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Genomes of endangered great hammerhead and
shortfin mako sharks reveal historic population declines
and high levels of inbreeding in great hammerhead

Michael J. Stanhope,’%7* Kristina M. Ceres," Qi Sun,” Minghui Wang,? Jordan D. Zehr,® Nicholas J. Marra,*
Aryn P. Wilder,> Cheng Zou,” Andrea M. Bernard,® Paulina Pavinski-Bitar,” Mitchell G. Lokey,’

and Mahmood S. Shivji®8*

SUMMARY

Despite increasing threats of extinction to Elasmobranchii (sharks and rays),
whole genome-based conservation insights are lacking. Here, we present chromo-
some-level genome assemblies for the Critically Endangered great hammerhead
(Sphyrna mokarran) and the Endangered shortfin mako (Isurus oxyrinchus) sharks,
with genetic diversity and historical demographic comparisons to other shark spe-
cies. The great hammerhead exhibited low genetic variation, with 8.7% of the 2.77
Gbp genome in runs of homozygosity (ROH) > 1 Mbp and 74.4% in ROH >100 kbp.
The 4.98 Gbp shortfin mako genome had considerably greater diversity and <1%
in ROH > 1 Mbp. Both these sharks experienced precipitous declines in effective
population size (Ne) over the last 250 thousand years. While shortfin mako
exhibited a large historical Ne that may have enabled the retention of higher
genetic variation, the genomic data suggest a possibly more concerning picture
for the great hammerhead, and a need for evaluation with additional individuals.

INTRODUCTION

The class Chondrichthyes (sharks, rays, and chimeras) has a history that dates back about 420 million years
over which time it has survived five mass extinctions. Today this ancient lineage finds itself in a new geolog-
ical epoch—the Anthropocene, which may well be characterized as the sixth mass extinction. In a recent
report by the [IUCN Red List of Threatened Species, 31% of all shark species are threatened (Critically
Endangered, Endangered, or Vulnerable),” a figure considerably higher than their 2014 estimate. Of these
threatened shark species, 6.5% are critically endangered and 10.5% are endangered.’ Another recent
report indicates the global abundance of oceanic sharks and rays has declined by 71%, due to an
18-fold increase in relative fishing pressure.” In 1980, only 9 species of oceanic sharks and rays were threat-
ened on the IUCN Red List category, but in 2021, 3/, of these species (n = 24 of 31 species assessed) are now
threatened.” The great hammerhead (Sphyrna mokarran; Critically Endangered) and shortfin mako (Isurus
oxyrinchus; Endangered) sharks are two examples of this recent dramatic decline in this group of sharks.

The great hammerhead is the largest species of hammerhead shark in the family Sphyrnidae reaching a
maximum size of about é m. It has a worldwide distribution, found in coastal tropical and warm temperate
seas. It has a wide cephalofoil (“hammer”), tall sickle-shaped dorsal fin, and is an important apex predator.
Its critically endangered status is primarily due to heavy fishing for its large fins, which are highly valued in
the shark fin trade.” The shortfin mako is a predominately pelagic, apex predator, reaching a maximum size
of about 4 m, and is found worldwide in temperate and tropical seas. It is classified within the family Lam-
nidae which includes all of the known partially endothermic sharks; it has one congener species—longfin
mako—Isurus paucus. Isurus is regarded as the phylogenetic sister group to white shark (Carcharodon
carcharias). The endangered status of shortfin mako is primarily due to commercial and sport overfishing.*

Conservation genomics is a field increasing in importance with the continuous improvement in sequencing
technologies that afford the ability to assemble high quality reference genomes. From such single
genomes, it is possible to derive estimates of heterozygosity, inbreeding, and demographic history. If
the sampled individual is representative of its population, heterozygosity may be a useful proxy for
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standing genetic variation, the principal means for most organisms to adapt and respond to changes in the
environment.” Levels of recent inbreeding can also be inferred from runs of homozygosity (ROH) mani-
fested in the genome sequence, and this has emerged as a valuable component in conservation genomic
analyses for a wide range of species.”? Historical demographic reconstructions can link changes in
effective population size (N,) to past environmental shifts, as well as species differences in various other
ecological factors, providing the potential to predict effects of current and future environmental change,
as well as provide a valuable framework for interpreting contemporary patterns of heterozygosity, extinc-
tion risk, and the potential for inbreeding depression.'®"?

Despite the importance of elasmobranchs in overall marine ecosystem function, and the increased
extinction threats to these fishes, conservation genomic study of this subclass is a neglected subject.”
Here, we present chromosome-level genomes for the critically endangered great hammerhead and the
endangered shortfin mako sharks. We present analyses of demographic history and conservation
genomic-related statistics for the great hammerhead and shortfin mako as well as for other shark species
for which genome data are available, including whale shark (Rhincodon typus), white shark (Carcharodon
carcharias), brownbanded bamboo shark (Chiloscyllium punctatum), and the cloudy catshark (Scyliorhinus
torazame).

RESULTS
Genome assemblies for hammerhead and mako

Combining PacBio Hi-Fi with Dovetail Hi-C and Omni-C scaffolding resulted in highly contiguous genome
assemblies for both the great hammerhead (Sphyrna mokarran) and shortfin mako (Isurus oxyrinchus),
respectively (hereinafter referred to as hammerhead and mako), as depicted in the link density histograms
for both species (Figure S1). The final genome assembly for the hammerhead comprised a total of 1658
scaffolds, with a scaffold NG50 of 89.8 Mbp and total length of 2.77 Gbp. Most assembly metrics met or
exceeded those established by the Vertebrate Genome Project (VGP) for a chromosome-level assembly
(their category VGP-2016""). We are unaware of the chromosome number for hammerhead, but flow cytom-
etry data for its close relative, Sphyrna lewini, indicate a haploid chromosome number of 39,">'® whereas an
earlier karyological study suggested n = 43."” Approximately 82% of the hammerhead genome (2.27 Gbp)
was represented in the largest 24 scaffolds and about 16% (0.445 Gbp) in the next largest set of 25-40 scaf-
folds (scaffold length decreased by more than 2X between scaffold 40 and 41), with the remaining
sequence in unplaced scaffolds. These 40 pseudo-chromosomes were comprised of 28 macrochromo-
somes (>40 Mb), 7 intermediate chromosomes (20-40 Mbp), and 5 microchromosomes (<20 Mbp).

The final genome assembly for the mako included a total of 5559 scaffolds, with a scaffold NG50 of 145.5
Mbp, a total length of 4.98 Gbp, and the majority of genome assembly metrics meeting or exceeding the
quality category VGP-2016"* (Table S1). We are not aware of karyological data for the two species of mako
sharks; however, flow cytometry data for the sister group to Isurus, the white shark, indicate a haploid chro-
mosome number of 41.">"® Approximately 73% of the mako genome (3.627 Gbp) was represented in the
largest 24 scaffolds and about 8% (0.397 Gbp) in the next largest set of scaffolds, 25-41, with the remaining
sequence in unplaced scaffolds. Given the estimated divergence time between white shark and mako of
about 55 MY,'? chromosome numbers could be different and some of these unplaced scaffolds could
be additional pseudo-chromosomes. These 41 mako pseudo-chromosomes were comprised of 26 macro-
chromosomes (>40 Mbp), 7 intermediate chromosomes (20-40 Mbp), and 8 microchromosomes
(<20 Mbp).

The repeat content of both of these shark species is rich in long interspersed nuclear element (LINE) retro-
transposons, comprising about 38% and 33% for the hammerhead and mako genomes, respectively (Fig-
ures 1 and S2). The majority of these LINEs were of the CR1 and CR1-Zeon type in both species. Based on
sequence divergence of individual elements against their respective reference, bursts of LINE activity were
roughly synchronous in the history of the two species, with the exception of relatively more recent times,
with bursts of activity at around 5%-7% divergence for mako, and 0%-5% for hammerhead (Figure S2).
Notable differences in repeat content were a greater proportion of DNA transposons in mako and a greater
proportion of short interspersed nuclear elements (SINEs) in hammerhead (Figure S2). The overall trans-
poson density was much greater in hammerhead than mako (Figure 1) and this was primarily due to
LINEs and SINEs (Figure S2), with many chromosomes in hammerhead showing a greater density of these
elements near the tips of chromosomes (Figure 1).
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Figure 1. Circos plot representation of genomic features in great hammerhead (H) and shortfin mako (M) for a
subset of the largest scaffolds

Only a subset of scaffolds is depicted here in order to provide resolution of genome characteristics. The outside ring
indicates different chromosomes; the 15 largest chromosomes are represented for shortfin mako, with chromosomes
syntenic to those 15, represented for great hammerhead. Gene density is shown in the next, black colored ring, followed
by transcript activity in blue (calculated by aligning RNA-seq to the reference genome and normalizing to read counts per
million (RPM)); the green colored ring illustrates ROH..1upp in histogram bars, the height of which depicts the relative
length of these ROH. TE density is plotted by a heatmap representation, GC content in the inside green line, and
multicolored syntenic regions between great hammerhead and shortfin mako are illustrated in the middle.

Patterns of genome-wide heterozygosity

Distinct patterns of genome-wide heterozygosity were apparent between hammerhead and mako and be-
tween the other four sharks we analyzed (Figure 2; our comparative analyses involving other sharks concen-
trate on published genomes for which their necessary read data were also available?”?; accession details
for these other sharks appear in Table S2; standardized analyses were conducted using raw short-read data
across all species to calculate metrics for comparison). Mako had the greatest overall heterozygosity
followed by the two coastal-benthic species (brownbanded bamboo and cloudy catshark) (Figure 2A).
The remaining three species had low levels of heterozygosity, with the critically endangered hammerhead
the lowest of this group of pelagic species (Figure 2A). The contiguous genome assemblies for the
hammerhead and mako reveal a pattern of higher heterozygosity near the tips of chromosomes
(Figures 2A and S3), and a distinct decrease in mean heterozygosity with increasing log chromosome
length, with a reduced slope of the regression line in hammerhead compared to mako (mako: Pearson’s
r=—-0.768, p < 0.001; b = —4.462; hammerhead: Pearson’s r = —0.704, p < 0.001; b = -0.564). Both obser-
vations are in line with expectations of increased diversity due to higher recombination rate near the telo-
meres and on smaller chromosomes,”* but could also be affected by an increase in repetitive elements near
the tips (Figure 1). The two benthic species had unique heterozygosity patterns compared to the others,
with large differences in heterozygosity between entire chromosomes. For example, about half of the
largest 24 putative chromosomes in bamboo shark showed high, and the other half low, heterozygosity.
This translated to a tri-modal distribution of windows of heterozygosity for the bamboo shark; catshark
had a skewed right distribution for these same data, while all other sharks appeared normally distributed
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Figure 2. Genome heterozygosity across the 24 largest scaffolds for several species of sharks

(A) Heterozygosity plotted for each of the scaffolds for each species, at non-overlapping windows of 1 Mbp for great hammerhead, shortfin mako,
brownbanded bamboo shark, and white shark, and at 50 kbp windows for cloudy catshark and whale shark; shorter windows chosen for these latter two
species because of their more fragmented draft genomes. Although the white shark is also a draft genome, there were nonetheless sufficient windows that
couldbe sampled at 1 Mbp, to allow for accurate heterozygosity estimates. N refers to number of windows sampled. Complete genome-wide heterozygosity
for all 40 and 41 pseudo-chromosomes of the great hammerhead and shortfin mako, respectively, appear in Figure S3.

(B) Histograms of per window heterozygosity derived from the set of 24 scaffolds for each species; the smaller distribution for whale shark and white shark
reflects the smaller number of windows sampled for these two species.

(Figure 2B). The drivers of these multimodal heterozygosity distributions across the genome are unclear,
but may stem from recent admixture, which can generate long homozygous and heterozygous tracts
inherited from the source populations.”>?® Admixture, however, remains a conjectural hypothesis and
not possible to evaluate with any certainty from a single genome sequence.

Along with the low heterozygosity evident in the hammerhead genome was an accompanying large num-
ber of ROH. The length and number of ROH reflect levels of individual inbreeding, with longer ROH indic-
ative of recent inbreeding and shorter ROH suggestive of more historical events.”” A total of 173 ROH
between 1 and 3.12 Mbp were found across the 40 pseudo-chromosomes of the hammerhead genome,
translating to an inbreeding coefficient of FROH.1ypp = 8.7%. This large number of ROH. 1y, were scat-
tered throughout the genome, with the majority (97%) in the largest 24 chromosomes, and tending away
from transposon (TE) concentration at the tips (Figures 1 and 3); counts of TE and ROH over a 5 Mbp
window showed a very weak negative correlation in both mako (Pearson’s r = —0.0945, p = 0.008) and
hammerhead (Pearson’s r = —0.1286, p = 0.003). Considering smaller ROH >100 kbp, yields a much higher
inbreeding coefficient (FROH1q0kbp) With 74.4% of the genome in ROH (Figure 3). Mako, by contrast, had
FROH.1mbp less than 1%, with only 19 ROH. 1k, across 41 pseudo-chromosomes, ranging to 2.04 Mbp in
length (Figure 3). ROH.q00kbp for mako amounted to a FROH..1p0kpp Of 15.9%; ROH of shorter size were
concentrated in the middle of mako chromosomes, whereas ROH. mp, were often near the ends of the
chromosomes. For the set of largest 24 scaffolds across all six species of sharks, hammerhead dominated
all ROH size ranges >100 kbp, followed by mako, and despite the draft quality of the published white shark
genome (scaffold N50 of 2.77 Mbp), it did show some evidence of longer ROH, including up to 900 kbp in
length (Figure S4). ROH .qupp Were not detected in the other species; however, this may be due in part to
lower contiguity of some of these draft genomes. Notably, the whale shark genome had the fewest ROH of
any size, despite low overall heterozygosity and a scaffold N50 of 2.5 Mbp.””

Demographic history

To better understand the historical drivers of observed patterns of genetic diversity, we inferred historical
effective population sizes (Ne) from the genetic diversity information contained within the diploid genomes
of all six species of sharks included here, employing the pairwise sequentially Markovian coalescent—
PSMC?® (see STAR Methods for further details regarding mutation rates and generation time). All six spe-
cies had a different historical pattern, with the possible exception of the two benthic shark species, which
had similar peaks in Ne at around 500 KYA (thousand years ago) for bamboo shark and 1 MYA for catshark
(Figure 4). Ataround 335 KYA, the hammerhead began a steady, steep, decline. From a point of highest Ne
(around 12 MYA), mako had a history of gradual decline, with a precipitous drop around the same time as
the hammerhead to more present geologic epochs. After an initial, ancient steep drop in Ne, white shark
tended toward a more stable trajectory than the other two apex predators, and around the approximate
time mako and hammerhead were markedly decreasing, the white shark had maintained its Ne or possibly
increased (excluding periods less than about 50 KYA because of unreliable bootstrap at this period of the
trajectory). The whale shark tended toward lower Ne for much of its history with moderate levels of decline
over the last ~1 MY and with a steep decline beginning round 25 KYA. The harmonic mean Ne of the
historical trajectories was the largest for mako, followed by the two benthic species, with the remaining
species being roughly similar (Figure 4E).

DISCUSSION

Genome-wide heterozygosity estimates for white shark, whale shark, and hammerhead were at the bottom
of those of a broad list of fish species (Figure S5), and hammerhead was below the majority of all but a
selected few endangered species of mammals.”” Heterozygosity reflects long-term processes, (e.g. muta-
tion rates and historical Ne'%), whereas inbreeding coefficients are indicative of more recent demographic
processes,”’ and thus may be more directly informative of contemporary conservation status. The
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Figure 3. Chromosome locations of ROH of different size classes across the genomes of great hammerhead and
shortfin mako

inbreeding coefficient for hammerhead (FROH. 1) was almost 9%, comparable to or exceeding other
examples of critically endangered taxa such as Malayan and Chinese pangolins,” South Asian tigers,®
pumas,® and several species and subspecies of wolves.” Current estimates of population decline in
hammerhead are dramatic; global population reduction was recently estimated at >80% over the last 3
generations.”® The North Atlantic population, from which our individual arose, appears to be faring
better,”® with some indication of population increase, likely a result of US management interventions im-
plemented in 2006.°%°" Heterozygosity and ROH of the reference individual suggest low diversity and
inbreeding even in this population; however, sampling additional individuals would be necessary before
making any more definitive population- or species-level conclusions. Recombination breaks up haplotype
blocks with each generation, and therefore larger ROH reflect more recent inbreeding events.”” The size of
the chromosomes is also expected to play a role, since shorter chromosomes generally experience propor-
tionally greater recombination rate,* resulting in fewer ROH. Other factors may also be relevant regarding
the development of ROH and their detection. The power to identify ROH is expected to be increased in
regions of the genome with low nucleotide diversity and low recombination rate, and simulations have sug-
gested that regions of high ROH abundance may arise around genes under positive selection.”® A more
detailed picture of ROH distribution in both hammerhead and mako would be greatly facilitated by a
recombination map for these species. Genome-wide molecular adaptation analyses including other shark
species, as data come available, could evaluate the association of genes under positive selection with ROH.

The range of ROH in hammerhead extended up to over 3 Mbp, shorter than those arising from very recent
inbreeding in some other wildlife (e.g. Soay sheep™ and endangered Pacific pocket mice™), aquaculture
species like coho salmon, and in animal livestock.”” Our calculations suggest the longest ROH in hammer-
head stem from inbreeding within possibly the last ~60-200 years, assuming a generation time of 25 years
and a recombination rate of 6.5 cM/Mb.?’*® About 74% of the hammerhead genome falls within shorter
stretches of ROH. 10okpp. Which likely stem from bottlenecks within the past ~2000 years. Very few wildlife
species have been reported with this level of genome-wide homozygosity, the endangered Ethiopian and

Mexican wolves (Canis simensis and Canis lupus baileyi, respectively) being rare examples.”

This level of homozygosity across identical by descent tracts may cause inbreeding depression as a result of
inbreeding load, which can push populations toward extinction.''*? A relatively small but growing body of
genomic studies suggest strong effects of inbreeding depression when FROH is high. For example, in Soay
sheep, the odds of lamb survival decreased by 60% with a 10% increase in FROH>1,2Mbp,34 and in a
modeling result, lifetime reproductive success of house sparrows with FROH. ompp, = 12.5% was 61% lower
than individuals with FROH opmp = 0."° Theoretical modeling shows that the number of lethal equivalents in
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Figure 4. Historical effective population sizes for six species of sharks inferred using PSMC

(A) Three apex predators (top to bottom silhouettes): shortfin mako, great hammerhead, and white shark.

(B) Cloudy catshark.

(C) Brownbanded bamboo shark.

(D) Whale shark. Most ancient, highest peak of Ne (including region of greatest bootstrap variability) was truncated in order to alter the scale of the Y axis
sufficiently to depict the slight difference in trajectory that was apparent between these two whale shark individuals—one from near Taiwan”’ and the other
from the Korea aquarium?®” (original sample location not provided).

(E) Harmonic mean effective population size for each species trajectory using different time cutoffs; recent time cutoffs: 10,000 years ago; ancient cutoffs: 2e6
years ago.

the genome is driven by long-term Ne, and that on average, smaller populations have lower inbreeding
load, because of genetic drift and purging via natural selection,"” which may make these populations
less susceptible to inbreeding depression compared to historically larger populations.”’ Recent work
involving the endangered vaquita®’ points to relatively few deleterious alleles segregating in the popula-
tion, which may help it avoid fitness costs associated with inbreeding. The effective population size of the
vaquita has likely been consistently small for thousands of generations, which may have promoted purging
or loss of partially recessive deleterious variants.’” Fitness gains from the reduction of segregating delete-
rious variants may, at the same time, be offset by the fixation of deleterious alleles in small populations,
reducing the overall fitness of the population.”? Our PSMC analysis suggests the hammerhead had larger
ancient historical Ne than in more recent epochs. In contrast, the whale shark has both low heterozygosity
and a long history of lower Ne. How these different demographic histories may relate to levels of fixed and
segregating genetic load in oceanic shark species and their potential fitness consequences remain very
open and important questions that would benefit from more recent estimates of Ne than what are possible
with single genome analyses.

A revised consideration of Red List criteria and population viability analyses in 2014** suggested that the
minimum Ne for retaining evolutionary fitness potential of a species be increased from 500 to 1000; how
this would apply to a pelagic species like hammerhead or mako is unknown. Contemporary Ne, or census
size (Nc), of any shark species is also unknown. PSMC demographic analyses of single genomes have
limited abilities to evaluate recent Ne, but are effective at evaluating historical trajectories. However,
the scaling of time and Ne is dependent on mutation rate and generation length, the latter not well
understood for many sharks, and estimates of mutation rate in sharks are nearly two orders of magnitude
slower than mammals®>*° (
affects the placement on the axes but does not affect the shape of the trajectory™ (see further comments
on this topic in STAR Methods). Thus, estimates of Ne, and specifics of timing, should be regarded as
approximate, while the historical trajectories of Ne are likely robust. Hammerhead showed a marked

and estimates obtained herein; see STAR Methods). Altering these variables
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decline in Ne from about 335 KYA (based on current estimates of GL and mutation rate) to a low of
2,500 at 45 KYA, and mako had a precipitous drop around the same time as hammerhead, to its lowest
Ne of 28,200 at 245 KYA. White shark, the other apex predator in our set, shows a different pattern. After
an ancient, initial steep drop, the historical Ne is relatively consistent beginning around 1 MYA, reaching
a minimum Ne at around 210 KYA (Ne of 8,500), followed by an increase beginning around 160 KYA, at a
time when hammerhead was in steep decline. A recent study suggests that white shark may have been an
effective ecological competitor for some species, possibly outcompeting megalodon,”” and another
study points out the diet of juvenile white shark off the coast of eastern Australia is about 15% batoids,
such as stingrays,*® a favorite food item of great hammerhead. Perhaps competition from white shark
played a role in both these species decline in the Middle and Upper Pleistocene. There is also evidence
that the population of white sharks off the coast of central California has increased over the course of the
last decade,”” perhaps in response to the Marine Mammal Protection Act of 1972, and the subsequent
increase of pinnipeds in that general area, suggesting a level of resiliency to this species. The large
historical Ne of shortfin mako, surpassing the white shark (Figure 4E), has led to higher heterozygosity
(Figures 2A and S3), offering some hope for similar resiliency of shortfin mako if pressure from overfishing
is reduced.

Limitations of the study

Our hope is that the reference quality genome sequences presented here will provide a foundation for
further basic research and genetic management of these endangered marine apex predators. A
shortcoming of this study is that relatively few tissue transcriptomes were available to us, and therefore
a less than optimal genome annotation was possible; nonetheless, the preliminary annotation deposited
on dryad is likely to be of benefit to other researchers. The extreme divergence times of elasmobranchs
relative to other vertebrates, as well as a paucity of other chromosome-level sequences from this sub-
class, also hamper thorough annotations, an aspect likely soon to be at least partially alleviated with
the publication of additional shark species genomes currently in the VGP and Squalomix Consortium™
pipelines. Another limitation of our study is that the heterozygosity and FROH values we report here
for great hammerhead, although concerning, arise from a single individual. Variability between individ-
uals in ROH statistics can be considerable (e.g. gray wolves’; Soay sheep®), making acquisition of similar
information from additional individuals, an important part of future conservation management. Addi-
tional individuals of both species, combined with the most thorough annotation possible, would greatly
facilitate efforts to quantify the amount of fixed and segregating genetic load in these species, and low-
coverage re-sequenced genomes would allow estimates of more recent Ne than what is possible
with PSMC.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Michael J. Stanhope (mjs297@cornell.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Genome assembly data for the great hammerhead and shortfin mako have been deposited at GenBank
and are publicly available as of the date of publication. The genome sequencing reads and transcrip-
tome sequence data are deposited in the NCBI Sequence Read Archive. Accession numbers are listed
in the key resources table.

® Preliminary genome annotations for both the great hammerhead and shortfin mako have been depos-
ited at Dryad and are publicly available as of the date of publication. DOls are listed in the key resources
table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not include experiments or subjects.

METHOD DETAILS

Samples

Tissue samples of the shortfin mako (male; collected March 19, 2013) and great hammerhead (female;
collected September 22, 2011) sharks, come from the Western North Atlantic, captured by recreational
fishers. Heart tissue of both animals were used for genome sequencing. Liver and muscle from mako
were used for isoseq transcriptome data; heart lllumina transcriptome data were derived from an earlier
study involving these same individuals.”’ Since the tissues we used in our work were opportunistically
obtained from sharks captured by independent third-party fishers and the sharks were not sacrificed
specifically for this study, no ethical approval or permit was required for this work.

DNA methods for lllumina

Genomic DNA of mako and hammerhead for lllumina sequencing were extracted using the Epicentre
MasterPure DNA purification kit (Biosearch Technologies). The sequencing libraries were created using
lllumina’s TruSeq DNA PCR-Free LT Sample Prep Kit (catalog number FC-121-3001) following the manufac-
turer's recommended protocol and sequenced on both lanes of a HiSeq2500 Rapid Run flowcell, as paired-
end 2 x 250 bp (mako) and 2 x 125 (hammerhead) runs.

DNA methods for PacBio

Hammerhead and mako genomic DNA for PacBio sequencing were isolated with the Nanobind Tissue Big
DNA kit. After isolation, the DNA was sheared using the suggested manufacturer protocol on a Megarup-
tor 2 from Diagenode, to an average of 50 kbp for hammerhead and 30 kbp for mako. After construction
of a PacBio SMRTbell library, hammerhead was size-selected on a BluPippin to remove fragments less than
30 kbp in length. Hammerhead PacBio sequencing was done in continuous long read (CLR) mode on a
Sequel . Mako DNA was size-selected on a Sage ELF, and fractions of the library ranging in size from
13-20 kbp were combined and run on a Sequel II. The data collection was performed in circular consensus
(CCS), or HiFi mode.

RNA

Total RNAs were extracted from liver and muscle tissue of mako and isolated using the RNeasy Plus Uni-
versal total RNA kits (Qiagen, Valencia, CA, USA) as per the manufacturer’s standard protocol. Following
RNA isolation, the samples were concentrated using RNA Clean &amp Concentrator Kit (Zymo Research,
Irvine CA, USA) and their purity was checked using the DeNovix DS-11 + spectrophotometer (DeNovix Inc.,
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Wilmington, DE, USA). RNA concentration was measured using Qubit RNA Assay Kit in Qubit 3.0 Fluorom-
eter (Thermo Fisher Scientific Inc., Waltham, MA, USA). The integrity of total RNA was assessed on the
Agilent Fragment Analyzer 5200 system (Agilent Technologies, Santa Clara, CA, USA) using the High
Sensitivity RNA Kit with an RNA Quality Number (RQN) criteria of RQN >7.0.

cDNA and PacBio isoseq library construction and sequencing

A total of 100 ng - 300 ng of RNA was input for cDNA synthesis and amplification using NEBNext Single
Cell/Low Input cDNA Synthesis & amp, Amplification Module (New England BiolLabslInc., Ipswich, MA,
USA) as per the manufacturer’s standard protocol. PCR cycles of 10-15 were used to get sufficient quanti-
ties of cDNA for pacbio library preparations. Concentration and size profile of cDNA samples was assessed
on the Agilent Fragment Analyzer 5200 system (Agilent Technologies, Santa Clara, CA, USA) using the High
Sensitivity Large Fragment Kit.

Amplified cDNA samples were size selected using ProNex Size-Selective Purification System (Promega
Corporation, Madison, WI, USA) as per the PacBio recommendation for standard length cDNA transcripts.
Size selected cDNA was used to construct SMRTbell Iso-Seq libraries using Express Template Prep 2.0
(Pacific Biosciences, Menlo Park, CA, USA) as per the manufacturer’s Iso-Seq Express Template Preparation
protocol. The quality of the Iso-Seq libraries were assessed using the Qubit 3.0 Fluorometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and the Agilent Femto Pulse System (Agilent Technologies, Santa Clara,
CA, USA).

Genome assembly

The hammerhead shark genome was assembled with the hybrid mode of MaSuRCA version 3.3.3,°% with
125.7 GB of Pacbio CLR reads (average length 12 kb) and 165.0 GB lllumina paired end reads (125bpx2)
using default parameters. The lllumina reads were first contiged into super-reads by extending each short
read uniquely in both directions. The super-reads were then used for error correction of the Pacbio reads,
followed by consensus overlapping assembly of the error-corrected long reads. The genome size was esti-
mated to be 2.9 Gbp based on kmer distribution of the lllumina reads.

The mako shark genome was assembled with Hifiasm version 0.14,>” using 129.3 GB of PacBio Hifi CCS
reads, with average read length of 15.5 kb, and employing default settings on the assembler.

Scaffolding of the two assemblies with Dovetail Hi-C and Omni-C technology

Dovetail Genomics completed scaffolding of both the hammerhead and mako genomes. Dovetail Hi-C was
used for scaffolding the hammerhead, and their Omni-C procedure for mako; both were prepared with
shark muscle tissue. Two Dovetail Hi-C hammerhead libraries were prepared in a manner similar to that
previously described.”" The libraries were sequenced on an lllumina HiSeq X platform. The number and
length of read pairs produced for each library was: 249 million, 2 x 150 bp for library 1 and 202 million,
2 x 150 bp for library 2.

Dovetail Omni-C was used for scaffolding mako; the primary difference to their Hi-C procedure is that
Omni-C uses a sequence independent endonuclease for chromatin digestion prior to proximity ligation.
The fixed chromatin was digested with DNAse |, chromatin ends were repaired and ligated to a
biotinylated bridge adapter followed by proximity ligation of adapter containing ends. The library was
sequenced on an lllumina HiSegX platform to produce approximately 30x sequence coverage.

The input de novo contigs and Dovetail Hi-C and Omni-C library reads were used as input data for HiRise, a
software pipeline designed specifically for using proximity ligation data to scaffold genome assemblies.”
Dovetail Hi-C and OmniC library sequences were aligned to the draft input assembly using bwa (https://
github.com/Ih3/bwa). The separations of read pairs mapped within draft scaffolds were analyzed by HiRise
to produce a likelihood model for genomic distance between read pairs, and the model was used to iden-
tify and break putative misjoins, to score prospective joins, and make joins above a threshold.

Repeat annotation

RepeatModeler (v2.0.1) was used to build repeat libraries for mako, hammerhead, and the published
genomes of catshark, brownbanded bambooshark, white shark and whale shark (Table S2 for accession
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number details) employing the Repbase database (latest version 10/26/2018). The repeat consensus data-
base was then filtered for known protein sequences with uniref?0 (known transposases provided with
Repeatmasker were pre-removed from the uniref90 database). The remaining repeat database was then
classified with Repbase, and used to generate a repeat annotation gff file using RepeatMasker (version
4.1.0, http://www.repeatmasker.org).

Genome annotation

The repeat sequences in both genome assemblies were soft masked with RepeatMasker (version 4.1.0),
using the repeat library created by combining the Repbase database (latest version 10/26/2018) with de
novo TEs identified by RepeatModeler.

For the hammerhead genome, gene annotation was performed with the Maker2 pipeline,*® using Augustus
(version 3.3.3) for training and prediction gene models. The Illlumina RNA-seq reads from hammerhead
heart®' tissue were assembled by Trinity with its de novo mode (version 2.10.0).°” The resulting transcrip-
tome sequences and published shark protein sequences were mapped to the genome assembly using the
Maker2 pipeline, and then used for training the Augustus gene model. The Augustus predicted gene
models were then combined with the Trinity transcriptome assembly using PASA (version 2.4.1)°° and
EVidenceModeler (EVM, version 1.1.1).>” When running EVM, the keep_preds option was set to 1 for ab
initio gene prediction obtained from Augustus. From this prediction pipeline a total of 26,110 protein cod-
ing genes, blast supported by hammerhead transcriptome sequences, were retained, and are deposited
on dryad (https://doi.org/10.5061/dryad.mgqnk992h).

For the mako shark genome annotation, PacBio iso-seq data from mako shark liver and muscle tissues were
aligned using minimap2 (version 2.17).%° Stringtie2®' was used to assemble the transcriptome with default
setting. Assembled transcripts were processed with TAMA tools®” for ORF detection and BLAST parsing to
identify coding regions based on hits against a database of curated proteins from Uniprot_Swissprot.
Benchmarking universal single-copy orthologs (BUSCO version 5.1.2)*7 were used to assess the genome
completeness of the assembly and the accuracy of gene prediction by searching the predicted genes in
the assembly for the single-copy genes conserved in vertebrata_odb10, resulting in a total of 27,804 pro-
tein coding genes. BLAST2GO®" was used to create Gene Ontology (GO) annotation for hammerhead and
mako shark genes.

We regard both these gene annotations as preliminary, primarily because of the lack of additional tissues
available to us for these endangered species, and we do not use these annotations in the analyses herein
reported; our hope is that by providing them to the research community they can be an asset for further
basic and conservation genetics work on these species.

Heterozygosity

Genome wide heterozygosity was evaluated for pseudo-chromosomes 1-41 in mako, and 1-40 in hammer-
head, as well as for the published genomes of whale shark, white shark, cloudy catshark, and brownbanded
bamboo shark (Table S2 for accessions) for their 24 largest scaffolds. Read coverage for heterozygosity
determinations were as follows: hammerhead = 20x; mako = 46x; white shark = 79x; bamboo shark =
31x; catshark = 34x; whale shark = 42x. A published genome sequence for whitespotted bamboo shark
is available on GenBank, but the necessary read data for heterozygosity determinations are not available.
A few additional unpublished elasmobranch genomes are also on GenBank, as part of the VGP or Squalo-
mix projects, without accompanying read data on SRA. In respect of the VGP stated embargo and re-
searcher’s rights to publish their own data we have herein avoided any specific referral to these particular
sequences. The raw reads were mapped to the reference genome using the BWA-MEM algorithm (version
0.7.17-r1188)°> and reads with mapping quality less than 30 were removed. Duplicated reads were removed
using Picard (version 2.26.1) (https://broadinstitute.github.io/picard). We used the Genome Analysis
Toolkit (GATK v3.8)*° to perform local realignment around indels and for genotype calling
(HaplotypeCaller followed by GenotypeGVCFs) employing the same parameters as described else-
where.®” Both variant and invariant sites were reported with parameter setting -ERC BP_RESOLUTION
-out_mode EMIT_ALL_SITES on, in HaplotypeCaller. The parameters -allSites -stand_call_conf 0 were
on, in GenotypeGVCFs. We discarded the sites with either insufficient or excess read depth (1/3X and
2X the genome-wide average, respectively) and only considered binary allele sites and invariant sites.
We calculated per-site heterozygosity in non-overlapping 1-Mbp sliding windows across each shark’s
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genome, except for the cloudy catshark and whale shark, which had smaller scaffold sizes, necessitating use
of non-overlapping 50 kbp sliding windows, in order to yield sufficient numbers for mean heterozygosity
determinations. Heterozygosity was defined as the number of heterozygous genotypes divided by the total
number of called genotypes in each window, with the denominator including all sites (both variant and
invariant positions). We removed windows with the genotype rate fewer than 50%. We used the homozyg
function with default options in plink (version 1.9006.24)°° to define 1 Mbp ROH regions. Our command line
was as follows: /programs/plink-1.9-x86_20210606/plink ~-homozyg ~homozyg-density 50 ~-homozyg-gap
1000 —homozyg-kb 1000 ~homozyg-snp 100 ~homozyg-window-het 1 —homozyg-window-missing 5 —ho-
mozyg-window-snp 50 —allow-extra-chr —allow-no-sex.

PSMC

Demographic histories of the hammerhead and mako, and four other shark species for which short read
data were available, the cloudy catshark,” brownbanded bamboo shark,”® white shark,”’ and whale
shark?®???% (see Table S2 for accession details), were reconstructed using the pairwise sequentially
Markovian coalescent (PSMC).?”” Whole genome sequences of the cloudy catshark,”® brownbanded
bamboo shark,”® white shark,”’ and two whole genome sequences of whale shark?”?* were downloaded
from NCBI and read data for each species were downloaded from SRA. Reads were trimmed using Trim-
momatic v 0.39°” and trimmed reads were aligned to their respective reference genome using BWA-MEM
v0.7.17.%° Duplicate reads were removed with the Picard v2.26.1 MarkDuplicates module.”® Samtools
v1.15.1 mpileup’" was used to generate a diploid consensus genome for each species, using parameter
values suggested by https://github.com/Ih3/psmc. Positions were filtered if they had less than 1/3 the
mean depth or greater than 2x the mean depth. Remaining positions with an average mapping quality
greater than 20 were used to create the input file for PSMC using the fg2psmc function in https://
github.com/Ih3/psmc/utils. PSMC was run using at most 25 iterations with parameter values: -N25 -t15
-r5-p "4 + 25*2 + 4+6". 100 bootstrap replicates were performed to evaluate variance in Ne estimates.
Time on PSMC plots was rescaled using the following per site per generation mutation rates and genera-
tion times for great hammerhead, shortfin mako, white shark, brownbanded bamboo shark, cloudy
catshark, and whale shark, respectively: mutation rates: 3.92e-09,%° 4.33e-09 (estimated from mean synon-
ymous site divergence of 50 random chosen single copy BUSCO genes and 55 MY separation from white
shark), 9.36e-09 (estimated as with mako), 1.02e-08,°° 7.43e-09,%° 2.17e-08°%; generation times: 24.5 years,
24.5 years, 53 years, 9.5 years, 9 years, and 25 years (IUCN; IUCN Red List of Threatened Species web site:
https://www.iucnredlist.org/).

Altering the mutation rate and generation time affects the placement of the Ne curve on the x and y axes
but does not affect the shape of the trajectory.*® As an example, shortening generation lengths (GL) for
white shark, from the current IUCN Red List estimate of 53 years,zg to shorter estimates (23-53 years, based
on variable published ages at maturity and maximum age estimates; Enric Cortes, pers comm), shifts the
trajectory to more recent times, but retains the same shape. The rate of molecular evolution in sharks is
nearly two orders of magnitude slower than mammals.?”*> Our estimates of mutation rate for mako and
white shark come from synonymous site divergence of single copy BUSCO genes; similar methods were
used to estimate mutation rates for the other S|oecies.7o'45 However, several studies over the last decade
suggest synonymous sites may be subject to natural selection pressure (e.g.”*’?), thus our estimates
may underestimate a true neutral rate. Alignments of noncoding regions could help resolve this, however,
accurate non-coding alignments at the divergence times represented here are not possible.

QUANTIFICATION AND STATISTICAL ANALYSIS

The relationship between mean heterozygosity and log10 chromosome length was assessed using Pear-
son's correlation and linear regression (n = 1 shark per analysis, df = number of chromosomes minus 2).
The correlation between log2 ROH and log 2 TE concentration within 5 Mbp windows was assessed using
Pearson’s correlation (n = 1 shark per analysis, dfmako = 780, dfhammerhead = 516). All statistical analysis
was conducted in R versions 4.1.2 and 4.2.1. These regressions are presented in the text of the results
section.
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