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Significance

 Prevailing genomic research on 
adaptive and neutral evolution 
has focused primarily on single 
nucleotide polymorphisms. 
However, structural variation (SV) 
plays a critical role in animal 
adaptive evolution, often directly 
underlying fitness-relevant traits, 
although their average effects on 
fitness are less well understood. 
Our study constructs a 
pangenome for the House Finch 
using long-read sequencing, 
capturing the full spectrum of 
genomic diversity without use of 
a reference genome. In addition 
to detecting over 800,000 SVs, we 
also document a large inversion 
that shows evidence of 
contributing to disease 
resistance. Our use of long-read 
sequencing and pangenomic 
approaches in a wild bird 
population presents a compelling 
approach to understanding the 
complexities of molecular 
ecology and adaptive evolution.
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Genomic structural variants (SVs) play a crucial role in adaptive evolution, yet their 
average fitness effects and characterization with pangenome tools are understudied in 
wild animal populations. We constructed a pangenome for House Finches (Haemorhous 
mexicanus), a model for studies of host-pathogen coevolution, using long-read sequence 
data on 16 individuals (32 de novo-assembled haplotypes) and one outgroup. We iden-
tified 887,118 SVs larger than 50 base pairs, mostly (60%) involving repetitive ele-
ments, with reduced SV diversity in the eastern US as a result of its introduction by 
humans. The distribution of fitness effects of genome-wide SVs was estimated using 
maximum likelihood approaches and revealed that SVs in both coding and noncoding 
regions were on average more deleterious than smaller indels or single nucleotide poly-
morphisms. The reference-free pangenome facilitated identification of a > 10-My-old, 
11-megabase-long pericentric inversion on chromosome 1. We found that the genotype 
frequencies of the inversion, estimated from 135 birds widely sampled temporally and 
geographically, increased steadily over the 25 y since House Finches were first exposed 
to the bacterial pathogen Mycoplasma gallisepticum and showed signatures of balancing 
selection, capturing genes related to immunity and telomerase activity. We also observed 
shorter telomeres in populations with a greater number of years exposure to Mycoplasma. 
Our study illustrates the utility of long-read sequencing and pangenome methods for 
understanding wild animal populations, estimating fitness effects of genome-wide SVs, 
and advancing our understanding of adaptive evolution through structural variation.

transposable element | gene regulation | inversion | bird | population genomics

 Structural variants (SVs) are large DNA changes in the genome, consisting of insertions, 
deletions, and rearrangements such as inversions and translocations. They differ from the 
more common and simpler “single nucleotide polymorphisms” (SNPs), which involve 
only single DNA base changes. Some SVs have been shown to be important for adaptation 
in natural populations ( 1         – 6 ), influencing morphology ( 7   – 9 ), behavior ( 10   – 12 ), and other 
physiological traits, such as disease resistance in humans ( 13 ), animals ( 14 ,  15 ), and plants 
( 16 ). However, compared to SNPs, we know little about the average fitness effects of SVs, 
due in part to their underrepresentation in short-read sequencing data and understudied 
links to phenotypes ( 3 ,  17   – 19 ).

 One useful way of documenting SVs is via pangenomes. A pangenome models the 
complete set of genomic elements found within a species or clade, in contrast to 
reference-based methods, which compare sequences to a single genome, potentially biasing 
studies and missing variation due to choice of reference ( 20 ). Using long-read DNA 
sequencing methods, the totality of genetic variation in genomes can now be better sum-
marized in an organism’s pangenome, encompassing not only SNPs but also simple and 
complex SVs ( 21 ,  22 ). Pangenome graphs, including de Bruijn and variation graphs, are 
considered superior data structures for categorizing extensive haplotypic genetic diversity 
within a single, data-rich model ( 20 ,  23       – 27 ). For instance, pangenome graphs have 
demonstrably improved mapping and variant discovery rates compared to reference 
genomes, allowing more comprehensive analysis of SVs ( 21 ,  28 ,  29 ). The application of 
pangenomic approaches is currently confined to humans ( 21 ,  29 ,  30 ), agricultural crops 
( 31 ) livestock ( 32       – 36 ), and microbes ( 37 ,  38 ). Pangenomics in wild animals remains 
limited ( 39 ,  40 ), thus far mostly restricted by small sample sizes or focused on subspecies 
or higher taxonomic levels, making it difficult to evaluate the fitness effects of SVs.

 The House Finch (Haemorhous mexicanus ) is a model organism for studying 
host-pathogen coevolution; in the mid-1990s it experienced an epizootic involving a 
conjunctivitis-causing bacterial pathogen called Mycoplasma gallisepticum  (MG) ( 41         – 46 ). 
House finches are native to the western US and were introduced to the eastern US by 
humans around 1940, where they adapted rapidly and began to expand west toward their 
original range ( 47 ). Following an MG outbreak in the eastern US from 1994 to 1998 and 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sedwards@fas.harvard.edu
mailto:bfang@fas.harvard.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2409943121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2409943121/-/DCSupplemental
mailto:
https://orcid.org/0000-0001-5283-067X
mailto:
https://orcid.org/0000-0003-2535-6217
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2409943121&domain=pdf&date_stamp=2024-11-12


2 of 11   https://doi.org/10.1073/pnas.2409943121� pnas.org

a subsequent outbreak in the western US in 2002, their resistance 
to the disease appears to have increased ( 48 ) as measured by gene 
expression ( 42 ,  49 ,  50 ), antibodies ( 51 ,  52 ), survival experiments 
( 53 ,  54 ), and population surveys ( 48 ,  55 ). Here, we present a 
pangenome of the House Finch based on high-quality haplotypes 
assembled from 17 birds to characterize the full spectrum of 
genomic variants, including SVs, and investigate the fitness effects 
of SVs and their associations, if any, with adaptive resistance 
to MG. 

Results

House Finch Pangenome Captures Genome-Wide Structural 
Variation. To construct the pangenome, we generated de novo 
assemblies for 16 House Finch samples and an outgroup, the 
Common Rosefinch [Carpodacus erythrinus; diverged 12.9 Mya 
(56, 57)], using PacBio HiFi long-read sequencing at approximately 
42× coverage per bird (Datasets S1 and S2). We selected eight 
samples each from the western and eastern US (western and eastern, 
respectively) for a balanced genetic representation of the two 
populations (58) (Fig. 1B; Materials and Methods). The rationale 
for selecting the Common Rosefinch as the outgroup is detailed in 
SI Appendix, Methods. We also incorporated a chromosome-level 
assembly from a House Finch collected in California, produced 
and curated by the Vertebrate Genomes Project (VGP genome: 
39 autosomes and sex chromosomes Z and W), primarily to 

provide a set of stable genomic coordinates in the pangenome and 
downstream analyses by us and other researchers. Our annotation 
strategies, which included in silico and evidence-based approaches 
(Materials and Methods), identified 22,080 protein-coding genes 
and 18.1% repeat content (SI Appendix, Fig. S1) across the VGP 
genome. Two haplotypes per sample were assembled with hifiasm 
(59) (Fig. 1C; quality metrics in Dataset S2). All data have been 
made publicly available (Data availability).

 The 35 haplotype assemblies, composed of 32 House Finch 
haplotypes, two Common Rosefinch haplotypes, and the VGP 
genome assembly, were used for pangenome construction. We 
built a separate pangenome graph for each of the 39 autosomes 
using the PanGenome Graph Builder (PGGB) ( 25 ), a pipeline for 
constructing unbiased pangenome graphs using all-to-all genome 
alignments without relying on a reference genome. The selection 
of PGGB as the primary pangenome graph builder was based on 
its ability to represent comprehensively genomic variants of all 
sizes and its prior application in large-scale genomic projects ( 21 ) 
(detailed justification in Materials and Methods ). In the graph 
model, nodes represent DNA segments. Each node can orient in 
two ways: forward or reverse, creating a bidirected graph with four 
potential edges between any node pair to represent all combina-
tions of orientations (SI Appendix Fig. S2 ). Haplotype sequences 
are depicted as paths within this graph. To characterize variants 
in the graph, we decomposed the graph to identify “bubble” sub-
graphs corresponding to nonoverlapping variants (SI Appendix, 
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Fig. 1.   Genome-wide structural variants captured in the House Finch pangenome. (A) Genome-wide density of SVs larger than 50 bp. Sex chromosomes and 
chromosome 16 are not included in the analyses (Materials and Methods). (B) Geographic distribution of 16 sampled House Finches. (C) Assembly contiguity 
of the 32 haplotype assemblies, a chromosome-level assembly from the VGP, and two haplotype assemblies of the outgroup species Common Rosefinch (C. 
erythrinus), shown in a NGx graph representing the contig length at which x% of the genome is covered. (D) Quantity of SVs in House Finch populations extracted 
from the PGGB pangenome graph. (E) Population-wise runs of homozygosity (ROH). (F–H) Individual heterozygosity for SNPs (F), insertions (G), and deletions (H). 
Statistical significance (P-values) was determined using two-tailed t tests. Bird illustration by Norman Arlott, © Lynx Edicions.
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Fig. S2 ). In subsequent summaries of graph and variant statistics, 
we excluded the sex chromosomes and chromosome 16, which is 
composed of 93% repeats (justification in SI Appendix, Methods﻿ ) 
and was fragmented even in the VGP assembly. Across 38 auto-
somes other than chromosome 16, the House Finch pangenome 
graph (including the outgroup) consists of 203,515,248 nodes, 
286,630,623 edges, and 29,517 paths (see Dataset S3  for graph 
statistics per chromosome).

 Decomposing the PGGB pangenome graph, we classified var-
iants into 26,470,883 SNPs across House Finch haplotypes 
(Materials and Methods ); 4,535,856 INDELs (<50 base pairs [bp]) 
including 1,411,408 biallelic insertions (INS) polarized relative 
to the outgroup, 2,184,433 deletions (DEL), 368,780 complex 
INDELs (INDEL-complex); and 887,118 SVs (≥50 bp;  Fig. 1D  ), 
including 199,924 SV-insertions (SV-INS), 278,350 SV-deletions 
(SV-DEL), and 74,609 complex SVs (SV-complex). Complex 
variants are defined as sites with different allelic sizes that are not 
1 bp in length (Materials and Methods ). Multiallelic variants 
(361,830 SNPs, 571,235 INDELs, and 334,235 SVs) were also 
identified (Dataset S4 ). To enhance discovery of inversions and 
other SVs, and to compare the results of different methods for 
detecting SVs, we additionally used minigraph ( 23 ), a pangenome 
graph builder tailored to identify large SVs, as well as SVIM-asm 
( 60 ) and SyRi ( 61 ), the latter two being reference-based SV callers 
(Materials and Methods ; Dataset S5 ). Using these tools we identi-
fied 343 inversions ranging in size from 50 bp to 11.3 megabases 
(Mb) ( Fig. 1A  ; Dataset S5 ); 163 inversions (48%) were identified 
by at least two programs (SI Appendix, Fig. S3 ). We manually 
confirmed all six large (>1 Mb) inversions using dot plots encom-
passing single, unbroken HiFi contigs (Materials and Methods ; 
examples in SI Appendix, Fig. S4 ). We also identified 4,518 seg-
mental duplications (SDs), ranging in size from 1,000 to 
4,786,886 bp, using BISER ( 62 ), accounting for 8% of the VGP 
genome (Dataset S6 ).

 The SVs have a mean size of 174 bp, a median size of 338 bp, and 
encompass 6.5 times more base pairs than do SNPs across the genome 
(386,804,299 vs. 59,310,087 bp). Most SVs reside in introns and 
intergenic regions (SI Appendix, Fig. S5 ). SVs overlap more genes 

than INDELs on average (0.71 vs. 0.54 genes per variant). The largest 
SV was a 11.3 Mb inversion located in chromosome 1 (Chr1: 
86,909,536 to 98,195,717), with the putative centromere located 
inside the inversion, thus constituting a pericentric inversion 
(Materials and Methods ). Over half of the SVs (60%) span repeats as 
identified by RepeatMasker ( 63 ) ( Fig. 2 ; Materials and Methods ), 
predominantly simple repeats (16.9%), long terminal repeats (LTRs, 
3.2%), long interspersed nuclear elements (LINEs, 2.0%), and 
unclassified repeats (28.1%). LTRs were particularly enriched in SVs 
of around 640 bp ( Fig. 2C  ) and multiple repeat forms are enriched 
in SVs of around 6,500 bp ( Fig. 2D  ). Nearly 8% (7.7%) SVs span 
more than one repeat type ( Fig. 2B  ). The human-mediated intro-
duction of House Finches to the east ( 46 ,  64 ) has reduced genetic 
diversity, with fewer SNPs, INDELs, and SVs, lower heterozygosity, 
and increased ROH compared to the ancestral western population 
( Fig. 1 E –H   and SI Appendix, Results ).          

Pangenome Gene Graph Captures Genome-Wide Variation in 
Genic Copy Number. The PGGB pangenome coverage and growth 
curves indicate a plateau in the discovery of genomic variation 
(Fig. 3A). To examine intraspecific variation in the complement 
of genes, including genic presence–absence variants (PAV) and 
copy number variation (CNV), we used Pangene (65) and an 
annotation of protein-coding genes for the 32 House Finch 
haplotypes to produce a pangenome gene graph (GFA format) 
in which each node represents a gene, and an edge between two 
genes indicates their genomic adjacency on the haplotypes. The 
annotations were based on the VGP genome using miniprot 
(66), which aligns the amino acid sequences of proteins to each 
DNA haplotype assembly. Like the PGGB curves (Fig. 3A), the 
Pangene graph also indicates a plateau in gene discovery (Fig. 3B). 
To reduce false positive gene variation caused by fragmented HiFi 
contigs, which Pangene filters out and thus flags as potential gene 
absence, and due to the challenges of mapping protein sequences 
to genomes (66, 67), we considered confident CNV genes as 
those with more than two copies in a haplotype, and confident 
PAV genes as absent in at least five haplotypes (85% filtering 
threshold, SI Appendix, Fig. S6). The resulting graph includes 711 
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PAV genes, representing 4.5% of the genes annotated by miniprot 
(Fig. 3 C and D), and 180 CNV genes, constituting 1.16% of 
the annotated genes (Fig. 3E). Allelic differentiation (FST) of PAV 
genic polymorphisms between the eastern and western populations 
is low and does not show any convincing outliers (SI Appendix, 
Fig. S7), although slightly higher than that for intergenic SNPs 
(SI Appendix, Fig. S8). These suggest that the distribution of PAV 
genes may be driven largely by genetic drift.

Fitness Effects of Genome-Wide Structural Variants. We assessed 
the impact of genome-wide variants on fitness by analyzing 
their distribution of fitness effects (DFE). We focused on SNPs, 
INDELs, and SVs in multiple genomic contexts including coding 
(CDS), noncoding (intron and intergenic), and regulatory 
(untranslated region, 5′ UTR and 3′ UTR) regions. We estimated 
the DFE based on the site frequency spectrum (SFS; Fig. 4A), 
accounting for neutral demographic effects, using two maximum 
likelihood approaches, fastDFE (68) and anavar (69); anavar 
provides enhanced correction for polarization errors whereas 
fastDFE offers greater computational efficiency.

 The SFSs revealed that all variant types, including SNPs, are 
predominantly concentrated at low derived allele frequencies, 
indicating a high incidence of rare variants. SVs and INDELs 
segregated at much lower average frequencies than SNPs ( Fig. 4A   
and SI Appendix, Fig. S9 ). In coding regions, which harbor a 
higher incidence of rare variants compared to other regions 
( Fig. 4A  ), most variants are estimated to be deleterious ( Fig. 4B  ), 
ranging from weakly to strongly deleterious as defined by bins of 
selection coefficients (γ  = Ne﻿s ; Materials and Methods ); the majority 
of SVs (96%) are estimated to be strongly deleterious. Similarly, 
in the 3′ and 5′ regulatory UTRs, we also found an enrichment 
of strongly deleterious variants, whereas INDELs in 3′ and 5′ 

UTRs tend to be more neutral than in coding regions ( Fig. 4B  ). 
In intronic regions, SNPs and INDELs are estimated to be pre-
dominantly neutral, in stark contrast to SVs, which were predom-
inantly identified as strongly deleterious (79%;  Fig. 4B  ). Analyses 
with both fastDFE ( Fig. 4B  ) and anavar yielded similar estimates 
of the DFE (SI Appendix, Fig. S10 ).

 We asked whether SV length correlated with the estimated 
scaled selection coefficient. An analysis of SVs of increasing length, 
up to 100 bp in 10 bp increments, indicated that larger SVs are 
generally more deleterious than shorter SVs (SI Appendix, 
Fig. S11 ). Although SVs are typically defined as >50 bp, we 
included smaller SVs here to avoid arbitrary cutoffs and capture 
a broader range of fitness changes. Estimates of the DFE across 
different repeat types suggest that LTRs and simple repeats exhibit 
slightly higher deleteriousness compared to other repeat types in 
intronic regions, whereas in nonintronic regions, the DFE was 
fairly similar across repeat types (SI Appendix, Fig. S12 ). Further 
investigation into population-specific fitness effects revealed a 
slight increase in strongly deleterious SNPs, INDELs, and SVs in 
the eastern compared to the western population, suggesting that 
deleterious variants have accumulated detectably in the population 
with a smaller effective population size (SI Appendix, Fig. S13 ), as 
predicted by theory ( 70 ,  71 ).  

Confirming and Genotyping an 11 Megabase Pericentric 
Inversion. We were interested in the evolutionary impact and 
fitness contributions of the largest SV identified, the 11 Mb 
pericentric inversion. This inversion was confirmed at the HiFi 
contig level using reference-based alignment (Materials and 
Methods), including dot plots and synteny plots (Fig. 5 B and C and 
SI Appendix, Fig. S5), visualization of the inversion subgraph using 
odgi viz (26) (Fig. 5E), and analysis of gene arrangements across 
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the inversion for haplotypes (Fig.  5F; Materials and Methods). 
The large inversion breakpoints were enriched with repeats; one 
breakpoint occurred near the centromere (gray bars in Fig. 5A 
and interspersed sequences in Fig.  5C), where SDs and LTRs 
were also enriched (Fig. 5D). To genotype the inversion in a larger 
population sample, we leveraged additional datasets consisting 
of reduced-representation sequencing (RAD seq) data for 108 
samples retrieved from Shultz et al. (64); whole-genome short-read 
sequencing (WGS) data newly generated for 9 samples from central 
Texas (~15×); and the HiFi data for the 18 pangenome samples 
(Fig. 6A). We genotyped the inversion for these 135 individuals, 
sampled from across the native and introduced geographic range, 
including Hawaii, and across different times since encountering 
the pathogen at the population level (Dataset  S1). The RAD-
seq dataset included additional outgroup species, including two 
Cassin’s Finches (Haemorhous cassinii) and two Purple Finches 
(Haemorhous purpureus).

 Principal component analysis (PCA) based on 1,159 
genome-wide SNPs called from the dataset clustered the 135 indi-
viduals by lineage (western, eastern, Hawaii;  Fig. 6B  ; Materials and 
Methods ). However, PCA on 20 inversion-associated SNPs formed 
three distinct clusters with higher heterozygosity in the middle 
cluster ( Fig. 6C  ). These three clusters thus reflect the three 

inversion karyotypes: the heterokaryotype (Standard [Std]/Inverted 
[Inv] arrangements), homokaryotype, and alternative homokary-
otype ( 5 ). The divergence landscape (as measured by dXY  ) between 
the inverted and standard haplotypes resembles a “suspension 
bridge”, with low divergence at the center where gene flux (genetic 
exchange) between arrangements is likely maximal, and high diver-
gence at breakpoints where recombination is likely maximally 
suppressed, as predicted by coalescent simulations ( 72 ,  73 ) and 
described in empirical studies ( 74 ,  75 ) ( Fig. 6F  ). The inversion 
haplotype was found in all three species in the genus Haemorhous  
in the studied samples—the House Finch, Cassin’s Finch, and 
Purple Finch—indicating preexisting genetic variation in prior to 
the origin of House Finches. Although we do not know the ances-
tral state of the inversion, its minimum age is at least 10 My, which 
is the time to the most recent common ancestor (TMRCA) of the 
genus Haemorhous  (SI Appendix, Fig. S14 ). Additionally, based on 
the substitution rate of birds (1.9 × 10−9  per site per year) and 
haplotype divergence (dXY  ), the inversion’s age was estimated at 15 
My ( Fig. 6F  ; Materials and Methods ), further supporting the 
ancient history of this trans-species balanced inversion. Notably, 
the divergence-based age estimation predates the TMRCA of the 
samples used in the study (Rosefinch and Haemorhous ), leaving 
the ancestral karyotype unresolved.  
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Heterokaryotypes for the Large Inversion Have Increased in 
Frequency during the Mycoplasma Epizootic. We found that 
the inversion genotype frequency shifted significantly between 
pre- and postepizootic birds. Specifically, the frequency of the 
heterokaryotype increased by 62.5%, rising from 0.4 to 0.65 
(Fig. 6D) across pooled pre- and postepizootic populations. This 
increase was evident in both eastern and western populations 
(SI Appendix, Fig. S15). Over the same time period, the frequency 
of both homokaryotypes (Std/Std and Inv/Inv) decreased, with 
one form declining by 90%, from 0.2 to 0.02 (Fig. 6D). Eleven 
years postepizootic, the heterokaryotype genotype reached a 
frequency of 1 across pooled populations (Fig. 6E). Additionally, 
the inversion exhibited some of the highest population 
differentiation as measured by FST between individuals with two 

different homokaryotypes (i.e., estimates of FAT) (76) (SI Appendix, 
Fig. S16). However, we found that population differentiation of 
the inversion before and after the epizootic is lower than other 
genomic regions (SI Appendix, Fig. S16), consistent with balancing 
selection diminishing population differentiation (77). These results 
suggest that the inversion confers a fitness advantage, because 
heterokaryotypes are maintained as a balanced polymorphism 
within the population, rather than one or the other inversion 
allele becoming fixed by drift or selection.

 We investigated the genic content of the inversion and the diver-
sity of inversion-associated haplotypes in the pangenome graph. 
Two recent studies, by Veetil et al. ( 78 ) and Henschen et al. ( 49 ), 
identified ca. 1,780 genes differentially expressed in immune 
responses of House Finches to MG using experimental infections, 
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suggesting a number of candidates for involvement in the inversion. 
Of the infection-responsive genes, five (GABBR2, ZNF830, 
EPB41L4B, FRRS1L, and PDCD6) were found to reside in the 
inversion, and five (IKZF1, PARD6G, VSTM2A, COBL, and 
MBP) were found near the inversion breakpoints. Additionally, by 
searching the NCBI database, we found two immune-related genes 
(RIPOR2 and RIPK2) near the breakpoints, and in the middle of 
the inversion a telomerase reverse transcriptase gene (TERT), 
which plays a crucial role in the maintenance and lengthening of 
telomeres ( Fig. 5 F  and G   and SI Appendix, Fig. S17 ). The discovery 
of the TERT gene within the inversion prompted our interest in 
variation in telomere length in the context of the epizootic, and 
we found telomere length decreases with longer times of population 
exposure to mycoplasmal pathogen (  SI Appendix, Fig. S18 and 
﻿Results and Discussion﻿ ). The functions of above-mentioned genes 
and references are listed in the Dataset S7 . To examine the posi-
tional diversity of these genes across haplotypes spanning the inver-
sion, we examine the pangenome gene graph, which confirmed 
the inversion and identified different haplotype paths through it 
( Fig. 5 F –H  ). These results indicate dynamic rearrangements of 
synteny and genes with functions in immunity and telomerase 
activity in the inversion and surrounding its breakpoints, poten-
tially contributing to adaptive disease resistance.   

Discussion

 Using long-read sequencing and pangenome approaches on a 
panel of House Finches, we estimated the fitness consequences of 
genome-wide variants, including SVs, which have been underrep-
resented in short-read sequencing data. We detected the imprint 
of the human-induced introduction of House Finches into the 
eastern US, including a reduction of genetic diversity for both 
SNPs and SVs, as well as increased signatures of inbreeding in the 
introduced eastern population ( Fig. 1 E –H  ). We also found lower 
telomere motif abundance in individuals from populations that 
had been exposed to the Mycoplasma  pathogen for longer periods 
of time. Finally, we detected an association between the largest 
SV, an 11 Mb pericentric inversion, and time since population 
exposure to the pathogen, with a signature of balancing selection 
in inversion genotype (karyotype) frequencies.

 Our genome-wide assessment of variants revealed that the vast 
majority of SVs are estimated to be strongly deleterious across the 
genome, more so than smaller variants like SNPs and INDELs, 
and that variants in coding and regulatory regions are more dele-
terious than those in noncoding regions. It is important to note 
that the statistical models we used only allowed for the estimation 
of negative or neutral selection coefficients, based on the 
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assumption that beneficial mutations are typically rare and subject 
to strong positive selection, leading to their rapid fixation in the 
population and minimal contribution to DFE ( 71 ,  79 ). Still, these 
methods can distinguish between neutral or close-to-neutral and 
deleterious variants, depending on the departure of the SFS from 
the putatively neutral SFS (Materials & Methods). The trend of 
estimated strongly negative selection against SVs is observed across 
coding, noncoding, and regulatory sequences such as 3′ and 5′ 
UTRs. Different studies suggest that the fitness effects of SVs arise 
from both direct and indirect mechanisms. Direct effects include 
disruption of gene function by altering coding regions and regu-
latory elements, or by inducing position effects, changing gene 
dosage, or influencing gene expression at breakpoints ( 2 ,  73 ,  80 , 
 81 ). Indirectly, SVs can affect fitness by suppressing recombination 
( 82 ,  83 ). Our findings also support the hypothesis that the length 
of SVs relates to their estimated harmfulness ( 73 ,  84 ). Smaller 
INDELs were generally estimated to be more neutral in noncoding 
regions compared to larger SVs ( Fig. 4B  ), and we observed an 
increasing trend in deleteriousness with SV size (SI Appendix, 
Fig. S11 ). Additionally, we found that larger variants tend to over-
lap more genes than smaller ones. Given the outlined mechanisms, 
larger variants likely exert a more pronounced impact on fitness 
by disrupting gene functions and/or capturing large genomic seg-
ments, increasing the likelihood of trapping additional deleterious 
variants within the segment.

 Empirical studies suggest that a population bottleneck could 
impact deleterious variation in complex ways, either increasing 
or reducing the genetic load ( 71 ). We found tentative evidence 
that the eastern population is enriched with more strongly dele-
terious variants of all types than the western population, suggest-
ing that even a slightly lower effective population size could 
weaken the efficacy of purifying selection, thus increasing the 
accumulation of deleterious mutations ( 85   – 87 ). Our findings 
highlight the necessity of including SVs in studies of genetic 
diversity and fitness effects to fully understand the evolutionary 
dynamics of bottlenecks and other demographic events. 
Furthermore, our estimates of the DFE indicate that LTRs and 
simple repeats exhibit slightly higher deleteriousness in intronic 
regions compared to other repeat types, such as LINEs and 
low-complexity repeats, even though simple repeats might some-
times provide adaptive variation that enhances fitness ( 88   – 90 ). 
This elevated deleteriousness may be attributed to the intrinsic 
properties of these repeat types: they are known to contribute to 
genomic instability and disrupt gene regulation. LTRs, a category 
of retrotransposons, may alter gene expression or cause mutations 
through transposition events ( 91 ), whereas the structure of simple 
repeats makes them prone to replication slippage, leading to inser-
tions or deletions that can interfere with gene function ( 92 ). The 
presence of these repeats in intronic regions might also increase 
the likelihood of splicing errors or misregulation, further contrib-
uting to their deleterious effects.

 Beyond the overall detrimental effects of SVs, our study 
improves understanding of the potential roles and mechanisms of 
SV in adaptation. We highlighted a large long-term trans-species 
balanced inversion whose genotype frequencies correlated strongly 
with population time to exposure to the Mycoplasma  pathogen, 
and therefore potentially associated with adaptive evolution in 
response to disease. This inversion polymorphism is found across 
all three Haemorhous  species, with an estimated minimum age of 
10 Mya, pointing to the role of standing genetic variation in adapt-
ing to environmental challenges, such as immune response ( 93 ) 
and pathogen resistance ( 15 ). We considered the possibility that 
the distribution of the inversion within and among species could 
be due to recurrent mutation, as has been found in some inversions 

in humans ( 94 ). However, the high level of divergence between 
different haplotypes across the inversion suggests instead that it is 
very old. The substantial genotype frequency changes imply that 
selection is at play. Positive selection may establish an inversion 
through indirect (linked) selection—such as when the inversion 
captures a locally adaptive haplotype and “hitchhikes” with it—or 
through direct positive selection, as when an advantageous muta-
tion occurs near the breakpoints ( 5 ,  6 ,  73 ,  75 ,  95     – 98 ). The sus-
pension bridge divergence landscape between the noninverted and 
inverted karyotypes ( Fig. 6F  ) suggests either neutral processes or 
selection acting directly on the breakpoints, according to coales-
cent models ( 72 ) and empirical observations ( 74 ,  75 ,  99 ,  100 ). 
However, given that old neutral inversions are likely to be either 
fixed or lost ( 73 ), selection is a more plausible explanation in this 
case. Additionally, we identified genes near breakpoints potentially 
related to the House Finch immune response ( Fig. 5 F  and G   and 
﻿SI Appendix, Fig. S17 ), supporting the “adaptive breakpoints” 
scenario ( 95 ). Overall, our results tentatively suggest a role of SVs 
in influencing the expression of adjacent genes, which could 
decrease or increase an organism’s fitness depending on gene 
functions.

 Variable structural rearrangements encompassing genes, includ-
ing the TERT gene, were identified within and near to the inver-
sion across the 32 haplotype assemblies. Such rearrangements may 
impact telomerase and immune functions and suggest a putative 
position effect on genes within and surrounding the inversion due 
to shifts in their genomic location or surrounding chromatin envi-
ronment. Additionally, the discovery that large inversion break-
points occurred near the centromere and were enriched with SDs 
and LTRs is consistent with the hypothesis that the accumulation 
of transposable elements in pericentromeric regions may drive SD 
and inversion formation ( 101 ). However, it is important to note 
that our study did not investigate the mechanisms underlying the 
balanced polymorphisms of the 11 Mb inversion. Potential factors 
contributing to this balance could include epistatic balancing selec-
tion and negative frequency-dependent selection ( 4 ,  6 ,  15 ,  73 ,  97 , 
 98 ,  102 ). To gain a deeper understanding of the genetic architec-
ture of the inversion and the mechanisms of its balancing selection, 
further increasing marker density at the population level, such as 
through WGS data, and experimental studies, are necessary.

 Large inversions have been associated with avian morphs, 
behavior, and mating strategies ( 103 ). The largest 11.3 Mb inver-
sion we identified is comparable in size to functional inversions 
in other avian systems, such as a 7.4 Mb inversion in Chickens 
(Gallus gallus ) and a 4.5 Mb inversion in Ruffs (Philomachus 
pugnax ) ( 11 ,  104 ). Larger inversions have been also observed in 
other birds, including a 55 Mb inversion in Redpoll Finches 
(Acanthis  spp.) ( 105 ), a 115 Mb inversion in Quail (Coturnix 
coturnix ) ( 106 ), and a >100 Mb inversion in White-throated 
Sparrows ( 12 ). However, birds generally exhibit fewer and 
smaller inversions compared to mammals such as humans and 
the deer mouse (Peromyscus maniculatus ). The human genome 
contains over 1,000 inversions, including >100 larger than 1Mb 
( 94 ,  107 ), whereas deer mice have 21 inversions larger than 1Mb 
and potentially thousands of smaller ones in its genome ( 7 ,  108 ). 
This suggests that avian inversions are generally shorter and less 
frequent than in mammals, possibly due to their more stream-
lined genomes ( 109 ), which contain fewer repeats and transpos-
able elements driving the formation of inversions ( 103 ,  108 ).

 Certain limitations must be acknowledged to fully interpret 
our findings. First, the relatively small sample size (16 individuals) 
cannot fully capture the diversity of the pangenome for all House 
Finches. Although our evaluation of pangenome graphs suggests 
a near plateau in the discovery of new core variation and genes 
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using 32 haplotypes, we have potentially overlooked rare genetic 
variants. Nevertheless, previous studies indicate that more than 8 
haplotypes/alleles from a randomly mating population are suffi-
cient to have a high probability of capturing the root of the coa-
lescent tree, which is a major determinant of genetic diversity 
( 110 ,  111 ). Second, using an outgroup that diverged 12.9 Mya 
could affect our ability to accurately deduce ancestral states and 
derived allele frequencies, which are the basis for assessing fitness 
effects. To mitigate this, we have employed rigorous criteria for 
polarizing sites to only homologous outgroup genotypes (Materials 
and Methods ) and using anavar, which models and accounts for 
errors in ancestral state polarization ( 69 ). These measures enhance 
the reliability of our conclusions, despite the challenges of relying 
on outgroup-based ancestral state reconstructions.

 This study underscores the use of combining population-scale 
long-read sequencing with pangenomic methods in molecular 
ecology. This approach offers a more complete exploration of 
genetic variants than is possible with short-read data alone. Other 
potential approaches to cataloging SVs in natural populations 
include mapping short reads from many individuals to a pange-
nome graph composed of a few individuals ( 112 ). This approach 
could be a favorable economic alternative to sequencing all indi-
viduals with long-read methods as we have done here. Looking 
ahead, the fusion of long-read and pangenomic approaches prom-
ises to unveil novel findings about genetic diversity and evolution-
ary adaptation.  

Materials and Methods

Sampling and Sequencing. We retrieved 16 House Finch individuals from the 
western (CA, WA, AZ, NM) and eastern US (NY, MA, OH, AL) and a Common Rosefinch 
as the outgroup (Dataset S1), accessioned in the Museum of Comparative Zoology 
(MCZ) at Harvard. High-molecular-weight DNA was extracted using the Qiagen 
MagAttract HMW DNA Kit and assessed with TapeStation, Qubit, and NanoDrop 
at Harvard’s Bauer Core Facility. PacBio HiFi sequencing was conducted at the 
University of Delaware. Exposure time to Mycoplasma was estimated from the 
collection year minus the earliest documented arrival of the pathogen. For pop-
ulation genomic analyses, RAD-seq data were obtained from 104 House Finches 
and other related species from Shultz et al. (64); nine House Finch samples were 
whole-genome sequenced at ~15× depth on an Illumina NovaSeq at Harvard 
Bauer Core Facility (SI Appendix, Methods).

Genome Assembly and Annotation. We generated two de novo haplotype 
genome assemblies per sample using Hifiasm (59) and assessed them with 
assembly-stats and BUSCO scores (Dataset S2). The VGP genome was annotated 
using RNA-seq data, homology information, ab  initio gene prediction, and 
projection-based gene prediction. Repetitive elements and SDs were identified 
with RepeatMasker (63) and BISER (62), respectively (SI Appendix, Methods).

Pangenome Graph Construction and Variant Decomposition. PGGB pipe-
line was used to construct pangenome graphs for each chromosome. Variants 
were called from the graphs using tools vg (113), vcfwave (114), vcflib (114), 
and bcftools (115). Variants were classified based on allele sizes: SNPs if both 

reference (REF) and alternative (ALT) alleles were 1 bp; insertions (INS) and 
deletions (DEL) for size differences under 50 bp; and as SVs (SV-INS and SV-
DEL) for differences over 50 bp. Variant polarization was based on the ancestral 
allele (outgroup). Complex types and multiallelic variants were also categorized 
(SI Appendix, Methods).

Identifying and Genotyping Inversions. To enhance inversion discovery, we 
additionally performed SVIM-asm (60) and SyRi (61), acknowledging the diffi-
culty of accurately identifying all inversions using a single tool (116). Inversions 
were confirmed using dot and synteny plots based on pairwise alignments of 
haplotypes against the VGP genome using custom R scripts. Verified inversions 
had two breakpoints within at least one HiFi contig. The 11.3 Mb inversion was 
visualized using odgi (26). Inversion genotyping across 135 samples involved 
mapping sequencing reads (RAD-seq, WGS, HiFi) to the VGP genome, with PCA 
on SNPs performed using SNPRelate (117). The inversion age was estimated by 
dividing genetic distance (dXY) by substitution rates for birds (118) in a 10 Kb 
sliding window across the inversion (SI Appendix, Methods).

Estimating the DFEs. DFEs was estimated using fastDFE (68) and anavar (69) 
which use the SFS to estimate the population-scaled mutation rate (θ = 4Neµ; 
Ne is the effective population size and µ is the per site per generation mutation 
rate) and shape and scale parameters for a gamma distribution of population-
scaled selection coefficients (γ = 4Nes; s is the selection coefficient). DFEs were 
fitted using intergenic sites as the neutral reference to control for demographic 
and polarization errors. We present the gamma distributions as the proportion 
of variants falling into four bins of selection coefficients (γ) representing the 
scaled selection coefficients of variants: neutral (0 ≤ –Nes ≤ 1), weak (1 < –Nes 
≤ 10), moderate (10 < –Nes ≤ 100), and strong (–Nes > 100), and derived 95% 
CI through bootstrapping in fastDFE and permutation in anavar (SI Appendix, 
Methods).

Analysis of Genetic Diversity. Runs of homozygosity were identified using 
PLINK (119) with SNPs from the PGGB VCF. Individual heterozygosity for SNPs, 
insertions, and deletions was calculated in regions identified as confident by 
Dipcall (120) (SI Appendix, Methods).

Data, Materials, and Software Availability. The assemblies, raw HiFi, Iso-
Seq, and whole-genome sequencing (WGS) data will be made accessible from 
the NCBI (PRJNA1101522) (121). Analytical scripts are currently available on 
GitHub at https://github.com/fangbohao (122). PGGB graphs for each chromo-
some, along with variant data, can be accessed on Dyrad (https://doi.org/10.5061/
dryad.hhmgqnkqb) (123).
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