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Synopsis Sexual size dimorphism is widespread in nature and often develops through sexual divergence in growth trajectories. In vertebrates, the growth hormone/insulin-like growth factor (GH/IGF) network is an important regulator of growth,
and components of this network are often regulated in sex-specific fashion during the development of sexual size dimorphism.
However, expression of the GH/IGF network is not well characterized outside of mammalian model systems, and the extent to
which species differences in sexual size dimorphism are related to differences in GH/IGF network expression is unclear. To begin bridging this gap, we compared GH/IGF network expression in liver and muscle from 2 lizard congeners, one with extreme
male-biased sexual size dimorphism (brown anole, Anolis sagrei), and one that is sexually monomorphic in size (slender anole,
A. apletophallus). Specifically, we tested whether GH/IGF network expression in adult slender anoles resembles the highly sexbiased expression observed in adult brown anoles or the relatively unbiased expression observed in juvenile brown anoles. We
found that adults of the 2 species differed significantly in the strength of sex-biased expression for several key upstream genes
in the GH/IGF network, including insulin-like growth factors 1 and 2. However, species differences in sex-biased expression
were minor when comparing adult slender anoles to juvenile brown anoles. Moreover, the multivariate expression of the entire
GH/IGF network (as represented by the first two principal components describing network expression) was sex-biased for the
liver and muscle of adult brown anoles, but not for either tissue in juvenile brown anoles or adult slender anoles. Our work suggests that species differences in sex-biased expression of genes in the GH/IGF network (particularly in the liver) may contribute
to the evolution of species differences in sexual size dimorphism.

Introduction
Sexual dimorphism is widespread in nature and understanding the genomic and transcriptomic mechanisms
that facilitate the evolution of sex-specific phenotypes is a major goal of integrative biology (Lande
1980; Fairbairn 1997; Wiens 1999; Fairbairn and Roff
2006; Chenoweth et al. 2008; Mank 2009; Reedy et al.
2019). Because males and females share an autosomal genome, the development of sexual dimorphism
usually requires the sex-specific expression of shared
autosomal genes (Ellegren and Parsch 2007; Mank
2009; Innocenti and Morrow 2010; Mank et al. 2010;

Ingleby et al. 2015). Consequently, evolutionary shifts
in the direction or magnitude of sexual dimorphism
should be accompanied by changes in the expression of
gene networks that underly sexually dimorphic traits.
Body size is a polygenic trait that often differs between
the sexes as the result of sex-specific growth trajectories
(Andrews 1976; Stamps 1993; Stamps and Krishnan
1997; Badyaev 2002; Cox and John-Alder 2007; Cox
et al. 2017b). These growth trajectories are governed at
least in part by the growth hormone/insulin-like growth
factor (GH/IGF) regulatory network (McGaugh et al.
2015). Hence, comparative studies of sex-specific
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Duan and Xu 2005; Duan et al. 2010; Allard and Duan
2018). However, the function of IGFBPs varies greatly
among non-mammalian vertebrates (Haramoto et al.
2014; Garcia de la Serrana and Macqueen 2018), and
predictions based upon molecular structure of IGFBP6
suggest that it can no longer efficiently bind IGFs in
squamates (McGaugh et al. 2015). This previous work
highlights the potential for interspecific variation in
expression and function of GH/IGF genes, including
across ontogeny. Additional comparative research on
the expression of GH/IGF genes is thus needed for a
more comprehensive understanding of the role of this
network in the ontogeny and evolution of body size, including sexual size dimorphism.
Previous research suggests that sex-biased expression of the GH/IGF network can regulate the development of sexual size dimorphism. In rodent models (rat
and mouse) with male-biased sexual size dimorphism,
sex-biased patterns of GH secretion regulate divergent
growth between the sexes (Lichanska and Waters 2008).
For male-larger brown anole lizards (Anolis sagrei), expression of genes for GHR, insulin-like growth factors
(IGF-1 and IGF-2), and IGFR and binding proteins
(IGFBP1 and IGFBP4) is male-biased (i.e., transcript
abundance is higher in males) and stimulated by
testosterone (Cox et al. 2017b). Similarly, 17-α-methyltestosterone mediates male-biased expression of GH,
IGF-1, and IGF-2 in the yellow catfish (Pelteobagrus
fulvidraco), which exhibits male-biased sexual size
dimorphism (Ma et al. 2016). However, testosterone
reduces expression of hepatic IGF-1 in a lizard species
(Sceloporus undulatus) with female-biased sexual size
dimorphism (Duncan et al. 2020). In brown anoles, expression of genes in the GH/IGF network varies based
upon tissue type and developmental stage and diverges
between the sexes as development progresses (Cox
et al. 2017b; Beatty and Schwartz 2020). Altogether,
this body of work implies that sex-biased expression
of the GH/IGF network is often involved in the development of sexual dimorphism. However, previous
work has not explicitly compared the expression of the
GH/IGF network between closely related species that
differ in their patterns of sexual dimorphism.
In this study, we compared sex differences in expression of the GH/IGF network between two species of
Anolis lizard: the sexually dimorphic brown anole (A.
sagrei), and the sexually monomorphic Panamanian
slender anole (Anolis apletophallus). Brown anoles
are sexually dimorphic in many traits (Sanger et al.
2013; Sanger et al. 2014; Reedy et al. 2016, Cox et al.
2017a), including body size, which exhibits extreme
male-biased sexual dimorphism (Stamps 1999; Cox
et al. 2015) that has been linked to sex-biased expression of genes in the GH/IGF network in the liver
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expression of the GH/IGF network should provide
insight into the mechanisms that underlie the development of sexual size dimorphism.
The GH/IGF network is a conserved endocrine signaling network in vertebrates that regulates growth,
among other functions (Butler et al. 2002; Gahete et al.
2009). Growth hormone releasing hormone (GHRH)
is secreted by the hypothalamus and binds to growth
hormone releasing hormone receptors (GHRHR) in the
pituitary gland to stimulate the release of growth hormone (GH) (Hall et al. 1986). GH circulates to target
tissues (e.g., liver, muscle) and subsequently binds to
growth hormone receptors (GHR) to stimulate production and secretion of insulin-like growth factors IGF1 and IGF-2 (Duan et al. 2010). While the liver is the
primary source of circulating IGF peptides, many other
tissues of the body also express IGF transcripts (Butler
et al. 2002). Insulin-like growth factors bind to IGF
receptors (IGF1R, IGF2R) in target tissues to initiate
cellular responses that often involve insulin signaling
and the mTOR (mechanistic target of rapamycin) networks (Butler et al. 2002; Gahete et al. 2009; McGaugh
et al. 2015). IGF binding proteins (IGFBPs) are also
produced and secreted by the liver to modulate the
bioactivity and longevity of IGF peptides in circulation (Clemmons 1993; Duan and Xu 2005; Duan et al.
2010; Allard and Duan 2018). The effects of IGF-2 are
also mediated by IGF-2 binding proteins (IGF2BPs),
which bind to mRNA and have diverse and less well understood cellular functions (Bell et al. 2013). Although
the components of this regulatory network seem to be
broadly conserved across vertebrates, relatively little is
known about the tissue- and sex-specific expression of
genes in the GH/IGF network outside of a few wellstudied systems (McGaugh et al. 2015; Schwartz and
Bronikowski 2016).
Comparative research on the expression and molecular evolution of the GH/IGF network during ontogeny suggests intriguing differences between classical mammalian model species and other vertebrates,
including other mammals. In rodent models (mice
and rats), IGF-1 is primarily expressed during postnatal development to regulate growth and nutrition,
while IGF-2 is primarily expressed prenatally (Wolf
et al. 1998; Constância et al. 2002; Yakar and Adamo
2012). However, research in humans (Supplementary
Information in Fagerberg et al. 2014) and other vertebrates, including lizards and snakes, has revealed
post-natal expression of both IGF-1 and IGF-2 in
multiple tissues (McGaugh et al. 2015; Beatty and
Schwartz 2020). Likewise, there are many IGFBPs in
mammals, with a core set of six (IGFBP1-6) that
serve an important role in IGF function (Clemmons
1993; Jones and Clemmons 1995; Hwa et al. 1999;
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Materials and methods
Study subjects
We sampled tissues from brown anoles from a breeding colony comprised the third-generation descendants
of lizards collected from Great Exuma in The Bahamas
(23.5066 °N, −75.7660 °W). Colony founders were collected under approval from the Bahamas Engineering,
Science and Technology (BEST) Commission and the
Bahamas Ministry of Agriculture and imported with
permission of the US Fish and Wildlife Service. An advantage of using animals from a breeding colony is that
we know the precise age of individuals. Lizards were
housed at the University of Virginia in individual plastic cages (29 × 19 × 18 cm, Lee’s Kritter Keeper, Lee’s
Aquarium and Pet Products, San Marcos, CA, USA).
Each cage contained a PVC pipe, a fiberglass screen
hammock, and a potted plant. Cages were housed on
shelving that was equipped with fluorescent light fixtures with two Reptisun 10.0 UVB Bulbs (Zoomed, San
Luis Obispo, CA, USA) and maintained on a 12L:12D
light schedule. Animals were maintained in the colony
at 29°C and 65% relative humidity and fed crickets
three times per week (dusted with Fluker’s Calcium
with Vitamin D3 and Fluker’s Reptile Vitamin with Beta

Carotene; Fluker’s, Port Allen, LA, USA). Lizards were
provided with drinking water by misting the cages daily.
Slender anoles were captured from the wild from
central Panama in Soberania National Park (9.1344 °N,
−79.7221 °W) by hand or using a lizard catchpole. The
lizard catchpole consisted of a fiberglass fishing rod that
had a loop tied with a braided fishing line at the top
eyelet. Following capture, lizards were transported to
the Gamboa Laboratory at the Smithsonian Tropical
Research Institute in Gamboa, Panama. Lizards were
then housed in plastic containers with a moistened paper towel and maintained in a temperature-controlled
room (28°C) for 48 h on a 12L:12D light cycle prior
to tissue collection. Slender anoles were collected under field collection permits issues by MiAmbiente of
Panama.
Tissue collection
We selected brown anoles from the colony at three
different age points (4, 8, and 12 months post-hatching,
n = 5 of each sex at each age point). We selected these
time points because they represent (1) a point at which
sexual dimorphism in size is just starting to develop
(juveniles, 4 months), (2) a point at which growth is
divergent between the sexes (subadults, 8 months), and
(3) a point when animals are reproductively mature and
sexual size dimorphism is near maximal levels (adults,
12 months of age). We sampled reproductively mature
slender anoles (>38 mm SVL, n = 8 adults of each sex)
directly from the wild for tissue sampling, which should
be comparable to the adult (12 months) brown anoles in
growth trajectories (Andrews and Rand 1974; Andrews
1979; Andrews et al. 1989). One caveat of not sampling
juveniles in A. apletophallus is that we do not have a
perfectly balanced design to test whether changes in
sex-biased expression of the GH/IGF network are less
pronounced across ontogeny in this species. However,
the key prediction is that this would result in an adult
transcriptome in A. apletophallus that is more similar
to A. sagrei juveniles than to A. sagrei adults, and this
key prediction can still be directly tested with our
sampling design. For both species, lizards were fasted
for a minimum of 48 h prior to sampling tissues. For
brown anoles, lizards were removed from their cages
immediately prior to tissue collection. For the slender
anole, lizards were moved to an incubator maintained
at 28°C for two h prior to sampling tissues. We focused
on expression of the GH/IGF network in the liver, the
primary tissue in which this network is expressed to integrate growth, energetics, and metabolism, and in the
muscle, a tissue that also contributes to sexual dimorphism in body mass and is responsive to sex-specific
regulators such as androgens. Animals were euthanized
by decapitation and the liver and muscles along the
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(Cox et al. 2017b). Here, we extend this work by characterizing expression of the GH/IGF network in brown
anoles in both liver and muscle, and at different ages
that span sexual monomorphism (juveniles) through
the emergence of sexual dimorphism (adults). In contrast, slender anoles are sexually monomorphic in body
size, although they are dimorphic in other traits such
as dewlap size (Andrews 1976; Rosso et al. 2020; Logan
et al. 2021). Expression of the GH/IGF network has
not been characterized in slender anoles. We measured
the expression of genes in the GH/IGF network in
adult slender anoles to compare to both juvenile and
adult brown anoles. We sequenced the transcriptomes
of both liver and muscle tissues of brown and slender
anoles to (1) characterize ontogenetic changes in the
expression of the GH/IGF network in brown anoles, (2)
compare patterns of sex bias in genes of the GH/IGF
network between brown and slender anoles, and (3)
characterize patterns of sex bias across two tissues, each
of which are related to sexual dimorphism in body size.
We predicted that sex bias in GH/IGF expression would
increase with age in brown anoles, coincident with increases in sexual size dimorphism, and that expression
of GH/IGF genes in the sexually monomorphic slender
anoles would be more similar to patterns in juvenile
brown anoles (prior to emergence of pronounced sex
bias) than to adult brown anoles (after the emergence
of pronounced sex bias).
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Table 1 Gene transcript IDs and descriptions for the 11 genes in the GH/IGF1 growth regulatory network that were the focus of our analyses.
Gene

ENSEMBL Description

ENSACAT00000010700

GHR

growth hormone receptor [Source:HGNC Symbol;Acc:4263]

ENSACAT00000016563

IGF1

insulin-like growth factor 1 (somatomedin C) [Source:HGNC Symbol;Acc:5464]

ENSACAT00000009701

IGF2

insulin-like growth factor 2 (somatomedin A) [Source:HGNC Symbol;Acc:5466]

ENSACAT00000008062

IGFBP1

insulin-like growth factor binding protein 1 [Source:HGNC Symbol;Acc:5469]

ENSACAT00000004558

IGFBP2

insulin-like growth factor binding protein 2, 36kDa [Source:HGNC Symbol;Acc:5471]

ENSACAT00000008083

IGFBP3

insulin-like growth factor binding protein 3 [Source:HGNC Symbol;Acc:5472]

ENSACAT00000016203

IGFBP4

insulin-like growth factor binding protein 4 [Source:HGNC Symbol;Acc:5473]

ENSACAT00000000083

IGFBP5

insulin-like growth factor binding protein 5 [Source:HGNC Symbol;Acc:5474]

ENSACAT00000002051

IGFBP7

insulin-like growth factor binding protein 7 [Source:HGNC Symbol;Acc:5476]

ENSACAT00000008070

IGF2BP2

insulin-like growth factor 2 mRNA binding protein 2 [Source:HGNC Symbol;Acc:28,867]

ENSACAT00000013612

IGF2BP3

insulin-like growth factor 2 mRNA binding protein 3 [Source:HGNC Symbol;Acc:28,868]

femur were immediately excised. These tissues were
immediately placed in RNAlater (RNAlater Stabilization Solution, Thermofisher Scientific, Wlatham, MA)
and then allowed to incubate for 24 h at 4°C prior to
freezing at −80°C until RNA extraction.
RNA extraction and library preparation
We followed a Trizol reagent protocol (Trizol LS Ragent, Solution, Thermofisher Scientific, Wlatham, MA)
for RNA extraction. High-throughput RNAseq library
preparation took place at the Georgia Genomics and
Bioinformatics Center, and included quality control,
library quantification, barcoding, and pooling for sequencing on the Illumina Nextseq platform (Illumina,
Inc., San Diego, CA, USA). For brown anoles, we sequenced a total of 96 samples (including samples not in
the current study), yielding an average of 13.9 million
reads per sample. For slender anoles, we sequenced a
total of 96 samples (including samples not in the current study), which yielded a total of 1.6 million reads
per sample.
Data processing, read mapping, and selection of
candidate genes
Reads were demultiplexed by barcodes, and the resulting data was trimmed and quality filtered using
Trimmomatic version 0.36 (Bolger et al. 2014). We
mapped cleaned reads to the green anole (Anolis carolinensis) transcriptome because it is a close relative
(and congener) of both of our study species with a
well-annotated and published genome (AnoCar2.0v2,
Alfoldi et al. 2011). Reads were mapped to the A. carolinensis transcriptome using the program BWA version
0.7.13 (Bolger et al. 2014) and the MEM algorithm. We
used the Samtools version 1.8 (Li et al. 2009) toolkit to

convert file formats, sort alignments, index sorted files,
merge files, and count transcripts for mapped genes. We
excluded any samples with fewer than 800,000 mapped
reads, which did not exclude any brown anole samples
but resulted in exclusion of six slender anole samples
across tissues and sexes. Final sample size was five female and five male brown anoles for all tissues and ages.
For slender anoles, sample size was six females and six
males for the liver but eight females and six males for
muscle tissue. Data were normalized with the edgeR
package (Robinson et al. 2010) in the R statistical environment using trimmed mean of M-values normalization method (Robinson and Oshlack 2010).
Statistical analyses
We initially focused on the expression of 15 genes of interest that are the primary genes in the GH/IGF network. We selected genes of interest in the GH/IGF network from our larger transcriptomic expression dataset,
resulting in a dataset of read counts (counts per million)
for both sexes and two tissues of both species of anole.
To ensure robustness of our results, we took several analytical approaches to test for differences in sex bias between brown anoles and slender anoles. Prior to analysis, we excluded any gene where the mean expression
of both sexes was less than 2 cpm in any given tissue
(Table 2). We did this to avoid zero-inflation and a potential lack of biological relevance for genes with such
low expression. This procedure resulted in the removal
of IGF-1R, IGFBP6, and IGF-2BP1 across all tissues,
leaving eleven robustly expressed GH/IGF-1 network
genes for statistical analysis (Table 1). We first tested
whether gene expression values met the assumptions of
general linear models. We then tested for normality using the Shapiro–Wilks test and log-normality using the
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Finally, we conducted exploratory analyses on a
gene-by-gene basis for each of the 11 genes in the
GH/IGF network (Table S1) using several approaches.
First, we tested for difference in expression between the
sexes within species using general linear models with
sex as the independent variable and untransformed or
log-transformed expression data as the dependent variable. Second, we tested for heteroscedasticity of expression data using the Levene test for equal variances, although we found similar results using other tests for
equal variances (e.g., Bartlett test). If the expression
of a particular gene had significantly unequal variance
(P < 0.05), we also tested for a difference in expression
between the sexes using the Welch’s ANOVA, which allows for unequal standard deviations. To ensure that
our results were robust to the assumptions of linear
models, we also tested for differences in expression between the sexes using the non-parametric Wilcoxon test
and evaluated significance using χ 2 tests. We refer to
these analyses as exploratory because we did not have
specific a priori predictions for sex and species differences in the expression of most downstream genes in
the GH/IGF pathway (e.g., IGFBPs), and because the
large number of independent tests that we conducted on
a gene-by-gene basis means that the unadjusted P-value
(alpha = 0.05) for any given test should be interpreted
accordingly. All statistical analyses were conducted in
JMP v 16.0 (SAS corporation, Cary, NC, USA).

Results
Sexual dimorphism in body size
Male brown anoles were already significantly longer
than females (F1,9 = 32.05, P = 0.0005), and more massive (F1,9 = 27.57, P = 0.0008) by 4 months of age
(Fig. 1). The magnitude of sexual dimorphism in body
size increased substantially in terms of both length
(F1,9 = 110.68, P < 0.0001) and mass (F1,9 = 50.82,
P < 0.0001) by 12 months of age for brown anoles.
The body size of 12 month-old male brown anoles
(mean SVL = 56.0 mm, mean mass = 4.15 g) from
the laboratory colony was very similar to that of adult
males (mean SVL = 56.5 mm, mean mass = 4.3 g)
in the source population of Great Exuma (Cox and
Calsbeek 2009). However, 12-month-old females (mean
SVL = 45.8 mm, mean mass = 2.29 g) were larger than
females (mean SVL = 42.9 mm, mean mass = 1.8 g)
from the wild source population (Cox and Calsbeek
2009). In contrast, adult slender anole males (mean
SVL = 43.5 mm, mean mass = 1.56 g) did not differ significantly (SVL: F1,15 = 0.14, P = 0.72, mass:
F1,15 = 0.61, P = 0.45) in body size from adult female slender anoles (mean SVL = 43.1 mm, mean
mass = 1.65 g). The adult body size in our sample of
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Kolmogorov–Smirnov test. Because tests for normality
can be very sensitive to trivial deviations from normality (Ghasemi and Zahediasl 2012), we used an alpha of
0.01 to determine if expression of a gene was significantly different from normality. Genes with expression
values that were significantly non-normal (P < 0.01)
were then log-transformed (after adding 1 to all values if
expression was zero for any sample). Log-transformed
genes did not differ significantly (P < 0.01) from
normality.
First, we tested whether sex bias in expression of
three canonical, highly expressed growth genes (GHR,
IGF-1, IGF-2) differed between species using general linear models with a species effect, sex effect,
and species-by-sex interaction. Here, the species effect
accounts for any differences between species, which
could be due to intrinsic biological differences between species or technical differences in study design
and transcriptomic analysis. Importantly, we used the
species-by-sex interaction to test whether sex differences in expression differ between brown anoles and
slender anoles while accounting for any main effects
of species and sex. We conducted these analyses separately for each tissue (liver, muscle) and at two ontogenetic time points: (1) we compared juvenile, 4month-old brown anoles to adult slender anoles as
a time point where both species have minimal sexual size dimorphism, and (2) we compared adult, 12month-old brown anoles to adult slender anoles as a
time point when brown anoles are highly sexually dimorphic. We excluded the intermediate, 8-month time
point for brown anoles from our a priori tests for sexby-species interactions, but we report analyses of these
8-month data for descriptive purposes (below).
Second, we compared multivariate expression of the
entire GH/IGF network using separate principal components analysis (PCA) for each tissue. For the PCAs,
we included 11 GH/IGF genes (Table 1) and expression data from both 4-month and 12-month-old brown
anoles (excluding the 8-month time point) and from
adult slender anoles. We then identified principal components describing variation in overall gene expression
separately within each tissue. Principal components one
(PC1) and two (PC2) together explained about two
thirds of the total variance in gene expression in liver
(68%) and muscle (66%), while other principal components each explained less than 15% of the total expression variance in either tissue. Therefore, we used
PC1 and PC2 for downstream analyses. We compared
PC1 and PC2 values using general linear models with
a species effect, sex effect, and species-by-sex interaction. If the species-by-sex interaction was significant,
we used Tukey’s HSD to test for pairwise differences
among all groups.
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slender anoles is very similar to previously published
results for reproductively mature adult slender anoles
(Andrews 1979; Andrews and Stamps 1994).
Species-specific pattern of sex bias in expression of
GHR and IGFs
When comparing the expression of GHR, IGF-1, and
IGF-2 between juvenile (4-month-old) brown anoles
and adult slender anoles, we only found one significant sex-by-species interaction across six comparisons
(Table 2; Fig. 2). Specifically, expression of GHR was
moderately female-biased in juvenile brown anoles,
but only weakly female-biased in slender anoles (sexby-species interaction: F3, 18 = 4.76; P = 0.043; Fig.
2A). GHR expression was not strongly sex-biased in
muscle for either species (Fig. 2B). IGF-1 expression
was slightly male-biased in liver (sex: F3, 18 = 6.13;
P = 0.024), but the magnitude of this sex bias was
similar between species (sex-by-species interaction:
F3, 18 = 2.37; P = 0.14; Fig. 2C). No sex effects or sexby-species interactions were evident for IGF-1 in muscle (Fig. 2D) or for IGF-2 in either tissue (Fig. 2E and F).
By contrast, when comparing the expression of
these same genes between adult (12-month-old) brown
anoles and adult slender anoles, we found significant
sex-by-species interactions in four of six comparisons
(Table 2; Fig. 2). Expression of GHR in liver did not differ by sex in either species (Fig. 2A), but its expression in
muscle was strongly male-biased in adult brown anoles
and unbiased in adult slender anoles (F3, 20 = 2.37;
P = 0.14; Fig. 2B). In the liver, expression of insulinlike growth factors was more strongly male-biased in
adult brown anoles than in adult slender anoles for
both IGF-1 (sex-by-species interaction: F3, 18 = 12.40;

P = 0.004; Fig. 2C) and IGF-2 (sex-by-species interaction: F3, 18 = 13.43; P = 0.002; Fig. 2E). Levels of IGF-1
and IGF-2 expression were much lower in muscle (Fig.
2D and F), where expression of IGF-1 was similarly
low in male and female adult brown anoles, but malebiased in adult slender anoles (sex-by-species interaction: F3, 20 = 5.47; P = 0.030; Fig. 2D).
Species-specific pattern of sex bias in expression of
the entire GH/IGF network
When using PCA to reduce the dimensionality of expression data, we found that the major axes of GH/IGF
network expression in both liver and muscle were
consistently sex-biased in adult (12-month-old) brown
anoles, but not in juvenile (4-month-old) brown anoles
or slender anoles. For the liver, principal components
1 and 2 explained 47.8% and 20.9% of the variance
in GH/IGF network-wide expression, respectively (Table S2), with PC1 primarily separating data by species
(Fig. 3A). PC1 for liver was strongly positively correlated with the expression of most genes in the GH/IGF
network, including GHR, IGF-1, IGF-2, and most binding proteins, but weakly negatively correlated with the
expression of several other binding proteins (Table S2).
PC2 for liver was positively correlated with the expression of IGF-1, IGF-2, and most binding proteins,
but weakly negatively correlated with the expression
of GHR and several other binding proteins. We found
that both PC1 and PC2 values differed significantly between the sexes for adult brown anoles, but not for
adult slender anoles or juvenile brown anoles (Fig. 3B
and C). When comparing adult (12-month-old) brown
anoles and adult slender anoles (Fig. 3B and C), liver
PC1 values varied significantly based upon sex, species,
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Fig. 1 Size of juvenile (4 months) and adult (12 months) brown anoles (n = 5 for each sex and age group) and slender anoles (n = 8 of each
sex) in length (A) and mass (C). Brackets and asterisks indicate significant differences between the sexes (NS = non-significant, *P < 0.05,
**P < 0.001, ***P < 0.0001).
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Table 2 Results of general linear models with expression of each
gene as the dependent variable, and species and sex as independent
variables with interaction. Numerator degrees of freedom for the Fstatistics are three for both tissues, while the denominator degrees
of freedom are eighteen for liver and twenty for the muscle. An asterisk (*) by the gene name indicates that the expression data were
log-transformed prior to analysis.

Species
Tissue

Gene

Liver GHR
IGF-1*
IGF-2

F

Sex
P

F

174.64 <0.0001 10.41

Sex by species
P

F

P

0.0047

4.76 0.0426

0.03

0.8737

6.13

0.0235

0.05 0.8238

1.40

0.2518

1.63

0.2186

0.16 0.6942

IGFBP2

67.98 <0.0001

0.44

0.5168

2.37 0.1408

IGFBP3

17.68

0.0005

0.07

0.7894

0.13 0.7212

IGFBP4

1.61

0.2208

0.32

0.5785

3.28 0.0870

Muscle GHR

15.06

0.0009

3.38

0.0809

2.36 0.1403

IGF-1

1.72

0.2049

1.69

0.2089

1.39 0.2516

IGF-2

3.02

0.0976

0.01

0.9359

0.01 0.9948

IGFBP2

0.01

0.9726

0.32

0.5782

1.60 0.2199

IGFBP3

1.60

0.2205

2.98

0.0998

8.79 0.0077

IGFBP4

0.71

0.4106

0.48

0.4983

0.35 0.5631

12-month-old brown anoles vs. adult slender anoles
Species
Tissue

Gene

Liver GHR
IGF-1

F

Sex
P

211.74 <0.0001
6.77

0.018

Sex by species

F

P

0.32

0.5815

F

P

1.34 0.2616

28.68 <0.0001 12.40 0.0024

IGF-2

27.17 <0.0001 17.20

0.0006 13.43 0.0018

IGFBP2

84.50 <0.0001 15.15

0.0011 23.83 0.0001

IGFBP3

19.07

0.0004

0.58

0.4566

1.77 0.2003

IGFBP4*

10.64

0.0430

1.63

0.2185

0.77 0.3909

118.76 <0.0001

6.92

0.016

7.16 0.0121

Muscle GHR
IGF-1*

4.05

0.0579

3.43

0.0788

5.47 0.0299

IGF-2*

0.47

0.5028

0.06

0.8135

0.39 0.5411

IGFBP2

0.52

0.4792

0.10

0.7583

2.18 0.1552

IGFBP3 119.81 <0.0001 12.75

0.0019

0.08 0.7767

0.1775

0.01 0.9752

IGFBP4*

4.88

0.0390

1.95

and a sex-by-species interaction (Table 3). Adult male
and female brown anoles differed significantly in liver
PC1 values in a pairwise comparison (Tukey’s HSD,
P < 0.05), but the sexes did not differ significantly in
PC1 values in slender anoles. In contrast, when comparing juvenile (4-month-old) brown anoles and adult
slender anoles (Fig. 3B and C), liver PC1 values varied significantly only based upon species, but not sex or
a sex-by-species interaction (Table 3). Similar to liver

Exploratory analyses of GH/IGF network genes
Generally, we found that both body size (Fig S1) and
expression of GHR, IGF-1, and IGF-2 in the liver and
muscle at 8-months of age in brown anoles was intermediate in sex-biased expression to anoles of 4- and
12-months of age (Fig S2, Table S1). Several insulinlike growth factor binding proteins (IGFBPs) exhibited
sex-biased expression in a given species, tissue, and/or
age (Table S1), and patterns of sex-biased expression often differed between brown and slender anoles (Fig S3).
In contrast, patterns of sex bias in insulin-like growth
factor 2 binding proteins (IGF2BPs) differed between
brown and slender anoles for the liver, but not for muscle tissue (Fig S4, Table S1).

Discussion
Sex bias in expression of the entire GH/IGF network
and key GH/IGF genes in the liver and muscle did
not generally differ between slender anoles, which
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4-month-old brown anoles vs. adult slender anoles

PC1, (Fig. 3B and C), liver PC2 values varied significantly based upon sex, species, and sex-by-species interaction when comparing adult (12-month-old) brown
anoles and adult slender anoles (Table 3). Adult male
and female brown anoles differed significantly in liver
PC2 values in a pairwise comparison (Tukey’s HSD,
P < 0.05), but the sexes did not differ significantly
in PC2 values in slender anoles. In contrast, (Fig. 3B
and C), liver PC2 values varied significantly only based
upon species, but not sex or a sex-by-species interaction
when comparing juvenile (4-month-old) brown anoles
and adult slender anoles (Table 3).
For muscle, PC1 and PC2 explained 37.0% and
29.0% of the variance in GH/IGF network-wide expression, respectively (Table S2), with PC1 again separating
data by species (Fig. 3D). PC1 for muscle was strongly
positively correlated with the expression of GHR and
several binding proteins, but negatively correlated with
the expression of IGF-1, IGF-2, and several other binding proteins (Table S2). PC2 for muscle was strongly
positively correlated with the expression of GHR, IGF1, IGF-2, and most binding proteins, but weakly negatively correlated with the expression of several binding proteins, similar to loadings for PC1 in liver (Table S2). Muscle PC1 and PC2 values varied significantly
between species, but not between sexes or with respect
to the sex-by-species interaction either when comparing adult (12-month-old) or juvenile (4-month-old)
brown anoles to adult slender anoles (Table 3, except
for PC2 in the juvenile comparison). Although there
was no sex-by-species interaction, there are sex differences in PC1 and PC2 values in the muscle for adult (12month-old) brown anoles, but not adult slender anoles
(Fig. 3E and F).
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Fig 2. Expression in counts per million (cpm) of GHR, insulin like growth factor 1 (IGF-1), and insulin-like growth factor-2 (IGF-2) in the liver
(A, C, E) and muscle (B, D, F) of brown anoles and slender anoles. For brown anoles, gene expression is shown separately for juveniles (4
months of age) and adults (12 months). Brackets and asterisks indicate significant sex-by-species interactions (NS = non-significant, *P < 0.05,
**P < 0.001, ***P < 0.0001, see Table 2).
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are sexually monomorphic in body size, and juvenile
brown anoles, which are just beginning to develop
sexual dimorphism in size. In contrast, sex bias in
the expression of the entire GH/IGF network and
key upstream GH/IGF genes in the liver and muscle differed sharply between sexually monomorphic
adult slender anoles and adult brown anoles, which
have substantial male-biased sexual size dimorphism.
These results suggest that species-specific patterns of
expression in the GH/IGF network are important for
establishing differences in the direction and magnitude of sexual size dimorphism between species. More
broadly, our results imply that evolutionary shifts in
the sex-biased expression of regulatory networks such
as the GH/IGF network could facilitate the evolution
of sexual dimorphism.
Several caveats to our study bear mention. First, we
sampled brown anoles from a captive breeding colony,
whereas we sampled slender anoles from a wild population, which could conceivably lead to species differences
in gene expression. However, brown anoles in this study
were only three generations removed from the wild and

reached similar body sizes to those in the wild source
population (Cox and Calsbeek 2009), suggesting that
growth divergence between the sexes that led to sexual
dimorphism emerges in both environments. Second,
we prepared and sequenced transcriptomic libraries
at different times and at different sequencing depths,
which could create differences in the magnitude and
variability of gene expression between species. Although this means that the magnitude of expression
of individual genes might not be directly comparable
between species, we can still use sex-by-species interactions to gain insight into comparative patterns of
sex-biased expression in the GH/IGF network while
controlling for the overall statistical effect of species.
Previous work in lizards has found both male-biased
hepatic IGF-1 expression in male-larger brown anoles
and female-biased hepatic IGF-1 expression in femalelarger eastern fence lizards (Cox et al. 2017b; Duncan
et al. 2020). Interestingly, we found that expression of
hepatic IGF-1 was much less male-biased in sexually
monomorphic adult slender anoles, relative to sexually
dimorphic adult brown anoles. It is worth noting that
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Fig. 3 First and second principal component scores describing expression of 11 genes in the GH/IGF network in the liver (A) and muscle (D).
Principal components 1 and 2 for each species and age point for the liver (B–C) and muscle (E–F). Brackets and asterisks indicate significant
(P < 0.05) differences between the sexes within each species and age based upon Tukey’s HSD.
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Table 3 Results of general linear models with PC1 and PC2 values as
the dependent variable, and species and sex as independent variables
with interaction. Separate principal component analyses of expression of the entire GH/IGF network were used to generate PC1 and
PC2. Numerator degrees of freedom for the F-statistics are three for
both tissues, while the denominator degrees of freedom are eighteen
for liver and twenty for the muscle.

Species
Tissue Variable

F

Sex
P

F

Sex by species
P

F

P

PC1

188.25

<0.0001

0.89

0.3569

0.87 0.3648

PC2

10.80

0.0041

0.01

0.9686

0.74 0.3998

Muscle PC1

6.64

0.0180

0.12

0.7378

0.01 0.9490

0.1908

0.6669

0.02

0.9048

0.01 0.9672

Liver

PC2

12-month-brown anoles vs. adult slender anoles
Species
Tissue Variable
Liver

PC1

F
125.47

Sex
P

F

Sex by species
P

F

P

<0.0001 10.40

0.0047 10.35 0.0048

0.0482 9.60

0.0062 16.38 0.0008

PC2

4.50

Muscle PC1

43.51

<0.0001

PC2

5.92

0.0245

0.6520 0.4289

1.44 0.2440

0.36

0.19 0.6672

0.5573

IGF-1 has an important role in responding to nutrients
and modulating metabolism (Duncan et al. 2020),
which could also explain why the expression of IGF-1
might differ between brown anoles and slender anoles.
Similarly, IGF-2 was male-biased in expression adult
brown anoles, while it was not sex-biased in expression
in the liver of slender anoles. Most functional research
on IGF-2 has been done in mammalian systems, where
it is often only expressed prenatally (Wolf et al. 1998;
Constância et al. 2002), and the function of IGF-2
in anole lizards is not known (Beatty and Schwartz
2020). However, our finding raises the intriguing possibility that sex-bias in expression of IGF-2, as well
as IGF-1, might be important for the development
and evolution of sexual dimorphism in body size in
squamates.
These species-specific patterns of expression of the
GH/IGF network suggest that there is an upstream
modulator of expression that varies between species.
In particular, the interaction between GH, which directly regulates expression of the GH/IGF network, and
the steroid hormone testosterone, which is often malebiased in circulation and can be a bipotential regulator
of growth in squamate reptiles, is likely to be important
(Cox and John-Alder 2005; Cox et al. 2009a). Previous
research has found that testosterone stimulates growth
in species with male-biased sexual size dimorphism
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while inhibiting growth in species with female-biased
sexual size dimorphism (Cox and John-Alder 2005;
Cox et al. 2009a; Cox 2020). Indeed, testosterone stimulates IGF-1 expression in male-larger brown anoles
(Cox et al. 2017b), but can inhibit IGF-1 expression in
a species with female-biased sexual size dimorphism
(Duncan 2011; Duncan et al. 2020). While slender
anoles are monomorphic in body size, they are dimorphic in some ecological (perch height and width), morphological (dewlap size), and physiological (thermal
tolerance) traits (Rosso et al. 2020; Logan et al. 2021;
Neel et al. 2021), some of which can be impacted by
testosterone in other species (Lovern et al. 2004; Cox
et al. 2009b; Cox et al. 2015). It is conceivable that the
relationship between testosterone and GH/IGF expression differs between brown anoles and slender anoles to
produce the intraspecific variation in network expression and sexual dimorphism that we observed. Future
research could leverage testosterone manipulations or
studies of natural circulating variation in testosterone
as an exploration of the mechanisms underlying alternate expression of the GH/IGF network in these two
species.
The findings of our exploratory analyses of IGF- and
IGF-2 mRNA-binding protein expression should be interpreted with caution, given the sparse understanding
of the role of these molecules in the GH/IGF network
in anoles and lack of clear a priori hypotheses. However, we documented alternate patterns of expression
for IGFPBs and IGF2BPs in both the muscle and the
liver of brown and slender anoles. Neither brown nor
slender anoles expressed IGFBP6 or IGF2BP1 at measurable levels, consistent with expression and predictions based upon molecular structure in other species
for IGFBP6 (McGaugh et al. 2015). We also found that
IGFBP1 was expressed at negligible levels across all age
groups in both the liver and muscle of brown anoles but
was expressed at relatively high levels in both tissues of
slender anoles, which might suggest that this protein is
not expressed in these tissues in brown anoles. Many
IGF binding protein genes were sex-biased in expression in brown anoles (e.g., IGFBP2, IGFBP4, IGFBP5,
IGF2BP2, and IGF2BP3 in the liver), but were either unbiased or had the opposite pattern of sex bias in the slender anole. The specific functions of IGFBPs are not well
understood outside of model systems (Clemmons 1993;
Duan and Xu 2005; Duan et al. 2010; Allard and Duan
2018; Beatty and Schwartz 2020) and IGF2BPs have
complex roles in cell biology that are not well understood (Beatty and Schwartz 2020). Our research hints
that these components may play roles in the development and evolution of sexual dimorphism, but that additional research is needed to determine their functions
in squamate reptiles.

11

Species-specific expression of growth-regulatory genes

Acknowledgments
We thank Zachariah Degon, Madeleine Dubois, and
Quinn Taylor for assistance with field work. We thank
Adriana Bilgray and Raineldo Urriola at the Smithsonian Tropical Research Institute and staff at the Georgia Genomics and Bioinformatics Center for logistical
support.

Funding
This work was supported by Georgia Southern University, Florida International University, the Smithsonian
Tropical Research Institute, the Theodore Roosevelt
Memorial Fund from American Museum of Natural History to AKC, a National Science Foundation
(NSF) Evo-Devo-Eco Network fellowship to CLC
(IOS-095,551), an NSF CAREER award to RMC (DEB453,089), and an NSF Award to CLC (IOS-2,024,064)
and RMC (IOS-1,755,026).

Supplementary data
Supplementary data are available at IOB online.

Data Accessibility
Raw read counts for both muscle and liver transcriptomes and normalized read-counts for GH/IGF genes
are archived on figshare (https://doi.org/10.6084/m9.
figshare.20324829.v1)

Declaration of conflicts of interest
The authors have no conflicts of interest to declare.

References
Alfoldi J, Palma FD, Grabherr M, Williams C, a. others. 2011. The
genome of the green anole lizard and a comparative analysis
with birds and mammals. Nature 477:587.
Allard JB, Duan C. 2018. IGF-binding proteins: why do they exist
and why are there so many? Front Endocrinol 9:117.
Andrews R, Rand AS. 1974. Reproductive effort in anoline
lizards. Ecol 1317–27.
Andrews RM. 1976. Growth rate in island and mainland anoline
lizards. Copeia 477–82.
Andrews RM. 1979. Reproductive effort of female Anolis limifrons (Sauria: Iguanidae). Copeia 620–6.
Andrews RM, Stahl SJ, Nicoletto PF. 1989. Intra-population variation in age of sexual maturity of the tropical lizard Anolis limifrons in Panama. Copeia 1989:751–3.
Andrews RM, Stamps JA. 1994. Temporal variation in sexual
size dimorphism of Anolis limifrons in Panama. Copeia 1994:
613–22.
Badyaev AV. 2002. Growing apart: an ontogenetic perspective
on the evolution of sexual size dimorphism. Trends Ecol Evol
17:369–78.
Beatty AE, Schwartz TS. 2020. Gene expression of the IGF hormones and IGF binding proteins across time and tissues in a
model reptile. Physiol Genomics 52:423–34.
Bell JL, Wächter K, Mühleck B, Pazaitis N, Köhn M, Lederer
M, Hüttelmaier S. 2013. Insulin-like growth factor 2 mRNAbinding proteins (IGF2BPs): post-transcriptional drivers of
cancer progression? Cell Mol Life Sci 70:2657–75.
Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30:
2114–20.
Butler AA, Yakar S, LeRoith D. 2002. Insulin-like growth factorI: compartmentalization within the somatotropic axis? Physiol
17:82–5.
Butler MA, Schoener TW, Losos JB. 2000. The relationship between sexual size dimorphism and habitat use in Greater Antillean Anolis lizards. Evol 54:259–72.
Chenoweth SF, Rundle HD, Blows MW. 2008. Genetic constraints and the evolution of display trait sexual dimorphism
by natural and sexual selection. Am Nat 171:22–34.
Clemmons DR. 1993. IGF binding proteins and their functions.
Mol Reprod Dev 35:368–75.
Constância M, Hemberger M, Hughes J, Dean W, FergusonSmith A, Fundele R, Stewart F, Kelsey G, Fowden A, Sibley
C. 2002. Placental-specific IGF-II is a major modulator of placental and fetal growth. Nature 417:945–8.
Cox CL, Hanninen AF, Reedy AM, Cox RM. 2015. Female anoles
retain responsiveness to testosterone despite the evolution of
androgen-mediated sexual dimorphism. Func Ecol 29:758–67.
Cox RM. 2020. Sex steroids as mediators of phenotypic integration, genetic correlations, and evolutionary transitions. Mol
Cell Endocrinol 502:110668.
Cox RM, Calsbeek R. 2009. Sex-specific selection and intraspecific variation in sexual size dimorphism. Evol 64:798–809.
Cox RM, Costello RA, Camber B, McGlothlin JW. 2017a. Multivariate genetic architecture of the Anolis dewlap reveals both
shared and sex-specific features of a sexually dimorphic ornament. J Evol Biol 30:1262–75.
Cox RM, Cox CL, McGlothlin JW, Card DC, Andrew AL, Castoe TA. 2017b. Hormonally mediated increases in sex-biased
gene expression accompany the breakdown of between-sex

Downloaded from https://academic.oup.com/iob/article/4/1/obac025/6628795 by University of Nevada at Reno user on 10 August 2022

Sexual size dimorphism varies substantially among
anoles and other squamates (Stamps and Krishnan
1997; Butler et al. 2000), ranging from sexual
monomorphism to highly sexually dimorphic and
from male-larger to female-larger species (Shine 1978;
Kratochvíl and Frynta 2002; Cox et al. 2003; Luo et al.
2012; Kahrl et al. 2016; Jiménez-Arcos et al. 2017 ).
Previous work has linked this variation in sexual size
dimorphism to the variation in the impact of testosterone on growth (Cox and John-Alder 2005; Cox
et al. 2009a). Our work highlights the potential role
of the GH/IGF network in the evolution of sexual size
dimorphism, as we found that adults of the dimorphic
brown anole had greater sex bias in expression of the
entire network and key GH/IGF genes. In contrast, the
monomorphic slender anole had minimal or absent
sex bias in the same network, similar to juveniles of
the sexually dimorphic brown anole. Hence, evolution
of sex-biased (or unbiased) expression of the GH/IGF
network, could be linked to evolutionary variation in
sexual size dimorphism in squamate reptiles.

12

Haramoto Y, Oshima T, Takahashi S, Ito Y. 2014. Characterization of the insulin-like growth factor binding protein family in
Xenopus tropicalis. Integr J Dev Biol 58:705–11.
Hwa V, Oh Y, Rosenfeld RG. 1999. The insulin-like growth
factor-binding protein (IGFBP) superfamily. Endocr Rev
20:761–87.
Ingleby FC, Flis I, Morrow EH. 2015. Sex-biased gene expression and sexual conflict throughout development. Cold Spring
Harb Perspect Biol 7:a017632.
Innocenti P, Morrow EH. 2010. The sexually antagonistic genes
of Drosophila melanogaster. PLoS Biol 8:e1000335.
Jiménez-Arcos VH, Sanabria-Urbán S, Cueva del Castillo R.
2017. The interplay between natural and sexual selection in
the evolution of sexual size dimorphism in Sceloporus lizards
(Squamata: Phrynosomatidae). Ecol Evol 7:905–17.
Jones JI, Clemmons DR. 1995. Insulin-like growth factors and
their binding proteins: biological actions. Endocr Rev 16:3–34.
Kahrl AF, Cox CL, Cox RM. 2016. Correlated evolution between
targets of pre-and post-copulatory sexual selection across
squamate reptiles. Ecol Evol 6:6452–9.
Kratochvíl L, Frynta D. 2002. Body size, male combat, and the
evolution of sexual dimorphism in eublepharid geckos (Squamata: Eublepharidae). Biol J Linn Soc 76:303–14.
Lande R. 1980. Sexual dimorphism, sexual selection, and adaptation in polygenic characters. Evol 34:292–307.
Li H, Handsaker B, Wysoker A, Fennel T, Ruan K, Homer N,
Marth G, Abecases G, Durbin R, Subgroup G. 2009. The
sequence/alignment/map format and SAMtools. Bioinform
25:2078–9.
Lichanska AM, Waters MJ. 2008. How growth hormone controls
growth, obesity, and sexual dimorphism. Trends Genet 24:
41–7.
Logan ML, Neel LK, Nicholson DJ, Stokes AJ, Miller CL, Chung
AK, Curlis JD, Keegan KM, Rosso AA, Maayan I. 2021. Sexspecific microhabitat use is associated with sex-biased thermal
physiology in Anolis lizards. J Exp Biol 224:jeb235697.
Lovern MB, Holmes MM, Fuller CO, Wade J. 2004. Effects of
testosterone on the development of neuromuscular systems
and their target tissues involved in courtship and copulation
in green anoles (Anolis carolinensis). Horm Behav 45:295–305.
Luo L, Wu Y, Zhang Z, Xu X. 2012. Sexual size dimorphism and
female reproduction in the white-striped grass lizard Takydromus wolteri. Curr Zool 58:236–43.
Ma W, Wu J, Zhang J, He Y, Gui J, Mei J. 2016. Sex differences
in the expression of GH/IGF axis genes underlie sexual size
dimorphism in the yellow catfish (Pelteobagrus fulvidraco). Sci
China Life Sci 59:1–3.
Mank JE. 2009. Sex chromosomes and the evolution of sexual
dimorphism: lessons from the genome. Am Nat 173:141–50.
Mank JE, Nam K, Brunstrom B, Ellegren H. 2010. Ontogenetic
complexity of sexual dimorphism and sex-specific selection.
Mol Biol Evol 27:1570–8.
McGaugh SE, Bronikowski AM, Kuo C-H, Reding DM, Addis
EA, Flagel LE, Janzen FJ, Schwartz TS. 2015. Rapid molecular
evolution across amniotes of the IIS/TOR network. Proc Natl
Acad Sci 112:7055–60.
Neel LK, Logan ML, Nicholson DJ, Miller C, Chung AK, Maayan
I, Degon Z, DuBois M, Curlis JD, Taylor Q. 2021. Habitat
structure mediates vulnerability to climate change through
its effects on thermoregulatory behavior. Biotropica 53:
1121–33.

Downloaded from https://academic.oup.com/iob/article/4/1/obac025/6628795 by University of Nevada at Reno user on 10 August 2022

genetic correlations in a sexually dimorphic lizard. Am Nat
189:315–32.
Cox RM, John-Alder HB. 2005. Testosterone has opposite effects
on male growth in lizards (Sceloporus spp.) with opposite patterns of sexual size dimorphism. J Exp Biol 208:4679–87.
Cox RM, John-Alder HB. 2007. Growing apart together: the development of contrasting sexual size dimorphisms in sympatric Sceloporus lizards. Herpetologica 63:245–57.
Cox RM, Skelly SL, John-Alder HB. 2003. A comparative test
of adaptive hypotheses for sexual size dimorphism in lizards.
Evol 57:1653–69.
Cox RM, Stenquist DS, Calsbeek R. 2009a. Testosterone, growth,
and the evolution of sexual size dimorphism. J Evol Biol
22:1586–98.
Cox RM, Stenquist DS, Henningsen JP, Calsbeek R. 2009b. Manipulating testosterone to assess links between behavior, morphology, and performance in the brown anole Anolis sagrei.
Physiol Biochem Zool 82:686–98.
Duan C, Ren H, Gao S. 2010. Insulin-like growth factors (IGFs),
IGF receptors, and IGF-binding proteins: roles in skeletal
muscle growth and differentiation. Gen Comp Endocrinol
167:344–51.
Duan C, Xu Q. 2005. Roles of insulin-like growth factor (IGF)
binding proteins in regulating IGF actions. Gen Comp Endocrinol 142:44–52.
Duncan CA. 2011. Nutritional and hormonal modulation of
insulin-like growth factor-1 with respect to growth in sexually
dimorphic lizards. Animal Sciences. Rutgers University, New
Brunswick (NJ).
Duncan CA, Cohick WS, John-Alder HB. 2020. Testosterone reduces growth and hepatic IGF-1 mRNA in a female-larger
lizard, Sceloporus undulatus: evidence of an evolutionary reversal in growth regulation. Integr Org Biol 2:obaa036.
Ellegren H, Parsch J. 2007. The evolution of sex-biased genes and
sex-biased gene expression. Nat Rev Genet 8:689–98.
Fagerberg L, Hallström BM, Oksvold P, Kampf C, Djureinovic
D, Odeberg J, Habuka M, Tahmasebpoor S, Danielsson A, Edlund K. 2014. Analysis of the human tissue-specific expression
by genome-wide integration of transcriptomics and antibodybased proteomics. Mol Cell Proteomics 13:397–406.
Fairbairn DJ. 1997. Allometry for sexual size dimorphism: pattern and process in the coevolution of body size in males and
females. Annu Rev Ecol Syst 28:659–87.
Fairbairn DJ, Roff DA. 2006. The quantitative genetics of sexual
dimorphism: assessing the importance of sex-linkage. Heredity 97:319–28.
Gahete MD, Durán-Prado M, Luque RM, Martínez-Fuentes
AJ, Quintero A, Gutiérrez-Pascual E, Córdoba-Chacón J,
Malagón MM, Gracia-Navarro F, Castaño JP. 2009. Understanding the multifactorial control of growth hormone release by somatotropes: lessons from comparative endocrinology. Ann NY Acad Sci 1163:137–53.
Garcia de la Serrana D, Macqueen DJ. 2018. Insulin-like growth
factor-binding proteins of teleost fishes. Front Endocrinol
9:80.
Ghasemi A, Zahediasl S. 2012. Normality tests for statistical
analysis: a guide for non-statisticians. Int J Endocrinol Metab
10:486.
Hall T, Harvey S, Scanes C. 1986. Control of growth hormone
secretion in the vertebrates: a comparative survey. Comp
Biochem Physiol A Comp Physiol 84:231–53.

C. L. Cox et al.

Species-specific expression of growth-regulatory genes

phism in skull shape using distinct developmental strategies.
Evol 67:2180–93.
Schwartz TS, Bronikowski AM. 2016. Evolution and function of
the insulin and insulin-like signaling network in ectothermic
reptiles: some answers and more questions. Integr Comp Biol
56:171–84.
Shine R. 1978. Sexual size dimorphism and male combat in
snakes. Oecologia 33:269–77.
Stamps J. 1993. Sexual size dimorphism in species with asymptotic growth after maturity. Biol J Linn Soc 50:123–45.
Stamps J, Krishnan V. 1997. Sexual bimaturation and sexual size
dimorphism in animals with asymptotic growth after maturity.
Evol Ecol 11:21–39.
Stamps JA. 1999. Relationships between female density and sexual size dimorphism in samples of Anolis sagrei. Copeia 760–5.
Wiens JJ 1999. Phylogenetic evidence for multiple losses of a sexually selected character in phrynosomatid lizards. Procee of
the Royal Soc of London, B Biol Sci 266:1529–36.
Wolf E, Hoeflich A, Lahm H. 1998. What is the function of IGFII in postnatal life? Answers from transgenic mouse models.
Growth Horm IGF Res 8:185–93.
Yakar S, Adamo ML. 2012. Insulin-like growth factor 1 physiology: lessons from mouse models. Endocrinol Metab Clin
41:231–47.

Downloaded from https://academic.oup.com/iob/article/4/1/obac025/6628795 by University of Nevada at Reno user on 10 August 2022

Reedy AM, Cox CL, Chung AK, Evans WJ, Cox RM. 2016. Both
sexes suffer increased parasitism and reduced energy storage
as costs of reproduction in the brown anole, Anolis sagrei. Biol
J Linn Soc 117:516–27.
Reedy AM, Evans WJ, Cox RM. 2019. Sexual dimorphism
explains residual variance around the survival-reproduction
tradeoff in lizards: implications for sexual conflict over lifehistory evolution. Evol 73:2324–32.
Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a bioconductor package for differential expression analysis of digital
gene expression data. Bioinfor 26:139–40.
Robinson MD, Oshlack A. 2010. A scaling normalization method
for differential expression analysis of RNA-seq data. Genome
Biol 11:R25.
Rosso AA, Nicholson DJ, Logan ML, Chung AK, Curlis JD, Degon ZM, Knell RJ, Garner TW, McMillan WO, Cox CL. 2020.
Sex-biased parasitism and expression of a sexual signal. Biol J
Linn Soc 131:785–800.
Sanger TJ, Seav SM, Tokita M, Langerhans RB, Ross LM, Losos
JB, Abzhanov A. 2014. The oestrogen pathway underlies the
evolution of exaggerated male cranial shapes in Anolis lizards.
Proc R Soc B: Biol Sci 281:20140329.
Sanger TJ, Sherrat E, McGlothlin JW, Brodie ED, III, Losos JB,
Abzhanov A. 2013. Convergent evolution of sexual dimor-

13

