
Resource
Resolution of structural va
riation in diverse mouse
genomes reveals chromatin remodeling due to
transposable elements
Graphical abstract
Highlights
d Long-read whole-genome assemblies enable resolution of

diverse mouse genomes

d A high-quality, sequence-resolved mouse structural variant

resource

d Identification and annotation of transposable element

variants

d Polymorphic transposable elements promote changes in

mESC chromatin accessibility
Ferraj et al., 2023, Cell Genomics 3, 100291
May 10, 2023 ª 2023 The Author(s).
https://doi.org/10.1016/j.xgen.2023.100291
Authors

Ardian Ferraj, Peter A. Audano,

Parithi Balachandran, ..., Evan E. Eichler,

Laura G. Reinholdt, Christine R. Beck

Correspondence
christine.beck@jax.org

In brief

Ferraj et al. leverage long-read whole-

genome sequencing to resolve structural

variation and transposable element

polymorphisms across genetically

diverse mouse genomes. This resource

can be used for genotype-phenotype

studies and was used here to detect

changes in chromatin accessibility

associated with polymorphic transposon

families between diverse mouse

embryonic stem cells.
ll

mailto:christine.beck@jax.org
https://doi.org/10.1016/j.xgen.2023.100291
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xgen.2023.100291&domain=pdf


OPEN ACCESS

ll
Resource

Resolution of structural variation in diverse
mouse genomes reveals chromatin
remodeling due to transposable elements
Ardian Ferraj,1,2 Peter A. Audano,2 Parithi Balachandran,2 Anne Czechanski,3 Jacob I. Flores,2 Alexander A. Radecki,1,2

VarunMosur,2 David S. Gordon,4 Isha A.Walawalkar,1,2 Evan E. Eichler,4 Laura G. Reinholdt,3 and Christine R. Beck1,2,5,6,*
1Department of Genetics and Genome Sciences, University of Connecticut Health Center, Farmington, CT 06032, USA
2The Jackson Laboratory for Genomic Medicine, Farmington, CT 06032, USA
3The Jackson Laboratory, Bar Harbor, ME 04609, USA
4Howard Hughes Medical Institute and Department of Genome Sciences, University of Washington School of Medicine, Seattle, WA 98195,

USA
5Institute for Systems Genomics, University of Connecticut, Storrs, CT 06269, USA
6Lead contact
*Correspondence: christine.beck@jax.org

https://doi.org/10.1016/j.xgen.2023.100291
SUMMARY
Diverse inbred mouse strains are important biomedical research models, yet genome characterization of
many strains is fundamentally lacking in comparison with humans. In particular, catalogs of structural vari-
ants (SVs) (variants R 50 bp) are incomplete, limiting the discovery of causative alleles for phenotypic vari-
ation. Here, we resolve genome-wide SVs in 20 genetically distinct inbred mice with long-read sequencing.
We report 413,758 site-specific SVs affecting 13% (356Mbp) of themouse reference assembly, including 510
previously unannotated coding variants. We substantially improve the Mus musculus transposable element
(TE) callset, and we find that TEs comprise 39% of SVs and account for 75% of altered bases. We further
utilize this callset to investigate how TE heterogeneity affects mouse embryonic stem cells and find multiple
TE classes that influence chromatin accessibility. Our work provides a comprehensive analysis of SVs found
in diverse mouse genomes and illustrates the role of TEs in epigenetic differences.
INTRODUCTION

Mice of varying genetic backgrounds are often used for models

of human disease and to generate populations of infinitely

diverse substrains that exhibit a wide range of genotypic and

phenotypic heterogeneity. Such panels include the collaborative

cross (CC) and diversity outbred (DO) populations, which

are multi-parental groups of recombinant inbred lines and deriv-

ative outbred stocks constructed from eight original founder

strains.1,2 These reference panels are often used to determine

genotype-phenotype relationships and have been invaluable

tools for precise genomicmapping of numerous quantitative trait

loci, including regions associated with addiction, stem cell

pluripotency, and insulin secretion.3–5

Discovery of the genetic origins of disease and phenotypes

present within diverse populations depends on high-quality

reference genomes and precise variant catalogs.6–8 For decades

now, genetic and genomic studies have depended on the Mus

musculus reference genome, which is derived from the popular

C57BL/6J strain. Although the C57BL/6J (GRCm39) reference

is relatively complete, reliance on an assembly built from one

genetic background limits the analysis of diverse strains as

sequencing reads from divergent haplotypes are often mis-
This is an open access article under the CC BY-N
placed or unmapped. This problem has been noted in human

research,9 but is compounded in mouse where there is a much

larger amount of genetic diversity in laboratory inbred strains

than in the human population. Despite recent strain-specific

reference genomes,7 much of the variability between strains

remains incomplete due to the limitations of short-reads in

detecting structural variants (SVs). Regions that remain unre-

solvable include complex repeats, segmental duplications, and

transposable elements (TEs).9 TEs are repeats that comprise

approximately 37.5% of the mouse genome and are known to

generate extensive genomic variation by moving to new loca-

tions by copy and paste mechanisms.10,11 Repetitive sequences

can contain important variants affecting genes that potentially

lead to phenotypic changes, and, until we can accurately resolve

SVs, their impacts on mouse biology remains unknown.

Recent advances in long-read sequencing have enabled

accurate resolution of repetitive DNA and large insertion vari-

ants12–18 and have greatly increased sensitivity for SVs over

short-read technologies.12–18 In particular, detailed studies of

the same human genomes have revealed that 60%–70% of

SVs are missed when relying solely on short-read sequence

data, and, for those detected by both platforms, long-read se-

quences more fully resolve alleles.12,13 Although large-scale
Cell Genomics 3, 100291, May 10, 2023 ª 2023 The Author(s). 1
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long-read sequencing studies in humans have been published,13

efforts to fully resolve and detect SVs across diverse mouse ge-

nomes with these technologies are lacking.

Here, we used Pacific Biosciences (PacBio) long-read whole-

genome sequencing to assemble the genomes of 20 diverse

inbred laboratory strains of mice. From whole-genome compar-

isons, we have generated a sequence-resolved callset of

413,758 SVs (54% novel) spanning three subspecies of Mus

musculus (domesticus, musculus, and castaneus) with �0.5

Myr of divergence, including SVs in regions that cannot be

resolved with short-read sequencing. We used this resource to

identify and resolve TE polymorphisms present between

diverse mice, revealing multiple retrotransposition competent

subfamilies, including L1MdTf and IAP elements, which cause

widespread changes in mouse embryonic stem cell (mESC)

chromatin accessibility and gene expression. We present these

data as a comprehensive mouse SV resource that can be used

for future genomic studies, aid in modeling and studying the

effects of genetic variation, and enhance genotype-to-pheno-

type research.

RESULTS

Long-read sequencing assemblies of diverse mouse
genomes
Whole-genome long-read sequencing data were generated for

20 diverse inbred mouse strains to a minimum of 30-fold

coverage. We selected a mixture of classical and wild-derived

inbred laboratory strains including the parental founders of the

CC (129S1/SvImJ, A/J, CAST/EiJ, NOD/ShiLtJ, NZO/HILtJ,

PWK/PhJ, and WSB/EiJ), six resultant CC animals that harbor

phenotypic abnormalities of unknown genetic origin (CC005,

CC015, CC032, CC055, CC060, and CC074),19 and seven addi-

tional strains with distinct genetic backgrounds (BALB/cByJ,

BALB/cJ, C3H/HeJ, C3H/HeOuJ, C57BL/6NJ, DBA/2J, and

PWD/PhJ). We chose this cohort as it represents a wide variety

of commonly used strains with diverse genetic backgrounds,

strains with complex phenotypes of unknown cause, and strains

interesting for mapping variants responsible for quantitative

traits.1,20,21

We generated de novo assemblies for each genome reaching

a 6.45 Mbp contig N50 (Table S1) and on average achieving a

5343 increase in contig N50 compared with previous short-

read assemblies built from the same strains (14 kbp).7 In addi-

tion, our assemblies are contained in 1433 fewer contigs

(average of 2,483 per genome vs. 355,353) with 228Mbp of addi-

tional sequence on average compared with short-read assem-

blies. Therefore, we have created the most contiguous genome

assemblies of diverse mouse genomes produced to date.

SVs are prevalent across mouse genomes
We aligned each de novo assembly to the GRCm39 (mm39,Mus

musculus) reference genome and called SVs with the phased as-

sembly variant caller.13 From these strain-specific SV calls, we

created a non-redundant variant callset by merging SVs across

strains.13 In total, we detected 413,758 SVs that occur at unique

sites across the current mouse reference assembly (Table S2),

including 244,859 (59%) insertions, 168,652 (41%) deletions,
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and 247 (0.06%) inversions (Figure 1A). We find that strains

from the musculus (PWD/PhJ and PWK/PhJ) and castaneus

(CAST/EiJ) subspecies contain an average of 200,401 SVs per

genome when compared with the C57BL/6J reference, with

strains less evolutionarily diverged from the reference (domesti-

cus subspecies) containing the fewest (60,490) variant calls per

animal (Table 1). We calculate a 5.8% false discovery rate from

584 PCR validations (73 SVs across 8 samples) (Table S3). We

identify 59,874 (15%) SVs that are unique to a single strain and

1,483 (0.4%) shared variants (Figure 1A) that indicate reference

biases or rare SVs found within the reference.9 We also find

268,436 SVs (243 Mbp) specific to one subspecies (Figure 1B),

of which 73% are absent from GRCm39 adding 178Mbp of sub-

species-specific sequence not present in the current mouse

reference genome.

These SVs contribute extensively to mouse variation; the

413,758 SVs encompass a total of 356 Mbp of variable

sequence, accounting for 13% of the current mouse reference

assembly. We find that these SVs contain 4.93 the number of

bases affected when compared with previously published single

nucleotide variants from diverse mouse genomes.8 The length of

SVs varies greatly, and the size of SVs are non-randomly distrib-

uted (Figure 1C). An increased number of small SVs (50–100 bp)

contain variants with lengths divisible by two resulting from dinu-

cleotide repeat expansions and contractions, as observed previ-

ously in humans.13We also observe peaks in the size distribution

consistent with abundant TE polymorphisms (200 bp, short inter-

spersed nuclear elements, or SINEs; 6.3 kbp, long interspersed

nuclear elements, or LINEs). Although themajority of variants are

under 1 kbp in length (83%), the total sequence content due to

SVs is dominated by those 1 kbp or greater, which account for

295 Mbp (81%) of variable sequence. Each species contains

an average of 80 Mbp of unique sequence due to SVs. We found

that a large portion of SVs (201,342, 49%) were found within tan-

demly repeated regions.

When compared with human genomes, which have an

average of 24,653 SVs per individual,13 we find 60,490 SVs per

domesticus genome (2.33 human), indicating greater diversity

from SVs between mouse genomes than human genomes.

Because they are determined by comparing de novo assemblies

to a domesticus reference, the number of SVs per genome is

even greater in musculus (199,597, 8.13 human) and castaneus

(202,011, 8.23 human) strains. With extensive structural poly-

morphism across mouse genomes, the use of a single linear

reference may therefore be inadequate for mapping genomic

data, especially from more diverged strains. For example, per

genome, we find that SV insertions duplicate whole genes (20

in domesticus, 37 in castaneus, and 28 inmusculus), suggesting

that the effect of paralogous gene copies has been systemati-

cally underestimated by short-read approaches due to reference

biases.

Long-read sequencing data reveals novel SVs
Previously, a number of studies used short-read sequencing

data to interrogate SVs across large cohorts of genetically

diverse inbred mice.7,8,22,23 To identify the subset of variation

from our study that could be detected from short reads and to

add orthogonal support for our assembly-based SV callset, we
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Figure 1. Discovery of SVs in diverse mouse genomes

(A) Total number of SVs discovered in each mouse genome when compared with the Mus musculus (GRCm39, C57BL/6J background) reference. Variants are

grouped by their frequency within the cohort: shared (present in all strains), major (R50% of the cohort), minor (<50% exclusive to one strain [unique] or exclusive

to one subspecies [subspecies specific]). We merged variants into a non-redundant callset (donut plot), shown along with the proportion of insertion and deletion

calls (blue and purple [the 247 inversions are not shown]).

(B) Total number of SVs discovered and shared between each subspecies sequenced (domesticus, musculus, and castaneus).

(C) Length distribution of SVs identified as insertions (blue), deletions (purple), and inversions (green).

(D) Average number of SVs per mouse genome supported by long-read (LR) and short-read (SR) detection, along with the proportion of insertions and deletions

that contain tandem repeat sequences (black striped bar).

(E) Total number of SVs from LR and mouse genomes project (MGP) callset, along with the proportion of variants validated by raw long read alignment size

differences (red striped bar).
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Table 1. Count of structural variants detected for each mouse genome

Strain Total SVs Insertion Deletion Inversion Bases Percent genome

129S1/SvImJ 59,481 31,641 27,791 49 59,583,060 2.18

C57BL/6NJ 7,872 6,077 1,770 25 11,249,662 0.41

A/J 57,606 30,589 26,973 44 58,753,047 2.15

BALB/cByJ 53,636 28,175 25,416 45 56,099,638 2.06

BALB/cJ 53,845 28,596 25,205 44 56,083,785 2.06

C3H/HeJ 58,851 31,333 27,473 45 58,222,355 2.13

C3H/HeOuJ 59,167 31,552 27,561 54 59,774,259 2.19

CAST/EiJ 202,011 108,179 93,734 98 163,832,319 6.01

CC005/TauUncJ 67,554 36,638 30,867 49 64,084,771 2.35

CC015/UncJ 82,180 44,486 37,641 53 75,240,374 2.76

CC032/GeniUncJ 74,412 40,356 34,002 54 67,795,817 2.48

CC055/TauUncJ 86,741 46,294 40,393 54 82,149,711 3.01

CC060/UncJ 74,115 39,672 34,395 48 70,722,386 2.59

CC074/UncJ 75,800 40,930 34,818 52 65,807,956 2.41

DBA/2J 59,469 31,753 27,672 44 59,156,224 2.17

NOD/ShiLtJ 59,322 31,430 27,847 45 57,404,786 2.1

NZO/HlLtJ 60,608 32,429 28,125 54 62,428,318 2.29

PWD/PhJ 198,893 106,754 92,038 101 157,938,496 5.79

PWK/PhJ 200,301 107,968 92,223 110 162,623,052 5.96

WSB/EiJ 82,919 42,910 39,956 53 91,213,812 3.34

Total number of SVs detected in each mouse genome separated by variant type (insertions, deletions, and inversions), the total number of nucleotide

bases changed, and the percentage of the genome affected with respect to the GRCm39 reference genome.
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performed SV calling from Illuminawhole-genome sequencing of

18 previously sequenced strains that overlapped our cohort.7,22

On average 91% short-read deletions and 84% short-read inser-

tions were detected in our long-read SV callset (Figure 1D).

Conversely, short-read SV calling was only able to detect 46%

of deletions, 14% of insertions, and 39% of inversions discov-

ered by long-read sequencing. Across the 18 strains, SV calling

from long reads detected an additional distinct 213,688 inser-

tions, 64,277 deletions, and 97 inversions. Notably, short-read

sequencing is particularly underpowered to detect SVs in repeat

regions12,24; the number of SVs that are supported by short

reads drops considerably for both deletions (46%–24%) and

insertions (14%–9%) when considering variants within tandem

repeat regions. In total, 155,156 simple repeat SVs were not

detected by short reads.

To compare our SV resource with previously published variant

calls, we intersected our long-read callset with the most recent

mouse genomes project (MGP) SVs.8,23 Overall, 54% (215,262)

of SVs we call are novel to our study (Figure 1E). Interestingly,

we find a large number of MGP insertions (445,538) that were

not detected by long-read methods (Figure 1E). To determine

the validity of these MGP specific calls, we mapped long reads

generated from each sample to the GRCm39 reference genome

and surveyed each SV region for changes in sequence length

(mean read length differenceR50 bp). From this we determined

that 95% (117,715) of the insertions specific to long-read detec-

tion were supported by raw long-read alignments, while only

28% (122,981) of the MGP-only insertions were supported, leav-

ing a majority (322,574, 72%) of potential false insertion calls
4 Cell Genomics 3, 100291, May 10, 2023
within the MGP dataset. Calls detected only with long reads

were significantly smaller (mean of 425 vs. 1,393 bp for MGP-

supported calls, p < 0.0001, Student’s t test). This was also

true for variants which contain simple repeat sequences (mean

of 279 bp for novel variants vs. 1,631 bp for MGP-supported

calls; p < 0.0001, Student’s t test). These data suggest that

short-read variant calling falters in the detection of smaller SVs.

Long-read assemblies reveal extensive transposon
variation at a nucleotide level
The most notable improvement from using long-read genome

assemblies comes from the ability to reconstruct long repetitive

regions. This is particularly imperative when characterizing

mouse genetic variation as mice contain elevated retrotranspo-

son insertion rates when compared with human.25,26 To create

a more complete resource and investigate the impact of mobile

element variation in diverse mice, we identified TE variants

(TEVs) in each mouse genome. We find that 39% (162,787) of

SVs between all samples are attributable to TEVs, with most of

the TEVs being insertions (60%, 97,100). TEVs are dominated

by LINE-1 polymorphisms (47%, 76,640), followed by SINEs

(B1 and B2; 24%, 39,389), and various endogenous retroviruses

(ERVs) (ERVK, ERVL-MaLR, ERVL, and ERV1; 28%, 45,204) (Fig-

ure 2A). We observe various modes of TEV length consistent

with retrotransposition, with accumulations of TEVs at �200 bp

(SINEs), �7.2 kbp (ERVK LTRs), and a �6.3 kbp peak for full-

length LINE-1s (Figure 2B). In addition to comprising 39% of

non-redundant variant sites, TEVs constitute 76% (278 Mbp) of

the variable sequence content (Figure 2C). LINE-1 variants alone
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Figure 2. TEV in diverse mouse genomes

(A) Total number of TEVs discovered from long read sequencing by transposon family.

(B) Length distribution of TEVs by transposon family.

(C) Total number of variable bases due to TEV by transposon families and non-TE SVs. Each block equals one megabase of variable sequence.

(D) Count of subspecies-specific intracisternal A-particle (IAP) variants. Highlighted size ranges are solo-LTR (�300 bp), ID1 variants (4.5–5.5 kbp), and full-length

(FL) variants (6.5–7.5 kbp).

(E) Size distribution of species-specific IAP insertions (Mann-Whitney U test; ****p % 1 3 10�4).

(F) Size distribution of strain-specific IAP insertions within the domesticus lineage. Substrains that share a parental origin (C3H, C3H/HeJ and C3H/HeOuJ; BALB,

BALB/cByJ and BALB/cJ) are grouped to represent each lineage.

(G) Count of strain-specific IAP insertions in closely related domesticus animals.
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constitute 47% (172 Mbp) of variable base pairs, in contrast with

the 24% (92 Mbp) contributed by non-TEVs. Although SINEs

comprise 25% of TE variant sites, they only account for 2.1%

(7.9 Mbp) of variable sequence.
As expected, we observe fewer TEVs within and around genic

regions (43% intergenic variants vs. 26% non-intergenic,

Table S4). Coding sequence and intronic variants are also under-

represented for TEVs. At the repeat family level, we find LINE-1
Cell Genomics 3, 100291, May 10, 2023 5
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variants are enriched in intergenic regions and depleted for

coding sequence, intronic, UTR, and nearby gene regions.

We observe an orientation bias for intronic LINE-1 variants

in antisense orientation respective to nearby genes (60% anti-

sense vs. 40% sense), similar to previous observations.27,28

Conversely, SINE elements tend to accumulate in and around

genic regions with significant enrichment in introns, UTRs, and

up- and downstream regions. Various ERVs are depleted in

introns; however, splice donor site variants are significantly

enriched for ERVL and ERV1 sequences when compared with

other SVs. We find that 41% of all ERV variants that contain

splice donor sites are from the MT retrotransposon family, which

are known to contribute to chimeric RNA sequences and are

developmentally regulated.29

When compared with previously published TE variant calls

from diverse mice,27 we detected 80% (59,344) of previously

identified TE polymorphisms (Figure S1). We find that 37% of

the variants we detect were previously identified using short-

read methods, with 99,349 TE variants unique to our study.

Using our sequence-resolved SVs, we further annotate TEVs

by subtype (Figure S2) and find that Mus musculus LINE-1 var-

iants are predominantly L1MdA (26,717 SVs) followed by

L1MdTf (17,010 SVs) and L1MdGf (10,649 SVs), fitting previ-

ous studies that have detailed active LINE-1 subfamilies in

Mus musculus.30 Interestingly, we find that L1MdTf-I and

L1MdTf-II elements, which are the most active LINE-1 sub-

types in the C57BL/6J genome,25 comprise a much larger per-

centage of LINE-1 insertions in domesticus genomes when

compared with musculus and castaneus (3% castaneus, 2%

musculus, and 34% domesticus). By looking at total copy

number of L1MdTf-I and L1MdTf-II elements in each assem-

bly, we find that non-domesticus animals contain an extremely

low copy number when compared with domesticus animals

(average of 4,808 copies per domesticus genome compared

with 679 copies in non-domesticus genomes) (Figure S3A).

We find that non-domesticus genomes contain a greater pro-

portion of L1MdTf-I/II deletions when compared with inser-

tions, suggesting a recent expansion of these subfamilies

occurring after the divergence of these subspecies (Fig-

ure S3B). These data provide a new and comprehensive cata-

log of mouse TE variants built from long reads and provide

evidence of an expansion of L1MdTf-I and L1MdTf-II transpo-

sons in the domesticus lineage.

IAP endogenous retroviral elements have variable rates
of insertion in mouse genomes
Intracisternal A-particle (IAP) elements are murine-specific retro-

viral elements that drive variation in mice.31 Full-length (�7.2

kbp) IAPs are autonomous long terminal repeat (LTR) retrotrans-

posons that can cause aberrant splicing and disease if they

insert near or within genes.32,33 Proper annotation of LTR ele-

ments is especially difficult with short reads as many subtypes

are differentiated by their internal structure. We utilized our

TEV callset to investigate polymorphic IAP LTRs within the

Mus musculus lineage. We find that strains of the domesticus

lineage contain 43% (3,363 insertions) of all subspecies-specific

IAP polymorphisms (Figure 2D). Strains from the domesticus

subspecies contain a significant increase (p % 2.41 3 10�2,
6 Cell Genomics 3, 100291, May 10, 2023
Fisher’s exact test) in the proportion of IAPs that constitute all

ERVK insertions (54%) when compared with castaneus (44%)

and musculus (43%), which is consistent with previous findings

that suggest an ongoing domesticus-specific IAP expansion.27

We further detail this expansion by providing all variable IAP

sequences between these subspecies and observe a domesti-

cus-specific increase in the proportion of variable bases due to

IAP insertions in comparison with other ERVKs (67% from active

IAP subtypes, total of 15 Mbp), representing an increase in the

variable sequence content of domesticus when compared with

castaneus (56%, 6 Mbp) and musculus (56%, 7 Mbp) IAP se-

quences. IAP insertions in domesticus also contain a different

nucleotide length distribution, with notable accumulation of

full-length elements as well as variants that are within a 4.5–

5.5 kbp size range (Figure 2E). These shorter, or intermediate-

sized sequences are indicative of ID1 IAPs, which contain an

internal deletion relative to full-length elements and remain active

in Mus musculus.34,35 Here, we show evidence that the expan-

sion of IAP TEs in domesticus is driven by both full-length and

variable-length IAPs.

Interestingly, even between domesticus strains we observe

a difference in the distribution of IAP lengths. Mice with a

parental C3H background contain a notable size discrepancy

for IAP insertions that are 4.5–5.5 kbp in length when

compared with other domesticus strains (Figure 2F). Previous

studies have found that IAP elements are more highly ex-

pressed and active in C3H/HeJ relative to other domesticus

strains.31 We find that C3H/HeJ contains a significant increase

in the proportion of variants within the ID1 size range when

compared with every non-C3H strain in our study (p < 0.05,

Fisher’s exact test). Within closely related domesticus strains,

C3H mice contain over one-third of strain-specific IAP inser-

tions in the ID1 size range (Figure 2G). Hyperactive IAP expres-

sion and numerous gene altering polymorphisms have been

well documented in C3H mice.11,31 Here, we uncover a large

number of unique IAP insertions specific to C3H mice and cat-

alog a higher number of insertion polymorphisms when

compared with other domesticus lines (34% of strain-specific

insertions in the ID1 size range).

The consequences of structural variation on mouse
genomes
To assess the potential functional impact of mouse SV, we

used the Ensembl Variant Effect Predictor tool to intersect SV

calls with known genomic features and predict variant

severity.36 We find that 55% (228,232) of SVs map within or

around (5 kbp up-/downstream) genes, with 43% (179,239)

intergenic and 13% (52,411) intersecting mouse regulatory re-

gions (Figure 3A). Most genic SVs (98%) are intronic, with 2%

overlapping a non-intron feature (30 UTR, 50 UTR, and coding

regions) (Figure 3B). We report 829 coding sequence variants

(512 deletions and 317 insertions), 2,647 30 UTR variants

(1,148 deletions and 1,499 insertions), and 451 50 UTR SVs

(280 deletions and 171 insertions). We then selected all SVs

with potential functional consequences and performed an as-

sociation analysis based on multiple criteria (Figure 3C). First,

we determined the tendency of a particular SV class to be

detected by short-read sequencing when compared with long



164,236

14,998

38,568 35,205

11,129
7,365

19,860

7,343
2,843

179,239

59,885

56,546

52,411 Regulatory Region

Upstream Gene

Downstream Gene

Intergenic

A

C

B

Non-Intron
2%

Intron
  98%

Overlapping/Nearby Genes
45%

Non-overlapping Genes
55%

 3ʹ
 U

TR (n
 = 

2,6
47

)

5ʹ 
UTR (n

 = 
45

1)

NMD Tr
an

sc
rip

t (n
 = 

30
,12

5)

Cod
ing

 Seq
ue

nc
e (

n =
 82

9)

Dow
ns

tre
am

 G
en

e (
n =

 59
,88

5)

Fea
tur

e E
lon

ga
tio

n (
n =

 65
)

Fea
tur

e T
run

ca
tio

n (
n =

 11
)

Int
erg

en
ic 

(n 
= 1

79
,23

9)

Int
ron

 (n
 = 

18
0,2

93
)

Non
-co

din
g T

ran
sc

rip
t (n

 = 
91

,40
3)

Reg
ula

tor
y R

eg
ion

 Abla
tio

n (
n =

 5,
85

6)

Reg
ula

tor
y R

eg
ion

 Vari
an

t (n
 = 

52
,41

1)

Ups
tre

am
 G

en
e (

n =
 56

,54
6)

Non
-co

din
g T

ran
sc

rip
t E

xo
n (

n =
 6,

75
1)

Splic
e D

on
or 

(n 
= 8

75
)

Splic
e a

cce
pto

r (n
 = 

77
6)

Splic
e R

eg
ion

 (n
 = 

20
3)

Tra
ns

crip
t A

bla
tion

 (n
 = 

1,3
82

)

Genic

0%

20%

40%

60%

80%

100%

Regulatory & Other Intergenic

Log Odds Ratio No Association-2 20

LR SR

TR Non-TR

MGPNovel

Insertion Deletion

D

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

E

F

p = 0.00244

ALT REF

500

1,000

N
or

m
al

iz
ed

 R
ea

d 
C

ou
nt

s

C57BL/6J
129S1/SvImJ
A/J
C3H/HeJ
CAST/EiJ
DBA/2J
NOD/ShiLtJ
NZO/H1LtJ
PWK/PhJ
WSB/EiJ

179,955

180,293

2,647

829

451

Intron

3ʹ UTR

5ʹ UTR

CDS

1,752

667

302 230 219 107 97 60 56 54 10 10 1

C57BL/6J
129S1/SvImJ
A/J
CAST/EiJ
NOD/ShiLtJ
NZO/HILtJ
PWK/PhJ
WSB/EiJ

50M 100M 150M
0

1

2

-1

Ef
fe

ct
LO

D

Chromosome 4

19.4620

17.5

15

12.5

10

7.5

5.0

2.5

0

LO
D

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1819 X
Chromosome

IAP Insertion Site

Figure 3. SV consequences
(A) Count of SVs overlapping various intergenic regions, with the percentage of variants that overlap genic and non-genic regions.

(B) Count of SVs overlapping genic features, with percentage of variants that overlap a non-intronic or intronic region of a gene.

(C) Genic, regulatory, and intergenic SV consequences. Each SV consequence is shown with the proportion that is specific to long-read detection (LR, long read

only; SR, short read support), novel to our study when compared with the mouse genomes project database (Novel or MGP), tandem repeat composition

(Tandem Repeat and Non-Tandem Repeat), and insertion or deletion SVs (Insertion and Deletion). Each consequence was correlated (or not) with simple repeat

SVs (red and blue).

(D) Mutyh expression differences between strains that contain a 5.3 kbp IAP insertion within intron 2 of Mutyh.

(E) LOD score for a significant cis-eQTL for the Mutyh gene.

(F) Effect score of each collaborative cross founder strain for the Mutyh eQTL on chromosome 4.
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reads. Among all coding sequence variants, 577 (70%) are

uniquely called with long reads and 252 (30%) are detected

by both long and short reads. We then compared all variant

consequences with previously published mouse SVs.8,23 Of

all variants that were unique to our study, we report 94,863

to be intronic, 1,469 UTR, and 510 coding sequence variants.

Interestingly, across all SV calls, coding sequence variants

were enriched for simple repeat sequences (Table S4). We

additionally conducted 120 PCR validations (15 PCR reactions

across 8 strains) for SVs that alter coding regions across the 8

CC founder strains yielding orthogonal data for SVs leading to

frameshift and insertion variants (Table S3).

Recent studies have detailed a domesticus-specific C>A

transversion mutator allele associated with a haplotype of the

Mutyh gene37; however, a causal variant has not been identified.

To investigate this allele for potentially causative SVs, we sur-

veyed each mouse genome for large variants in the Mutyh

gene locus. We uncovered a 5.3 kbp IAP insertion within intron

2 of Mutyh that is unique to long-read detection. IAPs have

been shown to alter gene structure and negatively impact gene

expression through chromatin silencing.32,33,38 To investigate

Mutyh expression, we performed bulk RNA sequencing on

mESCs derived from 10 strains (STAR Methods) and grouped

each sample by insertion status to perform differential gene

expression analysis of Mutyh. Mice that contained the trans-

poson insertion contained a significant decrease in Mutyh

expression compared with those with no IAP insertion (Fig-

ure 3D). Interestingly, all strains that contain the IAP insertion

(DBA/2J, A/J, and WSB/EiJ) also contain the five distinct single

nucleotide variants previously associated with the mutator

phenotype, otherwise known as the ‘‘D-like allele.’’37 We addi-

tionally searched previously published mESC eQTL data derived

from a large, outbred stock of mice (DO) constructed from the

CC founder strains. We found an extremely significant (LOD

score = 19.46) cis-eQTL for the Mutyh gene (Figure 3E).4 Sam-

ples that contain a negative effect score for Mutyh expression

(A/J and WSB/EiJ) match the samples we find to contain the

IAP insertion (Figure 3F). These data show that important regions

of the mouse genome can be altered by previously unannotated

SVs and that these SVs can reside in important genes associated

with phenotypic variation.
Figure 4. TEV effects on chromatin accessibility and gene expression

(A) Diagram showing the experimental approach; long-read whole-genome sequ

TEV. Open chromatin regions found with ATAC-seq were used to profile change

(B) Change in chromatin accessibility (normalized ATAC coverage) for 18 transpos

is correlatedwith changes in chromatin accessibility (Mann-Whitney U test; *13 1

% 1 3 10�4).

(C) Change in chromatin accessibility (normalized ATAC coverage) plotted again

categorized by insertion (blue) and deletion (purple). Two distinct clusters of leng

(D) Change in chromatin accessibility (normalized ATAC coverage) plotted again

(E) Change in chromatin accessibility (normalized ATAC coverage) plotted against

FL, ID1, and solo LTR elements.

(F) Genome browser diagram showing gene Slc47a2. Strain-specific mESC RNA

ATAC-seq signal (blue). Site of a de novo ETn insertion specific to strain CAST/EiJ

in C57BL/6J (red transcript).

(G) ATAC coverage at the site of CAST/EiJ ETn insertion.

(H) mESC ATAC-seq coverage profiles of 10 strains surrounding the ETn insertion

(I) Changes in Slc47a2 gene expression between CAST/EiJ and all other strains
Polymorphic transposons alter mESC chromatin
dynamics and gene expression
TEs often promote genome diversity and give rise to species-

specific neofunctionalization events of biological pathways.39,40

Furthermore, numerous early embryonic tissue types exhibit

cell-type-specific patterning of TE expression and chromatin

accessibility in human and mouse development, such as the

expression of ERVs, which is a hallmark of the two-cell

stage.41–44 They can inherently harbor promoters and regulatory

sequences, therefore, we hypothesized that polymorphic TEs

would alter the cis-regulatory landscape of early development,

resulting in altered chromatin accessibility and transcript varia-

tion. To investigate the functional impact of these polymor-

phisms, we utilized our long-read callset to determine the

genome-wide impact of TEVs on mESC chromatin accessibility.

We performed ATAC-seq on mESCs derived from 10 genetically

diverse strains (STAR Methods) to detect open chromatin re-

gions and surveyed small (5 kbp) regions surrounding SVs in

each mouse to detect variant associations with chromatin

accessibility (Figure 4A). From this, we found 22,123 (14%)

TEVs that are associated with a significant change (p < 0.05,

Mann-Whitney Wilcoxon test) in chromatin accessibility.

To further investigate if specific TEVs are responsible for

altered chromatin accessibility, we grouped TEVs by family

and subtype to determine if the insertion status of a given

element is associated with a change in chromatin accessibility.

We identified 18 distinct TE subtypes where there was a signifi-

cant chromatin accessibility difference between insertions and

deletions (Figure 4B), with the most frequent genome-wide

changes facilitated by LINE-1 variants. Full-length (�6.3 kbp)

polymorphic L1MdTf elements were associated with strain-spe-

cific changes in chromatin accessibility with a cluster of ele-

ments that are �6 kbp long (Figure 4C), suggesting that the 50

UTR of L1MdTf elements contains regulatory sequences that

promote the formation of euchromatin in mESCs. This distribu-

tion was not seen in L1MdA elements and is most likely due to

the variation in the 50 UTR monomeric repeat (Figure 4D). Given

that active mouse and human LINE-1 subtypes have highly

conserved ORF2p, they presumably integrate with similar inser-

tion preferences45–47 and likely lack a preference for open chro-

matin. Thus, our data suggest that L1MdTf elements contain
encing of diverse mouse genomes allows for comprehensive identification of

s in chromatin accessibility at sites of TEVs.

able element subtypes whose insertion status (insertion, blue; deletion, purple)

0�2 < p% 53 10�2, **13 10�3 < p% 13 10�2, ***13 10�4 < p% 13 10�3, ****p

st TEV length for L1MdTf variants. Each point represents an L1MdTf variant,

th represent full-length (FL) and truncated elements.

st TEV length for L1MdA variants.

TEV length for IAPLTR1/1a variants. Three distinct clusters of length represent

transcriptome assemblies for strains C57BL/6J and CAST/EiJ are shown with

is shown (red arrow) and is accompanied by an alternative transcript not found

site between CAST/EiJ and all other strains which do not contain the insertion.

that do not contain the insertion.
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mESC regulatory sequences that are lacking in L1MdA se-

quences, and that these changes are not due to integration pref-

erences. Overall, 18% (2,522 of 16,304) of L1MdTf variants from

the 10 strains were associated with a significant change in chro-

matin accessibility, compared with 8% (2,048 of 23,863) of

L1MdA variants. IAP variants had the opposite effect, with inser-

tions associated with heterochromatin formation (Figure 4E).

Three distinct IAP size clusters were associated with chromatin

variation; however, only two clusters (�7.2 and �5.3 kbp)

showed a strong trend in accessibility changes based on inser-

tion status. The third cluster consists of short (�300 bp)

sequences that are remnants of recombination between the 50

and 30 LTR ends. IAP sequences are associated with heterochro-

matin in the mouse genome48; however, we find that IAP poly-

morphisms that lack their internal sequence show no association

with heterochromatin, suggesting that insertion of the element,

rather than integration preference, is linked to accessibility

changes. This pattern reflects the effects of the internal structure

of the IAP element, which contains a short heterochromatin

inducing sequence known to be active in mESCs.38 We now

show that these sequences are often propagated in the mouse

genome, leading to genome-wide changes in chromatin

accessibility.

We highlight a strain-specific (CAST/EiJ) ETn (early trans-

poson) insertion within intron 8 of the gene Scl47a2 (Figure 4F).

This insertion is accompanied by a differential ATAC-seq

signal unique to CAST/EiJ closely flanking the insertion site

(Figures 4G and 4H). To investigate potential transcriptomic

changes due to this polymorphic TE, we used our RNA

sequencing dataset generated from the same cell lines to quan-

tify mESC Slc47a2 gene expression relative to this SV. From this,

we observe elevated levels of Slc47a2 expression in CAST/EiJ

compared with strains that lack the insertion (Figure 4I). Tran-

script assemblies revealed a CAST/EiJ-specific transcript that

initiates at the site of the polymorphic ETn insertion (Figure 4F,

red arrow and transcript). These data suggest that the polymor-

phic ETn insertion introduced a novel alternative transcriptional

start site within the canonical intron 8 of Slc47a2 and align with

previous studies that show that ETn sequences contain binding

regions for the pluripotency factor Oct4.49 We find that polymor-

phic ETn sequences are strongly associated with chromatin

changes (p = 1.94 3 10�27, Student’s t test) in mESCs.

DISCUSSION

The laboratory mouse is an important model for mammalian ge-

netics and dissecting the relationship of genotype to pheno-

type.50,51 Genetic reference populations such as the CC and

DO mice are reproducible resources of genomic complexity

that have led to numerous discoveries of disease-relevant loci,

and accurate knowledge of genetic variation is imperative for

finding the causative alleles at these loci. Furthermore, diverse

subspecies of Mus musculus contain greater nucleotide diver-

gence than human populations, offering unique advantages to

population research.52,53 Genetic variation between diverged

mice has not been captured in its entirety, stemming from tech-

nological limitations of short-read DNA sequencing, which

results in poor discovery and annotation for SVs. SVs are often
10 Cell Genomics 3, 100291, May 10, 2023
underrepresented in variant catalogs due to their complexity, as-

sociation with repetitive regions of genomes, and lack of stan-

dardized detection methods.54,55 Recent advances in long-

read whole-genome sequencing have surpassed short reads in

their ability to accurately detect SVs15,16,24 and have enabled re-

searchers to resolve regions of the mouse genome that were

previously represented as gaps.17 However, the comprehensive

detection of SVs between diverse mouse genomes and

discerning the full potential of SVs on mouse genetic reference

populations cannot be completed until their genomes are

entirely sequence resolved. We have made important steps in

rectifying this deficit.

We characterized genome-wide SVs present in 20 laboratory

mouse strains with long-read sequencing. This cohort repre-

sents popular researchmodels such as: (1) the parental founders

of the CC andDOcrosses, which are powerful selective breeding

panels used for trait mapping,56 (2) six resultant CC strains that

have interesting phenotypes, (3) a strain often crossed with

C57BL/6J that is used for studying genotype-phenotype interac-

tions,37,57,58 and (4) numerous other models that contain unique

phenotypes due to genetic background, such as the PWD/PhJ

strain, which is used to model hybrid sterility.59,60 Here, we

find a 221 Mbp of insertion sequence not present in the Mus

musculus reference. These sequences are important for the cre-

ation of genetically engineered mice on backgrounds other than

C57BL/6J, yet targeted mutagenesis constructs are often

guided by theMus musculus reference. For example, substrains

from the 129 background are regularly used for genetic engi-

neering, including CRISPR-mediated modification.61,62 Efforts

to create strain-specific assemblies have aimed to correct these

biases7; however, current assemblies lack large inserted se-

quences, duplications, and full annotation of TEs.13,24 From hu-

man studies, we have found that long reads excel in identifying

SVs and can be used to create highly contiguous genome as-

semblies that can also be used for SV detection.9,12,13,63 Our

study creates strain-specific genome assemblies with greater

continuity and comprehensive SV callsets. In total we discov-

ered 278,062 variants that were undetected with short-read SV

calling methods while also capturing 90% of the variants from

short-read calls (Figure 1D). We call 215,262 SVs that are absent

from public mouse SV catalogs,23,64 including 510 coding

sequence SVs, indicating the importance of using long-read

data.22 Newly emerging tools and techniques can further inte-

grate our callset in the genotyping of large breeding panels,

such as the CC, DO, and BXD.65

An ongoing difficulty in genome assembly is the reconstruction

of repetitive element sequences, including TEs. Mice have

a higher de novo TE insertion rate than that of humans

(�1 LINE-1 insertion in every 8 live births in contrast to 1 in 20–

200 live births in humans)25,26 and contain retrotransposition

competent ERVs66; therefore, the role of TEs in genomic change

is an important contributor to murine genomic variation. We find

that TEs drive extensive SVs in mice and are the dominant

source of variable sequence content in mouse genomes (Fig-

ure 2C). Our resource provides classification of polymorphic el-

ements, distinguishes closely related subfamilies, including the

active L1MdA, L1MdTf, and L1MdGf LINE-1 transposons, and

reveals evidence of an L1MdTf-I/II expansion within the
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domesticus subspecies. Interestingly, we find that non-domesti-

cus genomes contain L1MdTf-I/II copies, although they are at

a much lower copy number than domesticus. This could be

due to (1) misclassification of these elements as theMusmuscu-

lus database of TEs has been constructed primarily using

C57BL/6J sequences, (2) introduction of these elements into

non-domesticus genomes through hybridization between sub-

species, which has been observed previously,67 or (3) L1MdTf-

I/II elements have existed before the estimated divergence of do-

mesticus, musculus, and castaneus and became increasingly

active within the domesticus genome, similar to the IAP inser-

tions observed within C3H mice.11 Surprisingly, we observe no

large differences in L1MdA-I copy number between each sub-

species despite the estimated age of this subfamily being

more proximal than divergence of domesticus, musculus, and

castaneus (0.3.–0.5 Myr). We believe that our work indicates a

need to investigate the expansion or regulation of these ele-

ments between these major subspecies, and our resource will

enable future studies on this topic.

By resolving TEVs, we detect domesticus-specific enrichment

of ID1 and full-length IAP element variants when compared with

castaneus and musculus (Figures 2D and 2E). Previous studies

suggest that post-transcriptional processing of IAP-containing

sequences varies between castaneus and domesticus mice

due to mutations in the Nxf1 protein.68 We observe that the level

of IAP polymorphism in musculus strains is similar to castaneus

and that both are lower than domesticus, suggesting that vari-

able activity of IAP elements may have different mechanisms in

different subspecies. Even within the domesticus lineage, IAP

insertions unique to C3H mice contain a distinct length distribu-

tion, with a greater number of variants in the 4.5–5.5 kbp range

(Figures 2F and 2G). Increased expression of IAP retrotranspo-

sons has been observed in mESCs derived from C3H/HeJ

mice, with multiple accounts of aberrant gene expression from

insertion polymorphisms.11,31 Here, we sequence-resolve 187

C3H-specific IAP insertions that can be used to further investi-

gate this phenotype. Furthermore, fixed transposon sequences

can be differentially methylated in the mouse genome and are

regulated by trans factors such as KRAB zinc finger proteins.69

Fixed TEs can also accumulate mutations that are otherwise

blind to short-read detection methods70,71; the long-read de

novo assemblies we provide can be used to investigate allelic

and epigenetic heterogeneity within a given repeat and allow

for precise mapping of orthogonal sequencing data in a strain-

specific manner.72,73

The biological effects of TEVs are not confined to structural

alteration of genomic DNA.74 TEVs frequently carry with

them potent regulatory sequences that alter gene expression

and chromatin accessibility, sometimes in a tissue-specific

manner.41,75,76 Furthermore, genomic TEs are increasingly

recognized as important contributors to early development as

they can be co-opted as enhancers, regions of transcription fac-

tor binding sites,77 and early expression of TEs can be used to

profile early embryonic stages such as zygotic genome activa-

tion.78 Our TEV callset and assemblies will enable the examina-

tion of the effects of TE polymorphisms on early embryonic

tissues and can act as a model for studies in other organisms.

Our study examines polymorphic TEs, showing that many fam-
ilies affect nearby chromatin accessibility and that they may

differentiate mouse transcriptomes in early development. Inter-

estingly, our data suggest that recently transposed events from

closely related LINE-1 subfamilies likely differ in the cis-regulatory

elements they bind to.Musmusculus LINE-1 subtypes are known

to contain alternative promoters constructed frommonomeric re-

peats and are differentially methylated in male germ cell develop-

ment.79,80 Here, we show that polymorphic L1MdTf elements are

more often associated with increases in mESC chromatin acces-

sibility when comparedwith L1MdA variants despite representing

fewer polymorphisms, and this effect is more marked with full-

length elements, suggesting that the L1MdTf promoter is active

in mESCs (Figures 4C and 4D). In contrast, we find that IAPs

are associated with chromatin closing (Figure 4E), consistent

with previous studies that detail an internal short heterochromatin

inducing sequence that is active in mESCs.38 It is important to

note that we detail these changes at one developmental time

point, and that TE activity is dynamic duringmammalian develop-

ment.42 Further utilization of this callset with orthogonal data to

support additional tissue types will aid in characterizing the ef-

fects of TE polymorphisms throughout development.

Several important technological advances in sequencing have

arisen recently, including ultralong ONT and PacBio HiFi,81

which improve accuracy, assembly contiguity, and assembly-

based variant detection.6,13,14,82 While telomere-to-telomere

assembly is not yet routine, complete sequence resolution of

diverse mouse genomes may be possible in the near future.

These technologies will enable phasing for the approximately

5% of mouse genomes that are heterozygous after inbreeding

and for wild-derived individuals and would more completely

resolve segmental duplication loci. Complete assemblies may

also enable other studies, such as an examination of genome-

wide synteny over 500,000 years of evolution and the examina-

tion of rearrangements between complex segmental duplica-

tions. The data we generate here are important to modernize

mouse genetics, and with it we provide a sequence-resolved

SV resource, a mESC expression resource, and mESC chro-

matin accessibility data, which will enable evolutionary research

and phenotype-genotype correlations in mice.

Limitations of the study
There remain two outstanding limitations to our study. First, our

methods exclude phasing, and therefore our analysis is confined

to haploid genomic assemblies. This drawback is not as impor-

tant when sequencing classical inbred laboratory mouse

genomes as �95% of their genomes are homozygous. We esti-

mate that a small portion (�2.5%, 50%within regions of residual

heterozygosity) of SVs are lost as these regions are represented

as one haplotype. Second, the mouse genome contains many

large complex repetitive loci, such as segmental duplications

and centromeres. Some of these regions prove to be too large

to assemble with our PacBio long reads, resulting in collapsed

or discontinuous sequences. Resolution of these regions will

require a combination of longer lengths to span repeats, such

as Oxford Nanopore ultralong reads, and lower error to separate

paralogs and homologs, such as PacBio HiFi reads.6,83 In future

studies, assemblies constructed using these technologies will

allow for more complete profiling of diverse mouse genomes.
Cell Genomics 3, 100291, May 10, 2023 11
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Software and algorithms

Flye (v2.8.3) Kolmogorov et al.19 https://github.com/fenderglass/Flye

Arrow (v2.0.2) PacBio https://github.com/PacificBiosciences/gcpp

PAV (v1.1.2) Ebert et al.13 https://github.com/EichlerLab/pav

SV-Pop (v2.0.0) Ebert et al.13 https://github.com/EichlerLab/svpop
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REAGENT or RESOURCE SOURCE IDENTIFIER

pbsv (v2.6.2) PacBio https://github.com/PacificBiosciences/pbsv

Sniffles (v1.0.12) Sedlazeck et al.84 https://github.com/fritzsedlazeck/Sniffles

SVIM (v2.0.0) Heller et al.85 https://github.com/eldariont/svim

SVIM-asm (v1.0.2) Heller et al.63 https://github.com/eldariont/svim-asm

BWA-MEM (v0.7.17) Li and Durbin86 https://github.com/lh3/bwa

Manta (v1.6.0) Chen et al.87 https://github.com/Illumina/manta

DELLY (v0.8.7) Rausch et al.88 https://github.com/dellytools/delly

LUMPY (v0.2.13) Layer et al.89 https://github.com/arq5x/lumpy-sv

WGAC Bailey et al.90 https://github.com/EichlerLab/WGAC

ReapeatMasker (v4.1.2) Smit, AFA, Hubley, R & Green, P https://github.com/rmhubley/RepeatMasker

subseq (commit c790053) Ebert et al.13 https://github.com/EichlerLab/seqtools

quast (5.0.2) Gurevich et al.91 https://github.com/ablab/quast

nextflow (v21.04.0) Di Tommaso et al.92 https://www.nextflow.io

nf-core/atacseq (v1.2.1) https://doi.org/10.5281/

zenodo.2634132

https://nf-co.re/atacseq

BEDTools (2.30.0) Quinlan and Hall93 https://github.com/arq5x/bedtools2

Conda (4.10.3) Anaconda Software Distribution https://github.com/conda/conda

Ensembl Variant Effect Predictor (v104.3) McLaren et al.36 https://github.com/Ensembl/ensembl-vep

STAR (v2.7.8a) Dobin et al.94 https://github.com/alexdobin/STAR

Tetranscripts (v2.2.1) Jin et al.95 https://github.com/mhammell-laboratory/

Tetranscripts

DESeq (v3.15) Love et al.96 https://github.com/mikelove/DESeq2

StringTie (v2.1.7) Kovaka et al.97 https://github.com/skovaka/stringtie2

featureCounts (v2.0.1) Liao et al.98 https://github.com/topics/featurecounts

Duphold (v0.2.3) Pederson and Quinlan99 https://github.com/brentp/duphold

bam2fastx (v1.3.0) PacBio https://www.pacb.com/wp-content/uploads/

SMRT_Tools_Reference_Guide_v600.pdf

NGMLR (v0.2.7) Sedlazeck et al.84 https://github.com/philres/ngmlr

Minimap2 (v2.17) Li100 https://github.com/lh3/minimap2

pbmm2 (v1.4.0) PacBio https://github.com/PacificBiosciences/pbmm2

LRA (v1.3.0) Ren et al.101 https://github.com/ChaissonLab/LRA
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Christine R.

Beck (christine.beck@jax.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The genome assemblies, long-read sequencing, ATAC-seq, and RNA-seq data generated for this study can be obtained through the

NCBI sequencing read archive under BioProject NCBI: PRJNA923323. Structural variant VCFs for each individual mouse strain, the

merged structural variant VCF, and RepeatMasker annotations for each assembly were deposited on Zenodo at https://doi.org/10.

5281/zenodo.7644286. All software used in this study can be found in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Information of diverse inbred mouse strains and derived cell lines in this study can be found, and are accompanied by research

resource identifiers, in the key resources table and method details.
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METHOD DETAILS

Sample selection
We assembled the genomes of 20 diverse inbred laboratory mouse strains (129S1/SvImJ, A/J, CAST/EiJ, NOD/ShiLtJ, NZO/HILtJ,

PWK/PhJ, WSB/EiJ, CC005, CC015, CC032, CC055, CC060, CC074, BALB/cByJ, BALB/cJ, C3H/HeJ, C3H/HeOuJ, DBA/2J,

C57BL/6NJ, and PWD/PhJ) with whole-genome long-read sequencing and called SVs in each genome generated in this study.

We chose to sequence the founders of the collaborative cross as they represent various diverse genetic backgrounds of Mus

musculus and have been used to create numerous backcrossed offspring for complex phenotype mapping. We also sequenced

six resultant strains created from breeding of these founders. Lastly, we sequenced seven additional diverse mice which are impor-

tant for other recombinant crosses and other mouse genetics purposes. Because we do not have orthogonal sequencing data to

support genome phasing such as Strand-seq, our assemblies and SV calls represent a single haplotype. Approximately 95% of

inbredmouse genomes are homozygous, andwe expect to lose 50%of SVs in residual heterozygous loci. For short-read sequencing

analysis, we used data from previously published datasets of Illumina whole-genome sequencing reads.7,22

mESCs
mESC cell lines from ten diverse mice (129S1/SvImJ, A/J, C57BL/6J, CAST/EiJ, NOD/ShiLtJ, NZO/HILtJ, PWK/PhJ, WSB/EiJ, C3H/

HeJ, and DBA/2J) were derived and cultured using previously published methods.102 Cells were thawed onto gelatin in ESM/FBS/2i

media and grown to 60–80% confluency. All cell lines were between P11-P13 at the time of the harvest. Cells were dissociated with

0.05% trypsin-EDTA, resuspended in PBS for counting, with 13 106 cells reserved for RNA and 13 105 cells reserved for ATAC-seq.

For the RNA sample, the cells were spun down, the supernatant removed, and the pellet was flash frozen and then placed on dry ice.

The samples were stored at�80�C until harvest. For the ATAC samples, the cells were spun down and resuspended in 1mL of freeze

media (80% ESM/10% FBS/10%DMSO). The volume was divided in 1/2 among 2 cryovials. The ATAC samples were placed in Cool

Cells in the �80�C and then transferred to LN2 24–48 h later.

PacBio long-read whole-genome sequencing
Kidney tissue from female mice were supplied from The Jackson Laboratory mouse services, other than the PWD/PhJ sample, which

was derived from testis (key resources table). gDNAwas first extracted using the Gentra Puregene (Qiagen) kit. Frozen kidney tissues

from each mouse were first pulverized using a mortar and pestle and transferred to a 15mL tube containing Qiagen Cell Lysis Solu-

tion. Lysate was then incubated with Proteinase K for 3 h at 55�C, followed by the addition RNase A and continued incubation for

40 min at 37�C. Samples were cooled on ice and Protein Precipitation Solution was added. Samples were then vortexed and centri-

fuged. The supernatant was transferred to a new tube containing isopropanol for precipitation. The remaining pellet was washed with

70% ethanol, air dried, and rehydrated in PacBio Elution Buffer until dissolved. Sample preparation was performed following the

continuous long read (CLR) protocol from PacBio using the PacBio SMRTbell Express Template Prep Kit 2.0. 15 mg of high molecular

weight gDNA was sheared using 26G Needles for 10–20 passes. Sample showing a broad distribution of DNA 20–100 kbp on Femto

Pulse (Agilent) was selected to proceed. Additional shearing was performed to achieve the targeted distribution if needed. Sheared

DNA Sample was then concentrated with AMPure PB Beads (PacBio). 10mg of the sheared DNA was end repaired and A-tailed to

remove single-strand overhangs and repair DNA damage. This is followed by a ligation to an overhang V3 adapter and clean up

with 0.45x AMPure PB. The purified library was subjected to size-selection (>10 kbp) using the Blue Pippin system (Sage Science).

The library was purifiedwith 1⨉AMPure PB library and sequenced on a PacBio Sequel II. Each sample was sequenced to aminimum

of 30-fold coverage.

ATAC sequencing (ATAC-seq)
ATAC-seq103 data was generated from mESCs derived from 10 mouse strains (129S1/SvImJ, A/J, C57BL/6J, CAST/EiJ, NOD/

ShiLtJ, NZO/HILtJ, PWK/PhJ, WSB/EiJ, C3H/HeJ, and DBA/2J). ATAC-seq libraries were prepared using 50,000 cells as previously

described104 with the following modifications: pelleted cells were washed in 150 mL PBS before the addition transposase mixture;

transposition reactions were agitated at 1000 rpm; transposed DNA was purified using a Genomic DNA Clean & Concentrator

(Zymo); purified DNA was eluted in 21 mL elution buffer (10 mM Tris-HCl, pH 8); transposed fragments were amplified using 2⨉

KAPA HiFi HotStart ReadyMix (Roche) and Nextera DNA CD Indexes (Illumina) for 10 cycles of PCR; PCR reactions were purified

using 1.7⨉ KAPAPure beads (Roche). Libraries were checked for quality and concentration using the DNA High-Sensitivity TapeS-

tation assay (Agilent Technologies) and quantitative PCR (Roche), according to the manufacturers’ instructions. Libraries were

sequenced 100 bp paired-end on an Illumina NovaSeq 6000 using the S2 Reagent Kit v1.5.

RNA sequencing (RNA-seq)
RNA-seq data was generated from mESCs derived from 10 mouse strains (129S1/SvImJ, A/J, C57BL/6J, CAST/EiJ, NOD/ShiLtJ,

NZO/HILtJ, PWK/PhJ, WSB/EiJ, C3H/HeJ, and DBA/2J). Tissues were lysed and homogenized in TRIzol Reagent (Ambion), then

RNA was isolated using the miRNeasy Mini kit (Qiagen), according to manufacturers’ protocols, including the optional DNase digest

step. RNA concentration and quality were assessed using the Nanodrop 8000 spectrophotometer (Thermo Scientific) and the RNA

ScreenTape Assay (Agilent Technologies). Libraries were constructed using the KAPAmRNAHyper-Prep Kit (Roche Sequencing and
e3 Cell Genomics 3, 100291, May 10, 2023
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Life Science), according to the manufacturer’s protocol. Briefly, the protocol entails isolation of polyA containing mRNA using oligo-

dT magnetic beads, RNA fragmentation, first and second strand cDNA synthesis, ligation of Illumina-specific adapters containing a

unique barcode sequence for each library, and PCR amplification. The quality and concentration of the libraries were assessed using

the D5000 ScreenTape (Agilent Technologies) and Qubit dsDNA HS Assay (ThermoFisher), respectively, according to the manufac-

turers’ instructions. Libraries were sequenced 100 bp paired-end on an Illumina NovaSeq 6000 using the S2 Reagent Kit v1.5.

Genome assembly, variant calling, and QC
For each sample, raw PacBio CLR bam files were converted to FASTA files with bam2fastx (https://github.com/PacificBiosciences/

bam2fastx) (v1.3.0). Strain-specific assemblies were then constructed with Flye19 (v2.8.3) and Arrow (https://github.com/

PacificBiosciences/gcpp) (v2.0.2) was used for polishing. Assembly metrics were computed and summarized with quast91 (v5.02)

(Table S1).

Variant discovery was performed against the GRCm39 (mm39, Mus musculus) reference genome. SVs were called with PAV13

(v1.1.2) using minimap2100 (v2.17) alignments. Orthogonal callset support was obtained with pbsv (https://github.com/

PacificBiosciences/pbsv) (v2.6.2), Sniffles84 (v1.0.22), SVIM85 (v2.0.0), SVIM-asm63 (v1.0.2), and PAV run with the LRA101 (v1.3.0)

aligner (PAV-LRA). For pbsv and SVIM, we used the pbmm2 (v1.4.0) alignment tool to align raw long reads to the GRCm39

(mm39, Mus musculus) genome. For Sniffles, NGMLR84 (v0.2.7) alignments were used. Additional raw-read support was annotated

by extracting aligned segments of long-reads in regions around SVs with subseq13 (commit c790053) (2 + supporting reads).

For short-read SV calling, raw Illumina FASTQ files were aligned to theGRCm39 reference genomewith BWA-MEM86 (v0.7.17).We

then called SVs with Manta87 (v1.6.0), LUMPY89 (v0.2.13), and DELLY88 (v0.8.7). We then ran Duphold99 (v0.2.3) on all SV calls to

obtain a read depth value for regions overlapping SV calls.

Variants were accepted into the final callset if they have a) either pbsv or SVIM support in addition to raw-read subseq support, b)

support from two or more of Sniffles, SVIM-asm, and PAV-LRA in addition to raw-read subseq support, c) both SVIM-asm and PAV-

LRA support and are greater than 250 bp, or d) they have raw-read subseq support or duphold-CLR support, have duphold-SR

support, and have support from one or more of DELLY, LUMPY, or Manta. The full reference assembly was present during read

and contig alignments; however, the final callset was filtered to only include chromosome scaffolds excluding chrY (chr1-19

and chrX).

Finally, a non-redundant callset across samples was achieved by merging with SV-Pop13 (v2.0.0). The per-genome average num-

ber of SVs for each subspecies was calculated from Table 1; C57BL/6NJ was excluded from the domesticusmean due to its extreme

conservation with the C57BL/6J reference genome. The total percentage of the mouse genome affected by SVs was calculated by

first running BEDTools merge (v2.30.0) on the SV calls to remove redundant overlap between SVs not found in the same samples. The

sum all SV lengths were then divided by the length of the GRCm39 reference genome (2,728,206,152 bp, obtained from https://www.

ncbi.nlm.nih.gov/grc/mouse/data).

Segmental duplication annotation and callable regions
Segmental duplications (SD) were characterized in GRCm39 using the whole-genome assembly comparison (WGAC) method as pre-

viously described.90 Briefly, WGAC identifies non-homologous pairwise alignments by performing an all-by-all comparison after

removing common repeat elements (RepeatMasker v4.1.0 with engine crossmatch v1.090518 and the ’Mus musculus’ and Tandem

RepeatMasker v4.09while ignoring repeats with >12 periodicity available from the UCSC browser).WGAC fragments the genome into

400 kbp repeat-masked segments and performs an all-by-all comparison between segments (blastall v2.2.11) and within 400 kbp

alignments using the LASTZ tool (v1.02.00) (https://www.bx.psu.edu/�rsharris/lastz/). Common repeats are reintroduced to construct

optimal global alignments that are at least >1 kbp and >90% sequence identical to define the SD set for the mouse genome.

Intersection withmouse genomes project callset, Nellaker transposable element variant calls, and subseq validation
Variants were intersected with theMouse Genomes Project SV release v5 (Project URL: http://www.sanger.ac.uk/resources/mouse/

genomes/; FTP: ftp://ftp-mouse.sanger.ac.uk/; and lifted over to GRCm39 coordinates using UCSC LiftOver: https://genome.ucsc.

edu/cgi-bin/hgLiftOver). Because callset characteristics were different than modern callsets, we adopted a customized approach.

Because insertions lengths are unknown, we counted variants as supported if the insertion site was within 250 bp and ignored

the size. Large insertions are called duplicated reference loci, and to allow direct comparisons, we re-mapped insertion sequences

to the reference and intersected the resulting loci with duplication calls using 50% reciprocal overlap. Deletions were also matched

by 50% reciprocal overlap. An SV was considered detected by both methods if the SV was called in the same strain. This same

approach was used to intersect transposable element variants we detected with previously published transposable element

variants.27

To validate SV calls with long-read support, we used subseq to extract read lengths (200 bp surrounding region of SV) frompbmm2

alignments. Calls were accepted as PASS if the mean read length difference was R50 bp.

Transposable element annotation
In order to characterize transposable element variation, we obtained a FASTA output from SV-Pop containing the full sequences of

insertion and deletion SV. We then used RepeatMasker105 (v4.1.2) with the ‘‘-species mus_musculus’’ option to annotate repeat
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sequences within these variant sequences. Transposable element variants (TEVs) are accepted as insertion or deletion variants

which have 60% of their content match a specific transposable element family. Full length long terminal repeat (LTR) transposable

element consensus sequences are fragmented in transposable element databases as their internal sequence is separate from their

flanking LTRs. We further annotated LTR TEVs by accepting the flanking LTR annotation if it were adjacent to an internal sequence.

Distribution of target site duplication lengths are shown in Figure S5. TEV annotations are present in the final data table (Table S2),

with annotation for both TE type and TE subtype.

Variant effects and association analysis
A VCF file containing our primary SV callset was used as input for the Ensembl Variant Effect predictor36 (v104.3) tool (command-line)

to intersect SV coordinates with GRCm39 features. Frameshift_variant, inframe_insertion, inframe_deletion, frameshift_variant,

stop_gained, stop_lost, protein_altering_variant, stop_retained_variant, and start_lost annotations were then merged into one

‘‘coding_sequence_variant’’ annotation. A VEP summary analysis was performed and is reported in the Table S2

(VEP_SUMMARY column). We performed an association analysis for each variant consequence (https://useast.ensembl.org/info/

genome/variation/prediction/predicted_data.html) and four criteria: tandem repeat SVs, transposable element variants, variants

which have short-read support, and variants which have support from theMouse Genomes Project. For each criterion, we performed

a Fisher’s exact test to determine contingency of each SV consequence and criteria (Table S4).

Chromatin accessibility, gene expression profiling, and transposable element association
Open chromatin peaks were detected for each sample by using the nextflow92 atacseq (nf-core/atacseq v1.2.1) pipeline. Raw read

counts for each open chromatin region were extracted by using featureCounts98 (v2.0.1). For each sample, regions surrounding SV

coordinates (±2500 bp flanking the breakpoint) were intersected with open chromatin regions using BEDTools93 intersect (v2.30.0).

The sum of raw read counts for overlapping peaks were accepted for further analysis. Read count values for each sample was

merged into a matrix and normalized with DESeq296 (v3.15). For each SV, normalized read counts for each sample were grouped

into two groups depending on whether the sample contained the SV or not and a Mann-Whitney U test was performed between

each group to determine a statistically significant (p < 0.05) difference. To assess TE families and changes in chromatin accessibility

association, SVs which were associated with changes in chromatin accessibility were first grouped by TE subtype. Subtype-specific

calls were further grouped whether they were an insertion or deletion variant, and a Student’s t test was performed between normal-

ized read count values for insertion and deletions of a particular TE subtype, followed by Bonferroni correction.

For RNA-seq analysis, raw FASTQ files were aligned to GRCm39 reference with STAR94 (v2.7.8a) (default settings). Raw gene read

counts were obtained for each sample with the TEtranscripts package (v2.2.1) and normalized with the DESeq2 package (v3.15).

Association between candidate SVs and gene expression changes were calculated by a nonparametric test (Mann-Whitney U) of

normalized gene read counts between samples which contained the candidate SV and those that did not. For transcript assemblies,

we used the StringTie package (v2.1.7).

PCR validations and false discovery rate
For each SV, 500 bp of flanking DNA sequence was obtained from selected SV breakpoints using BEDTools getfasta. Primers were

designed using Primer3web (version 4.1.0; https://primer3.ut.ee/). Ideal primer conditions were set to have a length of 25 bp, melting

temperature of 65�C, and 50%GC content. Primers were designed to anneal at least 50 bp from SV breakpoints. At least one primer

was required to anneal in a unique region of the genome using UCSC BLAT (https://genome.ucsc.edu/cgi-bin/hgBlat), and primer

pairs were analyzed using UCSC In-Silico PCR (https://genome.ucsc.edu/cgi-bin/hgPcr) to confirm a unique amplicon for each

SV. If primer conditions were not met in the first 500 bp flanking region, the design window was increased in increments of

500 bp until all primer requirements are fulfilled. Takara LA Taq Polymerase (Takara RR002M) was used for PCR validation. Each

primer pair was tested across 8 founder mice strains and a negative control. Touchdown PCR was used for desirable primer anneal-

ing and amplification of each predicted amplicon. OrangeG gel loading dye wasmixed with PCR product and ran in a 1%agarose gel

(Bio-Rad Certified Molecular Biology Agarose 1613102) supplemented with ethidium bromide (Bio-Rad 1610433). Each primer pair

was designed to show a resulting amplicon whether or not the SV was present. PCR validations and primer sequences can be found

in Table S3.

In order to provide an unbiased FDR estimate, variant callset filters were informed by inspecting callset support from all sources

and identifying sources of likely false SV calls, was not informed by PCR validation results, and adjustments to the filters were not

made once FDR estimates were computed.

Thermocycler program for amplicon sizes less than 5 kbp:

Step 1. 95�C for 1 min.

Step 2. 95�C for 30 s.

Step 3. 68�C for 30 s (with a 1�C ramp down per cycle)

Step 4. 72�C for 5 min.

Step 5. Return to step 2 and repeat for 5 cycles.

Step 6. 95�C for 30 s.

Step 7. 63�C for 30 s.
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Step 8. 72�C for 5 min.

Step 9. Return to step 6 and repeat for 25 cycles.

Step 10. 72�C for 10 min.

Step 11. 4�C infinite hold.

Thermocycler program for amplicon sizes greater than 5 kbp:

Step 1. 95�C for 1 min.

Step 2. 95�C for 30 s.

Step 3. 68�C for 30 s (with a 1�C ramp down per cycle)

Step 4. 72�C for 9 min.

Step 5. Return to step 2 and repeat for 5 cycles.

Step 6. 95�C for 30 s.

Step 7. 63�C for 30 s.

Step 8. 72�C for 9 min.

Step 9. Return to step 6 and repeat for 25 cycles.

Step 10. 72�C for 10 min.

Step 11. 4�C infinite hold.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performedwith Python (v3.8.3) and the SciPy (v1.5.2) library. Details of each test can be found in themethod

details section and all tests performed were two-sided.
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Figure S2. Transposable element variant calls, Related to Figure 2. Count of variant calls detected by family and 
subfamily.
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Figure S3. LINE-1 subtype variation within diverse mouse genomes, Related to Figure 2. (A) Whole-genome 
copy number of LINE-1 subtypes within each mouse assembly. (B) Count of LINE-1 insertions and deletions for each 
LINE-1 found in the indicated mouse genome divided by LINE-1 subtype.
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Figure S4. Examples of LINE-1 insertions associated with chromatin accessibility, Related to Figure 4. 
ATAC-seq coverage profile (left) accompanied by change in ATAC-sequencing read counts for animals that contain the 
insertion (1/1 GENOTYPE) compared to animals which do not (0/0 GENOTYPE). Examples are labeled with gene 
name in the top left if the insertion is within a gene. The insertion location is in the middle of the X-axis, with 1Kb up 
and downstream depicted.
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Figure S5. Target site duplications of TE variants, Related to Figure 2. (A) Distribution of target site distribution 
lengths for each TE type (B) Percentage of LINE-1 variants which contain a target site duplication >= 5 bp grouped by 
subtype.
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