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Abstract

Chromosomal inversions are associated with local adaptation in many species. However,
guestions regarding how they are formed, maintained and impact various other evolutionary
processes remain elusive. Here, using alarge genomic dataset of long-read and short-read
sequencing, we ask these questionsin one of the most abundant vertebrates on Earth, the Atlantic
herring. This species has four megabase-sized inversions associated with ecological adaptation
that correlate with water temperature. The Sand N inversion alleles at these four loci dominate in
the southern and northern parts, respectively, of the species distribution in the North Atlantic
Ocean. By determining breakpoint coordinates of the four inversions and the structural variations
surrounding them, we hypothesize that these inversions are formed by ectopic recombination
between duplicated sequencesimmediately outside of the inversions. We show that these are old
inversions (>1 MY), albeit formed after the split between Atlantic herring and its sister species,
the Pacific herring. They are yet to reach mutation-flux equilibrium, but the large Ne of herring
combined with the common occurrence of opposite homozygotes across the species distribution
has allowed effective purifying selection to prevent accumulation of genetic load and repeats

within the inversions.
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I ntroduction

Chromosomal inversions suppress recombination in the heterozygous state, facilitating the
maintenance of different combination of alleles in tight linkage disequilibrium governing
complex phenotypes, including the ones involved in local adaptation *™, reproductive strategies
> life history traits ®, mimicry 7, and social behavior ®. Sets of alleles within the inversion are
inherited together as a single unit in Mendelian segregation, and hence are also called supergenes
° Despite their evolutionary importance, the processes that lead to the origin, spread and
maintenance of an inversion through time are often unclear because the evolution of inversion
alelesis adynamic process that changes over time and depends on the age, rate of gene flux, and
effective population size (No) of both inverted and non-inverted haplotypes >*3. An inversion
originates in a population as a single unit either by a recombination between near-identical
inverted duplication sequences, a process known as nonallelic homologous recombination
(NHAR), or by arepair mechanism of a single stranded break, known as Nonhomologous DNA
End Joining (NEHJ) process ***®. Such processes can only be understood by characterizing the
breakpoint region, which is notoriously difficult to study as it is often present in the highly
polymorphic part of the genome surrounded by complex structural variations (SVs) and repeats
1718 |_ong-read sequencing makes it possible to uncover the complexity of breakpoints and shed
light on the mechanisms forming inversions.

Immediately after its formation, a single inversion copy is vulnerable to the effects of
random genetic drift, whereby it either can be lost or increase in frequency ™. If an inversion
overlaps with co-adapted or beneficial allelic combinations, selection is likely to promote its
maintenance and spread . However, suppressed recombination in heterozygotes can result in
impaired purifying selection and consequent accumulation of deleterious mutations in the
inversion region, which theoretical and empirical data have demonstrated to ultimately result in
the degradation of the inversion through the process of Miiller's rachet %23 Interestingly,
recent literature on vertebrate species supports the hypothesis that inversions can also evolve
without pronounced accumulation of mutation load 2. The accumulation of mutation load
depends on severa factors, such as age and frequency of an inversion haplotype, as well as the
N, of a species, with more efficient purifying selection in large populations *****%. Furthermore,
recombination may occur at low frequency in the heterozygotes, either through double cross-

over or gene conversion, facilitating purifying selection and purging of deleterious mutations
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2930 Our study uncovers such a process and thus contributes to the understanding of evolution of
inversions.

In this study, we leverage the advancement in long-read sequencing technology with
PacBio HiFi reads (average read length of 13.5 kb and accuracy above 99.8%) and use a large
resequencing dataset to study four megabase-sized inversions on chromosomes 6, 12, 17, and 23
in the Atlantic herring (Clupea harengus) that are important for local adaptation *'. The variant
haplotypes at these loci are denoted Southern (S) and Northern (N), owing to their respective
predominance in the southern and northern parts of the species distribution range in the northern
Atlantic Ocean, possessing warmer and colder waters, respectively 3. Atlantic herring is one of
the most abundant vertebrates on Earth with an N. over a million and a census population size
(Nc) over atrillion, and has adapted to various ecological and environmental conditions such as
variation in salinity, water temperature, light conditions, spawning seasons and food resources
332 The effect of random genetic drift should thus be minute with natura selection playing a
dominant role in governing the evolution of genetic variation underlying ecological adaptation .
Thus, Atlantic herring is an excellent mode to explore the evolutionary history of supergenes
associated with inversions in natural populations.

Here, we used whole genome PacBio HiFi data, combined with short-read Illumina data,
from 12 Atlantic herring individuals, along with a previously generated high coverage re-
sequencing dataset comprising 49 Atlantic herring and 30 Pacific herring (Clupea pallasi), the
sister species ¥ to shed light on (A) mechanisms of formation of inversion by finding
breakpoint coordinates and structural variants (SVs) around the breakpoints, (B) the origin of
inversions by describing its ancestral state and age using European sprat (Sprattus sprattus) as an
outgroup species, (C) evolutionary history of inversions by phylogeny, (D) effects of suppressed
recombination by analyzing patterns of variation, differentiation, linkage disequilibrium,

mutation load, and gene flux (genetic exchange between inversion haplotypes).

RESULTS

Samples and genome assemblies

The analysis of short read as well as long read data showed that the six Celtic Sea samples (CS2,
CH, CS5, CS7, CSB, and CS10) were homozygous for the Southern (S) allele for all four
inversions (Supplementary Figs. 1, 2). Among the six Baltic Sea samples (BS1- BS6), four were
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94  homozygous for al Northern (N) alleles while two samples, BS2 and BS5, were heterozygous
95 for the Chr23 and 17 inversions, respectively (Supplementary Figs. 1, 2). All samples were
96 sequenced using PacBio HiFi with coverage ranging from 23x to 30x. We produced 24 haploid
97 de novo genome assemblies from the 12 herring samples using hifiasm *. The two haploid
98 assemblies per individual were denoted hapl and hap2. All assemblies were of high quality,
99  where genome size ranged from 743 to 792 Mb, the contiguity measured by N50 ranged from
100 452 to 737 kb and BUSCO score was above 90%, indicating that PacBio assemblies contained
101  more than 90% of conserved vertebrate genes (Table 1, Supplementary Table 1). Notably, hapl
102 assemblies had larger genome size and more contigs as compared to the hap2 assemblies. The
103 unequal genome size for two haplotype assemblies suggests that a minor fraction of
104  heterozygous sequences might not be accurately phased; while the positive correlation between
105 genome size and number of contigs suggests that a small fraction of the genome is fragmented
106  into multiple contigs.
107 We compared the quality of PacBio assemblies with that of the reference assembly of
108 Atlantic herring (Ch_v2.0.2) and found that PacBio assemblies were of similar quality for
109 genome size and BUSCO scores (Table 1). Although the total size of the reference assembly is
110 786 Mb, only 726 Mb is scaffolded in chromosomes (n = 26) and the remaining 61 Mb is present
111  as unplaced scaffolds (n = 1,697), i.e., fragments that could not be assigned to a chromosome.
112  Thismateria likely includes unresolved haplotypes, which is supported by the fact that all novel
113  PacBio assemblies were above 726 Mb, indicating that these assemblies have higher portions of
114  the heterozygous alleles resolved into separate contigs than its reference counterpart, which
115  would be expected due to the improvement in accuracy provided by the HiFi technology.
116
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117
Samples ?Mert;;)me size Soemnglrgteeness (%) No. contigs N50 (kb) IIIO(S) Ff(%r
CS10 773.1 90.7 3997 452.8 0
756.6 90.3 3228 472.4 0]
BS3 779.2 92.4 3331 680.2 0
758.5 92.1 2725 661.8 0
Reference 725.7 87.4 26 30,022.48 110.78
786.3 93.3 1697  29,845.74 118.43
Table 1: Genome statistics for all CS10 and BS3 de novo genome assemblies. Hapl and hap2
are the two haplotype genomes and their statistics are shown on the top and bottom row for
each sample, respectively.
118

119 Characterization of inversion breakpointson chromosomes 6, 12, 17, and 23

120  Alignment of HiFi reads from the alternate inversion allele spanning the inversion breakpoint to
121 the reference assembly is expected to show a particular pattern where the reads get split into two
122  parts, one part aligns outside the inversion and the other part aligns inside the inversion at the
123  opposite end in reverse orientation. We manually inspected our data for such a pattern using IGV
124  and Ribbon and revealed the inversion breakpoint in all samples for all four inversions (six
125 samples for each inversion). We found similar breakpoint co-ordinates for al samples in each
126 inversion (Fig. 1, Supplementary Table 2), suggesting that these inversions have originated just
127  once, sstemming from a one-time break in the chromosome, and have not reoccurred multiple
128  times using the same breakpoint regions; a pattern observed in some other species "®”. Chr6
129  dightly deviated from this common observation as we find that the distal breakpoint for one of
130 the samples was 500 kb further along the chromosome (Supplementary Fig. 3, Supplementary
131 Table 2). This could be due to either a different distal breakpoint or a secondary inversion, but
132 more samples are needed to confirm these possibilities. We re-evaluated the breakpoints
133  obtained in our previous study *! for Chr6 and Chr17 inversions and found 1-3 kb shifts at two
134  positions (Supplementary Table 2). Fig. 1 reports the breakpoint co-ordinates that occurred more
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135 frequently in the examined samples, which were Chr6:22,282,765-24,868,582,
136 Chrl2:17,826,318-25,603,093, Chrl7:25,802,2019-27,568,510, Chr23:16,225,343-17,604,279.
137  None of these breakpoints disrupted any coding sequence (Fig 1; the list of genes around the
138  breakpointsis provided in Supplementary Table 3). Theinversions were further confirmed by the
139 alignments of N and Sallele scaffolds constructed using PacBio contigs and optical mapping data
140 (Fig. 2). The breakpoint coordinates on N and S allele scaffolds were determined by noting the
141  coordinates where the scaffolds change orientation in the sequence alignment dot plot
142  (Supplementary Table 4).
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145 Fig. 1. Single PacBio reads spanning proximal and distal breakpoints on the reference
146  assembly. The orientation of the HiFi reads are indicated with arrows above the reference
147  sequence. The inversion breakpoints are shown with dotted lines. Genes at the breakpoints are
148 indicated above the reference sequence. (A) Chromosome 6 (modified from ). (B)
149 Chromosome 12. FUTY7, Fucosyl transferase 7; POUSF3, POU domain, class 5, transcription
150 factor 3; CSGalN-Actla, chondroitin sulfate N-acetyl galactosaminyl transferase la. (C)
151  Chromosome 17 (modified from *%). (D) Chromosome 23. A part of the HiFi read is mapped to
152  the unplaced_scaffold (un_sc) 1537 on the reference, which is shown in green here. SLC18A,
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probable vesicular acetylcholine transporter-A; PUS3, pseudouridylate synthase 3; NODZ2,
nucleotide-binding oligomerization domain containing 2; IRGC, interferon-inducible GTPase 5-
like; DCAKD, dephospho-CoA kinase domain containing protein. The dot plots below the read
alignments for chromosomes 12 and 17 compare two copies of the duplication present at the
breakpoint, which are also indicated by an overlap of the read at proximal and distal ends of the
inversions. The length of the duplication on chromosomes 12 and 17 are 8 kb and 3 kb,

respectively.
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Fig. 2. Sequence alignment of N and S alleles for all four inversions. N and S alleles are
represented by the CS10_hapl and BS3_hap?2 inversion scaffolds, respectively.

I dentification of ancestral haplotypes using European sprat as an outgroup

An inversion alele will initially have lower nucleotide diversity (z) than its ancestral
counterpart, and thus = estimates can be used to indicate which allele is derived and which is
ancestral if theinversion is arelatively recent event **. However, if theinversion is old, similar to
the coalescence time for neutral aleles or older, = will be similar for the two alleles. Further, if
gene flux occurs between alleles (see below), diversity may be homogenized between inversion
haplotypes and thus differences in z estimations may be abolished. In fact, = estimates for the N
and S haplotypes are similar for all four inversions *. We therefore decided to use the European

%051 to determine which inversion

sprat (Sprattus sprattus) as an appropriate outgroup species
haplotype represents the derived state. Based on the linear orientation of the alignment of sprat

contigs to the N and Salleles, we concluded that Sisthe ancestral haplotype for the inversions on
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176  Chr6 and 12; while N is the ancestral haplotype for the inversions on Chrl7 and 23 (Fig. 3).
177  However, results for Chr23 should be treated with caution as the alignment was fragmented.
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178
179 Fig. 3. Sequence alignment of Atlantic herring inversion alleles and contigs from the

180 European sprat assembly spanning the inversion breakpointsfor all four inversions.

181

182  Structural variationsat the breakpoint regions

183 Leveraging the long PacBio contigs spanning the inversion breakpoints, we studied structural
184  variants (SVs) and repeats surrounding the inversion breakpoints in each haplotype, which could
185 have played arolein the formation of the inversions. The sequence alignments of N and Salleles
186 near the breakpoints indicated that the breakpoints for all four inversions were flanked by
187 inverted duplications ranging from 8-60 kb in size and contained one or no gene (Fig. 4 and
188 Supplementary Fig. 4). Such duplicated arrangements can facilitate ectopic recombination
189  resulting in the formation of inversions. In addition, other types of SVs like indels, palindromes,
190 duplications were also enriched near the breakpoints (Supplementary Table 5).

191 We aso studied SVs near and inside inverson haplotypes usng genome graphs
192  (Supplementary Fig. 5), which corroborated the complexity of breakpoint regions already
193  apparent in the dot plot analysis (Figure 4). For instance, distal breakpoints of all inversions were
194  divergent among individuals, revealing the existence of non-shared structural variants. In
195 particular, the Chrl7 and Chr23 breakpoints were the most complex. The distal breakpoint of
196 Chrl7 coincided with a telomeric sequence that varies in length (0-300 kb) outside the
197  breakpoint and that is misaligned in the genome graph. The Chr23 inversion breakpoints were

198 the most divergent across individuals, revealing the existence of a long breakpoint region with
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199 many structural variants. This complexity suggests that, after the formation of an inversion, there
200 could be an accumulation of structural variants around the breakpoints, in this case, not
201 associated with any particular inversion alele and that may be evolving neutrally. The genome
202  graphs (Supplementary Fig. 5) also revealed the existence of structural variants inside inversions,
203 in particular in Chr12, 17 and 23, while Chr6 alignments revealed higher similarity among

204  haplotypes.
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207  Fig. 4: Sequence alignments and models at the breakpoint regionsfor the N and Sinversion
208 scaffolds. The green to red color gradient in dot plots represents percent sequence similarity
209  from 80 to 100. The models representing SV's surrounding the inversions are below the dot plots.
210 Chr6: 400 kb sequence includes 300 kb outside inversion and 100 kb inside inversion for both
211 proxima and distal regions. Chr12: 200 kb sequence includes 100 kb outside inversion and 100
212 kbinsideinversion for both proximal and distal regions. Chr17: 400 kb sequence includes 300 kb
213 outside inversion and 100 kb inside inversion for both proximal and distal regions. Chr23: 400

10
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214 kb proximal. 600 kb distal sequence includes 500 kb outside inversion and 100 kb inside
215 inversion. The plots are based on the CS10_hapl and BS3_hap2 genome assemblies.

216

217  Origin of inversion haplotypes

218 We used short-read sequencing datasets of Atlantic and Pacific herring individuals to study the
219 origin and subsequent evolution of the inversions. We first studied the genome-wide
220 evolutionary history of the two Clupea sister species, Atlantic and Pacific herring, by either (A)
221 using a concatenate alignment of 15,471 genes (~114 Mb with no missing data) including the
222  European sprat to generate a rooted tree, or (B) by usng a longer ~346 Mb genome-wide
223  aignment with no missing data containing only Clupea individuals, to more confidently infer
224 intraspecific relationships. Atlantic and Pacific herring formed well-supported monophyletic
225 gister clades (Fig. 5A-B and Supplementary Fig. 6). Maximum likelihood trees of all four
226 inversion haplotypes using data from multiple herring populations revealed a similar
227 evolutionary history as the genome-wide species tree (Fig. 5 and Supplementary Fig. 7). In
228  rooted and unrooted trees, we found a split of all Atlantic herring individuals from the Pacific
229 herring, followed by a split between reciprocal homozygotes of each inversion allele, with
230  heterozygotes placed between these two clusters (Fig. 5C and Supplementary Fig. 7), suggesting
231 that theinversions originated after the split between Atlantic and Pacific herring. The Scluster is
232  constituted by all individuals originating from Britain and Ireland and part of the North Sea
233 individualsin al four trees, whereas the N cluster is mostly constituted by Baltic Sea, Norwegian
234  and Canadian herring. The coincidence of phylogenetic relationship between N and Salleles and
235 geographic distribution of the individuals is in line with previous results that suggest that the S
236 alleles at each inversion tend to occur at high frequency in warmer waters particularly around
237  Britain and Ireland, whereas N alleles occur at high frequency in colder waters in the north 3+,
238 We used net nucleotide diversity (d,) between the N and S homozygotes to estimate
239  divergence among inversion haplotypes, relative to the divergence of Atlantic and Pacific herring
240 (Fig. 5). Divergence times ranged from 1.51 million of years (MY) (Chr 6) to 2.20 MY (Chr 17),
241  which are more recent divergences than the one estimated for Atlantic and Pacific herring in our
242  dataset (3.30 MY). Given that dy, values between N and S alleles were lower but close to dyy,
243  between Atlantic and Pacific herring across inversion regions (Supplementary Fig. 8A), and
244 given the possibility of recombination among inversion haplotypes (Supplementary Figs. 5, 2

11
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245  and results below) %, it is possible that our estimated divergence times are underestimations,
246  suggesting that the inversions are old polymorphisms that could have originated shortly after the
247  gplit between the two Clupea species.

A 15,471 gene sequences B Genome-wide tree

European sprat

Atlantic herring Pacific herring
d,~0.218%

Age ~ 3.30 million years

100 ﬂ Pacific herring

100 H Atlantic herring

0.03 substitutions/site

8E-5 substitutions/site

¢ Chromosome 6 inversion n Chromosome 12 inversion E Chromosome 17 inversion F Chromosome 23 inversion
5E-4 0.001 0.002 0.001
substitutions/site substitutions/site substitutions/site substitutions/site
Heter
d,~0.145% d,~0.134%
Age ~ 2.20 million years Age ~ 2.03 million years
d, ~0.099%
Age ~ 1.51 million years
North homozygotes d,~01 437‘
Age ~ 2.17 million years
. Pacific herring . Ireland and Britain . Norway South homozygotes

@© North Sea @ Canada (© Baltic Sea North homozygotes

248
249  Fig. 5: The evolutionary history of chromosomal rearrangements in Atlantic herring. (A)

250 Maximum likelihood tree of 15,471 concatenated gene sequences from 30 Pacific and 61
251 Atlantic herring, using the European sprat as an outgroup; (B) Maximum likelihood tree of
252 345,966,161 concatenated genome-wide positions with no missng data using the same 91
253 individuals; (C-F) Maximum likelihood trees of the inversion regions (alignments allowing 50%
254 missing data). Estimated net nucleotide divergence (d,) and divergence times in million years
255  between Atlantic and Pacific herring (B) and between N and S homozygotes (C-F) are indicated.
256 In trees (B-F), Atlantic herring individuals are color coded depending on the population of
257  origin.

258

259 Theevolutionary history of inversion haplotypes

260 We explored the evolutionary history of the four inversions using homozygous individuals from
261 the Baltic and Cdtic Sea (total N=35; see Supplementary Fig. 2) and calculated sequence
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262  differentiation (Fsr), nucleotide diversity (z), and linkage disequilibrium (LD) measured as R?
263  across the inversions and their flanking region (Fig. 6, Supplementary Fig. 11). The inversion
264  regions showed strong differentiation between N and Shomozygotes (high Fsr) which isin sharp
265 contrast with the flanking regions (low Fsr). An exception to this is a region proximal to the
266  Chrl7 inversion breakpoint. A careful inspection of our PacBio data showed that this is not part
267  of the inversion and must be a sequence polymorphism in very strong LD with the inversion
268  polymorphism. The LD across all four inversions was strong, particularly for Chré and Chr12
269 inversions. Nucleotide diversity for al four inversions showed significant differences between
270  haplotypes and genome-wide averages in certain cases, but 7 values of all inversions are within
271 the genome-wide distribution of z(Fig. 6) The nucleotide diversity of inversion alleles
272  representing the derived state is not lower than for those representing the ancestral state (Fig. 6),
273  asonly the Chr 12 inversion showed a significantly reduced diversity in the derived haplotype (P
274 < 0.001 for Chrl2) as expected, while Chrl7 and Chr23 inversions showed higher diversity in
275  the derived haplotype (P << 0.001 for Chrl7 and P < 0.01 for Chr23) (Fig. 6). These results are
276  consigtent with the old age of the inversion polymorphisms (Fig. 5), exceeding the coalescence
277  timefor neutral alelesin Atlantic herring.

278

13


https://doi.org/10.1101/2023.10.23.562618
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.23.562618; this version posted October 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A 100 B 1.00
0.75 0.75 4
u” 0.50 top 1% W 050 top 1%
0.25 4 0.25 4
000 - T T T T T 000 A T T T T
0.01009  North homozygotes 0.01009 North homozygotes
0.00754 South homozygotes 0.00754 South homozygotes
S
0.0050 = 0.0050
0.0025 0.0025
bottom 5% ottom 5%
0.0000 € = —_—— —_— - - —_— 0.0000 h - T . - -
26 R2 A2
— 1.00 =
< 25 075 g 25.0 L e 075
© 241 0.50 « 2254 0.50
£ 231 025 T 2001 025
O 229 0.00 O 17.54 000
22 23 24 25 26 17.5 20.0 225 25.0
Chromosome 6 position (Mb) Chromosome 12 position (Mb)
Cc D
1.00 4 1.004
0.75 4 0.75 1
0.50 top 1% w7050
I - - - = = == - ==
0.25 4 0.25 4
0.00 1 0.00 4
0.0100 North homozygotes 0.01001 North homozygotes
0.0075 South hemozygotes 0.0075 4 South homozygotes
&
0.0050 = 0.0050 4
0.0025 0.0025
bottom 5% bottom 5%
00000 = - = = - - - - - - - - s s 00000 = = == === ===,
R2 R.2
o i Bl a s e oy o o o
g7 A T o
~ o mIE 4 © -
- 26 a3 025 o 16 025
('5 254 0.00 S 0.00
T T T T T T
25 26 27 16 17 18
mean: 0.21% 0.12% 0.13% 0.21% 0.24% 0.35% 0.48% 0.21% 0.30% Haplotypes
Genome vs Ancestral
inversions Derived
P <0.05
2.0 s North
T South
= n.s % kR *k
S 45 —_— — — 1 )
= Wilcoxon tests
@ . °
210 o ° P <0.0001 ***
o i M * e P<0.01 "
© [ ]
£ 05
Q
=
Z 0.0
Gen%me- North South North South North South North South
wide
279 Chromosome 6 Chromosome 12 Chromosome 17 Chromosome 23

280 Fig. 6: Differentiation, diversty and recombination patterns in inversion regions in
281 Atlantic herring on (A) Chr6, (B) Chr12, (C) Chr17 and (D) Chr23. Distribution of Fsr and
282  nucleotide diversity (z) for N and S homozygotes are displayed in sliding windows of 20 kb
283  acrossinversion regions (shaded gray boxes). Linkage disequilibrium is represented as R? among
284  genotypes in the inversion region. (E) Comparison of the distribution of nucleotide diversity (7)
285 calculated in dliding windows of 20 kb for each inversion haplotype and genome-wide. Averages

286 aredisplayed above the boxplots and ancestral alleles are highlighted in purple.
287
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288  Suppression of recombination between inversion haplotypes is expected to accumulate
289  deeterious mutations and transposable elements (TES) due to impaired purifying selection, asthe
290 inversion haplotypes have areduced Ne compared with the rest of the genome %. To test this, we
291 compared the number of nonsynonymous substitutions per non-synonymous site (dy) to the
292 number of synonymous substitutions per synonymous site (ds), or dy/ds and site frequency
293  gpectrum (SFS) of non-synonymous and synonymous mutations for genes within the inversions
294  tothe genome average, using the European sprat as an outgroup species. We found no significant
295 differencein dy/dsfor any inversion allele and the genome-wide distribution (P > 0.05, two-sided
296 t-test, Fig. 7A). Further, the SFS of N and S homozygotes were similar to each other (Fig. 7B)
297 and to that of the genome-wide estimate (Supplementary Fig. 9), where polymorphic
298 synonymous positions are always the most abundant class, suggesting that low frequency non-
299  synonymous mutations are being effectively purged from inversion haplotypes. Furthermore, the
300 observed derived alleles at high frequencies are candidate mutations for being under positive
301 sdection. Further, we compared the dy/dsratio for the N and Salleles at each locus in an attempt
302 to find genes that may show accelerated protein evolution as part of the evolution of these
303  adaptive haplotypes. However, the ratios were remarkably similar in pairwise comparisons with
304 only afew genes showing a minor difference in dy/ds(Supplementary Fig. 12).

305 Finally, we compared TE abundance between N and S haplotypes, as a proxy of
306 mutational load, which revealed non-significant difference between haplotypes and a lower TE
307 content in Chr6, Chrl2 and Chrl7 inversions compared to the rest of the genome (Fig. 7C).
308 Taken together, the data on dy/dsand on TE content did not indicate increased genetic load for
309 aleles at any of the four inversion polymorphisms strongly associated with ecological
310 adaptation.

311
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313 Fig. 7: Lack of mutational load in N and S inversion haplotypes. (A) Distribution of dy/ds
314 ratiosfor Sand N alleles of genes overlapping with the inversions on chromosomes 6, 12, 17 and
315 23 compared with the genome-wide dn/ds distribution generated with all 61 individuals in dataset
316 (excluding genesinside inversions). A two-sided t-test revealed no significant differences in the
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317 didribution of dy/ds values between N and S alleles, or between inversion haplotypes and the
318 genome. (B) Site frequency spectra of derived non-synonymous and synonymous mutations for
319 eachinversion haplotype. The total number of mutations in each category is displayed above the
320 graph. (C) Proportion of transposable elements for the entire genome and for each inversion
321 haplotype. A Games-Howell non-parametric test was performed to test differences between
322  proportion of TES between each allele and the genome (n.s. = non-significant).

323

324  Evidence of allelic exchange between inver son haplotypes

325 To visudlize genetic exchange between inversion haplotypes, we constructed a
326 ddtaAlleleFrequency’ (dAF) metric that measures the degree of allele sharing between
327  haplotypes (see Methods). dAF = 1.0 means that there is a maximum dAF given the frequencies
328  of sequence variants among haplotypes, while dJAF = 0 means that sequence variants have the
329 same frequencies among the two haplotypes. All sequence variants within an inversion will show
330 dAF =1 if there has been no recombination between haplotypes and the same mutation has not
331 occurred on both haplotypes. This analysis documents extensive allele sharing at all four loci,
332 andin particular for Chrl2 and 17 (Fig. 8), because if there had been no recombination between
333  haplotypes, al SNPs within the inversion would have been colored blue in Fig. 8. The result is
334  consistent with our previous analysis of alele sharing for the Chri2 inversion *'. The region
335  between Chrl2: 23.0-23.5 Mb, with a particularly high incidence of sequence variants with low
336 dAF values correspond to an interval where we have noted evidence for genetic recombination
337  between the N and Salleles **, where we see a drop in Fsr between haplotypes (Fig. 6) and an
338  excessof heterozygous genotypes in Baltic Sea individuals (Supplementary Fig. 2). Thisanalysis
339 aso confirms the extreme sequence divergence between N and S homozygotes in a flanking
340 region outside the inversion for the Chrl7 inversion. Extremely differentiated SNPs (dAF >
341  0.95) were not enriched for non-synonymous mutations (Supplementary Table 6, list of genes
342  with non-synonymous mutationsis in Supplementary Table 7).

343

344
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346 Fig. 8. dAF between N and S populations homozygotes for four inversions, colored by dAF .
347  Arrows indicate the inversion breakpoints. The blank regions on chromosomes 12, 17, and 23
348  represent regions where SNPs are not called due to complexity of the genomic regions with
349  many repeats and indels.

350

351 Discussion

352 In this study, we were able to leverage the power of long-read sequencing to confirm the
353  presence of four large inversions in Atlantic herring that all show strong differentiation between
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354  populations from the northern versus southern part of the species distribution *-. By comparing
355 our assemblies to long-read data for an outgroup species, European sprat, we were able to
356 determine that the S arrangement is ancestral at Chré and Chr12, whereas N is ancestral at Chrl7
357 and Chr23. This is different than our previous prediction for Chrl7 that was based on the
358 comparison of duplicated sequence *!. We also used extensive re-sequencing data from Atlantic
359 herring and its sister species, the Pacific herring, to study the evolutionary history of these
360 inversion polymorphisms. Our phylogenetic analysis shows that these four inversion
361 polymorphisms have been maintained for more than a million years but they most likely all
362 occurred subsequent to the split between Atlantic herring and its sister species, the Pacific
363 herring. Furthermore, we also studied patterns of diversity, differentiation, recombination,
364 mutation load accumulation and genetic exchange in the inversion regions to get insights into the
365 evolutionary history of the inversions after their formation. Our results reveal no indication of
366 accumulation of mutation load, despite high differentiation and strong suppressed recombination
367 intheregion. The signatures of genetic exchange between inversions and their high frequency in
368 natural populations suggests inversions have been maintained for a long evolutionary period by
369 divergent selection.

370 Inverted duplications present near inversion breakpoints

371 Here we characterized the breakpoint regions in detal, shedding new light onto the role of
372  structural variation in the origin of the inversions and their subsequent evolution. We found very
373  similar chromosomal breakpointsin all haplotypes (Supplementary Table 2) suggesting that each
374  of the four inversions has a single origin. Phylogenetic trees of the inversion haplotypes aso
375  support this result, since individuals cluster by their genotype at the inversion (NN or SS), rather
376  than geographic location (Fig. 5). The data support a single origin of the inversions after the split
377  between Atlantic and Pacific herring. The inversion breakpoints of Chr6, 12, and 17 were
378 flanked by inverted duplications (Fig. 4), setting the stage for nonallelic homologous
379  recombination (NAHR) (also referred to as ectopic recombination) leading to the formation of
380 inversion. This mechanism of inversion formation is commonly accepted *° and reported in a few
381  species of Drosophila and eutherian mammals 253,

382 As we find no inverted duplications for inversion on Chr23, it is possible that it has been
383 formed by the alternative mechanism of double strand staggered breaks. This mechanism is

384  argued to be the most common mechanism in invertebrate species, where a single stranded break
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385 isrepared by Nonhomologous DNA End Joining (NHEJ) and results in inversion accompanied
386 by duplication ***°. Neverthelesss NAHR seems to be the most common mechanism in
387  vertebrates ®® and indeed our data supports a prevalent role of NAHR in the formation of at
388 least three of the four inversions in Atlantic herring. The presence of flanking inverted
389 duplication sequences increases the probability of recurrent inversions, an event termed as
390 “inversion toggling”, by breakpoint reusage ®. All the breakpoints were surrounded by repeated,
391 palindromic, and divergent sequences (Fig. 4 and Supplementary Fig. 5), which could have been
392 formed by a gene conversion process using the inverted duplicates flanking the inversion
393  breakpoints. Such process can further facilitate the formation of insertions and deletions, during
394  which, double stranded breaks, strand extension, and reoining create even more duplicated
395  sequences 2. Notably, most of these SVs outside of inversions occur in non-genic regions.
396 Presence of such divergent sequences around breakpoint might be responsible for restricting the
397 gene flow at the breakpoints and thus maintaining the diversity among haplotypes, as peaks of
398  divergence are common at the breakpoints of old inversions ***3. SVs inside the inversions
399 showed a strong correlation with the inversion haplotype, suggesting that inversion haplotypes
400 areevolving under strong selection.

401

402 Theevolutionary history of theinversionsis marked by events of gene flux

403  Our phylogenomic analysis revealed that the four Atlantic herring inversions originated after the
404  split from its sister species, the Pacific herring, between ~1.51 and ~2.17 MYA (Fig. 5), or 2.52
405  and 3.67 x 10° generations ago, considering a generation time of six years for Atlantic herring ®.
406  Given that ancestral N, for Atlantic herring is 4 x 10° *, inversions are of similar age to the
407  coalescent time for neutral alleles (age ~ Ng), which should be enough time for exchange of
408 variants between inversions by recombination (gene flux). In fact, our population genetics and
409 dAF anayses strongly indicate the presence of gene flux in all four inversions and
410 recombination through double crossover in the Chr6 (at ~23.5 Mb) and Chrl2 (at 23.25-24.0
411 Mb) inversions (Figs. 6, 8, Supplementary Figs. 7, 4A). This is also in line with previous
412  evidence for gene flux in the Chr12 inversion **. Due to gene flux, it is possible that our age
413  estimates are underestimated.

414 It is expected that as inversions reach equilibrium state, gene flux erodes the divergence
415  between haplotypes at the center but not at the breakpoints, resulting in U-shaped pattern for
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416  divergence and differentiation, as reported in some Drosophila species ****. Strong signals of
417  such erosion were not observed in our data, since al four inversions showed high Fsr, dyy, and
418 strong LD (Fig. 6), which would be in line with inversions not having reached this equilibrium
419 stage yet, despite being quite old. Similar observations are also reported in old inversions of
420  Atlantic cod ® and Os.4 and Og inversions in D. subobscura %. However, Fsr and LD were
421  relatively weaker for Chrl7 and 23 (Fig. 6), along with dlight reduction of d,, at the center
422  compared to the breakpoints (Supplementary Fig. 8), thus weakly supporting the expectations
423 derived from Drosophila studies. The Chr6 inversion also showed high divergence at
424 breakpoints, but the pattern continued after the distal breakpoint, which can be attributed to its
425  presencein a high diversity region of the genome (Supplementary Fig. 8). Together, the patterns
426  of differentiation and linkage disequilibrium among inversion haplotypes and alele sharing
427  among Atlantic herring inversions show that gene flux contributes to the evolution of the four
428 inversions, but it is not strong enough to completely homogenize differentiation between
429  chromosomal arrangements given their evolutionary age, and it is probably counteracted by
430 divergent selection for sequence polymorphisms contributing to ecological adaptation.

431 The nuclectide diversity shows variable patterns between derived and ancestral
432  haplotypes across the four inversions (Fig. 6), where Chr6 and Chrl2 inversions have lower
433  diversity in the derived haplotype, as expected, while Chrl7 and 23 have lower diversity in the
434  ancestral haplotype. Higher diversity in the derived haplotype deviates from the expectations that
435 the formation of an inversion leads to strong loss of diversity in the derived haplotype when
436  compared to the ancestral one *°****, However, such observation is not uncommon in natural
437  systems % and could be explained by recovery of nuclectide diversity by the derived haplotype
438  after the initial bottleneck when this haplotype is maintained at high frequency and in natural
439  populations with large Ne, such as Atlantic herring populations. Furthermore, gene flux between
440 inversions could contribute to increase of nucleotide diversity of inverted haplotypes over time
a1 B

442

443  Atlantic herring inver sons have evolved due to divergent selection and show no significant
444  mutational load

445 The four inversions in Atlantic herring studied here show highly significant genetic
446  differentiation among subpopulations of Atlantic herring implying a key role in local adaptation.
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447  The general pattern is that the alledle named Southern dominates in the southern part of the
448  species distribution while the Northern allele dominates in the north. It is possible that the
449 inversions per e initially provided a phenotypic effect contributing to adaptation to contrasting
450 environments in the northern and southern part of the Atlantic herring distribution, or that they
451  captured a combination of favorable alleles at two or more loci, acting like a supergene ™. After
452  their origin more than a million years ago, the aternative inversion haplotypes most likely have
453  accumulated additional mutations contributing to fithess and that the haplotypes have been
454  maintained by divergent selection even in the presence of gene flow between populations due to
455  the drastic reduction in recombination caused by the inversion. Recently, divergent selection
456  associated with local adaptation to contrasting environments has been similarly invoked to
457  explain the maintenance of inversion polymorphisms across deer mice ¥, redpolls #* and
458  Atlantic salmon Z’.

459 It is generally assumed that inversion polymorphisms lead to the accumulation of genetic
460 load due to suppression of recombination and the reduced Ne for inversion haplotypes compared
461  with other parts of the genome . Genetic load associated with inversion polymorphisms has

19 2088 and Heliconius

462  been well documented in for instance Drosophila ~, seaweed flies
463  butterflies *. However, we find no evidence for genetic load associated with the four inversions
464 (Fg. 7). All N and S inverson haplotypes are non-lethal and found at high frequencies in
465  different populations of this extremely abundant species which means that there must exist
466  hillions of homozygotes for each haplotype in which recombination occurs at a normal rate;
467  given that the census population size of Atlantic herring is on the order of 10" . Thus, the lack
468  of genetic load is consistent with the presence of effective purifying selection at these loci, as we
469 find no signature of suppressed recombination (lack of linkage disequilibrium) within inversion
470  classes which could hamper effective purging of deleterious mutations (Supplementary Fig. 11).
471 A similar lack of genetic load has previously been reported for other inversion polymorphisms
472  associated with local adaptation in Atlantic cod %, deer mice  and sunflower ®. The results
473  suggest that accumulation of genetic load do not occur for supergenes that are fully viable in the
474  homozygous state and when both homozygotes are common in at least some populations, as is

475  the case for supergenes associated with local adaptation.
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476 In conclusion, the four inversion polymorphisms characterized by long-read sequencing
477  inthis study are an important component of the arsenal of adaptive polymorphisms contributing
478  tofitnessin the Atlantic herring.

479

480

481

482

483 Materialsand methods

484 Long-read dataset and construction of PacBio genome assemblies

485  Testis samples from 12 Atlantic herring, six from the Celtic Sea (collected on November 11,
486 2019 at latitude N51°59" and longitude W6°48' ) and six from the Baltic Sea (collected on May
487 18, 2020 in Hastskar, at latitude N60°35" and longitude E17°48") were used, representing the
488  populations with a high frequency of the Southern (S) and Northern (N) inversion aleles *,
489  respectively. Tissue was extracted on-site and immediately flash frozen in liquid nitrogen. High
490 molecular weight DNA was extracted using a Circulomics Nanobind Tissue Big DNA Kit (NB-
491 900-701-001) and sized to 15-25 kb using Bioruptor (Diagenode, Denville, NJ, USA).
492  Sequencing libraries were constructed according to the manufacturers protocols and each
493 sample was sequenced on one PacBio Sequel 1| 8M SMRT Cell for 30 hours in circular
494  consensus sequencing mode to generate about 20 Gb of HiF sequence data. Similar data from an
495  outgroup species, the European sprat (Sprattus sprattus), was derived from an initiative to
496  establish areference genome for this species (Pettersson M. E. et. al. In preparation). The quality
497  of HiFi datafor all sampleswas assessed using NanoPlot *.

498 For the assembly construction, we tested two genome assemblers, HiCanu (v2.0) * and
499 hifiasm (v0.16.1-r375) *, which are specifically developed for building genome assemblies
500 using PacBio HiF data. Hifiasm separated the diploid genomes into primary (hapl) and
501 secondary (hap2) haplotypes. To separate HiCanu diploid genomes, we used Purge dups ¥'.
502 QUAST (v5.0.2) ® was used to evaluate genome statistics of all assemblies. The presence of
503 conserved orthologs was assessed by BUSCO (v5.beta) using the vertebrate database *°. We
504 noted that the secondary haplotype assemblies generated by HiCanu were more fragmented than
505 its primary counterpart (Supplementary Table 1). Moreover, we observed that most of the

506 breakpoint contigs from the secondary assemblies did not span the sequence around the
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507  breakpoint in one contig, hence inadequate for studying the breakpoint region. On the other
508 hand, hifiasm arguably exceled at preserving the contiguity of all haplotypes at a phasing stage.
509 Hence, we decided to use hifiasm assemblies for our further analyses.

510 Construction of an optical genome map

511 The CS10 sample from the Celtic and BS3 sample from the Baltic Sea were used for optical
512  (BioNano) mapping “°. Two mg of frozen testis tissue for each sample was fixed and treated
513  according to the manufacturer’s soft tissue protocol (Bionano Genomics, San Diego, US), except
514 that following homogenization and before fixation, the tissue suspension was passed through a
515 100 um cell strainer (Miltenyi Biotec, Gaithersburg, MD). Fixed tissue was washed, and then
516 approximately 0.7 mg was embedded in each of three agarose plugs. Embedded tissue was
517 digested with proteinase K, treated with RNase, washed, and then equilibrated in TrisEDTA
518 (TE), pH 8.0. High molecular weight DNA was recovered by digesting the plugs with agarase
519 and cleaned by a dialysis step. DNA was quantified in triplicate by Qubit (ThermoFisher) and
520 diluted with buffer EB (Qiagen) as needed to lower the concentration to <125 ng/pL. DNA was
521 then labeled with the DLS Labeling Kit (Bionano Genomics, San Diego, US). Recovery of
522 labeled DNA was verified by Qubit HS dsDNA assay. Labeled molecules were linearized and
523 imaged with the Saphyr® system (Saphyr® chip G2.3) to create the molecules data file. The
524  single molecule image data was de novo assembled into optical genome maps using the
525  hybridScaffold pipeline (Bionano Solve 3.7) with default settings (Supplementary Table 8). The
526  assemblies were visualized using Bionano Access 1.7 webserver.

527 Genome alignments of HiFi reads onto reference and PacBio assemblies

528  The previously reported chromosome level genome assembly ** was used as a reference to align
529  PacBio HiFi reads using minimap2 (v2.22-r1101) “*. Alignments with a mapping quality greater
530 than 20 were kept using samtools * and used for further analyses. Genome-to-genome

531  alignments were carried out using MUMmer (v4.0.0rcl) “*

with parameters “nucmer --
532  maxmatch -c 500 -l 200", where all PacBio assemblies were aligned to the reference genome and
533 to each other. The alignments for the inversion regions were visualized as dot plots using the
534  mummerplot function of MUMmer.

535 Findinginversion breakpoints using HiFi reads and constructing inversion scaffolds

536 In our previous study, we used PacBio Continuous long reads data from one Celtic Sea

537 individual (CS2) to find the breakpoints for inversions on chromosomes 6 and 17 *, where we
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538  visualized the alignment of a single read spanning the breakpoint using IGV * and Ribbon *'.
539 Here, we used the same method to find the breakpoints on chromosomes 12 and 23 using PacBio
540 HiFi reads and verified previously deduced breakpoints for chromosomes 6 and 17 using PacBio
541 HiFi reads.

542 To compare inversion haplotypes at the sequence levd, it is essential to use inversion
543  regions in the scaffolded form. Although PacBio contigs were highly contiguous, they were not
544  long enough to span the entire inversion regions (ranging from 1.5-8 Mb). Hence, we used
545  optical mapping data for scaffolding PacBio contigs. However, the resulting hybrid scaffolds had
546  many gaps and were not contiguous for the entire inversion regions (Supplementary Table 1). To
547  overcome this, we manually curated the Bionano hybrid assemblies in the inversion regions by
548 replacing gaps with PacBio contigs and joining hybrid scaffolds whenever necessary. We
549 followed the NCBI recommendation to mantan a gap sSze of 100
550  (https://www.ncbi.nlm.nih.gov/genbank/wgsfag/#96). The correct order and orientation for

551  PacBio contigs were decided based on their alignment to the reference assembly. The Bionano
552  assemblies used for constructing inversion scaffolds were selected based on the contiguity of
553 hybrid scaffolds for the respective inversion regions. As a result, we used CS10 hapl and
554  BS3 hapl assemblies to make inversion scaffolds for Chr6; and CS10_hapl and BS3_hap2 to
555 makeinversion scaffolds of Chrl2, 17, and 23. This way, we had one inversion scaffold for each
556 inversion allele for all four inversions. These scaffolds were then used for two purposes — (A) to
557 investigate the structural variants (SVs) in the breakpoint region, and (B) as a reference to
558  scaffold the inversion regions of the remaining 22 PacBio genomes using RagTag (v2.0.1) .
559 The PacBio contigs were selected based on their alignment to the reference genome. The
560 threshold for an alignment block was kept at 10 kb to avoid incorporation of non-specific
561 contigs. However, some of the non-specific contigs had alignment blocks larger than 10 kb and
562  had to be removed manually. The inversion scaffolds adjusted in this manner were CS7_hapl,
563 BS2 hapl, BHA hap2, and BS5 hap2 for the Chrl7 inversion and C4 hap2, CS5 hap2,
564 CS7_hapl, CS10_hap2, BS5 hapl for the Chr23 inversion. To use these scaffolds for further
565 analysis, it was necessary to have the breakpoints of these scaffolds. However, it was challenging
566 to apply the previously described visualization method using a single read for each scaffolded
567 inversion because of the complexity of the breakpoint region and the presence of multiple SVsin
568  the vicinity of the breakpoints. Hence, we used nucmer in MUMmer * to align N and S alleles
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569 from CS10 _hapl and BS3 hap2 inversion scaffolds, respectively. The resulting delta files were
570 converted to a paf format using “delta2paf” script from paftoolsjs in minimap2 * to obtain the
571  aignment co-ordinates. As only homologous sequences will align in MUMmer, the coordinates
572 where the alignment changes its orientation would be the breakpoint. We opted for a
573 conservative approach where SVs such as duplications, insertions, deletions, and repetitive
574  sequences at the breakpoint regions were placed outside the inversion. This way, we first
575 obtained breakpoints on CS10 hapl and BS3 hap2 inversion scaffolds. They were used as a
576 reference to obtain breakpoints from the rest of the inversion scaffolds by finding sequence
577  homology for the 10 kb sequence near the breakpoint using BLAST (v.2.11.0+) .

578 PacBio assembliesasreferencesfor N and Salleles

579 Although the reference genome assembly is of high quality and contiguous, it is not
580 representative of all SVs and repeat content near the inversion breakpoints because of variation
581 among haplotypes. Hence, we leveraged the accuracy and contiguity of HiF assemblies and
582  scaffolding of Bionano optical maps to build hybrid scaffolds of two assemblies (CS10_hapl and
583 BS3 hap2, representative of assemblies with N and S inversion alleles). We used one of each
584 Cdtic and Baltic HiFi assemblies as a reference to study structural variations, and repetitive
585  sequences near the inversion breakpoints. As we used CS10_hapl and BS3 _hap2 assemblies to
586  construct most of the inversion scaffolds (7 out of 8), we decided to use the same assemblies as
587 referencesfor structural analysis. The contigs used to build the inversion scaffolds were replaced
588 by theinversion scaffolds in CS10_hapl and BS3 _hap2 genome assemblies. In case of the Chr6
589 inversion, the original inversion scaffold was built usng BS3_hapl contigs. However, the length
500 of BS3 hapl inversion scaffold was the same as that of BS3_hap2 (Supplementary Fig. 10) and
591  hence, no additional modification was done for Chr6.

592  Deduction of ancestral inversion allele using European sprat asan outgroup species

593  European sprat, an outgroup species that diverged from the Atlantic herring 11-12 MY A %!
594 used to determine the ancestral inversion aleles. CS10 and BS3 inversion scaffolds,

was

595  corresponding to N and Salleles, were aligned to a sprat genome assembly (Pettersson M. E. €.
596  al. In preparation) using MUMmer *°. Sprat contigs corresponding to the breakpoint regions from
597 the resulting alignment were extracted and aligned to the N and S alleles from Atlantic herring,
598 and linear orientation of the alignment before and after the breakpoint was used to determine if
599 theSor Naleeisancestral or derived.
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600 Analysisof structural variants near inversion breakpoints

601 To study SVs near the inversion breakpoints at the sequence level, we used one dimensional
602  pangenome graphs and dot plots from the sequence alignments of all inversion scaffolds and a
603 reference sequence (total of 25 sequences for each inversion). For the pangenome graph
604  approach, we used pggb (v0.3.1) * to construct graphs and odgi (v0.7.3) > to prune the resulting
605 graphs. To ensure that the alignments were of high-quality, we tested multiple combinations of -s
606 (segment length) and -p (percent identity) parameters in the mapping step of pggb. We used
607  higher -s value (20000-50000) to ensure that the graph structure represents long collinear regions
608 of the input sequences. We used lower -p values (90-95) because inversion regions including
609  breakpoint regions are more divergent than the rest of the genome. Exact parameters to build and
610 visualize pangenome graphs are found on the GitHub page for this paper
611 (https://github.com/Leif AnderssonLab/Herringlnversions).

612  Short-read dataset, alignment, and variant calling

613 The same 12 samples from Cedtic and Baltic Sea used for long-read sequencing were also
614  sequenced on Illumina HiSeq2000 sequencer to generate 2x150 bp paired-end reads of nearly
615 30x coverage. We assessed the read quality using FastQC 0.11.9 **. We mapped reads to the
616  reference herring genome Ch_v2.0.2 * using BWA-MEM v.0.7.17 > sorted reads with samtools
617 v1.12*° and marked duplicates with Picard v2.10.3 (http://broadinstitute.github.io/picard/). To
618 perform genotype calling for each sample, we first used Haplotyper within the Sentieon wrapper
619 (release 201911) >, which implements GATK4 HaplotypeCaller *. We then combined these 12
620 sampleswith previously generated high coverage re-sequencing data for 49 Atlantic herring from
621 Baltic Sea, Celtic Sea, North Sea, Norway, Ireland and United Kingdom, and Canada and 30
622 Pacific herring (Clupea pallasii, the sister species) distributed from the North Pacific Ocean to
623  Norway **. For these 91 samples, we performed joint calling of variant and invariant sites
624  using the Genotyper algorithm within Sentieon, which implements GATK’s GenotypeGV CFs.
625 We removed indels, and filtered genotypes with RMSMappingQuality lower than 40.0,
626 MQRankSum lower than -12.5, ReadPosRankSum lower than -8.0, QualByDepth lower than 2.0,
627  FisherStrand higher than 60.0 and StrandOddsRatio lower than 3.0. Additionally, we also filtered
628 variants that had genotype quality below 20, depth below 2 or higher than three times the
629 average coverage of theindividual. These filtered vcf files were the basis for analyses therein.

630 Generating consensus sequencesfor herring and sprat
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631 Consensus genome sequences for each individual were generated for phylogenetic analyses. We
632  used a custom script do_bed.awk *° to create a bed file with the coordinates of called positions
633 (variant and invariant sites) for each individual from the vcf files, and bedtools complement
634  (v2.29.2) * to produce a bed file of non-called positions. We then used samtools faidx (v.1.12)
635 and bcftools consensus (v.1.12) to introduce individual variant and invariant genotypes into the
636  Atlantic herring reference genome, and bedtools maskfasta to hard-mask non-called positionsin
637  consensus fasta sequences.

638 Fasta and vcf reference sequences for the outgroup species, the European sprat, were
639  generated by first using Chromosemble from satsuma2 (v.2016-12-07) ® to align the hapl sprat
640 assembly to the Atlantic herring reference genome. Then, using a custom R script
641 ancedral_state from sprat.R (https.//github.com/Leif AnderssonLab/Herringinversions)  that
642  uses packages Biostrings (v.2.68.1), biomaRt (v.2.56.1), GenomicRanges (v1.52.0) and tidyverse
643 (v.2.0.0), we extracted the regions of the sprat assembly that aligned to herring genes, choosing
644  the longest sequence if multiple regions aligned to the same gene and excluding sprat sequences
645 that aligned to less than 25% of the total length of genes. Then, we realigned herring and sprat
646  sequences using mafft (v7.407) ®. To keep high quality alignments of true homologous regions,
647  we further excluded alignments with missing data higher than 20% and proportion of variable
648  sites higher than 0.2, as calculated by AMAS summary %, resulting in 15,471 alignments. We
649 converted the alignments in fasta format to a vcf file using a custom script ancestral_vcf.py,
650 genoToVcf.py (downloaded in October 2021 from
651 https://github.com/s monhmartin/genomics_general) and bcftools
652  (https://github.com/Leif AnderssonLab/Herringlnversions). From the final vcf file, we used the
653 same procedure as above to generate a consensus genome sequence for the sprat in the genomic
654  coordinates of the Atlantic herring.

655 Phylogeneticinference

656 To obtain a maximum likelihood tree for the entire genome and for each inversion, we
657  concatenated individual consensus genome-wide sequences of al herring individuals and the
658 gprat. We extracted inversion alignments using samtools faidx. We removed al positions with
659 missing data from the whole-genome alignment using AMAS trim, whereas for the inversions
660 we allowed sites with missing data for at most 50% of the individuals. Asthis alignment with the
661 gprat contained information only for 15,471 genes (114 Mb alignment, 14% of the genome), we
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662 repeated tree inference with alignments containing only herring individuals to retain more
663 positions (346 Mb alignment, 43% of the genome) and improve the inference of intra-specific
664 relationships, rooting the trees on the branch splitting Atlantic and Pacific herring, the typical
665  position of sprat (Supplementary Fig. 6) .

666 Population genomic analyses

667  To calculate summary statistics (differentiation as Fsr, divergence as dyy, nucleotide diversity as
668 7, and linkage disequilibrium as R?) within and between inverted haplotypes, we first determined
669 the genotype of each individual in the dataset using two approaches. First, we used a set of
670 previously ascertained highly differentiated SNPs between the N and S haplotypes at each

671 inversion 34

and extracted genotypes for all individuals at those positions using bcftools view,
672  keeping only positions that were polymorphic and biallelic in our dataset. The final plots were
673 produced using the R packages tidyverse, ggplot2 (3.4.2) and ggrstar (1.0.1). Second, we
674 peformed a principal component analysis (PCA) using bialleic SNPs with less than 20%
675 missing data and minor allele frequency (maf) above 0.01 and all individuals from the Baltic and
676 Cdtic Seain our dataset (N=35) across sliding windows of 200 SNPs for chromosomes 6, 12, 17
677 and 23 using lostruct (downloaded October 2022 from https.//github.com/petrelharp/local_pca)

678 . We genotyped individuals by plotting the first principal component for each individual across

679 inversion regions using ggplot2 %.

680 The genotype information obtained by these methods was further used to make four
681 groups namely (A) all Atlantic herring (N=61), (B) all Pecific herring (N=30), (C) Number of
682  Baltic Sea herring homozygous for N aleles (Nene=20, Nenr12=19, Ner17=16, Nenr23=16), and (D)
683  Number of Celtic Sea herring homozygous for Salleles (Ncns=15; Nerr12=15, Nenr17=15, Neroz=13
684 (Supplementary Table 9). Using a vcf file containing variant and invariant sites, we selected sites
685  with less than 20% missing data and maf > 0.01, we calculated dy, and Fsr between these groups
686 and 7 within groups in 20 kb sliding windows using pixy (v.1.2.5) ®. To study patterns of
687  recombination suppression caused by the inversion, we calculated R? in vcftools for both groups
688  of homozygotes combined or individually (v.0.1.16) ®’. For computational reasons, we used a
689 more conservative filtering and kept sites with less than 10% missing data, genotype quality
690 above 30 and maf above 0.1.

691 Estimating the age of theinversion
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692 We used dy, between Atlantic and Pacific herring individuals and between N and S homozygotes
693  for each inversion to calculate the net nucleotide diversity as da = dy, — (dx + dy)/2 ®. da was then
694 used to estimate divergence time between Atlantic and Pacific herring, and between N and S

0% \we usetheformulaT

695 inversion haplotypes. Assuming a mutation rate per year of 1=3.3x1
696 = dJ/24 to calculate the divergence time between Atlantic and Pacific herring, and between the N
697 and Shaplotypes ®.

698 Mutation load

699 To understand if recombination suppression between inverted haplotypes had resulted in the
700 differential accumulation of deleterious mutations in inversion haplotypes, we took three main
701  approaches. We used a similar sampling for all the analysis described above, grouping individual
702  homozygotes for the N or S allele at each inversion to study haplotype differences. In all
703  analyses, we used European sprat as the outgroup.

704 First, we calculated the ratio of number of substitutions per non-synonymous site (dy) to
705  the number of substitutions per synonymous site (ds), or dn/ds between the N or the S haplotype
706 and European sprat for all genes inside the inversions and for all genes in the genome using all
707 61 Atlantic herring individuals. We extracted the coding sequence of the longest isoform for
708 each gene for each homozygote, using the consensus genome-wide sequences for each individual
709  as described before and a combination of agat (v.0.8.0) °, and bedtools getfasta. Then, using
710 dnds.py (https://github.com/Leif AnderssonLab/Herringinversions) that implements biopython
711 (v.1.79, https://biopython.org/), we calculated a consensus sequence for the N and S haplotypes
712  using the sequences of homozygotes, converting any ambiguous positions or stop codons into
713  missing data and removing gaps from the alignment. Finally, using alignments longer than 100
714  codons, we used the cal_dn_ds function from biopython to calculate dy/ds using the MO model
715  from codeml *. We finally excluded alignments where values of dy/ds were higher than 3,
716  assuming that these could be caused by alignment issues between the herring and sprat genomes.
717 Weplotted values using ggplot2 and performed atwo-sided t-test in R 4.3.0 to test for significant
718  differences in dy/ds between N and S haplotypes, and between haplotypes and the genome-wide
719  d\/dsdistribution.

720 Second, we compared the site frequency spectrum (SFS) of derived non-synonymous and
721  synonymous mutations between N and Sinversion haplotypes, using SNPEff (v5.1) " to classify
722  the functional impact of SNPs segregating among all 61 Atlantic herring individuals. We then
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723 used a combination of bcftools and vcftools, to calculate the frequency of derived non-
724 synonymous and synonymous biallelic SNPs (vcftools options --freq and --derived), in sites with
725  less than 20% missing data. To run this analysis in vcftools, we used bcftools to add an extra
726 field called AA to vcf files with the European sprat genotype to be used as outgroup when
727  calculating derived allele frequencies.

728 Finally, we compared the proportion of transposable elements (TE) between N and S
729  haplotypes. In this case, we used the assembled genomes for Baltic and Celtic Sea individuals
730  and the RepeatMasker pipeline to annotate TEs. We first used RepeatModder (2.0.1) %, and the
731  hapl assemblies of individuals C+4, CS7, BS3 and B4, which were either the longest and/or
732  more contiguous of each CS and BS assemblies (Supplementary Table 1), to identify and model
733 novel TEs. We also used BLAST (v.2.11.0+) ", to compare all TEsto all protein-coding herring
734  genes and filtered out TEs that mapped to genes. To improve the final annotation of the TESin
735 our database, we compared unknown repeat elements detected by RepeatModeler with
736  transposase database (Tpases080212) " using BLAST, and used TEclassTest (v.2.1.3c) " to
737  improve the classification of TEs in our database. We combined all four databases into one and
738  removed redundancy with CDHit (v4.8.1) ”” with the parameters -c 0.9 —n 8 -d 0 -M 1600. Then,
739  weused thislibrary as input for RepeatMasker " to annotate and mask TEsin all the assemblies.
740 We also annotated TEs for the inversion region of each assembly. To determine the coordinates
741  of each inversion for each individual assembly, we used the scaffolded inversions for CS10 and
742  BS3 (described above). We extracted 10 kb regions immediately after and before the breakpoints
743  of theinversions from CS10 and BS3 and mapped them to the other individual assemblies using
744  BLAST and detected the breakpoints of the inversions in each assembly with a custom script
745  find_breakpoints.py that parsed the BLAST output
746  (https://github.com/Leif AnderssonLab/Herringlnversions).

747  Screening for regions of recombination within inversions and enrichment of genetic
748 variants

749  To further study the occurrence of gene flux between N and Sinversion haplotypes, we inspected
750 the aléde frequency differences of minor aleles in NN and SS individuals combined. We first
751 determined which allele (reference or alternative) was the minor allele in a vcf file combining
752 NN and SS homozygotes (N = 35). We removed sites with minor allele frequencies below 0.2 in

753  this combined vcf, to remove invariant sites that create noise in our dataset. Then, we (A)
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754  calculated the frequency of the minor allele in NN and SS groups separately, (B) determined the
755  absolute difference between these frequencies, or dAF, and (C) divided dAF by the maximum
756  frequency of the minor alldle (MAFmax) in NN or SS, obtaining what we call delta allele
757  frequency prime (dAF'). Therationale is that a new mutation occurring in N or S haplotypes will
758 bein low frequency and will not be shared between haplotypes. As an example, consider a SNP
759  with freq(N) = 0.2 and freq(S) = 0. dAF and dAF for this variant will be 0.2 and 1.0,
760  respectively since dAF = abs(0.2-0.0)/0.2 = 1. If gene flux has occurred, however, the combined
761 minor alele can be shared between inversions, resulting in lower values of dAF (e.g., freq(N) =
762 0.2 and freq(S) = 0.3, resulting in dAF = 0.33.

763 We inspected the function of variants in different dAF categories, by performing an
764  enrichment analysis. First, we used SnpEff (v3.4) " to annotate the genome-wide variants and
765 classify them into various categories (non-Synonymous, Synonymous, intronic, intergenic,
766 5 UTR, 3UTR, 5 kb upstream, 5 kb downstream). Only sites within the inversion were kept for
767  further analysis. The expected number of SNPs in each category for each inversion was
768 calculated as p(category) X sum(extreme), where p is the total proportion of a specific SNP
769  category without any dAF filter and sum(extreme) is the total number of SNPs with dAF > 0.95.
770 A standard y* test was performed to test the statistical significance of the deviations of the
771 observed values from expectation. We particularly looked at the genes that are extremely
772  differentiated (dAF > 0.95) in the non-synonymous category.

773

774  Concluson

775 Our study sheds new light on the mechanisms that contribute to the origin and govern the
776  evolutionary history of inversions in natural populations. Leveraging the power of long-read
777  seguencing using multiple individuals, we deduced accurate inversion breakpoints of all four
778 inversions and found that none of the breakpoints disrupt the coding sequence of any of the
779 genes. We found that the magority of the inversion breakpoints are flanked by inverted
780 duplications, possibly responsible for the origin of inversions by ectopic recombination between
781  these sequences. The resolution provided by our population level long-read dataset also reveals
782  that the inversion breakpoints were highly enriched for structural variants and multiple structural
783 variants were also present within the inversions, making the inversion haplotypes highly
784  polymorphic. Our phylogenetic and population level analyses also support that inversion
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785  polymorphisms can be maintained by divergent selection for alternatively adaptive haplotypesin
786 theface of strong gene flow in a species with massive population sizes. We find no evidence for
787  the accumulation of mutational load or that overdominance is important for the maintenance of
788 inversion polymorphisms in Atlantic herring, suggesting that the high Ne of N and S haplotypes
789  combined with gene flux events should allow efficient purifying selection on both inversion
790 alleles. Our work contributes to a better understanding of what evolutionary factors govern the
791 maintenance of inversion polymorphisms in natural populations which is key to determine their
792  rolein adaptive evolution and speciation.
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1034 List of Extended data and Supplementary material

1035 Supplementary Fig. 1. Dotplot of the PacBio proximal breakpoint contigs from hapl and hap2
1036 assemblies (Y-axis) and the reference inversion alldes (X-axis). Vertical pink lines are the
1037 inversion breakpoints and the horizontal line divides the data from the two haplotypes. (A)
1038 Chr17 - BS5 is heterozygous for Chrl7 inversion, where BS5 hapl assembly has S haplotype
1039 and BS5_hap2 assembly has N haplotype. The homozygote (N/N) sample (BS1) is used as a
1040 contral. (B) Chr23 - BS2 is heterozygous for Chr23 inversion, where BS2_hapl assembly has N
1041  haplotype and BS2 hap2 assembly has S haplotype. The homozygote sample (BS1) isused asa
1042  control with NN arrangement.

1043  Supplementary Fig. 2. (A) Genotypes called from short read data of 91 individuals analyzed in
1044  this work at highly differentiated single nucleotide variants (SNPs) between north and south
1045  populations of Atlantic herring 3 and that overlap with the inversionsin Chr6, Chr12, Chr17 and
1046  Chr23. Individuals are indicated in rows and positions in columns. Individuals are color coded
1047  according to their population of species of origin. Genotypes are color coded depending on their
1048 homozygosity or heterozygosity for N and S alleles. (B) Sliding window PCA analysis across
1049 inversion regions (sliding windows of 200 SNPs). Each line represents one of 35 individuals
1050 from the Baltic and Celtic Sea (green and yellow individuals from pandl A). Individuals are color
1051 coded according to their genotype at the inversion: blue if homozygote for the N allele, orange if
1052  homozygote for the Sallele and black if heterozygote. The names of heterozygote

1053 Supplementary Fig. 3. Single PacBio read spanning proximal and distal breakpoint of Chr6
1054 inversion from the CS2 sample on the reference sequence. The inversion breakpoints are shown
1055  indotted lines.

1056  Supplementary Fig. 4. Dotplot of inversion alleles. Y-axis has all inversion alleles assembled in
1057  this study from PacBio assemblies and the reference assembly. X-axis has a reference inversion
1058 N alde constructed using CS10_hapl assembly. Inverted duplications at the breakpoint of Chr6,
1059 12, and 17 inversions are indicated in the figure by black arrows above the dotplots. Red color
1060 indicates alignment in the same orientation and blue color indicates alignment in the opposite
1061  orientation.

1062  Supplementary Fig. 5. Pangenome graphs using 25 sequences (24 inversion scaffolds and one
1063  reference assembly) for inversions on Chr6, 12, 17, and 23. Top 12 sequences are from Celtic
1064  Sea samples and the next 12 sequences are from Baltic Sea samples. The last sequence indicated
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1065  with an asterisk is from the reference assembly. Black and red colors represent two orientations
1066  of the sequence hence, the vertical boundary of black and red are the inversion breakpoints.

1067 individualsareindicated.

1068 Supplementary Fig. 6. The evolutionary history of Atlantic and Pacific herring. Maximum
1069 likelihood trees (branch lengths were ignored to facilitate visualization of relationships among
1070 individuals) that are rooted with the (A) European sprat or (B) at the branch that connects Pacific
1071  and Atlantic herring, following the topology of the tree in A. A concatenated alignment of 15471
1072 genes (~114 Mb) was used to produce tree in pand A, and a genome-wide alignment of
1073 345,966,161 positions with no missing data was used to produce the tree in panel B.

1074  Supplementary Fig. 7. The evolutionary history of Atlantic herring chromosomal inversions.
1075 Maximum likelihood cladograms (branch lengths of maximum likelihood trees were ignored to
1076 facilitate visualization of relationships among individuals) of concatenated alignments of
1077  chromosome 6, 12, 17 and 23 inversion regions, including the European sprat as an outgroup.
1078 Individuals are color coded by species or Atlantic herring population. Shades behind individuals
1079 indicate their inversion genotype according to Supplementary Fig. 2, and heterozygotes are
1080 indicated with a star.

1081 Supplementary Fig. 8. Divergence and diversity in and around inversion regions in Atlantic
1082  herring. (A) Divergence (dyy) between North and South homozygotes for inversion alleles (black
1083 line) compared to divergence between Atlantic and Pacific herring (blue ling). The dashed line
1084  represents the top 5% of the dy, distribution between North and South homozygotes. (B)
1085 Distribution of nucleotide diversity (dark gray line) of 61 Atlantic herring individuals across
1086 chromosomes 6, 12, 17 and 23 containing inversions, showing that certain inversions (e.g.,
1087  chromosome 17) occur in genomic regions of elevated high nucleotide diversity.

1088 Supplementary Fig. 9: Site frequency spectra of derived non-synonymous (red bars) and
1089  synonymous (blue bars) mutations for the whole genome.

1090 Supplementary Fig. 10. Dotplot showing alignment of Chr6 inversion-scaffold from BS3_hapl
1091  (Y-axis) and BS3 _hap2 (X-axis).

1092  Supplementary Fig. 11. Linkage disequilibrium (LD) in herring chromosomes (A) 6, (B) 12,
1093 (C) 17 and (D) 23, containing inversions. For each chromosome, LD is plotted as R%. Top plots
1094 combine Southern and Northern homozygotes (NN+SS), evidencing the high LD within the

1095 inversion regions in the context of the entire chromosome which should be recombining freely,
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1096 with the exception of a few other regions of high LD. The two bottom plots only include
1097  Northern (NN) or Southern (SS) homozygotes demonstrating the lack of LD, suggesting normal
1098  recombination rate also within the inversion regions.

1099 Supplementary Fig. 12. Comparison of d\/ds ratios for genes within the Northern (N) and
1100  Southern (S inversion haplotypes. dy/ds values were calculated considering a consensus
1101  sequence for N and S haplotypes obtained from homozygotes. Genes where the ration of dy/ds
1102  between N and S haplotypes deviates from one are highlighted in orange. A two-sided t-test
1103  reveals no significant differences in the distribution of dy/ds values between N and S haplotypes.
1104  Supplementary Table 1: Genome statistics for Celtic Sea (CS) and Baltic Sea (BS) PacBio
1105 genome assemblies where Hapl and hap2 are the two haplotype genomes and their statistics are
1106  shown on the top and bottom row for each sample, respectively. (A) using hifiasm assembler (B)
1107  using HiCanu assembler.

1108 Supplementary Table 2: Inversion breakpoint co-ordinates on the reference assembly for Chr6,
1109  Chrl2, Chrl7, and Chr23. * Approximate co-ordinates.

1110 Supplementary Table 3: Genes within inverted region and 200 kb upstream of inversion
1111  breakpoints (shaded grey). (A) Chr6 inversion. (B) Chrl2 inversion. (C) Chrl7 inversion. (D)
1112 Chr23 inversion.

1113  Supplementary Table 4: Inversion breakpoints for S (Celtic Sea) and N (Baltic Sea) haplotypes
1114  on four chromosomes based on individual PacBio assemblies (not the reference genome).

1115 Supplementary Table 5: Structural variations surrounding inversion breakpoints.

1116  Supplementary Table 6: y* test (d.f. = 1) of possible enrichment of non-synonymous mutations
1117  among extremely differentiated SNPs (dAF > 0.95).

1118 Supplementary Table 7. Information on the non-synonymous SNPs showing extreme
1119 differentiation (dAF > 0.95) in the inversion regions.

1120  Supplementary Table 8: Genome statistics of hybrid scaffold assemblies based on Bionano
1121  analysis. Hapl and hap2 are the two haplotype genomes and their statistics are shown on the top
1122  and bottom row for each sample, respectively. These hybrid scaffolds included large number of
1123 Ns.

1124  Supplementary Table 9: Genotypes of 35 individuals from Southern (S) and Northern (N)
1125 haplotypes at each inversion, determined by local PCA and diagnostic SNPs for each inversion.
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