Journal of Heredity, 2023, 114, 207-218
https://doi.org/10.1093/jhered/esad006
Advance access publication 20 February 2023

Original Article

G

f | American

OXFORD

A Genetic
Q Association

Original Article

Epigenetic potential: Promoter CpG content positively
covaries with lifespan and is dependent on gene function
among vertebrates

Elizabeth L. Sheldon2, Aaron W. Schrey?* , Lynn B. Martin"

College of Public Health, University of South Florida, Global Health and Infectious Disease Research Center and Center for Genomics, Tampa,
FL, United States,
2Department of Biology, Georgia Southern University, Savannah, GA, United States

Address correspondence to E.L. Sheldon at the address above, or e-mail: elsheldon@usf.edu.

, M. Ellesse Lauer*

Corresponding Editor: Bridgett vonHoldt

Abstract

Variation in DNA methylation is associated with many ecological and life history traits, including niche breadth and lifespan. In vertebrates, DNA
methylation occurs almost exclusively at “CpG"” dinucleotides. Yet, how variation in the CpG content of the genome impacts organismal ecology
has been largely overlooked. Here, we explore associations between promoter CpG content, lifespan and niche breadth among 60, amniote ver
tebrate species. The CpG content of 16 functionally relevant gene promoters was strongly, positively associated with lifespan in mammals and
reptiles, but was not related to niche breadth. Possibly, by providing more substrate for CpG methylation to occur, high promoter CpG content
extends the time taken for deleterious, age-related errors in CpG methylation patterns to accumulate, thereby extending lifespan. The associ-
ation between CpG content and lifespan was driven by gene promoters with intermediate CpG enrichment—those known to be predisposed
to regulation by methylation. Our findings provide novel support for the idea that high CpG content has been selected for in long-lived species
to preserve the capacity for gene expression regulation by CpG methylation. Intriguingly, promoter CpG content was also dependent on gene

function in our study; immune genes had on average 20% less CpG sites than metabolic- and stress-related genes.
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Background

A key aim of ecological epigenetics is to relate patterns of ep-
igenetic diversity to the evolutionary forces impacting organ-
ismal ecology and life history (Rey et al. 2020). Interspecific
variation in 2 fundamental traits: niche breadth (the diversity
of resources used or environments tolerated by an individual,
population, or species) and lifespan (the length of time an
individual lives), has recently been associated with epigenetic
variation in DNA methylation (Herrera et al. 2012; Sexton
et al. 2017; Horvath and Raj 2018). Yet, the proximal mech-
anism by which DNA methylation might influence these traits
remains unclear.

The incorporation of methylation to the genome does not
alter the DNA sequence, but when methylation falls within
gene regulatory regions (e.g. gene promoters) it can affect
phenotypic plasticity via its effects on gene expression (Boyes
and Bird 1991; Bird 2002; Weaver et al. 2004; Klose and Bird
2006; Zhi et al. 2013; Lemire et al. 2015). Patterns of DNA
methylation can be modified in response to various external
cues, contributing to the ability of individuals to respond flex-
ibly to environmental variation within their lives (Weaver et
al. 2004; Pigliucci 2006; Lea et al. 2016; Leung et al. 2016;

Sheldon et al. 2018, 2020; Pfennig 2021). Such environmen-
tally induced phenotypic plasticity is thought to be intrinsi-
cally linked with the evolution of species-level niche breadth
(niche expansion or contraction), as it largely underscores
the capacity of organisms to perform flexibly across multiple
environments (Via and Lande 1985; Lynch and Gabriel 1987,
Gomulkiewicz and Kirkpatrick 1992; Gavrilets and Scheiner
1993; Gilchrist 1995; Pigliucci 2006; Herrera et al. 2012;
Sexton et al. 2017) (however, it is recognized that the expres-
sion of a fixed phenotype that functions in diverse conditions
may also foster a broad niche; Holt 2009; Fraebel et al. 2020).

In vertebrates, DNA methylation occurs almost exclusively
at CpG dinucleotides (adjacent cytosine and guanine linked
by a phosphate) (Suzuki and Bird 2008) (other sequence
contexts have been detected but at much lower frequencies
(Ramsahoye et al. 2000; Lister et al. 2009). Sequence variants
that increase or decrease CpG content are thus extremely rele-
vant for increasing or decreasing the potential for phenotypic
plasticity via CpG methylation (Feinberg and Irizarry 2010;
Kilvitis et al. 2017). The CpG content of cis-regulatory regions
(e.g. gene promoters) has consequently been referred to as “ep-
igenetic potential” (Kilvitis et al. 2017); where high epigenetic
potential (more CpG sites) represents more opportunities for

Received January 12,2023; Accepted February 7,2023

© The Author(s) 2023. Published by Oxford University Press on behalf of The American Genetic Association. All rights reserved. For permissions, please

e-mail: journals.permissions@oup.com

€202 AINF 1 U0 Josn epuoj4 yINos Jo Ausieniun Aq £z¥8v0.2/L02/E/ 1L | /91oIe/pasayljwoo dno-oiwepese/:sdny Wwoly papeojumoq


mailto:elsheldon@usf.edu?subject=

208

the addition and/or removal of methylation in response to
external cues, thus potentially more opportunities to regulate
environmentally induced phenotypic plasticity (Auld et al.
2010; Botero et al. 20135; Kilvitis et al. 2017).

Positive selection for high epigenetic potential has been
detected in several animal populations thought to be reliant
on phenotypic plasticity for survival and reproduction (Peng
et al. 2011; Hanson et al. 2022; Smith et al. 2022). For ex-
ample, around 40% of adaptive genetic polymorphisms in
hypoxia-related genes were found to modify promoter CpG
content in highland human populations relying on gene ex-
pression flexibility to regulate oxygen homeostasis (Peng et al.
2011; Julien et al. 2017). Further, across a globally expanding
population of songbirds, invasive birds moving into novel
environments were found to have higher promoter CpG con-
tent in immune-related genes compared with native birds
facing purportedly less environmental fluctuations (Hanson
et al. 2020, 2022).

Recent experimental work has also indicated that high
epigenetic potential is associated with greater inducibility
and reversibility (i.e. flexibility) of gene expression (Hanson
et al. 2021). Epigenetic potential has also been associated
with fitness consequences; specifically, high CpG content
in an important immune gene (Toll-like receptor 4) is posi-
tively correlated with the capacity of house sparrows (Passer
domesticus) to resist a bacterial infection (Sheldon et al. In
review). Because CpG content is a genetic motif, it is also
an inherently heritable trait that could be subject to nat-
ural selection if it is associated with fitness effects (Hanson
et al. 2022). CpG content could thus represent a proximal
mechanism whereby the potential for epigenetic regulation
of phenotypic plasticity is linked to ecological processes
(e.g. niche breadth expansion; Sexton et al. 2017). Yet, to
date, this idea has not been explored. The first aim of this
study was to explore whether the promoter CpG content
of selected, DNA methylation regulated genes is positively
associated with interspecific niche breadth variation among
vertebrates; potentially indicative of its positive selection
during niche expansion.

In addition to the regulation of life-long, environmentally
induced phenotypic plasticity, variation in CpG methylation
also constitutes an important component of developmental
plasticity and the coordination of stable cell lineage differen-
tiation (West-Eberhard 2005). Errors in the maintenance of
critical CpG methylation patterns are associated with reduced
cellular function, destabilized cell fates, and various age-
related disease states (Yang et al. 2023). In vertebrates, ster-
eotypical errors (losses and gains of CpG methylation across
the genome) tend to occur with age, and the accumulation
of these errors can be used to predict chronological and bi-
ological age with unprecedented accuracy (Horvath and Raj
2018; Parrott and Bertucci 2019). By increasing the genomic
substrate available for methylation to occur, it has recently
been proposed that high CpG content may extend the time
taken for deleterious, age-related errors in CpG methylation
patterns to accumulate (Bertucci and Parrott 2020). In other
words, CpG content may help explain interspecific varia-
tion in lifespan, as increased CpG content may be protective
against the age-related erosion of the epigenetic landscape
(Bertucci and Parrott 2020). In line with this, 2 recent studies
have found positive correlations between genome-wide pro-
moter CpG content and lifespan in mammals (McLain and
Faulk 2018) and other vertebrate species (Mayne et al. 2019).
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It is important to note that gene promoters with very high
(CpG islands) or very low CpG content do not seem to con-
tribute to variation in transcriptional activity (Weber et al.
2007). For example, CpG island promoters are generally
unmethylated even when inactive, and promoters with low
CpG content often remain active despite being methylated
(possibly because the recruitment of methyl-CpG-binding
domain proteins to methylated CpGs is not sufficient at low
densities for transcriptional repression; Weber et al. 2007).
Promoters with “intermediate” CpG enrichment are therefore
most significant for transcriptional regulation via methylation
(Weber et al. 2007). Accordingly, the second aim of our study
was to explore whether potential associations between pro-
moter CpG content and lifespan/niche breadth largely occur
in a subset of promoters with intermediate opposed to high or
low levels of CpG enrichment (Feinberg and Irizarry 2010). If
associations between lifespan/niche breadth and CpG content
are driven by promoters with intermediate CpG enrichment,
this would bolster the premise that CpG content may play
a functional role in niche-breadth/lifespan evolution among
vertebrates.

In our study, we explore associations between promoter
CpG content and lifespan/niche breadth among 60, amniote
vertebrate species (see Methods section for why we focus on
amniotes) that vary widely in niche breadth and lifespan. We
predict that promoter CpG content will be positively asso-
ciated with niche breadth and/or lifespan by increasing the
potential for the epigenetic regulation of phenotypic plasticity
and/or the maintenance of the epigenetic landscape. We fur-
ther predict that if such trends are associated with functional
epigenetic regulation of gene expression, they would be driven
by promoters with intermediate CpG enrichment. Instead of
a genome-wide analysis, here, we focus on 16, well-studied,
homologous genes; genes whose expression are known to be
regulated by promoter CpG methylation and whose func-
tion is likely to impact organismal fitness across multiple
environments (Supplementary Table 1). Specifically, we focus
on genes associated with immune, metabolic, and stress re-
sponse regulation. We focus on this subset of functionally
relevant genes for 2 main reasons. Firstly, our hypotheses pre-
dict that promoter CpG content may be a target for selection
as it holds fitness consequences relating to the potential for
epigenetic gene expression regulation. We do not, therefore,
aim to identify correlations between lifespan/niche breadth
and promoter CpG content in a subset of functionally irrel-
evant loci that are not directly regulated by promoter DNA
methylation (e.g. genes in epistasis) (while correlations with
such genes may be indicative of other important interactions
between the genome, epigenome, and organismal ecology/
life history, detangling these processes is beyond the scope of
this study; Mayne et al. 2019). Secondly, intraspecific studies
linking CpG content with organismal ecology have to date,
focused on specific, functional genes (e.g. ESPA1 [Yang et al.
2023] and TLR-4 [Sheldon et al. In review]), here, we aim to
explore whether similar trends may occur interspecifically to
warrant a more general concept of “epigenetic potential.”

Methods

Species and gene selection

We focus on amniotes as all types of DNA sequences
(i.e. introns, exons, promoters, enhancers, etc.) are sub-
ject to methylation in this phylum, while non-vertebrates
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are characterized with mosaic-like methylation patterns
interspersed by unmethylated domains (Aliaga et al. 2019).
Among vertebrates, mammalian-like isochores (i.e. regions of
DNA with a high degree of uniformity in guanine and cy-
tosine [GCs]) have been reported in sauropsids (birds and
reptiles) but not teleosts and lissamphibians (Bernardi and
Bernardi 1990; Wicker 2004). Compositional heterogeneity
in GCs is thus likely to have evolved in the amniote ancestor
(Romiguier et al. 2010). Consequently, to avoid capturing
effects of GC content related to large phylogenetic distances
(i.e. across clades), only birds, mammals, and reptiles were
included in our analyses. Amphibians and fish were also
excluded because these Classes were insufficiently represented
in the NCBI database (see below) (Database NCBI 2016),
and they tend to occupy distinct habitats from birds, reptiles,
and mammals, making direct niche breadth comparisons
problematic.

The specific selection of species for our study involved 4
criteria: 1) species needed to be represented in the National
Center for Biotechnology Information (NCBI) (Database
NCBI 2016) GenBank nucleic acid sequence database; 2) spe-
cies needed to share gene homology with the other species
included in our study; 3) species needed to be distantly related
to others in the same Class (such that the taxonomic diver-
sity of each Class was well represented by different Orders);
and 4) species needed to possess unique life history traits,
geographic distributions and habitats relative to others in
the set. To meet criteria 1) and 2), we used the NCBI system
“HomoloGene” to detect homologous (including paralogs
and orthologs) gene sequences automatically. To gauge gene
homology, we chose 3 conserved genes (TLR3, BDNF, and
MC4R) and listed the species for which homologs were con-
sistently present. Eighty-eight species of birds, 58 species of
reptile, and 106 species of mammal had these gene homologs
in the NCBI system. From these species, Orders were une-
qually represented, with many being represented by only 1
species and few by >30 species. As such, we included only
1 species from each available Order in our study. This ap-
proach enabled us to include 20 Mammalia, 20 Aves, and 20
Reptilia species for our study (see Supplementary Fig. 2 for all
species involved in the study). For orders with >1 species, or
for Classes that were not represented by 20 Orders, we chose
the species that allowed us to best meet criteria 3) and 4). We
conducted a power analysis using the R package SIMR in to
assess whether our sample size (N = 60 species) was large
enough to test detect statistically meaningful effects (Green
and MacLeod 2015).

Rather than the whole genome, we focus on 16, specific,
well-studied homologous genes in our study, as we sought
to compare variation in CpG content in genes that have a
direct relationship with DNA methylation regulated pheno-
typic plasticity and influence fitness (Supplementary Table
1). The specific selection of genes for our study involved 3
criteria: 1) genes needed to be homologous among the 60 spe-
cies, 2) genes needed to be directly associated with functions
relevant to coping with environmental variation (we fo-
cused on genes involved in energy metabolism, immunity,
and stress), and 3) gene expression needed to be regulated
by promoter CpG methylation. We used the “summary” and
resource materials listed in the “bibliography” section of
NCBPI’s gene search feature to identify whether a gene met the
above criteria (Database NCBI 2016). We identified 16 genes
from these criteria: metabolism-related genes: cpt1A, FASN,
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MC4R, MDHI1, PDKI1, immune-related genes: NLRXI,
RIG-1, TLR3, TLR4, and TLRS, and stress-related genes:
BDNF, HSP60, HSP90A1, HSPAS, HSPA9, and HSPHI
(Supplementary Table 1).

Quantification of promoter CpG content

Gene promoters were identified in NCBI as =499 to 100 bp
regions flanking the transcription start site (TSS) of each gene
in NCBI. This region (500 bp upstream of the TSS) is widely
recognized as the genomic region containing the gene pro-
moter (Weber et al. 2007; Hanson et al. 2022). The number
of CpG’s (and CpA’s—used here as a “control”) in each se-
quence was quantified. Although Illumina sequencing does
not tend to sequence well through GC-rich regions (Kim et al.
2021; Rhie et al. 2021), genome coverage graphs and missing
sequence indicators (highlighted by black bars on the chro-
mosome in the NCBI database) were visually examined be-
fore collecting the data, and in the rare instances where >5%
of bases of sequence were missing in the 500 bp upstream of
the TSS, the sequence was excluded from our analyses.

Life history and lifespan estimations

Average lifespan for each species was collected from “AnAge”
(de Magalhdes and Costa 2009). Body mass and reproduc-
tive capacity data (see equation below) were collected from
“Animal Diversity” (Myers et al. 2022). We used “reproduc-
tive capacity” in our models, as plasticity is often associated
with a species pace of life (Mazalov et al. 1996; Kokko and
Sutherland 2001; Dammhahn er al. 2018; Ratikainen and
Kokko 2019). For birds and reptiles, reproductive capacity
was calculated using the equation below, a similar equation
was used for mammals using gestation length, interbirth in-
terval and litter size in exchange of variables related to egg
laying:

(lifespan — age at

Reproducti ity =
eprocuctive capacity [(incubation length + interlay

Niche breadth estimations

To calculate a proxy of niche breadth we estimated and
summed proxies of each species global, geographic distribu-
tion and habitat use (values toward 1 being having a broad
niche breadth and values toward 0 being having a narrow
niche breadth). To estimate the geographic distribution of a
species, species ranges were visualized on a global map from
the IUCN database (Supplementary Fig. 1). A Mercator pro-
jection grid was then manually cast over each range map
and the number of squares the range spanned were counted
(Supplementary Fig. 1). This total was then divided by the
total number of squares on the Mercator projection (175
squares) grid to calculate a proxy of geographic distribu-
tion. To estimate habitat use, another putative driver of plas-
ticity, eleven habitat categories (e.g. urban, rainforest, desert,
tundra, wetland, polar, etc.) were identified from the main
IUCN habitat classes. The total categories occupied by each
species was then discerned from IUCN databases, and divided
by the total number (eleven) of habitat Classes to obtain a
proxy for habitat use. “Geographic distribution” and “hab-
itat usage” were moderately correlated (R = 0.49). When
both terms were included in the phylogenetic generalized
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least squares (PGLS) model, neither variable showed statis-
tically significant associations with CpG content (P > 0.89
for all vertebrate classes)—equivalent to trends detected with
“niche breadth” considered as a singular term. We therefore
did not include each variable as a separate fixed effects in our
analyses to reduce the risk of multicollinearity (associations
between independent variables that reduces the reliability of
statistical inference).

Statistical analyses

To test whether CpG content was associated with species
traits, we first compared promoter CpG content with pro-
moter CpA content among species. We avoided comparisons
between CpG and GpG as the likelihood of the occurrence of
these dinucleotides are conditional; they are composed of the
same bases, so the presence of 1 dinucleotide (CpG or GpC)
increases the probability of the other pro/preceding it by a
factor of 4. We then asked whether CpG content was random
with respect to phylogeny by testing for phylogenetic signals
with Pagel’s lambda (1) (Pagel 1999) using the R package
GEIGER (Harmon et al. 2008). The influence of phylogeny
increases with lambda from 0 (no phylogenetic signal) to 1
(strong phylogenetic signal). To determine whether lambda
was significantly different from zero, we used a likelihood
ratio test in “R” (Harmon et al. 2008).

We then used a PGLS model to investigate the associations
between lifespan and niche breadth and, CpG content
while controlling for potential phylogenetic effects. Data
were analyzed using the “ape” and “nlme” packages in R.
An Ornstein—Uhlenbeck model of evolution was assumed
in all models, which is a modification of the Brownian mo-
tion model that assumes the amount of evolutionary change
along a branch decreases exponentially. Phylogenetic trees
were created using timetree.org (Kumar et al. 2017). Species
variables included as fixed effects in our PGLS model were:
niche breadth, reproductive capacity, and a residual measure
of lifespan that controlled for body mass (lifespan and body
mass were positively correlated in birds (r = 0.501), reptiles (r
=0.718), and mammals (r = 0.884)).

Association between CpG content among Phyla
Visual inspection of Fig. 3 showed that bird species are
characterized by either high or low (but not intermediate)
CpG content across all 16 genes, we therefore categorized
each vertebrate species into either a “high” or “low” group
depending on whether average CpG content across 16
genes in that species was above or below the mean across
all genes for all species. We next asked whether variation in
CpG content could be used to group species into high or low
categories, and what genes were most important in distin-
guishing these categories. We did this by conducting 3 linear
discriminant function analyses for each vertebrate class with
the “R” package “MASS.” These analyses predicted the prob-
ability of belonging to high or low categories based on the
CpG content of either immune-, metabolic-, or stress-related
genes.

Association between CpG content among gene
function

We then conducted a linear mixed model to determine whether
CpG content differed significantly among metabolic-, stress-,
and immune-related genes. Gene function (i.e. immune, stress,
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or metabolism) was included as a fixed effect, and Vertebrate
Class was included as a random effect.

Association between promoter CpG content and
promoter CpG enrichment

Promoters with an intermediate CpG enrichment are more
likely to be involved in transcriptional regulation (possibly
because active transcriptional repression is not sufficient
at low methylation cytosine densities, and because CpG is-
lands tend to be unmethylated). Therefore, we classified gene
promoters into 3 categories to distinguish promoters with
high (CpG islands), intermediate, and low CpG enrichment.
We calculated a CpG ratio using the following formula from
Weber et al. (2007):

(No. of CpGs x No. of base pairs)
(No. of C's x No. of G’s)

CpG ratio =

The 3 categories of promoters were then determined as
follows: HCPs (high-CpG promoters) contain a 500-bp
area with CpG ratio above 0.75 and GC content above
55%; LCPs (low-CpG promoters) do not contain a 500-
bp area with a CpG ratio above 0.48; and ICPs (interme-
diate CpG promoters) are neither HCPs nor LCPs (Weber
et al. 2007). A linear mixed model was conducted to ex-
plore the relationship between CpG content and lifespan
for each CpG promoter category. Lifespan was included as
a fixed effect and gene and Vertebrate Class were included
as random effects.

Results

Promoter CpG content was minimally influenced
by phylogenetic effects

Average CpG content across 16 genes was not associated
with phylogeny (Pagel’s lambda results did not differ signifi-
cantly from zero; Table 1) (Pagel 1999). Average CpG content
ranged from 6.9 to 56.4 CpGs across all species in this study,
and this variation was most extensive in Aves (note, the more
variable red-blue gradient across this class compared with the
other clades; Fig. 1). Average CpG content in gene promoters
was also lower and more variable than CpA content in Aves,
Mammalia, and Reptilia species (Table 2), indicating that
equivalently sized genetic motifs differed depending on their
potential for methylation. Our power analysis suggested that a

Table 1. Interspecific variation in promoter CpG content for 3 Classes of
vertebrates.

Class Promoter CpG content

Pagel’s lambda Log-likelihood P
All Classes 0.014 -235.364 0.819
Reptilia <0.001 -59.551 0.999
Aves <0.001 -87.119 0.999
Mammalia 1.457 -64.687 0.135

Pagel’s lambda (Pagel 1999) indicates weak phylogenetic effects on CpG
content across all Classes (note, lambda values >1 for Mammalia indicates
greater evolution at the “root” of the tree that decreases toward the tips,
although this effect was nonsignificant) (Wang and Clarke 2014).
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l 7 CpGcontent 56

Fig. 1. Average CpG content across 16 genes for 3 vertebrate Classes: Reptilia, Mammalia, and Aves. Species silhouettes are positioned relative to
their associated branch location on the phylogenetic tree. The color shading of branches denotes the level of average CpG content for each species,
irrespective of genes (from blue: low CpG content, to red: high CpG content, see inset color bar for effect size).

Table 2. CpG content in all 16 genes among 3 vertebrate Classes.

Class CpG Range CpA content  Range
content (SD) (SD)

Aves 27.87(29.48) 1to 108  35.41(8.91) 12 to 65

Mammalia ~ 32.69 (23.65) 1to 104  35.42(9.08) 18 to 77

Reptilia 29.76 (19.87) 1to79  36.85(8.54) 9to 59

CpA content has also been included to compare variation with a
dinucleotide with no potential for methylation, and hence no capacity to
regulate phenotypic plasticity.

sample size of N = 30 is required to detect an effect of our fixed
factors on telomere length change with 83% power and 0.05
significance level, thus our sample size of N = 60 was sufficient.

CpG content was positively associated with
lifespan across mammals and reptiles

In mammals, lifespan was the only life history trait associated
with CpG content (lifespan: estimate = 0.508706 [Std Error =
0.107], ¢ = 3.069394, P = 0.008) (Fig. 2a). Niche breadth (es-
timate = 5.771 [Std Error = 4.861],¢=1.187, P = 0.252), and
reproductive capacity (estimate = 0.078 [Std Error = 0.148],
t = 0.529, P = 0.604) were not associated with CpG content
among mammals.

In reptiles, lifespan was also the only life history trait as-
sociated with CpG content (lifespan estimate = 0.299 [Std
Error = 0.051], # = 5.78, P < 0.001) (Fig. 2b). Reproductive

capacity (estimate = -0.002 [Std Error = 0.002], # = -1.073,
P =0.299) and niche breadth (estimate = 10.697 [Std Error =
3.787],t = 2.824, P = 0.072) were not associated with CpG
content.

CpG content was not associated with avian lifespan (es-
timate = 0.136 [Std Error = 0.388], ¢t = 0.352, P = 0.729),
niche breadth (estimate = 56.58 [Std Error = 47.881], ¢ =
1.181, P = 0.255), or reproductive capacity (estimate =
-0.197 [Std Error = 0.215],¢2=-0.917, P = 0.373). Because
CpG content was distinctly distributed in birds (see below),
we assessed whether this distribution was affected by ge-
nome length. However, no such associations were detected
(estimate = <0.001 [Std Error = <0.001], £ = 0.068, P =
0.945).

CpG content is uniquely distributed into high and
low clusters in birds

Twelve bird species (blue dots in Fig. 3) had low average CpG
content (below the Class average) and low variation in CpG
content, but 8 bird species (red dots in Fig. 3) had high
CpG content (above the Class average) and high variation
in CpG content among genes. These patterns were largely
driven by differences among stress and metabolic genes; for
immune genes, all species of birds had relatively low CpG
content and variation (Figs. 3 and 4). This dichotomy was not
present in mammals and reptiles (note, the red and blue dots
in Fig. 3 overlap for mammals and reptiles). Indeed, a linear
discriminant analysis found that CpG content in metabolic-
and stress-related genes could assign species of birds into high
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and low categories with 100% accuracy. This same approach
applied to mammals and reptiles had only 57% and 85% ac-
curacy, respectively (Supplementary Table 3). CpG content in
immune genes performed poorly in assigning species of any
class to high or low CpG content categories (Supplementary
Table 3).

Variation in CpG content was contingent on gene
function

CpG content in metabolic- and stress-related genes were
greater and more variable than those of immune-related genes
among all classes (immune vs. metabolism: estimate = 18.209
[Std Error = 1.937], ¢t = 9.399, P < 0.001; immune vs. stress:
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estimate = 22.683 [Std Error = 1.791], t = 12.662, P < 0.001)
(Fig. 4). 17.39% of variation in CpG content was driven by
gene categories, whereas only 1.538 % of variation was driven
by Vertebrate Class.

Correlations between lifespan and CpG content
was driven by promoters with intermediate CpG
enrichment

The association between CpG content and lifespan was pri-
marily driven by promoters with intermediate CpG enrich-
ment (low, intermediate, and high CpG enrichment categories
were calculated following Weber et al. (2007), and the equa-
tion in the Methods section of this study) (Fig. 5). Across
promoters with low and high CpG enrichment, lifespan was
not associated with CpG content (estimate = 0.095 [Std Error
=0.062],t=1.523, P =0.129 and estimate = 0.019 [Std Error
=0.053],2=0.365, P = 0.716, respectively). Across promoters
with intermediate CpG enrichment, lifespan was positively
associated with CpG content across all vertebrate groups (es-
timate = 0.136 [Std Error = 0.063],#=2.157, P = 0.032).

Discussion

In our study, we tested whether promoter CpG content in a
subset of functional genes was associated with niche breadth
and/or lifespan among 60 amniote vertebrate species. We

found significant interspecific variation in CpG content that
was especially pronounced and uniquely distributed among
birds. When controlling for phylogenetic relatedness among
species, CpG content was positively associated with lifespan
in mammals and reptiles, but not birds. Importantly, this trend
was driven by promoters with intermediate CpG enrichment
that are predisposed to de novo methylation and transcrip-
tional regulation (Weber et al. 2007). Our findings support
the hypothesis that high CpG content has been selected for in
long-lived species, potentially to preserve the capacity for gene
expression regulation by CpG methylation (however further
work is necessary before causal relationships between CpG
content, methylation status and gene expression can be con-
firmed; Sheldon et al. In review). We did not find conclusive
evidence that CpG content was related to niche breadth (i.e.
geographic distribution and habitat utilization). However, we
did find that CpG content differed among types of genes: im-
mune genes had much lower and less variable CpG content
than metabolic- and stress-related genes.

Promoter CpG content, niche breadth, and
phenotypic plasticity

In line with the concept of epigenetic potential (Kilvitis et
al. 2017; Hanson et al. 2021), we predicted that CpG con-
tent would be positively correlated with species-level niche
breadth. However, we did not detect such a relationship in
our study. Environmentally induced and stochastic epigenetic
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modifications are 2 fundamentally different mechanisms en-
abling phenotypic plasticity via variation in DNA methyla-
tion. Environmentally induced epigenetic variation involves
the perception of an environmental signal, and the subsequent
epigenetic silencing or activation of specific genes resulting

in an environment-specific phenotype (Rando and Verstrepen
2007; Chinnusamy and Zhu 2009; Beldade et al. 2011;
Verhoeven and Preite 2014). This form of plasticity is gener-
ally advantageous for dealing with predictable environmental
changes (Lachmann and Jablonka 1996; DeWitt et al. 1998;
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Reed et al. 2011; Scheiner and Holt 2012). Stochastic epige-
netic changes, by contrast, have been proposed to be among
the potential mechanisms underlying diversified bet-hedging
strategies, advantageous to organisms needing to cope with
unpredictable environments (Piggot 2010; Casadests and
Low 2013; Herman et al. 2014; Vogt 2015).

The proxies of niche breadth used in this study; geo-
graphic distribution and number of habitats utilized, cap-
ture the extent to which a species has adapted its phenotype
to different environments, but do not necessarily reflect the
extent to which an individual can cope with environmental
unpredictability (Grantham et al. 2016; Leung et al. 2016).
Perhaps we did not detect an association between interspe-
cific niche breadth and CpG content because CpG content
as we measured it here is more relevant for stochastic epi-
genetic modifications than environmentally mediated plas-
ticity. This perspective may explain why intraspecific studies
have previously detected higher CpG content in individuals
experiencing unpredictable conditions (e.g. range expanding
populations of birds) than those experiencing more pre-
dictable conditions (e.g. birds at an established range core)
(Hanson et al. 2022). CpG content might yet be an impor-
tant capacitor of phenotypic plasticity, but its effects might be
subtler than we initially expected. Ultimately, more research is
needed to disentangle exactly what aspects of plasticity CpG
content may accommodate.

It is also worth noting that the number of CpG sites in
gene promoters is not the only form of CpG content involved
in the mediation of plasticity. For example, the position of
the CpG site in the gene promoter (rather than the CpG
content per se) may constitute a mechanism through which
single-nucleotide polymorphisms could affect plasticity via
epigenetics (Hellman and Chess 2007; Dayeh et al. 2013).
Moreover, the specific location of promoters of all genes in all
species is apt to vary, but we had no way to account for this in
our study. Weak associations between niche breadth and CpG
content may also have been missed due to sample size (n = 16
genes in our study). A complimentary study including more
functional genes may detect more subtle associations between
CpG content and niche breadth.

Promoter CpG content is positively correlated with
lifespan

In our study, lifespan was significantly, positively correlated
with lifespan among mammals and reptiles. Similar trends
have also been detected in 2 other studies: in mammals
(Mayne et al. 2019) and other vertebrate species (McLain and
Faulk 2018). It has recently been suggested that high CpG
content could extend lifespan by delaying the time taken for
deleterious losses of epigenetic information (i.e. DNA meth-
ylation profiles associated with transcriptional regulation)
to accumulate (Mills et al. 1999; Oberdoerffer et al. 2008;
Bertucci and Parrott 2020). The present study supports this
reasoning by showing that the correlation between CpG con-
tent and lifespan was driven by promoters with intermediate
CpG enrichment—known to be targets for de novo methyl-
ation and transcriptional activity via methylation (Weber et
al. 2007). Alternatively, or additionally, high CpG content
could maintain the potential for methylation state alterations
in response to external cues (plasticity), which may also delay
biological aging (as the mismatch between the environment
and a non-plastic individual’s phenotype is likely to increase
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as time passes (Ratikainen and Kokko 2019). It remains un-
clear why the relationship between lifespan and CpG content
was not detected among birds in our study. Although, simi-
larly, Mayne et al. (2019) found that promoter CpG-lifespan
estimates were considerably less accurate in birds compared
with mammals and reptiles.

CpG dinucleotides are generally depleted from the amni-
otic genome (apart from at CpG islands) (Belle et al. 2004),
which is thought to reflect inherent mutability of methyl-
ated cytosines to thymine (a methylated cytosine is only 1
hydrolytic deamination away from mutation to a thymine;
Coulondre et al. 1978). Because CpG sites are exceptionally
prone to mutations (Coulondre et al. 1978), CpG content
could reflect the extent of historical CpG-related mutations
experienced by a lineage, which might have little to do with
selection for lifespan and more to do with the control of
transposons, or speciation (Pértille ez al. 2019). However, re-
pair pathways do exist to selectively remove thymine from a
T:G mismatch in the context of CpG dinucleotides (Hendrich
et al. 1999). Consequently, while CpG content may be de-
pleted by cytosine methylation, CpG content may also re-
flect differential selection pressures during the evolution of
life history. This has been demonstrated in corals (Platygyra
daedalea); thermally stressed corals showed higher CpG
content in the promoter of a thermotolerance gene than
unstressed corals even though the thermally stressed corals
showed higher levels of DNA methylation (Smith ez al. 2022).

Dichotomy of promoter CpG content among birds

Just under half (8) of the bird species in our study had high
average CpG content (~45 CpGs per promoter), and just over
half (12) had low CpG content (~15 CpGs); a trend driven
by the CpG content of metabolic- and stress-related genes
(all birds had an average of 15 CpGs in immune genes, see
below). The average CpG content of each promoter among
birds was either lower or higher than the average CpG con-
tent of each promoter among mammalian and reptilian spe-
cies (i.e. the average promoter CpG content for birds fell at
the extremes of the rest of the data set). This pattern is diffi-
cult to interpret, and it was unexpected. We speculated that
distinctions between avian versus mammalian and reptilian
average CpG content may be driven by genome size. Among
amniotes, birds have much smaller genomes than mammals
and reptiles; mammal and reptilian genomes range between
1.0 and 8.2 Gb while bird genomes are 0.91 to 1.3 Gb (Jarvis
et al. 2014). Smaller genomes may have less regulatory var-
iation, thus high CpG content may constitute an additional
mechanism for regulating gene expression not afforded by
other regulatory processes available to large genomes. Yet,
among the bird species we studied, genome size was unrelated
to CpG content, so this possibility seems unlikely. Moreover,
birds had both higher and lower CpG content than mammals
and reptiles. Thus, “pan-avian” genomic traits would be un-
likely to lend insight into the high/low distribution of CpG
content among birds.

We consequently considered whether avian lifestyles
corresponded with high vs. low CpG content. A study by
Jarvis et al. (2014) showed that waterbirds (Aequornithia)
had lower “GC” content than land birds (Telluraves). Whereas
this metric (GC) is not necessarily related to the epigeneti-
cally relevant CpG content we measured, the 5 waterbirds
in our study did have lower CpG content on average (CpG
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= 16.34, SD = 15) than the 15 land birds (CpG = 27, SD=
20). Further, water/land bird categorizations (in addition to
other categorizations e.g. predatory vs. non-predatory, vocal
vs. non-vocal learning, etc.) did not map to CpG content var-
iation. Future work, with greater sample sizes across more
avian life history strategies is clearly necessary to foster addi-
tional investigation.

Promoter CpG content and gene function

Immune genes had approximately 20% lower and less var-
iable CpG content than metabolic- and stress-related genes,
a trend that was apparent across all 3 vertebrate Classes.
The immune genes included in our analyses were not an
arbitrary choice, but have a comparable function immuno-
logically, being involved in the recognition and distinction
of pathogens from normal cells. Other immune genes with
distinct functions (i.e. cytokines as signaling molecules or
antimicrobial peptides as direct antagonists of pathogens)
might not have revealed the same variation in CpG con-
tent. Nevertheless, for these particular immune genes, our
results may suggest that their signaling pathways are strictly
and finely regulated by DNA methylation among taxa.
Indeed, aberrant signaling of these defense response immune
genes is likely to alter immune homeostasis with potential
implications for immunopathology conditions (e.g. autoim-
mune responses) (Klasing 2004; Martin et al. 2017). That
said, the CpG content of 1 “immune gene”; TLR-4, has been
shown to range from 6 to 10 CpG sites in 1 species—the
house sparrow (P. domesticus), indicating moderate intra-
specific variation in immune gene CpG content within 1
species. Together, these observations could suggest that
within the seemingly narrow range of immune gene CpG
content among species, variation at the individual level is
still prominent, and contingent on the selective pressures at
play. Higher and more variable CpG content in metabolic-
and stress-related genes, could suggest that the regulation by
DNA methylation is less constrained (Zagouri et al. 2012;
Zabkiewicz et al. 2014). It is, however, premature to make
any particular conclusions about patterns of CpG content
among genes; much larger studies with many more genes of
various functions are critical.

Conclusions

Our study, and related ones (McLain and Faulk 2018; Mayne
et al. 2019), detect positive associations between CpG con-
tent and longevity at the species level, supporting a role for
CpG content in mediating interspecific variation in lifespan
(Nabholz et al. 2011; Bertucci and Parrott 2020). Our
study bolsters and expands upon this avenue of research by
showing that correlations between CpG content and lifespan
were driven by transcriptionally relevant promoters—those
with intermediate CpG enrichment (Weber et al. 2007).
Our study suggests that promoter CpG content is not as-
sociated with interspecific differences in niche breadth,
possibly because they are masked by the stochastic genetic
divergences involved in speciation. Further work, assessing
associations between ecological/life history traits and genes
on a promoter-by-promoter level may be useful to detect
whether specific gene features (e.g. gene function, nucleotide
composition, position on the genome, etc.) are more likely
to be subject to selection on promoter CpG content. Two
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findings from our study also remain somewhat inconclusive:
1) that across 60 vertebrate species, birds had either par-
ticularly low or high CpG content, and 2) that among the
16 genes analyzed, immune gene promoters tended to have
much fewer and less variable CpG content than metabolic-
or stress-related genes. Altogether, while CpG content varies
interspecifically and intergenically in some intelligible ways,
it is apparent that there is much more to learn about this
form of genomic variation.
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Supplementary material is available at Journal of Heredity
online.
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