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Theory predicts that genetic erosion in small, isolated populations of endangered species
can be assessed using estimates of neutral genetic variation, yet this widely used approach
has recently been questioned in the genomics era. Here, we leverage a chromosome-level
genome assembly of an endangered rattlesnake (Sistrurus catenatus) combined with
whole genome resequencing data (N = 110 individuals) to evaluate the relationship
between levels of genome-wide neutral and functional diversity over historical and future
timescales. As predicted, we found positive correlations between genome-wide estimates
of neutral genetic diversity (1) and inferred levels of adaptive variation and an estimate
of inbreeding mutation load, and a negative relationship between neutral diversity and
an estimate of drift mutation load. However, these correlations were half as strong for
projected future levels of neutral diversity based on contemporary effective population
sizes. Broadly, our results confirm that estimates of neutral genetic diversity provide an
accurate measure of genetic erosion in populations of a threatened vertebrate. They also
provide nuance to the neutral-functional diversity controversy by suggesting that while
these correlations exist, anthropogenetic impacts may have weakened these associations
in the recent past and into the future.

neutral and functional genomic diversity | conservation genomics | Sistrurus catenatus |
mutation load | adaptive variation

Threatened and endangered species that live in small, isolated populations can suffer
elevated risk of extinction due to genetic erosion, which can lead to reduced individual
fitness and ultimately population extirpation (1-3). Genetic erosion occurs when popu-
lation numbers shrink, which results in a loss of adaptive variation through increased
genetic drift, increased expression of genetic load through inbreeding, and the reduced
efficiency of natural selection to remove harmful mutations (4). These impacts compromise
the present and future viability of small populations through the negative effect of genetic
load on individual fitness and the reduced ability of populations to adapt to environmental
changes, including human-mediated stressors. Therefore, assessing the degree to which
small populations suffer from genetic erosion is an important component of their man-
agement (5—7). One increasingly common approach which is facilitated by the increasing
availability of genomic information across diverse taxa is to use molecular genetic proxies
of positive and negative functional variation (8). This approach is challenging because it
requires identifying specific genetic variants that are potentially linked to fitness in natural
populations that in turn have demographic impacts—an often sought but rarely achieved
goal in the fields of conservation genetics and evolutionary biology (9, 10). Instead, con-
servation geneticists have long used neutral genetic diversity or related demographic esti-
mates like effective population size as surrogate measures of the amount of genetic erosion
in small populations, under the assumption that neutral genetic diversity is correlated
with functional genetic diversity and therefore predicts population viability (11-14).

This long-standing paradigm has been recently challenged by empirical results and
theoretical considerations that suggest that there is no simple relationship between neutral
and functional genetic diversity (15-18). For example, empirical studies find only weak
links between surrogate measures of neutral and functional genetic diversity (19, 20), and
there are small populations of endangered species with exceptionally low levels of overall
genetic diversity that persist through time (21-23). These empirical findings may result
from the fact that repeated historical bottlenecks can lead to purging of deleterious muta-
tions from small populations, leading to reduced levels of genetic load (24-26). Recent
theoretical work suggests that adaptive potential of small populations may be only weakly
correlated with levels of neutral genetic diversity due to interactions between environ-
mental variation and shifts in selection intensity acting on preexisting mutations (18).
Finally, the expression of genetic load may not necessarily strongly impact mean absolute
fitness due to density dependent fitness effects and the potentially strong dependence of
mean absolute fitness on environmental conditions (27-30).
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Together, these empirical and theoretical arguments undermine
the use of neutral genetic diversity or related measures as predictors
of the functional diversity of a population, and hence of the pop-
ulation viability of threatened species that exist in small popula-
tions in the wild. However, these arguments have been countered
by a multitude of studies emphasizing the robustness of the link
between neutral genetic diversity and surrogate measures of fitness
(14) and recent work demonstrating links between components
of functional and neutral diversity at the interspecific level over
historical timescales (8). Consequently, the nature of the relation-
ship between neutral and functional genetic diversity in small
populations of threatened species remains an important unre-
solved question in conservation genetics.

Specific predictions about the links between nucleotide diversity
(), genetic load, and adaptive variation are available from theory
and population simulations (e.g., see Fig. 1 in ref. 30), although
the strength of these correlations can weaken either due to true
biological effects, as occurs in the wake of a population bottleneck,
or as an artifact of how simulation models are parameterized (30).
It is important to recognize that commonly used measures of
neutral genetic diversity such as nucleotide diversity () partially
reflect the strength of drift experienced by a population averaged
over relatively long timescales (~4/V, generations; where 2V, is the
effective population size) (31, 32), while information useful for
conservation decisions often comes from shorter time scales (e.g.,
10’s of generations) (31, 33). Approaches that take advantage of
genome-scale data offer the chance to accurately estimate contem-
porary N,, which enables us to estimate expected levels of neutral
genetic diversity over present-day and future timescales that are
more relevant to conservation (34).

A valuable contribution would be to directly assess links
between functional and neutral genetic diversity in populations
of endangered species using more comprehensive genomic datasets
and methods for identifying functional genetic diversity at the
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genome-wide level. The recent explosion in the availability of
high-quality reference genomes and population resequencing data
for endangered species, along with new methods for analyzing
genomic data, raises the possibility of testing these predictions for
individual species (36). A major challenge in testing the relation-
ship between neutral and functional genetic diversity is obtaining
plausible estimates of different components of functional genetic
diversity (37-39). Progress has been made in estimating proxies
of genetic load in natural populations of threatened species (for
review, see ref. 40), and methods exist for obtaining estimates of
adaptive variation at the molecular level in nonmodel species,
although neither of these approaches directly measure the impacts
of specific variants on fitness (10).

To meet this challenge, we adopt a “reverse ecology” approach
that uses genome-wide selection scans based on gene-specific
ratios of missense and silent polymorphisms and substitutions
(35, 41) to identify genes that potentially contribute to variation
in important selected phenotypes and are the targets of strong
positive or negative selection (42). We suggest that variation in
the form of nonsynonymous polymorphisms in coding sequences
of genes under strong purifying selection along with impactful
mutations like Loss of Function (LoF) mutations can be used to
estimate genetic load and that nonsynonymous substitutions in
genes identified by selection tests to be under strong positive
selection represent potential adaptive diversity. Generating such
data would enable empirical tests of theoretical predictions about
how components of functional genetic diversity vary with his-
torical and future estimates of neutral genetic diversity in small
populations.

Here, we apply these approaches to assess the relationship bet-
ween neutral and functional genetic diversity in small, isolated
populations of the Eastern Massasauga rattlesnake (Sistrurus cate-
natus). Historically, this snake was found in wetlands and surround-
ing upland habitat in midwestern and eastern North America.
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Fig. 1. Distribution of genome-wide gene-specific DoS values for 3,337 protein-coding genes identified in the annotated genome of S. catenatus. Values are
based on comparisons of polymorphism between S. catenatus and S. tergeminus (Materials and Methods). A DoS value > 0 is evidence for a gene under positive
(Darwinian) selection in S. catenatus while a DoS value of < 0 suggests a gene under negative (purifying) selection. The dotted line indicates the mean value
(DoS = -0.0125). Cutoffs for the DoS values for genes with the highest (upper 10%; green) and lowest (lower 10%; red) DoS values are indicated. We used these
categories to identify genes in which nonsynonymous substitutions represent potential adaptive diversity (upper 10%) or mutational load (lower 10%). A list
of the genes that fall into each of these categories is given in Dataset S2. DoS values were calculated using the correction to the Neutrality Index suggested by

ref. 35 (see Materials and Methods for details).
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Population declines throughout its range due to habitat fragmen-
tation and destruction have led to the listing of this species as
Threatened under the United States Endangered Species Act (43)
and as a Species at Risk in Canada (44). This species exhibits little
phylogeographic structure across its range—hence no evolutionary
significant conservation units (45)—and high levels of population
genetic structure (45-48), so that the relevant management units
within this species are likely individual populations. Previous work
has shown that drift impacts levels of adaptive variation in the form
of nonsynonymous variation in snake venom gene coding sequences
(49), suggesting a possible link between levels of neutral and puta-
tively adaptive variation at the molecular level. However, there is
also strong evidence that these populations have experienced recent
population bottlenecks, raising questions about whether they are
in genetic equilibrium over recent timescales (26, 48). Analysis of
population genomic data offers a way to explore these questions
both for this snake and, more generally, for species of conservation
concern found in small populations in the wild.

In this study, we combine a recently sequenced and annotated
genome for S. catenatus with population genome resequencing
data to analyze the relationship between genome-wide estimates
of functional genetic diversity and measures of drift intensity at
both historic timescales and the more recent timescales that may
be more relevant to conservation decisions. Our study represents
an empirical assessment of the link between neutral and functional
genetic diversity in a threatened species and provides a template
for genome-level assessments of this fundamental relationship that
is a cornerstone of the field of conservation genetics (18, 30).

Results

Genome Assembly and Annotation. Our final assembly for
S. catenatus consisted of a 1.52-GB genome recovered in 2,004
scaffolds with a scaffold N50 of 195.71 MB and a contig N50
0f 0.81 MB. Overall, this assembly was comparable in quality to
other recently published viper genomes (S7 Appendix, Table S1).
BUSCO completeness was calculated as 91.1% complete, with
4.4% fragmented and 4.5% missing BUSCOs. In total, we
recovered 17,061 annotated genes. Genome-wide variation
in gene density, GC content, and repeat content are shown in
SI Appendix, Fig. S1. Average gene density in 100-KB windows
was 1.02 (1.14 among chromosome-length scaffolds). Average
GC content across windows was 39.8% (range 25.9 to 72.4%),
and average repeat content was 44.5%.

Identification of Protein-coding Genes under Positive and
Negative Selection. We used divergence and polymorphism data
from the largest population of S. catenatus in the study (KLDR;
SI Appendix, Table S2) and a population of its sister species
(Sistrurus tergeminus) to calculate Direction of Selection [DoS;
(35)] values for protein-coding genes annotated in the S. catenatus
genome. After excluding genes with low numbers of polymorphic
and divergent sites (Materials and Methods), we estimated DoS for
3,337 genes (Fig. 1). The distribution of values was approximately
normal and centered on a value slightly less than 0 (DoS = -0.0125
+ 0.365; mean + SD). This suggests most coding sequences are
evolving under neutral or nearly neutral processes with slightly
more genes evolving under purifying than positive selection. Next,
we classified genes as being under strong positive (Darwinian) or
negative (purifying) selection by identifying genes with DoS values
that lie within the upper 10% (DoS > 0.512) or lower 10% (DoS
< -0.514) of the overall DoS distribution, respectively (N = 334;
Fig.1 and Dataset S1). A gene ontology term analyses of the genes
under positive selection identified cytoplasmic enzyme genes that
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regulate kinase activity and various cellular processes via metal ion
binding (87 Appendix, Table S3 and Supplementary Methods), but
also genes like #/r2 and rgfbr2 with known roles in the innate and
adaptive immune systems respectively (Dataset S2). Most of the
genes under purifying selection had function in olfactory reception
and neural development (SI Appendix, Table S3 and Dataset S2).

Estimation of Functional and Neutral Diversity within and
among S. catenatus Populations. We used whole genome data
from 117 individuals from 12 isolated populations (mean no.
individuals per population + SD = 9.69 + 1.49; S] Appendix, Fig. S2
and Table S2 and Dataset S3) to estimate different components of
functional and neutral genetic diversity (S/ Appendix, Tables S4
and S5). To generate estimates of different components of genetic
load, we classified nonsynonymous substitutions in the lower 10%
loci of the DoS distribution as deleterious mutations. We also
included LoF mutations as deleterious because of their likely
negative impact on fitness (50). Measures of genetic load require
estimates of the fitness impacts of specific mutations, which were
unavailable to us. As such, our mutation-based estimates are more
appropriately described as estimates of mutation load defined in
terms of the frequency and number of putatively deleterious
mutations; we assume that these estimates are associated with true
values of genetic load. To quantify adaptive variation, we classified
nonsynonymous substitutions in genes in the upper 10% of the
DoS distribution as potentially adaptive mutations. Next, for each
population, we calculate 7,,,,,,,,» which is the nucleotide diversity
at the nonsynonymous SNPs (single nucleotide polymorphisms)
within the protein-coding regions of genes in the upper 10%
of the DoS distribution. We used 7, as an estimate of the
amount of additive diversity at a trait where diversity impacts the
response of the population to present or future selection (30). We
then used putatively deleterious variants to estimate mutation
load and putatively adaptive variants to estimate adaptive diversity
(see SI Appendix, Table S4 for details about each metric); we used
these estimates together to quantify functional genetic diversity in
S. catenatus populations and individuals (57 Appendix, Table S5).

Mutation load at the population level was estimated in two
ways: first, the total number of deleterious mutations segregating
within a population (/V,,), and, second, the number of deleterious
mutations that are at high frequency within the population [MAF
(minor allele frequency) > 0.9; L ;,;4]. KLDR had the highest num-
ber of deleterious mutations segregating within the population
(N, =2001 x 42) but only ~1% of those deleterious mutations
are nearly fixed (L, = 21.23 £ 7.7) whereas, JENN had the lowest
number of segregating deleterious mutations (V,, = 1421) with
~11% of those are nearly fixed (Z,,; = 162). At the individual
level, mutation load was partitioned into inbreeding load (Z,;,,..,)
and realized load (Z,,,,,,.,) based on the total number of heterozy-
gous and homozygous genotypes for putatively deleterious vari-
ants, respectively, that are present within each individual genome.
Note that individual estimates of load do not account for popu-
lation allele frequencies and dominance coeflicients of deleterious
variant, both of which impact the actual inbreeding load in a
population (see equation 3 in ref. 40). Individuals from the KLDR
population had the highest number of deleterious loci in the het-
erozygous state (L., = 797 + 226), while individuals from the
CEBO population had the highest number of deleterious alleles
in the homozygote state (L., = 388 + 77). Adaptive diversity
(7 adapsine) Was based on functional diversity in putatively adaptive
genes, and the KLDR population had the highest (7, = 4.13
+ 1.69 x 10™%) and the JENN population had the lowest (7,,,,,,,
=2.15+1.27 x 1079 adaptive diversity at a level which is almost
half than that observed in KLDR.
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We estimated levels of neutral genetic diversity (or projections
thereof) for each population with measures that reflect either his-
torical processes acting over thousands of generations or predict
future levels of diversity once populations reach mutation-drift
equilibrium. Historical estimates of neutral diversity were meas-
ured as nucleotide diversity within gene-desert regions (7,,,,p,,),
i.e., genomic regions that are at least 500 kb upstream or down-
stream from an annotated gene which minimized physical genetic
linkage as a cause of correlations between neural and functional
variants. KLDR had the highest historical neutral genetic diversity

(Rgenepes = 2.72 £2.51 x 107) and JENN had the lowest historical
neutral diversity (7,,,.p,, = 1.68 £ 2.1 x 107). For a projected

estimate of neutral genetic diversity in populations at future equi-
librium, we estimated effective population size using the degree
of population-level linkage disequilibrium (/Ve, ;) between phys-
ically unlinked neutral SNPs in the gene deserts regions. KLDR
had the highest contemporary effective population size (Ne,j, =
65.84 + 1.28), whereas CEBO had the lowest contemporary size
(Neyp, = 4.38 £ 0.09) (SI Appendix, Table S5). The two estimates
of neutral genetic diversity are weakly but significantly positively
correlated with each other (R* = 0.34; P = 0.03).

Correlations between Estimates of Functional Diversity and
Historical and Future Neutral Diversity. Our main result was
that estimates of functional genetic diversity were, in general,
significantly correlated in predicted ways with estimates of neutral
genetic diversity, but that these correlations were stronger for
historical estimates of neutral diversity relative to future projections
of levels of neutral variation based on contemporary effective size.

For historical population-level estimates of neutral diversity,
there were significant positive relationships between neutral nucle-
otide diversity (,,,p,,) and the total number of deleterious muta-
tions segregating within a population (V) (Fig. 24) and adaptive
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nucleotide diversity (7,4, (Fig. 2£), and a significant negative
relationship between 7,,,.p,,, and the number of deleterious muta-
tions with a frequency of > 0.9 in a population (drift mutation
load; Z,,5). All R® values for these relationships were > 0.68 and
highly significant (P < 0.001). Individual-based measures of
inbreeding (Z,,,...) (Fig. 2C) and drift (Z,,;,,,,) (Fig. 2D) mutation
load also show the expected relationships with the exception that
the relationship between neutral nucleotide diversity and individ-
ual drift mutation load, while negative as predicted, is nonsignif-
icant (P = 0.11). Finally, consistent with the individual-based
results, analyses using mixed-effect linear models with population
as a fixed effect showed a significant positive relationship between
neutral diversity and individual inbreeding mutation load (Z,,,,,,)
(R*=0.11; P=0.004) and a nonsignificant negative relationship
between individual drifc mutation load (R* = 0.02; P = 0.19;
SI Appendix, Table S6).

Estimates of neutral diversity based on contemporary effective
population size (Ve; ;) showed similar associations with estimates
of functional diversity, but the associations were approximately
half as strong as for historical estimates based on R values (Fig. 3).
Specifically, there were moderate but significant positive relation-
ships between estimates of Ne;, and population-level inbreeding
mutation load (V) (R* = 0.35; P = 0.02) and adaptive diversity
(T taprive) (R* = 0.38; P = 0.02) and a significant negative relation-
shif with population-level estimates of drift mutation load (Z,,;;)
(R”=0.27; P=0.048). Likewise, individual inbreeding mutation
load (Z,,;,..) and individual realized load (Z,,,;,,,) showed pre-
dicted relationships with Ne;j, (R* > 0.29; P < 0.042). Mixed-effect
linear models with population included as a fixed effect showed
marginally significant relationships between Ne,  and L, .., (R*
=0.06; P = 0.05), and Ne,and L,,,;,., (R* = 0.05; P = 0.04).

Finally, to verify observed differences in R values between anal-
yses using the two neutral genetic diversity metrics, we compared
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Fig. 2. Relationships between population estimates of functional and historical neutral genetic diversity. For each population, functional diversity was measured
as (A-D) mutation load at a (A and B) population level or at an (C and D) individual level and as (E) adaptive diversity (Tadapeive) At @ population level. Historical neutral
genetic diversity was measured as mean nucleotide diversity in nonoverlapping 1-kb windows within gene deserts (zg.p.s) for each population. See Materials and
Methods and S/ Appendix, Table S4 for how each variable was calculated from S. catenatus population genomic data. The color-coded population origin for each
data point is given in the legend. The black line represents the linear regression model, with the shaded region representing 95% Cl. R indicates the explained
variance, and the P-value represents the statistical significance of the slope of the linear model.
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Fig. 3. Relationships between population estimates of functional and future neutral genetic diversity. For each population, functional genetic diversity was
measured as (A-D) mutation load at a (A and B) population level or at an (C and D) individual level and as () adaptive nucleotide diversity (#4gqpi) at @ population
level. A future estimate of neutral genetic diversity was predicted by the effective population size estimated from linkage disequilibrium (Ne,,). See Materials and
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data point is given in the legend. The black line represents the linear regression model, with the shaded region representing 95% Cl. R? indicates the explained
variance, and the P-value represents the statistical significance of the slope of the linear model.

effect sizes of 7,,,,,,, and Ne, , using standardized regression coef-

ficients (S/ Appendix, Fig. S3). The results confirm that 7,5, is
a better predictor of adaptive diversity, population-level load, and
individual inbreeding load, whereas Ve, ;,, which essentially is a
measure of expected increase in inbreeding, is better at predicting

individual realized load (87 Appendix, Fig. S3).

Discussion

Our findings support the long-standing but recently controversial
claim that neutral genetic diversity can predict genome-wide levels
of positive and negative functional diversity in small populations
of threatened species (14, 30). This reinforces the idea that neutral
diversity can be used to indirectly assess the amount of genetic
erosion in small populations without the need to directly measure
functional diversity at the population (51) or species level (8). This
work also demonstrates the value of whole genome resequencing
for conservation actions by providing a template for parsing
genomic data into neutral and functional components, which can
then be used to assess the relationship between neutral and func-
tional variation in other species of conservation concern (36, 51).

Odur results also provide nuance to the neutral-functional diver-
sity controversy by showing that the ability of neutral genetic
variation to predict levels of functional variation depends on the
time scale of the evolutionary processes that generate these corre-
lations. Specifically, historical measures of neutral diversity in the
form of population-level nucleotide diversity () were substantially
better at predicting levels of different components of mutation
load and adaptive diversity than future estimates of diversity at
equilibrium inferred from recent population size. At the popula-
tion level, values of nucleotide diversity are predicted to reach
equilibrium over a timescale of roughly 4V, generations (31),
which, in Massasauga rattlesnakes, reflects a time scale of >1,000s
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ybp, or well before major human impacts (48). In contrast, Ne,
(52) estimates effective population size over the past 1 to 2 gen-
erations (53) and so is a better predictor of the expected levels of
neutral variation that should exist at equilibrium in these popu-
lations at drift-migration equilibrium in the future (32, 33). We
acknowledge that is also possible that the reduced correlations
between levels of functional genetic diversity and neutral diversity
at contemporary timescales are simply a by-product of the weak
but significant positive correlations between population values for
nt and Ne;j, (see above) and that neutral variation may no longer
be useful in predicting functional variation in present-day or
future populations. Finally, we note that near-pervasive absence
of mutation-drift-selection-migration equilibrium in wild popu-
lations means that contemporary census and effective population
sizes are not expected to be strongly correlated with levels of neu-
tral and functional genetic diversity due to stochastic variation in
contemporary effective size. However, contemporary N, is still
highly useful in the context of conservation biology because pop-
ulations with small NV, will be subject to rapid genetic erosion in
the future if there is no increase in population size or increased
immigration.

We interpret the weakening of the correlation between future
measures of neutral and functional diversity in these snakes as
reflecting a nonequilibrium state that has resulted from recent
declines in population sizes (48) that have yet to be tracked by positive
and negative levels of functional diversity in individual populations
(54). This situation arises because historical diversity-based estimates
may reflect the “ghost of evolution past” (55) in that the observed
correlations between historical estimates of neutral and functional
diversity are present but do not reflect expected correlations in future
populations after they regain genetic equilibrium. These results
were also demonstrated using forward-time population genetic
model simulations in a study that showed that demographic events
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such as a population bottleneck can lead to a breakdown in cor-
relations between measures of neutral and functional diversity and
can take many generations to be reestablished while populations
return to genetic equilibrium (30).

Other genetic diversity studies in these snake populations have
provided evidence that they are not currently in equilibrium with
respect to levels of neutral genetic diversity relative to effective pop-
ulation size. For example, the levels of neutral diversity estimated
from RAD loci in these populations were up to 50% higher than
the equilibrium levels of contemporary NV, predicted by demographic
models (48). The models suggested that if population sizes remained
at present levels, then populations would experience substantial
declines in genome-wide neutral diversity over the next 100 y.
Likewise, persistence of functional variation within coding sequences
of snake venom proteins in these populations despite small V, (49)
is consistent with the idea that much of the adaptive variation pres-
ent in populations may represent an example of “drift debt,” a
nonequilibrium state where present-day levels of variation overes-
timate the amount of functional genetic diversity present in future
populations (55) (although it is also possible that it is being main-
tained by strong selection despite small contemporary effective
population sizes). Such populations may be poised to enter an
extinction vortex, with the true genetic cost of living at their current
population size yet to be realized (49).

Our results suggest that significant correlations may exist
between measures of neutral and functional diversity in small
populations of threatened species, but these may be of limited
usefulness for conservation planning because they reflect past but
not present or potential future conditions due to nonequilibrium
demography. This circumstance is an example of the gap that can
exist between the historical timescales over which the evolutionary
processes relevant to conservation genomics operate and the con-
temporary timescales of ecological processes that are most relevant
to conservation biologists dealing with rapid recent population
declines in the Anthropocene (18). Conservation genetics is chal-
lenging because populations of threatened species face constantly
changing environments that alter key characteristics such as pop-
ulation size, making predictions from genomic data difficult.

Our results rest on several important assumptions. The first is
we assume that nonsynonymous variants in genes under strong
positive and negative selection reflect plausible measures of muta-
tion load and adaptive variation. However, compensatory muta-
tions may modify the effect of substitutions our scheme classifies
as cither deleterious mutations or adaptive variants (see ref. 8),
and factors such as dominance, epistasis, pleiotropy, and purging
may also complicate the relationship between mutation load,
adaptive diversity and fitness (e.g., ref. 24). Geographic variation
in habitat can also alter the impact of deleterious or adaptive
mutations among populations (56). It also seems unlikely that our
approach detects all adaptive variants that could arise under dif-
ferent types of selection. Because we have focused on measuring
variants that increase levels of functional polymorphism in pop-
ulations, adaptive variants that evolve through other evolutionary
scenarios (e.g., frequency dependent selection) should also be
assessed. For these reasons, the impact of the higher mutation load
and lower levels of adaptive variation in smaller populations will
be challenging to quantify in the absence of direct fitness data,
such as individual reproductive success and survival. We note that
the degree to which selection acts to maintain or eliminate specific
variants could be examined through analyses that combine mod-
eling to account for the confounding effects of demography on
detecting selection with methods that detect selection within and
between populations (57) as was recently conducted to detect
selection on venom genes in rattlesnakes (58).
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Second, our use of nonsynonymous variants in genes under
strong positive and negative selection makes it likely that we are
only considering a set of large effect variants that underlie genetic
load and adaptive diversity and are failing to consider other loci
with smaller yet substantial impacts on fitness. These large-effect
“golden SNDPs” (cf. ref. 10) represent a subset of variants with
fitness effects that are important to focus on for conservation
genetic efforts, but we run the risks of incorporating the flaws of
gene-targeted conservation analyses (59). However, our approach
of using polymorphism and divergence data provides an agnostic
method to identify genes under strong positive and negative selec-
tion, which represent a sizeable subset of functional variants that
are potentially important contributors to fitness in these snakes.

Finally, it is possible that despite a lack of phylogeographic
structure in this species (45) different populations may share dif-
ferent amounts of evolutionary history, which would introduce
nonindependence into our analyses of estimates of diversity from
each population. However, without a more detailed knowledge of
the demographic history of these populations (for example, how
and when they were connected by migration), it is difficult to
determine how best to correct for this nonindependence. Future
work will combine this type of demographic inference with models
that incorporate the interpopulation relatedness structure into our
analyses of the predictors of adaptive and deleterious variation
across populations.

Materials and Methods

S. catenatus Genome Sequencing and Assembly. Details of the methods used
to generate a reference chromosome-level genome assembly are provided in
Sl Appendix. Briefly, DNAfrom two female S. catenatus individuals was sequenced
using PacBio® and Ilumina® methodologies, and a hybrid assembly was gener-
ated using the MaSuRCA v.3.4.1 genome assembler (60). To improve assembly
length, we generated Hi-C sequencing data for genome scaffolding through
Dovetail Genomics. The resultant genome was annotated using the Maker pipe-
line and following established protocols (61, 62). The final assembly contained
2,004 scaffolds, with a scaffold N50 of 195.71 MB, a contig N50 of 0.81 MB, and
18 chromosome-scale scaffolds.

Whole Genome Population Resequencing. To estimate functional and neutral
genetic diversity in S. catenatus populations, we analyzed whole genome data
from 12 different previously studied geographic locations (designated popu-
lations; S/ Appendix, Table S3 and Dataset S3) (26, 48, 49). We combined pre-
viously sequenced whole genome data (BioProject PRINA750087; BioSample
SAMN20438760—859) with new individuals sequenced for this study (N = 117;
Dataset S3). DNA extraction and Illumina® paired-end 150-bp reads sequenc-
ing were performed as described above (S/ Appendix, Supplementary Methods).
We also included 10 previously sequenced whole genomes from sister species,
S. tergeminus, as an outgroup (26). All sequences were mapped to the S. cat-
enatus Hi-C reference genome with BWA v.0.7.17 (63) using the mem algo-
rithm. Sequence preprocessing and mapping was performed following GATK
"Best Practice Workflow" (64) (SI Appendix, Supplementary Methods). After read
mapping, we removed any individual with mean depth of coverage <10x or if
the proportion of the reference genome covered at 10x was <40%. Ultimately,
we analyzed 110 S. catenatus genomes with mean 14.2x (10.0x to 27.3x)
(min to max) depth of coverage sequenced at mean 74.1% (47.2 to 95.2%) (min
to max) of the reference genome covered at 10x depth. We also analyzed 10
S. tergeminus samples with 14.7x (10.9x to 18.3x) depth and 71.2% (56.7 to
87.7%) of reference genome covered at 10x.

Genotype Calling, Variant Filtration, and Variant Annotation. We identi-
fied biallelic SNP variants and called individual genotypes using GATK v4.1.2.0
(65) (SI Appendix, Supplementary Methods). We used "QD < 2.0; MQ < 20.0;
|[MQRankSum| > 3.0; |ReadPosRankSum| > 3.0; SOR > 5.0" to filter low-quality
SNPs (24). SNPs with genotypes missing in >20% of samples or SNPs with MAF
< 0.05 were filtered out. Our genotype calling and filtering pipeline resulted in
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8,831,200 SNPs. We used the reference genome annotation file (.gff) and refer-
ence genome (.fasta) to functionally annotate genome-wide SNPs using SnpEff
v.4.3 (66). Out of ~8.8 million SNPs, 80% of SNPs were in intergenic regions,
whereas only 406,098 SNPs (~1.4%) were in exonic regions. Variant partition-
ing by different genomic regions, variant statistics, and diversity estimates were
calculated using VCFTools (67).

Identifying Functional Genomic Variation. To identify SNP variants that plau-
sibly represent different components of functional genetic diversity, we assumed
that a) nonsynonymous variants in genes that were under strong positive selec-
tion during divergence between sister taxa also represent adaptive mutations
within each population, and b) nonsynonymous variants in genes under strong
negative (purifying) selection will represent deleterious mutations. This assump-
tion is based on the expectation that the evolutionary history of selection on a
gene at the interspecific level will also reflect the type of selection acting at the
intraspecific level (68, 69) as recently demonstrated for some mammals (70).
We estimated the type and strength of selection acting on all annotated protein-
coding genes by calculating the modified Neutrality Index called DoS (35) using
polymorphism and divergence data from S. catenatus and S. tergeminus. For a
gene, DoS can be estimated as:

D P
DoS = —1— — —1—,
D,+D, P,+P,

where D, is the number of nonsynonymous substitutions between S. catenatus
and S. tergeminus, D, is the number of synonymous substitutions between S.
catenatus and S. tergeminus within the gene, P, is the number of nonsynony-
mous polymorphisms within S. catenatus, and P, is the number of synonymous
polymorphisms within S. catenatus.

To minimize drift effects on intraspecific polymorphism data, we used polymor-
phism data from the KLDR population of S. catenatus (S Appendix, Fig. S2 and
Table S2) which has a relatively large effective population size (48) and a reference
population of the outbred sister species, S. tergeminus from Cheyenne Bottoms
(SI Appendix, Fig. S2 and Table S2) to estimate divergence (26). We removed
genes with undefined DoS and further restricted our analyses to genes with P,
+ D, = 4 which are potentially informative about selection (41, 42). We use this
approach only to identify loci under different types of selection and not to evaluate
per se whether specific genetic variants were functionally adaptive or deleterious.
Our approach focuses on a small subset of the genetic variants that are potentially
deleterious or adaptive namely those in sequences of protein-coding genes. For
practical reasons, we do not attempt to catalog regulatory variants that influence
gene expression and can clearly play a role in adaptive variation (e.g., ref. 71).

To estimate functional diversity, we designated nonsynonymous substitutions
in protein-coding regions of the genes with the highest 10% of DoS values as
possible adaptive variants while nonsynonymous substitutions in genes with the
lowest 10% of DoS values represent deleterious mutations. Analysis that used
more extreme categorizations of loci (upperand lower 5% of DoS values) yielded
similar results (results not shown) and so we used the 10% cutoff because it rep-
resents a more comprehensive survey of functional variation in the S. catenatus
genome. We also designated SNPs that were identified by SnpEff to cause LoF in
coding sequences as deleterious mutations because LoFs are likely under strong
purifying selection as shown by their negative impacts on fitness (50). We then
used these polymorphism data to generate empirical estimates of negative and
positive functional diversity at population and individual levels (S Appendix,
Table S4 for specific metrics used and S/ Appendix, Supplementary Methods for
additional details).

Negative functional diversity is usually equated to different components of
genetic load (40) yet this requires estimates of the fitness impacts of specific
mutations that were unavailable to us. As a proxy, we used estimates of mutation
load defined in terms of the frequency and number of putatively deleterious
mutations. Following (30) we estimated two components of load at the population
and individual levels: mutation inbreeding load and mutation drift load. At the
population level, both measures of load depend on both the absolute number
and frequency of deleterious mutations that are segregating within the popu-
lation. A population with a greater number of deleterious mutations will have
higher mutation inbreeding load (and thus presumably a greater negative impact
on population fitness). Similarly, a population where drift and weaker selection
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has led to an increased allele frequency of many deleterious mutations to near fix-
ation (MAF > 0.9) would have higher mutation driftload. For each population, we
estimated the number of deleterious mutations that are segregating (MAF > 0)
within the population (N,,) and drift load (L) as the number of deleterious
mutations that are nearly fixed within the population (MAF > 0.9). Mean and SD
for N, and Ly, were derived from 100 resamplings of 5 individuals from each
population (lowest sample size in our dataset; S/ Appendix, Table $2) to account
for differences in sample sizes between populations.

Atthe individual level, we estimated mutation inbreeding load and mutation
drift load by partitioning the two components of individual load by the zygosity
of deleterious alleles. L,y is the total number of deleterious SNPs that are
present as heterozygotes whereas L., is the total number of SNPs that are
homozygous for the deleterious allele within each individual genome (23, 40).
The population mean and SD for each of L,y and L5164 WeTe then estimated
from individual estimates within each population.

Finally, at the population level, we measured positive functional diversity in
terms of adaptive diversity (., which is a measure of how much functional
(i.e., nonsynonymous) diversity exists in genes under strong positive selection
ina given population. We used this measure as a proxy for the additive diversity
at a quantitative trait where diversity impacts the response of the population to
present or future selection. For each population, 7z, is the pairwise nucleotide
diversity at the nonsynonymous SNPs within the protein-coding regions of genes
in the upper 10% of the DoS distribution. This measure accounts for variation
due to the number of variable sites within coding region and for differences in
among populations in variation in allele frequency distributions. We counted
all protein-coding (variant and invariant) sequences in the total number of sites
for m adaptive calculations (S Appendix, Supplementary Methods). We did not
calculate an individual-based estimate of adaptive diversity.

realize

Estimates of Neutral Diversity. Our goal was to examine the relationship
between direct and indirect estimates of neutral diversity and functional diver-
sity at population and individual levels that reflect levels of neutral diversity at
historical- and contemporary-time scales. For the estimates of neutral diversity,
we used variation at putatively neutral markers from genome-wide data. We
defined neutral regions as genomic regions that exist within “gene deserts,"i.e.,
atleast 500 kb upstream and downstream from an annotated gene (gene deserts)
(72) (SI Appendix, Supplementary Methods). For direct estimates of historical
genetic diversity, we used mean pairwise nucleotide diversity in 1-kb windows
of gene desert regions of a given population (7;e,epe)- BECAUSE 7Zyenepes is based
on levels of standing neutral variation, which is impacted by both effective size
and mutation (73), it primarily reflects the intensity of genetic drift experienced
over many generations (34). Itis probable that a few noncoding mutations within
gene desert regions may be influenced by natural selection, but such mutations
are rare and would not likely affect our mean estimates of genome-wide neutral
diversity (74). As a proxy for future levels of neutral diversity in populations at
drift-mutation equilibrium, we estimated contemporary effective population size
using the degree of population-level linkage disequilibrium (Ne, ) between phys-
ically unlinked SNPs within gene desert regions (52) (S Appendix, Supplementary
Methods). This method estimates contemporary effective size over a time scale of
1t0 2 generations (<5 y-see ref. 48). We assume that contemporary effective size
is closely related to future equilibrium levels of neutral diversity once populations
reach drift mutation equilibrium (see discussion in ref. 47).

Correlations between Functional and Neutral Genetic Diversity. Our study
focuses on testing predictions of the relationships between functional and neutral
genetic diversity at a population level by fitting linear regression models similar
to ref. 30, yet some estimates of functional diversity (mutation load) were also
calculated on a per-individual level. As pointed out by ref. 40, the availability of
whole genomes for individuals opens the door for analyses that can account for
individual variation around the population mean.To explore whether estimating
mutation load at the individual level (L;,,eeg and L eye4) yields similar results, we
modeled the genetic load versus neutral genetic diversity relationships using
mixed-effect models which allowed us to account for intrapopulation variation
asarandom effect nested within individuals' population assignment. All models
were run using the Ime function of the nlme package in R (75). To assess model
fit, we inferred R? values for each model using the r.squaredGLMM function of
the MuMIn package (76).
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Data, Materials, and Software Availability. Raw sequence data used in
this study are available in NCBI's Short Read Archive BioProject Accession No.
PRINA975611 (Submission metadata is provided in Dataset S4) (77). The
S. catenatus reference genome and annotation is available on GenBank under
Accession No. JASPKD000000000 (78) and on Dryad (https://doi.org/10.5061/
dryad.rdxgxd2k2) (79). The scripts developed for data analysis and visualiza-
tion can be publicly accessed on GitHub at https://github.com/samarth8392/
FGDYNGD (80).
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