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Recent, full-length gene retrocopies are

common in canids

Kevin Batcher,' Scarlett Varney,' Daniel York,? Matthew Blacksmith,? Jeffrey M. Kidd,>*
Robert Rebhun,? Peter Dickinson,? and Danika Bannasch’

' Department of Population Health and Reproduction, ?Department of Surgical and Radiological Sciences, University of California,
Davis, Davis, California 95616, USA; 3 Department of Human Genetics, 4Department of Computational Medicine and Bioinformatics,
University of Michigan Medical School, Ann Arbor, Michigan 48109, USA

Gene retrocopies arise from the reverse transcription and insertion into the genome of processed mRNA transcripts.
Although many retrocopies have acquired mutations that render them functionally inactive, most mammals retain active
LINE-l sequences capable of producing new retrocopies. New retrocopies, referred to as retro copy number variants
(retroCNVs), may not be identified by standard variant calling techniques in high-throughput sequencing data.
Although multiple functional FGF4 retroCNVs have been associated with skeletal dysplasias in dogs, the full landscape
of canid retroCNVs has not been characterized. Here, retroCNV discovery was performed on a whole-genome sequencing
data set of 293 canids from 76 breeds. We identified retroCNV parent genes via the presence of mRNA-specific 30-mers,
and then identified retroCNV insertion sites through discordant read analysis. In total, we resolved insertion sites for 1911
retroCNVs from 1179 parent genes, 1236 of which appeared identical to their parent genes. Dogs had on average 54.1 total
retroCNVs and 1.4 private retroCNVs. We found evidence of expression in testes for 12% (14/113) of the retroCNVs iden-
tified in six Golden Retrievers, including four chimeric transcripts, and 97 retroCNVs also had significantly elevated Fst
across dog breeds, possibly indicating selection. We applied our approach to a subset of human genomes and detected
an average of 4.2 retroCNVs per sample, highlighting a 13-fold relative increase of retroCNV frequency in dogs.
Particularly in canids, retroCNVs are a largely unexplored source of genetic variation that can contribute to genome plas-

ticity and that should be considered when investigating traits and diseases.

[Supplemental material is available for this article.]

Gene retrotransposition occurs when mRNA is reverse transcribed
into DNA and inserted back into the genome, resulting in an in-
tron-less copy of a gene referred to as a retrocopy or a processed
pseudogene. This process is performed in mammals by long inter-
spersed nuclear element 1 (LINE-1 or L1) proteins acting in trans
on cellular mRNA (Jurka 1997; Esnault et al. 2000; Richardson
et al. 2014). LINE-1-mediated retrotransposition results in the
duplication of short (10- to 20-bp) segments of genomic DNA
flanking the insertion, referred to as target site duplications
(TSDs). Thousands of retrocopies have been identified in mamma-
lian reference assemblies, although the exact number varies by
species and by the annotation method applied (Rosikiewicz et al.
2017; Frankish et al. 2019). Most of these reference retrocopies
are the consequence of ancestral retrotransposition events, evi-
denced by the accumulation of mutations that differentiate the
retrocopy sequence from that of the parent gene (Rosikiewicz
et al. 2017). Although these ancestral retrocopies tend to be fixed
in a species (Ewing et al. 2013; Schrider et al. 2013; Kabza et al.
2015), most mammalian genomes contain active LINE-1s capable
of producing novel retrocopy insertions (Penzkofer et al. 2016).
These more recent retrocopy insertions may not be fixed in a spe-
cies, resulting in gene copy number variation between individuals,
referred to as retro copy number variants (retroCNVs) (Abyzov
et al. 2013; Ewing et al. 2013; Schrider et al. 2013; Richardson
et al. 2014; Casola and Betran 2017). Although some of the retro-
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copies present in a reference genome assembly may be polymor-
phic in a species and thus may be reference retroCNVs, there are
also nonreference retroCNVs that are not found in the assembly it-
self (Schrider et al. 2013).

RetroCNVs are a type of complex structural variant that re-
quires specialized techniques for identification within whole-ge-
nome sequencing (WGS) data (Casola and Betrdn 2017). When
[llumina paired-end reads are aligned to a reference assembly,
any reference retroCNV that is absent in an individual will appear
as a deletion relative to the assembly. However, when an individ-
ual has a nonreference retroCNV, the reads coming from that ret-
roCNV will align to the parent gene. Because the retrocopy lacks
introns, discordant reads are observed aligning only to the exons
of the parent gene. Discordant reads are also found at the 3’ and
5" end of the gene mapping to the insertion site of the retroCNV.
These two features can be used to identify nonreference retroCNVs
from WGS data, with the gold standard in retroCNV discovery re-
quiring identification of the parent gene and characterization of
the insertion site (Richardson et al. 2014; Zhang et al. 2021). Esti-
mates of gene retrotransposition rates have varied, although recent
analyses using high-coverage WGS data have identified 1663 ret-
roCNV parent genes in populations of mice (Zhang et al. 2021)
and 503 in human populations (Zhang et al. 2017), indicating
that gene retrotransposition is a common occurrence. There is
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Recent gene retrocopies are common in canids

limited information about retroCNVs in dogs (Gao et al. 2019; Kim
et al. 2019; Batcher et al. 2020); however, short interspersed nucle-
ar element (SINE) insertions, which are also mobilized in trans by
LINE-1 encoded proteins in a manner similar to gene retrocopies,
have been shown to be highly dimorphic in dogs (Wang and Kirk-
ness 2005; Halo et al. 2021).

Although retrocopies have historically been referred to as pro-
cessed pseudogenes and presumed to be nonfunctional, evidence
has accumulated for retrocopy expression and functionality
(Cheetham et al. 2020; Troskie et al. 2021; Zhang et al. 2021). It
has been argued that retroCNVs are likely to be deleterious based
on negative selection in natural populations of mice (Zhang
etal. 2021), and consistent with this hypothesis, retroCNVs in hu-
mans have been shown to be involved in cancer as well as neuro-
degenerative, mental, or cardiovascular disorders (Ciomborowska-
Basheer et al. 2021). In dogs, two recently inserted and expressed
FGF4 retrocopies are associated with dominant skeletal dysplasias
(Parker et al. 2009; Brown et al. 2017). Several additional FGF4 ret-
rocopies with no known phenotypic associations were also discov-
ered, indicating that retroCNV formation may also be a common
occurrence in dogs (Batcher et al. 2020).

Artificial breed selection by humans

could also increase the allele frequency A

of functional retroCNVs, as appears to
have been the case with the FGF4
retroCNVs, which are common in many
breeds (Batcher et al. 2019). As such,
analysis of the full landscape of
retroCNVs in dogs could lead to interest-
ing insights into retrocopy biology and
may additionally help in identifying
causative variants for phenotypic associ-
ations in dogs. The goal of this current
study was to characterize the landscape
of retroCNVs in dogs by performing
retroCNV discovery on a diverse data set
of canids and by further analyzing the
retroCNV for evidence of function.
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FASTQ files
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BAM files

1,911 retroCNV from 1,179 parent genes ol

Results

retroCNV discovery

We used high-coverage WGS data from 1500
293 canids (median coverage of 25.6x)
aligned to the CanFam3.1 reference ge-
nome for our retroCNV discovery data
set (Supplemental Table S1). Our ap-
proach to retroCNV discovery was to first
identify mRNA-specific 30-mers, which
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which were then used for retroCNV parent gene discovery. In total,
1870 putative retroCNV parent genes were identified in the 293 ca-
nid data set based on the presence of these mRNA-specific 30-mers.

To resolve the insertion site of nonreference retroCNVs (Sup-
plemental Fig. S1), we analyzed discordant paired-end reads. From
the 1870 parent genes identified as having putative retroCNVs, in-
sertion sites were resolved for 1911 total nonreference retroCNVs
coming from 1179 parent genes (Fig. 2A). Many (808/1911,
42.3%) insertion sites were located within the introns of other pro-
tein-coding genes (Supplemental Table S2; Supplemental Fig. S2).
Of the 1179 retroCNV parent genes, 1150 were protein coding,
whereas 29 were IncRNAs. Four of the previously identified FGF4
retroCNVs were successfully identified through our approach
(Supplemental Table S2). The TSD was resolved for 1676 (87.7%)
of the retroCNVs, and the median TSD length was 16 bp. No inser-
tion sites could be identified for retroCNVs derived from 691 of the
putative retroCNV parent genes; however, 125 of these parent
genes had discordant reads mapping between exons, which may
indicate the retroCNV inserted into repetitive or unresolved re-
gions of the CanFam3.1 reference genome (Supplemental Table

B
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are present in spliced gene sequences 0
but absent from the CanFam3.1 refer- 0
ence assembly (Fig. 1A). These sequences
are only found in genomic DNA when a
nonreference retroCNV is present (Fig.
1B). No mRNA-specific 30-mers were
identified from single-exon genes (N=
1574) or genes with recent retrocopies al-
ready present in the reference assembly
(N=75). We identified mRNA-specific
30-mers for 18,192 protein-coding genes

and 10,807 long noncoding RNAs, ple size.
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Figure 1. retroCNV discovery. (A) retroCNV discovery pipeline. (B) mRNA-specific sequences are
formed owing to intron removal; these sequences are used to identify nonreference retroCNV parent
genes in FASTQ reads from genomic DNA sequence. (C) Total nonreference retroCNV count seen in in-
dividual domestic dogs (average, 54.1). (D) Number of detected retroCNV insertions with increasing re-
sampling sample sizes in breed dogs. Subsample sizes were selected from one to 210, with a step size of
10, and 100 replicates within each subsample. Bars represent standard deviation of the replicates at each
subsample size, and the gray area shows the prediction of increasing the number of dogs beyond the
number used in this study. (£) Number of detected retroCNV insertions with increasing resampling sam-
ple sizes in Golden Retrievers. Subsample sizes were selected from one to 25, with a step size of five, and
100 replicates within each subsample. Bars represent standard deviation of the replicates at each subsam-
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Figure 2. Circos plots highlighting the location of retroCNV parent genes and their insertion sites, with
links colored based on the chromosome of the parent gene. (A) All recent retroCNVs identified in canids
with no retroCNV-specific variants. (B) All retroCNVs of the GAP43 parent gene. (C) All retroCNVs present
in a single Golden Retriever (SRR7107792). (D) All retroCNVs present in all (N = 26) Golden Retrievers. (C,
D) The thickness of the link represents how common the retroCNV is within the Golden Retriever data set.

S3). Further inspection revealed that 21 of the putative retroCNV
parent genes had discordant reads mapping to satellite DNA, sug-
gesting insertion of the retroCNV into a telomeric or centromeric
region. Additionally, four parent genes (MITF, NME7, TXNDC12,
and PPP2CB) that had discordant reads in all of the males and
none of the females were identified, indicating that the retroCNVs
were likely on the Y Chromosome, which is not represented in the
CanFam3.1 assembly.

We also identified retrocopies that are present in the
CanFama3.1 reference genome but missing in at least one of the
293 canids, which we refer to as reference retroCNVs. We identi-
fied 58 reference retroCNVs, which were confirmed through visual
analysis of aligned WGS data (Supplemental Table S4). Several
reference retroCNVs were highly prevalent in dogs (>=70%) and
rare in wolves (<10%), including the reference retroCNV AKR1B1
(retro_cfam_63), which has previously been associated with
domestication (Wang et al. 2019), as well as retroCNVs of
MGST3 (retro_cfam_35) and RPL27A (retro_cfam_145).

We focused all subsequent analysis on the 1911 nonreference
retroCNVs with resolved insertion sites. A full matrix matching
individual canids with retroCNVs is available in Supplemental
Table S5. Although 880 of the retroCNV parent genes only
had one retroCNV insertion site identified, 338 retroCNV parent

genes had multiple insertion sites identi-
fied, including genes such as GAPDH,
which had 21 retroCNV insertions (Sup-
plemental Fig. S3; Supplemental Table
S2). Most of the retroCNV parent genes
(900/1179, 76.3%) had no retrocopies
present in the CanFam3.1 reference as-
sembly. Additionally, 231 retroCNV par-
ent genes had no known retrocopies in
any of the mammalian reference ge-
nome assemblies, including GAP43,
which had 18 retroCNV insertion sites
identified in canids (Fig. 2B; Supplemen-
tal Table S2).

Table 1 highlights some aspects of
the nonreference retroCNVs by popula-
tion. Dogs with an assigned breed, which
we refer to as breed dogs, had 54.1 nonre-
ference retroCNVs on average (95% CI
52.5-55.7) (Fig. 1C). Within the 227
breed dogs, there were 325 private
(unique to an individual dog) retroCNVs,
or 1.4 per breed dog on average (95% CI
1.2-1.7), whereas the 43 free-ranging
dogs had 214 private retroCNVs and 5.0
each on average (95% CI 4.0-6.0). Most
nonreference retroCNVs were identified
in a small number of dogs and at a low al-
lele frequency in the entire population
(Supplemental Fig. S4). There were also
689 retroCNVs exclusive to breed dogs,
247 retroCNVs exclusive to the 18 wild
canids, and 197 retroCNVs exclusive to
the three African wild dogs (Table 1).
We also observed that individuals that
were sequenced at a higher depth tended
to have more retroCNV insertion sites re-
solved (Supplemental Fig. S5). Although
samples at greater than 30x coverage
had an average of 57.9 retroCNVs (95% CI 56.2-59.6), samples be-
tween 10x and 30x coverage had 54.8 (95% CI 52.3-57.3) and sam-
ples less than 10x coverage had 40 (95% CI 35.2-44.8) on average.

retroCNV-specific gene variants

To estimate how recently the retroCNVs inserted, we identified
variants that occurred in the retroCNV after insertion through
the analysis of variants at the parent gene locus. Most retroCNVs
had not acquired any new variants after insertion, as retroCNV-
specific variants were only identified in 153/1390 (11.0%) of the
retroCNVs analyzed, and only eight of 1390 (0.6%) retroCNVs
had high impact mutations (Supplemental Table S6). Highlighting
their more recent origin, only 92/1212 (7.6%) of the dog exclusive
retroCNV had any retroCNV-specific variants, whereas 61/178
(34.3%) of the retroCNVs that were shared across canids had ret-
roCNV-specific variants.

Resampling

We expected that more retroCNVs may be detected in even larger
data sets. To test this, we performed random resampling of individ-
ual breed dogs. Although we identified 1140 retroCNVs in the 227
breed dogs, extrapolation from random resampling indicated that
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Table 1. Population summary of nonreference retroCNVs

Population Total retroCNVs Average retroCNVs Private retroCNVs Exclusive retroCNVs
Breed dogs (N=227) 1165 54.1 325 689
Free-ranging dogs (N=43) 705 56.6 214 254
Dingoes (N=3) 85 55.3 9 13
Wolves (N=10) 354 71.5 144 185
Coyotes (N=5) 104 33.8 31 49
African wild dogs (N=3) 214 173.0 44 197

(Private) retroCNVs unique to a specific individual, (exclusive) retroCNVs unique to a specific population.

we would expect to identify over 1300 retroCNVs in a data set of
400 breed dogs (Fig. 1D). We similarly performed resampling with-
in Golden Retrievers and observed that smaller sample sizes (N=
26) can sufficiently capture the majority of retroCNVs within a sin-
gle breed (Figs. 1E, 2C,D). Resampling within the free-ranging dogs
indicated that a large number of retroCNVs remains to be discov-
ered, highlighting the heterogeneous nature of the free-ranging
dogs (Supplemental Fig. S6).

retroCNV validation

We expected that some of the nonreference retroCNVs, although
absent from the CanFam3.1 reference genome assembly, would
be present in the alternative canid genome assemblies. This would
confirm them as true retroCNVs and validate our discovery meth-
od. To test this, we first applied our retroCNV discovery pipeline to
[lumina WGS data generated from four canids that have been used
to create alternate canid reference assemblies, and identified 248
nonreference retroCNVs (Table 2). We then directly confirmed
the presence of 173 of the 248 (69.8%) retroCNVs within their re-
spective assemblies (Supplemental Table S7). We also identified
the insertion site for six retroCNVs that had not been resolved
through discordant read mapping (Supplemental Table S7). Most
of the retroCNVs were full length with respect to the parent genes,
with 153/179 (85.5%) containing the entire parental gene coding
sequence.

Genome assembly involves the collapsing of heterozygous
haplotypes, a process that could have resulted in heterozygous ret-
roCNVs being excluded from the assembly sequence (Feng and Li
2021). Therefore, we also analyzed Pacific Biosciences (PacBio)
long-read data from each sample aligned to the CanFam3.1 assem-
bly for evidence of retrocopy insertions (Supplemental Data S1).
We found evidence for 236/248 (95.1%) of the retroCNVs within
the long-read data (Supplemental Table S8). A poly(A) tail >10
bp was observed in 211/236 (89.4%) of the retroCNVs, with medi-
an length of 29 bp. ATSD was identified for 218/236 (92.4%) of the
retroCNVs, with median length of 14 bp. Overall, 244/248 (98.4%)
of the retroCNVs were validated either within their respective ge-
nome assembly or in the long-read data (Table 2).

We also developed PCR assays for nine of the predicted
retroCNVs and validated them through Sanger sequencing
(Fig. 3A). In individuals positive for the retroCNV, we observed a
poly(A) tail at one end of the insertion site and the 5 gene se-
quence of the retroCNV parent gene on the other end of the inser-
tion site (Fig. 3C), which matched the expectation from the
discordant reads and confirmed the presence of a retrocopy. For
each retroCNV sequenced, the TSD was identified as the duplicat-
ed genomic sequence present at both ends of the insertion (Fig. 3C;
Supplemental Table S9). The TSD identified through Sanger se-
quencing for these nine retroCNVs matched the predicted TSD

from the discordant reads. We additionally identified dogs lacking
the retroCNVs (Fig. 3B), confirming the retrocopies as polymor-
phic insertions. The list of retroCNVs validated through PCR and
Sanger sequencing and the associated breeds is available in
Supplemental Table S9.

retroCNV selection and expression

We calculated a fixation index (Fsy) for the retroCNVSs across breed
clades (Parker et al. 2017) and identified 97 retroCNVs that had sig-
nificantly elevated Fsr (see Methods). This included the two previ-
ously identified FGF4 retroCNVs (Table 3; for full list and clade
distribution, see Supplemental Tables S10, S11).

To determine if the retroCNVs showed evidence of expres-
sion, we first performed WGS and retroCNV discovery in six
Golden Retrievers and then RNA-seq using testes from the same
six Golden Retrievers. There were 113 total nonreference
retroCNVs identified in the six individuals. RetroCNV-specific var-
iants were present in 24 of the 113 retroCNVs, allowing for the dis-
tinction between parent and retroCNV-derived transcripts, and
confirmed the expression for two retroCNVs. Among the
retroCNVs that had inserted within the introns of another gene,
chimeric reads between a retroCNV parent gene and a gene at
the insertion site were observed in four of 42. This included the
COILL2 retroCNV, which is inserted within the 5 UTR of
LOC100686934, producing a novel chimeric transcript in two of
the six Golden Retrievers (Supplemental Fig. S7). However, five
of the 42 insertion site genes were not sufficiently expressed in tes-
tes (fewer than one transcript per million in all samples) to allow
for the evaluation of chimera formation with the retroCNVs.
Additionally, discordant reads mapping to the parent gene loci
were observed at 11 of the insertion sites. Overall, at least one
form of evidence for expression was observed for 12.4% (14/113)
of the retroCNVs in six Golden Retriever testes (Supplemental
Table S12). The expressed retroCNV FARSBL1 was present in 60%
of all dogs and only a single wild canid.

Table 2. Analysis of retroCNVs in alternative canid genome
assemblies

RetroCNVs in

Predicted RetroCNVs in assembly or
Assembly retroCNVs assembly PacBio
UMICH_Zoey_3.1 49 33 47
UU_Cfam_GSD_1.0 59 41 59
Canfam_GSD 60 41 59
CanLup_DDS 80 58 79
Total 248 173 244
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Figure 3.

retroCNV validation. (A) Primer design for retroCNV genotyping, with CCNGTLT as an example. When CCNGT1L1 is present, the EXT_F and

INT_R primers produce a 333-bp product at the 5" junction, and the INT_F and EXT_R primers produce a 400-bp product at the 3’ junction. When the
retrocopy is absent, the EXT_F and EXT_R primers produce a 175-bp product. (B) Three-primer PCR results for CCNGTL1 at the 5" and 3’ junctions for in-
dividuals with zero, one, and two copies of CCNGTLT. The two external primers EXT_F and EXT_R are included in both reactions, as well as one of the in-
ternal primers, INT_F (5" Junction) or INT_R (3" Junction). (C) Sanger sequencing results for the CCNG1LT retroCNV. The TSD is identified as the genomic
sequence from the insertion site, which is present at both the 5’ and 3’ ends of the retroCNV.

retroCNV discovery in humans

To determine the rate of retroCNV occurrence in another species
for comparison, we performed retroCNV discovery in 78 individu-
als from 26 populations using The 1000 Genomes Project
Consortium phase 3 high-coverage data set (The 1000 Genomes
Project Consortium 2015; Byrska-Bishop et al. 2021). We resolved
insertion sites for 46 nonreference retroCNVs from 44 parent
genes in the 78 samples (Supplemental Table S13). Of the 44
retroCNV parent genes, 40 have been previously identified in hu-
man data sets, whereas 34 of the 46 retroCNV insertion sites had
been previously identified. A full analysis of which human
retroCNVs have been identified in previous studies is available in
Supplemental Table S14. Individuals in this data set had 4.2
retroCNVs on average (95% CI 3.9-4.6).

Rate of retroCNV formation in canids

We observed a total of 214 nonreference retroCNVs in the three
African wild dogs (Lycaon pictus), which had 173 retroCNVs each
on average. Most of these retroCNVs were private to the African
wild dogs, and only 17 retroCNVs were shared between the
African wild dogs and any other canid, indicating that most of
the retroCNVs identified in either species inserted after the spe-

cies had diverged. Similarly, we identify 194 retroCNVs that are
exclusive to gray wolves and 1010 retroCNVs exclusive to breed
dogs. Genetic analyses have indicated that domestication in
dogs occurred ~25,000 yr ago, whereas breed formation largely
occurred within the last 200 yr (Ostrander et al. 2019). If the
1010 breed dog-specific retroCNVs inserted after domestication,
we can estimate the rate of retroCNV accumulation at approxi-
mately four per 100 yr. Alternatively, within our data set of
Golden Retrievers (N=26), we identify 10 retroCNVs that are ex-
clusive to the breed and not found in any other breed dogs or ca-
nids. Because the Golden Retriever breed was formed ~200 yr
ago, 10 Golden Retriever-exclusive retroCNVs would indicate a
similar rate of retroCNV accumulation at five per 100 yr.

Discussion

Previous analyses of canid retrocopies have focused on those retro-
copies present in the CanFam3.1 reference assembly, which was
produced from a single dog (Hoeppner et al. 2014; Rosikiewicz
et al. 2017; Gao et al. 2019). In this study, we characterized a
rich landscape of retroCNVs in canids, consistent with an active
LINE-1. By applying a novel approach to retroCNV discovery on
a diverse data set of 293 canids, we identified 1911 retroCNVs,
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Table 3. RetroCNVs with the highest Fst between breed clades

retroCNV Fst Insertion site Total dogs Insertion site gene
NDUFAF4L1 0.484 Chr 2: 6,242,423-6,242,444 5 LOCT111091106
FGF4L2 0.439 Chr12: 33,710,166-33,710,178 16 —

RHEBL1 0.430 Chr 9: 27,506,566-27,506,581 4 CA10

RPS2 0.430 Chr 8: 5,138,945-5,139,948 155 —

S100PL4 0.413 Chr 34: 34,324,611-34,324,631 13 —

PREPL1 0.403 Chr 8:7,565,459-7,565,475 5 —

ARHGAPSL1 0.399 Chr 5:18,750,413-18,750,430 9 —

RPST6L1 0.399 Chr 3: 26,720,828-26,720,840 9 —

ARPCIBLT 0.398 Chr 14: 34,916,675-34,916,690 5 —

NAA20L1 0.395 Chr 18: 34,191,916-34,191,933 9 KIAA1549L
RESTL1 0.388 Chr 12: 36,658,275-36,658,284 13 COL12AT1
NAPTL1L2 0.365 Chr 17:29,923,085-29,923,100 7 LOC102154187
NAPTLTL3 0.358 Chr 18: 49,079,285-49,079,285 11 IGHMBP2
Cl60rf87 0.350 Chr 22: 35,188,887-35,190,448 113 C22H160rf87
FAM133BL4 0.348 Chr 29: 31,980,926-31,981,012 8 CA2

RPLTOLT 0.348 Chr 3:32,009,305-32,009,323 8 NIPAT

ST13 0.342 Chr 1: 55,086,310-55,087,949 107 UNC93A
LSM2L1 0.341 Chr 22: 35,508,014-35,508,030 13 —

FGF4L1 0.337 Chr 18: 20,443,708-20,443,726 15 —

EIF4BL3 0.336 Chr 18: 16,670,414-16,670,429 14 RELN

most of which had inserted recently. Domestic dogs have 54.1
nonreference retroCNVs each on average, and as many of the
retroCNVs are private to a single individual, we also expect to
find additional retroCNVs in larger discovery data sets. We ob-
served many retroCNVs that appear under selection and that,
even within a single tissue type, 12% of the retroCNVs were ex-
pressed or forming novel chimeric transcripts with nearby genes,
indicating that some of the retroCNVs may have functional and
phenotypic consequences in canids.

Our approach to retroCNV discovery successfully resolved a
large number of retroCNVs in canids. In humans, previous studies
using low-coverage WGS data sets have underestimated the rate of
retrocopy insertion (Richardson et al. 2014). When long-read as-
semblies were analyzed, the estimated rate of retroCNV formation
in humans was increased from 39 events per 939 individuals to 40
events per 22 individuals, or 4.1 per individual on average (Feng
and Li 2021). Similar to the analysis by Feng and Li, we found
that humans had on average 4.2 retroCNV insertions using our
discovery method, which identified 46 total retroCNV insertions
in 78 human genomes. Although most of the retroCNV parent
genes have been reported in previous analyses of human ge-
nomes, eight of the insertion sites have not been previously iden-
tified (Zhang et al. 2017). Previous analysis of canine SINEs,
which are also mobilized via LINE-1 proteins acting in trans, high-
lighted a rate of SINE insertions 10- to 100-fold higher than that
observed in humans (Wang and Kirkness 2005). Although pheno-
typic associations with retroCNVs are rare, SINE and LINE-1 inser-
tions are a significant source of phenotypic variability in dogs,
being responsible for 10% of the phenotype-associated variants
identified to date (Online Mendelian Inheritance in Animals
[OMIA] Sydney School of Veterinary Science, March 29, 2022;
https://omia.org/), whereas in humans, transposable elements
are responsible for only 0.27% of all disease mutations (Callinan
and Batzer 2006). In a recent analysis of the CanFam3.1 and
UMICH_Zoey_3.1 reference assemblies, 16,221 dimorphic SINEs
and 1121 dimorphic LINE-1s were identified, which represented
a 17-fold increase in SINE differences and an eightfold increase
in LINE-1 differences compared with the number found in hu-
mans (Halo et al. 2021). Domestic dogs, at 54.1 retroCNVs on av-
erage, also have a 13-fold increase in retroCNVs relative to

humans, data that are consistent with either a highly active or a
highly promiscuous LINE-1 in dogs. We also identified 231
retroCNV parent genes that have no known retrocopies in any
other mammalian species, which might indicate that canine
LINE-1 proteins are less selective. Among these retroCNV parent
genes was GAP43, which had 18 retroCNV insertions and
which may have implications in cognitive function in dogs
(Routtenberg et al. 2000).

In this study, we only considered retroCNVs with identifi-
able insertion sites as valid, although we provide evidence for
the presence of 125 additional retroCNVs with unresolved inser-
tion sites. Our method of retroCNV parent gene discovery also
cannot identify single-exon genes or genes with recent retrocop-
ies present in the CanFam3.1 reference assembly. Still, we esti-
mated the rate of retroCNV formation in domestic dogs at
around four retroCNVs per 100 yr, which is still an underestimate
as our data set of 228 breed dogs does not capture every retroCNV
in the entire population. A recent analysis of retroCNVs in mice
estimated their rate of retroCNV formation at two per 100 yr
(Zhang et al. 2021). This would indicate that domestic dogs
have a rate of retroCNV formation even 2x greater than mice,
which are known to have a large number of active LINE-1s
(Penzkofer et al. 2016) and have been shown to have fivefold
as many retroCNVs as humans (Ewing et al. 2013). In natural
populations of mice, however, retroCNVs were also shown to
be under negative selection owing to deleterious effects, in which
retroCNVs are quickly removed from the population (Zhang et al.
2021). Also, in human populations, retroCNV insertions are not
found in evolutionarily conserved regions, which indicates that
highly deleterious retroCNVs are under negative selection
(Zhang et al. 2017). We observed that many retroCNVs appear
to be under positive selection in dogs, with significantly elevated
Fgy values. Like the FGF4 retrogenes, other retroCNVs may be un-
der positive selection by breeders owing to their phenotypic ef-
fects (Batcher et al. 2019), although they may also be neutral
variants whose frequencies differ owing to the dynamics of breed
formation and low genetic diversity within breeds (Bannasch
et al. 2021).

Although gene retrocopies were historically considered non-
functional pseudogenes, more recently, it has been recognized
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that retrocopies, which are a form of structural variant, are often
functional through a variety of mechanisms that have been ex-
plored in recent reviews (Cheetham et al. 2020; Ciomborowska-
Basheer et al. 2021). We found evidence for expression in 14 out
of 113 retroCNVs in testes tissue from six Golden Retrievers, in-
cluding four novel chimeric transcripts. However, this is likely
an underestimate owing to our use of a single tissue type for tran-
scriptional assessment. Additionally, many of the retroCNVs
were indistinguishable from their parent genes and thus cannot
be effectively queried for evidence of expression through RNA-
seq analysis alone. Comparison of overall gene expression in larg-
er RNA-seq data sets including individuals with and without spe-
cific retroCNVs may be required to determine expression of
retroCNVs that are identical to their parent genes. When such
analyses were performed in mice, differences in retroCNV parent
gene expression were found between individuals with and with-
out the respective retroCNVs, including many cases in which
overall expression was significantly reduced in the individuals
with the retroCNVs (Zhang et al. 2021). Our data confirms that
the AKRIBI reference retroCNV, which has previously been
shown to be expressed and associated with dog domestication,
is common in dogs and rare in wolves (Wang et al. 2019).
Similarly, the MGST3 and RPL27A reference retroCNVs and the
expressed FARSBL1 retroCNV are both common across dogs and
rare in wild canids and may play roles in domestication.
AKR1B1, MGST3, and FARSB are also involved in metabolism
(Jakobsson et al. 1997; Crosas et al. 2003), whereas the RPL27A
retrogene is inserted within NCOA3, a coactivator of transcription
involved in thyroid function (Nolan et al. 2021).

The four Y Chromosome retroCNVs were present in all male
canids and thus were not true retroCNVs, and their sequence
deviation from their parent genes of origin indicates that they
are likely ancestral. Two of the Y Chromosome retroCNVs had
been previously identified through the identification of autoso-
mal variants that were actually sex-linked and owing to the
retroCNV insertion (Tsai et al. 2019). In this study, we also iden-
tified variants at the retroCNV parent gene loci, which are likely
attributable to nonreference retroCNVs. These variants would
normally be attributed to variation in the parent genes, potential-
ly hindering any analyses looking for causative mutations; it is
noteworthy that some variants identified in the coding sequenc-
es of genes may in fact be attributable to nonreference retroCNVs
elsewhere in the genome.

Domesticated dog breeds have undergone artificial selection,
which has led to extreme phenotypic diversity between breeds as
well as breed predispositions to many heritable disorders (Wayne
and Ostrander 2007; Asher et al. 2009; Summers et al. 2010;
Gough et al. 2018; Bannasch et al. 2021). In particular, many
dog breeds are at a substantially higher risk for specific cancers
compared with human populations (Schiffman and Breen 2015).
We have shown that dogs have many retroCNVs, consistent
with a highly active LINE-1, and we also observed that some
retroCNVs are under selection or are also capable of expression
or insertional mutagenesis through the formation of novel chime-
ric transcripts with nearby genes. These functional retroCNVs are
likely a contributing factor to the phenotypic diversity seen in ca-
nids and are also strong candidates for disease associations in dogs,
including susceptibility to cancers. We hope this list of retroCNV
insertion sites will be a useful resource for the canine research com-
munity and that further assessment of the retroCNVs for evidence
of function will provide insight into the genetics of phenotypic
traits under selection in dogs.

Methods

Data selection

[llumina sequencing data aligned to the CanFam3.1 reference were
downloaded from the NCBI Sequence Read Archive (SRA; https
://www.ncbi.nlm.nih.gov/sra) (Hoeppner et al. 2014). The data
set included 227 dogs from 76 different breeds (referred to as
“breed dogs”), 43 free-ranging dogs (marked as either “village” or
“indigenous” by the data provider), three dingoes, 10 gray wolves,
two red wolves, five coyotes, and three African wild dogs. A full list
of samples used in this study and their accession numbers is avail-
able (Supplemental Table S1). Ten samples were removed from the
analysis owing to a low number of retroCNV insertion sites being
resolved, possibly owing to the quality of the sequencing data.

Parent gene discovery using mRNA-specific 30-mers

The nucleotide sequence of a gene retrocopy resembles the pro-
cessed mRNA transcript of its parent gene, with unique nucleotide
sequences formed at the exon-exon junctions. These unique nu-
cleotide sequences are only observed in genomic DNA when
a retrocopy insertion is present and thus can be used to
identify the parent genes of retroCNVs from WGS data. We used
Gffread (Pertea and Pertea 2020) to obtain the spliced gene se-
quences for each gene transcript found in the NCBI CanFam3.1
annotation release 105 (https://www.ncbi.nlm.nih.gov/genome/
annotation_euk/Canis_lupus_familiaris/105/). For each spliced
gene sequence, we created a set of mRNA-specific 30-mers that
are absent from the CanFam3.1 reference assembly using
Jellyfish count (Marcais and Kingsford 2011). This identified all
unique 30-mer sequences within the transcriptome that are absent
from CanFam3.1 owing to intron removal, giving a maximum of
29 mRNA-specific 30-mers per exon-exon junction. We attributed
mRNA-specific 30-mers from alternatively spliced gene transcripts
to their respective parent gene. To reduce false positives owing to
sequencing errors, we filtered out 30-mers with an edit distance
of two substitutions from the reference genome using mrsFAST
(Hach et al. 2014). We removed any gene that had fewer than
five mRNA-specific 30-mers from further analysis, which included
1574 single-exon genes and 75 genes with recent retrocopies in the
CanFam3.1 assembly. In total, 5,884,280 30-mers from 30,792
genes (median per gene, 106) were retained for retrocopy parent
gene discovery. WGS data were then queried for the presence of
the mRNA-specific 30-mers using Jellyfish. Genes that had at least
five mRNA-specific 30-mers and at least 10% of the total 30-mers
for that gene identified were considered as putative retroCNV par-
ent genes for further analysis.

retroCNV insertion site discovery through discordant
read analysis

Gene retrocopies are derived from processed mRNA transcripts
and thus lack introns. When Illumina paired-end reads containing
retroCNV sequences are aligned to a reference genome, they align
to the parent gene locus, resulting in discordant read pairs that
align only to the exons of the parent gene. Discordant read pairs
can also be observed at the 5’ and 3’ ends of the parent gene,
wherein one read aligns at the parent gene loci, and the other
read aligns at the insertion site elsewhere in the genome.
Discordant reads can thus be used to verify the presence of a
retroCNV as well as identify the insertion site. We performed dis-
cordant read analysis on aligned WGS data using TEBreak
(Carreira et al. 2016). The “--disc_only” option was used to obtain
a list of discordant read clusters of at least four reads (“--min_disc_
reads 4”) mapping from a putative parent gene to elsewhere in the
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genome via “--disco_target.” Putative insertion sites for retroCNVs
were visually confirmed in the Integrative Genomics Viewer (IGV)
(Supplemental Fig. S8; Thorvaldsdottir et al. 2013). A retrocopy in-
sertion site was considered valid if discordant reads were observed
mapping to the same genomic locus from both the 3’ and 5" end of
the parent gene or if discordant reads were found mapping from
either the 3’ or 5’ as well as exon—-exon discordant reads at the par-
ent gene. Any discordant reads mapping from parent genes to
known CanFam3.1 reference retrocopy insertion sites were ig-
nored, as reference retroCNVs were analyzed separately. The TSD
sequence was identified as the overlap between forward and re-
verse discordant reads at the insertion site. The 5" and 3’ junction
sequences for the retroCNV insertions were resolved using TEBreak
and are available in Supplemental Table S15. Visual representa-
tions of retroCNV insertion sites were produced using Circos
(Krzywinski et al. 2009). As has been proposed by Cheetham
et al. (2020), we chose, rather than “pseudogene,” a term that
does not make functional inferences for the retrocopies; for exam-
ple, retrocopies of the FGF4 gene were labeled FGF4L1, FGF4L2,
etc.

CanFam3.1 reference assembly retroCNVs

We also examined retrocopies present in the CanFam3.1 assembly
for evidence of being retroCNVs; an individual lacking a
CanFama3.1 reference retrocopy would appear to have a deletion
at those loci when aligned to CanFam3.1. A list of reference retro-
copy locations was downloaded from RetrogeneDB (Rosikiewicz
et al. 2017). The data set of 293 canids previously aligned to
CanFam3.1 was analyzed using DELLY with default settings to
identify structural variants within 1 kb of reference retrocopies
(Rausch et al. 2012). All deletions were confirmed visually in
IGV. Additionally, aligned sequence data from a gray wolf and a
coyote were visually analyzed in IGV at all recent canine
RetrogeneDB retrocopy loci (>95% identity with parent gene) to
identify any retroCNVs that may have gone undetected by DELLY.

retroCNV-specific variant identification

Sequence variants between a retroCNV and its parent gene se-
quence are owing either to germline variants present within the
parent gene or to new polymorphisms unique to the retroCNV
that occurred after insertion, which we refer to as retroCNV-specif-
ic variants. As all retroCNV-derived reads align to the parent gene
loci, we analyzed variants at the parent gene loci in order to iden-
tify retroCNV-specific variants. We first identified variants at the
retroCNV parent gene loci using BCFtools mpileup (Danecek
etal. 2021). We then compared variant allele frequencies between
individuals positive or negative for each retroCNV, and variants
that only appeared in individuals with the retroCNV were consid-
ered unique to the retroCNV. RetroCNVs that were unique to wild
canids were excluded from this analysis as the wild canids con-
tained many unique variants that could not be easily differentiated
between variation within the parent genes or the retroCNV se-
quences. retroCNVs that had multiple insertions from the same
parent gene were also excluded. Variant effect prediction was per-
formed using the UCSC Genome Browser Variant Annotation
Integrator tool (Hinrichs et al. 2016).

retroCNV validation

We performed retroCNV discovery using Illumina data aligned
to CanFam3.1 on four individuals that were previously used to
generate additional dog genome assemblies: UMICH_Zoey_3.1
(Halo et al. 2021), UU_Cfam_GSD_1.0 (Wang et al. 2021),
Canfam_GSD (Field et al. 2020), and CanLup_DDS (Field et al.

2022). We then assessed the presence of the retroCNVs within
their respective assemblies using BLAST (Madden 2013).

PacBio data were also examined for evidence of the retroCNV
insertions. Individual long-read FASTQ files were aligned to the
CanFam3.1 reference with minimap2 version 2.17 (Li 2018).
Alignment files were sorted, merged, and indexed with SAMtools
version 1.5 (Danecek et al. 2021). The predicted retroCNV inser-
tion sites +100 bp were analyzed using a modified version of a pipe-
line designed to detect LINE-1 insertions in long-read sequenced
genomes. The pipeline extracts the raw long reads, which align
to a locus of interest, and uses a combination of Canu and wtdbg2
to assemble the reads into contigs (Koren et al. 2017; Ruan and Li
2020). The contigs are then polished using Racon (Vaser et al.
2017), aligned to the reference using minimap2 version 2.20,
and put in orientation with the reference. Precise breakpoints
were identified using AGE (Abyzov and Gerstein 2011).

We developed three primer PCR assays for retroCNVs using
Primer3 software (Untergasser et al. 2012), with forward and re-
verse primers flanking the insertion site and internal primers at
the 5’ or 3’ ends of the parent gene. A panel of 10 dogs from a breed
identified as carrying each retroCNV were selected at random from
the Bannasch laboratory DNA repository for testing (Batcher et al.
2019). A list of the primers used in this study and their expected
product sizes is available in Supplemental Table S16. Sanger se-
quencing was performed on an Applied Biosystems 3500 genetic
analyzer using a BigDye terminator sequencing kit (Applied
Biosystems).

Population analysis

For Fsr calculations, dog breeds were placed into the multibreed
clades identified by Parker et al. (2017). Only clades containing in-
dividuals from at least three breeds were included in this analysis.
Additionally, only three Golden Retrievers were selected at ran-
dom to include in the retriever clade. Fst between clades was calcu-
lated as described by Zhang et al. (2017), including the calculation
of a null distribution from 1000 fake population sets generated
through shuffling individual labels for significance estimates.
retroCNVs for which 1000 fake population sets never produced
an equal or higher Fsr than the real population were considered
significant.

WGS and RNA-seq

Adult Golden Retriever testes were obtained from routine castra-
tion procedures. Tissue samples were flash-frozen in liquid nitro-
gen and stored at —80°C. Genomic DNA was extracted using a
Gentra Puregene DNA extraction kit (Qiagen), and RNA was ex-
tracted using an RNeasy fibrous tissue mini kit (Qiagen). Library
preparation and NovaSeq S4 Illumina paired-end sequencing
were performed at the UC Davis Genome Center. Reads were
aligned to the CanFam3.1 reference assembly using minimap2
(Li 2018). PCR duplicate reads were removed, and the aligned files
were sorted and indexed using SAMtools (Danecek et al. 2021).
Evidence for chimeric transcripts in the RNA-seq data set was
found through visual analysis of the retroCNV insertion sites
and nearby genes in IGV. Because of the small sample size and het-
erogeneity of retroCNVs between individuals, evidence of expres-
sion was determined visually through examination of the insert
site, the 5" UTR of the parent gene, and insertion site genes for chi-
meric transcripts. For retroCNVs that contained any retroCNV-
specific variants, the parent gene loci were examined for evidence
of the retroCNV-specific variant, which would indicate expression
of the retroCNV. A minimum of two discordant reads was used to
consider a retroCNV expressed.
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Human comparative analysis

We performed retroCNV discovery in a subset of individuals from
The 1000 Genomes Project Consortium high-coverage phase 3
data set (Sudmant et al. 2015; The 1000 Genomes Project Consor-
tium 2015). We selected three individuals from each of 26 human
populations at random for this analysis (Supplemental Table S8)
and used the GRCh38 annotation release 109.20210514 for 30-
mer construction. We then performed retroCNV discovery in the
same manner as was performed on the canid data set, and com-
pared the retroCNVs identified by our approach to those identified
in a previous study that used the same individuals (Zhang et al.
2017). We compared the retroCNVs identified in this study to
those retroCNVs identified in the same 78 individuals by Zhang
et al. as well as retroCNVs identified in four other studies that
used different data sets (Abyzov et al. 2013; Ewing et al. 2013;
Schrider et al. 2013; Feng and Li 2021).

Data access

The WGS and RNA-seq data generated in this study have been sub-
mitted to the NCBI BioProject database (https://www.ncbi.nlm
.nih.gov/bioproject/) under accession number PRJNA776905.
The source code is available as Supplemental Code. The
retroCNV insertion sites in bigBed format are available in the
Supplemental Material, and at a track hub for the UCSC Genome
Browser available at GitHub (https://github.com/klbatcher/
retroCNV_insertions).
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