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EVOLUTIONARY BIOLOGY

Parallel gene expansions drive rapid dietary
adaptation in herbivorous woodrats

Dylan M. Klure't, Robert Greenhalgh't, Teri J. Orr2, Michael D. Shapiro®, M. Denise Dearing*

How mammalian herbivores evolve to feed on chemically defended plants remains poorly understood.
In this study, we investigated the adaptation of two species of woodrats (Neotoma lepida and N. bryanti)
to creosote bush (Larrea tridentata), a toxic shrub that expanded across the southwestern United
States after the Last Glacial Maximum. We found that creosote-adapted woodrats have elevated
gene dosage across multiple biotransformation enzyme families. These duplication events
occurred independently across species and substantially increase expression of biotransformation
genes, especially within the glucuronidation pathway. We propose that increased gene dosage
resulting from duplication is an important mechanism by which animals initially adapt to novel

environmental pressures.

erbivores routinely feed on chemically
defended plants and thus regularly con-
front the possibility of being poisoned
by their food (). Theory has long pre-
dicted that diet selection in herbivores
is dictated by hepatic biotransformation (“de-
toxification”) enzymes (2). Extensive informa-
tion about plant-animal interactions exists for
arthropods, particularly insects (3-5). Far less
is known about the biotransformation mecha-
nisms used by their mammalian counterparts

Fig. 1. Woodrat evolutionary history with creosote
bush. (A) Adult female N. lepida between juniper (left;
the ancestral diet) and creosote bush (right; the novel
diet for this species). [Photo: M. Doolin] (B) Phyloge-
netic relationship of N. lepida and N. bryanti, and their
historical exposure to juniper and creosote bush.
Exposure timelines are based on radiocarbon dating of
plant material from woodrat paleomiddens (14). mya,
million years ago; kya, thousand years ago. (C) Map of
the southwestern United States showing trapping
locations of woodrats and the contemporary range of
creosote bush (creosote vector provided by the USGS-
SVSC-Colorado Plateau Field Station). Creosote
expanded across the southwestern United States at the
end of the Last Glacial Maximum from a putative
refugia near Welton Hills, Arizona (17). Approximate
dates (kya) are provided on the creosote overlay to
demonstrate when creosote arrived at different regions
of the Mojave Desert. (D) Overview of the experimental
approaches used in this study to identify adaptations
underlying creosote tolerance in these species. Wood-
rats were previously phenotyped for creosote tolerance,
and the same individuals were used in this study to
generate gene expression and whole-genome rese-
quencing datasets.
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to metabolize plant compounds, adapt to novel
diets, or specialize on toxic plants (I, 6-10).
Prior research suggests two general mecha-
nisms that enable the metabolism of toxic
diets by herbivores: (i) improved catalytic ef-
ficiency of biotransformation enzymes through
neofunctionalization (Z7) and (ii) higher dos-
age of biotransformation enzymes through
gene duplication (72). Since most mammalian
species are herbivorous to some extent (13),
the identification of these mechanisms and

their evolution is critical to understanding diet-
ary shifts that enable exploitation of new food
resources as well as predicting the response
to shifts imposed by changing flora under
natural and anthropogenic processes.

We investigated the evolution of dietary ad-
aptation in mammalian herbivores by focus-
ing on woodrat species (Neotoma spp.) that
experienced a climate-related event with diet-
ary consequences—the extirpation of their pri-
mary food resource, juniper (Juniperus spp.)
and its replacement by creosote bush (Larrea
tridentata) (Fig. 1A). These floristic changes sub-
stantially altered the diet of herbivorous woodrats
as recorded in their paleocaches (74). Juniper and
creosote bush produce disparate plant second-
ary compounds (terpenes versus phenolics and
lignans, respectively) that require different
suites of biotransformation enzymes (7, 15, 16).
The dietary shift to creosote occurred indepen-
dently in two species of woodrats (Neotoma
lepida and N. bryanti) at the end of the Last
Glacial Maximum (~19 to 15 thousand years
ago), when the American Southwest under-
went a natural climate change event (Fig. 1B)
(14, 17, 18). Warming led to the extirpation of
juniper, enabling creosote bush, a novel species
in the region, to invade (17). Currently, Larrea
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Fig. 2. Genomic regions that contain biotransformation-related genes with
signatures of recent positive selection in tolerant individuals. (A and B)
Tolerant N. lepida and (C and D) tolerant N. bryanti harbored multiple genomic
regions with signatures of recent positive selection, as estimated from cross-
population extended haplotype homozygosity (XPEHH) and allele frequency

Elevated hepatic expression

differentiation (ZF) scans that contain biotransformation genes compared with
conspecifics that were sensitive to creosote toxins. Dashed lines indicate the genome-
wide significance threshold. Several of the candidate genes under positive selection in
(E) tolerant N. lepida and (F) tolerant N. bryanti. Asterisks denote instances where
candidate genomic regions contained multiple genes belonging to the same subfamily.

species occupy millions of hectares across the
Americas (Fig. 1C), and under climate change
models, L. tridentata is projected to substan-
tially extend its range northward within decades
(19-22). Its leaves are heavily defended by a com-
plex resin of hundreds of chemicals (primarily
phenolics and lignans) in substantial quan-
tities making up 10 to 25% of its dry mass (15).
Few herbivores, including arthropods, have over-
come the defenses of this abundant shrub (75);
however, some N. lepida populations ingest large
quantities of creosote, particularly during the
winter months (23, 24). The recent character-
ization of the response in one N. lepida popu-
lation capable of ingesting the equivalent of
100% creosote revealed induction of multiple
biotransformation genes (25). Building on this
work, we used a combination of evolutionary,
genomic, and experimental approaches to eval-
uate the two general mechanisms hypothe-
sized to enable toxin metabolism in mammalian
herbivores and to identify the portfolio of bio-
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transformation genes under selection in wood-
rats that feed on creosote (Fig. 1D).

Genes under selection in
creosote-tolerant woodrats

Individuals of N. lepida and N. bryanti exhibit
differential tolerance to creosote bush, where
those within its range have substantially higher
tolerance (24). We capitalized on these estab-
lished phenotypic differences to identify genes
under differential selection in woodrats that
enable creosote tolerance. Using tissues of
animals previously phenotyped for creosote
tolerance (24), we performed whole-genome
resequencing on individuals of N. lepida (n =
101) and N. bryanti (n = 51) from 13 localities
(Fig. 1, C and D, and table S1), achieving 10.9 +
1.8x (SD) mean genome coverage. Genetic dif-
ferentiation between localities within each spe-
cies was consistent with isolation by distance
rather than evidence for discrete local popula-
tions (fig. S1 and table S2). Estimated genome-
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wide divergence between species (1.2%) is similar
to previous estimates (26), with a divergence
time of ~1.6 million years ago (27) (fig. S1B).
These results are consistent with recent ex-
pansion events for these species after periods
of glaciation (27).

Based on previously determined phenotypic
tolerance to creosote resin, we categorized in-
dividuals as “tolerant” or “sensitive” (24) and per-
formed selection scans to identify candidate
genomic regions specific to tolerant individuals.
We tested for differential genomic signatures
of positive selection between creosote-tolerant
and creosote-sensitive populations by comparing
patterns of extended haplotype homozygosity
and allele frequency differentiation (ZFy, where
Z is the standard score and Fj; is the fixation
index) using a sliding window approach. We
controlled for false-positive differentiation sig-
nals using 1000-fold permutation with random-
ized placement of individuals to the tolerant
or sensitive groups (fig. S2). Tolerant N. lepida
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Fig. 3. Tolerance and gene copy number variation are associated with
historical exposure to creosote bush. (A) Interpolation map of the site-
average maximum dose of creosote resin tolerated by captive woodrats.
Tolerance was far greater in woodrats sampled from within the distribution of
creosote bush (outlined in white). (B) Ugt2b31 and (C) Gsta6 CNV followed a
similar pattern to tolerance and was greatest in woodrats sampled from within
creosote bush habitat. (D) For N. lepida, the estimated diploid copy number
of Ugt2b31 was negatively correlated with each sampling site’s geographic

showed signatures of positive selection in re-
gions containing numerous genes involved in
hepatic xenobiotic biotransformation (Fig. 2,
A and B). These included multiple aldo-keto
reductases (AKRs), monooxygenases (P450s),
glutathione S-transferases (GSTs), and uridine
diphosphate (UDP)-glucuronosyltransferases
(UGTs; tables S3 and S4). One candidate re-
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gion contained UDP-glucose 6-dehydrogenase
(Ugdh), a gene whose protein product catalyzes
the synthesis of the donor substrate used by
glucuronosyltransferases (28). Similarly, putative
selected regions in tolerant N. bryanti genomes
contained genes encoding biotransformation
enzymes in the P450 and UGT families as well
as a diverse suite of other functions, including
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distance to the putative origin of creosote bush expansion in the United States
(Welton Hills, Arizona). Shaded areas represent 95% confidence intervals. Ugt2b31
individual copy variation was strongly associated with individual hepatic constitutive
(control diet) and induced (creosote diet) expression for both (E) N. lepida and

(F) N. bryanti. Gsta6 (G) CNV and hepatic expression for both (H) N. lepida and
(1) N. bryanti demonstrated similar patterns to that of Ugt2b31. Individual
regression coefficients () for copy number (CN) and hepatic state (HS) shown
in (E), (F), (H), and (I) were calculated using a leave-out-one approach.

numerous olfactory receptors and several im-
mune genes (Fig. 2, C and D, and tables S5 and
S6). While selected regions yielded partially
overlapping functional categories of genes re-
lated to the processing of toxins, overall, there
were a far greater number of putative positive
selection events around biotransformation
genes among the creosote-tolerant N. lepida
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compared with N. bryanti, which likely con-
tributes to V. lepida’s higher tolerance for cre-
osote bush (24).

Candidate genes have elevated hepatic
expression in tolerant woodrats

Although whole-genome scans revealed multiple
candidate genes with signatures of positive
selection in tolerant woodrat populations, some
of these differentiated regions could be prod-
ucts of selection for traits unrelated to creo-
sote feeding or of neutral processes. Therefore,
we conducted feeding trials followed by liver
transcriptome analyses to identify genes either
constitutively expressed or induced by inges-
tion of creosote resin (Fig. 1D). Captive wood-
rats (. lepida, n = 101; N. bryanti, n = 51) were
fed either a nontoxic control diet or creosote re-
sin diet, after which we sequenced liver mRNA,
achieving 50 million read pairs per transcrip-
tome. Distinct gene expression patterns were
evident between the tolerant and sensitive in-

Klure et al., Science 387, 156-162 (2025)

dividuals within each species (fig. S3). For
N. lepida, several genes in the Akr7a, Cyp2c,
Gsta, Ugtla, Ugt2a, and Ugt2b families, as well as
Ugdh, had significantly higher expression (=1.25x
fold change; P < 0.01) in the tolerant individ-
uals feeding on creosote resin (Fig. 2E, figs. S4
to S8, and data S1). N. bryanti produced sim-
ilar results: Several genes in the Cyp2d, Ugtla,
and Ugt2b families had higher expression (Fig.
2F, figs. S4 to S8, and data S2). To focus our effort
on biotransformation genes related to local ad-
aptation to creosote feeding, we limited subse-
quent analyses to biotransformation genes with
signatures of positive selection and elevated
hepatic expression in tolerant individuals.
The overlapping sets of candidate genes from
our whole-genome scans and functional tran-
scriptome analyses (Fig. 2, E and F) have well-
described functions related to the hepatic
metabolism of xenobiotics—many operate in
tandem and have been previously implicated
in creosote tolerance (25, 29, 30). P450s in-

10 January 2025

crease the hydrophilicity through the addition
of polar groups, yielding reactive oxidative
metabolites that can be reduced by AKRs. GSTs
and UGTs act directly on xenobiotics, such as
phenols (31), or further modify metabolites of
P450s by conjugation with glutathione or glu-
curonic acid, respectively, reducing hepatotox-
icity and facilitating excretion. P450s and UGTs
are the most important biotransformation en-
zymes in mammals, metabolizing 80 and 20%
of drugs in humans, respectively (32, 33). More-
over, P450s and UGTs have undergone large
expansions in the genomes of N. lepida and
N. bryanti, with smaller expansions evident
in the AKR and GST families (25, 26). There
were no nonsynonymous mutations within any
of these candidate genes found at a frequency
>50% in tolerant individuals, potentially a con-
sequence of the recent expansion age. Thus,
the duplicated genes are not likely to differ in
function. Previous studies collectively impli-
cate these gene families (AKR, GST, UGT, P450)
in the metabolism of creosote by woodrats
using a variety of approaches, including en-
zyme activity assays and gene expression assays
(25, 30). In particular, the results from whole-
organism studies report more than twofold
greater urinary excretion of glucuronic acid—
the product of UGT enzyme activity—in toler-
ant woodrats (34).

Tolerant woodrats have higher copy number
of key detoxification genes

Copy number variation (CNV) of these genes
was also associated with creosote ingestion. Both
species of woodrats demonstrated proximity-
based tolerance to creosote, where individu-
als from within creosote’s range had higher
tolerance than those sampled outside its range
(Fig. 3A). There was evidence for CNV among
candidate genes between tolerant and sensitive
individuals. For N. lepida, tolerant individuals
had a greater copy number of Akr7a3, Gstal,
Gsta6, and Ugt2b31 (fig. S9). Tolerant N. bryanti
also had a greater copy number of Ugt2b31I,
however, in contrast to N. lepida, they did not
have an increased copy number for any other
candidate genes (fig. S10). These results indi-
cate that expansions of Akr7a3, Gstal, and
Gsta6 in tolerant N. lepida are likely species-
specific adaptations for creosote feeding.
CNV of Ugt2b31 and Gsta6 in N. lepida was
associated with both historical onset and present-
day exposure to creosote (Fig. 3, B and C). We
modeled CNV within these genes for each in-
dividual and their geographic distance from
the putative center of creosote bush expansion
(Welton Hills, Arizona) (7). Diploid copy num-
ber of Ugt2b31 was inversely correlated with
each site’s distance to the center of creosote ex-
pansion (Fig. 3B), where sites with the longest
exposure time had the highest gene copy num-
ber. Specifically, N. lepida sampled closest to
the center had approximately nine more Ugt2031
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Fig. 5. Overview of candidate hepatic biotransformation genes associated with creosote tolerance.
(A) The glucuronidation pathway is an important phase Il biotransformation process that has undergone
considerable and independent evolutionary change in tolerant N. lepida and N. bryanti (relevant gene subfamilies in
bold). Specifically, tolerant individuals of both species exhibited increased gene dosage of Ugt2b genes and
shared selective sweeps around efflux transporter Abcg3. Additionally, tolerant N. lepida had signatures of positive
selection around single-copy gene Ugdh with both elevated constitutive and induced hepatic expression. The
protein product of this gene catalyzes the synthesis of uridine 5'-diphosphoglucuronic acid (UDPGA), the donor
molecule of glucuronic acid, and is a rate-limiting step of glucuronidation. ATP, adenosine triphosphate; ADP,
adenosine diphosphate. (B) Gene subfamilies are organized according to the phase of biotransformation
(shown on the left). Within creosote-tolerant individuals, circles denote whether a gene subfamily had
differential signatures of positive selection, increased copy number, and/or elevated expression (either constitutively,
induced, or both) relative to sensitive conspecifics. Gene subfamily names in bold had independent

signatures of positive selection across species.

copies than did those furthest away. This model
supports a rate of expansion of approximately
three additional Ugt2b31 copies per 5000 years
of creosote exposure (Fig. 3D). N. bryanti dem-
onstrated a similar pattern, where individuals
sampled closest to the geographic origin of cre-
osote had two additional Ugt2b31 copies (Fig.
3D). Expansions of Ugt2b31 in tolerant N. lepida
and N. bryanti were associated with greater
constitutive and inducible hepatic expression
(Fig. 3, E and F). Gsta6 CNV and expression
demonstrated similar patterns (Fig. 3, C and
G to I). Thus, for creosote-tolerant woodrats,
length of exposure to creosote is associated
with large-scale expansions of Ugt2b31 and,
to a lesser extent, Gsta6, supporting the hy-
pothesis that these expansions are adaptive
for creosote feeding. N. stephensi, a close rela-
tive and a juniper specialist, has fewer copies of
Ugt2b and Gsta genes compared with creosote-
tolerant N. lepida and N. bryanti individuals
(figs. S11 and S12), further indicating that creo-
sote feeding selected for increased copy num-
ber of these genes.

Klure et al., Science 387, 156-162 (2025)

Glucuronidation plays a key role

in creosote tolerance

The finding that adaptations within the Ugt2b
family may underlie creosote bush feeding in
woodrats is consistent with its critical role in
xenobiotic metabolism in mammals (35, 36). No-
tably, while dietary creosote induced expression
of most Ugt2b genes, the magnitude of induc-
tion for Ugt2b31 genes was often lower than
constitutive differences observed between tol-
erant and sensitive populations (figs. S6 to S8).
This pattern strongly suggests that Ugt2b31
expression in woodrats is dictated primarily by
gene dosage rather than by regulatory elements
such as xenobiotic sensing nuclear receptors.
Individual CNV of Ugt2b31 explained 78% of
the variation in hepatic expression on creosote
resin diets (Fig. 3C). To further examine ex-
pression dynamics of copy number-variable
UGTs, we performed phylogenetic reconstruc-
tion of Ugt2b genes in both reference genomes
and evaluated transcription at the level of gene
clusters to see whether closely related genes
shared similar constitutive or induced expres-
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sion patterns across populations and species
(Fig. 4 and figs. S6 to S8). Regardless of spe-
cies, tolerant populations exhibited elevated
expression in Ugt2bl1, Ugt2b7, and the Ugt2b31
gene clusters A and I. Furthermore, within the
Ugt2b31 clusters, N. lepida tolerance was linked
to elevated expression in gene clusters E, F, and
H, whereas in N. bryanti, tolerance was asso-
ciated with heightened expression of the Ugt2b17
gene clusters A and E.

The features identified across the Ugt20
family are consistent with repeated and inde-
pendent expansion events in both species in
response to the invasion of creosote. Several
lines of evidence support the role of parallel
evolution in the history of this gene family.
First, Ugt2b gene expansions are similar in
tolerant N. lepida and N. bryanti, closely mir-
roring historical estimates of creosote expo-
sure. These expansions have increased overall
dosage of Ugt2b genes relative to closely rela-
ted species (fig. S12) (37-40). Second, both
woodrat species exhibit species-specific hap-
lotypes across the Ugt2b family (fig. S13), indi-
cating that interspecific introgression is unlikely
to have played a role in this gene family’s evo-
lution. Finally, within tolerant individuals, there
have been additional species-specific expan-
sions of the Ugt2b family linked to distinctive
expression patterns (Fig. 4). We propose that
the recent independent Ugt2b expansion events
in tolerant populations were prompted by the
expansion of creosote driving copy number to
exceptionally high levels reaching as many as
~38 putative copies of Ugt2b31 in some indi-
viduals (Fig. 3E) and, consequently, elevated
expression of these genes. This notable in-
crease in gene dosage bolsters the liver’s ca-
pacity for glucuronidation.

Further evidence for the importance of the
glucuronidation pathway in mediating creosote
tolerance was apparent in Ugdh and Abcc3.
Ugdh catalyzes the rate-limiting step of the
glucuronidation pathway (Fig. 5A). Although
Ugdh is a single-copy gene in both species (figs.
S9 and S10), tolerant N. lepida exhibited a dis-
tinctive haplotype (fig. S14) and had elevated
expression levels of Ugdh regardless of diet
(fig. S5). Elevated expression in tolerant individ-
uals represented elevated protein levels (fig. S15).
Since no nonsynonymous changes were present
in the coding sequence, the tolerant haplotype
likely includes a regulatory change responsible
for enhanced expression. Abcc3 encodes the
multidrug resistance 3 (MRP3) transporter, one
of the major exporters of glucuronidated me-
tabolites from the liver (Fig. 5A) (41). Abcc3
was consistently among the most differen-
tially expressed genes (data S1 and S2), exhibit-
ing a minimum induction of 2.8x on a resin diet
regardless of species (fig. S16). As Abcc3 expres-
sion correlates with the rate at which glucu-
ronidated compounds are effluxed from the liver
(42), up-regulation of this transporter further

50f7

Gzoz ‘/T Afenuer Uo Jogly uuy UeBIydiA Jo AlsieAlun e 610'a0us10s"Mamm//:sdny Wwol) papeoumoq



RESEARCH | RESEARCH ARTICLE

reinforces the importance of the glucuronida-
tion pathway in mediating creosote tolerance.

We did not detect expansions of functional-
ization enzymes (e.g., P450s) in tolerant indi-
viduals; however, this result does not imply
that these enzymes do not contribute to cre-
osote resin metabolism. Cyp3all and Ephxl,
for example, are duplicated in both species and
highly expressed in the liver on a resin diet
regardless of species identity or tolerance (fig.
S17) (25). Given that these duplications in
Neotoma are present in all sequenced woodrat
species, these functionalization enzymes likely
represent ancestral mechanisms for herbivory.

Genomic features associated with creosote
tolerance were evident only in individuals sam-
pled from within creosote’s distribution, de-
spite evidence for high levels of intraspecific
gene flow. Thus, we hypothesize that expan-
sions in the Ugt2b family could result in fitness
costs at sites where creosote is not regularly
encountered. Specifically, the high constitutive
expression of Ugt2b and Ugdh in tolerant in-
dividuals may have a fitness cost related to
the demands of maintaining high enzyme lev-
els or loss of glucose molecules to the conju-
gate, uridine 5'-diphosphoglucuronic acid (28)
(Fig. 5A). Such costs could be maladaptive for
woodrats outside creosote’s range but could
represent an adaptive trade-off when creosote
is a major dietary component.

Another major finding of this work is the
role of gene duplication in facilitating rapid
dietary adaptation. A large body of evidence
demonstrates that biotransformation gene ex-
pansion enables arthropod herbivores to feed
on toxins both natural and anthropogenic
(3-5). In contrast, although expansions of he-
patic biotransformation genes have been noted
in vertebrates (12, 43), there has been rela-
tively little focus on how these are tied to
evolutionary mechanisms associated with
herbivory. Here, we find that the independent
adaptation of two woodrat species to a novel
and toxic diet is associated with expansion of
liver biotransformation enzyme families, akin
to the mechanisms that underlie dietary ad-
aptation in arthropods. In addition, of the two
potential genetic mechanisms thought to en-
able herbivory in mammals, we only found
evidence for one of them. There was no sup-
port for selection for neofunctionalization
within the expanded biotransformation en-
zyme families, as the few nonsynonymous mu-
tations we detected across paralogs were rare,
potentially a consequence of the recent age
of these expansions. Instead, we find that var-
iation in gene dosage enabled by duplication
likely plays a critical role in creosote tolerance.
The potential immediate benefits of increased
gene dosage without neofunctionalization are
often overlooked (44). This mechanism of
local adaptation to environmental toxins by
means of quantitative differences in biotrans-
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formation gene dosage may be common in
other vertebrate herbivores, as indicated by
recent genomic surveys (36, 45), and might be
a general mechanism by which species with
longer generation times rapidly adapt to novel
food sources as well as other aspects of envi-
ronmental change (46, 47).

For more than half a century, biologists have
speculated which evolutionary mechanisms
enable mammalian herbivores to exploit novel
and toxic foods (2). Decades of debate have
centered on the relative role of protein changes
and quantitative differences in the dosage of
biotransformation genes as well as the impact
of their transcriptional regulators. Here, we
identify the portfolio of biotransformation genes
and their evolution associated with rapid diet-
ary adaptation in mammalian herbivores. The
ability of woodrats to feed on creosote bush is
one of a growing number of examples of rapid
local adaptation in vertebrates (48-50).
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