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Gene presence/absence variation
in Mytilus galloprovincialis and its implications
in gene expression and adaptation

Amaro Saco,’ Magali Rey-Campos,' Cristian Gallardo-Escérate,” Marco Gerdol,® Beatriz Novoa,’
and Antonio Figueras’#*

SUMMARY

Presence/absence variation (PAV) is a well-known phenomenon in prokaryotes that was described for the
first time in bivalves in 2020 in Mytilus galloprovincialis. The objective of the present study was to further
our understanding of the PAV phenomenon in mussel biology. The distribution of PAV was studied in a
mussel chromosome-level genome assembly, revealing a widespread distribution but with hotspots of
dispensability. Special attention was given to the effect of PAV in gene expression, since dispensable
genes were found to be inherently subject to distortions due to their sparse distribution among individ-
uals. Furthermore, the high expression and strong tissue specificity of some dispensable genes, such as
myticins, strongly supported their biological relevance. The significant differences in the repertoire of
dispensable genes associated with two geographically distinct populations suggest that PAV is involved
in local adaptation. Overall, the PAV phenomenon would provide a key selective advantage at the popu-
lation level.

INTRODUCTION

Genomic structural variation (SV) consists of large-scale differences of different types (translocations, inversions, duplications, insertions, de-
letions, and copy number variation) within the genome of a species and detectable through comparison among different haplogroups.’ SVs
are arbitrarily defined as such whenever they involve regions larger than 1 kb to differentiate them from smaller-scale modifications (e.g.,
SNPs, short tandem repeats, etc.) that are widespread in all genomes.” Large-scale SV can affect both intergenic and gene-encoding regions,
frequently resulting in intraspecific variation in gene content, defined as gene presence-absence variation (PAV), with biological implications
that are potentially much more relevant than small-scale variants.

Changes in gene content among different individuals or populations belonging to the same species are the foundations of a pangenome.
Originally described in microbial and viral genomes, pangenomes are defined by a set of core genes shared by all individuals and dispensable
genes that are absent in some individuals.”" The presence of dispensable genes in some populations may have advantageous effects due to
accessory functions provided by the encoded proteins, allowing adaptation to different ecological niches.” In addition to prokaryotes, open
pangenomes (i.e., pangenomes with a high dispensable:core gene ratio) have been described in plants, microalgae, and fungi, where the
dispensable genes cf. adaptive advantages mainly associated with biotic and abiotic stress resistance.®”? Until recently, only close pange-
nomes, with a low ratio of dispensable genes, had been reported in the animal kingdom. This was the case for humans'®'" and pigs, '?
with SV mostly linked with intergenic regions and variations on the order of 1-10% in gene content. Similar variations have been reported
in other chordates, such as the barn swallow bird Hirundo rustica,'* the ancient eel Anguilla japonica,M and the Atlantic cod Gadus mo-
rhua.”™'® Although widespread structural polymorphisms have been described in invertebrates, such as urochordates'” and bivalve mol-
lusks,'® none of these studies investigated the impact of these phenomena on gene content. Moreover, the few studies reporting extreme
cases of interindividual genetic diversity, such as those carried out in nematodes,'”*° have been mostly based on SNP analyses, disregarding
the potentials of SV and the associated gene PAV. The first open pangenome of the animal kingdom with widespread PAV, affecting 38% of all
annotated genes, was reported in 2020 in the mussel Mytilus galloprovincialis through a comparative genomic analysis that involved the re-
sequencing of several individuals.”" After this study, which represents a paradigm shift, more pangenomes with large dispensable fractions
were reported in other invertebrates, such as the silkworm Bombyx mori.’” These reports demonstrated that the genomes of invertebrate
animals can reach gene PAV levels similar to those observed in several plants and microbes (Figure 1).
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Genome size (Gb) individuals
Sus scrofa 25 12 3.00% Tian et al., 2020
Cucumis melo 0.438 5 4.40% Gonzélez et al., 2013
Candida albicans 0.014 34 9.37% McCarthy et al., 2019
Arabidopsis thaliana 0.119 80 10.00%  Tanetal. 2012
Saccharomyces cerevisiae 0.012 100 14.92%  McCarthy et al., 2019
Aspergillus fumigatus 0.029 12 16.71%  McCarthy et al., 2019
Malus domestica 0.703 36 18.70%  Sun et al., 2020
Cryptococcus neoformans 0.019 25 19.44%  McCarthy et al., 2019
Mytilus galloprovincialis 1.658 16 38.00%  Gerdol etal., 2020
Brassica napus 1.001 53 38.00%  Hurgobin etal., 2018
Zymoseptoria tritici 0.039 5 41.90%  Plissonneau et al., 2018
Bombyx mori 0.46 100 44.00%  Tongetal., 2022
Glycine max 0.978 26 49.88% Liuetal,, 2020

Figure 1. Gene presence/absence variation (PAV) phenomenon

(A) Proportion of core/dispensable genes in the mussel genome (mg10) and the genomes of other eukaryotic species where a pangenomic architecture has been
described (left scale bar). The green line indicates the genome size (Gb, right scale bar) considering the RefSeq Representative Genome.
(B) Table showing data on genome size, number of resequenced individuals, percentage of dispensable genes, and reference information for each pangenome.

In genome assembilies of diploid organisms, such as mussels, PAV occurs between homologous chromosomes within an individual, result-
ing in large hemizygous genomic regions, which are present in only one of the two homologous chromosomes. Since such regions and the
genes they contain are subjected to Mendelian inheritance, at the population level, each individual may have one (hemizygous), two (homo-
zygous), or zero copies (nullizygous) of each dispensable DNA block (and associated genes), depending on the combination between
parental haplotypes.”’”* Hemizygous regions are widespread in mollusk genomes and particularly important in bivalves, suggesting that
pangenomes could be extensively present in this mollusk class.”” In fact, recent reports have revealed additional bivalve pangenomes,
with SVs affecting gene content in the clam Mercenaria mercenaria and in the oysters Pinctada fucata’” and Crassostrea virginica.”®

Marine bivalve mollusks are sessile filter feeders with a global distribution, which inhabit different environments, and are usually found in
high-density populations.”” These species are subjected to threats due to the high concentration and diversity of bacterial and viral patho-
gens present in the sea’®?” and the harmful environmental factors associated with their habitats.”® The genetic variation maintained in the
mussel pangenome has been suggested to strengthen the adaptation capacity and resilience to a broad range of stressors. Such consider-
ations derive from the strong enrichment of the dispensable fraction in gene families subjected to lineage-specific expansions in bivalves,
which provide functions related to stress and immune response.”’ Several immune gene families are widely expanded and subjected to
PAV in mussels, such as IL-17,%" Clg proteins,32 and antimicrobial peptides, including myticihs33 and defensins.®>* Nevertheless, gene PAV
is likely not an exclusive feature of mussel genomes, as similar phenomena are the main drivers of interindividual sequence diversity in oyster
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defensins,” and preliminary studies have hinted that expanded immune gene families are commonly associated with hemizygous genomic
regions in different bivalve species.”

The objective of this study was to deepen our understanding of the PAV phenomenon in Mytilus galloprovincialis and its implications in
mussel biology. The chromosomal distribution of PAV was studied to detect hotspots of hemizygosity and dispensability. Moreover, we inves-
tigated the differences in the repertoire of dispensable genes for two mussel populations, revealing a clear pangenome imprint on adaptation
capacity, which was further supported by the important effect of gene PAV on expression profiles in all major mussel tissues.

RESULTS
Mussel chromosome-level assembly and presence/absence variation

The mg3 chromosome level assembly placed 99.42% of the mg3 scaffolds into 14 chromosomes. The resulting genome consisted of 1.8Gb
and encoded for 77,769 protein coding genes, higher than the 1.2 Gb and 60,302 coding genes found in the reference mg10 scaffold level
assembly. This difference was caused by a filtering step of the hemizygous fraction performed during the construction of the mg10 assembly,
while this fraction was kept complete in mg3 in order to include all the gene content. Data concerning the chromosome level assembly and its
comparison with previous Mytilus galloprovincialis genomic assemblies is presented in Tables S1-S3.

After running the presence/absence pipeline,*® 48,313 out of the 77,769 genes annotated in the mg3 chromosomal assembly were clas-
sified as core (62%) and 29,456 (38%) as dispensable, based on their identification in all or absence in at least one of the resequenced indi-
viduals, respectively. Figure 2A shows an example of the coverage graphs obtained from the analysis of read mapping profiles from each
individual. Typically, such graphs are characterized by the presence of a homozygous peak (2n) of coverage, which corresponds to genes pre-
sent with two alleles in the diploid genome. This peak invariably matches the expected coverage used for sequencing. A second hemizygous
peak (n), placed at exactly half the coverage of the 2n peak, includes genes associated with hemizygous genomic regions, only present with a
single allele in the diploid genome and potentially affected by PAV at the population level.?* A third peak would appear at zero coverage only
when mapping genomic reads from a different resequenced individual against the reference assembly. This third peak includes dispensable
genes that are present in the reference genome, but do not match any read from the resequenced individual, where they are absent. As ex-
pected, only homozygous and hemizygous peaks could be observed when genomic reads from the reference individual were mapped to the
reference assembly (Figure 2B). The comparison between the coverage curves obtained for all annotated genes (blue curves) and for the com-
plete BUSCO genes (orange curves) revealed a marked difference between the two gene sets, with the latter (enriched in genes with house-
keeping functions) displaying a higher proportion of genes located in the homozygous peak. When mapping reads from a resequenced in-
dividual, the hemizygous peak is reduced since several dispensable genes are absent in that particular individual, therefore appearing in a
peak at zero coverage (Figure 2C). The merging of all the genes missing in at least one individual allowed the generation of a complete list of
dispensable genes. Most dispensable genes were present in nearly all individuals (Figure 2D), thereby falling within a category of dispensable
genes that some authors define as “soft core” or “persistent”.**® Fewer dispensable genes were missing in a higher fraction of individuals,
displaying intermediate or high dispensability, consistent with “shell” and “cloud” dispensable gene definitions, respectively,* to the point
that approximately 1,000 genes were exclusively found in the reference individual and absent in all the resequenced mussels.

The spatial distribution of dispensable genes was analyzed in the chromosome-level assembly of Mytilus galloprovincialis using the
M. chilensis assembly as a reference for scaffolding. PAV weight was analyzed using the average dispensability at megabase level. A
5-megabase window resolution map of PAV-enriched chromosomal regions is represented in Figure 3A. The obtained levels of dispensability
were dependent on the proportion of dispensable genes with respect to the total number of coding genes found in each megabase of
genomic DNA (Figure 3B), as well as on the average dispensability of those genes (i.e., the number of analyzed resequenced genomes in
which they were absent) (Figure 3C). The chromosomal distribution of C1q genes, a gene family previously reported to be strongly subjected
to PAV,?" is represented in Figures 3D and 3E, displaying the dispensability rate of dispensable genes and the distribution of core genes,
respectively. The strongest dispensability signals for C1q genes corresponded to chromosomal regions with high PAV weight, as observed
in chromosomes 3, 7, and 13 among others.

Based on the megabase-scale dispensability levels, chromosomes 7, 12, and 13 were significantly enriched in dispensable genes with
respect to the overall PAV weight of the whole genome, according to an ANOVA Welch's F-test. On the other hand, chromosome 11 pre-
sented a significantly lower weight of PAV, being enriched in the core fraction (Figure 3F). Additional tests allowed the identification of
5-megabase windows of genomic sequence showing significantly different PAV weight than chromosomal average in chromosomes 2 and
9 (Figure 3A), revealing the presence of PAV hotspots outside the three aforementioned PAV-enriched chromosomes.

Gene expression associated with core and dispensable genes

The expressions of the core and dispensable gene sets in the mussel genome were studied by analyzing all high-quality transcriptomic data-
sets available for M. galloprovincialis. Figures 4A and 4B represent the fraction of samples (out of the 235 that passed all quality filters) where
any given or dispensable genes were expressed, respectively. This analysis revealed clear differences between the two gene sets. While most
of the core genes were expressed in almost all (90-100%) transcriptomic samples (Figure 4A), the opposite was observed for the dispensable
set (Figure 4B). In fact, many dispensable genes were expressed in a low fraction of samples (0-10%), and only a very few of them showed
broad expressions. The impact of gene PAV on expression was further investigated by separately analyzing groups of dispensable genes char-
acterized by different levels of dispensability. Figure 4C shows the relationship between dispensability and the detection/nondetection of
expression, highlighting the marked differences between "“soft core” genes, which were generally expressed in a relatively broad panel of
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Figure 2. Gene PAYV detection

(A) Mapping example of genomic reads from a resequenced individual against the reference genome. Three peaks can be observed based on different coverage
values: homozygous genes (presenting the expected sequencing coverage), hemizygous genes (half coverage) and genes without coverage, that is, absent in the
resequenced individual (PAV subjected genes).

(B) Mapping of genomic reads from the reference genome individual against the reference assembly. The lack of the zero coverage peak can be observed. Blue
curves represent coverage for all genes and orange curves represent coverage for the BUSCO complete genes only.

(C) Mapping of genomic reads from a resequenced individual against the reference assembly. Blue curves represent coverage for all genes and orange curves
represent coverage for the BUSCO complete genes only.

(D) Distribution of absent genes retrieved from all resequenced individuals. Genes were considered dispensable if they were missing in at least one individual.

samples, and “cloud” genes, which were mostly expressed in less than 10% of all samples. This direct relation between genomic PAV and the
absence of transcriptomic detection reaffirmed the results obtained in the genomic analysis in a much larger set of individuals, confirming a
non-casual trace of dispensability, most likely linked with the likelihood of a given dispensable gene to be present in the gene repertoire of
each individual subjected to RNA-sequencing. Similar analyses were also performed for specific gene families, either enriched in core or
dispensable genes”' (Figure S1).

The degree of expression variability (calculated as the standard deviation from the average expression of each gene in the whole tran-
scriptomic dataset) was calculated for the core genes and for dispensable genes, subdivided into different groups based on their level of
dispensability (Figure 4D). Core genes were subdivided into BUSCO-conserved core genes and non-BUSCO core genes, revealing that
housekeeping genes were less variable. However, regardless of the fact of being housekeeping or not, core genes showed the lowest
amount of variation among samples, whereas expression variability increased progressively and significantly with the degree of dispens-
ability. The same trend was observed by separately analyzing the transcriptomic data available for different tissues (Figure 4E). The linear
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Figure 3. Distribution of the presence/absence variation (PAV) across the Mytilus galloprovincialis chromosomes

(A) Heatmap showing the different weights of the PAV phenomenon across chromosomal regions of 5 megabases.

(B) Proportion of dispensable genes with respect to the total number of coding genes in each megabase of genomic sequence (ranging 1-48%).

(C) Average dispensability (the number of individuals in which any given gene was missing among all analyzed resequenced genomes), calculated for the
dispensable genes located in each megabase of genomic sequence (ranging 1-11).

(D) Distribution of dispensable C1qg genes across the genome. The height of the histogram corresponds to the dispensability of each gene (ranging 1-13).

(E) Distribution of C1q core genes.

(F) Histogram showing fold change values calculated for the average dispensability of each chromosome with respect to the whole genome. Statistically
significant differences, calculated with ANOVA-Welch F test using the dispensability data in the 5 megabase windows, are shown with black asterisks. The
same black asterisks are shown outside the Circos plot, along the name of the PAV-enriched chromosomes. Additionally, for each chromosome, red asterisks
indicate 5-megabase windows with PAV weight significantly different from chromosomal average.

iScience 26, 107827, October 20, 2023 5



¢? CellPress

OPEN ACCESS

iScience
Article

Expression of core genes in the transcriptomic dataset B Expression of dispensable genes in the transcriptomic dataset
16000 16000
14000 14000
2
a @
£ 12000 = 12000
2 s
a I
& 10000 $ @ 10000
5 28
@ & =
5 8000 S g 8000
S 5 2
5 s
2 6000 g5 6000
3
2 £
E 4000 = 4000
Z
2000 2000
0 0
[0, 10] (10, 20] (20, 30] (30, 40] (40, 50] (50, 60] (60, 70] (70, 80] (80, 90J(90, 100] [0, 10] (10, 20](20, 30](30, 40)(40, 50)(50, 60](60, 70](70, 80} (80, 90J90, 100]
Percentage of mapped samples Percentage of mapped samples
(o} absl abs2 abs3 abs11l abs12 abs13
2000 2000 2000 2000 2000 2000
1800 1800 1800 1800 1800 1800
£ 1600 1600 1600 1600 1600 1600
§ 1400 1400 1400 1400 1400 1400
§ 1200 1200 1200 1200 1200 1200
% 1000 1000 1000 1000 1000 1000
g o 800
E 60 600
Z 400 400
200 200
o 0
55558595888 =
RRSBBRBKY )
Soogoogogn =
SHANINO NS g
Percentage of mapped samples
D E F
Clq gene family
8 5 5 %
L > 4
7 5 3
K 4 E 2
> 6 K z
= 1] o 21
s s G HI £ ¢ o
& G 5 3 s N
g G © = Core Dispensable
5 4 oe EFF s
g c D 5 Lectin C gene family
@ 7
s 3 4 B3 *
b B a 5 4
& =2
2 5 3
a s
i I 22
3
g1
£
0 W oo
O O D DX O LN DD OO R S B DD Core Dispensable
PP @ & F P DN R ol L I AR R S g
Q§>Q§’®@@z@@®zz,§>,§),§,§> S A S P P Sl
& &
< @“ m All samples Hemcocytes MGill m Digestive gland ® Mantle
(40

Figure 4. Link between gene expression and gene PAV

(A) Histograms that represent the number of core genes (Y axis) expressed in a given fraction of the 235 analyzed samples in the transcriptomic dataset (X axis).
(B) The same result is shown for the dispensable genes.

(C) A breakdown of the data shown in panel B, based on the dispensability of each gene (each category is labeled absN, where N indicates the number of
individuals where a given gene was absent). The graph represents the top 3 groups of genes characterized by the lowest (abs1-abs3) and highest (abs11-
abs13) dispensability.

(D) Expression variability (calculated as the standard deviation from the average expression of each transcript in the whole dataset), calculated for all the genes
sharing the same level of dispensability. Only genes with an expression value of a minimum of 10 TPM in at least one sample were used. Statistically significant
differences calculated with an ANOVA-Welch F test are shown above the bars by using different letters. Core genes were divided between BUSCO-conserved
and non-conserved genes in order to reveal the behavior of housekeeping genes.

(E) Expression variability, calculated separately for each of the four main tissues present in the transcriptomic dataset. For all tissues, every fraction of dispensable
genes was significantly different from the core fraction.

(F) Analysis of expression variability in specific gene families. Significant differences between dispensable and core genes are indicated with an asterisk (see also
Figure S1).

relationship between dispensability and variability of expression was evident in gill, digestive gland, and mantle samples, but it was less
clear in hemocytes. However, for the four sample types, dispensable genes presented a significant increase in expression variability with
respect to the core genes. Additionally, to overcome possible differences caused by the inclusion of different genes, the core and dispens-
able genes belonging to the same gene families were analyzed, supporting the greater variability of expression in dispensable genes
(Figure 4F).
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Figure 5. Most highly expressed regions in the mussel genome

(A) The average expression of all Mytilus galloprovincialis SRA transcriptomic samples was calculated for different mussel samples. (1) Gene density per
megabase in the mussel genome. (2-6) Average expression per megabase in the mussel genome, capped at 100 TPMs to prevent the regions displaying
extremely high expression levels from masking other highly expressed regions. Expression values are shown for gills (2), hemocytes (3), mantle (4), digestive
gland (5), and larvae (6). Uncapped expression levels are also shown for gills (7), hemocytes (8), mantle (9), and digestive gland (10) (see also Figure S2; Table S4).
(B-E) The most highly expressed regions are shown, using average gene-level TPM expression levels for each sample type (G: gills, H: hemocytes, Dg: digestive
gland, M: mantle, L: larvae) along with dispensability data.

Chromosomal gene expression: Genome hotspots and tissue-specific regions

The average expression per megabase was calculated for all M. galloprovincialis chromosomes, providing a detailed map of the genomic
regions with the higher expression levels in different mussel tissues (Figure 5A). This approach allowed the identification of both regions dis-
playing high generalized expression in all tissues and regions displaying strong tissue specificity (and thereby most likely under the control of
potent transcription factors). The genomic regions showing the highest expression levels included arrays of genes encoding antimicrobial
peptides, which were strongly expressed in hemocytes, and arrays of uncharacterized genes highly expressed in the digestive gland
(Figures 5B-5E). Although the strong expression of these gene arrays was mostly due to the contribution of core genes, associated dispens-
able genes were highly expressed as well, mainly in the myticin array.

Among the many chromosomal regions displaying strong tissue specificity (Figure S2), an interesting discovery was represented by an
array of genes encoding several endonucleases, which were specifically expressed in the digestive gland. As shown in Table S4, most of these
tissue-specific arrays contained intermixed dispensable and core genes, consistent with the observation that mussel dispensable genes are
frequently associated with recently expanded gene families, through processes that likely involved tandem gene duplication.*' Uncharacter-
ized genes with strong expression were not uncommon, evidencing the large knowledge gaps that persist regarding the functional role of
lineage-specific gene families, which may carry out fundamental functions for the physiology of an organism despite the lack of detectable
homology.””

Implications of dispensable genes in adaptation

The list of absent genes associated with each resequenced individual was analyzed with the aim of investigating the possible presence of
patterns linked with adaptation, with particular reference to the geographical origin of the samples. The repertoire of dispensable genes
that were absent in each resequenced individual was used to perform a principal component analysis (PCA), which allowed us to obtain a
clear grouping of individuals based on their geographical origin (i.e., Galicia or Italy) (Figure 6A). This indicated that the repertoires of dispens-
able genes shared by mussels belonging to the same population showed higher overlaps than those shared by mussels sampled in different
geographical locations. This prompted us to investigate the presence of dispensable genes exclusively associated with either one or the other
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Figure 6. Geographical differences associated with the dispensable gene repertoire

(A) PCA performed with the repertoire of dispensable genes that were absent in each resequenced individual. The clustering of individuals belonging to the same
geographical location highlights the larger overlap between the dispensable gene repertoire of individuals from the same region.

(B) Chromosomal distribution of the dispensable genes showing “extreme” geographical distribution (dispensable genes that were present in all individuals from
one region and absent in all individuals from the other region). (1) Heatmap representing PAV weight in 5-megabase windows in the reference genome; (2-8)
Genomic location in the reference assembly of dispensable genes that were present only in the resequenced individuals from Galicia; (9-14) Genomic location in
the reference assembly of dispensable genes that were present only in the resequenced individuals from Italy (see also Table S5).

population, even though all analyzed genes were, by definition, present in the reference individual (sampled in Galicia). The dispensable
genes displaying the most skewed distributions included members from important immune-related families as well as calmodulins, low-den-
sity lipoproteins or cytochrome-related genes (Table S5). Figure 6B shows the chromosomal distribution of the dispensable genes character-
ized by the most "extreme” distribution, present in all individuals from one population and absent in all individuals from the other one. In
detail, chromosome 8 contained several dispensable genes only found in Galician mussels, and chromosome 6 included several genes
only found in Italian mussels (except Lola, the reference individual). Most of these genes were uncharacterized, and would be therefore
good targets for future functional characterization efforts.

DISCUSSION

Despite the use of a different, more redundant assembly version (mg3 instead of mg10) that provided a more comprehensive view of the
hemizygous regions of the mussel genome, the analysis of gene PAV in this study identified the same fraction of dispensable genes (38%)
as that previously reported in the reference genome.?’ As shown in Figure 2D, most dispensable genes were “soft core”, being absent in
a few individuals of the dataset (for example, 23% of the dispensable genes were absent in just one resequenced individual). These obser-
vations highlighted the highly dynamic nature of the mussel pangenome, pointing out the need to include a very high number of resequenced
individuals, possibly belonging to multiple populations, to delineate the core and dispensable fractions of the mussel genome in a reliable
manner.

The rates of hemizygosity and homozygosity are key indicators of gene dispensability, allowing estimation of the impact of gene PAV in a
species and the “openness” of its pangenome. The gene coverage graphs obtained from the reference individual and from resequenced
individuals belonging to the same species display major differences. Such graphs display only two peaks in the reference genome, since
all genes are either found in one or both homologous chromosomes and are presented either in a hemizygous or homozygous state. On
the other hand, a fraction of the genes associated with hemizygous regions in the reference genome might be entirely missing in the rese-
quenced individuals, leading to a third peak that corresponds to genes lacking detectable coverage. This is the direct consequence of the
Mendelian mode of inheritance of such genes, which, depending on the combination between the two parental haplotypes, could lead to
nullizygosity in some offspring. At the population level, this would lead to the observation of varying individuals either showing the presence
or absence of a given gene, which would therefore be defined as dispensable and associated with PAV. Although we have previously
described this phenomenon in M. galloprovincialis,”' the same hemizygosity patterns have been recently observed in other mussel spe-
cies,”"*? as well as in other bivalves,” suggesting that gene PAV could be considerably more common than originally thought in these
organisms. The high dispensable:core gene ratio found in mussels points toward complex open pangenomes, with several thousand dispens-

able genes that could provide beneficial accessory functions.”"**
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In this study, we investigated the biological implications of gene PAV in M. galloprovincialis in greater detail, exploiting a new chromo-
some-scale assembly obtained by scaffolding in the genome of Mytilus chilensis.** Since the two species are congeneric and closely related,**
this type of approach was appropriate for filling in the gaps that exist in the Mediterranean mussel fragmented reference genome, allowing us
to reorder the scaffolds based on their inferred chromosomal location, as previously done for other assemblies within the same species
complex.”

This strategy, combined with the mapping of dispensable genes, allowed us to investigate the distribution of hemizygous genomic regions,
highlighting similarities but also some discrepancies with data previously reported in other molluskan species. In detail, hemizygous regions have
been described to be broadly and nearly uniformly distributed along the chromosomes of other mollusks, which nevertheless did not display a
level of hemizygosity as high as in mussels.”” The impact of hemizygosity on gene PAV in other mollusk species was significantly inferior to that
observed in mussels, with the highest interindividual variations in gene content (11-16%) being reported in the clam Mercenaria mercenaria.”*
Although the distribution of dispensable mussel genes was generally consistent with this view, we highlighted the presence of chromosomal
hotspots of dispensability. This observation is consistent with the data recently reported in Pinctada fucata, where a large megabase-scale hemi-
zygous genomic region was specifically located in a single chromosomal scaffold, where most reported SVs of this species were found, perhaps
as a result of high transposon activity.”” The association of this region, present in only one of the two haplotypes of the sequenced individual, with
protein-coding genes would in turn imply the possibility that the same region is subject to PAV at the population level.?> Similar to the case of
Muytilus galloprovincialis,”' the major hemizygous genomic region of P. fucata was enriched in immune-related genes, such as those encoding
immunoglobulin-like domains. Overall, the chromosomal distribution of hemizygous regions in mussels was characterized by a broad distribu-
tion of dispensable genes and the presence of some hotspots, similar to those described in other bivalves, such as Crassostrea virginica.”®

After obtaining a detailed cartography of the dispensable gene locations across the chromosomes of M. galloprovincialis, we tried to
elucidate their possible functional implications. Mussel dispensable genes are enriched in young immune-related gene families that have
been subjected to large lineage-specific expansions,”’ marking a feature shared by nearly all bivalves, but uncommon in other mollusks.*®
Strikingly, such large expanded immune gene families are also frequently associated with hemizygous genomic regions in several bivalves.?
If we assume that the molecular diversification of immune receptors and effectors has important functional implications in the arms race be-
tween the host and the pathogen, then the strong association between gene PAV and the recent expansion of these immune gene families
might provide a significant evolutionary benefit to bivalves in their natural habitat. Indeed, gene duplications can lead to the neofunctional-
ization of new gene copies,”’ whose signatures are particularly evident in several bivalve immune gene families.”’*" The high complexity of
these diversified immune repertoires is further amplified by an additional layer of interindividual diversity, provided by gene PAV, which en-
dows each individual with a unique molecular arsenal that might prevent a pathogenic or environmental challenge from affecting all individ-
uals in high-density mussel beds. It is becoming increasingly clear that these genomic factors also have profound effects at the transcriptomic
level, as highlighted by the remarkable differences in the individual response displayed by mussels to the same stimulus.*®

Even though the dispensable gene repertoire of mussels from the same population differed between individuals, the results of this study
indicated that within-population interindividual differences in PAV patterns were significantly lower than those observed between popula-
tions. While this would be consistent with the shared ancestry of the mussels found in the same geographical location, i.e., Galicia and
the Adriatic Sea, and in line with the proposed mode of Mendelian inheritance of dispensable genes, these results may be linked with local
adaptation to the different environmental conditions found in the two sampling areas. Curiously, a recent study carried out in oysters that
focused on copy number variations within expanded gene families, did not report clear differences between sampling locations, revealing
that inbred individuals had a lower number of copy variants.”® Although the results of our comparative study need to be validated for addi-
tional populations and with analyses of a greater number of individuals, the correlation between PAV patterns and the geographical origin of
samples offers some interesting cues about the potential usefulness of dispensable genes as molecular markers to be used in conjunction with
classical SNP-based genotyping approaches. Additionally, dispensable genes exclusively present in a specific population were identified;
most of them being uncharacterized and which would constitute interesting targets for future characterization.

The expression data analyzed in this study strongly reinforce the idea that gene PAV in mussels is not a phenomenon merely linked with
genome architecture but also has important implications on the transcriptional landscape and, consequently, on phenotype. Indeed, mussels
expressing a given set of dispensable genes providing advantageous accessory functions may display enhanced fitness in certain habitats,
being able to adapt to certain environmental conditions that would not have been tolerated by individuals expressing only the core part of the
genome.”’ This interpretation is fully consistent with the data recently reported in Mytilus chilensis, where different chromosomal clusters of
genes were specifically expressed in different populations adapted to largely different environmental conditions.**

The dispensable fraction of the mussel genome emerges as the “main culprit” in explaining the important interindividual and interpop-
ulation differences in gene expression that have been frequently described in different settings in the mussel scientific literature over the past
few decades. In fact, the lack of expression from certain genes, which has always been traditionally interpreted as evidence of tight transcrip-
tional control, is most often explained by the lack of the gene itself in a given individual or population rather than by simple transcriptional
repression. This interpretation was strongly supported by the linear correlation we observed between the levels of dispensability and expres-
sion variability, which could be consistently replicated across a broad range of tissues. The presence or absence of expression has been pre-
viously used as a proxy to estimate gene PAV in other species.'* Although we found a strong relationship between transcriptomic and
genomic PAV results, such inferences would always need genomic verification, as in our study.

In addition to having profound biological significance, our findings also have important practical implications. We demonstrated that the
dispensable fraction of the mussel pangenome is a strong source of noise in transcriptomic experiments due to the inherent variability of the
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expression of genes with PAV across individuals. Such noise might reach a point where the differential expression of core genes that are respon-
sive to a given stimulus is entirely masked by spurious data linked with apparent gene alterations of gene expression that are not due to a mod-
ulation of expression but due to PAV. Therefore, limiting gene expression analyses to the core genome fraction only would provide, in principle,
more reliable and reproducible results than analyses carried out using the full gene repertoire as a reference. On the other hand, our results also
showed that dispensable genes are of major importance in this species, often displaying strong tissue specificity and being expressed at high
levels in the individuals who carry them. Hence, disregarding dispensable genes in transcriptomic analyses might be detrimental for the inter-
pretation of results, as this would prevent the detection of several biologically meaningful signals. Altogether, our data indicated that the most
appropriate approach to follow while analyzing gene expression data of species characterized by open pangenomes would probably lie in the
construction of de novo assemblies using the individual samples from each experiment. Although the number of high-quality genomic resources

214174349 the extent to which gene PAV affects individual gene repertoires highlights the importance of

available for mussels is quickly growing,
selecting the most appropriate transcriptomic reference to obtain a reliable biological interpretation. Although the impact of the PAV gene in
other bivalve species remains to be fully understood, preliminary data seem to point in the same direction.?>?%

The genomic regions associated with the highest transcriptional activity were identified in different tissues, highlighting the strong expres-
sion of some dispensable genes, such as myticins. This gene family provides an interesting example for the importance of PAV in this species,
since myticin genes are among the most highly expressed in hemocytes, cumulatively accounting for over 100,000 average TPMs, i.e., more
than 10% of the total transcriptional effort of this tissue. Myticins are implicated in different immune functions, have antiviral and antimicrobial
properties but also display cytokine-like activity, and they are affected by PAV to the point that each individual mussel possesses its own
unique repertoire of myticin variants.>*%°" Additional uncharacterized gene clusters of similar importance for other tissues have been iden-
tified in the current study and could be the target of functional studies in the near future.

Overall, this study provides additional evidence supporting the relationships between PAV, the local adaptation of mussel populations to
different marine coastal environments and the high invasiveness of this species, as indicated by the differences between the dispensable rep-
ertoires shown by different populations and their enrichment in immune and stress-response functions. The great relevance of PAV for the
interpretation of gene expression data was also confirmed, evidencing the importance of considering the dispensable gene repertoire of
each individual to discern transcriptional noise from biologically meaningful signals. In summary, the success of mussels in colonizing different
environments and their high resilience to biotic and abiotic stress are supported by a complex open pangenome with large lineage-specific
gene family expansions and widespread PAV, whose effect on gene expression profiles can explain the great adaptability of these organisms
to their challenging and changing habitats.

Limitations of the study

This study represents a first incursion into the PAV phenomenon to try to explain the biological and immune reality of the mussel. A relevant
aspect to be achieved in the future would be to improve this analysis by increasing the number of individuals as well as their geographical
origins. The greater the number of sequenced genomes, the better the conclusions that can be drawn. Fully sequenced haplotypes and
PAV studies in other bivalve species would be of great interest as well.
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Further information and requests for resources should be

(antoniofigueras@iim.csic.es).

Materials availability

This study did not generate new unique reagents.

Data and code availability

directed to and will be fulfilled by the lead contact, Antonio Figueras

® The genomic and transcriptomic data generated in this paper, namely the chromosome-level assembly, the PAV data and the transcrip-
tomic dataset, has been deposited at Figshare and is publicly available as of the date of publication. The corresponding DOl is listed in
the key resources table. This paper also analyzes existing, publicly available RNA-seq data and genome resequencing data. The SRA acces-
sion numbers for the RNA-seq data are listed in Table S6 and the accession number for the resequencing data is listed in the key resources

table.
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o All code needed for the PAV analysis is publicly available as of the date of publication and the accession is listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Mg3 chromosome-level assembly

Although the published reference genome of Mytilus galloprovincialis corresponds to the mgl10 assembly version (GenBank:
GCA_900618805.1), we used the mg3 assembly for all the analyses reported in this study. This decision was justified by the fact that this version
included all the uncollapsed allelic variants found in the reference individual, thereby providing a comprehensive view of hemizygous
genomic regions, which were partly removed to attempt sequence redundancy reduction in mg10.%!

The mg3 assembly was scaffolded to a chromosome level using the chromosome-level M. chilensis genome as a ref.”” Briefly, the mg3
contigs were mapped to the M. chilensis genome using Minimap2,%” implemented in CLC Genomics Workbench 23.0 (QIAGEN, Denmark).
Mg3 comprised 22,290 scaffolds with 77,787 and 85,594 annotated genes and CDS, respectively. A total of 99.44% of these scaffolds were
mapped successfully to the 14 M. chilensis chromosomes, while 130 scaffolds were unmapped (Table S1). To polish and improve the assem-
bly, PacBio long reads from the reference individual (ERR4327922, NCBI Bioproject: PRJEB24883) were also mapped against the reference
genome of M. chilensis. The bioinformatic analysis was conducted using the “Long read mapping” tool in CLC using the following param-
eters: match score = 2; mismatch cost = 4; gap open cost = 4; gap extend cost = 2; long gap open cost = 24; long gap extend cost = 1; score
bonus for global alignment = 0. Most scaffolds showed continuous orientation and overlapping and GAPPadder®” was used to close the re-
maining gaps. Finally, the consensus sequence from the mapped mg3 scaffolds and PacBio long reads was extracted. The 22,160 mapped
mg3 contigs were oriented and assembled in 14 pseudochromosomes, reaching a genome size of 1.881 Gbases for M. galloprovincialis
(Table S2) containing 77,769 protein-coding genes (Table S3).

42

Presence/absence variation and dispensability analyses

The presence/absence variation detection pipeline, which used this version of the genome assembly as a reference, was run as previously
described, analyzing whole genome resequencing data obtained from multiple individuals.”'*® Resequencing data was available for individ-
ual genomes from Galicia (3 males and 4 females), namely, GALF1 (ERR2772606), GALF2 (ERR2772607), GALF3 (ERR2772608), GALM1
(ERR3169425), GALM2 (ERR3159549), GALM3 (ERR2772611), and PURA (SRR1598987), and from ltaly (3 males and 3 females), namely,
ITAF1 (ERR2772612), ITAF2 (ERR2772613), ITAF3 (ERR2772614), ITAM1 (ERR3169424), ITAM2 (ERR2772616), and ITAM3 (ERR2772617).
Sequencing data obtained from the reference individual (ERR3169426) were used as a control. All sequencing data are publicly available
from the NCBI SRA database, associated with NCBI BioProject: PRIEB25106 and NCBI BioProject: PRINA262617. Reads were trimmed
with fastp® and mapped with bwa mem®* against the reference genomic sequence. Then, the BAM files were sorted with samtools by left-
most coordinates, and samtools depth® was used to compute the observed sequencing coverage at each position of the genome.

The transcripts that were included in the mg3 annotation (85,612) were filtered to keep only the longest transcript per gene (77,787), and
their exon coordinates were retrieved. A BUSCO™® analysis was performed at the phylum level (Mollusca database, OrthoDB v.10) with the
longest transcript per gene with the aim of retrieving complete single copy genes expected to be shared by all mollusks. Coverage files
from each resequenced individual were used to estimate the average coverage for each coding gene and for the BUSCO genes based on
exon sequences only. The coverage threshold to identify the genes likely to be absent in a given individual was calculated by dividing the
median coverage for the BUSCO genes by eight, an arbitrary threshold that in our previous studies allowed us to reach an excellent corre-
lation between in silico gene presence/absence calls and PCR confirmation.?'*® Per-transcript coverage graphs were prepared for each in-
dividual to visually demonstrate the two distinct peaks associated with genes found in a homozygous or hemizygous condition, as well as
those lacking any coverage (Figure 2A).

Finally, the genes named absent in at least one resequenced individual were merged to build a complete list of all the dispensable genes
annotated in the reference genome.

For each gene in the mussel genome, a parameter named "“dispensability” was calculated as the number of individual resequenced ge-
nomes in which that particular gene was missing. Therefore, core genes would present a dispensability level of zero, while dispensable genes
would have higher or lower dispensability depending if they were absent in just one individual or more rarely found among the analyzed
genomic data.

Gene expression data
A gene expression analysis was carried out by mapping M. galloprovincialis transcriptomic samples against the aforementioned mg3 gene
annotations (considering the longest transcript per gene). The IDs of all the SRA data employed are provided in Table S6 (these included all
publicly available M. galloprovincialis SRA transcriptomic samples obtained using lllumina sequencing platforms that presented a minimum
number of 2.5 million spots per run).

Mussel transcriptomic data were analyzed with a Snakemake pipeline® that included sample trimming with fastp of both single-end and
paired-end reads,” mapping them against the longest transcript per gene in the mg3 assembly using salmon®® and the generation of map-
ping saturation curves using a python script. Samples with a mapping rate lower than 30% or with highly saturated mapping curves were

discarded.
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The expression levels of each transcript were calculated using the transcript per million (TPM) metrics reported by Salmon. The average
TPM of each transcript was calculated for each tissue/sample type, allowing the identification of tissue-specific genes, defined as those
showing an average TPM value >50 in a single tissue/sample type and an average TPM value <5 in all the other tissues/sample types.

Data visualization
Circos” was used to visualize chromosomal data, and the R package PCA tools®® was used for the principal component analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Several analyses required statistical tests. ANOVA-Welch F tests were run, in order to prevent assumption problems with unequal variances,
using the Rcmdr package®' for the analyses included in Figures 3 and 4. The significance was defined by a p-value < 0.05 and statistical sig-
nificance was indicated with asterisks in both figures. For the analyses in Figure 3, input data was the dispensability value per megabase in
each chromosome and the statistical test reported the chromosomes or the 5-megabase windows enriched in dispensability (see figure
legend for details). For the analysis in Figure 4, input data were expression deviation values across the transcriptomic dataset for each group
of genes, classified according to their dispensability.
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