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Abstract1

The Threespine Stickleback, Gasterosteus aculeatus, is an emerging model system for understanding the genomic basis of vertebrate adaptation. A
strength of the system is that marine populations have repeatedly colonized freshwater environments, serving as natural biological replicates. These
replicates have enabled researchers to efficiently identify phenotypes and genotypes under selection during this transition. While this repeated adaptation
to freshwater has occurred throughout the northern hemisphere, the Cook Inlet in south-central Alaska has been an area of focus. The freshwater lakes in
this area are being studied extensively and there is a high-quality freshwater reference assembly from a population in the region, Bear Paw Lake. Using a
freshwater reference assembly is a potential limitation because genomic segments are repeatedly lost during freshwater adaptation. This scenario results
in some of the key regions associated with marine-freshwater divergence being absent from freshwater genomes, and therefore absent from the reference
assemblies. It may also be that isolated freshwater populations are more genetically diverged, potentially increasing reference biases. Here we present a
highly-continuous marine assembly from Rabbit Slough in the Cook Inlet. All contigs are from long-read sequencing and have been ordered and oriented
with Hi-C. The contigs are anchored to chromosomes and form a 454 Mbp assembly with an N50 of 1.3 Mbp, an L50 of 95, and a BUSCO score over
97%. The organization of the chromosomes in this marine individual is similar to existing freshwater assemblies, but with important structural differences,
including the 3 previously known inversions that repeatedly separate marine and freshwater ecotypes. We anticipate that this high-quality marine assembly
will more accurately reflect the ancestral population that founded the freshwater lakes in the area and will more closely match most other populations from
around the world. This marine assembly, which includes the repeatedly deleted segments and offers a closer reference sequence for most populations, will
enable more comprehensive and accurate computational and functional genomic investigations of Threespine Stickleback evolution.
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1

Introduction2

Threespine Stickleback is an emerging model organism for study-3

ing the molecular basis of vertebrate adaptation (Peichel et al. 2001;4

Reid et al. 2021). A key strength of the system is that marine5

and sea-run (anadromous) populations have repeatedly colonized6

freshwater habitats. During these transitions from saltwater to7

freshwater environments, the same phenotypes have evolved in8

parallel. This repeated appearance of similar traits during sim-9

ilar transitions is consistent with the phenotypes being favored10

by natural selection in freshwater. These parallel adaptations to11

freshwater enable powerful analyses to uncover the genetic basis12

of vertebrate adaptations.13

Examples of these repeatedly evolving traits include the num-14

ber and size of armor plates (O’Brown et al. 2015; Indjeian et al.15

2016), the loss of pelvic spines (Chan et al. 2010; Xie et al. 2019), and16

pigmentation differences (Miller et al. 2007). From these studies we17

© The Author(s) 2025.

have learned that the mutation selected during recent freshwater 18

colonization events is often an allele from older freshwater popu- 19

lations that is present at low frequencies in marine/anadromous 20

populations through gene flow (Colosimo et al. 2005; Jones et al. 21

2012; Lowe et al. 2018; Roberts Kingman et al. 2021). Alternatively, 22

there are cases where the parallel adaptation is due to similar mu- 23

tations repeatedly occurring (Chan et al. 2010; Xie et al. 2019), such 24

as the repeated deletion of a pelvic enhancer for PITX1 leading 25

to spine loss in freshwater populations (Chan et al. 2010; Xie et al. 26

2019). 27

While the scientific community has studied ma- 28

rine/anadromous Threespine Stickleback populations adapting 29

to freshwater across the northern hemisphere (Klepaker 1993; 30

Terekhanova et al. 2014; Kakioka et al. 2020; Aguirre et al. 2022; 31

Venu et al. 2024), certain regions have made disproportionately 32

large contributions to our understanding of the molecular and 33

evolutionary mechanisms underlying vertebrate adaptation. This 34

is due to both a wealth of colonization events and decades of 35
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sustained research efforts (Hagen and McPhail 1970; Schluter1

and McPhail 1992). One notable example is the Cook Inlet2

region of South-Central Alaska (Bell et al. 1985; Francis et al.3

1986). The initial stickleback genome assembly came from Bear4

Paw Lake in this region (Jones et al. 2012), and the genetics of5

freshwater stickleback in the area are continuing to be studied6

intensively, including many lake populations founded recently by7

anadromous stickleback (Aguirre et al. 2022).8

Currently, genomic studies using Threespine Stickleback rely9

on freshwater reference genomes. This is a potential limitation10

because the deletion of genomic segments is a prominent class of11

mutations when adapting to freshwater (Chan et al. 2010; Lowe12

et al. 2018; Thompson et al. 2018). This scenario results in some13

of the key regions associated with marine-freshwater divergence14

being absent from freshwater genomes, and therefore absent from15

the (freshwater) reference assemblies. Being absent in the reference16

assembly means that these key genomic segments are often not17

considered during computational or functional genomic screens18

that involve mapping sequence reads back to a reference genome.19

It may also be that isolated freshwater populations are more genet-20

ically diverged, potentially increasing reference biases. Together,21

these concerns could limit the efficiency, accuracy, and scope of22

comparative genomic analyses.23

To address these challenges, we present a highly-continuous as-24

sembly of a marine/anadromous fish from Rabbit Slough (RABS),25

Alaska. It is likely that this assembly better reflects the genetics26

of the ancestral population that founded the extensively studied27

freshwater populations in the area. We anticipate that this highly-28

continuous marine/anadromous assembly from the Cook Inlet29

will enable more thorough computational and functional genomic30

screens in Threespine Stickleback.31

Materials and Methods32

Sample collection33

For whole genome sequencing we used a female Threespine Stickle-34

back fish that is the lab-reared offspring of fish originally collected35

from Rabbit Slough. The collection site is located where Rabbit36

Slough flows under the Parks Highway (61.5344N, 149.2677W).37

The RABS population is marine anadromous and associated with38

a fully-plated and pelvic-complete phenotype.39

The Threespine Stickleback includes strictly marine, anadro-40

mous, and strictly freshwater populations (Bell and Foster 1994).41

The Rabbit Slough population is anadromous (Bell et al. 2016) and42

spends most of its life cycle in the ocean. We refer to it as “marine”43

for brevity and to emphasize that it spends most of its life cycle in44

marine waters, though it spends the first few months and last few45

weeks of life in fresh water.46

DNA extraction47

We dissected brain and tail tissue. We immediately froze these tis-48

sue samples at −80◦ C. We later extracted high molecular weight49

genomic DNA from both tissues using the Qiagen MagAttact High-50

Molecular-Weight (HMW) DNA kit, per the manufacturer’s proto-51

col.52

Whole genome sequencing53

Pacific Biosciences. We sheared and size selected genomic DNA54

from the brain tissue to target an insert size of 20 kb. The Duke55

Sequencing and Genomic Technologies core facility performed56

library preparation and sequencing using the Sequel V3 chemistry,57

generating data across 12 SMRT Cells.58

Oxford Nanopore. We also used genomic DNA from the same brain 59

sample to prepare Ultra Long Oxford Nanopore Technology se- 60

quencing libraries using the Ligation Sequencing kit (SQK-LSK109) 61

and sequenced the resulting libraries on 3 MinION flow cells. 62

10x Linked-Reads. We used the same brain sample to generate 63

genomic sequences with the linked reads technology from 10x 64

Genomics. The Novogene Genome Sequencing Company used the 65

10x Chromium Controller to partition 0.6ng of fragmented high 66

molecular weight genomic DNA and uniquely barcoded beads into 67

GEMs (Gel bead-in-EMulsions) following the standard protocol of 68

the Chromium Genome Reagent Kit User Guide (CG00022 RevA). 69

Then they sequenced the resulting library on an Illumina HiSeq X. 70

Hi-C 71

We generated Hi-C (Dudchenko et al. 2017) libraries from the flash- 72

frozen tail tissue. We used the Arima Genomics chemistry, which 73

utilizes four restriction enzymes for chromatin digestion. We la- 74

beled the fragment ends with biotin, ligated them by proximity, 75

and purified, fragmented, and size selected for 300 base pairs. We 76

enriched for ligation junctions and created Illumina-compatible 77

sequencing libraries using the KAPA Hyper Prep with Illumina 78

TruSeq adapters and indices. We sequenced the finished library on 79

an Illumina HiSeq X. 80

We also used an existing Hi-C data set from a benthic freshwater 81

Threespine Stickleback fish from Paxton Lake (Peichel et al. 2017) 82

in our analyses, but not for genome assembly. 83

Genome assembly 84

Contig construction and quality control. We performed the initial 85

base call corrections, trimming of sequence adapters, and overlap 86

contig consensus on an estimated 205x combined coverage of Pa- 87

cific Biosciences and Oxford Nanopore Technologies data using 88

CANU (Koren et al. 2017) for two rounds. The initial draft assembly 89

contained multiple contigs representing the same genomic regions, 90

which is commonly due to long stretches of elevated heterozygos- 91

ity between the maternal and paternal chromosomes (Koren et al. 92

2011). We used Purged Haplotigs (Roach et al. 2018) on the initial 93

draft assembly to identify and remove the redundant contigs. First, 94

we mapped whole genome raw reads to the draft assembly using 95

minimap2 (Li 2018). This produced a bimodal distribution of cov- 96

erage representing both haploid and diploid levels of coverage. 97

We used this information to flag contigs for manual inspection and 98

potentially for removal, iteratively refining the assembly to arrive 99

at a set of contigs with diploid coverage. 100

Building scaffolds. We started building scaffolds by mapping 10x 101

Genomics Linked-Reads to the contigs. We generated alignment in- 102

formation with Long Ranger (Bishara et al. 2015), a modified BWA 103

(Li and Durbin 2009) aligner that incorporates linked-read bar- 104

codes. We then used Scaff10x (github.com/wtsi-hpag/Scaff10X) 105

to join contigs into scaffolds. 106

After initial assembly scaffolding, we used proximity-guided 107

Hi-C libraries to both verify the assembly and improve 108

scaffolding by comparing Hi-C heat map contacts (Durand 109

et al. 2016). First, we performed Illumina adapter trimming 110

with BBDuk (sourceforge.net/projects/bbmap) and Trim Galore 111

(github.com/FelixKrueger/TrimGalore) (Martin 2011). We then 112

aligned the paired-end reads independently with BWA (Li and 113

Durbin 2009). We used software from Arima Genomics to out- 114

put a sorted, mapping quality filtered, paired-end BAM file 115

(github.com/ArimaGenomics/mapping_pipeline). We removed 116

PCR duplicates using Picard (github.com/broadinstitute/picard) 117
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and converted the aligned BAM file to BED format with BEDTools1

(Quinlan and Hall 2010). We then used SALSA (Ghurye et al. 2017,2

2019) and the Hi-C data to correct assembly errors and assemble3

additional scaffolds.4

To order and orient scaffolds, we aligned our scaffolds to the5

freshwater stickleback assemblies, gasAcu1 (Jones et al. 2012) and6

GAculeatus_UGA_version5 (Nath et al. 2021). We used minimap27

(Li 2018) and MUMmer (Marçais et al. 2018) for the alignments and8

Ragoo (Alonge et al. 2019) for order and orientation. After this pro-9

cess, 18 scaffolds remained unordered. Using BLAST (Altschul et al.10

1990), we determined that the 18 unordered scaffolds were repeti-11

tive elements already present in the assembly, sequence adapters,12

or contamination. We removed all 18 unordered scaffolds from the13

assembly.14

To polish the genome assembly, we used the high-coverage Pa-15

cific Biosciences sequencing data along with software from Pacific16

Biosciences (i.e. pbmm2 and Quiver). These alignments served17

to close gaps, correct small insertions and deletions, and correct18

single base identities. We iterated this process until we did not19

accept any more modifications to the assembly.20

In the final assembly polishing step, we used Long Ranger21

(Bishara et al. 2015) to align the 10x Genomics Linked-Reads to22

the current assembly and freebayes (Garrison and Marth 2012) to23

identify differences between the assembly and the reads. We chose24

freebayes because it can identify a diverse set of variants, including25

single-nucleotide polymorphisms (SNPs), small insertions and26

deletions (INDELs), multi-nucleotide polymorphisms (MNPs), and27

more complex events.28

For quality control and validation, we visualized Hi-C contact29

maps with Juicer (Durand et al. 2016) and checked for completeness30

by identifying Actinopterygii BUSCOs (Benchmarking Universal31

SingleCopy Orthologs) (Simão et al. 2015; Seppey et al. 2019). We32

used the assemblyStats program from Gonomics to calculate as-33

sembly statistics (Au et al. 2023).34

Repetitive element annotation35

We identified mobile elements and other repeats in the marine36

assembly using RepeatMasker v4.1.6 with the Vertebrates Dfam37

v3.8 library (Storer et al. 2021). During this analysis, we used the38

RMBlast v2.14.1 search engine with the slow search option. For39

comparison, we also analyzed the gasAcu1 (Jones et al. 2012) and40

GAculeatus_UGA_version5 (Nath et al. 2021) freshwater assem-41

blies.42

Genome-wide alignments to transfer previous annotations43

We generated genome-wide alignments between the freshwater44

gasAcu1 assembly (Jones et al. 2012) and the marine assembly45

we present here. We used LASTZ (Harris 2007) to produce lo-46

cal alignments between the assemblies. We then chained and fil-47

tered these alignments with UCSC Kent Utilities: axtChain, chain-48

Filter, chainAntiRepeat, chainMergeSort, chainSort, chainPreNet,49

chainNet, netSyntenic, netFilter, netChainSubset, and chainStitchId50

(Kent et al. 2003). We used axtChain to create chained pairwise51

alignments for each chromosome separately, and computed these52

chains with both the marine and freshwater genomes as the query53

and target. We filtered the chains with chainFilter and chainAntiRe-54

peat, merged and sorted the files with chainMergeSort and chain-55

Sort, and only selected the best alignments at every region of the56

reference genome to achieve single-coverage syntenic alignments57

using chainPreNet, chainNet, netSyntenic, and netFilter. We then58

used netChainSubset and chainStitchId to generate the liftover59

chain file from the freshwater genome to the marine genome.60

Gene annotation 61

We produced RNA-seq data to guide gene annotation. To capture 62

a large diversity of genes and isoforms, we conducted RNA-seq 63

in the developing brain, which is a complex tissue comprised of 64

many cell types (Braun et al. 2023). Isoform usage can change over 65

time (Patowary et al. 2024), so we generated RNA-seq data from 66

4 different points in development. To capture both marine and 67

freshwater transcriptomes, we performed this data collection in F1 68

hybrids. 69

We crossed fish from the Rabbit Slough (RABS) and Lake 70

Matanuska (LMK) populations. At 1, 3, 4, and 5 days post-hatching 71

we sacrificed a set of fish and isolated the brain tissue. We placed 72

the tissue in TriZol and extracted RNA with the Direct-zol RNA 73

Miniprep Plus kit. We used the Illumina TruSeq Stranded mRNA 74

library prep kit to perform polyA selection on the mRNA, tran- 75

scribe it into cDNA, ligate on Illumina sequence adapters, and 76

perform PCR to enrich for molecules that can be sequenced. The li- 77

braries were then sequenced by Novogene on the Illumina HiSeqX 78

platform. We utilized BRAKER3 (Gabriel et al. 2024) to predict 79

protein-coding genes and provided the current freshwater assem- 80

bly’s predicted proteins Nath et al. (2021); Dyer et al. (2025) and the 81

RNA-seq data we generated to guide the model. 82

Mapping diverse populations to the marine assembly 83

We identified a set of geographically varied whole-genome se- 84

quencing data sets from both marine and freshwater ecotypes. 85

We used individuals from the following populations: Alaskan 86

Marine (AKMA, SAMN02864913) and Alaskan Stream (AKST, 87

SAMN02864935) from southern Alaska, marine and freshwater 88

populations from the Little Campbell River in British Columbia 89

(LITC_0_05, SAMN02781694; LITC_23_32, SAMN02781068), ma- 90

rine and freshwater populations from the Big River in Califor- 91

nia (BIGR_1_32, SAMN02781111; BIGR_52_54, SAMN02781687), 92

and marine and freshwater populations from the River Tyne in 93

Scotland (TYNE_1, SAMN02781690; TYNE_8, SAMN02781066) 94

(Roberts Kingman et al. 2021). We mapped reads to each of the 95

assemblies with BWA (Li and Durbin 2009) and identified the per- 96

centage of reads that could not be mapped with Samtools (Li and 97

Durbin 2009). 98

Results and Discussion 99

Assembly 100

Completeness. We present a highly contiguous marine stickleback 101

genome assembly (Duke_GAcu_1.0), with all contigs placed onto 102

one of the 21 nuclear chromosomes or the mitochondrial chro- 103

mosome. The total length of the marine assembly (≈454mb) is 104

similar to previous freshwater assemblies, with slightly more (2% 105

increase) bases than the original assembly, gasAcu1 (Jones et al. 106

2012). The more recent freshwater reference assembly (Nath et al. 107

2021) is slightly larger (≈ 468mb), due to the inclusion of the Y 108

chromosome, which is not present in our marine assembly from a 109

female fish (Table 1). 110

To evaluate the completeness of the marine assembly, we ana- 111

lyzed the BUSCO (Simão et al. 2015) results. Out of 3640 BUSCOs 112

(proteins based on Actinopterygii OrthoDBv9), the marine assem- 113

bly matched 3495 completely and with a single-copy; 43 are com- 114

plete and duplicated, 7 are fragmented, and 95 are either missing 115

or un-mappable, for an overall score of 97.2 percent. This is similar 116

to the reported score for the current freshwater assembly (96.7%) 117

(Nath et al. 2021), and consistent with a near-complete assembly of 118

the euchromatic regions. 119
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Table 1 Assembly Statistics

Assembly Ecotype Size (bp) Contigs Longest con-
tig (kb)

N50 (kb) L50

gasAcu1 Freshwater 446,635,014 16,957 698.2 83.2 1,459

GAculeatus_UGA_version5 Freshwater 468,320,375 6,058 4,692.7 485.8 253

GAculeatus_UGA_version5
(no chrY)

Freshwater 452,484,949 6,010 4,692.7 480.7 246

Duke_GAcu_1.0 Marine 454,257,695 737 5,528.6 1,287 95

Continuity. While the freshwater and marine assemblies exhibit1

comparable completeness, the marine assembly demonstrates sub-2

stantial improvements across metrics of continuity. The marine as-3

sembly has 88% fewer contigs, a 62% reduction in L50, and a 165%4

improvement in N50 (Table 1). Together, these data demonstrate5

that the marine assembly contains a similar amount of genomic6

sequence to previous freshwater assemblies, but with greater con-7

tinuity.8

Mobile elements and other repeats. We identified a relatively low9

level of repetitive DNA content (3.79%). This value is consis-10

tent with our analysis of previously published freshwater stick-11

leback assemblies: 3.21% for gasAcu1 and 3.45% for GAculea-12

tus_UGA_version5 Table 2. This low level of reported repeat con-13

tent is likely to be from a mixture of the Threespine Stickleback still14

being an emerging model organism that has had less repeat analy-15

sis than the human or mouse genomes, as well as the Threespine16

Stickleback having a compact genome with low repeat content17

(Reid et al. 2021).18

Genes. We identified 21,494 predicted protein-coding genes us-19

ing both RNA-seq data from the developing brain of F1 hybrids20

(RABS x LMK) as well as protein sequences from the most recent21

freshwater assembly (Nath et al. 2021; Dyer et al. 2025). This num-22

ber is within the range (20,787 to 22,376) that has previously been23

reported by Ensembl for different freshwater genome assemblies24

(Jones et al. 2012; Nath et al. 2021; Dyer et al. 2025).25

Structural similarities and differences26

While large-scale karyotypic differences have been characterized27

between stickleback species (Chen and Reisman 1970; Kitano et al.28

2009; Urton et al. 2011), the high-level chromosomal organization29

is very similar between the marine and freshwater assemblies for30

Threespine Stickleback. We relied heavily on Hi-C contacts to as-31

semble the marine genome from Rabbit Slough and it is interesting32

to note that Hi-C contacts from a freshwater fish (Peichel et al. 2017)33

provide largely the same signal across the genome (Figure 1). This34

result is consistent with the reproductive compatibility between35

freshwater and marine ecotypes (Reid et al. 2021; Schluter et al.36

2021; Wucherpfennig et al. 2022), and with the freshwater popula-37

tions in this region being founded after the last glacial maximum,38

only 21,000 years ago (Bell and Foster 1994; Lambeck et al. 2014).39

While the high-level chromosomal arrangements between the40

marine and freshwater assemblies are similar, structural differ-41

ences are present. Notably, our marine assembly captures 3 in-42

versions on chrI/chr01, chrXI/chr11, and chrXXI/chr21 that were43

previously identified to repeatedly segregate between marine and44

freshwater individuals (Jones et al. 2012). Thus, while the overall45

genome structure is largely consistent between ecotypes, the ma-46

Marine Reference Freshwater Reference

freshwater_marine_hicM
ar

in
e 

H
i-C
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i-C

Figure 1 Marine and freshwater assemblies have nearly identical
high-level chromosomal organization as evidenced by Hi-C contact
maps from marine and freshwater (Peichel et al. 2017) individuals
giving similar signals when mapped to marine or freshwater (Nath
et al. 2021) assemblies.

rine assembly captures structural variants that are key components 47

of ecotype divergence. 48

Mapping efficiency 49

We investigated if the marine assembly is more representative of 50

many stickleback populations, and therefore enables more compre- 51

hensive genomic analyses of Threespine Stickleback from around 52

the world. We identified a collection of short-read whole-genome 53

sequencing data sets from varied geographic locations. This con- 54

sists of matched marine and freshwater ecotypes from Alaska, 55

British Columbia, California, and Scotland (Roberts Kingman et al. 56

2021). Sequencing reads from all of these samples show better 57

mapping to the marine assembly. A greater number of reads are 58

mapped to the marine assembly, which should increase the accu- 59

racy and scope of genomic analyses Figure 3. 60
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Table 2 Interspersed repeats in marine G. aculeatus

Name Number of Elements Total Length (bp) Percent of Assembly

Retroelements 25,529 3,133,799 0.69

SINEs 6,769 585,644 0.13

LINEs 8,527 1,681,574 0.37

L2/CR1/Rex 2,494 843,107 0.19

RTE/Bov-B 414 48,951 0.01

L1/CIN4 5,848 819,488 0.18

LTR elements 10,233 866,581 0.19

Gypsy/DIRS1 222 104,938 0.02

Retroviral 9,825 749,472 0.16

DNA transposons 6,517 901,701 0.20

hobo-Activator 3,540 407,029 0.09

Tc1-IS630-Pogo 2,918 489,716 0.11

MULE-MuDR 1 45 0.00

PiggyBac 31 2,371 0.00

Tourist/Harbinger 1 35 0.00

Rolling-circles 1,330 85,664 0.02

Unclassified 588 35,500 0.01

Total interspersed 4,071,000 0.90

Small RNA 9,362 771,590 0.17

Satellites 2,885 236,908 0.05

Simple repeats 257,902 10,772,290 2.37

Low complexity 26,103 1,341,067 0.29

Bases masked 17,215,130 3.79

Discussion1

Historically, it was common for a species to have a single reference2

genome, and the genetic diversity of the species to be understood3

by mapping short sequencing reads to that single reference (10004

Genomes Project Consortium et al. 2015). Reference genomes con-5

tinually improved until we achieved telomere-to-telomere assem-6

blies that represent single uninterrupted haplotypes (Nurk et al.7

2022). We are now in the age where we have multiple assemblies8

to better understand the genetic diversity within a species (He et al.9

2023; Yang et al. 2023). These multiple assemblies help researchers10

understand what structural variation is present within the species,11

as well as provide researchers with a set of assembly choices so12

that they can map short sequencing reads to an assembly that is13

closely related to the sequenced individual. Having a genetically14

similar reference genome is advantageous because sticklebacks15

(Chan et al. 2010; Lowe et al. 2018), humans (Sherman et al. 2019),16

and likely many other vertebrates have a large number of genomic17

segments that are present in one population, but may be absent18

from another. Our current challenge is to not only use a single19

reference that is genetically similar to our sample of interest, but20

combine all available assemblies into a single representation of a21

species (Liao et al. 2023) when analyzing future genomic data sets.22

This will minimize the chance of information loss when reads are 23

not correctly mapped to the reference genome, and offer a unified 24

data structure where analyses from different research groups can 25

be easily compared. 26

Another future challenge for the stickleback community is to 27

generate and share functional genomic data sets. While there 28

are incredible advantages to the stickleback system, an advan- 29

tage of other systems is a wealth of functional genomic data sets 30

(Mouse ENCODE Consortium et al. 2012; Roadmap Epigenomics 31

Consortium et al. 2015; ENCODE Project Consortium et al. 2020; 32

Boix et al. 2021). An advantage of the stickleback system is a 33

relatively compact genome, approximately 1
6 the size of the hu- 34

man genome, which makes the generation of these data sets cost- 35

effective. Groups are already generating these data sets on a small 36

scale and finding them effective (Okude et al. 2024). We propose 37

that a consortium of labs working together to generate functional 38

genomic data for a large number of cell types across a diversity 39

of populations would leverage strengths of the stickleback system 40

and be cost-effective with current technologies. 41
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Figure 2 Discovery of known marine-freshwater inversions. Previ-
ous research identified 3 inversions that are repeatedly divergent
between marine and freshwater populations (Jones et al. 2012). We
discover all three of these inversions when comparing the marine
genome we present here to the freshwater reference genome (Nath
et al. 2021). These inversions serve a role similar to positive con-
trols, which increases our confidence in the order and orientation of
the genomic segments in the assembly.
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