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COMMENTARY

Genomes of an endangered rattlesnake show that neutral 
genetic variation predicts adaptive genetic variation and  
genetic load
Marty Kardosa,1

One of the central tenets of conservation biology is that 
genetic variation is important to population viability. Small, 
isolated populations are expected to have lower genetic var-
iation (e.g., heterozygosity), and more inbreeding (mating 
between relatives) than large, connected ones. Reduced 
genetic variation and higher inbreeding can reduce fitness 
(1). Numerous studies have demonstrated that inbreeding 
depression (lower fitness of more inbred individuals) can be 
strong (2) and reduce population growth (3–5). Most new 
mutations that affect protein structure are deleterious, and 
the constant input of new mutations means that all popula-
tions carry a “genetic load” (6). However, the genetic variation 
ultimately arising from mutation is essential for populations 
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Fig. 1. Eastern Massasauga rattlesnakes sampling sites (orange points) and spatial distribution. The Great Lakes and Atlantic Ocean are shown in blue. Canada 
is shown with dark gray background. The United States of America is shown with light gray background. Counties in the United States of America and census 
divisions in Canada with extant populations are shown in green. Locations of extant populations are from the US Fish and Wildlife Service (https://www.fws.
gov/species/eastern-massasauga-sistrurus-catenatus) and Parks Canada (15).
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to adapt to changing ecological conditions (7). Avoiding prob-
lems associated with inbreeding depression and maintaining 
genetic variation and adaptive potential have long been 
viewed as key to conserving wild populations.

The genetic status of threatened populations has typically 
been assumed to be a function of genetic variation (e.g., het-
erozygosity) across the whole genome (8, 9). Populations with 
higher estimated heterozygosity are typically inferred to have 
lower inbreeding and higher adaptive potential. But what if 
we could focus instead only on the components of genetic 
variation that we think really matter: the functional loci that 
could impact fitness (10)? Whole genome sequencing makes 
it possible to measure genetic variation in coding genes and 
in other evolutionary-constrained genomic regions that 
might impact fitness (11). Would genetic variation just in 
these genomic regions provide improved measures of adap-
tive potential and genetic load than analyzing the whole 
genome, which includes regions that likely have little or no 
fitness effects?

The idea of focusing conservation assessments on func-
tional genetic variation is appealing because it would mean 
that we could rapidly measure genetic status more efficiently 
than before by measuring only on the variation that matters. 
It has therefore been argued that conservation management 
should primarily focus on the functional genetic variation 
assumed to affect fitness (12, 13). Now that we can easily 
sequence entire genomes, an empirical assessment of the 
relationship between putatively neutral and functional vari-
ation is possible and could make significant headway in 
resolving the issue. In PNAS, Mathur et al. (14) accomplish 
this, using innovative analyses of genome sequence data 
from 12 populations of the endangered Massasauga rattle-
snake (Sistrurus catenatus, Fig. 1).

The Massasauga rattlesnake was historically widespread 
in the Great Lakes region of North America, but human devel-
opment has severely fragmented the species into small iso-
lated populations (Fig. 1). Putatively neutral genetic variation, 
measured as nucleotide diversity in gene deserts ( �

GeneDes
 ), 

varied widely among the study populations, making for an 
ideal platform to test the theoretically predicted relationships 
between neutral and functional components of genetic var-
iation. If molecular metrics of genetic load and adaptive 
potential measured in parts of the genome that show signa-
tures of selection are unrelated to �

GeneDes
 , it would under-

mine the idea that genetic variation across the whole genome 
is a useful metric of fitness. Conversely, a strong relationship 
between �

GeneDes
 and functional variation would bolster the 

expectation of a strong correlation between neutral, delete-
rious, and adaptive variation (9).

Mathur et al.’s central finding was that adaptive and del-
eterious genetic variation were strongly correlated with 
�
GeneDes

 . Nucleotide diversity for coding regions putatively 
under positive selection was strongly correlated with �

GeneDes
 . 

Four measures of genetic load were also strongly correlated 
with �

GeneDes
:

– �Ndel: the number of deleterious alleles in a population. 
More deleterious alleles imply a larger potential impact 
on population fitness

– �Linbreeding: the average number of heterozygous deleterious 
alleles, a measure of inbreeding load (the expected reduc-
tion in fitness with increasing inbreeding)

– �Ldrift: the number of high-frequency deleterious alleles, 
a measure of drift load (reduction in fitness due to the 
continuous fixation of deleterious alleles via genetic drift)

– �Lrealized: the average number of homozygous deleterious 
alleles, or “realized load.” Because most deleterious alleles 
are partially recessive, their fitness effects are often only 
fully realized in homozygous genotypes.

Thus, Mathur et al.’s results suggest that neutral genetic 
diversity is indeed predictive of adaptive and deleterious 
genetic variation.

This finding is consistent with theoretical predictions (9) 
and is expected because each of the studied components of 

genetic load and adaptive potential is a function 
of heterozygosity. Additive genetic phenotypic 
variance (a metric of adaptive potential) increases 
with heterozygosity at quantitative trait loci (7). 
The inbreeding load increases with heterozygo-
sity for deleterious alleles (16). Strong genetic 

drift reduces heterozygosity in smaller populations and ren-
ders natural selection incapable of preventing weakly dele-
terious alleles from drifting to fixation, resulting in an 
association between drift load and heterozygosity (17). It has 
long been known that heterozygosity is correlated across 
different parts of the genome when inbreeding varies among 
individuals (18) because inbreeding is equally likely to cause 
different genomic regions to be homozygous. The same 
applies to populations: the expected reduction in population 
heterozygosity due to genetic drift is the same genome-wide 
(19). Thus, Mathur et al.’s results support the long-standing 
expectation that neutral heterozygosity is a good predictor 
of different types of genetic load and adaptive potential.

Nevertheless, as in nearly all areas of biology, there are 
important nuances and exceptions to widely applicable rules 
of thumb. For example, the drift load can increase rapidly 
after a bottleneck, long before much genetic variation has 
been lost (9). Heritability, which is expected to decline after 
a bottleneck, can actually increase temporarily due to 
epistatic effects (20). Additionally, the fitness effects of 
inbreeding and lost genetic variation can depend heavily on 
population history and contemporary ecological context. 
Populations that have been small for a long time or have lost 
genetic variation due to slowly declining population size 
might have purged part of their genetic load via natural selec-
tion and might therefore be less susceptible to inbreeding 
depression than populations that crash rapidly. Populations 
with density-dependent fitness may also be less demograph-
ically susceptible to inbreeding depression because soft 
selection (where selection determines which, not how many 
individuals survive) tends to be dominant when fitness is 
density-dependent (6). Conversely, hard selection, which 
determines how many individuals survive and thus popula-
tion growth, can dominate when fitness is density-
independent (6). So, while the preponderance of the evidence 
shows that genetic variation is important to population 

Mathur et al.’s central finding was that adaptive 
and deleterious genetic variation were strongly 
correlated with πGeneDes.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 N
O

A
A

 C
E

N
T

R
A

L
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 7

, 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
13

7.
75

.8
0.

24
.



PNAS 2023 Vol. 120 No. 49 e2316880120� https://doi.org/10.1073/pnas.2316880120 3 of 3

viability, this is not as simple as “higher genetic variation 
means increased population viability.” Basic ecological details 
such as whether a population is currently declining, failing 
to recover despite sufficient habitat, and historical demog-
raphy are well known to be crucial when considering conser-
vation management actions such as genetic rescue (21).

There are important remaining questions regarding the rel-
evance of putatively functional versus neutral genetic variation 
in conservation. First, we have very little understanding of the 
performance of population genetic and molecular approaches 
to identifying loci that are likely to affect fitness in contempo-
rary ecological contexts. Even for species with substantial 
genetic data and accompanying functional assays, determining 
the fitness effects of any particular loci is extremely challenging. 
Population genetic methods, such as those used by Mathur 
et al., rely on patterns of interspecies divergence accumulated 
over very long periods of evolutionary history. An inevitable 
consequence of this historical approach is that many of the 
alleles identified as being positively selected may be either neu-
tral or deleterious under current ecological conditions, and vice 
versa. A potential path to further evaluate the performance of 
molecular metrics of genetic load is to test whether individual 
fitness is better predicted by molecular measures of genetic 
load or by genome-wide homozygosity. This will require 

distinguishing the effect sizes of two strongly correlated pre-
dictor variables (as shown by Mathur et al.), so very large sam-
ple sizes will likely be needed to have any chance of sufficient 
statistical power.

This uncertainty in the ability of molecular and popula-
tion genetic methods to accurately identify deleterious and 
adaptive alleles implies that the loci that are important to 
fitness may never be completely knowable. Vrijenhoek and 
Leberg (22), in a now >30-y-old iteration of this same 
debate, argued that designing captive breeding programs 
specifically to preserve genetic variation only at loci thought 
to be under strong selection (13) amounted to “throwing 
the baby out with the bath water.” In an argument that 
remains salient today (9), Vrijenhoek and Leberg (22) 
argued that we should aim to preserve genetic variation 
across the whole genome because the genetic variation 
that matters is mostly undescribed, and probably resides 
across the whole genome, including in noncoding regions 
with unknown function. Mathur et al.’s study makes an 
important contribution to this continuing debate by pro-
viding empirical support for the theoretical predictions 
which are the basis for the long-standing focus on the 
conservation of genetic variation across the whole genome 
in the field of conservation biology.
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