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I. Supporting Text S1

1.Unmapped Reads

The detection of CNVs from mapping resequenced genomes depends on the
completeness, organization and structure of the reference assembly, as well as the
technological limitations of read mapping. For example, mapping approaches suffer
to some extent from a reference genome ascertainment bias [1]; genomes more
divergent from the reference will tend to map fewer reads. CNV deletions (including
homozygous deletions, herein “gene losses’) may thus be the result of a true genetic
absence in the target genome or the result of sequence divergence compared to the
reference genome, in which sequenced reads do not map to their respective loci due to
substitutions or structural variation. To investigate the impact of sequence divergence
on calling CNVs, we performed a de novo assembly and annotation of unmapped
reads into contigs (see Methods). Among the 161,780 unmapped contigs, 88% had
BLAT hits against the stickleback genome and 12.4% had protein sequence
similarities with 9,357 annotated stickleback genes. Unmapped contigs were on
average short (456bp), suggesting that the majority represents only parts of genes. We
wanted to know if these unmapped genes explain gene losses, but they make up the
same proportion of gene losses as expected by chance (50% of protein-coding genes
in the genome as well as 50% (43/86) of the protein-coding gene losses). These
results suggest that some of the gene losses (homozygous deletions) may actually be
unmapped diverged sequences, but not all since half the gene losses return no
similarities with the unmapped reads. We validated 6 (out of 6) homozygous deletions
by PCR (see Methods). A minority of the unmapped contigs (803, mean size of
749bp) had significant BLASTX matches (e-value <1x10) with only non-stickleback
data (Figure S17), 87% of which hit proteins from other teleosts, and overall
returning 168 annotated genes (Table S6). These are rather short contigs and as such
could represent partial genes/duplicates or pseudogenes. Over 20% of these contigs
are found in all 66 re-sequenced individuals (mean of 48 individuals), suggesting that
the putative (partial) genes they correspond to are missing from the reference genome
and may contribute to a slightly larger diversity of stickleback genes than are
currently annotated. Some of these 803 unmapped contigs were also found to be
specific to a particular population or continent. For example, 24 contigs were found in
freshwater populations from both continents but not the marine population, whereas 7
were solely found in the marine population. We also found 97 contigs to be Atlantic-
specific contigs, and 43 contigs not found in Atlantic freshwater populations, but most
of these (36) are found in the Atlantic marine population.



2. CNYV calling

The comparatively greater number of deletions called against the reference
probably reflects the higher efficiency of detecting deletions rather than an indication
of a shrinking genome [2,3]. In addition, because we call all deletions and
duplications versus the reference, insertions are more difficult to detect and might
often remain as unmapped reads either because the genes are not found in the
reference or due to sequence or structural divergence from the reference. Our results
from an analysis of the unmapped reads indicate that not all deletions can be
explained by unmapped reads.

3. CNYV sharing across individuals and populations

CNV sharing between individuals appears to occur mainly due to common
ancestry (Figure 1B, Figure S1). Following these same analyses (that were
performed using all CNVs including those that are in non-coding regions), we
quantified the amount of CNV genes occurring across groups of individuals at
different scales of divergence: (1) populations, (2) countries, and (3) continents. CNV
genes follow the same general patterns as CNVs when it comes to sharing across
individuals and populations. CNVs genes generally occur in few individuals and at
low frequencies (Figure S8,S9,S11), and are thus mostly private although many are
ancestral or recurrent; whereas 42% of CNV genes are population specific, likely due
to recent mutations, 35% are shared across continents (Figure S10). Like CNVs, we
also found that the proportion of CNV genes shared between individuals decreases
with geographic distance (Figure S12).

4. LSGs and LSDs are young genes

Stickleback LSGs and LSDs display some of the hallmarks of new genes. New
genes often exhibit such properties as short gene lengths [4-6], narrow gene
expression [7], and rapid molecular evolution [8-10]. These properties were
investigated among stickleback genes. First, we found that protein-coding LSGs are
on average significantly shorter (470bp) than non-LSGs (1,636bp; Mann-Whitney
test, W = 2005796, p < 0.0001), while LSDs are intermediate in length (1,045bp,
Figure S18A). LSGs also have fewer exons (mean = 3.2) than non-LSGs (mean =
11.7; Mann-Whitney test, W = 19040434, p < 0.0001), while LSDs are intermediate
in exon numbers (mean = 5.6, Figure S18B). Second, to test for narrow gene
expression, we performed a digital expression profile analysis of ESTs from NCBI.
LSGs and LSDs are expressed in significantly fewer tissue types compared to non-
LSGs (Mann-Whitney test, W = 10917441, p = 0.01867). LSDs also have a larger
proportion of genes that are absent from larval expression profiles, another indication
of narrow expression profiles (LSG LSDs = 0.71 and non-LSG LSDs = 0.46
compared with LSG singletons = 0.32 and other non-LSGs = 0.34). Third, using
transcriptomic sequences [11] from a sister species, the nine-spined stickleback, we
calculated pairwise dN and dS (see Methods) to approximate genetic rates of
evolution and functional constraints. This enabled the comparison between 7,075
putatively orthologous genes with length > 201bp and dS < 1, including 1,490 non-
LSG singletons, 5303 non-LSG duplicates, 186 non-LSG LSDs, 6 LSG LSDs and 90
LSG singletons. Compared with non-LSGs, LSDs and LSGs have lower or equal dS
(Mann-Whitney test, p = 0.0002 and p = 0.3, respectively) but up to three times
higher values of AN (Mann-Whitney test, p = 0.006 and p < 0.0001, respectively) and
dN/dS (Mann-Whitney test, p < 0.0001 for both LSD and LSGs, Table S14). In total,
we found 46 genes with pairwise dN/dS ratios greater than one, consistent with



positive selection, consisting of 10% of LSDs and 5% of LSGs compared with only
0.5% of non-LSGs (Table S15). Evaluating these rates of molecular evolution
between sister stickleback species required genes that originated before the speciation
of nine-spined and three-spined sticklebacks over ~13 million years ago [12].
Therefore we surmise that relaxed or positive selection, which is consistent with the
elevated dN and dN/dS in LSGs and LSDs, occurs in genes that have emerged several
million years ago and that still persist in both stickleback species. Furthermore, all 23
genes identified by the Selectome database [13,14] as evolving under positive
selection in sticklebacks are LSDs. Together, these findings support our classification
and interpretation of LSGs and LSDs as young stickleback genes, which exhibit
similar genetic patterns as young genes in other organisms.

5. Permutations to evaluate over- and under-representation of genes in CNVs

Random sampling of regions was performed to serve as a null expectation of
gene overlap compared with the observed gene overlap of CNVs (see Methods). This
allows to control for gene length, since lineage-specific genes are generally short
(Figure S18A). We found that more genes were encompassed in both CNV deletions
and duplications than every single random permutation (p < 0.001), and the same held
true for the specific gene categories of LSG singletons, LSG LSDs and non-LSG
LSDs. However, deletions encompassed fewer non-LSG paralogs and non-LSG
singletons compared to all permutations (p < 0.001), and duplications did not differ
significantly from random expectations for encompassing non-LSG paralogs (p =
0.765 for overrepresentation) or non-LSG singletons (p = 0.131 for
overrepresentation). This indicates that regardless of gene length, CNVs are enriched
with LSGs and LSDs, but not with other genes (in which deletions are actually
underrepresented with non-LSGs). Similar results were found for RNA genes.
Compared with permutations, there were more RNA genes in deletions (p = 0.047)
and duplications (p = 0.004), but this signal was specifically due to LSG singletons
and LSG LSDs (all with p < 0.05), rather than non-LSGs (all with p > 0.05).

6. Genic CNVs

Several genes have different copy-numbers between groups of populations
making them candidates for adaptation. For example, some immune-related genes like
MYDS88 and MHC II are duplicated or deleted in populations-specific patterns (Figure
S19). The MHC is particularly interesting given the proposed adaptive value of MHC
1I copy-number variation in response to different pathogen communities [15]. Five
olfactory receptor (OR) genes appear duplicated specifically in Norwegian
individuals, while other ORs have been completely or partially deleted (Figure S20).
Additional odorant-related genes such as a trace amine associated receptor (TAAR)
and a V2R gene are duplicated in some or all of the Atlantic individuals (Figure S20).
Other G-protein coupled receptor genes such as 4 taste receptor (TASIR1I) LSDs are
present as a single copy in all Atlantic individuals but present in one to six copies in
all Pacific individuals (Figure S21). We additionally found three POGK LSDs
(related to the mammalian POGO transposable element with KRAB domain gene)
that are lost in all Atlantic individuals or alternatively newly acquired in all Pacific
individuals, whereas a piggyBac transposable element-derived ortholog (PB) is
deleted in all Pacific individuals (Figure S21). An uncharacterized binding gene with
a ribonuclease H-like domain has four to seven fold higher copy-numbers in Atlantic
individuals (Figure S22). Other examples include an uncharacterized LSG (Figure
S22) and a LSD membrane protein (FAM159A4) that both have double the number of



copies in marine individuals compared to freshwater Atlantic populations, which in
turn have double the number of copies compared to Pacific populations.

7. RNA genes

We found that CN'Vs affecting RNA genes have similar distributions and
frequencies as those affecting protein-coding genes, suggesting an equally high
turnover rate of RNA genes. Many RNA genes are associated with fragile sites [16]
and commonly reside in segmental duplications as a result of lineage-specific gene
family expansions, potentially imparting lineage-specific expression differences [17-
24]. RNA genes may be essential or intermediary units allowing different populations
to adapt to their local environments. One example of a population-specific expansion
of an RNA gene is a small nuclear RNA (U5) that is deleted in all individuals except
those from Canada (Figure S22).
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