
A Complete Assembly and Annotation of the American 
Shad Genome Yields Insights into the Origins of Diadromy
Jonathan P. Velotta  1,*,†, Azwad R. Iqbal  2,†, Emma S. Glenn  1, Ryan P. Franckowiak  2, 
Giulio Formenti  3, Jacquelyn Mountcastle  3, Jennifer Balacco  3, Alan Tracey  4, Ying Sims  4, 
Kerstin Howe  4, Olivier Fedrigo  3, Erich D. Jarvis  3, Nina O. Therkildsen  2

1Department of Biological Sciences, University of Denver, Denver, CO 80210, USA 
2Department of Natural Resources and the Environment, Cornell University, Ithaca, NY 14853, USA
3The Vertebrate Genome Laboratory, The Rockefeller University, New York, NY 10021, USA
4Tree of Life, Wellcome Sanger Institute, Cambridge, UK

*Corresponding author: E-mail: jonathan.velotta@du.edu.

†Both authors contributed equally.

Accepted: December 16, 2024

Abstract

Transitions across ecological boundaries, such as those separating freshwater from the sea, are major drivers of phenotypic 
innovation and biodiversity. Despite their importance to evolutionary history, we know little about the mechanisms by which 
such transitions are accomplished. To help shed light on these mechanisms, we generated the first high-quality, near- 
complete assembly and annotation of the genome of the American shad (Alosa sapidissima), an ancestrally diadromous 
(migratory between salinities) fish in the order Clupeiformes of major cultural and historical significance. Among the 
Clupeiformes, there is a large amount of variation in salinity habitat and many independent instances of salinity boundary 
crossing, making this taxon well-suited for studies of mechanisms underlying ecological transitions. Our initial analysis of 
the American shad genome reveals several unique insights for future study including: (i) that genomic repeat content is 
among the highest of any fish studied to date; (ii) that genome-wide heterozygosity is low and may be associated with 
range-wide population collapses since the 19th century; and (iii) that natural selection has acted on the branch leading to 
the diadromous genus Alosa. Our analysis suggests that functional targets of natural selection may include diet, particularly 
lipid metabolism, as well as cytoskeletal remodeling and sensing of salinity changes. Natural selection on these functions is 
expected in the transition from a marine to diadromous life history, particularly in the tolerance of nutrient- and ion-devoid 
freshwater. We anticipate that our assembly of the American shad genome will be used to test future hypotheses on adap-
tation to novel environments, the origins of diadromy, and adaptive variation in life history strategies, among others.
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Significance
Despite their importance to evolutionary history, we know little about the genetic mechanisms by which transitions across 
salinity boundaries have been accomplished. The order Clupeiformes is a well-suited model, yet few genomic resources are 
available. We generated the first high-quality, near-complete assembly and annotation of the genome of the American shad 
(Alosa sapidissima), a migratory Clupeiform. Our analysis of the American shad genome reveals unique characteristics in-
cluding high genomic repeat content and low genome-wide diversity. Using comparative genomic approaches, we identi-
fied natural selection in putative functional targets in the branch leading to the migratory genus Alosa.
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Introduction
Transitions across ecological boundaries are fundamental 
to the generation of phenotypic novelty and biodiversity 
as they subject organisms to a changed landscape of selec-
tion. G.G. Simpson wrote in 1944 that transitions between 
“adaptive zones”—now thought of as open ecological 
niches—lead to rapid adaptive radiation (Simpson 1944). 
As prime examples, the transitions from water to land 
(Shubin, Daeschler, and Jenkins 2006) and from saltwater 
to freshwater (Lee and Bell 1999) have led to major diversi-
fication events that have generated biodiversity and shaped 
species distributions around the globe. The repeated evolu-
tion of novel behavioral, morphological, and/or physio-
logical traits often follows such shifting selection regimes 
(Betancur-R 2010; Velotta et al. 2014, 2022; Velotta, 
McCormick, and Schultz 2015; Sabatino et al. 2022). 
Understanding the genomic basis of such adaptive evolu-
tionary changes is a major goal of modern evolutionary 
biology.

Among the fishes, habitat transitions across salinity 
boundaries have facilitated diversification and helped pave 
the way for evolution of land-dwelling tetrapods (Lee and 
Bell 1999; Schultz and McCormick 2013). Because of the ex-
treme differences in salt concentration between freshwater 
(<5 mOsm/kg) and the ocean (∼1,000 mOsm/kg), the 
boundary between the two is a formidable one that few 
taxa have crossed (Lee and Bell 1999). One potential evolu-
tionary step in the transition across these salinity zones for 
fishes is the evolution of diadromy, characterized by migra-
tion between freshwater or saltwater during particular life 
stages. Rare, but distributed broadly across taxa 
(McDowall 1988), diadromy has contributed to biodiversity, 
either acting as an evolutionary link between freshwater and 
saltwater, or as itself a unique ecological niche leading to 
adaptive radiation (Corush 2019). Adaptations that permit 
this remarkable life history strategy include changes to 
osmoregulatory flexibilities that allow for tolerance of both 
saltwater and freshwater (known as euryhalinity; 
McCormick 2013), as well changes to reproductive invest-
ment (Crespi and Teo 2002) and body size (Burns and 
Bloom 2020).

Despite its overwhelming importance to biodiversity, lit-
tle research into the genetic changes that underlie the evo-
lution of diadromy has been conducted. Studies in fishes in 
the order Salmoniformes, a group with widespread dia-
dromy, suggest that the evolution of osmoregulatory flexi-
bility among its diadromous members may be the result of a 
whole-genome duplication and subsequent neofunctiona-
lization in gene families involved in ion exchange (Norman 
et al. 2011, 2012). The origin of diadromy in this group, 
however, precedes the whole-genome duplication coinci-
dent with their diversification by 50 to 55 million years, sug-
gesting that whole-genome duplication may not be the 

sole explanation for the evolution of complex behavioral 
and physiological traits that permitted diadromy in this 
group (Alexandrou et al. 2013).

American shad (Alosa sapidissima) is a diadromous clu-
peid (family Clupeidae) that spawns in rivers along the 
east coast of North America, from Florida to Quebec 
(Walburg and Nichols 1967). Shad are anadromous, which 
is a type of diadromy where individuals are born in fresh-
water but spend their adult lives at sea. Anadromous fishes 
such as shad serve as a key ecological bridge between fresh-
water and saltwater, providing a large source of marine- 
derived nutrients to inland rivers and streams (Garman 
and Macko 1998). Depending on latitude, adult American 
shad make the return migration to freshwater spawning 
grounds either exactly once (semelparity; only among rivers 
south of Cape Fear, North Carolina, USA), or on multiple 
occasions (iteroparity), the frequency of which increases 
with latitude (Leggett and Carscadden 1978). Such 
population-level variation in spawning frequency is rare in 
migratory fishes, and, if genetically based, may be unique 
among clupeids. Across their broad range, shad breeding 
habitat is exceptionally heterogeneous, spanning three bio-
geographical provinces (Engle and Summers 1999), a fact 
that makes local adaptation likely, although underexplored. 
In closely related Eurasian shad (Alosa alosa and Alosa 
fallax), for example, repeated local adaptation to varying sal-
inity environments has been found (Sabatino et al. 2022). 
Moreover, shad have recently and successfully colonized 
the west coast of North America after being introduced to 
California in the late 1800s and even developed novel 
freshwater-living landlocked populations in certain reser-
voirs (Hasselman et al. 2012). Recent colonization history 
and rapid adaptation to novel environments, as well as the 
aforementioned extreme native-range heterogeneity and 
phylogenetic position within the fish tree of life, make the 
American shad a unique model for studying the comparative 
and population genomic mechanisms of adaptation and life 
history transitions.

Here, we generated the first high-quality, chromosome- 
level, reference assembly of the American shad genome. 
This is among the first assemblies in the genus Alosa, a 
group well-known for their anadromous life history, and 
one of broad ecological importance as a source of marine- 
derived nutrients in freshwater (Garman and Macko 1998). 
It is now one of five publicly available (https://www.ncbi. 
nlm.nih.gov/datasets/genome) chromosome-level assem-
blies in the Clupeidae, a taxon in which salinity habitat tran-
sitions are widespread (Bloom and Lovejoy 2014; Bloom 
and Egan 2018). With the American shad genome, we pro-
vide an improved opportunity to understand the genomic 
basis of variation in life history strategy, migratory behavior, 
physiological flexibility, and adaptation to novel environ-
ments. As an initial investigation, we compared shad gen-
ome sequence variation and gene family evolution to that 
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of other species in the order Clupeiformes and related 
clades (Betancur-R et al. 2013; Bloom and Egan 2018) in or-
der to identify loci, gene families, and biological functions 
that may have contributed to the evolution of diadromy 
and other unique features of this species.

Results and Discussion

Genome Assembly and Synteny

The final genome assembly for the American shad is com-
posed of 24 chromosomes and an additional 45 scaffolds 
with a scaffold N50 of 38 megabases (Mb) and spanning 
903.6 Mb in total length (Fig. 1a; supplementary table S1, 
Supplementary Material online). Genome completeness as-
sessed with the BUSCO (Simão et al. 2015) Actinopterygii 
gene set indicates the assembly is highly complete with 
only 2.7% of genes missing and measuring 95.6% com-
plete (supplementary table S1, Supplementary Material on-
line). Contiguity was also high, with N’s constituting 0.6% 
of the final assembly (Fig. 1a). Overall, this assembly repre-
sents a near-complete, contiguous, chromosome-level gen-
ome for the American shad.

We assessed the degree of synteny between the 
American shad and Allis shad (Alosa alosa) genome assem-
blies to identify the degree of conserved genomic structure 
between the two congeners and possible chromosomal re-
arrangements. We found that individual chromosomes be-
tween the two species exhibited a high degree of synteny 
based on sequence alignments (Fig. 1b), as 84% align-
ments represented relationships between single chromo-
some pairs. The identity (chromosome number) of 
chromosomes exhibiting high synteny varied due to differ-
ences in chromosome naming conventions used for each 
assembly. Rearrangements beyond pairwise chromosomal 
relationships were also identified (representing ∼16% of 
alignments), though these were typically short in length 
and broadly dispersed among chromosomes, constituting 
only 5.28% of the total length of alignments.

Genome Annotation

Annotations generated by the NCBI Eukaryotic Genome 
Annotation Pipeline detected 47,628 genes and pseudo-
genes, of which 25,730 were protein coding and 21,044 
were noncoding, along with 55,994 mRNAs and 56,159 
coding sequences (CDSs) (NCBI Annotation release ID: 
100) (Table 1). Genic content varied substantially across 
each annotated chromosome, with certain 1 Mb windows 
harboring up to 2% of the total annotated genic content 
(supplementary fig. S3, Supplementary Material online).

Repetitive Region Annotation

Repetitive element annotation using a custom database 
of known teleost repeats and species-specific repeats 

generated de novo indicates that repetitive elements 
make up 45.79% of the total American shad genome 
(Fig. 2), one of the highest proportions of repeats among 
surveyed fish genomes of similar size (Yuan et al. 2018). 
The vast majority of repetitive elements were classified as 
interspersed repeats (39.89% of the total genome), with 
DNA transposons composing the bulk of these interspersed 
repeats (18.68% of the total genome) (Table 2). The distri-
bution of repetitive elements by Kimura distance—a meas-
ure of evolutionary distance between alignments (Kimura 
1980)—indicates that the bulk of elements arose recently, 
with activity centered around 0% to 5% divergence relative 
to their consensus sequences (Fig. 2b). A comparison of re-
petitive element annotations between American shad and 
other members of the family Clupeidae (Allis shad—Alosa 
alosa and Atlantic herring—Clupea harengus) shows an ex-
pansion of repetitive element content in the genus Alosa, 
with the congener Alosa alosa exhibiting a similar compos-
ition and overall percentage of repetitive content to the 
American shad (Fig. 2c). The increase in repetitive content 
in the Alosa species relative to the Atlantic herring appears 
to be driven by an expansion of repetitive DNA elements—a 
broad class encompassing various types of DNA transpo-
sons—which is the largest general class of repetitive elem-
ent by percentage of sequence annotated in both Alosa 
genomes (Fig. 2c).

Genome-wide Diversity

We directly assessed genome-wide heterozygosity by calcu-
lating the proportion of variant (heterozygous) sites per 
kilobase of genome length, accounting for genomic win-
dows with excessively low coverage. Mean genome-wide 
heterozygosity was calculated to be 1.93 variants per kilo-
base or 0.193%, comparable to the degree of heterozygos-
ity found in Atlantic cod (Gadus morhua) (Star et al. 2011) 
and Big-eye Mandarin fish (Lu et al. 2020) and particularly 
low among fish genomes with available data (Fig. 3c) 
(Tigano et al. 2021). Overall standing variation can thus 
be inferred to be low and may be associated with range- 
wide population collapses of American shad since the late 
19th century (Limburg and Waldman 2009). The distribu-
tion of heterozygous sites varied from chromosome to 
chromosome, with some chromosomes concentrating 
regions of high heterozygosity around chromosome ends, 
while other chromosomes had more widely distributed 
heterozygosity “hotspots” (Fig. 3a). Elevated heterozygos-
ity at some chromosome ends may be associated with 
repeat-rich telomeres, as we find chromosome ends 
enriched for SINE, LINE, DNA, and LTR elements 
(supplementary fig. S5, Supplementary Material online). 
Despite low genome-wide diversity and demographic 
declines in recent history, runs of homozygosity (ROH) in 
this individual were uncommon and short (<1 Mb in 
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length), suggesting that the degree of inbreeding remains 
low (supplementary fig. S6, Supplementary Material on-
line). American shad are broadcast spawners, meaning 
that both sexes release their gametes directly into the water 
column to produce fertilized zygotes (Limburg 2003). This 
behavior may contribute to reduced inbreeding despite 
population declines as parentage is often distributed 
among multiple males per spawning female.

Demographic History

To better understand possible historic drivers of contem-
porary genetic diversity and to compare demographic his-
tories between diadromous and marine clupeids, we 
employed the pairwise sequentially Markovian coalescent 
model (PSMC) (Li and Durbin 2011) to infer the historical ef-
fective population sizes (Ne) of the American shad, its dia-
dromous congener the Allis shad, and the marine Atlantic 
herring (Fig. 3d). American shad Ne peaked in deep time 
∼15 MYA, before gradually declining until ∼5 MYA and 
stabilizing briefly before declining again until ∼400 KYA. 
A period of expansion followed, peaking at ∼71 KYA, be-
fore a rapid decline shortly after. This rapid decline in Ne 

after 100 KYA coincides with the onset of the Last Glacial 
Period, which may have restricted the availability of suitable 
coastal habitats due to the recurrence of large North 
American ice sheets (Andersen et al. 2004), while the pre-
ceding expansion of Ne appears to coincide with an inter-
glacial period with relatively high global temperatures 
(Petit et al. 1999). Such declines in Ne at the onset of the 
Last Glacial Period are fairly common among surveyed 
fish species with available genomic data (Li et al. 2021). In 
comparison, the Allis shad, a diadromous congener native 
to Europe, had Ne consistently lower than the other two 
species across the time period inferred by PSMC, beginning 
with a peak Ne ∼5 MYA and gradually declining afterward 
with the exception of a small expansion of Ne at ∼685 KYA. 
The Atlantic herring exhibited a distinct historical pattern of 
Ne, beginning with a period of relative stability until a con-
traction around ∼1.5 MYA, a subsequent large expansion 
peaking at ∼500 KYA, before a subsequent decline. Both 
the Atlantic herring and the Allis shad experienced expan-
sions in the same broad historical era, which coincided 
with a period of decline in the American shad, possibly 

Fig. 1. Genome assembly metrics and synteny plots indicate that the American shad genome assembly is highly complete and exhibits a high degree of syn-
teny with a congener, the Allis shad (Alosa alosa). a) Snail plot summary of assembly statistics for assembly fAloSap1. The main plot is divided into 1,000 
size-ordered bins around the circumference with each bin representing 0.1% of the 903,581,644-bp assembly. The distribution of chromosome lengths 
is shown in dark gray with the plot radius scaled to the longest chromosome present in the assembly (56,504,578 bp, shown in red). Orange and pale-orange 
arcs show the N50 and N90 chromosome lengths (38,440,066 and 31,742,902 bp), respectively. The pale gray spiral shows the cumulative chromosome 
count on a log scale with white scale lines showing successive orders of magnitude. The blue and pale-blue area around the outside of the plot shows 
the distribution of GC, AT, and N percentages in the same bins as the inner plot. A summary of complete, fragmented, duplicated, and missing BUSCO genes 
in the actinopterygii_odb10 set is shown in the top right. b) Circos plot showing synteny between American shad (blue) and Allis shad (gray). Alignments 
shorter than 200bp were excluded. Ribbons are color coded to the chromosomes of sequences aligned to the American shad genome. Allis shad chromo-
somes have been reordered based on syntenic relationships with American shad for visual clarity. Fish images were download from the public domain via 
phylopic.org.
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relating to differences in available habitat between Europe 
and North America during that period.

It is worth noting that while Allis and American shads 
share similar anadromous life histories, Atlantic herring is 
a marine species inhabiting coastal habitats in large, highly 
fecund, and migratory schools (Whitehead 1985). These 
ecological and life history differences may underlie appar-
ent differences in demographic history between herring 
and shads, as herring are not reliant on coastal rivers for 
spawning habitat, possibly reducing the effect of glacial cy-
cles on Ne patterns. Previous work inferring the demo-
graphic history of Atlantic herring using genetic or 
genomic data has found large effective Ne, with microsat-
ellite/allozyme data estimating Ne overlapping with infinity 
(Larsson et al. 2010), and whole-genome data estimating 
Ne in the millions (Martinez Barrio et al. 2016). In contrast, 
the Ne estimates presented here are substantially more mo-
dest, with Ne values ranging in the tens of thousands. 
Another study (Li et al. 2021) estimated the demographic 
history of Atlantic herring using the same genome assembly 
and inference method (PSMC) as our study, finding similar 
demographic patterns but with different absolute values of 
Ne. This is likely due to that study opting to use different 

model parameters and to directly estimate species mutation 
rates based on divergence time models, affecting the scal-
ing of PSMC outputs. Martinez Barrio et al. (2016) used a 
multiple-genome approach to estimate Atlantic herring 
Ne with diCal (Sheehan et al. 2013) a method that can 
have improved demographic inference in recent time com-
pared with PSMC. PSMC is limited in its ability to recover 
and estimate recent demographic changes (<10 KYA) 
due to its reliance on single-genome data and can be sen-
sitive to assembly quality, model parameterization, and 
population structure (Li et al. 2021; Hilgers et al. 2024).

Comparative Phylogenetic Analysis: Identifying 
Signatures of Natural Selection

We first conducted an exploratory aBSREL selection analysis 
across each branch in our phylogenetic tree (Fig. 4a). This 
analysis revealed few genes overall bearing the signature 
of natural selection in the branches leading to American 
shad (3), Atlantic herring (1), and the nodes representing 
the ancestor of Alosa (1), Clupeidae (0), and Clupeiformes 
(4; Fig. 4a). The branch leading to the Allis shad (Alosa alosa) 
exhibited more loci bearing the signature of selection than 

Table 1 Summary table of repetitive elements by type

Number of elements Length occupied (bp) Percentage of sequence

Retro elements 343,346 97,456,414 10.79
SINEs: 55,311 8,031,937 0.89
Penelope 8414 1,986,747 0.22

LINEs: 151,449 47,753,253 5.28
L2/CR1/Rex 66,628 23,386,097 2.59
R1/LOA/Jockey 361 270,729 0.03
R2/R4/NeSL 2277 545,157 0.06
RTE/BOV-B 11,432 2,305,727 0.26
L1/CIN4 5937 2,551,977 0.28

LTR elements: 136,586 41,671,224 4.61
BEL/PAO 4707 1,593,170 0.18
Ty1/Copia 3586 492,919 0.05
Gypsy/DIRS1 89,616 30,336,009 3.36
Retroviral 14,339 3,178,166 0.35

DNA transposons 950,803 168,781,716 18.68
hobo-Activator 313,254 55,810,962 6.18
Tc1-IS630-Pogo 21,467 5,220,080 0.58
MuDR-IS905 1228 202,968 0.02
Piggybac 2132 444,772 0.05
Tourist/Harbinger 44,745 12,309,012 1.36
Other 4925 2,053,684 0.23

Rolling-circles 490 422,622 0.05
Unclassified: 408,642 94,237,080 10.43
Total interspersed repeats: 360,475,210 39.89
Small RNA: 47,604 6,772,234 0.75
Satellites: 4173 920,778 0.10
Simple repeats: 777,200 46,246,753 5.12
Low complexity: 64,872 5,114,659 0.57

Table summary of repetitive elements by type detected and masked by RepeatMasker during repetitive element annotation.
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any other branch or node in the tree (22; Fig. 4a). Note that 
we cannot rule out the possibility that detection of selection 
is inflated in Allis shad owing to increased error rates result-
ing from Oxford nanopore sequencing (Sahlin and 
Medvedev 2021), which was the primary method of 
sequencing used for the Allis shad assembly (https://www. 
ncbi.nlm.nih.gov/datasets/genome/GCF_017589495.1/). 
We detected no selection on genes in any other branch of 
the tree (Fig. 4a). No genes were shared across any branches 
or nodes bearing at least one gene under selection 
(supplementary table S2, Supplementary Material online). 
Of the four genes under selection in the branch leading to 
fishes in the order Clupeiformes (Node 3; Fig. 4a) 
Aquaporin-1 (Aqp1) may be the most relevant to the evolu-
tion of flexible salinity tolerances in this group since it is a 
crucial component of the osmoregulatory process (see be-
low). We detected no functional enrichment on any branch 
in the exploratory selection analysis.

Selection on Apq1 in the branch representing the ances-
tor of the Clupeiformes may help to explain the extreme 
flexibility in salinity tolerance in this group. The order 
Clupeiformes consists of roughly 400 species, many of 
which are diadromous or otherwise occupy varied salinity 
habitats at some portion of their life history (Schultz and 
McCormick 2013). This is rare among fishes in which 
most clades, especially in more derived taxa, specialize in 

saltwater or freshwater but generally not both (Schultz 
and McCormick 2013). Although Clupeiformes evolved in 
the sea (Bloom and Egan 2018), numerous taxa within 
the group have transitioned to diadromy, at least 10 times 
independently (Bloom and Lovejoy 2014; Bloom and Egan 
2018; DeHaan et al. 2023). Aquaporins are specialized 
water transport proteins that facilitate passive water move-
ment across epithelial. Aqp1 in particular is highly ex-
pressed in intestines (Aoki et al. 2003; Giffard-Mena et al. 
2007; Martinez et al. 2005) and most other tissues (Finn 
and Cerdà 2011) and is critical to the process of 
hypo-osmoregulation in seawater (Grosell et al. 2011); in 
this process, water is absorbed across the gut through 
Aqp1 channels to prevent dehydration. Other aquaporins 
have been shown to be repeatedly under natural selection 
in populations of species that vary in salinity tolerance 
(Velotta et al. 2022). Thus, selection on aquaporin may 
help explain success across salinity environments. 
Whether and how precisely genetic variation in Aqp1 may 
underlie variation in hypo-osmoregulatory ability in 
Clupeiformes should be the subject of future research.

A targeted aBSREL analysis was conducted to detect se-
lection on the branches leading to American shad, Allis 
shad, and the putative ancestor of the two (Node 5). This 
analysis identified 13 loci bearing the signature of natural 
selection in American shad, 42 in Allis shad, and 99 in 

Fig. 2. Repetitive element annotation indicates that an especially high percentage of the American shad genome consists of repetitive content. a) Distribution 
of repetitive elements across chromosomes, colored by general type for American shad. b) Composition of repetitive elements. Repetitive element types are 
color coded according to their specific type and arranged according to their Kimura substitution level, which can be used to infer the relative age of the re-
petitive element. c) Comparison of total repeat content as a percentage of genome sequence between the American shad (A. sapidissima), Allis shad (Alosa 
alosa), and the Atlantic herring (C. harengus) colored by general type. Fish images were download from the public domain via phylopic.org.
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Node 5 (Fig. 4b). The majority of genes under selection in 
this analysis were unique to individual branches. A single 
gene was shared by American shad and Node 5 (Dcaf13; 
supplementary table S2, Supplementary Material online) 
while two were shared between Allis shad and Node 5 
(Trim69 and a B-like apolipoprotein; supplementary table 
S2, Supplementary Material online). No genes bearing the 
signature of selection were shared between American 
and Allis shad (Fig. 4b). This result is not surprising given 
that these two species share an anadromous life history 
that arose only once in the common ancestor of all Alosa 
sp. We detected significant functional enrichment only in 
the branch leading to the ancestor of Alosa (Node 5), in-
cluding two GO Biological Process terms: “response to 
lipid, and smooth muscle cell differentiation.” We specu-
late that responses to lipids in particular may reflect selec-
tion for more efficient fat metabolism in freshwater. In 
threespine stickleback, for instance, duplication and copy 
number variation in the fatty acid desaturase gene (Fads2) 
leads to more efficient synthesis of long-chain fatty acids 
in lipid-poor freshwater environments (Ishikawa et al. 
2019). Evolution of an anadromous life history requires 
that larva feed and grow in freshwater, before returning 
to the ocean, which may have selected for increased 

metabolism of fats during development. One gene contrib-
uting to this term is a fatty acid translocase known as CD36, 
which is known to be a high-efficiency receptor for long- 
chain fatty acid cellular uptake (Pepino et al. 2014).

Comparative Phylogenetic Analysis: Rapid Gene Family 
Expansion and Contraction

We used CAFE 5 to identify gene families experiencing ex-
pansion or contraction at a “rapid” evolutionary rate relative 
to a background rate of change (Mendes et al. 2021). Rapid 
gene family expansion and contraction was not distributed 
evenly across the phylogeny (Fig. 5a): most gene family evo-
lution occurred in either extant Alosa branch. First, we de-
tected minimal overlap in the gene families exhibiting rapid 
expansions or contractions between species of Alosa and 
the branch representing their common ancestor (Fig. 5b 
and c). Second, we found that Allis shad exhibited an over-
whelming majority of gene family contractions (Fig. 5c), 
while American shad exhibited the majority of gene family 
expansions (Fig. 5b). This result suggests that gene family- 
level adaptation may be different in each species of Alosa, re-
sulting in extensive family loss in Allis shad but simultaneous 
gain in different gene families in American shad. This is un-
expected given that Allis and American shads share a recent 
common ancestor (∼3 MYA via timetreeorg: Wilson et al. 
2008; Rabosky et al. 2013, 2018) and that all Alosids share 
a single ancestor in which anadromy evolved once (Bloom 
and Egan 2018). However, we cannot rule out the possibility 
that this result is instead an artifact of differences in gene 
annotation between species (supplementary table S1, 
Supplementary Material online). While BUSCO scores are 
nearly identical (∼95%), the American shad genome anno-
tation contains about 2,000 additional features compared 
with Allis shad (supplementary table S1, Supplementary 
Material online). Moreover, ∼50% of American shad ex-
panded gene families were detected as gene family contrac-
tions in Allis shad. Of these expanded orthogroup genes in 
American shad, 95% of them blast to a unique location in 
the Allis shad transcriptome (Pasquier et al. 2016; data not 
shown). Thus, we urge caution when interpreting our re-
sults, and any results, where gene annotations may be imbal-
anced among species comparisons.

We performed functional enrichment analysis on all rap-
idly evolving gene families in American shad, Allis shad, and 
the node representing their common ancestor (Node 5). 
Because of the above-mentioned bias in gene annotation 
in Allis shad, we omitted gene families that were both con-
tracted in Allis shad and expanded in American shad, thus 
restricting the analysis to just those gene families that 
were uniquely expanded/contracted in each branch. For 
Allis shad gene family expansions and contractions, as 
well as American shad gene family contractions, we de-
tected enrichment of Gene Ontology Molecular Function 

Table 2 Summary table of NCBI genome annotation results

Feature Counts

Genes and pseudogenes 47,628
Protein coding 25,730
Noncoding 21,044
Nontranscribed pseudogenes 702
Genes with variants 12,758
Immunoglobulin/T-cell receptor gene segments 152

mRNAs 55,994
Fully supported 54,224
With > 5% ab initio 728
Partial 107
Model RefSeq (XM_) 55,994

Noncoding RNAs 24,119
Fully supported 8,416
Model RefSeq (XR_) 14,393

CDSs 56,159
Fully supported 54,224
With > 5% ab initio 838
Partial 107
With major correction(s) 781
Model RefSeq (XP_) 56,007

“Genes and pseudogenes” refers to gene and transcribed and nontranscribed 
pseudogene features. Features labeled “>5% ab initio” refers to features 
supported only partially by experimental evidence, for which more than 5% of 
their length was predicted by Gnomon using a hidden Markov model. 
“Noncoding RNAs” refers to misc_RNA, tRNA, rRNA, and ncRNA of all classes 
and does not include pseudogenes. “Model RefSeq (XR_)” refers to noncoding 
transcripts (misc_RNA, lncRNA, rRNA, snRNA, snoRNA, and guide_RNA) 
predicted by Gnomon or RFAM and cmsearch and assigned XR_* accessions. 
“Model RefSeq (XP_)” refers to proteins predicted by Gnomon and assigned 
XP_* accessions. Features labeled “with major correction(s)” refers to CDSs with 
correction for premature stop codons, frameshifts, or internal gaps.

A Complete Assembly and Annotation of the American Shad Genome                                                                             GBE

Genome Biol. Evol. 17(1) https://doi.org/10.1093/gbe/evae276 Advance Access publication 30 December 2024                                7 

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/17/1/evae276/7934935 by guest on 11 February 2025

http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae276#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae276#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae276#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae276#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae276#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae276#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evae276#supplementary-data


term “GTPase signal transduction, and GTPase regulator 
activity,” among others (supplementary table S5, 
Supplementary Material online). Enriched genes include 
several subfamilies of dedicator of cytokinesis proteins, 
which play a role in the regulation of cytoskeleton organiza-
tion (Benson and Southgate 2021). This is potentially rele-
vant since cytoskeletal strain and subsequent remodeling 
are used as an osmosensory signal of changing salinities 

(Kültz 2012). Thus, it is not surprising that gene families in-
volved in cytoskeleton remodeling would have rapidly 
evolved upon transition from marine to diadromous life his-
tory, as appears to be the case in Alosa. We detected no en-
riched functions in unique gene families that exhibited 
rapid expansion in American shad.

In the branch leading to the Alosa ancestral node, we 
detected significant enrichment of the Gene Ontology 

Fig. 3. Measuring genome-wide diversity reveals low heterozygosity and historical population contractions in American shad. a) Heterozygosity plotted for 
each chromosome in nonoverlapping 50-kb windows for the American shad. Mean genome-wide heterozygosity is marked with a dashed line. b) A histogram 
view of heterozygosity with counts of nonoverlapping 50-kb windows in American shad. c) Comparison of mean genome-wide heterozygosity among fish 
species with available data, adapted from Tigano et al. (2021). American shad is denoted with an arrow. d) Demographic histories (effective population size 
-Ne) of American shad, Allis shad, and Atlantic herring inferred by PSMC. Bootstrap replicates are represented by semi-transparent lines for each species.
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Molecular Function term “Calcium ion transmembrane 
transport activity” (supplementary table S5, Supplementary 
Material online) for those gene families exhibiting significant 
contractions but not expansions. Gene families involved 
in functional enrichment include those coding for Ca2+ 

transporting proteins that help regulate intracellular Ca2+ 

homeostasis (e.g. ATP2B4), voltage-gated Ca2+, which 
regulate membrane potentials (e.g. CACNA1AB) and those 
involved in Ca2+ release at neuromuscular junctions (e.g. 
RYR3). Genes in the family of calcium ATPases, in particular, 
have been shown to be under strong, repeated natural 
selection across several species in which salinity tolerance 
varies across populations (Velotta et al. 2022). Calcium 
ATPases are important for uptake in freshwater environ-
ments where environmental calcium is inherently low. 
Taken together, these results suggest that, at the branch 
leading to anadromous Alosids, there has been selection 
on gene families involved in voluntary skeletal muscle con-
traction—putatively for swimming and migration—as well 
as osmoregulation in low-ion environments.

Conclusions
As a broad assessment of the American shad genome, we 
analyzed repetitive element frequency, genome-wide 
diversity, and demographic history. We also conducted 
a comparative genomic analysis using available 
Clupeiformes genomes to detect signatures of natural se-
lection. We found that repeat content is among the highest 
of fishes of similar genome size. In addition, shad genome- 
wide heterozygosity is low compared with other species 
which we suspect may be associated with range-wide 
population collapses since the 19th century. Despite this, 
ROH were uncommon and short, suggesting that the level 
of inbreeding remains low. We inferred a precipitous de-
cline in effective Ne around 100 KYA, which has not re-
bounded. This decline coincides with the onset of the Last 
Glacial Period, which likely restricted access to breeding 
habitat (Andersen et al. 2004) and is fairly common among 
fishes of the Northern Hemisphere (Li et al. 2021).

(a)

(b)

Fig. 4. Results of dN/dS selection tests reveal genes bearing the signature of natural selection across the Clupeiformes and in the branches leading the Alosa. 
a) Results of exploratory analysis reveal few selection genes at each branch. Branches are shaded to represent the number of selection genes following figure 
legend. b) Results of targeted selection tests on branches leading to American shad (A. sapidissima), Allis shad (A. alosa), and the branch leading to the putative 
ancestor of the two (Node 5). Colors of Venn diagram represent specific branches presented in phylogeny. Venn diagram shows overlap in the number of 
selection genes for each branch. Th phylogeny was created using OrthoFinder and selection tests were performed in aBSREL (see Materials and Methods). Fish 
images were download from the public domain via phylopic.org except for Denticeps clupeoides by Emma S. Glenn, and Chanos chanos  by Erika Schumacher 
(https://creativecommons.org/licenses/by-nc/3.0/; no changes were made).
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Our results suggest that natural selection has acted on the 
branch leading to the genus Alosa, in terms of both protein- 
coding evolution and rapid expansion of functional gene 
families. Some of the key targets of selection are likely in-
volved in pathways regulating diet and metabolic fuel use (li-
pid metabolism) as well as cytoskeletal remodeling involved 
in osmoregulation. We hypothesize that natural selection on 
fatty acid metabolism, in particular, may improve fitness for 
developing juveniles in nutrient-poor, natal freshwater envir-
onments. Moreover, rapid gene family expansion of path-
ways involved in cytoskeletal remodeling suggests 
evolution of osmosensation, the mechanisms by which cells 
sense and respond to changes in osmotic pressure.

As is likely the case with many studies of nonmodel or-
ganisms, we are underpowered to detect functional conse-
quences of selection tests, since few genes have Gene 
Ontology (GO) annotations. Moreover, across our phyl-
ogeny, we detected merely 1,800 single-copy orthologs 
with confidence, reducing our ability to detect selection 
to just over 7% of the ∼25,000 protein-coding genes. 

This is likely due to the expansive evolutionary time periods 
separating the species in our tree. It is clear from this work 
that much additional sequencing across the order 
Clupeiformes is needed. Nevertheless, we expect the as-
sembly and analysis of the American shad genome serves 
to support future research in testing the hypotheses gener-
ated above and in broader understandings of the genomic 
basis of adaptation and life history evolution using this 
well-suited but understudied system.

Materials and Methods

Genome Sequencing, Assembly, and Annotation

Sample Collection

An adult female American shad (Alosa sapidissima) was col-
lected from the St. Johns River, Florida, USA (28.438892 N, 
81.894728 W) for use in generating a high-quality refer-
ence genome assembly. Female muscle tissue was used 
for DNA extraction and subsequent library construction 

(a)

(b) (c)

Fig. 5. Results of gene family expansion and contraction across the phylogeny (a) and in branches leading to Alosa (b, c). Venn diagrams represent overlap in 
numbers of gene families exhibiting significant expansion (b) or contraction (c). Fish images were download from the public domain via phylopic.org except for 
Denticeps clupeoides by Emma S. Glenn, and Chanos chanos by Erika Schumacher (https://creativecommons.org/licenses/by-nc/3.0/; no changes were made).
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and sequencing. To assess tissue-specific transcript expres-
sion and generate genome annotations, additional tissues 
were collected from an adult male individual from the 
same location to supplement tissues available from the col-
lected female. In total, the tissues collected included dissec-
tions from the brain, muscle, gonads of both sexes, and 
liver, all of which were flash frozen in liquid nitrogen prior 
to RNA extraction and sequencing.

DNA Extraction

We used 200 mg of skeletal muscle for high molecular 
weight DNA isolation following the Circulomics Nanobind 
method using the Tissue Big DNA Kit (Circulomics 
NB-900-701-01). Tissue was kept on dry ice until disrupted 
with the Qiagen TissueRuptor II (cat. no. 9002755). 
Following purification, the DNA was kept at room tempera-
ture for 1 week prior to quantification to allow for hom-
ogenization of viscous DNA. We quantified DNA with the 
Qubit 3 fluorometer (Invitrogen Qubit dsDNA Broad 
Range Assay cat no. Q32850), and the size was measured 
with a pulsed-field gel electrophoresis (Pippin Pulse, SAGE 
Science, Beverly, MA).

RNA Extraction

Total RNA was extracted and purified from multiple tissues 
including brain, skeletal muscle, testes, ovaries, and liver, 
using the QIAGEN RNAeasy Protect kit (cat. no. 74124). A 
total of 20 to 30 mg of each tissue was homogenized 
with the Qiagen TissueRuptor II (cat. no. 9002755) as input. 
The quality of all RNA was assessed with a Fragment 
Analyzer (Agilent Technologies, Santa Clara, CA), and 
quantity was measured with a Qubit 3 Fluorometer (Qubit 
RNA BR Assay Kit—catalog no. Q33216).

Genome Sequencing and Assembly

As part of the Vertebrate Genomes Project (VGP), a high- 
quality reference genome assembly of A. sapidissima was 
generated at the Vertebrate Genomes Lab of the 
Rockefeller University using the VGP Pipeline 2.0 (Larivière 
et al. 2024) using a combination of long-read Pacific 
Biosciences (PacBio) HiFi long-read sequencing, Hi-C short 
read, and optical genome mapping (OGM) technologies 
(supplementary fig. S1, Supplementary Material online).

PacBio Library Preparation and Sequencing

To generate HiFi reads, large insert libraries were prepared 
using the SMRTbell Express Template Prep Kit 2.0 (PN 
100-938-900) following the manufacturer’s instructions 
(PN 101-853-100 version 03) and sizes selected between 
15 and 20 kb with Sage BluePippin (Sage Science, USA). 
Sequence reads were generated from these libraries using 
the PacBio Sequel II HiFi system with a 30-h movie time.

Bionano Library Generation and Optical map Imaging

We used OGM to allow for high-quality scaffolding using 
Bionano imaging instruments. Libraries for optical mapping 
were generated using unfragmented ultra-HMW DNA that 
was labeled using DLE-1 following Bionano Prep Labeling 
NLRS (document number 30024) and DLS protocols (docu-
ment number 30206). Labeled DNA samples were then im-
aged using the Bionano Saphyr instrument.

Hi-C Library Preparation and Sequencing

To generate high-quality scaffolds, we used chromatin 
interaction (Hi-C) libraries prepared by Arima Genomics 
(https://arimagenomics.com/) using the two-enzyme 
Arima-HiC kit (P/N: A510008). The proximally ligated 
DNA was then sheared and size selected between 
200 and 600 bp using SPRI beads and enriched for 
biotin-labeled DNA using streptavidin beads. 
Illumina-compatible libraries were generated from the re-
sulting fragments using the KAPA Hyper Prep kit (P/N: 
KK8504), which were subsequently PCR amplified and 
purified using SPRI beads. The libraries were then se-
quenced on Illumina HiSeq X at ∼60× coverage following 
manufacturer protocols.

HiFi reads were used to generate haplotype-separated 
contigs using Hifiasm v0.14 (Cheng et al. 2021) with de-
fault parameters. Haplotypic false duplications were iden-
tified and purged from primary contigs with purge_dups 
v1.0.1 (Guan et al. 2020) using default parameters. 
Primary contigs were then scaffolded with Bionano optical 
maps using Bionano Solve v3.6.1 with default parameters. 
A further round of scaffolding was performed with long- 
range Hi-C data using the Salsa v2.2 program (Ghurye 
et al. 2019) with default parameters. The genome was 
manually curated with gEVAL v2021-04-21 (Chow et al. 
2016) and Hi-C maps against the scaffolds to correct po-
tential assembly structural errors, to manually join and 
align unplaced scaffolds, and to name chromosomes 
(Howe et al. 2021). The manual curation efforts of the pri-
mary haplotype resulted in decontamination, a 5.2% re-
duction of assembly length due to the removal of 
remnant artificial duplication, a 5.4% increase in scaffold 
N50 (68.6% increase in N90), and assignment of 99.4% of 
the assembly sequence to the 24 identified chromosomes. 
The primary haplotype was named fAloSap1.pri 
(GCA_018492685.1) and the alternate fAloSap1.alt 
(GCA_018492705.1) using the VGP naming scheme 
(Rhie et al. 2021): f for fish, AloSap for species name, 1 
for first VGP quality assembly, and pri and alt for primary 
and alternate, respectively.

Genome annotation was completed by the National 
Center for Biotechnology Information (NCBI) using the 
NCBI Eukaryotic Genome Annotation Pipeline 
(Thibaud-Nissen et al. 2013) run on the fAloSap1.pri 
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assembly (GCF_018492685.1) generated by this project. To 
assess annotation completeness, BUSCO v4.1.4 (Simão 
et al. 2015) was run in “protein” mode on the annotated 
gene set picking one longest protein per gene and run 
using the actinopterygii_odb10 lineage dataset.

Genome Assembly Analyses

The final primary assembly was analyzed for completeness 
using BUSCO (Simão et al. 2015) run on the actinoptery-
gii_odb10 lineage dataset, along with the vertebrata_ 
odb10, metazoa_odb10, and eukaryota_odb10 datasets, 
respectively. The genome assembly was run through NCBI 
BLAST using the NCBI nucleotide database using blastn to 
generate taxonomic annotations for each sequence in the 
assembly for output using BlobTools2 (Challis et al. 
2020), with -max_target_seqs set to 10, -max_hsps set 
to 1, and -evalue set to 1e−25 as per BlobToolkit guide-
lines. To examine the sequencing depth across scaffolds/ 
chromosomes, we mapped the PacBio HiFi reads onto the 
genome assembly with minimap2 2.24 (Li 2018) using 
the map-hifi setting. The resulting alignments were sorted 
using SAMtools sort (Li et al. 2009) and output in BAM for-
mat. The BUSCO outputs, BLAST hits, and BAM alignments 
were added into a BlobTools2 dataset to generate visualiza-
tions of genome assembly statistics (Fig. 1a), scaffold/ 
chromosome base coverage (supplementary fig. S2, 
Supplementary Material online), and BUSCO completeness 
scores (Fig. 1a).

Investigating Heterozygosity

PacBio HiFi reads used to generate the reference sequence 
for fAloSap1.pri were mapped back onto the reference 
genome with minimap2 2.24 (Li 2018) with the map-hifi 
setting and sorted using SAMtools sort. To investigate the 
degree of heterozygosity present in the genome, we used 
GATK 4.5.0 (McKenna et al. 2010) for genotype calling 
using HaplotypeCaller followed by GenotypeGVCFs. All 
sites including both variants and invariant sites were 
called using the -ERC BP_RESOLUTION and flag in 
HaplotypeCaller and the -allSites flag in GenotypeGVCFs. 
SNPs, indels, and invariant sites were filtered separately ac-
cording to GATK best practices, and we further filtered out 
sites with excessively low or high read depth (1/3× and 2× 
the genome-wide average, respectively) and SNPs within 
10 bp of an indel. To estimate heterozygosity, we calcu-
lated SNP density over 50 kb fixed windows, filtering out 
windows with a genotyping rate < 0.5 indicating an excess 
of sites with no coverage. We examined the effect of larger 
and smaller window sizes (10 kb to 1 mb) on heterozygos-
ity estimates and found that smaller window sizes captured 
localized regions with especially high heterozygosity 
(supplementary fig. S7a, Supplementary Material online). 
We observed limited differences (∼2.6%) in mean 

estimated heterozygosity using windows larger than 
10 kb (supplementary fig. S7b, Supplementary Material on-
line). We ultimately chose 50-kb windows due to their abil-
ity to represent fine-scale patterns without presenting 
excessive bias toward highly localized, high-diversity re-
gions. ROH were identified using the PLINK 1.9 –homozyg 
function (Chang et al. 2015) using default parameters ex-
cept for homozyg-kb set to 100 to allow for detection of 
ROH > 100 kb in length.

The PacBio HiFi-mapped reads were also analyzed using 
GenomeScope2 (Ranallo-Benavidez, Jaron, and Schatz 
2020) to generate estimates of heterozygosity and genome 
size. However, the resulting k-mer spectra plots exhibited 
poor model fit, and the resulting heterozygosity and gen-
ome size estimates were substantially higher than estimates 
generated using more traditional methods of nuclei size 
measurements and short-read data. This is likely due to re-
peat content high in GA repeats in the genome (see Results) 
that is challenging to sequence for PacBio HiFi, biasing 
k-mer distributions away from GenomeScope model 
assumptions.

Annotating Repetitive Regions

To annotate the repetitive regions in the genome, 
RepeatModeler v2.0.1 (Flynn et al. 2020) was used to build 
a repeat library for the American shad genome employing 
the Repbase database (Bao, Kojima, and Kohany 2015) 
using the latest version 28.04 (2023 April 27). The repeat 
consensus database was then filtered to exclude known 
protein sequences with the uniref90 database (known 
transposases provided with RepeatMasker were prere-
moved from the uniref90 database). The remaining repeat 
database was then classified with Repbase and used to gen-
erate a repeat annotation GFF file using RepeatMasker 
(Materials and Methods adapted from Stanhope et al. 
2023). The repeat sequences in the genome assembly 
were soft masked with RepeatMasker (version 4.1.0) using 
a repeat library created by merging the Repbase database 
with de novo TEs identified by RepeatModeler. This process 
was repeated for the genome assemblies for the Atlantic 
herring (C. harengus, GCF_900700415.1) and Allis shad 
(Alosa alosa, GCF_017589495.1) to compare repeat con-
tent between the American shad and other members of 
the family Clupeidae.

Demographic History Inference

To better contextualize the observed patterns of genome- 
wide diversity, we inferred historical shifts in effective Ne 

using the diploid genome of the American shad (generated 
via variant calling to investigate heterozygosity) with the 
PSMC (Li and Durbin 2011). We also inferred the demo-
graphic history of two related species—C. harengus 
(Atlantic herring), a marine clupeid native to the North 
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Atlantic (GCF_000966335.1, a short-read draft quality 
genome), and Alosa alosa (Allis shad), an anadromous con-
gener native to Europe (GCF_017589495.1, an unphased 
ONT long-read genome).

PacBio HiFi reads used to generate the American shad 
genome were aligned to it using minimap2 (Li 2018) with 
the map-hifi preset, while the Oxford Nanopore reads 
used to generate the Allis shad genome were aligned 
with minimap2 using the map-ont preset. As the recom-
mended PSMC settings for generating a diploid consensus 
sequence were not designed for long-read sequencing, a 
diploid consensus genome was generated by instead calling 
variants using bcftools (Danecek et al. 2021) mpileup 1.18 
with the pacbio-ccs preset for the American shad align-
ments and the ont preset for the Allis shad alignments. 
Variants were called from the generated pileup files with 
bcftools call using the -c -Ov parameters. The resulting 
VCF was used to generate a diploid consensus FASTQ file 
with the vcfutils vcf2fq function with a minimum and max-
imum depth of ⅓ and 2 times the mean depth across the 
sample, respectively.

For the Atlantic herring assembly, we used the Illumina 
short-read dataset by first trimming reads using 
TRIMMOMATIC 0.39 and mapping trimmed reads with 
BWA-MEM (Li 2013). The resulting alignments were then 
deduplicated using Picard 2.9.0 (https://broadinstitute. 
github.io/picard/) and merged into a single alignment file 
using SAMtools merge (Danecek et al. 2021) and filtered 
to only retain alignments from scaffolds longer than 
50 kb. A diploid consensus genome was generated by first 
generating a pileup file bcftools 1.18 mpileup and down-
grading mapping quality for reads with excessive mis-
matches with the -C50 flag. We then called variants on 
the pileup file using bcftools call consensus caller function 
(-c) and converted the resulting VCF file to a diploid consen-
sus FASTQ file with the vcfutils vcf2fq function with a min-
imum and maximum depth of ⅓ and 2 times the mean 
depth across the sample, respectively.

PSMC was run on a maximum of 25 iterations with para-
meters: -N25 -t15 -r5 -p “4 + 25 × 2 + 4 + 6” with 100 
bootstrapped replicates to account for variation in Ne esti-
mates for all three species. Time estimates on the PSMC 
output were scaled using the published Atlantic herring 
mutation rate of 2.0 × 10−9 (Feng et al. 2017) for all spe-
cies, as there are currently no published estimates of 
American shad or Allis shad mutation rate. Generation 
times were set to 4 years for American shad, 4 years for 
Allis shad, and 6 years for Atlantic herring based on pub-
lished life history estimates (Feng et al. 2017; IUCN 2024).

Assessing Synteny with the Allis Shad Genome Assembly

To identify the degree of synteny between the American 
shad genome assembly and that of a congener, the Allis 

shad (Alosa alosa), we aligned the American shad genome 
(GCF_018492685.1) to the Allis shad genome (Accession 
GCF_017589495.1) using LAST, a lastal program 
(Kiełbasa et al. 2011; Frith and Kawaguchi 2015) with the 
-m100 parameter to increase alignment sensitivity and 
last-split to identify the unique best alignments for each 
part of each queried sequence. Alignments shorter than 
200 bp were filtered, and syntenic blocks were visualized 
with circos plots generated with the R package circlize 
(Gu et al. 2014).

Comparative Phylogenetic and Selection Analyses

We conducted a comparative phylogenetic analysis to iden-
tify genetic signatures of natural selection in the branch 
leading to American shad as well as across species in the 
order Clupeiformes and the genus Alosa. To do so, we ana-
lyzed genome-wide ratios of nonsynonymous to synonym-
ous substitution rates (dN/dS). We calculated dN/dS from 
alignments of orthologous protein CDSs from six species 
including four from the Clupeiformes: Alosa sapidissima 
(American shad), Alosa alosa (Allis shad), Clupea harengus 
(Atlantic herring), and Denticeps clupeoides (denticle 
herring), and two more distantly related outgroups: 
Chanos chanos (milkfish) and Gadus morhua (Atlantic 
cod; supplementary fig. S4, Supplementary Material online 
and supplementary table S1, Supplementary Material on-
line). We included all genomes from Clupeiformes that 
had protein sequences available and were >75% complete 
(BUSCO score against actinopterygii_odb10 lineage data-
set). Alosa alosa was previously the only other species in 
the genus Alosa for which a whole-genome, chromo-
some-level assembly existed. Incomplete genomes for other 
Clupeiformes species were omitted from the analysis. 
Single-copy orthologs were identified from protein se-
quences downloaded from NCBI in the program 
OrthoFinder (Emms and Kelly 2015). Only the longest tran-
script variant for each gene was used in the orthology ana-
lysis (Emms and Kelly 2019). A species tree was inferred 
from orthogroup results in OrthoFinder following the meth-
od by Emms and Kelly (2019). Orthologs were aligned using 
the Python program Guidance (Penn et al. 2010). 
Sequences that contained a percentage of gaps over 
25% were excluded, as were alignments without all six spe-
cies. We were left with 1,800 high-confidence single-copy 
orthologs for selection testing.

For each orthologous gene, we tested for signatures of 
natural selection using the model aBSREL (adaptive branch- 
site random effects likelihood model) implemented in 
HyPhy (Pond, Frost, and Muse 2005; Smith et al. 2015). In 
the aBSREL model, observed dN/dS ratios are tested against 
a null expectation where loci are constrained to not evolve 
by natural selection. P-values are obtained from a likelihood 
ratio test comparing the observed and null models. We 
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conducted two analyses for genes under selection using the 
aBSREL model: (i) An exploratory analysis in which a series 
of tests for selection at each branch and node in the tree 
was conducted. We applied a false-discovery rate (FDR) cor-
rection for multiple testing and the P-values generated 
from our exploratory analysis. (ii) A targeted series of selec-
tion tests in the branch leading to American shad. This was 
conducted by specifying the branch leading to American 
shad as the “foreground” branch in the model and is 
equivalent to the exploratory test results without correcting 
for multiple testing.

We used CAFE 5 (Mendes et al. 2021) to identify rates of 
expansion and contraction of gene families across our phyl-
ogeny. Gene families were identified in OrthoFinder as 
“orthogroups,” which represent the set of genes in a group 
of species descended from a single gene (Emms and Kelly 
2019). A table of gene counts for each orthogroup for 
each species was input into CAFE 5. CAFE 5 was run using 
the Gamma model with a single lambda estimated by CAFE 
5 and parameter k = 6, indicating the use of six gamma rate 
categories, yielding a maximum likelihood value of −12.40, 
α = 1.18, and λ = 2.47. Parameter k = 6 was selected as it 
produced the highest maximum likelihood when CAFE 5 
was run with parameters k = 1 through k = 10. P-values 
were calculated on the rate of evolution of gene family ex-
pansion and contraction by comparing empirical rates to a 
stochastic birth/death model (Hahn et al. 2005). Raw 
P-values were corrected for multiple testing using FDR cor-
rection in P.adjust in R (R Core Team 2023). We considered 
“rapidly evolving” gene families to be any gene family with 
a significant FDR-corrected P-value < 0.05.

To perform functional enrichment analysis of rapidly 
evolving gene families, accession numbers from C. harengus 
were taken from significant orthogroups and used in con-
junction with the NCBI Datasets command-line tool (www. 
ncbi.nlm.nih.gov/datasets) to isolate the corresponding 
gene symbol in C. harengus. To avoid bias in functional en-
richment, we took the first gene accession from each 
orthogroup in cases where there was more than one for 
C. harengus (as in Prost et al. 2019). Functional enrichment 
tests were performed using these gene symbols. Rapidly 
evolving orthogroups without associated C. harengus acces-
sion numbers were omitted from this analysis. Functional 
enrichment tests were performed in gProfiler (Kolberg 
et al. 2023) using the g:GOSt function. Queries were tested 
against the C. harengus genome, and P-values were 
corrected using gProfiler’s native g:SCS algorithm, which is 
designed to account for hierarchical, nonindependent asso-
ciations implicit in GO terms.

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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