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Expression of insulin-like growth factors depends on both
mass and resource availability in female green anoles
(Anolis carolinensis)

ABSTRACT
The insulin and insulin-like signaling (IIS) network is an important
mediator of cellular growth and metabolism in animals, and is
sensitive to environmental conditions such as temperature and
resource availability. The two main hormones of the IIS network,
insulin-like growth factor 1 (IGF1) and insulin-like growth factor 2
(IGF2), are present in all vertebrates, yet little is known regarding the
responsiveness of IGF2 in particular to external stimuli in nonmammalian animals. We manipulated diet (low or high quantity of
food: low and high diet group, respectively) in adult green anole
(Anolis carolinensis) females to test the effect of energetic state on
hepatic gene expression of IGF1 and IGF2. The absolute expression
of IGF2 in female green anoles was 100 times higher than that of IGF1
regardless of diet treatment, and IGF1 and IGF2 expression
interacted with post-treatment body mass and treatment, as did the
expression of the purported housekeeping genes glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and eukaryotic elongation
factor 2 (EEF2). The low diet group showed a negative relationship
between body mass and gene expression for all genes, whereas the
relationships between body mass and gene expression in the high
diet group were either absent (in the case of IGF1) or positive (for all
other genes). After accounting for total change in mass, the low diet
group expressed IGF2, GAPDH and EEF2 at higher levels compared
with individuals in the high diet group of a similar change in mass.
These results illustrate that expression of IGF1 and IGF2, and of the
housekeeping genes is affected by energetic status in reptiles.
KEY WORDS: IGF1, IGF2, Energetic continuum, Diet manipulation,
Anolis carolinensis

INTRODUCTION

Life histories are shaped by trade-offs in trait expression (Stearns,
1989; Roff, 2002). A central and ubiquitous trade-off is that between
survival and reproduction, and animals inhabiting environments
where resources are limited will allocate acquired resources in such
a way as to maximize residual reproductive value (Williams, 1966).
This trade-off is enabled by the insulin and insulin-like signaling
(IIS) network (Dantzer and Swanson, 2012; Smykal and Raikhel,
2015), a highly conserved pathway that is present in animals ranging
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from fungi to primates (Barbieri et al., 2003) and whose primary
function is to facilitate cell growth and metabolism as well as control
physiological responses to changes in nutrient and environmental
status (Regan et al., 2020). Consequently, activity in the IIS network
has been implicated as a key factor mediating the vertebrate
slow–fast life-history continuum (Dantzer and Swanson, 2012).
For example, the circulating levels of insulin-like growth factor 1
(IGF1), a primary endocrine signal to upregulate the IIS network, is
positively correlated with growth and reproduction yet negatively
related to lifespan across 41 species of mammals (Swanson and
Dantzer, 2014).
The sensitivity of IGF1 production in response to environmental
conditions is well documented. For example, it is this sensitivity that
facilitates the inverse relationship between caloric intake and
lifespan such that dietary restriction tends to enhance longevity in a
wide variety of animal species (Weindruch and Sohal, 1997;
Heilbronn and Ravussin, 2003). However, other endocrine
regulators of the IIS network, though potentially no less important
than IGF1, are poorly understood. The action of IGF1 is well
characterized in adult animals, but the other primary hormone of the
IIS network, insulin-like growth factor 2 (IGF2), has received less
attention (Schwartz and Bronikowski, 2018; Beatty and Schwartz,
2020). IGF2 is produced at high levels in early developmental stages
and is thought to be crucial for embryonic development (Harvey and
Kaye, 1992; Yue et al., 2014). However, most of what is known
about IGF2 derives from work on laboratory rodents, which do not
express the IGF2 gene postnatally (Carter et al., 2002) and exhibit
monoallelic IGF2 expression as a result of paternal imprinting
(Chao and D’Amore, 2008). Given the ubiquity, complexity and
importance of the IIS network, understanding the relative sensitivity
of IGF1 and IGF2 production in response to environmental
variation should be a priority if we are to fully comprehend the
ecological relevance of the IIS network.
Reptiles are of interest for testing the environmental sensitivity of
IGF2 because some evidence suggests that they exhibit postnatal
IGF2 gene expression without paternal imprinting (Reding et al.,
2016; Schwartz and Bronikowski, 2016). Indeed, there is also
evidence that IGF2 might significantly affect postnatal growth and
development in reptiles (Reding et al., 2016), and it has been
proposed that IGF2 could be more environmentally sensitive than
IGF1 in non-placental vertebrates (McGaugh et al., 2015). IGF1
levels tend to decline with dietary restriction and lower temperatures
in ectotherms (Beckman, 2011; Reindl and Sheridan, 2012),
although a previous study on the lizard Sceloporus undulatus
reported decreases in hepatic IGF1 gene expression only in animals
under negative energy balance (Duncan et al., 2015). Although
responsiveness of the IIS network to a manipulated energetic
environment has been tested in a handful of reptile species, IGF2
has never been characterized in this regard.
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To further understand the potential relationship between IIS
network regulation and energetic state in reptiles, we altered the diet
of adult female green anoles (Anolis carolinensis) and measured
hepatic gene expression of both IGF1 and IGF2. Green anoles are a
useful organism for testing hypotheses regarding energetic state and
IIS activity in reptiles because their genome is well annotated and
previous studies have shown that a decrease in nutrient availability
suppresses reproduction (Lovern and Adams, 2008), growth
(Lailvaux et al., 2012) and immune function (Husak et al., 2016)
in this species. We tested the hypothesis that IGF1 and IGF2
expression respond differently to the energetic state of the animal,
whether they are in a positive energetic state and gaining mass;
maintaining a steady body mass; or losing mass, indicating a
negative energetic state. Specifically, we predicted that IGF1
expression would be downregulated in animals in an intended
negative energetic state (hereinafter, referred to as a low diet, LD)
relative to animals that are in an intended positive energetic state
(hereinafter, referred to as a high diet, HD), as is the case in
mammals (Breese et al., 1991; Fontana et al., 2008; Rahmani et al.,
2019) and other reptiles (Duncan et al., 2015). However, given the
paucity of information regarding IGF2 and nutrient availability in
reptiles specifically, we made the null prediction that IGF2
expression would be unaffected by energetic state.
MATERIALS AND METHODS
Husbandry

All procedures were approved by the UNO Institutional Animal Use
and Care Committee protocol #19-003. We captured adult (snout–
vent length, SVL >40 mm) Anolis carolinensis Voigt 1832 females
(N=100) from urban populations in Orleans parish in Louisiana in
June 2019, during the green anoles breeding season (Jenssen et al.,
1995). We used reproductively mature females because this
experiment was a part of a larger project testing for effects of
environmental variation on maternal condition and maternal effects.
Adult, reproductively mature females are continuous reproducers,
so under good conditions they would be in a state of follicular
development (Sparkman et al., 2010) during this time. We recorded
SVL to the nearest 0.05 mm and body mass to the nearest 0.01 g on
the day of capture. The mass range of the lizards was 1.91–4.25 g
and their SVL range was 44.68–56.03 mm. The lizards were held
in a climate-controlled room set at 28°C and 70% humidity. They
were misted daily with water and singly housed in 36.6 cm×
21.6 cm×24.9 cm plastic terrariums with ∼1.25 cm layer of mulch
as substrate along with a wooden rod to perch on, and kept on a light:
dark cycle of 13 h:11 h. Animals were haphazardly assigned a
location in the room and we circulated the location of the lizards
throughout the room weekly to minimize local position effects. All
animals were given 1 week to acclimate before beginning treatment.
Diet treatments

To alter the energetic environments, the experimental animals were
randomly assigned to LD and HD groups. Although the initial mass
of the treatment groups was significantly different, with the LD
group starting out slightly larger than the HD group (Table S2). All
lizards were given ∼1.25 cm crickets (Acheta domesticus). The LD
group was fed one cricket coated in ZooMed ReptiCalcium powder,
3 times weekly and the HD group was fed an ad libitum diet of
three crickets, 3 times per week supplemented with ZooMed
ReptiCalcium powder (as in Lailvaux et al., 2012; Husak et al.,
2016). Reproduction did drop within the LD group, as expected
(Husak et al., 2016). Having animals from a size continuum of about
2–4 g on set HD and LD is expected to create an energetic state
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continuum in which small animals on the HD would increase in
mass ( positive energy balance) whereas bigger animals on the HD
would either not change or slightly lose mass. Small animals on the
LD would either maintain their mass or have minimal mass loss, and
bigger animals on the LD would be in negative energy balance and
lose mass (Fig. S3). In this way, we could test for the effect of
the categorical energetic environment (treatment group), and the
continuous variable of energetic state (represented by either final
body mass at the end of the experiment or change in mass over the
time of the experiment).
Mass of females was recorded weekly for 8 weeks and females
that lost >33% of initial body mass were temporarily removed from
the experiment and put on an ad libitum diet. This only occurred in
two lizards, one of which was included in the gene expression
analysis. They were put back on the treatment if they reached the
accepted threshold the following week. Any individual that had
fallen below the body mass threshold more than once was excluded
from gene expression analysis.
Post-treatment

At week 8 of the experiment, the green anoles were rapidly
euthanized. Twenty-five individuals from the LD group and 25
individuals from the HD group were immediately dissected postmortem. Liver tissue was removed, minced, and stored in RNAlater
at 4°C for 3 weeks prior to gene expression analysis.
IGF gene expression analysis

Liver samples (n=19 for LD; n=22 for HD) for each treatment
were randomized before RNA isolation. Liver samples were vortexed
in DEPC-treated sterile water to rinse off the RNAlater. RNA was
extracted with an Illustra RNAspin Mini kit according to the
manufacturer’s protocol (GE, 25-0500-70). Briefly, samples were
lysed in RNAspin Lysis Buffer (GE, 25-0500-70) with 5 mm
stainless steel beads (Qiagen 69989) using a Tissuelyser II (Qiagen)
at 30 Hz for a period of 3 min. Proteinase K (Qiagen, 19131) was
added post-homogenization to degrade proteins during cell lysis.
During RNA isolation, a DNAse digestion was included according to
the manufacturer’s protocol. Total RNA was quantified on an Agilent
2200 TapeStation. All samples were standardized by making a
100 ng µl−1 dilution. Following the manufacturer’s protocols, total
RNA (100 ng) was used in cDNA synthesis reactions using qScript
XLT cDNA SuperMix (QuantaBio, 95161-500). cDNA for all
samples was made in the same 96-well plate.
Primers were designed for four target genes: IGF1, IGF2,
GAPDH and EEF2 (Table 1). Primer and probe pairs for these genes
were designed with Geneious Prime (Kearse et al., 2012; version
2019.0.4) using the publicly available green anole genome from the
NCBI gene database (version AnoCar2.0). An absolute standard
curve for each gene was produced using a minigene synthesized
by Integrated DNA Technologies (see Supplementary Materials
and Methods). Amplicon regions of the four target gene regions
with a 10 bp flanking region at each end were strung together and
produced as a single synthetic plasmid ( pUCIDT-KAN+Vector,
Ref. 220963291). The circular plasmid was reconstituted to a
concentration of 40 ng µl−1 and 1 µg of plasmid was digested using
BgIII (NEB, R0144) to a final concentration of 20 ng µl−1. Total
copy number was calculated from concentration and plasmid length
(Staroscik, 2004; https://cels.uri.edu/gsc/cndna.html). The plasmid
was diluted to a concentration of 1×108 copies µl−1 and used to
produce a serial dilution ranging from 1×107 to 1×102 copies µl−1.
In order to standardize the total amount of nucleic acid in each
standard, Lambda DNA (NEB, N3011S) was prepared at a
2
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Table 1. Primers used for gene expression analysis
Gene

Amplicon length (bp)

Primer name

Primer sequence (5′–3′)

IGF1

115

IGF2

116

EEF2

124

GAPDH

110

GA_IGF1_440F
GA_IGF1_555R
GA_IGF1_Probe516
GA_IGF2_581F
GA_IGF2_697R
IGF2_Asag_Probe_HexZen
GA_EEF2_549F
GA_EEF2_673R
GA_EEF2_Probe585
GA_GAPDH_510F
GA_GAPDH_620R
GA_GAPDH_Probe77

GGA GGC AAT CGA CGT TCA GT
ACG GAT CGT GCG GTT TTA TCT
/56-FAM/TGACCTGAC/ZEN/ACGACTGGAG/3IABkFQ/
CTG TGG GCA GAA ACA GAG GA
TGA TTT TGC ACA GTA GGT TTC CAA
/5HEX/TGT GGA /ZEN/GTG CTG CTT CCG GA/3IABkFQ/
GAA CCA GAA GAC ATA CCT ACC G
AAG TGG CGG ATT TCT CTT GG
/5Cy5/TTGCTGAGC/TAO/GTATCAAGCCA/3IAbRQSp/
AGT GAA TGG CCA ACG AGG
AGA TGG CAT TCA GGA TCT CC
/5TexRd-XN/CTGCTGGCATTGCTCTCAAC/3BHQ_2/

concentration of 310 ng µl−1 and used to balance each standard
solution.
Real-time quantitative PCR (qPCR) was conducted as described
in Beatty and Schwartz (2020) to quantify IGF1, IGF2, GAPDH
and EEF2 in a multiplex qPCR reaction containing 1× PrimeTime
Gene Expression Mastermix (Integrated DNA Technologies DNA,
1055772), 0.3 µmol l−1 of each primer, 0.2 µmol l−1 of each probe,
3 µl of cDNA at a 1:100 dilution in a final volume of 20 µl volume.
Samples were randomized to 2 plates and run in triplicate reactions
on a BioRad CFX96 qPCR thermal cycler: 3 min 95°C initial
activation, 2-step amplification cycle of 15 s at 95°C and 1 min at
60°C, repeated for 45 cycles. Imaging occurred immediately
following each extension using the FAM, HEX, Tex615 and Cy5
fluorophore channels.
qPCR quality filtering

CFX Maestro Software (BioRad) was used to calculate PCR
efficiency, CQ (quantification cycle) values, standard deviations,
and absolute copy number of each gene. PCR efficiency was as
follows: IGF1 101.8% (r 2=0.992), IGF2 106.4% (r 2=0.987),
GAPDH 102.8% (r 2=0.988) and EEF2 101.5% (r 2=0.993). All
data filtering was based on the output CQ values. Final data analyses
were based on absolute copy number determined within the
software from standard curve and CQ values, accounting for PCR
efficiency. However, additional care was taken to randomize
samples during RNA isolation, cDNA synthesis and qPCR stages,
and to normalize samples before cDNA synthesis.
All analyses were run in R version 3.6.0 (http://www.R-project.
org/). We used a two-tailed t-test to determine confidence intervals
for genes and made subsets of data by gene. We removed replicates
of samples and housekeeping genes that deviated by more than 0.2
cycles from the mean of the triplicate. We excluded samples from
analysis that required the removal of more than one replicate.
Statistical analysis

Because of the documented relationships between components of
the IIS network and growth, and because growth is affected by the
energetic state of an organism that will certainly be altered by our
diet treatment, we conditioned all of our analyses on one of two
measures of body mass. The energetic environment, as defined by
the HD and LD treatments, is expected to affect the energetic state
of the animals, as indicated by the change in body mass by the end
of the experiment. Additionally, the energetic environment can have
an independent effect beyond a change in mass. Thus, to test our
hypothesis that IGF1 and IGF2 expression may respond differently
to the energetic state of the animal, as well as the energetic

environment, we analyzed absolute copy number for each gene in
two different ways: (1) using models with treatment as a factor and
final body mass at the end of the experiment as a covariate; and (2)
using models with treatment as a factor and total change in body
mass (Δmass, calculated as the difference between post- and pretreatment mass) over the 8 weeks of the experiment as a covariate,
representing energetic state at the time of sampling for measuring
gene expression. We used mass instead of SVL because in adult
animals, changes in mass are more sensitive to diet than changes in
SVL might be over the time scale of this experiment. We used the
nlme package (https://CRAN.R-project.org/package=nlme) to fit all
general linear mixed models, and Box–Cox transformed dependent
variables as required to meet model assumptions of normality. In
cases where mixed models still exhibited heteroscedasticity
following transformations, we dealt with this by fitting an
exponential variance structure (Zuur et al., 2009). Because a
penalty factor is applied to random effects during calculation of the
likelihood function, P-values associated with individual factors are
approximate. Consequently, we did not rely on Wald P-values for
interpretation of mixed-model factor significance, nor do we report
them; rather, we based our interpretations on model simplification
achieved via log-likelihood deletion tests (see Silk et al., 2020, for a
recent review). Once minimum adequate model structure was
determined, we refitted final models using restricted estimate
maximum likelihood (REML). We used the visreg package
(Breheny and Burchett, 2017) to plot partial residuals of absolute
copy number from the final minimum adequate models for each
gene. Partial residuals describe the relationship of interest (in this
case, between treatment and copy number) while holding all other
factors in the final models constant (Breheny and Burchett, 2017).
To test the effect of treatment on final body mass, we ran two
different linear models. Both models had treatment set as the
independent variable and post-experimental mass as the dependent
variable. Lastly, to facilitate comparison with previous studies that
made interpretations based on absolute gene expression, we provide
those models in the Supplementary Materials and Methods (see
Figs S1, S2 and Table S1); however, in the discussed results we
analyze mass-dependent relationships throughout.
Final mass analysis

We fitted general linear models to copy number for each gene
measured, with treatment, final body mass and their interaction as
fixed factors and individual as a random factor to account for the
repeated measures of gene expression. We fitted exponential
variance structure to models for IGF1, IGF2 and GAPDH to deal
with heteroscedasticity.
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Primers for insulin-like growth factor 1 and 2 (IGF1 and IGF2), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and eukaryotic elongation factor 2 (EEF2)
genes were developed using Geneious Prime (F) software and were created at IDT DNA Technologies.
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Change in mass analysis

To understand how energetic state affects IGF1 and IGF2 gene
expression, we fitted general linear models to absolute copy number
for each gene measured with treatment, Δmass and their interaction
as fixed factors and individual as a random factor, as above. We
dealt with heteroscedasticity in the IGF1 model by fitting an
exponential variance structure.
RESULTS
Final body mass analysis

Following simplification via log-likelihood ratio tests, the minimum
adequate model for IGF1 retained an interaction between the main
effects of treatment and final body mass (Table 2), such that LD
lizards exhibited a negative relationship between IGF1 expression
and final body mass, whereas HD animals showed no such
relationship (Fig. 1A). The final model for IGF2 also retained a
significant interaction between final body mass and treatment
(Table 2) such that LD led to a negative relationship between body
mass and gene expression, while the two factors were positively
related in HD individuals. This same interaction was also retained in
the models for housekeeping genes GAPDH and EEF2 (Fig. 1C,D,
Table 2). Within the housekeeping genes, the LD group had a
negative correlation with expression levels and final body mass
while the HD group had a positive direct correlation between
expression levels and final body mass.
Change in mass analysis

The change in mass is indicative of the energetic state of the animals
at the time gene expression was analyzed. The final model for IGF1
retained only an effect of Δmass, indicating no treatment effects on
gene expression (Table 3). We included an interaction between
treatment and Δmass to account for both simultaneously. While the
interaction was non-significant for IGF1, there was a positive
relationship between change in body mass and expression of IGF1
over the course of the experiment (Fig. 2A). However, IGF2,
GAPDH and EEF2 all included treatment in the final model

Table 2. Best-fitting models describing the variation in copy number of
IGF1, IGF2, GAPDH and EEF2 with final body mass as a covariate
Model term
IGF1
Intercept
Treat (LD)
Final Body Mass
Treat (LD):Final Body Mass
IGF2
Intercept
Treat (LD)
Final Body Mass
Treat (LD):Final Body Mass
GAPDH
Intercept
Treat (LD)
Final Body Mass
Treat (LD):Final Body Mass
EEF2
Intercept
Treat (LD)
Final Body Mass
Treat (LD):Final Body Mass

Coefficient

s.e.

1.088
0.045
−0.0001
0.018

0.026
0.035
0.008
0.012

7.72
185.98
32.11
−61.72

90.92
123.30
28.058
41.43

47.40
411.87
43.06
−141.49

137.60
186.64
42.46
62.70

1.77
4.60
0.64
−1.55

1.48
2.00
0.46
0.67

The reported coefficients give the estimated change in the dependent variable
between the baseline category and the category named in the table. The
baseline category was the high diet (HD) group. Treat, treatment; LD, low diet.

conditioned on Δmass, indicating that LD lizards expressed IGF2,
GAPDH and EEF2 at higher levels compared with those individuals
in the HD group of similar Δmass (Table 3). Furthermore, the
positive relationship between Δmass and gene expression observed
for IGF1 was also seen in IGF2, GAPDH and EEF2.
Although HD lizards were fed in such a way as to increase the
energetic environment, four individuals lost mass over the course of
the experiment (Lovern et al., 2004). Because we do not know why
those lizards lost mass, we included them in our main analyses here
and interpret the results of modeling all of the data, but we also
analyzed the data with those four lizards removed (see Table S3).
When those lizards were removed, the change in mass was no longer
retained as a significant factor in the final minimum adequate
models for IGF2, GAPDH and EEF2.
DISCUSSION

The responsiveness of IGF1 to the energetic environment is well
characterized (Breese et al., 1991; Fontana et al., 2008; Duncan
et al., 2015; Rahmani et al., 2019), but the factors affecting IGF2
levels are poorly understood. In this study, we manipulated diet and
compared gene expression of IGF1 and IGF2 with the goal of
testing the hypothesis that IGF1 and IGF2 respond differently to the
energetic environment and the energetic state.
Our prediction that IGF1 would be downregulated in animals
with a negative energy status (LD) was supported. Our minimum
adequate model retained a significant interaction between treatment
and final mass, such that LD animals exhibited a clear negative
effect of final body mass on IGF1 expression that was not seen in
the HD animals (Fig. 1A, Table 2). Larger animals in resourcelimiting environments (LD treatment) may express IGF1 to a lesser
extent than smaller animals, in that same environment, because
of the level of resources available relative to size. Further, our
data indicate that larger females that are losing mass have reduced
IGF1 expression relative to smaller females that are maintaining
mass, when resources are scarce. Our data also show that lizards
that gained mass over the course of the experiment, regardless
of treatment, had higher expression of IGF1 relative to those
animals that maintained or lost mass (Fig. 2A), recapitulating
an important general result that IGF1 expression and energetic state
are directly correlated. Our data therefore support the effect of
resource environment and energetic state on IGF1 expression in
reptiles.
Our second prediction, that IGF2 expression would be unaffected
by energetic environment, was not supported. Our minimum
adequate model retained final mass as a covariate (Fig. 1,
Table 2), and also retained a significant interaction between
treatment and final mass, such that HD lizards that were
maintaining or gaining body mass showed a positive relationship
between IGF2 expression and final body mass, whereas LD lizards
that were maintaining or losing mass showed a negative relationship
(Fig. 1B, Table 2). Further, when the change in body mass over the
experiment was accounted for, we found that animals in a low
energetic environment (LD) exhibited higher expression of IGF2
relative to animals in a high energetic environment (HD) (Fig. 2B).
Our data therefore indicate that IGF2 is responsive to the energy
environment beyond the effect of energetic state. These results
highlight a key difference in the action of components of the IIS
under resource-limited conditions on reptiles compared with rodent
models, where IGF2 is not expressed in adulthood. The very novelty
of this result limits our ability to interpret it within a properly
comparative context, although we hope it will serve as a foundation
for future studies.
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A

160
IGF2 expression

IGF1 expression

1.10
1.09
1.08
1.07

LD

140
120
100
80

2.5

3.0

3.5

4.0

C

4.8

250
EEF2 expression

GAPDH expression

HD

B

200
150

2.5

3.0

3.5

2.5

3.0

3.5

4.0

D

4.4
4.0
3.6
3.2

100
2.8
2.5

3.0

3.5

4.0

4.0

Post-treatment body mass

Housekeeping genes are commonly used to normalize data in
studies of gene expression (Mane et al., 2008). In theory, expression
of housekeeping genes should be consistent between individuals,
regardless of treatment, because they are required for normal cellular
function. We used two of the most common housekeeping genes,
GAPDH and EEF2, in this study; however, because there is
Table 3. Best-fitting models describing the variation in copy number of
IGF1, IGF2, GAPDH and EEF2 with change in body mass as a covariate
Model term
IGF1
Intercept
Change in Body Mass
IGF2
Intercept
Treat (LD)
Change in Body Mass
GAPDH
Intercept
Treat (LD)
Change in Body Mass
EEF2
Intercept
Treat (LD)
Change in Body Mass

Coefficient

s.e.

1.180
0.021

0.005
0.016

99.10
33.58
46.90

12.41
22.31
23.63

167.90
54.95
71.07

19.62
35.29
37.36

1.57
0.54
2.04

1.25
0.37
1.13

The reported coefficients give the estimated change in the dependent variable
between the baseline category and the category named in the table. The
baseline category was the HD group.

evidence from mice that GAPDH in particular is not a stable
reference gene under caloric restriction (Gong et al., 2016), we
controlled for the eventuality that neither gene might be appropriate
for normalizing our expression data by randomizing samples at
RNA isolation, cDNA synthesis and qPCR steps to disperse
technical error amongst treatments, as well as normalizing RNA
amounts when making cDNA (Beatty and Schwartz, 2020). Indeed,
we found that expression levels of GAPDH and EEF2 differed
between treatments, both when accounting for final body mass
(Fig. 1C,D, Table 2) and when accounting for change in body mass
(Fig. 2C,D, Table 3). This suggests that both GAPDH and EEF2 are
affected by the animal’s energetic state. Given that GAPDH
is essential to break down glucose for ATP (Nicholls et al., 2012),
it is possible that the females receiving lower levels of nutrients
needed to upregulate GAPDH production for increased efficiency in
metabolism (Vaquero and Reinberg, 2009; but note Mozdziak et al.,
2003). In this respect, our results are consistent with results from
mammals, illustrating that GAPDH is unsuitable for reference in
energetics studies in reptiles as well, and may in fact be implicated in
the key life-history trade-off between survival and reproduction.
The role of EEF2 is to conduct the elongation step in protein
translation, and it is naturally expressed at low levels within both
mammalian and reptilian cells (Kaul et al., 2011; Taha et al., 2013),
consistent with our results here. In mammals, low nutrition status
leads to inhibition of EEF2 and ultimately protein synthesis (Proud,
2002; Kaul et al., 2011). The increase in EEF2 expression seen in
the LD animals (Figs 1D and 2D, Tables 2 and 3) appears to further
5
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Fig. 1. Relationship between insulin-like growth factor 1 and 2 (IGF1 and IGF2) gene expression and final body mass in female green anoles in the
two diet groups. Partial residuals illustrating expression (copy number) of (A) IGF1, (B) IGF2 and the housekeeping genes (C) glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and (D) eukaryotic elongation factor 2 (EEF2) in individuals from the high diet (HD; n=22) and low diet (LD; n=19) groups after
accounting for the effects of final body mass. The optimal transformation given by the Box–Cox transformations resulted in a negative exponent for IGF1. To
be consistent with interpretations, we show it here with a positive exponent – it still fitted well with our models.
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0
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C

0

0.5
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0

0.5

1.0

D
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EEF2 expression

GAPDH expression

–0.5

200
180
160

4.0

3.5

140
3.0

120
–0.5

0

0.5

1.0
ΔMass

indicate increased metabolic efficiency, although more research is
needed to elucidate the effects of changes in energetic environment
on EEF2 in reptiles.
Taken together, we can conclude that energetic environment
affects the responsiveness of IGF1, IGF2, GAPDH and EEF2
within green anoles. This is evidenced by the fact that treatment
(representing the energetic environment) was still a significant
factor even after change in mass (representing energetic state) was
accounted for, which suggests that some other mechanism is also
driving changes in gene expression beyond the change in mass of
the animals. Although the nature of this mechanism is not apparent
from our dataset, the effects of both treatment and change in mass on
the expression of housekeeping genes nonetheless highlight a
fundamental issue in molecular biology: that common housekeeping
genes suitable and well characterized in mammalian models may
not always be adequate for non-model species. Despite the status of
anoles as model organisms for evolutionary studies (Camargo et al.,
2010), little effort has been devoted to finding effective reference
genes for species outside of a biomedical context (such as these
organisms), and thus for reptiles in general.
A final constraint to using oviparous organisms, such as green
anoles, as a model organism is that green anoles lay eggs every
7–14 days, so the initial mass may be reflective of egg retention
while the final mass may be reflective of mass following oviposition
(Lovern et al., 2004). This could be why four HD lizards lost mass
over the course of the experiment. This could also be due to either
the artificial laboratory environment or the fact that the intended
ad libitum feeding regime did not provide enough energy to
maintain their starting mass. When these lizards were removed from

the dataset, Δmass was no longer included as a significant factor (see
Table S3). Although our results give insight into the function of the
IIS in reptiles, an important caveat is that increases in IGF2 or the
housekeeping genes in the LD lizards could be due to the nature of
endpoint measures of gene expression, showing only a momentary
snapshot of transcription. Additionally, we did not measure
circulating levels of IGF1 or IGF2 proteins because no such assay
has been validated for green anoles. We also did not assay insulinlike growth factor binding proteins (IGFBPs), which can positively
or negatively manipulate the effects of circulating IGFs (Denley
et al., 2005), although we have limited information on their binding
relationships to these hormones in reptiles (McGaugh et al., 2015;
Schwartz and Bronikowski, 2018); nor did we test IGF1 receptor
density, which would moderate the downstream effects of the
hormone expression. Furthermore, although we sampled liver tissue
because the vast majority of IGF production is of hepatic origin,
especially for endocrine regulation, paracrine production of IGFs
occurs in other tissue types such as skeletal muscle and the brain
(Chao and D’Amore, 2008; Reding et al., 2016). It is therefore
possible that the diet treatments led to the differential regulation of
IGF1 and IGF2 expression in these tissues that we did not measure.
The complexity of the IIS network means that considering all
of these aspects of IGF expression and regulation within a single
study is enormously challenging, and logistical constraints
precluded us from doing so here. Future research in the field
should focus on the development of these additional assays listed
in green anoles and subsequent testing of these other components
of the IIS to better understand its reactivity to environmental
pressures.
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Fig. 2. Relationship between IGF1 and IGF2 gene expression and change in body mass in female green anoles in the two diet groups. Estimated
marginal means for gene expression when accounting for the change in body mass (Δmass). Treatment was included in the models for IGF2 (B), GAPDH
(C) and EEF2 (D) when conditioned with Δmass. Treatment was not included in the final model for IGF1 (A). HD, n=22; LD, n=19.

The IIS network is highly conserved, and is responsible for
nutrient signaling of the energetic environment to regulate cell
proliferation and differentiation in nearly all animal species. In this
paper, we demonstrated that gene expression of both IGF1 and
IGF2 is subject to modification by the energetic environment as
well as the energetic state in female green anoles. These results
are crucial to filling in the knowledge gap regarding the actions
of IGF1 and IGF2 in reptiles, and provide a foundation for future
understanding of the mechanisms effecting IGF expression.
Continuing research on the IIS network in response to external
physiological stressors is essential to understand how reptiles can
adapt to subpar conditions, including those caused by climate
change (Böhm et al., 2016), and ultimately to comprehend the
mechanisms by which the IIS network mediates life-history tradeoffs.
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Bö hm, M., Cook, D., Ma, H., Davidson, A. D., Garcı́a, A., Tapley, B., PearceKelly, P. and Carr, J. (2016). Hot and bothered: Using trait-based approaches to
assess climate change vulnerability in reptiles. Biol. Conserv. 204, 32-41. doi:10.
1016/j.biocon.2016.06.002
Breese, C. R., Ingram, R. L. and Sonntag, W. E. (1991). Influence of age and longterm dietary restriction on plasma insulin-like growth factor-1 (IGF-1), IGF-1 gene
expression, and IGF-1 binding proteins. J. Gerontol. 46, B180-B187. doi:10.1093/
geronj/46.5.B180
Breheny, P. and Burchett, W. (2017). Visualization of regression models using
visreg. R. J. 9, 56. doi:10.32614/RJ-2017-046
Camargo, A., Sinervo, B. and Sites, J. W. (2010). Lizards as model organisms for
linking phylogeographic and speciation studies: Lizard phylogeography and
speciation. Mol. Ecol. 19, 3250-3270. doi:10.1111/j.1365-294X.2010.04722.x
Carter, C. S., Ramsey, M. M., Ingram, R. L., Cashion, A. B., Cefalu, W. T., Wang,
Z. Q. and Sonntag, W. E. (2002). Models of growth hormone and IGF-1
deficiency: applications to studies of aging processes and life-span determination.
J. Gerontol. A Biol. Sci. Med. Sci. 57, B177-B188. doi:10.1093/gerona/57.5.B177
Chao, W. and D’Amore, P. A. (2008). IGF2: Epigenetic regulation and role in
development and disease. Cytokine Growth Factor. Rev. 19, 111-120. doi:10.
1016/j.cytogfr.2008.01.005
Dantzer, B. and Swanson, E. M. (2012). Mediation of vertebrate life histories via
insulin-like growth factor-1. Biol. Rev. 87, 414-429. doi:10.1111/j.1469-185X.
2011.00204.x
Denley, A., Cosgrove, L. J., Booker, G. W., Wallace, J. C. and Forbes, B. E.
(2005). Molecular interactions of the IGF system. Cytokine Growth Factor. Rev.
16, 421-439. doi:10.1016/j.cytogfr.2005.04.004

Journal of Experimental Biology (2021) 224, jeb242665. doi:10.1242/jeb.242665

Duncan, C. A., Jetzt, A. E., Cohick, W. S. and John-Alder, H. B. (2015). Nutritional
modulation of IGF-1 in relation to growth and body condition in Sceloporus lizards.
Gen. Comp. Endocrinol. 216, 116-124. doi:10.1016/j.ygcen.2015.02.009
Fontana, L., Weiss, E. P., Villareal, D. T., Klein, S. and Holloszy, J. O. (2008).
Long-term effects of calorie or protein restriction on serum IGF-1 and IGFBP-3
concentration in humans. Aging Cell 7, 681-687. doi:10.1111/j.1474-9726.2008.
00417.x
Gong, H., Sun, L., Chen, B., Han, Y., Pang, J., Wu, W., Qi, R. and Zhang, T.
(2016). Evaluation of candidate reference genes for RT-qPCR studies in three
metabolism related tissues of mice after caloric restriction. Sci. Rep. 6, 38513.
doi:10.1038/srep38513
Harvey, M. B. and Kaye, P. L. (1992). IGF-2 stimulates growth and metabolism
of early mouse embryos. Mech. Dev. 38, 169-173. doi:10.1016/09254773(92)90050-T
Heilbronn, L. K. and Ravussin, E. (2003). Calorie restriction and aging: Review of
the literature and implications for studies in humans. Am. J. Clin. Nutr. 78,
361-369. doi:10.1093/ajcn/78.3.361
Husak, J. F., Ferguson, H. A. and Lovern, M. B. (2016). Trade-offs among
locomotor performance, reproduction and immunity in lizards. Funct. Ecol. 30,
1665-1674. doi:10.1111/1365-2435.12653
Jenssen, T. A., Greenberg, N. and Hovde, K. A. (1995). Behavioral profile of freeranging male lizards, Anolis carolinensis, across breeding and post-breeding
seasons. Herpetol. Monogr. 9, 41-62. doi:10.2307/1466995
Kaul, G., Pattan, G. and Rafeequi, T. (2011). Eukaryotic elongation factor-2 (eEF2):
Its regulation and peptide chain elongation. Cell Biochem. Funct. 29, 227-234.
doi:10.1002/cbf.1740
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., S.
Buxton, A. Cooper, S. Markowitz, Duran, C. et al. (2012). Geneious Basic: an
integrated and extendable desktop software platform for the organization and
analysis of sequence data. Bioinformatics 28, 1647-1649. doi:10.1093/
bioinformatics/bts199
Lailvaux, S. P., Gilbert, R. L., Edwards, J. R. (2012). A performance-based cost to
honest signalling in male green anole lizards (Anolis carolinensis). Proc. R. Soc. B
279, 2841-2848. doi:10.1098/rspb.2011.2577
Lovern, M. B. and Adams, A. L. (2008). The effects of diet on plasma and yolk
steroids in lizards (Anolis carolinensis). Integr. Comp. Biol. 48, 428-436. doi:10.
1093/icb/icn058
Lovern, M. B., Holmes, M. M. and Wade, J. (2004). The green anole (Anolis
carolinensis): A reptilian model for laboratory studies of reproductive morphology
and behavior. ILAR J. 45, 54-64. doi:10.1093/ilar.45.1.54
Mane, V. P., Heuer, M. A., Hillyer, P., Navarro, M. B. and Rabin, R. L. (2008).
Systematic method for determining an ideal housekeeping gene for real-time PCR
analysis. J. Biomol. Tech. 19, 342-347.
McGaugh, S. E., Bronikowski, A. M., Kuo, C.-H., Reding, D. M., Addis, E. A.,
Flagel, L. E., Janzen, F. J. and Schwartz, T. S. (2015). Rapid molecular evolution
across amniotes of the IIS/TOR network. Proc. Natl Acad. Sci. USA 112,
7055-7060. doi:10.1073/pnas.1419659112
Mozdziak, P. E., Dibner, J. J. and McCoy, D. W. (2003). Glyceraldehyde-3phosphate dehydrogenase expression varies with age and nutrition status.
Nutrition 19, 438-440. doi:10.1016/S0899-9007(02)01006-7
Nicholls, C., Li, H. and Liu, J.-P. (2012). GAPDH: a common enzyme with
uncommon functions: New functions of GAPDH. Clin. Exp. Pharmacol. Physiol.
39, 674-679. doi:10.1111/j.1440-1681.2011.05599.x
Proud, C. G. (2002). Regulation of mammalian translation factors by nutrients:
control of translation factors by nutrients. Eur. J. Biochem. 269, 5338-5349.
doi:10.1046/j.1432-1033.2002.03292.x
Rahmani, J., Kord Varkaneh, H., Clark, C., Zand, H., Bawadi, H., Ryan, P. M.,
Fatahi, S. and Zhang, Y. (2019). The influence of fasting and energy restricting
diets on IGF-1 levels in humans: a systematic review and meta-analysis. Ageing
Res. Rev. 53, 100910. doi:10.1016/j.arr.2019.100910
Reding, D. M., Addis, E. A., Palacios, M. G., Schwartz, T. S. and Bronikowski,
A. M. (2016). Insulin-like signaling (IIS) responses to temperature, genetic
background, and growth variation in garter snakes with divergent life histories.
Gen. Comp. Endocrinol. 233, 88-99. doi:10.1016/j.ygcen.2016.05.018
Regan, J. C., Froy, H., Walling, C. A., Moatt, J. P. and Nussey, D. H. (2020).
Dietary restriction and insulin-like signalling pathways as adaptive plasticity: A
synthesis and re-evaluation. Funct. Ecol. 34, 107-128. doi:10.1111/1365-2435.
13418
Reindl, K. M. and Sheridan, M. A. (2012). Peripheral regulation of the growth
hormone-insulin-like growth factor system in fish and other vertebrates. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 163, 231-245. doi:10.1016/j.cbpa.2012.
08.003
Roff, D. A. (2002). Life History Evolution. Sinauer Associates.
Schwartz, T. S. and Bronikowski, A. M. (2016). Evolution and function of the
insulin and insulin-like signaling network in ectothermic reptiles: some answers
and more questions. Integr. Comp. Biol. 56, 171-184. doi:10.1093/icb/icw046
Silk, M. J., Harrison, X. A. and Hodgson, D. J. (2020). Perils and pitfalls of mixedeffects regression models in biology. PeerJ 8, e9522. doi:10.7717/peerj.9522
Smykal, V. and Raikhel, A. S. (2015). Nutritional control of insect reproduction.
Curr. Opin. Insect Sci. 11, 31-38. doi:10.1016/j.cois.2015.08.003

7

Journal of Experimental Biology

RESEARCH ARTICLE

Sparkman, A. M., Byars, D., Ford, N. B. and Bronikowski, A. M. (2010). The role
of insulin-like growth factor-1 (IGF-1) in growth and reproduction in female brown
house snakes (Lamprophis fuliginosus). Gen. Comp. Endocrinol. 168, 408-414.
doi:10.1016/j.ygcen.2010.05.006
Stearns, S. C. (1989). Trade-Offs in Life-History Evolution. Funct. Ecol. 3, 259.
doi:10.2307/2389364
Swanson, E. M. and Dantzer, B. (2014). Insulin-like growth factor-1 is associated
with life-history variation across Mammalia. Proc. R. Soc. B 281, 20132458.
doi:10.1098/rspb.2013.2458
Taha, E., Gildish, I., Gal-Ben-Ari, S. and Rosenblum, K. (2013). The role of eEF2
pathway in learning and synaptic plasticity. Neurobiol. Learn. Mem. 105, 100-106.
doi:10.1016/j.nlm.2013.04.015

Journal of Experimental Biology (2021) 224, jeb242665. doi:10.1242/jeb.242665

Vaquero, A. and Reinberg, D. (2009). Calorie restriction and the exercise of
chromatin. Genes Dev. 23, 1849-1869. doi:10.1101/gad.1807009
Weindruch, R. and Sohal, R. S. (1997). Caloric intake and aging. N. Engl. J. Med.
337, 986-994. doi:10.1056/NEJM199710023371407
Williams, G. C. (1966). Natural selection, the costs of reproduction, and a
refinement of Lack’s principle. Am. Nat. 100, 687-690. doi:10.1086/282461
Yue, F., Cheng, Y., Breschi, A., Vierstra, J., Wu, W., Ryba, T., Sandstrom, R., Ma,
Z., Davis, C., Pope, B. D. et al. (2014). A comparative encyclopedia of DNA
elements in the mouse genome. Nature, 515, 355-364. doi:10.1038/nature13992
Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A. and Smith, G. M. (2009). Mixed
Effects Models and Extensions in Ecology with R. Springer Science & Business
Media.

Journal of Experimental Biology

RESEARCH ARTICLE

8

