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Abstract

Convergent adaptation to the same environment by multiple lineages frequently involves rapid evolutionary change
at the same genes, implicating these genes as important for environmental adaptation. Such adaptive molecular
changes may yield either change or loss of protein function; loss of function can eliminate newly deleterious proteins
or reduce energy necessary for protein production. We previously found a striking case of recurrent pseudogeniza-
tion of the Paraoxonase 1 (Pon1) gene among aquatic mammal lineages—Pon1 became a pseudogene with genetic
lesions, such as stop codons and frameshifts, at least four times independently in aquatic and semiaquatic mammals.
Here, we assess the landscape and pace of pseudogenization by studying Pon1 sequences, expression levels, and en-
zymatic activity across four aquatic and semiaquatic mammal lineages: pinnipeds, cetaceans, otters, and beavers. We
observe in beavers and pinnipeds an unexpected reduction in expression of Pon3, a paralog with similar expression
patterns but different substrate preferences. Ultimately, in all lineages with aquatic/semiaquatic members, we find
that preceding any coding-level pseudogenization events in Pon1, there is a drastic decrease in expression, followed
by relaxed selection, thus allowing accumulation of disrupting mutations. The recurrent loss of Pon1 function in
aquatic/semiaquatic lineages is consistent with a benefit to Pon1 functional loss in aquatic environments.
Accordingly, we examine diving and dietary traits across pinniped species as potential driving forces of Pon1 func-
tional loss. We find that loss is best associated with diving activity and likely results from changes in selective pres-
sures associated with hypoxia and hypoxia-induced inflammation.

Key words: pseudogene, marine, hypoxia, genomics, convergent evolution.

Introduction loss, but genes under relaxed constraint, or no constraint
Gene loss and pseudogenization events occur regularly at all, are frequently lost during evolution. For instance,
over the course of evolution. Genes contributing to evolu- there are multiple cases in which certain genes appear to
tionary fitness are rarely lost due to selection against such become expendable as a species moves into a new

© The Author(s) 2023. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/

licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly

ded. Open Access

Mol. Biol. Evol. 40(5):msad104 https://doi.org/10.1093/molbev/msad104 Advance Access publication May 5, 2023 1

8GZES | 2/¥0 L PESW/S/0Y/2I01ME/oqW/ W00 dNo"dlWapEedE//:SdNy Wolj papeojumoq

<
[
o
=
)
=

<
c
[72]
(0]
=
o
]
-
o
[
=

<
N
o
N
w


https://orcid.org/0000-0001-7404-168X
mailto:nclark@utah.edu
mailto:wym219@lehigh.edu
mailto:allie.graham@utah.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/molbev/msad104

Graham et al. - https://doi.org/10.1093/molbev/msad 104

MBE

environment, such as the large-scale loss of function of
genes mediating olfaction, as well as both deletion and
loss of function of taste receptor genes in marine mam-
mals (Hayden et al. 2010; Feng et al. 2014; Zhu et al.
2014; Chikina et al. 2016). However, recent work has sug-
gested that gene functional loss may serve as an engine
of evolutionary change (Olson 1999), and it has been im-
plicated in the evolution of lineage-specific traits presum-
ably crucial for fitness (Zhao et al. 2010; Meredith et al.
2011; Albalat and Cafestro 2016; Yohe et al. 2017; Esfeld
et al. 2018; Graham and Barreto 2020). For example, the
pseudogenization of tooth gene enamelysin in certain ce-
taceans has been suggested to have led to the formation
of baleen (Meredith et al. 2011), functional loss of the
TTR17 umami taste receptor gene in giant panda is asso-
ciated with its switch to bamboo consumption (Zhao
et al. 2010), and a variety of animals have lost function
in short-wave opsins in a wide array of light-limited envir-
onments (Davies et al. 2012; Weadick et al. 2012; Cortesi
et al. 2015; Escobar-Camacho et al. 2017).

In many such cases, gene loss (or pseudogenization)
could have been preferentially selected due to the adaptive
advantage such functional loss provides. Evidence for adap-
tive gene loss comes in many forms. When different species
encounter the same selective pressure, their convergent
loss of a particular gene could support the hypothesis of
adaptive evolution. More generally, it has been argued
that the observation of convergence in any trait, including
convergent loss of function, is in itself evidence that the
trait is adaptive (Gompel and Prud’homme 2009; Losos
2011). However, convergent gene loss could also arise
due to convergent relaxation of constraint on a gene
(Lahti et al. 2009). There are several examples of independ-
ent losses or pseudogenization events of the same gene, be-
lying convergent selective pressures (McGrath et al. 2017;
Davies et al. 2012; Policarpo et al. 2021). Other clues to
the type of selective shift underlying gene loss could
come from the rate at which a gene is lost, with rapid
loss suggesting an adaptive advantage. Sharma et al., for in-
stance, argue that loss that is contemporaneous with a par-
ticular phenotypic adaptation provides evidence for the
contribution of the gene loss to the adaptation (Sharma
et al. 2018). In contrast, gene loss due to relaxation of con-
straint would be expected to follow the phenotypic adap-
tation. Additional evidence of adaptive gene loss could be
the presence of population genetic signatures of positive
selection associated with the gene locus.

An example of convergent gene functional loss that was
likely adaptive, with evidence of an advantage to gene de-
activation, is seen in the deterioration of ocular genes in
cave fish. In a nutrient-poor cave environment, genetic le-
sions that led to eye regression are thought to have been
advantageous because the eye consumes a large amount
of energy (Moran et al. 2015). In that case, genetic changes
leading to regressed eyes were initially adaptive, but subse-
quent gene losses could likely be due to relaxed constraint
(Jeffery 2005; Yoshizawa et al. 2012; Cartwright et al. 2017).
There are multiple additional examples of pseudogenization
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associated with adaptive traits, most notably eye loss in
other cave-dwelling animals (Fang et al. 2014; Moran
et al. 2015), coloration in birds (Borges et al. 2015;
Emerling 2018), diet (Hecker et al. 2019), olfaction in
Drosophila (Dekker et al. 2006; Prieto-Godino et al.
2016), host—pathogen interactions (Sun et al. 2008; Key
et al. 2014), teeth/dentition (Meredith et al. 2011, 2014),
and lactation/placentation (Brawand et al. 2008).

We previously found a striking case of recurrent pseu-
dogenization of the Paraoxonase 1 (Ponl) gene among
aquatic and semiaquatic mammal lineages (Meyer et al.
2018). Pon1 became a pseudogene at least four times in
aquatic and semiaquatic mammals with clear genetic le-
sions, such as stop codons and frameshifts. Pon1 function
was lost in the ancestor of all modern cetaceans (whales,
dolphins), in the ancestor of sirenians (manatees, du-
gongs), within pinnipeds (seals, sea lions), and in sea otters.
In contrast, no genetic lesions in Pon1 have been found in
any of the 59 terrestrial mammal species we have exam-
ined to date.

The question remains as to whether the loss of Pon1
function in aquatic and semiaquatic lineages was facili-
tated by directional selection because pseudogenization
was adaptive, or if it is simply the result of convergent re-
laxed constraint. Colonizing aquatic niches involves expos-
ure to challenging environmental and selective pressures,
resulting in a range of convergent adaptations influencing
aspects of these species’ biology from physiology and
morphology to the genome (Fish et al. 2008; Chikina
et al. 2016; Sharma et al. 2018; Davis 2019). In humans,
PONT is expressed predominantly in the liver; it encodes
a bloodstream enzyme that reduces oxidative damage to
lipids in low- and high-density lipoprotein (LDL and
HDL) particles and is associated with the prevention of
atherosclerotic plaque formation (Mackness et al. 1991;
Rosenblat and Aviram 2009; Précourt et al. 20171;
Aharoni et al. 2013). PON1 also hydrolyzes the oxon forms
of specific organophosphate compounds, such that it is
the main line of defense against some man-made pesticide
by-products including chlorpyrifos oxon and diazoxon (Li
et al. 2000; Costa et al. 2005). Thus, it was hypothesized
that Pon1’s functional loss in marine mammals was poten-
tially related to lipid metabolism and/or oxidative stress
response encountered from repeated diving (Furlong
et al. 2016; Meyer et al. 2018). This is because aquatic mam-
mal diets differ in the types and proportion of certain poly-
unsaturated fatty acids (PUFAs), which show differing
levels of oxidative damage (Miyashita et al. 1993;
Koussoroplis et al. 2008). Another hypothesized reason
for this convergence on Pon1 functional loss also involves
oxidative damage—breath-hold diving is associated with
transient hyperoxia followed by hypoxia and a build-up
of carbon dioxide, chest wall compression, and significant
hemodynamic changes (Zenteno-Savin et al. 2012).

Here, we assess the landscape and pace of Pon1 pseu-
dogenization by assessing sequence data, expression
levels, and biochemical activity across two fully aquatic
mammalian clades (pinnipeds and cetaceans) and two
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clades with semiaquatic members (beavers within rodents,
otters within mustelids). In addition, we examine potential
driving forces of Ponl loss through tests for
association with behavioral and physiological traits related
to dive time and diet. Ultimately, in all lineages with aquat-
ic/semiaquatic members, we find that preceding any
coding-level pseudogenization events in PonT, there is evi-
dence of significant decrease in expression, followed by re-
laxed selection, thus allowing for an accumulation of
disrupting mutations. We suggest that loss of PonT is
best associated with diving activity, and likely the result
of changes in selective pressures associated with hypoxia
and hypoxia-induced inflammation processes.

Results

We took a multifaceted approach to determine the extent
and timing of PonT functional losses and to assess evidence
for loss of function at DNA, RNA, and protein levels in
aquatic and semiaquatic mammal groups (fig. 1). For a var-
iety of new species selected for aquatic/nonaquatic con-
trasts, we identified or generated Pon1 coding sequences,
collected data for liver mRNA levels of Pon1, Pon2, and
Pon3, and measured biochemical activity against Pon1 sub-
strates in blood plasma. Based on the combined results, we
infer that PonT has lost function at least four times in semi-
aquatic mammals and that reduced expression of both
Pon1 and Pon3 is common in these species. We present
these results in subsequent sections organized around
taxonomic groups for ease of interpretation.

Pinnipeds Show Two Instances of Pon1 Functional
Loss and Reduced Pon3 Expression

We identified at least two separate pseudogenization
events of PonT in pinnipeds. One occurred in Otariinae
(sea lions), apparently after this clade split with its sister
clade approximately 5.2 Mya (Higdon et al. 2007) (fig. 1).
The California and Steller sea lions share a nonsense and
a frameshift coding sequence substitution, and neither
species of Arctocephalus (fur seals) in our data set displays
either these or any other inactivating mutations in their
coding sequence. The blood plasma of both Otariinae
sea lions also fails to metabolize organophosphate sub-
strates or phenyl acetate (figs. 2 and S1, Supplementary
Material online), confirming the loss of Pon1 function
in this clade. Several species of Monachinae also display
different types of evidence of Pon1 functional loss
(Leptonychotes weddellii, Mirounga angustirostris, and
Monachus schauinslandi), whereas the only species of the
closely related Phocinae within our data set (Phoca vituli-
na) retains some enzymatic activity, albeit reduced, against
organophosphate substrates in its blood plasma (figs. 2
and S1, Supplementary Material online). This implies
that the loss within Monachinae most likely occurred on
the branch ancestral to all extant species within this clade,
roughly 11.3-16 MYA (Higdon et al. 2007). Moreover, this
loss likely involved changes to a regulatory site or sites,

given the lack of shared lesions across Monachinae species
(Meyer et al. 2018).

Expression levels of Pon1 in the liver, the sole site of Pon1
gene expression, are typically strongly reduced in pinnipeds
(fig. 3). When contrasting 5 pinniped species against 11
terrestrial carnivore species, PonT expression levels are
significantly lower in pinnipeds (Mann-Whitney U test;
Z=12492, P=0.013). The notable exception is the pinni-
ped Callorhinus ursinus (northern fur seal), which had levels
within the normal range of terrestrial carnivores (fig. 3).
Notably, this species has the shortest maximum dive time
of all pinnipeds in this study (fig. 4 and supplementary
table S1, Supplementary Material online). The other four
pinniped species showed expression levels below those
of all observed terrestrial species, and many of the pinni-
ped expression levels were close to zero. Importantly, spe-
cies in the genus Phoca showed reduced expression
(61.76 TPM) despite having no apparent genetic lesions
(i.e., substitutions inducing frameshifts or stop codons
that would lead to pseudogenization). This result explains
the intermediate enzymatic activity in plasma for Phoca
species (fig. 1). In contrast, expression levels of Pon2—a
Pon family member expressed in nearly all tissues—and
Actin were not different between pinnipeds and carnivores
(Pon2,n1=11,n2=5,Z=27,P=1;actin,n1=11,n2 =5,
Z =0, P=1). Expression of Pon3, however, was also signifi-
cantly and unexpectedly reduced in pinnipeds (n1 =11,
n2 =5,7Z=226576, P =0.0232) (supplementary table S2,
Supplementary Material online). However, we observed
no evidence of genetic lesions in coding regions or substi-
tutions at important sites in Pon3 that were specific to
pinnipeds; the only functionally relevant site with a substi-
tution observed in a pinniped (Odobenus rosmarus) is also
variable in terrestrial carnivores (supplementary table S3,
Supplementary Material online).

Evidence of Pon1 Functional Loss in Some Otter
Species

Another semiaquatic group in Carnivora is Lutrinae (ot-
ters). With DNA sequence available for eleven extant ot-
ter species (fig. 1), we predict loss of Pon1 function from
genetic lesions in the northern and southern sea otters
(Enhydra lutris subsp.), which have diverged within the
past 100 KYA (Beichman et al. 2019). Ten of the eleven
species (all except the North American river otter,
Lontra canadensis) showed evidence of substitutions
in Pon1 at sites predicted to be functionally relevant
from experimental studies (supplementary table S4,
Supplementary Material online); most of these sites are
100% conserved across nonaquatic mammals. The sea ot-
ter (E. lutris) had substitutions at a conserved site that
binds to catalytic calcium (N270), and this species and
the giant otter (Pteronura brasiliensis) had substitutions
at conserved active site wall residues (F222 and Y71, re-
spectively). The Asian small-clawed otter (Aonyx ciner-
eus), spotted-necked otter (Hydrictis maculicollis),
African clawless otter (Aonyx capensis), and sea otter
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Fic. 1. Summary of Pon1 pseudogenization across multiple independent aquatic mammal lineages—species whose labels are highlighted in light
blue are aquatic or semiaquatic. The colored circles represent presence of results from DNA, RNA, or enzymatic tests; no circle means there are
no data to report. Phylogenetic relationships shown are based on data from previously published work (Esselstyn et al. 2017; Swanson et al. 2019;
McGowen et al. 2020; de Ferran et al. 2022). Silhouette images are from Phylopic (CC BY-SA 3.0).

had substitutions at conserved sites at which experimen-
tally derived mutants were observed to have reduced ac-
tivity against Pon1 substrates (H134, H155, W202, and
V304; supplementary table S4, Supplementary Material
online). Molecular evolutionary analyses supported ele-
vated dy/ds (@) in Pont in the otter clade as a whole,
with a point estimate of w =0.6579 across all otter
lineages in contrast with a point estimate of w = 0.2951
for all other mustelids. The elevation of w in otters is con-
sistent with relaxed selective constraint. A branch model
with two different @ values for otters and other mustelids
was a significantly better fit than a model with just one @

4

across all mustelids (LRT P =0.010). Enzymatic results
from two otter species sampled showed variable activity
patterns, with the North American river otter having high
activity closer to that of nonaquatic mustelids, although
the Asian small-clawed otter had intermediate activity
more similar to some of their semiaquatic carnivore rela-
tives (i.e, Odobenidae and Phocidae; fig. 2).

Loss of Pon1 Function and a Surprising Loss of Pon3
Function in Beavers

The American beaver, which is an adept diver, has an ob-
served substitution in Pon1 at amino acid H184, which is
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Fic. 2. Blood plasma from aquatic and semiaquatic species varies in enzymatic activity against Pon1 substrates. Plots show enzymatic activity in
units/mL against (from L to R) chlorpyrifos oxon, diazoxon, and phenyl acetate for aquatic/semiaquatic and closely related terrestrial species
within (from top to bottom) Cetartiodactyla, Carnivora, and Rodentia. Carnivora species included are M. angustirostris (Monachinae), P. vitulina
(Phocinae), O. rosmarus (Odobenidae), E. jubatus (9) and Z. californianus (1) (Otariidae), M. furo (Mustelinae), and A. cinereus (2) and L. cana-
densis (1) (Lutrinae). Data for Bovids (sheep, goat) and one Muroid are from Furlong et al. (2000). See also Figure S1 and Table S12.

part of the Pon1 active site and was otherwise conserved
across all other species for which sequences are available
(Yeung et al. 2008; Meyer et al. 2018). Pon1 coding se-
quences from additional semiaquatic rodent species, in-
cluding one arvicoline rodent (muskrat) and one
caviomorphid (capybara), showed only a few substitutions
at functionally relevant sites. Both muskrat and capybara
have a substitution at an amino acid that is part of the ac-
tive site wall (R192), which is conserved in 85% of terres-
trial lineages (including bats); muskrat showed an
additional substitution at a site crucial for catalytic activity
(1117), which is conserved in 94% of terrestrial lineages
(Harel et al. 2004).

Our comparison between beaver and terrestrial
rodents involves multiple beaver liver RNA-seq data sets
from 7 individuals compared with 19 different
terrestrial rodent species. Expression levels were signifi-
cantly different for Pon1 (Z =4009, P=6.1%x10"") and
Pon3 (Z =3.57, P =0.0004), but not for Pon2 (Z=1.672, P
=0.095) (fig. 3; supplementary table S2, Supplementary
Material online). Based on the beaver genome and tran-
scriptome, Pon3 is labeled as a pseudogene with no anno-
tated expression (LOC109693470; Castor canadensis
genome v1.0). We confirmed this by adding the Pon3
CDS to the reference transcriptome and then mapping se-
quences, which ultimately recovered zero matches. This se-
vere reduction in transcriptional activity is corroborated by

the fact that the enzymatic activity against Pon1 substrates
in beavers is similar to that of the Pon1 knock-out mouse
(Pon1~'7), compared with that of their rodent relatives
(fg. 2).

It is important to note that there is no transcriptomic
data available for any semiaquatic rodent beyond the
American beaver and the water vole. The expression of
Pon1 in the water vole is higher than any of the other ro-
dent species assayed (1,654 TPM). Although beavers can
dive for up to 15 min, the water vole is not known for
spending any extended period of time diving; in addition,
it is not truly adapted to the water, including a lack of
webbed feet (Clausen and Ersland 1968).

Loss of Pon1 Function and Expression in Cetaceans

Pseudogenization of Pon1 in cetaceans occurred ~53 Mya,
with all five representatives with sequenced genomes
showing numerous genetic lesions, including multiple fra-
meshifts and premature stop codons that are shared and
must have occurred in the last common cetacean ances-
tor (Meyer et al. 2018). Given this prior evidence, the ex-
pectation would be that expression would be null or very
low. When comparing expression to ungulate relatives,
there were significant differences found in Pon1 expres-
sion (P =0.0001748), but not for Pon2 (P =0.189), Pon3
(P=0.613), or Actin (n1=n2=9, P=0.053) (fig 3;
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Million). Each dot represents a value for a singular species—some species had multiple individuals, and therefore their dot is an average value

(Supplemental Table S1).

supplementary table S2, Supplementary Material online).
The cetacean results serve as a control since their loss of
Pon1 function is ancient, and interestingly, there is still de-
tectable transcript, albeit at very low levels (0-26 TPM).

Pon1 Expression Levels Show Moderate Correlation
with Enzymatic Activity

All semiaquatic species for which we analyzed data show re-
duced Pon1 expression compared with their nonaquatic
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relatives, regardless of the presence or absence of genetic le-
sions. Within the species for which we have both expression
and enzyme activity, there are five semiaquatic and aquatic
species, including two pinnipeds (Zalophus californianus,
Phoca largha), a rodent (C. canadensis), and one cetacean
(Tursiops truncatus) (fig. 1). The rest are nonaquatic
lineages, including two rodents (Mus musculus, Rattus nor-
vegicus), three carnivores (Canis lupus familiaris, Felis catus,
and Mustela furo), and three ungulates (Ova aries, Sus scrofa,
and Capra hircus). Comparing chlorpyrifos oxonase (cpo)
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activity levels against log TPM counts for Pon1 showed a
moderately strong relationship (R* = 0.758).

Differentially Expressed Antioxidant Genes Tend to
Have Lower Expression in Semiaquatic Compared
with Nonaquatic Lineages

After matching gene identity across references, a total of
108 antioxidant genes were assessed for expression differences
in each of the (semi)aquatic/nonaquatic lineage pairs
(supplementary table S5, Supplementary Material online).
Within beavers—rodents, we were able to compare 84 of those
genes, with 34 showing significantly different expression pat-
terns (40.4%). A total of 33 of the 34 genes were all marked
by decreased expression in beavers compared with rodents,
with only 1 gene (MGST2) showing increased expression. For
cetaceans—ungulates, 86 antioxidant genes were compared,
with only 26 (30.2%) showing significant differences in expres-
sion. Of those, 18 had decreased expression although 8
showed increased expression levels in cetaceans, including
APOA1, APOA4, GPX3, LTC4S, PRDX1, PRDX2, PRDX4, and
NXNLT. For pinnipeds—carnivores, 87 antioxidant genes were
compared, of which 13 showed significant expression differ-
ences (14.9%); ten of those genes showed a decrease in expres-
sion in pinnipeds, although three (APOA1, APOA4, and GGT1)
showed increased levels of expression (supplementary table S5,
Supplementary Material online).

Pon1 Loss of Function is Best Associated with Diving-
Related Phenotypes

Because Pon1 is thought to mitigate oxidative damage to
bloodstream lipids, we tested for an association between
loss of function and six phenotypes that differ between
aquatic and terrestrial mammals and could also impact
bloodstream lipid oxidation (Mackness et al. 1997;
Rosenblat and Aviram 2009). The first three phenotypes
were related to dietary fatty acids because omega-3 and
omega-6 fatty acids have different capacities to sustain oxida-
tive damage (Miyashita et al. 1993) and marine and terrestrial

diets are known to have differing ratios of omega-3 to
omega-6 fatty acids (Koussoroplis et al. 2008), with omega-3
being more prevalent in marine ecosystems and more resist-
ant to oxidation. Dietary phenotypes examined were 1) total
omega-3 in diet, 2) total omega-6, and 3) omega-6:0mega-3
ratio. Additionally, because large amounts of oxidative dam-
age are accumulated although diving (Cantd-Medellin et al.
2011; Vazquez-Medina et al. 2012), we also explored the pos-
sibility that increased oxidative stress due to diving could be
related to PonT loss. We tested for an association between
Pon1 functional loss and 4) calculated aerobic dive limit
(cADL), 5) maximum reported dive time, and 6) estimated
myoglobin concentration. We used previously estimated
cADL, the maximum amount of time an animal is predicted
to be able to dive while subsisting on aerobic respiration
(Costa et al. 2001). Myoglobin concentration, as estimated
from myoglobin surface charge, was previously shown to cor-
relate well with current and ancestral diving ability across
aquatic and semiaquatic mammals (Mirceta et al. 2013).
For each phenotype, we used a phylogenetic logistic
regression to test its association with a binary Pon1 func-
tional status variable, encoded as present or absent, as
judged from all available data including lesions, expres-
sion level, and enzymatic activity (details in Materials
and Methods). None of the tests reached statistical sig-
nificance, but the best predictor was myoglobin concen-
tration with an uncorrected P value of 0.051 (fig. 4 and
supplementary table S6, Supplementary Material online).
Over all tests, the diving-related phenotypes predicted
Pon1 functional status better than the dietary pheno-
types; diving-related model fits had consistently lower
Akaike information criterion (AIC) values than those
for diet (maximum diving-related AIC 14.83; minimum
diet-related AIC 16.41; supplementary table S6,
Supplementary Material online). In fact, the dietary vari-
ables were associated with the Pon1 status in the oppos-
ite direction from that hypothesized; for example, the
estimated coefficient for total omega-3 (the best fitting
diet variable; supplementary table S6, Supplementary
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Material online) was 38.9, indicating that more omega-3
fatty acids would predict an increased probability of
functional Pon1. If diet were the driving force behind
Pon1 functional loss, an increase in marine-prevalent
omega-3 fatty acids would predict a decreased probabil-
ity of functional Pon1. The lack of significance for these
tests may be due to the small sample size (n = 9 species),
since diving data are unavailable for most pinniped
species.

Discussion

Previous work has shown that multiple clades of exclusive-
ly aquatic (cetaceans, sirenians) and semiaquatic lineages
(pinnipeds, castorids, and lutrids) have each independent-
ly lost the function of the Pon1 protein at least once
(Meyer et al. 2018). Whereas the functional losses in ceta-
ceans and sirenians were ancient, evidence suggests that
two independent functional losses occurred in pinnipeds
more recently, with some extant species retaining at least
partial function of the Pon1 enzyme. With new evidence
presented here from several clades, we estimate there to
have been at least six independent losses of Poni
function across mammals, all of which occurred in aquatic
lineages. Given the importance of Pon1 function for pro-
tection against toxicity from organophosphate byproducts
(Furlong 2007), which may be present due to agricultural
runoff in semiaquatic species’ habitats, it is critically im-
portant to characterize the extent of PonT loss in all aquat-
ic species. Gaining a more complete picture of Pon1
functional loss throughout the mammalian phylogeny
also enables us to test hypotheses regarding the specific se-
lective pressures that may have led to this loss (Meyer et al.
2018).

Evolution of Pon1 and Pon3 Function
Our results here demonstrate that loss of Pon1 function
accompanies every mammalian transition to aquatic life-
style that we have been able to assess, with one exception,
the American mink. The six functional losses we observed
apparently happened rapidly in most cases, with high in-
ferred dy/ds implying that Pon1 had not been subject to
selective constraint on the majority of each ancestral
branch of extant aquatic or semiaquatic species lacking
Pon1 function. In contrast, Pon1 function has been highly
conserved among terrestrial mammals, with terrestrial car-
nivorans, rodents, and ungulates retaining high levels of
blood plasma activity against Pon1 substrates (Meyer
et al. 2018) (fig. 2). We also report here for the first time
that Pon3 has similarly evolved very low expression levels
specifically in semiaquatic species, the beaver and pinni-
peds. This striking coevolution of Pon1 and Pon3 function
with aquatic transition provides strong evidence that
some characteristic of aquatic lifestyle removes purifying
selection on Pon function or even favors its loss.

Loss of protein function is generally thought to be det-
rimental and therefore selectively disadvantageous;
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however, if a nonessential gene is pseudogenized, there
may be no selective disadvantage and such pseudogeniza-
tion can be selectively neutral. Recent work has suggested
that gene loss may serve as an engine of evolutionary
change (Olson 1999), and gene loss of function has been
implicated in numerous lineage-specific traits presumably
crucial for fitness, across a variety of taxa (Zhao et al. 2010;
Meredith et al. 2011; Yohe et al. 2017; Esfeld et al. 2018;
Graham and Barreto 2020). Empirical studies have primar-
ily characterized pseudogenes by identifying substitutions
in coding regions, such as premature stop codons, frame-
shift mutations, and nonfunctional splice sites; once such a
nonfunctional mutation has fixed, pseudogenes are ex-
pected to evolve without selective constraint and to de-
generate quickly. However, losses of function can also be
caused by the disruption of promoters or other regulatory
regions, reducing gene expression (Force et al. 1999; Lynch
and Force 2000). This phenomenon (i.e., promoter degrad-
ation) has been extensively studied in plants, is largely
facilitated by the promoter having few subfunctions, and
is attributed to transposable-element insertion events
(Woodhouse et al. 2010; Yang et al. 2011; Ochi et al. 2017).

Pseudogenization of Pon1 is Preceded by Reduction
in Transcriptional Activity in Multiple Aquatic/
Semiaquatic Lineages

Variation in gene regulation has been shown to underlie a
significant proportion of phenotypic variance among
closely related organisms (Levine and Tjian 2003) and is
a considerable source of variation upon which natural se-
lection can act. If the loss of Pon1 in aquatic lineages is
driven predominantly by directional selection on gene
expression levels, and not drift, the expectation is that
optimal expression in aquatic or semiaquatic species
would shift relative to that of their terrestrial relatives.
However, if stabilizing selection on gene expression is re-
laxed in aquatic or semiaquatic mammals and the func-
tional loss in these species is facilitated mostly through
drift, the expectation would be an increase in expression
variance within and among these species (Stern and
Crandall 2018).

Ultimately, our results show a consistent, significant de-
pression of Pon1 transcriptional activity in aquatic and
semiaquatic lineages (figs. 3 and 5—Step 2), followed or ac-
companied by pseudogenization via accumulation of
changes to the coding sequence (fig. 5—Step 3). This pat-
tern is consistent with either selection for reduced Pon1
expression in aquatic environments or relaxation of select-
ive pressures maintaining high levels of expression.

Specifically, this same pattern of transcriptional reduc-
tion and accumulation of coding sequence substitutions
impacting function occurred at least four separate times
in aquatic or semiaquatic lineages, independently in ceta-
ceans and beavers, and twice in pinnipeds (figs. 1 and 3).
Expression reduction could also have occurred in sirenians
and otters, but we were not able to get liver tissue from
those species. It is currently unknown what amount of
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Fic. 5. Schematic showing the inferred process by which Pon1 loses function during adaptation to aquatic environments. In Step 1, Pon1 is fully
functional. In Step 2, a change to a regulatory element reduces transcription and hence Pon1 protein levels. In Step 3, the coding sequence of
PonT acquires further changes influencing its structure and/or function, leading to low and potentially dysfunctional protein. In Step 4, Pon1
function is fully lost, through a combination of changes preventing transcription and nonsense changes to the coding sequence (lesions), leading
to no detectable RNA or protein. Silhouette images are from Phylopic (CC BY-SA 3.0).

expression is required to meet levels necessary for “nor-
mal/wild-type” Pon1 function, although results from non-
aquatic linages with an aquatic sister lineage show average
expression levels ranging from 73 to 2,251 TPM, compared
with aquatic or semiaquatic levels of 0.1-62 TPM
(supplementary table S2, Supplementary Material online).

It is often assumed genes with any deactivating changes
to their coding and promoter regions are “dead” (Balakirev
and Ayala 2003), but a substantial number of disrupted
genes are still actively expressed (Yamada et al. 2003;
Cheetham et al. 2020). In our study, even in species in
which Pon1 is clearly a pseudogene, pseudogenization
has not caused a complete loss of PonT mRNA production.
For example, Pon1 enzyme activity is effectively null in ce-
taceans, and PonT was shown to have pseudogenized in
this clade roughly 53 Mya, yet nonzero levels of transcript
still persist.

Requirements for Extreme Diving Ability Could Cause
Pon1 Loss in Aquatic Mammals
Understanding the underlying physiological reasons facili-
tating pseudogenization of Pon1 would allow us to better
understand whether the repeated loss is truly adaptive, or
due to drift. Meyer et al. (2018) initially suggested that
Pon1 functional loss could be due to its protein’s role in ei-
ther diving or diet; our current study includes more species
as well as transcriptional activity to better test these spe-
cific hypotheses.

Based on our analyses, the hypothesis that diving and
oxidative stress impact PonT loss in pinnipeds was better
supported than the hypothesis that Pon1 functional loss

occurred due to an increased amount of omega-3 fatty
acids in the aquatic diet, though neither set of tests was
statistically significant (fig. 4 and supplementary table S6,
Supplementary Material online). There are several factors
influencing the power of these analyses—first, because of
our stringent criteria for what qualified as Pon1 loss of
function (DNA lesions, no plasma activity, or RNA
TPM <41.3) and functional (plasma activity or RNA
TPM > 61.76), our sample size for these analyses was
nine species. Second, for many of the species in this study,
the loss of Pon1 occurred on ancestral branches in animals
whose phenotypes may not match their modern-day
counterparts. For example, the ancestor of the California
sea lion and the Steller sea lion lost Pon1 function, but
the sea lions had an explosion of diversity in the
Miocene, with most members of the clade going extinct
by the modern era (Debey and Pyenson 2013). It is there-
fore possible that these animals had different diving or
dietary traits than their modern counterparts.

Myoglobin (Mb) concentration was most predictive of
Pon1 loss. Like its distantly related protein hemoglobin,
Mb is an iron- and oxygen-binding protein found in
both cardiac and skeletal muscle of vertebrates. In general,
Mb has a higher oxygen binding affinity than hemoglobin
and is involved in the storage and diffusion of oxygen with-
in muscle (Gros et al. 2010). Deep-diving marine mammals
are known to have more stable Mb than that of nondiving
mammals, and these divers’ Mb is also expressed at higher
levels in cardiac muscle (Scott et al. 2000; Samuel et al.
2015; Isogai et al. 2018). In addition, the Mb net charge
is higher in diving than nondiving mammals, potentially
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representing adaptation to prevent Mb self-association
when it is at the high concentrations necessary to increase
oxygen storage in muscle (Mirceta et al. 2013). Maximal ac-
tive dive time has been linked to the maximal skeletal mus-
cle concentration of Mb (Kooyman and Ponganis 1998;
Noren and Williams 2000; Lestyk et al. 2009; Ponganis
et al. 2011). Deep diving mammals rely on oxygen stores
in the blood and the muscle (80-90% of O, storage), al-
though shallow divers rely more on respiratory stores
(Kooyman and Ponganis 1998).

Previous work has suggested increased Pon1 protects
against atherosclerosis and lipid oxidation in a dose-
dependent manner (Shih et al. 1998; Tward et al. 2002).
Some human epidemiological studies have revealed an
association between low Pon1 levels and an increased
risk for coronary artery disease (Mackness et al. 1999;
James et al. 2000; Jarvik et al. 2000). In contrast,
meta-analyses across a large number of such studies
have shown only a marginal relationship (Wheeler et al.
2004), though that may be due to the distribution of
the Pon1 polymorphisms varying with ancestry (Davis
et al. 2009; McDaniel et al. 2014). If a major function pro-
vided by PonT is to protect against atherosclerosis, poten-
tially by breaking down oxidized lipids, it is a paradox that
these diving species would lose the function of this gene.
Why would species that encounter more oxidative stress
lose the ability to produce a functional enzyme whose
presence is protective in that context? These evolution-
ary losses of PonT and Pon3 raise the possibility that their
functional roles or the oxidative conditions induced by
diving are not fully understood.

Potential for Inflammation to Drive Pon1 and Pon3
Functional Loss across Multiple Lineages
It is important to note that diving involves a large set of
physiological responses, one or more of which may be
the causative factor(s) in driving repeated pseudogeniza-
tion of Pon1. For example, prolonged diving typically in-
volves organisms drawing down their body oxygen stores,
which results in generalized hypoxemia and local tissue hy-
poperfusion and hypoxia (McDonald and Ponganis 2013).
Such extended bouts of hypoxia incur cytokine-mediated
inflammation; however, animals that are adapted to hypox-
ic environments (high altitude) or engage in hypoxic beha-
viors (i.e, diving and burrowing) are thought to have a
largely blunted inflammation response or to have adopted
additional mechanisms to deal with hypoxia-induced
chronic low-grade systemic inflammation (Beall et al.
2002; Erzurum et al. 2007; Okin and Medzhitov 2012;
Zhang et al. 2016). This is because hyperactivation of the in-
flammatory response is detrimental, potentially causing
systemic inflammatory response resulting in septic shock,
as well as causing cardiovascular disease, among other
negative consequences (Libby 2006; Medzhitov 2008).
Pon1 activity has been shown to have antioxidant and
anti-inflammatory properties (Ng et al. 2008; Marsillach
et al. 2009; Mackness and Mackness 2010; Aharoni et al.
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2013); thus, the pseudogenization of Pon1 would at first
glance seem counter-intuitive, as inactive Pon1 would
not be able to suppress the inflammatory response.
However, it is possible that additional mechanisms have
counteracted the predicted increase in inflammation in
diving mammals due to hypoxia. For example, Tibetan
and Andean human populations show no sign of systemic
inflammation compared with lowlanders, and studies have
shown evidence of multiple mechanisms that aid in cir-
cumventing hypoxia, as well as the resulting inflammation,
in these populations; these include changes to the nitric-
oxide pathway (Erzurum et al. 2007), tumor necrosis factor
(TNF)-mediated pathways (Pham et al. 2021), and the
hypoxia-inducible pathway (HIF) pathway. Perhaps Pon1
function is lost in aquatic species because they have similar-
ly developed reduced inflammation and protection from
oxidative stress by other means. On the other hand, Pon1
and Pon3 were shown to hydrolyze eicosanoids, which
are lipids that can modulate inflammatory and immune re-
sponses (Teiber et al. 2018). PonT functional loss in aquatic
species could have occurred due to needed changes in eico-
sanoid signaling to reduce inflammation.

Inflammation is a difficult phenotype to measure since
there is no easy way to quantify its activity, especially during
such a transient behavior as diving; instead, we sought to
assess Pon1 activity in other lineages which have 1) evi-
dence of accelerated evolution of Pon1 and 2) a unique in-
flammatory response (i.e, bats). Previous work showed
similar acceleration of the Pon1 evolutionary rate in bats
to that of marine species; in addition, although bats did
not show evidence of deterioration of the Ponl gene,
some bats had distinct substitutions which potentially
would affect activity (Meyer et al. 2018). Recent work in
bats has shown they have a dampened inflammatory path-
way—specifically, bats have multiple strategies that reduce
proinflammatory responses, thereby mitigating potential
immune-mediated tissue damage and disease (Ahn et al.
2019; Goh et al. 2020; Larson et al. 2021). In addition, there
is evidence for loss of an entire gene family PYHIN (Ahn et al.
2016), as well as suppressed expression of c-Rel (Larson et al.
2021), both of which have known roles in inflammasome
sensing, in bats. Our results show that chiropterans also
have a pronounced reduction in Pon1 expression (median
362 TPM) compared with closely related lineages, which in-
clude carnivores (median 480 TPM; Mann—Whitney U test
P> 0.05), ungulates (median 914 TPM; P < 0.05), or both
combined (median 613 TPM; P < 0.05) (supplementary
table S2, Supplementary Material online).

Reactive oxygen species (ROS) are frequently linked to
initiating the inflammatory response; thus, we might ex-
pect the deficit of serum paraoxonase activity to be com-
pensated for by an increase in expression of other
antioxidant genes in semiaquatic species. However, our
comparison of expression patterns of antioxidant genes
in aquatic and semiaquatic lineages to those in their nona-
quatic relatives yielded evidence of a general decrease in
antioxidant expression in aquatic species relative to nona-
quatic species (supplementary table S5, Supplementary
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Material online). This may suggest that semiaquatic species
have additional mechanisms to prevent theinitiation of the
inflammatory response by ROS, paralleling the complex in-
flammation prevention mechanisms that accompany sub-
stantial changes in Pon1 in bats. Taken together, the
reduced expression of Pon1 in bats and the reduced expres-
sion of antioxidant genes in semiaquatic species lend some
credence to the notion that circumventing an otherwise
deleterious inflammation response may be the driving fac-
tor behind changes in the Pon1 evolutionary rate (bats, pin-
nipeds) and subsequent pseudogenization (pinnipeds).

Materials and Methods

Sample Overview

Tissue samples from a total of 30 individuals across 12 spe-
cies were obtained through the University of Alaska—
Museum of the North and through Burke Museum of
Natural History and Culture—University of Washington
(supplementary table S7, Supplementary Material online),
via the ARCTOS collaborative collection management
website. These samples were subsequently used for Pon1
sequencing and for RNA-seq analysis. We obtained blood
samples for DNA sequencing and Pon1 enzyme activity
testing for mink from a mink farm in Ohio, for harbor seals
from Six Flags Discovery Kingdom in California, for Steller
sea lions from NOAA and the University of Alaska
Fairbanks (NOAA permit no. 14326), for northern ele-
phant seals from Sonoma State University (NMFS permit
# 19108), and for several otter species from the Loveland
Living Planet Aquarium in Utah. Blood samples from all an-
imals in human care were obtained using procedures ap-
proved by the University of Utah and each sampling
institution’s research review committees prior to conduc-
tion. Additional Pon1 CDS sequence information was ac-
quired from publicly available genomes (supplementary
table S8, Supplementary Material online) and transcrip-
tomes (supplementary table S9, Supplementary Material
online). Expression data in liver samples for aquatic and
semiaquatic mammal lineages and their close nonaquatic
relatives were obtained through the NCBI Short Read
Archive (SRA), for a total of 90 individuals from 56 differ-
ent species across carnivores (14 species), which include
pinnipeds (2), plus ungulates (10), cetaceans (17), and ro-
dents (20), which includes beavers (supplementary table
S9, Supplementary Material online).

Determining Pon1 and PON3 Sequence from Public
Genomes

A combination of BLAT, BLAST, bowtie2, and MAKER an-
notation was used to find the Pon1 coding sequence with-
in publicly available genomes of new species of carnivores,
and rodents. Specifically, for the Steller sea lion and nor-
thern fur seal, in BLAT (Kent 2002), the first and last exons
of the walrus Pon1 sequence were used as queries against
the entire genomes with default parameters; the coordi-
nates from the BLAT searches were then input into a script

which then extracted the sequences between the first and
last exons, inclusively, from each species. The Pon1 exons
in these regions were then further identified based on
homology to the walrus sequence. Finally, the exons
were manually checked for any lesions or substitutions
at important sites, using walrus (0. rosmarus divergens)
as a reference.

For mink, California sea lion, capybara, giant river otter,
and nutria genomes, we used BLAST to identify the Pon1
exons. Each exon of Pon1 from the closest relative avail-
able for each species (ferret for mink, sea otter for giant
river otter, Steller sea lion for California sea lion, and gui-
nea pig for capybara + nutria) was used as a query against
the relevant species’ genome. If nucleotide BLAST re-
turned no results for an exon, we then translated the se-
quence and subjected the translation to a tBLASTn search
against the genome. If the exon still showed no results, we
then used the region containing the exon plus some sur-
rounding sequence (10 bp) as a query in a BLAST against
the genome. The alignment coordinates from the BLAST
searches were then used to extract the sequences of each
exon plus approximately five base pairs on either side
from the genome. Splice sites were then identified and
exons were manually concatenated and then translated.
These sequences were then aligned separately with other
carnivorans and rodents, using Seaview v4.6.1 (Gouy et
al. 2010), where they were manually checked for lesions
and/or substitutions at potentially important amino
acid sites, using dog (Canis lupus familiaris) as a reference
for Carnivora and mouse (M. musculus) as a reference for
Rodentia.

For six otter species, the whole-genome sequence was
downloaded from NCBI SRA (PRJNA841998) and sequences
mapped to the L. canadensis full gene Pon1 reference using
bowtie-2 (Langmead and Salzberg 2012). A consensus se-
quence was generated for each species and coding regions
were annotated and then translated; these protein sequences
were then aligned using MUSCLE to the human Pon1
(Uniprot P27169) which had important sites flagged
(supplementary table S4, Supplementary Material online).

Gene Sequencing and Lesion Identification from
Blood and (Museum) Tissue Samples

Sequencing was performed for samples from an otter (blood
buffy coat), a beaver (whole blood), and pinnipeds (liver,
blood, and muscle). Both RNA and DNA were extracted
from any samples with liver tissue—samples were ground
in 1.5mL tubes using a Bel-Art SP Scienceware Liquid
Nitrogen-Cooled Mini Mortar, and then, DNA and RNA
were extracted using the TRIzol protocol. For the blood
and muscle tissue samples, DNA was extracted using the
QIAGEN DNeasy Blood and Tissue kit. For pinnipeds, refer-
ence sequences of Pon1 were acquired from six different
pinniped species with genomes available, including Z. califor-
nianus (California sea lion; NC_045606), Neomonachus
schauinslandi (Hawaiian monk seal; NW_018734323), C. ursi-
nus (northern fur seal; NW_020312848), Eumetopias jubatus
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(Steller sea lion; NW_020998611), P. vitulina (harbor seal;
NW_022589707), and Halichoerus grypus (gray seal;
NW_023400273). For otters, reference sequences of Pon1
were acquired from three different otter species with gen-
omes available, including L. canadensis, Lutra lutra, and
Enhydra lutris kenyoni. For beaver, reference sequences of
Pon1 were acquired from four different C. canadensis gen-
omes available on NCBI (C.can genome v1.0; ASM982264v1;
CasCan_v1_BIUU; bgp_v1).

For each group, the whole gene region was aligned using
MUSCLE (Edgar 2004) and then degenerate primers were
created for each of the 9 exons using Primer3 (Untergasser
et al. 2012) (supplementary table S10, Supplementary
Material online). Using the DNA extracted from blood or tis-
sue samples, each exon was subjected to PCR (NEB OneTagq,
M0480) and sequencing (University of Utah; HSC Core
Facilities; and University of Pittsburgh Genomic Research
Core). All nine exons were then combined into complete
CDS and compared with the consensus CDS generated
from the genome references. Potential genetic lesions, substi-
tutions, and conservation of the ten major active sites were
identified using criteria described in Meyer et al. (2018), facili-
tated by the Geneious Prime software (Kearse et al. 2012).
The PCR products were sequenced by the University of
Utah Genomic Research Core or University of Pittsburgh
Genomic Research Core via Sanger sequencing.

Expression Analysis of Pon1 in Liver-Derived RNA-seq
Expression analyses using transcriptomic data were per-
formed for RNA-seq libraries created from museum liver
samples, as well as liver RNA-seq libraries available on the
SRA (supplementary tables S7 and S9, Supplementary
Material online).

For museum samples, the extracted RNA for four samples
was sent to Novogene for library preparation (polyA enrich-
ment) and sequencing via NovaSeq PE150. An additional 13
individuals had RNA-seq libraries made using the Swift
Biosciences RNA library prep kit, before being sent to
Novogene for sequencing—these libraries were trimmed for
adapters and quality filtered via BBduk in the BBtools package
(Bushnell 2018). However, four libraries/individuals were
not used in further analyses due to clear RNA degradation
(RNA integrity number =RIN < 4; supplementary table S7,
Supplementary Material online). Data downloaded from the
SRA included transcriptomic data derived exclusively
from the liver for other pinniped species, as well as other car-
nivores, cetaceans, ungulates, rodents, and chiropterans
(supplementary table S9, Supplementary Material online).
Each library was mapped using Salmon (Patro et al. 2017)
against the closest-related reference available—for pinnipeds,
they were mapped to all six pinniped references available.
When possible, multiple individuals were used for the
same species to assess within-species expression variation.
Regardless of origin, expression levels of Pon1, Pon2, Pon3,
and multiple endogenous control genes were assessed in all
transcriptomes  (supplementary tables S2 and S11,
Supplementary Material online).

12

For all samples run through the Salmon pipeline, differences
in expression between aquatic or semiaquatic and nonaquatic
lineages for 109 antioxidant genes (Carbon et al. 2009;
Vazquez-Medina et al. 2012) were tested for significance
using a Mann-Whitney U test. There were a total of 43 dif-
ferent transcriptome references used; thus, each transcript
was renamed according to the closest BLAST hit from the
human transcriptome (GCF_000001405.39_GRCh38.p13_
rna), and then isoforms for each gene were collapsed
into one per gene.

Assays for Enzymatic Activity against
Organophosphate-Derived Substrates

Blood was collected in lithium heparin tubes and centri-
fuged at 1,500-10,000 X g for 10-15 min at 4 °C. Plasma
was separated from the blood cell fraction and kept stored
at —80 °C until use. All activity assays were determined in a
SPECTRAmMax PLUS Microplate Spectrophotometer (Molecular
Devices, Sunnyvale, CA). The assay values were corrected
for path length using the software SoftMax Pro 5.4
(Molecular Devices). Levels of plasma arylesterase (AREase),
chlorpyrifos-oxonase (CPOase), diazoxonase (DZOase), and
paraoxonase (POase) activities were determined kinetically
as previously described (Richter et al. 2009). Briefly, plasma
of all the species analyzed was diluted 1/10 in a dilution
buffer (9 mM Tris-HCI pH 8.0, 0.9 mM CaCl,) and assayed
in triplicate at either 37 °C (for CPOase and POase) or
at room temperature (for AREase and DZOase). Activities
were expressed in U/mL (AREase, CPOase, and DZQase)
or in U/L (POase), based on the molar extinction coefficients
of 131 mM~"cm™" for phenol (the hydrolysis product
of phenyl acetate, AREase activity); 556 mM ™' cm™' for
3,5,6-trichloropyridinol (the hydrolysis product of CPO);
3mM ™" cm™ for 2-isopropyl-4-methyl-6-hydroxypyrimidine
(the hydrolysis product of DZO); or 18 mM ™" cm™" for p-ni-
trophenol (the hydrolysis product of PO). Alkaline phosphat-
ase was assayed in undiluted plasma of all species at 37 °C in
triplicate as follows: The plasma sample, 10 pL, was added to
170 pL of 0.95 M diethanolamine pH 9.8, 0.5 mM MgCl,. The
assay was initiated by adding 20 pL of 112 mM p nitrophenyl
phosphate in water. The absorbance at 405 nm was followed
for 4 min. Activities were expressed in U/L based on the molar
extinction coefficient of 18.0-1cm™" for p-nitrophenol (the
hydrolysis product of p-nitrophenyl phosphate). Phenyl acet-
ate (CAS 122 79-2, 99% purity), p-nitrophenyl phosphate
(CAS 333338-18-4, >97% purity), and other reagent chemi-
cals were purchased from Sigma-Aldrich. Chlorpyrifos oxon
(CPO) (CAS 5598-15-2; 98% purity), diazoxon (DZO) (CAS
962-58-3; 99% purity), and paraoxon (PO) (CAS 311-45-5,
99% purity) were purchased from Chem Service Inc. (West
Chester, PA).

Collection and Calculation of Diving Metrics

We collected maximum dive times for seven pinniped spe-
cies from Mirceta et al. (2013), who gathered these data
from multiple original studies (Slip et al. 1994; Stewart
and Delong 1995; Teilmann et al. 2000; Gjertz et al. 2001;

€20z AInr 61 uo Jasn Aseiqi Aiojeioge] uosyoer oyl Aq 85ZES L /70 L PesW/S/0/8|o1ie/aquw/wod dno olwapeoe//:sdyy Wwolj papeojumo(


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad104#supplementary-data
https://doi.org/10.1093/molbev/msad104

Reduction of Paraoxonase Expression Followed by Inactivation across - https://doi.org/10.1093/molbev/msad104

MBE

Plotz et al. 2002; Sterling and Ream 2004; Eguchi and Harvey
2005) and for two species from Schreer et al. (2001)
(supplementary table S1, Supplementary Material online).
We obtained cADL from literature if it was available
(Schreer et al. 2001; Weise and Costa 2007; Hassrick et al.
2010; Weingartner et al. 2012). For the Steller sea lion,
cADL was not available, so we manually calculated cADL
by dividing the total body oxygen volume by the metabolic
rate (Gerlinsky et al. 2013). If measurements for multiple in-
dividuals were available for cADL, we took the average of
the values (supplementary table S1, Supplementary
Material online). Full data, references, and results are avail-
able in repository folder “Diving_Variables.”

Calculation of Diet Metrics

We took diet composition across seven different food cat-
egories (Pauly et al. 1998), with the fatty acid content for
each category calculated as follows—1) for benthic inverte-
brates, omega-3, and omega-6 values were averaged across
clam and scallop (Santhanam 2014), 2) for large zooplank-
ton, a total lipid amount for Litopenaeus vannamei was
multiplied by the fraction of omega-3 and omega-6 lipids
for Euphausia superba (Bottino 1975; Santhanam 2014),
3) for squids, average values for omega-3 and omega-6
were multiplied by overall percent fat (Zlatanos et al.
2006), 4) for small pelagic fishes, the values for total fat com-
position for Ethmalosa fimbriata were used (Santhanam
2014), 5) for mesopelagic fishes, the values were calculated
from the average of mesopelagic fishes (i.e, percent fatty
acid times percent total lipid content) (Stowasser et al.
2009), 6) for miscellaneous fishes, the total percent fatty
acid by percent of the fatty acid type was multiplied for
Parastromateus niger (Santhanam 2014), and 7) finally,
the fatty acid content for higher vertebrates was deter-
mined by multiplying the fatty acid values and percent
fat by weight (Golet and Irons 1999; Wold et al. 2011). If
the percent total omega-3 for any category was unavailable,
we used the total amount of EPA and DHA instead. The to-
tal amounts of omega-3, omega-6, and omega-6/(omega-3
+ omega-6) fat were calculated for each prey category using
a custom script (Determine_lipid_content.R; Results in re-
pository folder “Dietary_Lipids”). These values were then
multiplied by the fraction of each prey category in a species’
diet and added (Pauly et al. 1998) to determine the overall
omega-6:0mega-3 ratio.

Testing Associations between Pon1 Loss and
Potential Predictive Variables

We conducted phylogenetic logistic regressions of diet and
diving variables against the Pon1 status using the phyloglm
and phylolm functions from the phylolm package (v2.6.2)
along with the ape package (v5.6-2) in R (v4.1.2) (Ives and
Garland Jr 2010; Tung Ho and Ané 2014). We assessed
model fit using the AIC. The full script is available as
PGLS_Analysis_Pinniped.R in data repository folder
“PGLS.” The status of Pon1 was determined to be “present”
(encoded as “1”) if the species showed any plasma activity

or RNA levels above 61.76 TPM. Pon1 status were deter-
mined to be “absent” (encoded as “0”) if any DNA lesions
or substitutions in amino acid sites critical for function
were present. Additionally, the Pon1 status was made to
be zero if no plasma activity was seen or RNA levels
were below 41.3 TPM. Species for which only a DNA se-
quence with no lesions were present were excluded from
this analysis, as it has been shown that even without gen-
etic lesions, some pinniped species lack Pon1 plasma activ-
ity (Meyer et al. 2018). The species tree (PGLS_Tree.txt)
used for all of these analyses was adapted from Higdon
et al. (2007) with branch lengths corresponding to millions
of years. All scripts, data, and results are available in reposi-
tory folder “PGLS.”

Examination of Sequence Evolution in Lutrinae

To test hypotheses about sequence evolution in otters, we
used branch model 2 in PAML (Yang 1997). We tested one
alternative hypothesis—that otters show a different rate of
Pon1 sequence evolution from other mustelids—against
two null hypotheses. We modeled this alternative hypoth-
esis by clustering the otters and the other mustelids separ-
ately and allowing d\/ds to vary between the two groups.
We then compared this with a model where otters were
clustered with the other mustelids, but dy/ds for this
group was restricted to the dy/ds for other mustelids esti-
mated in the alternative model, to simulate PonT in otters
evolving at the same rate as in the other mustelids. Finally,
we fit a model where otters were clustered with the other
mustelids, but dy/ds was allowed to vary freely for this
group, representing a scenario where any shift in rates
within otters is incorporated into dy/ds estimation for all
mustelids. The alternative model was then tested against
each null model with a log likelihood test with df =1.
For all models, other major groups in Carnivora (canids, fe-
liformes, etc.) were clustered and dy/ds was determined
for each group as a whole. We also fit a model where
dn/ds was determined freely for each branch (branch mod-
el 1) to examine general changes in the rate of evolution
for Pon1 in otters. Trees used for each of these models
are available in the Dryad repository.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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