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Abstract

How environmental conditions during embryogenesis shape development, physiology, and phenotype is a key question for
understanding the roles of plasticity and environmental factors in determining organismal traits. Answering this question is
essential for revealing how early-life environmental variation drives adaptive responses and influences evolutionary proc-
esses. Here we examine how hypoxia impacts cardiac gene expression during embryonic development in the American alli-
gator (Alligator mississippiensis). Eggs were incubated in normoxic (21% O2) or hypoxic (10% O2) conditions from 20% to 90%
of embryogenesis. Embryos were sampled at 70% and 90% of development to measure gene expression, embryo mass, and
organ mass. Hypoxia significantly restricted embryonic growth while enlarging hearts and brains relative to body size. Gene
expression analyses show that hypoxia led to upregulation of 182 genes and downregulation of 222 genes, which were
enriched in pathways related to muscle contraction, oxygen transport, protein catabolism, and metabolism. Developmental
changes in 3,544 genes were associated with cell division, extracellular matrix remodeling, and structural organization.
Functional and network analyses highlighted hypoxia-induced shifts in cardiomyocyte physiology, suggesting adaptations to
enhance cardiac performance under low oxygen availability. Despite hypoxia-related downregulation of sarcomere and meta-
bolic genes, hypertrophic responses were evident, consistent with previous findings of improved cardiac function in hypoxia-
exposed juveniles. Collectively, our findings offer new genome-wide insights into the effects of hypoxia on the embryonic
alligator heart, uncovering significant adaptive developmental plasticity. These results have broad implications for under-
standing how environmental factors shape cardiovascular phenotypes and drive evolutionary responses to hypoxia in
reptiles.

NEW & NOTEWORTHY This study investigated the impact of hypoxia on the cardiac transcriptome in alligator embryos.
Exposure to low oxygen levels induced significant changes in gene networks controlling cardiac contraction, protein catabolism,
oxygen transport, pyruvate metabolism, and adrenergic signaling. Ontogenetic changes suggest slowing of cell proliferation and
remodeling of the extracellular matrix in the heart as embryos approach the end of incubation. This study provides the first char-
acterization of myocardial gene expression patterns in developing alligator hearts.
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INTRODUCTION

Environmentally induced changes in morphology, physi-
ology, and behavior are widespread across the tree of life,
enabling organisms to adapt to diverse environmental
challenges (1–3). This phenotypic plasticity can be crit-
ically important for survival in fluctuating conditions (4–
8). One such challenge is the availability of molecular
oxygen, a key factor for most life on Earth, yet oxygen
availability varies across both spatial and temporal scales
(9–11). Eukaryotes have evolved a range of adaptations to
sense and compensate for variation in oxygen availabil-
ity, both in the external environment and within their tis-
sues (12–14).

The respiratory and cardiovascular systems of verte-
brates are prime examples of highly plastic and environ-
mentally responsive systems that play a central role in gas
exchange and delivery of oxygen to cells throughout the
body (15, 16). These organ systems play a key role in homeo-
static responses during periods of low oxygen availability
and/or high metabolic demand for oxygen. In terrestrial
vertebrates, short-term hypoxia triggers an increase in
respiratory rate, heart rate, blood pressure, and cardiac
output to increase oxygen delivery to cells (17, 18). These
physiological parameters rapidly revert to baseline when
oxygen levels return to normal. Protracted periods of
hypoxia can induce acclimatization, which refers to lon-
ger-lasting changes like increased erythropoiesis, elevated
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hemoglobin content, and enhanced hemoglobin-O2 affinity
(19, 20). Acclimatization involves significant changes in gene
expression, takes days to weeks to develop, and persists for a
significant period after oxygen levels return tonormal (21).

In addition to these reversible physiological effects,
hypoxia can have permanent developmental effects on
phenotype (12, 22–25). The developing heart of vertebrate
embryos is particularly vulnerable as it is the first func-
tional organ system during vertebrate ontogeny and must
perform its transport function while continuing its organo-
genesis (26). Placental insufficiency in mammals restricts
gas exchange, nutrient delivery, and waste removal from
the fetus, which is associated with intrauterine growth
restriction, low birth weight, and a higher risk of cardio-
vascular disease and hypertension later in life (27–29).
Studies that manipulate oxygen availability alone reveal
many of the effects of hypoxia on cardiovascular develop-
ment are independent of other factors disrupted by pla-
cental insufficiency. Indeed, hypoxia is likely a common
factor for fetal programming of cardiovascular disease in a
variety of disorders that restrict placental blood flow in
mammals (30).

Chronic hypoxia during embryogenesis has also been
shown to influence cardiovascular development in other
vertebrate groups (25). Although hypoxia causes cardiac
hypertrophy in embryos ofmost groups and increases post-
natal sympathetic tone in all groups studied so far, there
are differences in its effects on other cardiovascular traits
among vertebrates (25). In mammals and birds, develop-
mental hypoxia is associated with cardiovascular dysfunc-
tion and increased susceptibility to ischemia-reperfusion
injury later in life (31–33). Conversely, embryonic exposure
to hypoxic conditionsmay preadapt some reptiles to better
tolerate low oxygen levels later in life. For example, juvenile
snapping turtles, Chelydra serpentina, exposed to hypoxia
as embryos canmaintain higher blood flow, stroke volume,
heart rate, and cardiac power outputwhen exposed to acute
anoxia when compared with turtles that were exposed to
normoxic conditions as embryos (34). Hypoxic incubation
also has a lasting impact on cardiovascular phenotype in
American alligators, increasing heart mass and the size of
the right and left ventricular free walls and altering cardio-
vascular physiology in normoxic environments and in
response to acute hypoxia (35–38).

In recent years, investigations of the effects of hypoxia
on gene expression in developing embryonic hearts have
emerged as a crucial area of research, offering insights
into the adaptive physiological mechanisms used by
organisms to cope with oxygen deprivation during critical
stages of development (39, 40). Such functional genomic
approaches have also identified hypoxia-induced changes
in gene expression that program cardiovascular disease in
adult mammals (41) or adaptive phenotypes in reptiles (25,
34). Here we examine the effect of developmental hypoxia
on gene expression patterns in the hearts of embryonic alli-
gators. Based on prior evidence that hypoxic incubation has
significant impacts on alligator cardiovascular phenotypes
(35–38), we tested the hypothesis that hypoxia induces
changes in cardiac expression of genes involved in cell pro-
liferation and apoptosis, as well as genes that play a role in
cardiomyocyte function and cardiac development.

MATERIALS AND METHODS

Egg Collection and Incubation

All experiments were performed in accordance with
Institutional Animal Care and Use Committee (Protocol
No. 20009) at the University of North Texas. Fifteen
clutches of American alligator (Alligator mississippiensis)
eggs were collected from Rockefeller Wildlife Refuge in
Grand Chenier, Louisiana, in June, 2019. Eggs were trans-
ported to the University of North Texas, weighed to the
nearest milligram, and uniquely numbered. Two embryos
were then dissected to determine the age of each clutch
(42). Approximately equal numbers of eggs from each clutch
were randomly distributed to 1-L Ziplock containers and half
buried in moist vermiculite (1:1 ratio of vermiculite:water).
Water content was maintained by weighing boxes three
times weekly and adding water as needed. Eggs were incu-
bated at a female-producing temperature of 30�C in a walk-
in environmental chamber (Percival Scientific, Perry, IA).
Alligator embryos take 72 days on average to hatch from
their eggs when incubated at 30�C.

At 20% of embryogenesis (�14–15 days after oviposition),
eggs were split into two treatment groups. One group was
incubated in normoxic conditions (21% O2), whereas the
other group was incubated in hypoxic conditions (10% O2) as
previously described (36). In brief, egg containers were
sealed inside large Ziploc bags with one hole for gas inflow
and a second hole for gas outflow. Gas mixtures passed
through a H2O-bubbler to maintain high relative humidity.
Normoxic gas (21% O2; room air) or hypoxic gas (10% O2;
room air mixed with nitrogen) was pumped through bags
using air pumps and rotameter flow controllers. Gas compo-
sition was monitored continuously with an oxygen analyzer
(S-3AI, Applied Electrochemistry, Illinois).

Sample Collection and RNA Extraction

Embryos were sampled from each oxygen condition at
70% (�50–51 days after oviposition) and 90% (�64–
65 days after oviposition) of the total incubation period. A
total of 105 embryos were collected: 36 normoxic embryos
at 70% of incubation, 32 hypoxic embryos at 70% of incu-
bation, 18 normoxic embryos at 90% of incubation, and 20
hypoxic embryos at 90% of incubation. One normoxic
embryo at 90% of incubation was a clear outlier for morpho-
logical measurements and was excluded from all subsequent
analyses. Embryos were euthanized with an overdose of iso-
flurane (Isoflo; Abbott Laboratories, North Chicago, IL).
Embryo mass (excluding embryonic membranes), heart
mass (combined atria and ventricular mass), livermass, lung
mass, kidney mass, and brain mass were measured using an
analytical balance (Mettler Toledo XS204).

All vascular elements entering and existing hearts were
removed by cutting at the base of the major outflow tracts
from the ventricle and the venous return to the atria.
Hearts were then rinsed with heparinized saline and com-
pressed lightly to remove excess blood and blotted dry
with Kimwipes.We cannot rule out the possibility of eryth-
rocytes in the cardiac tissue, but rinsing andblottingwas done
in the sameway for all hearts, sowedonot expect erythrocytes
would contribute significantly (or differentially) to the RNA
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extracted from hearts. Tissues were placed in cryotubes, flash
frozen in liquid N2, and stored at�80�C. A subset of 28 hearts
from 10 clutches were shipped on dry ice to the University of
NorthDakota forRNAsequencing (RNA-Seq) analysis.

Frozen hearts were ground with a mortar and pestle on
dry ice. Pulverized hearts were transferred to 1 mL of TRIzol
reagent (Thermo Fisher Scientific) and homogenized for
30 s using a BioGen PRO200 homogenizer with a 5-mm gen-
erator probe. After homogenization, the probe was washed
in fresh 100% methanol, ultrapure water, and dried with a
Kimwipe to prevent cross contamination between samples.
Remaining steps were carried out according to the manu-
facturer’s RNA extraction protocol with one modification:
two extra chloroform extractions were used to remove trace
amounts of phenol from the aqueous phase. After RNA pre-
cipitation, RNA pellets were washed twice with 100% etha-
nol and resuspended in RNAse-free H2O. The concentration
of RNA was estimated with a Nanodrop spectrophotometer.
Tenmicrograms of RNA from each sample were treated with
RNAse-free DNAse using an in-solution protocol to remove
any contaminating genomic DNA (Qiagen). After DNAse
treatment, RNA was repurified using the RNeasy MinElute
Kit (Qiagen), and RNA concentration was measured again.

Analyses of Embryo and Organ Mass

ANOVA was used to test for oxygen and age effects on
embryo mass and relative organ size (the ratio of organ to
embryomass) in all 104 embryos. RNA-Seqwas used as a fac-
torwith two levels (used inRNA-Seq,n¼ 28; not used inRNA-
Seq,n¼ 76) to testwhether the subset of embryos in theRNA-
Seq studywas a representative subsample of the full set of 104
embryos. The three-wayANOVA included oxygen treatment
(hypoxia vs. normoxia), embryo age (70% vs. 90% of incuba-
tion), and RNA-Seq (used vs. not used for RNA-Seq) as main
effects and all interactions among these factors in a fully fac-
torial design. Clutch was used as a blocking factor to control
for potential genetic ormaternal effects on embryomass and
organ size. Tukey’s honestly significant difference test was
used to compare relative organ sizes among four experimen-
tal groups (2 oxygen levels� 2 embryonic ages). Studentized
residuals were normally distributed and homoscedastic.
Thus, parametric statistics were appropriate for analyzing
embryomass and relative organ size. JMP statistical software
wasused to analyzemorphological data.

RNA Sequencing and Analysis of Gene Expression
Patterns

TotalRNAwasdelivered to theUNDGenomicsCore,which
assessed RNA quality using the Agilent 4200 TapeStation.
RNA integrity numbers ranged from 8.8 to 9.7. The core pre-
paredpoly-A, nondirectional cDNA libraries for eachof the 28
hearts. The 28 libraries were sequenced on the Nova-Seq
4000platform to produce 22 to 30.4million paired-end reads
per sample (150 bp reads; average ¼ 26.7 M reads/sample; 4
groups � 7 samples/group ¼ 28 samples). FastQC (43) and
MultiQC (44)wereused toassess thequality of rawand trimmed
reads from embryonic alligator hearts. Trimmomatic (45)
was used to trim reads with the following parameters:
ILLUMINACLIP:TruSeq3-PE-2.fa:2:38:10:8:TRUEHEADCROP:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:30.

After trimming, all reads (20.8 to 28.5 million paired-end reads
persample)hadexcellentqualitycontrolmetrics.

Trimmed reads were mapped to American alligator genome
assemblyASM28112v4usingHiSat2 (46).Alignment rates ranged
from 94% to 95% for all samples. featureCounts was used to
count the number of fragments mapped to exons (47). Genes
with very low counts were prefiltered: genes had to have �3
counts in at least 7 samples to remain in the analysis. Principal
components analysis using variance stabilized transformed
(VST) counts was used to visualize relationships among experi-
mental groups and to check for potential outliers. Differential
gene expression analysis was then performed on read counts
with DESeq2 (48). Oxygen treatment (normoxia vs. hypoxia),
embryo age (70% vs. 90% of embryogenesis), and the oxygen
treatmentbyage interactionwereusedas independentvariables
while using clutch identity as a blocking factor. The Wald test
wasused to test for oxygen treatment, embryo age, and theoxy-
gen treatmentbyage interactioneffectsongeneexpression.The
Benjamini–Hochberg procedure was used to control the false
discovery rate (FDR) in the transcriptome analysis. There is a
tradeoff between sensitivity and specificitywhen selectingFDR
level. We decided to prioritize sensitivity over specificity and
usedFDR¼0.10.However,we report adjustedPvalues inall our
tables so readers canusemore stringent FDRs if they so choose.
The R packages EnhancedVolcano and Pretty Heatmaps were
used forproductionofvolcanoplotsandheatmaps.

Functional enrichment analyses of differentially expressed
genes were carried out to gain further insights into the
effects of hypoxia on heart development and physiology.
Enrichment analyses were conducted using the database
for annotation, visualization and integrated discovery
(DAVID) (49) and the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) (50) database of pro-
tein-protein interactions with American alligator, Alligator
mississippiensis, as the annotation reference species.

Comparative Analysis of Hypoxia-Regulated Genes

Hypoxia-regulated genes in alligator embryo hearts were
compared with genes from a comprehensive meta-analysis
of hypoxia-regulated genes in human and mouse (51). Lists
of genes were downloaded for human (https://doi.org/
10.6084/m9.figshare.5812710.v3) and for mouse (https://
doi.org/10.6084/m9.figshare.9948233.v2). Lists were filtered
to identify the top 2.5% of genes in each tail of the hypoxia
and normoxia scores (HN scores). The authors define the HN
score for a gene as the count of RNA-Seq studies in which
the gene was significantly upregulated by hypoxia minus the
count of RNA-Seq studies in which the gene was signifi-
cantly downregulated by hypoxia (51). Thus, genes with posi-
tive HN scores were upregulated in more studies than they
were downregulated, whereas negative HN scores indicate
the opposite (see Ref. 51 for further details). Venny 2.1 (52)
was used to compare hypoxia-regulated genes in alligators
with hypoxia-regulated genes in human andmouse.

RESULTS

Embryo Mass and Relative Organ Size

Incubation of eggs in hypoxic conditions inhibited growth
of alligator embryos and this effect becamemorepronounced
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with age, as indicated by a significant oxygen treatment by
age interaction (Table 1; Fig. 1A). Although the absolutemass
of heartswas smaller inhypoxic embryos comparedwithnor-
moxic embryos, hearts from hypoxic embryos were signifi-
cantly enlarged relative to their body size (Table 1; Fig. 1B).
The effect of hypoxia on relative heart sizewas similar at both
ages; i.e., there was no detectable oxygen treatment by age
interaction (Table 1; Fig. 1B). Overall, there was negative
allometry betweenheart andbody size; i.e., relativeheart size
decreased from 70% to 90% of embryogenesis in both nor-
moxic andhypoxic conditions (Table 1; Fig. 1B). Therewasno
difference in total embryomass or relative heart size between
embryos used for RNA-Seq and embryos that were not used
for RNA-Seq (Table 1). Likewise, interactions among RNA-
Seq, oxygen treatment, and embryo age were not significant
(Table 1). These results indicate that the 28 embryos used for
RNA-Seqwere a representative subsample of the entire set of
104 embryos.

Although hypoxia caused cardiac enlargement (i.e., hypoxic
hearts were enlarged relative to body size), the impact of
hypoxia on other organs varied. Brains of hypoxic embryos
were enlarged relative to body size much like heart size
(Table 1; Fig. 1C). Negative allometry was also observed for
brain size; i.e., relative brain size decreased from 70% to 90%
of incubation in both normoxic and hypoxic conditions
(Table 1; Fig. 1C). In contrast, hypoxia had no impact on the
relative size of kidneys or livers, which both scaled isometri-
cally with body size (Table 1; Fig. 1,D and E). Finally, relative
lung size was smaller in hypoxic embryos compared with nor-
moxic embryos at 70% of embryogenesis, but there was no dif-
ference at 90% of embryogenesis (Table 1; Fig. 1F ). Lung size
displayed negative allometry like brain and heart size; i.e., rel-
ative lung size decreased from 70% to 90% of embryogenesis
in both oxygen conditions (Table 1; Fig. 1F). There were no dif-
ferences in relative organ sizes between embryos used for
RNA-Seq and embryos that were not used for RNA-Seq
(Table 1). Interactions among RNA-Seq, oxygen treatment,
and embryo age were not significant for any organ (Table 1).
These results again indicate the 28 embryos used for RNA-Seq
were a representative subsample from the full set of embryos.

Identification of Differentially Expressed Genes

The dispersion plot for normalized read counts of all genes
was examined both before and after shrinkage with the

DESeq2 algorithm. Dispersion decreased as gene expression
levels increased, with the fitted dispersion showing a smooth
monotonic function typical of high-quality data (Fig. 2A). In
addition, there was relatively little shrinkage of dispersion
values because sample sizes were moderate (n ¼ 7 samples/
group). Expression of all genes was also visualized with a
PCA plot. The first principal component captured 26% of the
variance in gene expression, and samples were primarily
clustered by embryo age (Fig. 2B). The second principal com-
ponent captured 17% of the variance with slight separation
of normoxic and hypoxic groups at 90% of embryogenesis
(Fig. 2B). Other components did not distinguish treatment
groups.

DESeq2was thenused to test for differences ingene expres-
sion between oxygen treatments (normoxia vs. hypoxia),
betweenages (70%vs. 90%of embryogenesis), and for anoxy-
gen treatment by age interaction. At a Benjamini–Hochberg-
adjustedFDRof0.1, hypoxia treatment upregulated 182 genes
and downregulated 222 genes (Fig. 3A; Supplemental Table
S1). The20genesmosthighly upregulated anddownregulated
(in magnitude) by hypoxia are shown in Table 2. Age had a
much larger effect on the transcriptome with 1,960 genes
upregulated and 1,584 genes downregulated in embryos at
90% of embryogenesis compared with embryos at 70% of
embryogenesis (Fig. 3B; Supplemental TableS2). The20genes
that changed themost developmentally are shown inTable 3.
A total of 65 genesdisplayed a significant interactionbetween
oxygen treatment and age (Fig. 3C; Supplemental Table S3).
The 20 genes that display the strongest oxygen treatment by
age interaction are shown inTable 4.

Several positive control genes known to be regulated by
hypoxia in humans andmice were also hypoxia-regulated in
alligator heart (Fig. 4). See Comparative Analysis of Hypoxia-
Regulated Genes below for more genes that are shared among
these species. Several positive control genes known to play
important roles in heart development late in embryogenesis
in other species were also developmentally regulated in alli-
gator (Fig. 5).

A heatmap of differentially expressed genes is shown in
Fig. 6, which includes genes affected by oxygen treatment,
age, or the oxygen treatment by age interaction. Hierarchical
clustering showed the greatest difference in gene expression
patterns between hearts at 70% and 90% of embryogenesis
(i.e., the deepest branch in the dendrogram in Fig. 6). In

Table 1. ANOVA results for the effects of oxygen condition, age, and the oxygen condition by age interaction on
embryo mass and relative organ sizes (i.e., organ mass/embryo mass)

Embryo Mass

Heart Mass

Embryo Mass

Brain Mass

Embryo Mass

Kidney Mass

Embryo Mass

Liver Mass

Embryo Mass

Lung Mass

Embryo Mass

Factors df F P F P F P F P F P F P

Oxygen condition 1 137.8 <0.0001 33.6 <0.0001 34.5 <0.0001 0.01 0.92 2.48 0.12 21.4 <0.0001
Age 1 262.8 <0.0001 44.4 <0.0001 55.2 <0.0001 1.21 0.27 0.24 0.62 129.3 <0.0001
Oxygen condition � age interaction 1 36.2 <0.0001 0.97 0.33 0.22 0.64 0.18 0.67 0.01 0.91 5.1 0.026
RNA-Seq 1 2.5 0.12 0.97 0.33 0.01 0.91 0.48 0.49 3.47 0.07 1.22 0.27
Oxygen condition � RNA-Seq 1 0.2 0.70 2.8 0.10 0.58 0.45 0.00 0.96 0.38 54 0.51 0.48
Age � RNA-Seq 1 0.6 0.44 0.04 0.85 1.6 0.21 0.26 0.61 0.11 0.74 1.38 0.24
Oxygen condition � Age � RNA-Seq 1 2.9 0.09 3.5 0.06 0.33 0.57 0.11 0.74 0.8 0.37 1.39 0.24
Clutch ID 14 2.70 0.0026 1.88 0.04 1.92 0.04 2.22 0.01 1.88 0.04 3.05 0.0008

We also tested for differences between the subset of samples used for RNA-Seq and samples that were not, as well as the interaction with oxygen condi-
tion and age in a fully factorial model. Clutch identity was used as a blocking factor to control for potential genetic and/or maternal effects on offspring and
organ size. df, degrees of freedom; F, f-statistic; P, probability; RNA-Seq, RNA sequencing.

HYPOXIA EFFECTS ON THE CARDIAC TRANSCRIPTOME

502 Physiol Genomics � doi:10.1152/physiolgenomics.00192.2024 � www.physiolgenomics.org

Downloaded from journals.physiology.org/journal/physiolgenomics (173.172.039.153) on September 25, 2025.

http://www.physiolgenomics.org


contrast, there was not clear clustering by oxygen treatment
(i.e., hypoxic and normoxic groups were not completely sep-
arated within each age category).

Functional Enrichment of Differentially Expressed
Genes

DAVID was used to test for functional enrichment among
genes affected by oxygen treatment or the oxygen treatment
by age interaction. Of 454 genes in this list, 391 genes were in
the DAVID database for American alligator. There was
enrichment among these genes at an unadjusted P value <

0.05 (Fig. 7), but not with a more stringent FDR threshold.
Differentially expressed genes related to muscle fiber struc-
ture and contraction were enriched in four out of five data-
bases (Fig. 7,A, B,D, and E). Genes related to the proteasome

and apoptosis were enriched in three out of five databases
(Fig. 7, A, B, and D). Genes related to oxygen transport and
oxygen binding were enriched in three out of five databases
(Fig. 7, A, C, and E). Genes involved in synaptic transmis-
sion/adrenergic signaling were enriched in two databases
(Fig. 7, A and D). Other functional categories of genes were
only enriched in single databases.

Out of 3,544genesdifferentially expressedbetweenhearts at
70% and 90% of embryogenesis, 3,087 genes were in the
DAVID database for American alligator. There was functional
enrichment among these genes at a stringent FDR threshold<
0.05 (Fig. 8).Differentially expressedgenesweremore likely to
be involved in cell division, mitosis, and associated with the
centromere than expected by chance in four of five databases
(Fig. 8,A,B,D, andE). Genes associatedwithmicrotubules and

A B

C D

E F

Figure 1. Oxygen availability influences growth of alligator embryos and has organ-specific effects. A: total mass of alligator embryos incubated in normoxic
(21% O2) or hypoxic (10% O2) conditions from 20% of embryogenesis to 70% or 90% of embryogenesis. Other panels show the mass of various organs relative
to embryo mass: relative heart mass (B), relative brain mass (C), relative kidney mass (D), relative liver mass (E), and relative lung mass (F) of these embryos.
Embryo mass and relative mass of organs are means ± SE. Samples sizes for 70% Normoxia (n ¼ 36), 70% Hypoxia (n ¼ 32), 90% Normoxia (n ¼ 19),
90% Hypoxia (n ¼ 20). Tukey’s Honestly Significant Difference Test was carried out after ANOVA indicated significant main effects of oxygen treatment or
age. Different letters indicate groups that significantly differ from each other for a given trait (groups with the same letter do not differ).
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microtubule-basedmovementwere enriched in four out offive
databases (Fig. 8, A–C, and E). Finally, genes associated with
the extracellular matrix, extracellular matrix receptors, and
basement membrane were enriched in four out of five data-
bases (Fig. 8, A, B, D, and E). Other functional categories of
geneswereonly enriched inoneor twodatabases.

Network Analysis of Hypoxia Regulated Genes

The STRING database was used for network analysis of
genes affected by oxygen treatment or the oxygen treatment
by age interaction. Of 454 genes in this list, 296 were in the
String database for American alligator. We used the Markov
Cluster Algorithm (MCL) with an inflation parameter of 3 to
identify clusters of genes enriched for protein-protein inter-
actions in the network graph (P < 1.0e-16 for PPIs in clusters
1–4 and P< 1.8e-07 for cluster 5; Fig. 9).

The largest cluster of 17 genes was enriched for genes that
function in “proteolysis involved in protein catabolic pro-
cess” (P< 5.97e-11; Fig. 9). More of these genes were downre-
gulated by hypoxia than expected if there were an equal
chance of being upregulated or downregulated (15 genes
downregulated and 2 genes upregulated; P¼ 0.002).

The next largest cluster of 15 genes was enriched for genes
that contain “tetratricopeptide repeats” (P ¼ 0.004; Fig. 9).
This cluster was not enriched for any biological process.
There were similar numbers of upregulated and downregu-
lated genes in this cluster with no bias in expression pattern
(8 genes downregulated and 7 genes upregulated; P¼ 1.0).

The third largest cluster of 11 genes was enriched for genes
that are part of the “myosin II complex and troponin com-
plex” (P < 4.1e-14; Fig. 9). More of these genes were downre-
gulated by hypoxia than expected by chance (10 genes
downregulated and 1 gene upregulated; P¼ 0.01).

The fourth largest cluster of 8 genes was enriched for
genes involved in “pyruvate metabolism and citric acid
cycle” (P < 5.1e-09; Fig. 9). Exposure to hypoxia tended to
downregulate expression of these genes (7 genes downregu-
lated and 1 gene upregulated; P¼ 0.07).

The last cluster of 5 genes was enriched for genes with
“translation initiation factor activity” (P < 1.2e-07; Fig. 9).
Four of these genes were upregulated by hypoxia, whereas
one gene was downregulated, which is not different from an
even ratio (P ¼ 0.375). Clusters with less than 5 genes were
not considered large enough for functional enrichment
analysis.

Network Analysis of Developmentally Regulated Genes

Given the extremely large number developmentally regu-
lated genes, a more stringent threshold (FDR < 0.05 and >
1.5-fold change) was used to produce a shorter list of genes
for network analysis. Of 1,608 genes in this list, 1,020 were in
the String database for American alligator. We used the
Markov cluster algorithm (MCL) with an inflation parameter
of 3 to identify clusters of genes enriched for protein-protein
interactions: only genes in the top five clusters are shown for
clarity (P< 1.0e-16 for PPIs in clusters 1–5; Fig. 10).

The largest cluster of 99 genes was enriched for genes that
function in “cell division” (P < 1.71e-59; Fig. 10). More of
these genes were downregulated at 90% compared with 70%
of embryogenesis than expected if there were an equal
chance of being upregulated or downregulated (97 genes
downregulated and 2 genes upregulated; P< 1e-12).

The second largest cluster of 21 genes was enriched for
genes that function in the “RHOAGTPase cycle” (P< 1.58e-
10; Fig. 10). More of these genes were upregulated at 90%
compared with 70% of embryogenesis than expected if
there were an equal chance of being upregulated or

Figure 2.Quality control assessment of RNA sequencing (RNA-Seq) data.
A: plot of gene-wise dispersion estimates vs. average expression level
before (black dots) and after (blue dots) shrinkage of gene-wise dispersion
estimates toward the fitted curve (red dots) for the entire transcriptome.
B: principal component analysis plot showing the first two principal compo-
nents (PC1 and PC2) and 95% confidence ellipses for variance-stabilized
gene expression values. The key next to the plot shows the 4 treatment
groups: A70-H10 ¼ 70% of embryogenesis and hypoxia, A70-N21 ¼ 70%
of embryogenesis and normoxia, A90-H10 ¼ 90% of embryogenesis and
hypoxia, and A90-N21 ¼ 90% of embryogenesis and normoxia. Samples
sizes for 70% Normoxia (n ¼ 7), 70% Hypoxia (n ¼ 7), 90% Normoxia (n ¼
7), 90% Hypoxia (n¼ 7).
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downregulated (5 genes downregulated and 16 genes upreg-
ulated; P¼0.027).

The third largest cluster of 19 genes was enriched for genes
that function in “DNA replication” (P < 5.72e-16; Fig. 10).

More of these genes were downregulated at 90% compared
with 70% of embryogenesis than expected if there were an
equal chance of being upregulated or downregulated (18 genes
downregulated and 1 gene upregulated; P¼ 0.00008).

Figure 3. Volcano plots for cardiac gene expression in alligator embryos. The x-axis represents the log2 fold change in expression, whereas the y-axis
displays the negative log10 of the P value for comparisons between oxygen treatment groups (A), embryos at different ages (B), and the interaction
between oxygen treatment and age (C). Points shown in red are differentially expressed using the thresholds described in RESULTS.

Table 2. The top 20 genes that are differentially expressed between oxygen treatments

Gene Symbol Base Mean log2FC lfcSE Stat P Value P adj

LOC109286192 81.47 1.62 0.36 4.52 6.16e-06 0.006117052 Higher in hypoxia
FAM19A1 18.32 1.58 0.40 3.97 7.33e-05 0.018192513
LOC109280256 25.08 1.46 0.43 3.39 0.000690151 0.055307018
nbis-pseudo87 29.36 1.44 0.35 4.11 3.93e-05 0.015804063
LOC109284543 14.90 1.41 0.41 3.44 0.000583247 0.050096149
LOC106737547 17.56 1.37 0.42 3.27 0.001076809 0.064812495
LOC106739775 31.07 1.31 0.35 3.79 0.000152875 0.028918888
LOC102557688 380.34 1.21 0.37 3.30 0.000980535 0.062322795
LOC109281159 40.28 1.21 0.33 3.61 0.000300592 0.03760039
LOC106739233 43.07 1.18 0.27 4.40 1.07e-05 0.00809276
CHRM3 20.35 1.15 0.38 3.03 0.002440241 0.098933282
LOC102565680 40.14 1.12 0.34 3.30 0.00097029 0.06216897
CFAP69 17.30 1.11 0.31 3.64 0.000267553 0.035997116
CCDC102B 16.88 1.11 0.31 3.56 0.000369699 0.04079531
LOC102573476 85.40 1.11 0.34 3.30 0.000977839 0.062322795
LOC109283964 14.01 1.10 0.33 3.34 0.000848387 0.059914984
GLDC 115.57 1.09 0.31 3.53 0.000419667 0.043871732
LOC106737515 102.98 1.08 0.25 4.24 2.19e-05 0.012687796
LOC109280291 24.30 1.08 0.33 3.24 0.001175624 0.069703976
MEIKIN 18.82 1.04 0.33 3.18 0.001485591 0.079039908
LOC109286105 35.89 �0.97 0.24 �3.98 7.00e-05 0.017929668
LOC102565495 427.09 �0.97 0.28 �3.50 0.000459614 0.045556691
RHOH 30.33 �0.98 0.31 �3.20 0.001388633 0.077151661
ACTG2 1,745.47 �1.04 0.18 �5.77 7.74e-09 0.000122913
LOC106738987 44.56 �1.04 0.34 �3.08 0.002080958 0.092107037
LOC102566837 36.13 �1.07 0.33 �3.22 0.001294398 0.073720396
nbisL1-trna-22 339.69 �1.09 0.29 �3.74 0.000187035 0.032304159
SLC39A8 83.82 �1.14 0.27 �4.27 1.94e-05 0.012348006
LOC102557980 115.08 �1.14 0.34 �3.36 0.000770267 0.05762848
LOC102575298 13.95 �1.14 0.34 �3.37 0.000760329 0.0572858
AMH 79.91 �1.15 0.22 �5.16 2.45e-07 0.001299236
LOC102576972 9,465.06 �1.31 0.39 �3.36 0.000785521 0.057786692
LOC109284673 44.13 �1.31 0.38 �3.48 0.000505943 0.046470736
LOC102560255 457.76 �1.41 0.39 �3.61 0.000307618 0.03760039
TAGAP 31.03 �1.44 0.46 �3.12 0.001801014 0.086192415
TMEM252 405.43 �1.48 0.36 �4.09 4.29e-05 0.016091919
GREM2 18.73 �1.66 0.38 �4.37 1.24e-05 0.00884032
LOC102566807 35.45 �1.75 0.39 �4.44 9.00e-06 0.007526913
LOC109283326 21.97 �1.94 0.52 �3.70 0.000214867 0.03390983
SLN 13.85 �2.02 0.55 �3.64 0.000271847 0.035997116 Higher in normoxia

See Supplemental Table S1 for gene IDs and products of LOC-coded genes. lfcSE, log2FC standard error.
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The fourth largest cluster of 15 genes was enriched for
genes that function in the “extracellular matrix” (P< 8.1e-10;
Fig. 10). The genes in this cluster did not show a significantly
biased expression pattern, though there was a tendency
toward upregulation (4 genes downregulated and 11 gene
upregulated; P¼ 0.12).

The last cluster of 12 genes was enriched for genes that
play a role in “blood vessel morphogenesis” (P < 1.2e-8;
Fig. 10). However, there was no detectable bias in the pattern
of expression of these genes (4 genes downregulated and 8
gene upregulated; P¼ 0.38).

Comparative Analysis of Hypoxia-Regulated Genes

There were 2,035 genes in the two tails (top 2.5% in each
tail) of the HN scores for RNA-Seq studies in humans and
1,353 genes in mice. A total of 451 alligator genes were
affected by oxygen treatment or the oxygen treatment by age
interaction. There were 273 genes affected by hypoxia in two
or more of these species (Supplemental Table S4). Only 11%
(224/2,035) of the human genes were also among the top
hypoxia-regulated genes in mice. Conversely, 16.5% (224/
1,353) of the hypoxia-regulated genes in mice were also
hypoxia-regulated in humans. Of the alligator genes, 6.9%

(31/451) were hypoxia-regulated in humans. A similar per-
centage of alligator genes (6.3%, 28/451) were hypoxia-regu-
lated in mice. AIMP2, BAG2, SEC61G, SIAH2, and TPI1 were
universally influenced by hypoxia in all three species and
EDN2 in alligators and humans (Fig. 4).

DISCUSSION

This study demonstrates that hypoxia significantly alters
cardiac gene expression and growth in American alligator
embryos (Alligator mississippiensis). These findings align
with a growing body of evidence that developmental hypoxia
induces both immediate and long-term cardiovascular
changes in vertebrates (25, 53). There were also extensive
developmental changes in gene expressionpatterns in hearts
between 70% and 90%of embryogenesis. These results build
on previous work show that hypoxia induces changes in car-
diovascular development andphysiology in alligators (35–38,
54). Our findings provide insights into how chronic oxygen
deprivation shapes cardiovascular phenotypes at the level of
gene expression, particularly in species that experience
hypoxic conditionsduring critical periodsof development.

Table 3. The top 20 genes that are differentially expressed between developmental stages

Gene Symbol Base Mean log2FC lfcSE Stat P Value P adj

ALB 137.27 8.70 2.33 3.74 0.00018679 0.003664888 Higher 90%
LOC109281535 5.38 5.13 1.01 5.08 3.87e-07 2.74e-05
LOC102576694 16.25 5.12 0.87 5.88 4.00e-09 6.12e-07
ATP13A4 64.93 4.60 0.80 5.77 7.84e-09 1.04e-06
LOC106738064 6.56 4.51 0.96 4.68 2.85e-06 0.000144066
LOC109283555 19.85 4.09 0.50 8.16 3.48e-16 3.58e-13
LOC102569228 10.57 3.99 0.67 5.96 2.49e-09 3.91e-07
LOC106738279 7.39 3.98 1.00 3.97 7.12e-05 0.001807134
ATP13A5 3.85 3.97 1.13 3.51 0.000446887 0.007030871
LOC109284527 74.65 3.89 0.73 5.31 1.10e-07 9.19e-06
LOC106738201 37.35 3.65 0.51 7.23 4.91e-13 2.02e-10
LOC102560408 63.10 3.63 0.51 7.08 1.42e-12 5.24e-10
LOC106738408 10.89 3.63 0.68 5.35 9.01e-08 7.86e-06
LOC102562759 6.98 3.60 0.95 3.80 0.000143405 0.003015097
LOC102561117 32.54 3.59 0.66 5.41 6.34e-08 5.92e-06
TMEM213 4.29 3.56 1.02 3.50 0.000460609 0.007185327
LOC102576790 2.75 3.56 1.22 2.92 0.00351341 0.030418866
MARVELD3 5.04 3.55 0.83 4.27 1.92e-05 0.000645534
LOC106737518 505.10 3.52 0.64 5.50 3.85e-08 3.90e-06
LOC102562523 104.48 3.44 0.87 3.96 7.64e-05 0.001891626
S100Z 4.98 �2.12 0.70 �3.01 0.002575646 0.024438255
CCNA1 6.00 �2.14 0.65 �3.31 0.000939007 0.012098545
GABRG1 419.85 �2.19 0.30 �7.23 4.91e-13 2.02e-10
SYPL1 4.71 �2.21 0.74 �2.98 0.002861577 0.02642424
LOC109284494 3.12 �2.23 0.89 �2.51 0.012005712 0.072245347
LOC109285763 2.75 �2.24 0.87 �2.57 0.010129546 0.064581963
CCDC190 6.82 �2.25 0.64 �3.50 0.000462016 0.007195471
LOC109280291 24.30 �2.27 0.43 �5.33 9.97e-08 8.46e-06
SCN4A 8.35 �2.30 0.57 �4.03 5.56e-05 0.001481178
RHOV 22.53 �2.32 0.59 �3.92 8.95e-05 0.002107114
LOC102570601 3.84 �2.34 0.98 �2.39 0.016752646 0.090524958
LOC102565396 3.04 �2.53 1.04 �2.43 0.015079305 0.08426376
CA6 4.01 �2.57 1.03 �2.50 0.012446515 0.07404747
SELE 600.74 �2.57 0.87 �2.94 0.003250763 0.028791583
DRD1 27.60 �2.73 0.56 �4.91 9.00e-07 5.55e-05
VCAM1 959.03 �2.75 0.50 �5.46 4.65e-08 4.57e-06
LOC109283403 3.42 �2.95 0.99 �2.97 0.002937394 0.026910026
LOC102569407 718.66 �3.37 1.08 �3.11 0.00188271 0.019713585
LOC102558077 5.99 �3.49 1.26 �2.78 0.005458903 0.041943781
LOC109281253 2.76 �3.85 1.16 �3.31 0.000932242 0.012036526 Lower 90%

See Supplemental Table S2 for gene IDs and products of LOC-coded genes. lfcSE, log2FC standard error.
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Enrichment analyses revealed that genes affected by
hypoxia were functionally distinct from genes that displayed
ontogenetic changes. Genes influenced by hypoxia generally
play a role in cardiovascular physiology (cardiacmuscle con-
traction, protein catabolism, oxygen transport, pyruvate
metabolism, and adrenergic signaling), whereas ontogenetic
changes in gene expression were primarily related to tissue
growth and structure (cell proliferation, centromere, micro-
tubules, and the extracellular matrix). Network analyses
painted a similar picture for hypoxia-regulated genes, with
interconnected gene clusters enriched for functions in the
proteasome, heart contraction, and pyruvate metabolism.
Network analyses of developmentally regulated genes
revealed large gene clusters involved in cell division, DNA
replication, and the extracellular matrix, which was consist-
ent with enrichment analyses.

Hypoxia Stunts Embryo Growth and Causes Cardiac
Hypertrophy

Incubation in hypoxic conditions restricted the overall
growth of alligator embryos and decreased the absolutemass
of all organs. Yet, hypoxia had differential effects on organ
mass relative to body mass (i.e., hypoxia caused allometric

growth of some organs). Kidney and liver mass decreased
proportionally with body size (isometric growth), but heart
and brain were both enlarged relative to body size (positive
allometric growth). Lungs were smaller relative to body size
at 70% of development (negative allometric growth) but
recovered by 90% of incubation. Preferential shunting of
blood and resources to certain organs during oxygen depri-
vation has been observed in other species (e.g., “brain spar-
ing”) (53, 55), which may be the basis for these embryonic
differences.

A key finding from this study is enlargement of the heart
relative to body size in hypoxic embryos. This result mirrors
findings that hypoxic incubation of alligator embryos leads
to increased heart mass and thickening of the right and left
ventricular free walls and that hypertrophy persists into
juvenile stages (36), suggesting that hypoxia induces perma-
nent changes in the cardiovascular system. This plasticity
may be adaptive, as it improves the capacity to function
under hypoxic stress, as shown by enhanced cardiac power
output and increased blood flow in hypoxia-exposed juve-
niles (36). Our study extends these findings by showing that
cardiac hypertrophy in embryos is associated with specific
changes in gene expression, particularly in genes related to

Table 4. The top 20 genes that display a significant oxygen treatment by age interaction

Gene Symbol Base Mean log2FC lfcSE Stat P Value P adj

LOC106737891 10.16 4.19 1.02 4.11 3.88e-05 0.044827627
LOC109282749 37.72 1.79 0.47 3.82 0.000133717 0.070686605
IBSP 26.90 1.49 0.41 3.59 0.000326974 0.096026563
TNFSF11 19.44 1.43 0.40 3.59 0.000334274 0.096636443
LOC106738458 27.35 1.28 0.34 3.71 0.00020677 0.086554107
P2RX5 820.30 1.00 0.25 3.97 7.17e-05 0.052927668
WNK4 1,266.83 0.89 0.18 4.98 6.23e-07 0.005763737
nbisL1-trna-20 5,074.47 0.88 0.21 4.14 3.55e-05 0.044827627
PTGIS 7,437.71 0.86 0.23 3.80 0.000143689 0.071673525
CDK10 161.90 0.83 0.21 3.94 8.02e-05 0.05467074
DNAAF5 285.10 0.79 0.20 3.94 8.27e-05 0.05467074
GPAT4 3,679.02 0.77 0.21 3.62 0.000299831 0.094923511
LOC102572264 2881.87 0.77 0.17 4.40 1.07e-05 0.025834059
LOC109281412 105.04 0.76 0.18 4.10 4.12e-05 0.044854956
nbis-6 369,713.14 0.73 0.17 4.27 1.93e-05 0.034228732
nbis-11 41,339.70 0.68 0.17 3.97 7.05e-05 0.052927668
IVNS1ABP 6,280.01 0.66 0.17 3.89 0.000101191 0.059782042
MRPL1 1,199.18 0.65 0.18 3.71 0.000210514 0.086554107
ZNF706 1,254.96 0.60 0.16 3.86 0.000112723 0.063199994
WASHC3 619.85 0.60 0.14 4.26 2.04e-05 0.034228732
ELFN2 52.39 �1.33 0.32 �4.12 3.74e-05 0.044827627
VAV3 94.27 �1.33 0.36 �3.66 0.000252573 0.091665894
SLC25A37 181.83 �1.38 0.38 �3.62 0.000296018 0.094923511
IRF6 107.43 �1.41 0.30 �4.71 2.43e-06 0.011632848
NAPB 23.44 �1.43 0.38 �3.75 0.000177233 0.079979834
PNOC 51.18 �1.43 0.31 �4.62 3.77e-06 0.011632848
RFX8 55.92 �1.48 0.41 �3.61 0.000307396 0.094923511
AMH 79.91 �1.51 0.33 �4.63 3.63e-06 0.011632848
LOC106739971 149.82 �1.55 0.42 �3.66 0.000251318 0.091665894
ABCB11 31.36 �1.72 0.47 �3.64 0.000268478 0.091665894
EFHD2 29.20 �1.73 0.44 �3.88 0.000103396 0.059782042
LOC109285322 15.26 �1.73 0.46 �3.74 0.00018725 0.082488257
LOC106738221 35,338.28 �1.85 0.49 �3.80 0.000147205 0.071673525
CHRNA6 11.02 �1.98 0.50 �3.99 6.62e-05 0.052927668
LOC102573842 26.51 �2.02 0.49 �4.14 3.41e-05 0.044827627
GPR4 8.96 �2.74 0.65 �4.24 2.23e-05 0.03443642
LOC102559155 910.99 �3.23 0.64 �5.08 3.83e-07 0.005763737
LOC102562759 6.98 �4.28 1.18 �3.64 0.000272491 0.091665894
LOC109282550 6.48 �4.88 1.34 �3.65 0.000261642 0.091665894
ALB 137.27 �10.39 2.79 �3.72 0.000198597 0.085452271

See Supplemental Table S3 for gene IDs and products of LOC-coded genes. lfcSE, log2FC standard error.
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muscle structure and contraction, the proteasome, oxygen
transport, pyruvatemetabolism, and adrenergic signaling.

Although cardiac hypertrophy is often pathological in
mammals, where it is associated with cardiovascular dys-
function and increased risk of ischemia-reperfusion injury
(30, 31), the hypertrophic response in alligators appears to be
beneficial. Hypoxic incubation shifts the cardiovascular
response to acute hypoxia, enabling alligators to better toler-
ate low oxygen levels (38). The cardiac hypertrophy observed
in our study likely contributes to enhanced hypoxia toler-
ance by increasing stroke volume and cardiac output, as
reported in snapping turtles (34). Thus, the enlargement of
the heart in response to developmental hypoxia may repre-
sent a preadaptive mechanism that primes alligators for bet-
ter physiological performance in hypoxic environments
encountered later in life.

Hypoxia Alters Gene Expression Patterns in Developing
Hearts

Hypoxia induced significantchanges ingeneexpressionpat-
terns in the hearts of alligator embryos, with 182 upregulated
and 222 downregulated genes. Another 65 genes displayed an
interaction between hypoxia and embryo age. Enrichment
analyses showed thatmanyof these geneshave roles inmuscle
fiber structure/contraction, theproteasome, oxygen transport,

pyruvate metabolism, and synaptic transmission/adrenergic
signaling—functions critical for maintaining cardiac per-
formance under hypoxic conditions. These findings align
with previous research showing that developmental hypoxia
significantly alters cardiovascular physiology in alligators
(35–38, 54).

Comparison of hypoxia-regulated genes among alligators,
humans, and mice revealed five “positive control” genes
influenced by hypoxia in all three species: AIMP2, BAG2,
SEC61G, SIAH2, and TPI1. The role of AIMP2 and SEC61G in
heart development has not been studied and it is not clear
whether they are targets of hypoxia-inducible factors. In con-
trast, SIAH2 is an E3 ubiquitin ligase that plays a pivotal role
in the hypoxic response by targeting prolyl hydroxylases for
degradation, leading to the stabilization and activation of
hypoxia-inducible factor alpha (HIF-1a) (56). SIAH2 also
plays a role in proteasome-mediated degradation of DCC, a
receptor critical for netrin-1-dependent cardioprotection
during ischemia/reperfusion (57). Hypoxia downregulates
BAG2 mRNA and protein in ovine carotid arteries (58).
Interestingly, BAG2 plays a protective role in the heart where
it compensates for BAG3 knockout in zebrafish (59). Hypoxia
also regulates expression of TPI1 (60), a glycolytic enzyme
responsible for conversion of dihydroxyacetone phosphate
into glyceraldehyde-3-phosphate. Many other “positive

A B

C D

E F

Figure 4. Gene expression patterns in the
hearts of snapping turtle embryos incu-
bated in normoxic or hypoxic conditions.
Expression values are normalized counts
from DESeq2 for Aminoacyl TRNA synthe-
tase complex interacting multifunctional
protein 2 (A), BAG cochaperone 2 (B ),
endothelin 2 (C), SEC61 translocon subunit
gamma (D), Siah E3 ubiquitin protein
ligase 2 (E ), and triosephosphate isomer-
ase 1 (TPI1) (F ). Expression values are
means (±1 SE) for each oxygen treatment
group at 70% or 90% of embryogenesis.
Samples sizes for 70% Normoxia (n ¼ 7),
70% Hypoxia (n ¼ 7), 90% Normoxia (n ¼
7), 90% Hypoxia (n¼ 7).
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control” genes were regulated by hypoxia in alligators and
one of the two mammalian species. For instance, EDN2 is
hypoxia-regulated in alligators and humans and appears to
play an important role in the heart alongside its paralog
EDN1 (61). One of the most surprising findings from our
comparative analysis was the limited overlap of hypoxia-
regulated genes among alligators, humans, and mice (rang-
ing from 6.3% to 16.5% of genes in pairwise comparisons).
We suspect that unaccounted variation in cell type, tissue,
or organ could be a major reason for the low correspondence
between species. Future studies should compare hypoxia-
regulated genes in the same cell type, tissue, or organ.

The Markov cluster algorithm in the STRING database
revealed subnetworks of genes that were enriched for

protein-protein interactions and biological/molecular func-
tions similar to those listed earlier. Genes in several subnet-
works also displayed coordinated expression patterns. For
example, most genes in the largest subnetwork were downre-
gulated in hypoxic conditions, including all 11 genes involved
in proteolysis (AKIRIN2, CUL2, HECTD3, SRF, UCHL1,
UFD1L and proteasome subunits PSMA1, PSMA7, PSMB1,
PSMD14, PSMD4). Decreased proteasomal function and ubiq-
uitination would likely alter protein turnover, leading to the
accumulation of misfolded or damaged proteins. Proteomic
analyses of embryonic alligator hearts also found enrichment
of proteasomal proteins among differentially expressed pro-
teins in hypoxic hearts (62). Studies inmammals suggest that
impaired ubiquitin-proteosome system function contributes
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Figure 5. Gene expression patterns in the
hearts of snapping turtle embryos at 70%
and 90% of embryogenesis. Expression val-
ues are normalized counts from DESeq2 for
castor zinc finger 1 (A), cysteine- and gly-
cine-rich protein 3 (B), connective tissue
growth factor (C), LOC102572997 (NPPA)
(D), T-box transcription factor 5 (E), T-box
transcription factor 20 (F), troponin T1, slow
skeletal type (G), and troponin T2, cardiac
type (H). Expression values are means (±1
SE) for each oxygen treatment group at
70% or 90% of embryogenesis. Samples
sizes for 70% Normoxia (n ¼ 7), 70%
Hypoxia (n¼ 7), 90% Normoxia (n¼ 7), 90%
Hypoxia (n¼ 7).
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to cardiomyopathy (63), although there is evidence that
proteasome inhibition may be cardioprotective in some
circumstances (64). Experimental studies using protea-
some activators and inhibitors will be required to deter-
mine the specific role the proteosome plays in developing
alligator hearts. In contrast, there was no consistent pat-
tern of upregulation or downregulation of gene expression
in the second largest subnetwork. This cluster of genes
was not functionally enriched for any biological process
but was weakly enriched for proteins with a tetratricopep-
tide domain. This gene cluster has no clear relationship to
phenotype.

Most genes in the third largest subnetwork were downre-
gulated by hypoxia, including eight genes involved in heart
contraction, the myosin II complex, and the troponin com-
plex. Most of these genes (ACTC1, MYL2, MYL3, MYL4,
MYL7, MYH7B, and TNNC1) are critical components of the
sarcomere, the fundamental unit of muscle contraction in
the heart. Decreasing their expression would likely alter the
formation and function of the sarcomeres, leading to
changes in cardiomyocyte contractility (65, 66). Reduced
CKMT2 would limit the heart’s energy reserves (67), further
compounding the problem bymaking it harder for the devel-
oping heart to sustain activity, especially during periods of
high demand. Decreased expression of MYL9 could impair
the development of blood vessels and smooth muscle cells
that support the heart (68), potentially affecting blood flow
to the heart, which could lead to cardiovascular phenotypes
in later stages of development.

Most genes in the fourth subnetwork, which contained
genes involved in pyruvate metabolism, were downregu-
lated by hypoxia. Decreased expression of glycolytic and gly-
cosylation-related genes (GFPT2, MPI, LDHB, and TPI1)
could impair energy production, protein glycosylation, and
metabolic flexibility. However, vertebrate hearts transition

from predominately anaerobic glycolytic metabolism to oxi-
dative phosphorylation during development (69). Thus, the
decrease in expression of glycolytic genes may represent an
early transition to dependence on oxidative phosphorylation
in embryonic alligator hearts. In cardiac development, meta-
bolic pathways and enzyme activities are tightly regulated to
ensure proper energy production, structure formation, and
function of the heart (70, 71). On the other hand, increased
expression of PDHB may provide more energy via oxidative
phosphorylation, which would be beneficial for the develop-
ing heart (72). This combination could result in metabolic
and structural changes during cardiac development, leading
to changes in cardiac function in later life. Indeed, juvenile
alligators incubated in hypoxic conditions had reduced
LEAK respiration and higher respiratory control ratios, sug-
gesting early exposure to hypoxia-enhanced mitochondrial
efficiency later in life (73). Cardiac development relies on
both glycolysis and oxidative phosphorylation, and disrupt-
ing glycolysis while upregulating oxidative metabolismmay
be sufficient to meet the energetic and structural needs of
the developing heart.

The last subnetwork of five genes was enriched for genes
with translation initiation factor activity. Four of these genes
were upregulated by hypoxia, whereas one gene was downre-
gulated, but this apparent bias was not statistically significant
due to the small number of genes in the cluster. Increased
expression of EIF3B, EIF2S3, EIF4A2, andDDX3Xwould likely
enhance protein synthesis, supporting cardiomyocyte prolifer-
ation, differentiation, and stress resilience during develop-
ment. Proteomic analysis of embryonic alligator hearts also
found enrichment of proteins involved in translation among
differentially expressed proteins in hypoxic hearts (62). Taken
together, coordinated changes in these subnetworks (i.e., pro-
teasome, sarcomere, pyruvatemetabolism, and translation ini-
tiation) likely contribute to cardiac hypertrophy and enhanced
cardiovascular function in alligator embryos andmay be a fac-
tor in the long-lasting effects of embryonic hypoxia on juvenile
alligators (35–38, 54).

Ontogenetic changes in cardiac gene expression were
much more extensive, with 1,960 genes upregulated and
1,584 genes downregulated as embryos developed. Several
“positive control” genes that play a critical role in cardiac
development during late embryogenesis in other species
were developmentally regulated in the alligator. For instance,
CASZ1 encodes a transcription factor essential for cardiomyo-
cyte proliferation, heart morphogenesis, and maturation of
the cardiac conduction system (74). The CSRP3 gene is
involved in sarcomere assembly and mechanotransduction,
thus ensuring cardiac contractility (75). The product of the
CTGF gene regulates the extracellular matrix, heart valve
development, and myocardial growth and can cause fibro-
sis when overexpressed (76, 77). LOC102572997 (NPPA)
encodes a key hormone in cardiac development, influenc-
ing heart size and chamber specification (78). TBX5 and
TBX20 encode transcription factors that regulate chamber
formation, septation, and conduction system develop-
ment (79). TNNT1 (the slow skeletal type of troponin) is
transiently expressed in cardiac muscle but declines later
in embryogenesis in mice (80), just as it does in alligator.
In contrast, expression of TNNT2 (the cardiac type of tro-
ponin) increased in alligator, consistent with its function

condition
age

age
A70
A90

condition
H10
N21

−4

−2

0

2

4

Figure 6. Heatmap of differentially expressed genes in the hearts of alliga-
tor embryos. Heatmap showing RNA sequencing (RNA-Seq) expression val-
ues for genes that were significantly affected by oxygen treatment (listed in
Supplemental Table S1), embryonic age (listed in Supplemental Table S2),
or the oxygen treatment by age interaction (listed in Supplemental Table
S3). Expression values for genes are shown in rows, whereas individual
samples are shown in columns within the heatmap. The key next to the plot
shows the age and oxygen treatment for each sample.
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in regulating calcium-dependent cardiac muscle contrac-
tion during development and throughout life (81).

Enrichment analyses showed that genes differentially
expressed between 70% and 90% of embryogenesis were
involved in cell division, microtubule-based movement,
the extracellular matrix, and protein phosphorylation.
Network analyses produced similar results, with large sub-
networks of genes involved in cell division and DNA repli-
cation. Interestingly, most genes in both these subnetworks
were downregulated at 90% of embryogenesis. These find-
ings strongly suggest that cell proliferation in the heart slows
as alligator embryos near the end of incubation.

Another large subnetwork of developmentally regulated
genes was involved in the RHOA GTPase cycle, which

influences cytoskeletal remodeling and cell contractility.
Most of these genes (76%) were upregulated, suggesting
that RhoA signaling increases in the heart as alligator
embryos approach hatching. This finding is consistent
with studies in chicken, showing RhoA is strongly upregu-
lated in the heart (82). More broadly, RhoA has been
shown to be involved in cardiomyocyte contraction, car-
diac remodeling, and hypertrophy (83, 84).

The final developmentally regulated subnetwork in alli-
gator hearts was enriched for genes involved in “regulation
of blood vessel endothelial cell migration.” These genes
are likely involved in coronary vessel development in the
alligator as they play a crucial role in angiogenesis, vascu-
lar remodeling, and cellular differentiation in mammals

Figure 7. Enrichment analyses of hypoxia-regulated genes in the hearts of alligator embryos. Dot plots showing categories of hypoxia-regulated genes
with significant functional enrichment. Genes affected by the oxygen treatment or the oxygen treatment by age interaction were compared with all alligator
genes in the DAVID database. Comparisons were made using Gene Ontology (GO) terms for biological process (A), cellular component (B), and molecular
function (C). Comparisons were also made using terms from the Kyoto Encyclopedia of Genes and Genomes (KEGG) (D) and the Uniprot Knowledgebase
(UP) (E). The color of each dot represents the P value for each term, whereas the size of each dot represents the number of genes for each term.
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(85, 86). For instance, the balance of angiopoietin signaling
via Tie2 receptors regulates angiogenesis, vessel matura-
tion, and vessel stabilization (87, 88). In alligator hearts,
upregulation of ANGPT4 expression late in development
would promote angiogenesis and vessel maturation, whereas
ANGPT2 upregulation and ANGPT1 downregulation would
inhibit vessel stabilization and aid sprouting.

Significance of Developmental Plasticity in Alligators

The present study highlights plasticity in cardiovascular
development of alligator embryos, as demonstrated by dif-
ferential gene expression and organ growth between hypoxic
and normoxic conditions. Plasticity allows alligators to

modify their phenotype in response to fluctuating oxygen
levels in their nests, where gas composition varies due to
diffusion limits, precipitation, and/or embryonic metabo-
lism (89). Climate change and warming nest temperatures
may impact oxygen availability by directly increasing met-
abolic rates of developing embryos, leading to higher oxy-
gen demand (53). Temperature could also indirectly affect
phenotype through its effect on sex determination (90).
Warmer temperatures would also enhance microbial
decomposition of organic nest materials, which could fur-
ther reduce oxygen availability.

Crossley et al. (36) proposed that developmental plasticity
in alligators represents a key evolutionary adaptation that

Figure 8. Enrichment analyses of genes that show developmental changes in the hearts of alligator embryos. Dot plots showing categories of develop-
mentally regulated genes with significant functional enrichment. Genes affected by embryonic age were compared with all alligator genes in the DAVID
database. Comparisons were made using Gene Ontology (GO) terms for biological process (A), cellular component (B), and molecular function (C).
Comparisons were also made using terms from the Kyoto Encyclopedia of Genes and Genomes (KEGG) (D) and the Uniprot Knowledgebase (UP) (E).
The color of each dot represents the P value for each term, whereas the size of each dot represents the number of genes for each term.
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enables better cardiovascular performance in hypoxic envi-
ronments. The ability to maintain higher cardiac output and
higher physiological performance under hypoxic stress sug-
gests that developmental hypoxia serves as a preadaptive
cue, programming the cardiovascular system for enhanced
function later in life.

Developmental plasticity in cardiovascular phenotype in
alligators is consistent with broader research on vertebrate
cardiovascular development. For example, developmental
hypoxia in mammals is associated with an increased risk of
cardiovascular disease and hypertension in adulthood (23).
However, in reptiles, hypoxia appears to have the opposite
effect, promoting adaptive cardiovascular changes that
enhance hypoxia tolerance (25, 34). Our findings suggest
that reptiles such as alligators are capable of long-term accli-
matization to hypoxia through molecular and structural
modifications to their cardiovascular system.

Integration of Findings with Prior Work on Hypoxia and
Cardiovascular Adaptation

Our findings align with prior research on cardiovascular
effects of hypoxia in alligators. Crossley et al. (36) demon-
strated that hypoxia during embryonic development causes
permanent changes to the cardiovascular system, including

increased heart mass and altered autonomic regulation.
These changes likely improve the ability to cope with future
hypoxic events. Gene expression changes observed in the
current study shed light on the molecular basis for pheno-
typic adaptations. Specifically, coordinated changes in the
expression of genes involved in muscle contraction, the pro-
teasome, and pyruvate metabolism suggest that hypoxia
induces both structural and functional modifications to the
heart that may persist into later life stages.

Crossley et al. (38) showed that hypoxic incubation alters
the cardiovascular response to acute hypoxia in juvenile
alligators, with hypoxia-exposed individuals exhibiting
enhanced stroke volume and cardiac output. These physiolog-
ical changes align with the hypertrophic response observed
here, suggesting that the enlarged heart size in hypoxic
embryos improves cardiovascular performance. Enrichment
of genes related to adrenergic signaling further suggests that
hypoxiamay affect autonomic regulation of the cardiovascu-
lar system, a finding supported by reports of increased sympa-
thetic tone in hypoxia-exposed alligators (91, 92).

In conclusion, this study provides compelling evidence
that developmental hypoxia alters gene expression patterns
and promotes cardiac hypertrophy in American alligator
embryos, likely as an adaptive mechanism to enhance

Figure 9. Network analyses of hypoxia-regulated genes in the hearts of alligator embryos. String network showing genes affected by the oxygen treat-
ment or the oxygen treatment by age interaction. Subnetworks (i.e., clusters) of genes identified using the Markov clustering algorithm are connected by
solid lines, whereas edges between subnetworks are shown by dotted lines. These subnetworks were significantly enriched for protein-protein interac-
tions and for the terms adjacent to subnetworks.
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performance in low-oxygen environments. Future research
should explore the functional consequences of the identified
gene subnetworks and their role in shaping long-term hypoxia
tolerance in alligators and other reptiles.
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