, p = .611), (F) genome length of the reference species genome (n = 32;
Fvalue = 0.002, p =.961), (H) genomic TE proportion calculated by total length of TE/reference genome length (n = 30; Fvalue = 1.139, p = .295). Each
datapoint represents a paired species within the same genus. (G) Number of inversions per chromosome plotted against its length (n = 405; F value =
12.78; p = .00039 ***; linear model A? = 0.029).

the genomic CDS and TE content in reference genome. We To infer whether inversions are disrupting gene sequence,
found that there was a lower proportion of CDS in break- or alternatively involved in the creation of new genes, we
point regions (Figure 5C; p = .000107 ***), but no consistent ~ counted the number inversion breakpoints (start/end) that
trend for TEs (Figure SD; p = .142). fell within a gene (Figure 6A). Strikingly high occurrence of
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Table 1. One-way ANOVA results.
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Inversion measure

Number of inversions

Proportion of genome inverted

F value Pr(>F) F value Pr(>F)
Annual vs. perennial 0.851 437 0.313 .733
Domestication status 0.345 711 0.23 .796
Evidence of hybridization* 9.157 .0143* 0.002 .970
Reproductive strategy 1.73 163 2.942 .031 *
Assembler category (accurate, fast, short-read based) 1.223 .324 0.73 .579
Sequencing platform (ONT vs PacBio vs short-read only) 0.772 .52 1.504 235
Physical mapping (Y/N) 1.679 204 0.023 977

Note. Tests performed for the number of inversions and proportion of reference genome in inverted orientation against the following seven factors: annual
vs. perennial, domestication status, evidence of hybridization (weak/strong)*, reproductive strategy (selfing/mixed/outcrossing), genome assembler category
(accurate/fast or not resource intensive/short-read based), long-read sequencing platform (Oxford Nanopore/Pacific Bioscience/none or short-read only),
whether physical mapping (i.e., Hi-C, BioNano optical map, long-range Chicago) is performed or not. The reproductive strategy and assembly methods
were assigned to each genome assembly (reference and query) separately, then the paired category was used in the stats (1 = 32).

* Statistically significant (p < .05) .

* Species pairs filtered by those with geographical overlap and non-domesticated status (N = 11).
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Figure 4. Rate of inversion fixation by inversion size. Rate of inversion occurrence calculated as number of inversions per percentage point of sequence

divergence by different size categories (n = 32 for each category).

inversion breakpoints at a gene was observed in several genera
(Figure 6A). Notably Vigna, Ipomoea, Medicago, Solanum,
Cucumis, Salix, and Phaseolus had > 50% of breakpoints
occurring within a gene. Despite this, the relatively small
number of inversions compared to genes means that < 1% of
genes contained an inversion breakpoint (Figure 6B).

Inversions are most often not surrounded by
repeats

Lastly, to test the molecular mechanism of inversions, we spe-
cifically looked for duplicates or inverted repeats surround-
ing the inversion breakpoints. If inversions were created by
ectopic recombination or the recombination between the

regions on the same chromosome arm aligning in opposite
orientation, then we would expect to see inverted repeats
or segmental duplications around breakpoints. If inversions
were resulted from NHE], then no trace of duplicates or
inverted repeats would be expected, unless it is the isochro-
matid staggered breaks that would result in partial duplica-
tions. Among the 5,626 tested 10 kbp breakpoint regions
pair, 1,160 (20.6%) regions pair resulted in at least one
BLAST hit. Of these, 592 were in the forward orientation
and 568 were in inverted orientation (Figure 7A). To see if
the breakpoint region itself is repetitive, we broke down the
10 kbp regions into 1 kbp pieces and aligned them to each
other. The total of 122,800 1kbp windows were created—out
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Table 2. Rate of inversion accumulation by inversion length with respect to species divergence time.

Hirabayashi and Owens

Inversion length category

Mean number of inversions per 1%
seq divergence (25th — 50th — 75th

Mean number of inversions per estimated species divergence time

(million generations ago, 25th — 50th — 75th percentile)

percentile)
Conversion 1 mga/1% seq divergence 2.5 mga/1% seq
divergence
1 kbp—10 kbp 6.8 11.9 16.5 3.4 6.0 8.4 1.4 2.4 3.3
10 kbp—100 kbp 5.3 8.1 14.8 2.7 4.0 7.4 1.1 1.6 3.0
100 kbp—1 Mbp 4.0 7.2 12.8 2.0 3.6 6.4 0.8 1.4 2.6
> 1Mbp 1.7 2.9 4.0 0.8 1.5 3.0 0.3 0.6 0.8
All 17.8 30.1 48.1 8.9 15.1 25.2 3.6 6.0 9.7
Note. Species divergence time was estimated using Arabidopsis thaliana substitution rate (Exposito-Alonso et al., 2018).
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Figure 5. Genomic context of inversions and surrounding regions. The mean proportion of (A) coding sequence and (B) transposable elements inside

Proportion of CDS in whole genome

Proportion of TE in whole genome

syntenic region plotted against those inside inversions (n = 30; p = 2.08e—14*** 4.77e-4*** respectively). The mean proportion of (C) coding sequence

and (D) transposable elements in 4 kbp breakpoint regions compared to the genomic CDS and TE proportion in the genome (n = 30; p = .000107 ***,

142, respectively). Each datapoint represents a species pair, and the dashed line shows the equal proportions of CDS/TE between the two compared

region types.

of which 122,254 windows had valid coordinates on chro-
mosomes—and tested for alignment by BLAST. We found
that 2,379 (19.4%) of them showed at least one alignment

to other non-overlapping 1 kbp windows within that break-
point region, and most of these matches were aligned in the

forward direction (~ 90%) (Figure 7B).
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Discussion

The rate of inversion accumulation

Several high-profile studies have highlighted the adaptive
importance of inversions. For example, the prairie sunflower
(Helianthus petiolaris) has adapted to the dune environment
while continuing to exchange genes with non-dune neigh-
bouring populations (Huang et al., 2020). Recent studies
have shown that the alleles controlling dune adaptation are
found within large inversion regions suggesting the possibility
that the recombination suppression of inversions is playing a
role in maintaining adaptations (Huang et al., 2020; Todesco
et al., 2020). One challenge to this hypothesis is that the num-
ber and size of inversions is not known so null models are
challenging to parameterize. For example, if inversions are
ubiquitous across the genome, we expect adaptive variation
to be found in them regardless of other features of inversions.

To measure the rate of inversion fixation, we aligned chro-
mosome-level genome assemblies for two species within the
same genus. These comparisons explore how fast inversions
fix in the genome by comparing the sequence divergence
between species with the number of inversion differences. We
are treating the rate as a baseline in comparison to systems
like H. petiolaris where there is evidence that inversions are
positively selected, but we recognize that the inversions them-
selves may not be neutral and that each species has its own
demographic and adaptive history. Additionally, our method
is based on one representative genome per species and so
inversions detected in our study represent both fixed differ-
ences between species as well as some segregating inversions.

Surprisingly, we find no correlation between sequence
divergence, which is a proxy for coalescence time, and the
number of inversions separating species (Figure 3E), suggest-
ing that the rate of accumulation is dependent on factors not
consistent between genera. Based on our data, the middle
50% of comparisons accumulated 17-48 inversions per 1%
sequence divergence. Converting from sequence divergence
to divergence time is fraught because it is affected by gen-
eration time, the mutation rate, and other factors which are
likely to vary between our genera but it is helpful for scaling
expectations (Ho et al., 2011; Wang et al., 2019). Based on
substitution rates from Arabidopsis, we estimate 4-25 inver-
sions per million generations which is within the range esti-
mated by Huang et al. from a more limited dataset (Huang &
Rieseberg, 2020).

Although we present a range of inversion accumulation
rates, our primary finding is that this value is not consistent.
There are several reasons—both technical and biological—
that could explain the variation. Our inversion counts are
based on whole-genome alignments which is much better at
capturing small inversions than genetic mapping but are not
without error. Artifactual inversions can be introduced during
assembly or scaffolding, and idiosyncrasies in sequencing
quality or depth and methodology may mean that differ-
ent genomes have different rates of error. We looked for the
effect of sequencing and assembly method and failed to find
a significant relationship, but our test is underpowered for
the number of categories based on our sample size. There are
also limitations in our ability to detect inversions based on
alignments. Overall, we find that smaller inversions are more
common, except for the smallest category, which we excluded
from analyses. These were excluded to prevent detectability
from biasing our relative rate calculations.

Hirabayashi and Owens

Different taxa have diverse genomic properties. Some may
have inherently high recombination rate or epigenetic patterns
that allow them to harbour chromosomal rearrangements
more easily (Henderson, 2012; Lloyd, 2022). Each species
also has its own demographic and selection history. Since
efforts to sequence plant genomes have focused on accessible
and economically beneficial species, about half of the species
used in this analysis are domesticated crops, which have likely
undergone greater bottlenecks and distinct selection pressures
compared to wild species. This could lead to greater fixation
of deleterious inversions similar to mutational load seen in
some domestic species (Bosse et al., 2019).

The rate of inversion fixation is expected to be related to
the rate of inversion mutation. Logically, longer genomes
should have more opportunity for double-stranded breaks
and therefore more inversion mutations. When considering
each genome as a replicate we do not see a significant rela-
tionship, although there is a relatively small but significant
relationship when treating chromosomes as replicates (Figure
3G). Higher repeat content is also often associated with chro-
mosomal rearrangements, and for some mechanisms of inver-
sion generation, repeats are necessary. We therefore expected
that genomes with more transposable elements would have
more inversions, but again we do not see a significant rela-
tionship (Figure 3H). We observed a clear linear relationship
between the genome size and TE content (data not shown)
as expected, but the occurrence of inversions seemed to be
correlated with neither. Since neutral genomic features seem
to play a relatively small role, we suggest that selection and
demography are key in inversion fixation.

Natural selection and inversions

A consistent rate of inversion accumulation makes an under-
lying assumption that the inversions themselves are neutral.
If inversions are primarily fixed through positive selection,
they likely represent a small fraction of total inversion muta-
tions, and their count would be highly dependent on the dis-
tribution of fitness effects of new inversions. If inversions are
instead primarily deleterious, then their fixation is dependent
on the amount of genetic variation, the amount of selection
on heterozygotes and homozygotes as well as the population
structure of the species (Lande, 1984). In both cases, the fix-
ation rate is going to vary due to species specific effects (e.g.,
demographic history) as well as inversion specific effects (e.g.,
inversion selection coefficient) which lead to inconsistent fix-
ation rates.

Depending on the type of selection inversions are under, we
expect different size distributions of inversions (Connallon
& Olito, 2022). For inversions that are neutral, underdom-
inant or beneficial, the size distribution should be biased
toward short lengths. In contrast, locally adaptive inver-
sions are expected to have predominantly intermediate sizes.
When analyzed all together, our data shows that inversions
are predominantly short, but individual genera show differ-
ent patterns (Supplementary Figure 4). In some cases, we
see distinct peaks of inversion number at intermediate sizes
(such as Corymbia and Quercus) supporting local adaptation
driving inversion accumulation. We also find genera with two
different peaks of inversion sizes, suggesting that inversion
accumulation is likely due to multiple forces. Unfortunately,
we are unable to distinguish between neutral, underdomi-
nant and beneficial inversion scenarios as the distribution is
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dependent on effective population size and the rate of delete-
rious mutations, factors which are unknown for our systems.

Another factor suggesting a role for selection in inver-
sion fixation is the effect of mating strategy. In primarily
selfing species, underdominant inversions are more likely to
fix because of reduced heterozygosity (Charlesworth, 1992;
Hedrick, 1981; Hoffmann & Rieseberg, 2008). We see this
play out in our ANOVA of mating system which showed the
highest amount of the genome in inversions for comparisons
involving selfing species (Table 1; Supplementary Figure 6).
This idea was inspired by the observation of unusually rapid
speciation of selfing plants from sympatric outcrossing spe-
cies with no potential geographical isolation history, minimal
genetic/allelic differentiation but chromosomal differenti-
ation (Gottlieb, 1973; Lewis & Raven, 1958). While theo-
retical support is strong (Charlesworth, 1992; Coyne & Orr,
2004), empirical data has been scarce and occasionally some-
what contradictory (Hoffmann & Rieseberg, 2008; Martin
& Willis, 2010). Our result may serve as a starting point to
encourage more empirical studies with modern technologies
to explore the predominance of this theory.

Inversions can play a role in speciation by containing
reproductive isolation alleles or by causing reproductive iso-
lation itself through underdominance (Rieseberg, 2001). We
explored this in our dataset by asking if evidence of hybrid-
ization affected the number or size of inversions. That being
said, our species comparisons are not necessarily sister species
or geographically close so they are not appropriate species to
test models of speciation. When species pairs were filtered by
non-domesticated plants pairs and potentially overlapping in
geographical habitat to fit into this biological limit for hybrid-
ization, we saw that there tended to be more inversions in
weakly hybridizing species pairs than those with strong evi-
dence of hybridization, which might support the idea that
inversions do somewhat play a role in reproductive isola-
tion. However, our sample size is quite small (7 = 11), so this
should be interpreted with caution (Supplementary Figure
6). More data from known sister species and non-domesti-
cated plants need to be incorporated to test the relationship
between inversion and barriers to hybridization.

The location of inversions supports the hypothesis that
they are often deleterious. We found that inversions and the
breakpoint regions were depleted for coding sequence among
the 32 genera (Figure SA and C). While we cannot elimi-
nate the possibility that this reflects underlying biases in the
inversion mutation rate or the reduced recombination effect
after-the-fact, we think it is more likely to represent selec-
tion against inversions that disrupt genes or gene expression.
Similar to how newly inserted TEs tend to get purged if they
were inserted in genic part of the genome (Quadrana et al.,
2016), newly formed inversions that directly break the coding
sequence should be negatively selected. Nevertheless, the rela-
tively high proportion of inversions spanning a gene in some
genera was unexpected, raising the question that inversions
could also sometimes involve creation of new genes (e.g.,
Korneev & O’Shea, 2002). But, the relatively small number
of inversions compared to genes means that < 1 % of genes
were affected by inversions in our dataset (Figure 6), which
suggest inversions are responsible for only modest differences
in gene content between our species. Even without disrupting
a coding sequence itself, inversions that capture several genes
inside themselves would shuffle gene order, potentially lead-
ing to disrupted gene regulation and expression pattern. In
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Drosopbhila, gene order of essential genes involved in embry-
onic development are highly conserved among divergent spe-
cies despite a high degree of chromosomal rearrangements
(Bhutkar et al., 2008). Our observation partially supports
their hypothesis that cross-species evolutionarily conserved
regions may be protected from rearrangement (at least inver-
sions) through strong expression correlation and purifying
selection against variants.

We also found that inversions were enriched for TEs con-
sistently in all 32 genera while breakpoints had only mixed
evidence for TE enrichment (Figure 5B and D). TE enrichment
around breakpoints is often associated as the driver of inver-
sions—as discussed in the next section, whereas those inside
inversions is more reasonably interpreted as the consequence
of inversions. Reduced recombination allows for such selfish
elements to accumulate over time by escaping natural selec-
tion. Empirical data has suggested this relationship to exist in
a few insect species (Sniegowski & Charlesworth, 1994; Jay
etal.,2021), but not in plants (Huang et al., 2022). Our result
could also reflect the fact that there is a significant inverse cor-
relation between the gene density and TE content along the
chromosome, and therefore increased TE content could be a
consequence of reduced gene density.

The mechanism of inversions

Different mechanisms of inversion mutations require or cause
repeats around inversion breakpoints so examining repeats
around inversions helps illuminate how they formed. We
found that inversion breakpoints were not enriched for TEs
compared to the genome-wide background. To more directly
test whether inversions are surrounded by repeats, we looked
for duplications across inversions. This means that a single
sequence was found at both breakpoints for an inversion. We
found that a relatively small proportion of inversions were
surrounded by these duplications (Figure 7A). We also exam-
ined whether each breakpoint was repetitive within itself, and
only found a comparable amount of repetition (Figure 7B).
Taken at face value, the mixed evidence of repeats at inversion
breakpoints suggests NHE] created a majority of inversions,
but we cannot rule out error in the determination of inversion
breakpoints or the nucleotide sequence itself around break-
points. A recent study in inversion polymorphisms among
human genomes observed a contrasting result suggesting that
inversions were predominantly formed through non-allelic
homologous recombination (Porubsky et al., 2022). They
employed multiple approaches to identify and characterize
inversions among 82 haplotypes and showed that as high as
72% of the balanced inversions were flanked by segmental
duplications or retrotransposons, a convincing support for
non-allelic homologous recombination mechanism.

How do we explain the discrepancies in our results?
Our analysis uses one-to-one mappings between divergent
genomes to detect inversion regions, so if an inversion break-
point were within a highly repetitive region—which it seems
like it is to some extent (Figure 7B)—or otherwise unalign-
able regions we may have incorrectly identified break-
points. Additionally, genome assemblies struggle resolving
highly repetitive regions, such as centromeres (Naish et al.,
2021). Although the genomes we included achieved chro-
mosome-scale scaffolding, centromeric regions are espe-
cially dynamic and repetitive which means they are highly
challenging to assemble correctly. Inversions can overlap
with centromeres, and if breakpoints fell within centromeric
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regions we may not accurately locate them ( Harringmeyer
& Hoekstra, 2022; Huang et al., 2022; Kirubakaran et al.,
2020).

Depending on the mechanism, inversion mutations either
create tandem duplicates at their breakpoints, or require
them to be already present. With our current analysis, we
cannot tell which is happening for each inversion, but future
studies will be able as more chromosome-level genomes are
produced. With multiple species genomes for a single genus,
it will be possible to determine the derived and ancestral
state for inversions and answer whether tandem duplica-
tions are a cause or consequence of inversions. Most current
methods of genome comparison focus on pairwise compari-
sons (e.g., SyRI) but promising new methods using genomes
graphs should allow for evolutionary analyses of genome
structure across multiple species (Garrison & Guarracino,
2022).

Conclusion

Our results reject clock-like fixation of inversions in plants,
and support early theoretical work that emphasized the cen-
tral importance of selective and demographic effects on inver-
sion fixation rates (Lande, 1984). What we do not know is
what proportion of the inversions fixed under different selec-
tion scenarios, although comparisons between genera suggest
in some cases local adaptation is a major player in inversion
fixation (Connallon & Olito, 2022). Future projects should
combine population level sampling with comparative genom-
ics to determine how often newly fixed inversions show signs
of selection. Additionally, for systems where de novo genome
assemblies are available for multiple species across a genus,
phylogenetic methods could polarize inversion mutations as
well as reconstruct when inversions occurred in a phyloge-
netic context. This design could more robustly test the con-
nection between mating system and inversion accumulation
that is hinted at with our current analyses.
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