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Abstract: Diapause is a state of developmental and metabolic dormancy that precedes
exposure to environmental stresses. Yet, diapausing embryos are typically stress-tolerant.
Evidence suggests that diapausing embryos “prepare” for stress as part of a gene expression
program as they enter dormancy. Here, we investigate if diapause Il embryos of the annual
killifish Austrofundulus limnaeus, which can survive for hundreds of days of anoxia, can
mount a transcriptomic response to anoxic insult. Bulk RNAseq was used to characterize
the transcriptomes of diapause Il embryos exposed to normoxia, 4 h and 24 h anoxia, and
2 h and 24 h normoxic recovery from anoxia. Differential expression and gene ontology
analyses were used to probe for pathways that may mitigate survival. Transcriptional factor
analysis was used to predict potential mediators of this response. Diapausing embryos
exhibited a robust transcriptomic response to anoxia and recovery that returns to near
baseline conditions after 24 h. Anoxia induced an upregulation of genes involved in the
integrated stress response, lipid metabolism, p38mapk kinase signaling, and apoptosis.
Developmental and mitochondrial genes decreased. We conclude that diapause II embryos
mount a robust transcriptomic stress response when faced with anoxic insult. This response
is consistent with mediating expected challenges to cellular homeostasis in anoxia.

Keywords: dormancy; stress; transcriptomics; development; killifish

1. Introduction

Metabolic dormancy is deployed across the tree of life to synchronize activity, re-
production, and development with favorable environmental conditions [1-3]. Diapause
is a state of developmental and metabolic dormancy that occurs during embryonic de-
velopment in a variety of animal species [3]. Diapause is considered an endogenously
promoted dormancy, which means that internal signals—typically considered part of the
developmental program—control entrance into dormancy. Thus, diapause dormancy oc-
curs under conditions conducive to normal development, although environmental signals
and factors are typically involved in the induction of diapause. Stress tolerance, some-
times even extreme stress tolerance, almost always co-occurs with diapause [4]. Due to
the general physiological characteristics of most diapausing embryos, such as severely
reduced rates of ATP turnover and protein synthesis, it is somewhat paradoxical that they
exhibit increased tolerance to environmental stresses that require a robust and complex
physiological and molecular response in active animals. Thus, it is assumed that diapausing
embryos “prepare” for stress as part of a gene expression program as they enter dormancy.
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Indeed, there is a great deal of evidence supporting the accumulation of molecular and
chemical chaperones and the alteration of metabolic pathways during the entry phase of
diapause [5-10]. However, few studies have profiled global gene expression responses
to stress in diapausing embryos. In this study, we challenge diapausing annual killifish
embryos with anoxic stress to test the hypothesis that they are already poised to tolerate
stress and will lack a typical transcriptional response.

While there are many species of annual killifishes that produce diapausing embryos,
the most well-studied species in terms of the physiological, biochemical, and molecular
aspects of diapause and stress tolerance is Austrofundulus limnaeus [11,12]. Populations of
A. limnaeus survive in ephemeral ponds by producing embryos that can enter embryonic
diapause at three distinct developmental stages, termed diapause I, II, and III [13,14]. Entry
into diapause II, which occurs midway through development, is a unique developmental
trajectory with patterns of gene expression that diverge from actively developing embryos
many days prior to the cessation of development [15]. During this period, embryos
experience an increase in tolerance to environmental stresses such as oxygen limitation
and osmotic stress [11,16-19]. The gene expression program associated with entrance
into diapause Il is presumed to prepare the embryos for survival of the harsh conditions
associated with the dry season in their native habitat, because once in diapause, embryos
have a severely reduced metabolic rate and experience over a 90% reduction in the rate of
protein synthesis [20,21].

Embryos of A. limnaeus are the most anoxia-tolerant vertebrates [11,19,22-24]. Di-
apause II embryos can survive for hundreds of days without oxygen and have an LT
of 62 days of anoxia at 25 °C [25]. Embryos of A. limnaeus respond quickly to removal
of oxygen. When diapause II embryos are exposed to anoxia, heat dissipation decreases
slightly but not significantly over the first 16 h, suggesting that metabolism remains rel-
atively constant across the transition into anoxia [26]. However, ATP levels fall by 50%,
and various indices of energetic status suggest a severely energy-limited system after only
14 h of anoxia [26]. Amazingly, embryos continue to survive for months with severely
reduced ATP levels. Thus, we hypothesized that diapausing embryos of A. limnaeus will
be prepared for stress and have a muted or non-existent stress response during initial
exposure to anoxia. Alternatively, if they do respond to anoxic stress, it will most likely
occur within the first 24 h of exposure and before the large-scale reductions in ATP are
complete. Here we report that diapausing embryos respond with a strong transcriptomic
response within 24 h of anoxia. This paper highlights the players that likely orchestrate
the early responses to oxygen limitation in this species and may explain the extreme stress
tolerance in these embryos.

2. Materials and Methods
2.1. Embryo Rearing and Staging

Embryos were incubated at 25 °C in the dark, and embryo medium was changed daily.
At 4 days post-fertilization (dpf), the embryos were treated with two 5 min washes in 0.03%
sodium hypochlorite (Clorox bleach, Clorox company, Oakland, CA, USA), as previously
described [27]. Following bleaching, the embryos were incubated in embryo medium
containing 10 pg/L gentamicin sulfate. Embryos were staged according to Wourms’ stag-
ing regime; embryos typically enter diapause II at 24 days post-fertilization (dpf) when
incubated at 25 °C [14,28].

2.2. Anoxic Exposure and Aerobic Recovery

Diapause II embryos at 32 dpf were exposed to 24 h of anoxia at 25 °C in the dark
in a Bactron III anaerobic chamber (Sheldon Manufacturing, Cornelius, OR, USA), as
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previously described [25,29]. This methodology immediately exposes embryos to an anoxic
environment. Aerobic recovery was initiated by removing the embryos from the chamber
and rinsing them three times in normoxic embryo medium. Recovering embryos were
incubated at 25 °C in the dark until sampling [25]. Embryos were sampled at the following
time points: normoxia (t = 0), 4 h and 24 h anoxia, and after 2 h and 24 h of aerobic recovery
(Figure 1). Experimental trials were repeated on 4 separate spawning events (n = 4). Each
time point/sample consisted of groups of 20 pooled embryos. For qPCR validation of
RNAseq results, only the normoxic and 24 h anoxia time points were replicated in diapause
II embryos that were 55 dpf (n = 3-4).
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Figure 1. Experimental design and workflow. Experimental conditions include the following:

\

normoxia (t = 0, tan), 4 h of anoxia (red), 24 h of anoxia (green), 2 h of normoxic recovery (green), and
24 h of normoxic recovery (pink). All samples are a pool of 20 embryos, and 4 different spawning
events were sampled (n = 4).

2.3. Sampling Embryos for RNA Sequencing and gPCR

To sample, embryos were blotted dry on a 100 um nylon mesh screen, and excess em-
bryo medium was wicked away on a paper towel. Groups of 20 embryos were transferred
to a pre-weighed microcentrifuge tube and flash-frozen in liquid nitrogen. This procedure
was performed within the anaerobic chamber for anoxic samples that were immediately
flash-frozen upon removal from the anaerobic environment [25]. Frozen samples were
stored at —80 °C until RNA extraction.

2.4. RNA Extraction

Total RNA was extracted from each sample with TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), as previously described [25,30-33]. RNA was precipitated by overnight incuba-
tion in a high-salt solution at —20 °C according to the manufacturer’s instructions [32], and
samples were resuspended in 1 mM sodium citrate (pH = 6.5). Concentration and purity of
RNA were determined by UV spectroscopy using an a NanoQuant plate and an Infinite Pro
M200 plate reader (Tecan, San Jose, CA, USA; Table S1). RNA integrity was assessed using
agarose gel electrophoresis. RNA samples were stored at —80 °C until library preparation.
The RNA samples used in this study are the same as those used to previously profile small
noncoding RNAs in response to anoxia [25].
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2.5. Poly-A RNA Sequencing

cDNA libraries for sequencing were prepared using the Illumina TruSeq RNA Sample
Preparation Kit (v2, Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions with a starting input of 1 pg of total RNA. The quality of the purified cDNA
libraries was assessed using an Agilent 2100 Bioanalyzer equipped with a DNA 1000 chip
(Agilent Technologies, Santa Clara, CA, USA). Quantitative PCR was used to measure
cDNA content. Libraries were sequenced (100 nt paired-end reads) on an Illumina HiSeq
2000 at the Oregon Health & Science University’s Massively Parallel Sequencing Shared
Resource Facility.

2.6. Analysis of Sequence Data

Sequence data were analyzed as previously reported for transcriptomic analysis in
A. limnaeus [34]. The bioinformatic pipeline was performed on a Linux high-performance
computing resource at PSU. Read data quality was assessed using FastQC (version 0.10.1)
to ensure high-quality sequencing results for each sample [35]. Poor-quality sequence reads
and adaptors were removed with Trimmomatic (v 0.33) using the following settings: “IL-
LUMINACLIP:2:30:7:1:true”, “SLIDINGWINDOW:5:15”, “LEADING:20”, “TRAILING:20”,
and “MINLEN: 25” [36]. Resultant reads were mapped to the A. limnaeus genome
with Bowtie2 (v 2.5.1) using preset parameters for very fast local alignments [37]. Only
reads that aligned with 0 mismatches were used. Gene counts were generated with the
R/Bioconductor software package GenomicAlignments (ver 1.42.0) in union mode with
the summarizeOverlaps function [38] in conjunction with the NCBI A. limnaeus genome
annotation Release 100 [39].

2.7. Differential Gene Expression Analysis

Differential expression analysis was performed using the R package DEseq?2 (v 1.46.0) [40].
Gene count data were initially prefiltered to remove genes with row sum totals across all
conditions with less than 5 counts and used to create a DEseq data set object. Principal
component analysis was also performed with DEseq?2 to assess the variance between all
experimental conditions. Differentially expression data were acquired at the gene level for
all experimental conditions by pairwise comparison to normoxic (t = 0) samples. Transcripts
with a p-value less than 0.05 (Benjamini-Hochberg corrected for multiple comparisons) and
a logy fold change + 0.58 were considered differentially expressed [40].

2.8. Quantitative Real-Time Polymerase Chain Reaction (gPCR)

The original RNA samples used to generate the RNAseq data were lost due to a
freezer failure, so new RNA samples were generated as described above using diapause 11
embryos exposed to normoxia and 24 h of anoxia. Total RNA in the samples was quantified
using a NanoDrop One spectrophotometer (ThermoFisher, Scientific, Waltham, MA, USA).
Single-stranded cDNA libraries were generated using a Qiagen reverse transcriptase kit
(RT-020, Qiagen, Hilden, Germany) using 85 ng of total RNA as the starting material in a
20 pL reaction. Samples were incubated for 10 min at 25 °C, 30 min at 50 °C, and 5 min at
85 °C in a thermocycler (Geneamp 2700 thermocycler, Applied Biosystems, Waltham, MA,
USA) and then immediately placed on ice. qPCR (Applied Biosystems Vii7 Real-Time PCR
system, Applied Biosystems, Waltham, MA, USA) was performed on 10 pL reactions in a
386-well plate format. Each reaction consisted of 5 uL of Luna universal PCR master mix
(New England biolabs, Ipswich, MA, USA), 0.25 uL each of forward and reverse primers
(Integrated DNA Technologies, Coralville, IA, USA), 3.5 uL nuclease-free water, and 1 pL
of ss cDNA template. Reactions were subjected to an initial denaturation step at 95 °C for
60 s, followed by 40 cycles of denaturation for 15 s at 95 °C and extension for 30 s at 60 °C.
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Melting curves were performed after each reaction to confirm a single PCR product. At
least 2 technical replicates were performed for each sample, on 34 biological replicates.
Relative fold-change values between normoxia and 24 h anoxia were calculated using the
ACt method with the mean Ct values for normoxic samples serving as the reference for
each anoxic sample.

2.9. Ortholog Mapping and Gene Ontology Analysis

Orthologous proteins were identified between A. limnaeus and Homo sapiens using
NCBI BLASTp and the R package OrthoFinder (v 2.5.5) [41]. Sequences for all A. limnaeus
proteins were aligned to the GHR38 human protein database retrieved from ENSMBL,
keeping the top returned result with an e-value less than 0.0001. The same A. limnaeus
protein sequences were also analyzed against the human genome with OrthoFinder [41].
The two returned lists were then merged, and any duplicate A. limnaeus proteins found
associated to the same transcript were removed.

Gene ontologies analyses were generated using the R library clusterProfiler (v 4.14.4) [42],
with the H. sapiens database from annotationDBi (v 1.68.0). Differential expression data
from DEseq2 for each of the experimental conditions were matched to the ENSMBL ID of
the H. sapiens ortholog list described above. Overrepresentation analysis (ORA) was used
to return the associated statistically significant gene ontology terms for biological process,
molecular function, and cellular component (p-values < 0.05). The simplify function in
clusterProfiler was used to remove redundant terms (cutoff = 0.5, measure = “Wang”). In
addition, KEGG pathways that were enriched in the differentially expressed genes were also
identified within clusterProfiler. Relationships between the sets of differentially expressed
genes in each treatment (and their associated gene ontologies and KEGG pathways) were
compared using clusterProfiler’s compareCluster function.

2.10. Transcription Factor Analysis Using TFLink

Differentially expressed genes were interrogated for patterns that may implicate the
action of known transcription factors (TFs) using the TFLink website [43]. Transcription
factors that had significant associations with any of the up- or downregulated genes (with
human orthologs) were identified for each experimental time point (p adjust value < 0.05).

2.11. Data Visualization

All graphs and tables were created using R packages ggplot2 (v 3.5.1) and clusterPro-
filer (v 4.14.4), GraphPad Prism (v 10.4.1), and Biorender (www.biorender.com).

3. Results
3.1. Sequencing Library Quality and Coverage

[lumina sequencing yielded an average of 49.1 million paired reads per cDNA library.
Of these reads, an average of 93% were mapped to the A. limnaeus genome with zero
mismatches after trimming and filtering. This depth of sequencing represents an average
of 35X coverage of the genome in the expressed transcriptome. A total of 26,401 unique
gene sequences were identified in the data set. A full table of sequencing results for each
cDNA library can be found in Table S1.

3.2. Characterization of the Normoxic Diapause 1 Transcriptome Profile

Normoxic diapause II embryos (t = 0) had an average FPKM of 49 + 394 (mean + S.D.)
reads per transcript. Transcripts equal to and above one-half standard deviation of the mean
(245 reads) were denoted as “highly expressed” in normoxic diapause Il embryos. This gene
list consists of 271 transcripts, 245 of which map to Homo sapiens orthologs (Table S2). An
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enrichment analysis of all gene ontology terms (biological processes, molecular functions,

and cellular component) based on human annotations that were enriched in this gene set

are listed in Figure 2. Enriched cellular components of note include cytoplasmic ribosomes,

polysomes, focal adhesions, several mitochondrial components, the spliceosome complex,

and the GAIT complex (Figure 2). Of note, the third most abundant transcript expressed in

diapause Il embryos is a long non-coding RNA (LOC106513764) with unknown function.
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Figure 2. Gene ontology terms enriched in highly expressed genes in diapause II embryos of

Austrofundulus limnaeus. Notable biological process terms are associated with protein expression,

mitochondrial metabolic functions, and negative regulation of catabolism. Top molecular function

terms of note include ribosomal and translational regulation, electron transport, ubiquitin ligase

inhibitor activity, and protein folding. Terms listed here are limited to the highest possible term in

the hierarchy.
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3.3. Overall Characterization of Experimental Treatments

Principal component analysis reveals a separation of gene expression patterns as
embryos respond to and recover from anoxia (Figure 3). Normoxic (t = 0) embryos and
embryos after 24 h of aerobic recovery group together, suggesting a return to “control”
gene expression patterns within 24 h of recovery. Gene expression patterns after 24 h of
anoxia and at 2 h of aerobic recovery group also group together. The most distinct group of
samples are those at 4 h of anoxia.

30 7

8 20 1
c
©
<
> 104
2
»
Al 0-
O
o

Conds.

I I

1 1
-20 -10 0 10 20
PC1: 59% variance

Normoxia @ 4hA 24hA @ 2hR 24hR

Figure 3. Principal component analysis of gene expression data for diapause II embryos of
Austrofundulus limnaeus exposed to anoxia and recovery from anoxia. Gene expression patterns
are similar in the 24 h of anoxia (24 hA) and 2 h (2 hR) embryos. Normoxic (t = 0) and 24 h of aerobic
recovery (24 hR) embryos also share similar gene expression patterns. The 4 h of anoxia samples
(4 hA) are the most unique. The proportion of the variance captured by each principal component
suggests that the first two principal components explain around 80% of the variation in the data.

3.4. Differential Gene Expression

Differentially expressed transcripts were split into five categories: those with identified
human orthologs, uncharacterized proteins in NCBI, NCBI predicted proteins, tRNAs, and
noncoding RNAs as described by the NCBI'’s annotation of the A. limnaeus genome (Figure 4).
A full list of differentially expressed transcripts is provided in Table S3 (up-regulated) and
Table 54 (down-regulated). Differential gene expression patterns determined by DEseq?2
and qPCR were consistent across platforms for a handful of genes validated by qPCR
(Table S5). The greatest number of differentially expressed transcripts, relative to 0 h
anoxia, were observed after 24 h of anoxia, with a total of 544 genes differentially expressed
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(up and down) (Figure 4A,B). Interestingly, only 37 transcripts were in higher abundance
after 4 h of anoxia, and the majority of those were shared with upregulated transcripts
after 24 h of anoxia and 2 h of recovery (Figures 4 and 5). This relatively small number of
immediately up-regulated transcripts contains genes with some interesting functions, such
as phosphoenolpyruvate carboxykinase, lipase E, iodothyronine deiodinase 2, molecular
chaperones and heat shock proteins, and several genes of unknown function (Figure 5A).
Only one transcript from an uncharacterized locus in A. limnaeus was uniquely upregulated
after 4 and 24 h of anoxia, LOC106533231. This locus codes for a gene with significant
similarity to human kmt5c, a histone methyltransferase. Over 75% of the transcripts that
increased in abundance are shared between 24 h of anoxia and 2 h of aerobic recovery, and
about 47% of transcripts that decreased in abundance are shared across these two time
points. Interestingly, only one transcript was still upregulated after 24 h of recovery from
anoxia, a locus with unknown function named protein TsetseEP-like (Figure 5D).

A 500 — B

Human Ortholog
Unchar. Protein

Predicted Protein
Pseudogene
- ncRNA
tRNA
200 — —
100 — —
0- I T lh

B

o

o
]

]

Number of Transcripts
T

4hA 24hA 2hR 24hR 4hA 24hA 2hR 24hR
Conditions Conditions
C D
2hR 24hR 2hR 24hR

24hA  4hA

N

[

Figure 4. Differential gene expression patterns for diapause Il embryos of Austrofundulus limnaeus
exposed to anoxia and recovery from anoxia. Transcripts that increase in abundance (A) during
anoxia and recovery from anoxia outnumber transcripts that decrease in abundance (B). Venn
diagrams indicate the number of transcripts shared across experimental treatment groups that are
(C) upregulated and (D) downregulated across the 24 h or exposure to and recovery from anoxia.
Differential expression was determined by an adjusted p-value < 0.05 and a log fold change of +0.58
(1.5-fold change).
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Figure 5. Volcano plots indicating differentially abundant transcripts in diapause II embryos of
Austrofundulus limnaeus exposed to anoxia and recovery from anoxia. Transcripts differentially
expressed after (A) 4 h of anoxia, (B) 24 h of anoxia, (C) 2 h of aerobic recovery from 24 h of anoxia,
and (D) 24 h of aerobic recovery from 24 h of anoxia. Data points in blue significantly decrease in
abundance, while those in red increase in abundance. Black data points are not statistically significant.
Differential expression was determined by an adjusted p-value < 0.05 and a log, fold change of £0.58
(1.5-fold change).

Somewhat surprisingly, far fewer transcripts decreased in abundance in response to
anoxia compared to those that increased (Figures 4B and 5A). Notably, only three transcripts
immediately decreased in abundance in response to anoxia, transcripts for regulator of
G-protein signaling-2 (rgs-2), taxilin y (txIng), and a pseudo 16S transcript from the mito-
chondrial genome (Figure 5A). Downregulated RNAs also contained a higher proportion of
noncoding RNAs and tRNAs compared to upregulated RNA species, with three mitochon-
drially encoded transcripts, tRNALeu2-1, tRNALeu2-2, and a segment of the pseudol6S
RNA, being strongly decreased (Figure 5A-C). Interestingly, transcripts that are suppressed
by anoxia do not appear to return to normoxic values, with almost 40% of the genes
still in lower abundance compared to controls after 24 h of recovery (Figures 4B and 5D).
Further, downregulated transcripts appear to have a more time-point specific expression
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pattern compared to those that are upregulated, as evidenced by the 46 transcripts uniquely
downregulated only at 24 h of recovery (Figures 4D and 5D).

3.5. Gene Ontology Overrepresentation Analysis of Differentially Abundant Transcripts

Ortholog mapping resulted in 85% of the A. limnaeus proteins being mapped to hu-
man orthologs. For the differentially expressed transcripts, over 83% of transcripts were
mapped to human orthologs, with an additional 9% mapping to non-coding RNAs de-
scribed in the A. limnaeus genome. Figure 6 presents dot plots of KEGG pathways, and
Figure 7 shows gene ontology terms overrepresented in lists of transcripts that increased
in abundance in experimental compared to control conditions (t = 0). These pathways
are highly interrelated and appear to build over time, as illustrated in Figure 8. A full
list of upregulated transcripts that contribute to the KEGG and gene ontology terms are
provided in Tables S6 and S7, respectively. KEGG pathway overrepresentation appears to
increase over the time course of exposure to anoxia and during early recovery, suggesting a
sequence of immediately acting and later-acting pathways that build on each other. The
most significantly overrepresented KEGG pathways that initially respond to anoxia (4 hA)
are associated with protein processing in the ER, estrogen signaling, the FoxO pathway,
and a variety of cancers (Figure 6). By 24 h of anoxia, additional pathways associated
with AMPK signaling, TNF-signaling, longevity, MAPK signaling, insulin signaling, and
thyroid hormone signaling are overrepresented as well. Finally, during the initial recovery
from anoxia, pathways associated with interleukin-17 signaling, necroptosis, NF-kappaB
signaling, and HIF-1 signaling area additionally overrepresented (Figure 6). Gene ontology
overrepresentation provides a slightly different pattern of functional analysis, with bio-
logical process terms being more uniquely overrepresented in different treatment groups
(Figure 7). Not surprisingly, protein folding is strongly overrepresented in all groups, as is
response to steroid hormones. Cell signaling pathways that are overrepresented during
initial exposure to anoxia are p38MAPK cascade and cellular response to cAMP. Only
during early recovery does cellular response to hypoxia become overrepresented.

Far fewer transcripts decreased in abundance in response to anoxia and recovery from
anoxia, resulting in a less diverse set of overrepresented pathways and gene ontology terms
(Figure 9, Table S8). Interestingly, genes that decreased in abundance do not appear to be
interrelated but instead are specific to a single time point (Figure 10). After 24 h of anoxia,
KEGG pathways associated with mitochondrial electron transport and ATP synthesis
are overrepresented (Table S9). During early recovery from anoxia, KEGG pathways
associated with development, stem cell proliferation, body morphogenesis, vasculogenesis,
and vitamin D signaling are all overrepresented in the downregulated gene set. Gene
ontology terms associated with biological process suggest a downregulation of G-protein
coupled receptor activity and reduced electron transport processes in the mitochondrial
membrane, as well as retinoic acid signaling and metabolism.
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Figure 6. KEGG pathway analysis for genes that increase in abundance in response to anoxia and
recovery from anoxia in diapause Il embryos of Austrofundulus limnaeus.
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Figure 7. Gene ontology enrichment analysis for genes that increase in abundance in response
to anoxia and recovery from anoxia in diapause II embryos in Austrofundulus limnaeus. The col-
ored bar on the right side of the graph represents ontology family: blue = biological process,
yellow = molecular function, and green = cellular component.
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Figure 8. Cnet plot of biological process gene ontology enrichment analysis for genes that in-

crease in abundance in response to anoxia and recovery from anoxia in diapause II embryos of

Austrofundulus limnaeus. Central nodes represent ontology terms, while peripheral nodes are genes

associated with the ontology term.

3.6. Transcription Factor Prediction

The set of differentially expressed genes initially responding to anoxia (4 h anoxia

time point) are enriched for potential targets of 13 transcription factors (Table 1, adjusted

p values < 0.05). The TF with the highest significance is peroxisome proliferator-activated

receptor & (PPARA) which is associated with the regulation of seven of the upregulated
transcripts at 4 h of anoxia (lipE, gadd45g, gadd45a, g0s2, pck1, G0S2, CBFA2T3). CBFA2T3,
a target of PPARA, is a transcriptional coregulator associated with the modulation of
RGS2, TRIM29, TXLNG, PCK1, DNAJA4, ZFP36L1, PAQRS, GADDA45G, and HSPAS.
Thus, PPARA and CBFA2T3 can account for a large portion of the differentially expressed

genes in the initial response to anoxia. The TFlink database predicts 705 significant target

interactions based on the gene sets associated with 24 h of anoxia; among the top returns are
TFEAP4, TBP, KLF5, SMADI, and E2F1 (Table 1). Gene expression patterns associated with
the initial recovery from anoxia are associated with 752 significant transcription factors,

with the most statistically significant being SIN3A. A full list of predicted transcription

factors can be found in Table S10.
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Figure 9. Gene ontology enrichment analysis for genes that decrease in abundance in response

to anoxia and recovery from anoxia in diapause II embryos of Austrofundulus limnaeus. The col-

ored bar on the right side of the graph represents ontology family: blue = biological process,

yellow = molecular function, and green = cellular component.
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associated with the ontology term.

Table 1. Transcription factors identified by TFLink that are associated with patterns of differen-
tial gene expression in response to anoxia and recovery from anoxia in diapause II embryos of
Austrofundulus limnaeus. Number of associated genes is the number of genes from the gene list that
were associated with the transcription factor.

T ™ ssocmen Ganes | GOTELISt  pYalue p Adjus
- haoexa

PPARA 5 25 2.13 x 1078 2.00 x 10
POU4F1 1 25 1.52 x 107 4.74 x 10*
ZNF746 1 25 1.52 x 10° 4.74 x 10*

HSF2 4 25 7.71 x 10°© 1.83 x 107
POU3F1 1 25 1.51 x 10~° 2.84 x 1073
TFAP2B 1 25 2.67 x 107° 3.54 x 1073
DICER1 2 25 443 x 107° 7.28 x 1073
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Table 1. Cont.
T Assocmen Gunes | GeneLiSt pYalue p Adjus

. o4hanoxia

TFAP4 366 409 480 x 107 117 x 1071

TBP 376 409 1.23x10713 250 x 10711

KLF5 347 409 218 x 10712 3.82 x 10710

SMAD1 323 409 572 x 10712 874 x 10710

E2F1 383 409 8.09 x 10712 1.11 x 10~?

SNAI2 302 409 1.07 x 10711 1.30 x 107°

SP5 351 409 1.75 x 10711 1.94 x 107°

SMARCA4 401 409 1.98 x 10711 2,01 x 107°?

EED 348 409 230 x 10711 216 x 107?

CEBPA 381 409 319 x 10711 279 x 107?
. 2hrcovey

SIN3A 375 405 1.06 x 1071% 258 x 10712

TAF1 369 405 1.92 x 10714 3.72 x 10712

TBP 374 405 215 x 1071% 372 x 10712

CHD2 339 405 354 x 1071 535 x 10712

SP4 322 405 345 x 10713 463 x 1071

KLF9 339 405 406 x 10713 491 x 1071

SP1 390 405 487 x 10718 535 x 101

TFAP4 360 405 7.99 x 10713 8.05 x 1011

MYCN 381 405 9.70 x 10713 9,02 x 10~ 1

E2F1 381 405 1.19 x 1072 1.03 x 10710

24 h recovery
XRCC6 1 42 435 %107 424 x 1073
TRAF6 1 42 130 x 107> 6.36 x 1073

4. Discussion

The transcriptome of normoxic diapause II embryos is enriched for multiple gene
ontologies associated with stress tolerance and protein synthesis, suggesting that prepa-
ration for stress may be part of the developmental program associated with entrance into
diapause. While additional studies, including comparisons to actively developing embryos,
are needed to fully evaluate the unique aspects of the diapause II transcriptome, there
are some general trends that are worth highlighting. First, the transcript with the highest
abundance in normoxic diapause Il embryos is HSPAS. This finding agrees with previous re-
search showing elevated levels of HSP70 proteins in diapause Il embryos of A. limnaeus [44].
HSPAS is a constitutively expressed heat shock 70 transcript, which has a variety of func-
tions in addition to its ability to act as a molecular chaperone [45], including a role in the
normal development of anterior structures in zebrafish [46]. The expression of HSPAS prior
to insult may be an indication of diapausing embryos’ preparedness to encounter and deal
with environmental stress while in diapause, or it may indicate stabilization of a transcript
that is needed to support immediate post-diapause II development. The latter conclusion
is also supported by the domination of transcripts that encode for major components and
regulators of cytoplasmic protein synthesis, RNA splicing, and oxidative phosphorylation.
The high abundance of transcripts encoding ribosomal proteins and various translation
initiation and elongation factors indicate that diapause II embryos may be prepared to
synthesize and assemble the translation machinery in response to termination of diapause
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or to external stresses. Three mitochondrial transcripts, col, co3, and atp6, are among the
top 12 expressed genes in the diapause II transcriptome, which suggests active or at least
stabilized mitochondrial physiology in dormant embryos. Thus, some aspects of the highly
expressed transcriptome in diapause Il embryos suggest preparation for stress, but perhaps
the majority of transcripts appear to poise embryos for responses to internal or external
signals with a robust gene expression response.

It is important to note that these experiments were conducted in a controlled laboratory
environment that cannot mimic the natural conditions experienced by annual killifish
embryos. In the wild, embryos would likely be exposed to multiple simultaneous stressors,
and what appears as an inducible response in the lab may be a constitutive response in the
field. However, this study was focused on creating controlled conditions that allow for
the genetic programs that regulate diapause dormancy to be viewed in relative isolation
from those that respond to stressors such as anoxia that induce quiescence. Thus, from a
mechanistic point of view, these experiments are necessary to clearly outline the discrete
responses associated with each state of dormancy and will be highly useful for future
studies of embryos responding to natural conditions.

Despite being in a profound state of metabolic depression, with severely reduced
rates of protein synthesis [21,47,48], diapause II embryos respond to anoxia with over
500 differentially expressed transcripts, 75% of which increase in abundance. This is a
surprising result given the metabolic and energetic status of diapausing embryos and
the fact that they do not experience an increase in heat production during exposure to
anoxia [26,48]. RNA synthesis can account for 1-15% of the basal metabolic rate of a
cell/organism [49-51], and thus unnecessary transcription would presumably come at
a significant cost to embryos already in an energy limited state. It is possible that this
transcriptomic response is at least partially responsible for the 50% drop in ATP levels
during the first 14 h of anoxic exposure [26]. Given that RN Aseq measures standing stocks
of transcripts, these data could be due to de novo synthesis or differential stabilization
of transcripts. Stabilization of transcripts has been observed in other anoxia-tolerant
systems [52] and thus likely explains at least some of the patterns presented here. However,
a robust transcriptional response is a conserved aspect of the cellular stress response [53],
and increases in transcripts have been reported in response to anoxia in anoxia-tolerant
turtles [54]. The fact that many of the genes upregulated in this study are known to
be important in the cellular stress response adds further support for a role of de novo
synthesis. Thus, evidence suggests that de novo synthesis of genes is likely; however, an
assay specifically measuring new transcripts is needed to be conclusive. How these embryos
can mount such a robust response in the face of severe limitations on ATP production is a
topic worthy of future exploration.

Recovery from exposure to 24 h of anoxia appears to be an active process with many
shared characteristics of anoxic embryos. In early recovery, there are 399 upregulated
transcripts and 188 downregulated transcripts; 73% of the upregulated transcripts and 47%
of the downregulated transcripts are shared with embryos after 24 h of anoxia. The shared
transcripts between early recovery and 24 h of anoxia may indicate the importance of these
genes in supporting an adaptive response to reoxygenation, a time when oxidative damage
is known to have serious deleterious effects in most organisms [55]. After 24 h of recovery
from anoxia, there is only one upregulated transcript, while 47 are downregulated. The
upregulated transcript is predicted to be tsetseEP-like, a protein with unknown function in
vertebrates. Only a single gene ontology term is still overrepresented after 24 h of recovery
from anoxia, the downregulation of chaperone binding—perhaps indicating a return to
non-stressful conditions, as is also supported by the PCA analysis.
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The initial response to acute anoxia (4 h time point) includes a predictable upregulation
of transcripts associated with supporting proper protein folding and preventing protein
denaturation. The most upregulated transcripts encode for a number of heat shock proteins
of the hsp30, 40, 70, and 90 kDa classes and account for five of the top 10 gene ontology terms
associated with upregulated genes at 4 h of anoxia. These proteins mediate the folding and
compartmentalization of nascent proteins, maintain proteins in functional conformations,
protect proteins from irreversible denaturation during stress, aid in their refolding, and
assist in the destruction of non-salvageable denatured proteins [4]. After 24 h of anoxia, the
initial heat shock response observed at 4 h of anoxia expands to include the endoplasmic
reticulum (ER) unfolded protein response (UPR) and the integrated stress response (ISR).
The genes associated with the integrated stress response include MAP3K20, DDIT3, HSPAS,
JUN, PPP1R15, TMEM33, and EIF2AKI. The ISR involves the phosphorylation of eIF2«,
which causes an immediate decrease in protein synthesis, but interestingly also leads to the
increase in translation of the transcription factor ATF4. ATF4 expression is involved with
balancing two contradictory outcomes of the ISR, pro-survival and cellular apoptosis [56].
The expression of these upregulated genes is consistent with an activation of the ISR to
support survival and recovery [57]. Interestingly, the transcript for PPP1R15A increases in
abundance after 24 h of anoxia. This protein dephosphorylates elF2« to regulate translation
and modulate the ISR [58], suggesting an initial upregulation of the ISR after 4 h of anoxia
and an attenuation of this early response by 24 h of anoxia to perhaps allow for protein
synthesis needed to respond to anoxic insult. Finally, the ISR is modified during recovery
from anoxia by the additional up-regulation of two key genes, FOS and JUN. Both FOS
and JUN are members of the AP-1 complex that is activated by p38MAPK in response to
oxidative stress [59]. AP-1 proteins may also interact with CHOP (encoded by the DDIT3
gene) to regulate AP-1 targets in response to stress [60]. When the AP-1 complex interacts
with CHOP, cell proliferation and survival are supported through increased expression of
BCL-2 and cyclins D and B in human lung tissue exposed to hypoxia [61]. Thus, it appears
that AP-1 is likely interacting with the activated ISR to promote return to cell proliferation
during recovery from anoxia.

Interestingly, only two protein-coding transcripts, regulator of G-protein signaling
2 (RGS2) and taxilin y (TXLNG), were significantly downregulated within the first 4 h of
anoxia. RGS2 is a protein that inhibits MAPK3 and AKT signaling in zebrafish [62] and
contributes to translational arrest in dormant cancer cells [63]. RGS2 has been shown to
inhibit translation through direct interactions with eIF2B as well by interfering with the
elF2—elF2B GTPase cycle required for initiation of translation [64].Thus, elevated RGS2
in normoxic diapause II embryos may be acting as a brake on protein synthesis to aid in
the maintenance of diapause, and this brake may need to be removed for the embryos to
respond to anoxic insult. Taxilin v (TXLNG) can inhibit ATF4 activity and the inflammatory
effects of TNF« [65]. TXLNG decreased in mouse brain slices in response to hypoxia, which
led to activation of ATF4 and the ER unfolded protein response [66]. Thus, we hypothesize
that early downregulation of RGS2 and TXLNG in response to anoxia may contribute to
the activation of ATF4 and the induction of the ISR as discussed above, making ATF4 a key
mediator of the response to anoxia in this species.

P38MAPK appears to be activated within the first few hours of anoxia based on the
increase in the relative abundance of several of its key target genes, including ZFP36L1,
GADD45A, and GADD45G. By 24 h of anoxia, a total of six genes associated with p38MAPK
signaling are upregulated, with GADD45B, DUSP1, and MAP3K20 being added to the
list. The later upregulation of DUSP1, a phosphatase and inhibitor of MAPK [67] that is
induced through activation of P53 in colon cancer cells, may suggest attenuation of the
MAPK response after 24 h of anoxia. Conversely, upregulation of MAP3K20 (MLK?), a
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protein kinase that activates p38MAPK and JNK pathways, would support continued
P38MAPK activity if increased transcripts indeed lead to protein expression [68]. The
complex nature of MAPK signaling and regulation will require additional experiments to
confirm a true role for p38MAPK in supporting anoxia tolerance. It is worth noting that
p38MAPK is downregulated in anoxic turtle brains [69], and thus increased activity of
P38MAPK in A. limnaeus could be a unique adaptation in this species. p3SMAPK has been
associated with cell cycle regulation and apoptosis pathways through interactions with the
transcription factor E2F and anti-apoptotic genes MCLI and BCL2 in other systems [70],
and we predict that future studies will elucidate a major role for this protein in the response
to anoxia in killifish embryos.

In many tissue types, activation of p38MAPKSs during stress pushes cells towards apop-
tosis, but in some instances, activation promotes cell survival [71,72]. Many of the genes
that increased in abundance in response to anoxia are involved with regulation of apoptosis,
and many of them are anti-apoptotic (for example MCL-1 [67]). There also appear to be
connections between p38MAPK signaling, the ISR, and regulation of apoptosis [73,74].
Embryos of A. limnaeus survive short-term exposures to anoxia with little or no apoptosis,
suggesting mechanisms that can block apoptosis in response to oxygen stress in compar-
ison to mammals and other oxygen-sensitive species [75,76]. Further, apoptosis is often
activated when cells or organisms experience reoxygenation stress [77-80], but in diapause
II embryos, the expression of apoptotic genes remains stable during the initial hours of
recovery form anoxia. This suggests that the complement of apoptosis-regulating tran-
scripts is likely appropriate for avoiding apoptosis during recovery. Thus, the pathways
involved in regulating apoptosis in these embryos likely reflect a complex balance between
pro- and anti-apoptotic signals. The obvious outcome of these interactions is a lack of
apoptosis, making diapause II embryos of A. limnaeus a potentially powerful model for
probing crosstalk and interactions between pro- and anti-apoptotic signaling in response to
oxygen limitation.

Major alterations in the transcriptome for lipid homeostasis occur during exposure
to anoxia and during initial recovery in diapause Il embryos of A. limnaeus. Several lipid
metabolism ontologies, including glycerolipid metabolic process, cholesterol homeostasis,
vesicle organization, and endosomal transport, are overrepresented in upregulated tran-
scripts of embryos during exposure to anoxia and during the initial hours of recovery. The
key genes associated with these ontologies are APOE, LIPE, SIK1, and PCK1. Salt-inducible
kinase 1 (SIK1) can inhibit liver lipogenesis in humans [81] and is highly expressed in the
ventricle tissue of western painted turtles in anoxia [82]. Lipase e (hormone sensitive) and
apolipoprotein E are both involved with the catabolism of lipids, including triacylglyc-
erols, and cholesteryl and retinyl ester bonds [83-85]. Furthermore, the cytosolic form
of phosphoenolpyruvate carboxykinase 1 (encoded by the gene PCK1), is a key enzyme
involved in mediating transfer of metabolites and reducing equivalents between the cy-
tosol and mitochondrial compartments to support processes such as gluconeogenesis and
glyceroneogenesis [86]. There are also a number of genes involved in vesicular transport
and endocytosis [87,88] that are upregulated after 2 h of aerobic recovery. Proper regu-
lation of endosomal membrane transport is known to be regulated during stress by the
p38MAPK pathway [89]. Genes that regulate autophagosome dynamics, mitophagy, and
the proper handling of ubiquitylated proteins are also upregulated during recovery from
anoxia [90-92].

There is a notable absence of a transcriptomic signature associated with hypoxia
inducible factor (HIF) signaling in diapause Il embryos of A. limnaeus exposed to anoxia.
In fact, HIF signaling pathways are not observed until aerobic recovery from anoxia. We
hypothesize that the upregulation of ZFP36L1 may play a role in blocking HIF signaling
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in this system. ZFP36L1 is known to target mRNA 3'UTRs and lead to their degradation;
HIF1A is a known target of ZFP36L1 [93].

Gene ontology terms associated with transcripts that decrease in abundance during
exposure to anoxia and the initial recovery from anoxia are associated with embryonic
development, mitochondrial metabolism, and negative regulation of lipase activity. For
example, both SOX8 and SOX9 are of key importance to embryonic development and
are downregulated during anoxia. Many more transcripts that are involved in embry-
onic development are downregulated during recovery. This list of transcripts includes
multiple transcription factors related to development, including POU3F4, SOX7, SOXS,
50X9, SOX18, SP8, and HOXA9 [94-97]. The downregulation of these developmental
transcription factors may be vital in ensuring normal development while recovering from
anoxic stress and ensuring maintenance of diapause. VDR signaling plays a pivotal role in
regulation of active development and entrance into diapause in embryos of A. limnaeus [15].
The expression of PIM1 during anoxia with a significant decrease during recovery is an
interesting finding given the known interaction between PIM1 and the VDR [98]. PIM1 is a
serine/threonine kinase that supports stem cell proliferation and is protective against ROS
induced cell death [99], likely through phosphorylation/inhibition of BAD. The roles of
VDR signaling during diapause and in response to anoxia are currently unexplored, but it
is intriguing to explore a possible role for PIM1 and the VDR in the response of diapause
embryos to stress.

Transcription factor analysis predicts PPARA as a potential master regulator of the
response to anoxia in diapause II embryos of A. limnaeus. PPARA is a nuclear hormone
receptor known to mediate adaptive responses to fasting and to regulate a variety of
metabolic pathways [100,101]. Interestingly, a transcription factor with nine targets in the
gene list, CBFA2/RUNXI1 partner transcriptional co-repressor 3 (CBFA2T3), is a PPARA-
regulated gene that modulates metabolic stress in mouse liver [102]. Thus, between PPARA
and CBFA2T3, many of the genes that change significantly during the early response to
anoxia (4 h anoxia) can be accounted for, suggesting a large role for PPARA in controlling
the immediate response to anoxia. To our knowledge, this is the first implication of PPARA
in regulating a response to anoxia.

5. Conclusions

This report represents the first transcriptomic analysis of diapausing vertebrate em-
bryos exposed to stress. Despite being in a state of developmental dormancy, diapausing
embryos respond to anoxic stress with a robust transcriptomic response that begins shortly
after exposure and develops over 24 h. Within hours of anoxic exposure, HSPs and other
molecular chaperones are transcriptionally activated, there is a shift expression of genes
involved in lipid metabolism, and the p38MAPK signaling pathway is activated. This initial
response may be at least partially coordinated by the downregulation of two transcripts,
RGS2 and TXLNG, which likely play a significant role in the regulation of translation. This
initial response is the foundation of the continued response that develops over the next
20 h. Recovery from anoxia appears to require downregulation of transcripts involved in
supporting active development and morphogenesis and may be a response to keep the
embryo in diapause. The overarching response to anoxia is an impressive stabilization
of 97% of the transcriptome in response to large-scale declines in ATP. In terms of the
question of whether diapause II embryos are pre-adapted to survive anoxic stress, the
answer appears to be yes, but only partially. While the normoxic transcriptome appears to
contain an enrichment of expressed genes that are known to participate in the response
to stressful insults, the 3% of transcripts that do change in response to anoxia highlight
some interesting and likely essential pathways that must augment any preparations made
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prior to entrance into dormancy. Perhaps pre-diapause preparation supports stress toler-
ance in general, and the ability to mount a stress-specific response is retained to tune the
response to the particular stress experienced. Future studies may be able to tease these two
programs apart by exposing embryos to a variety of stresses and looking for common and
unique responses.
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