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Abstract

Embryogenesis is remarkably robust to temperature variability, yet there is limited under-
standing of the homeostatic mechanisms that offset thermal effects during early development.
Here, we measured the thermal acclimation response of upper thermal limits and profiled chro-
matin state and the transcriptome of D. melanogaster embryos (Bownes Stage 11) using single-
nuclei multiome ATAC and RNA sequencing. We report that thermal acclimation, while pre-
serving a common set of primordial cell types, rapidly shifted the upper thermal limit. Cool-
acclimated embryos showed a homeostatic response characterized by increased chromatin acces-
sibility at transcription factor binding motifs for the transcriptional activator Zelda, along with
enhanced activity of gene regulatory networks in the primordial cell types including the foregut
and hindgut, mesoderm, and peripheral nervous system. In addition, cool-acclimated embryos
had higher expression of genes encoding ribosomal proteins and enzymes involved in oxidative
phosphorylation. Despite the hypothesis that differential heat tolerance might be explained by
differential expression of molecular chaperones, we did not observe widespread differences in
the chromatin accessibility or expression of heat shock genes. Overall, our results suggest that
environmental robustness to temperature during embryogenesis necessitates homeostatic gene
expression responses that regulate the speed of development, potentially imposing metabolic
costs that constrain upper thermal limits.

Introduction

Early embryonic development in Drosophila involves the spatially and temporally coordinated ac-
tivation of zygotic transcription, resulting in precise transcriptional patterning across the embryo
[1, 2, 3, 4]. These events culminate in crucial early morphological transitions, such as gastrula-
tion, and the specification of primordial tissues [5, 6, 7, 8, 4]. Such an intricate morphogenetic
process would seem to be sensitive to environmental perturbation, and yet embryonic development
is characterized by a high level of morphological robustness where embryos are able to maintain
consistent developmental outcomes despite environmental and mutational variation [9, 10]. This
developmental robustness may arise from a balance between stability and plasticity at the molecular
level, where key transcriptional gradients must remain stable across a range of temperatures [11,
12, 13], while other molecular processes need to undergo dynamic adjustments that buffer against
environmental changes.
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This interplay between stability and plasticity at the molecular level is particularly remarkable
because changes in temperature directly impact the rates of biochemical reactions [14] driving
changes in the rates of transcription and translation [15, 16]. Indeed, thermal effects on biological
rates are so ubiquitous that organisms must adjust via homeostatic mechanisms that actively
regulate gene or protein expression [17, 18, 19] to optimize performance across a thermal range [20,
21, 22]. In many organisms, thermal acclimation responses in later development and adulthood
are well established [23, 24, 25], suggesting that environmental robustness of embryogenesis may
be underpinned by active homeostatic responses. Yet, while beneficial at a specific acclimation
temperature, these responses may impose metabolic trade-offs that reduce tolerance to a subsequent
acute heat stress.

Embryonic development involves three key complex cellular and molecular events: (i) the hand-
off of molecular control from maternal factors to zygotically expressed factors [3, 26, 27], (ii)
cellularization, gastrulation, and cell migration [28, 5, 8], and (iii) cell-type specification and tissue
differentiation [29, 30]. Despite depending on complex interactions between proteins, DNA, and
other macromolecules, all of which may be affected by temperature, these processes remain stable
across a range of temperatures [12, 13, 22]. Yet, the underlying mechanisms of environmental
robustness have not been fully characterized and the role of thermal phenotypic plasticity during
embryogenesis has not been investigated, as the vast majority of studies on embryogenesis have
been conducted under static laboratory conditions [29, 31, 32]. This is a critical gap in knowledge
because thermal traits influence species survival [33, 34, 35], and the acclimation of upper thermal
limits may thus impact the vulnerability of a species to future climate change [36]. Because embryos
cannot behaviorally thermoregulate and have a lower thermal limit than later life stages [9, 37],
even small shifts in thermal tolerance at this critical stage may contribute significantly to species
persistence [38, 37].

Here, we investigated the thermal acclimation potential of heat tolerance of D. melanogaster
embryos across a 12°C range. Embryonic heat tolerance underwent a rapid acclimation response
over a period of several hours, such that heat tolerance tracked acclimation temperature. To elu-
cidate the molecular basis of embryonic thermal acclimation, we utilized a single cell multiomics
approach combining single-nuclei ATAC and RNA sequencing of Bownes stage 11 embryos (i.e.,
the stage of embryogenesis where embryos are nearing the end of multipotency and beginning the
process of specification, committing to their final cell fates). This approach allowed direct examina-
tion of how rearing temperature impacts cell-type-specific regulation and expression of individual
genes, as well as modules of co-expressed genes and entire gene regulatory networks. We hypoth-
esized that the observed plasticity in the upper thermal limit may result from two separate, but
non-mutually exclusive, physiological responses. One possibility is that warm-acclimated embryos
are more heat tolerant because they actively prepare cellular heat stress defenses as a beneficial
acclimation response [39]. For example, heat preparedness may manifest as greater chromatin
accessibility and expression of genes that support coping mechanisms, such as heat shock genes
[40, 41, 42, 43]. Another possibility is that cool-acclimated embryos are more susceptible to heat
stress because they either lack heat preparedness or because cool acclimation involves homeostatic
responses that render differentiating cell populations more sensitive to heat. For example, embryos
may increase protein synthesis and cellular respiration to compensate for slower kinetics in the cold
[44], and this may lead to the accumulation of metabolic byproducts (e.g., reactive oxygen species)
that reduce heat tolerance [18, 45, 46, 47]. Our results allow us to evaluate these hypotheses to
elucidate the gene-regulatory mechanisms by which Drosophila embryos undergo rapid thermal
acclimation. Overall, our results show that warm-acclimated embryos exhibited little evidence of
enhanced heat preparedness but that cool-acclimated embryos underwent a thermal compensation
response, suggesting that the metabolic and cellular trade-offs involved in maintaining homeostasis
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at cooler temperatures may be a critical, yet underappreciated, driver of thermal plasticity during
embryonic development.

Results

Thermal acclimation rapidly improves embryonic heat tolerance

To establish the phenotypic effect of thermal acclimation—i.e., 9 h at 18°C, 5 h at 25°C, or 3 h at
30°C (see Methods)—we measured hatching success following an acute heat shock of 45 minutes at
38.75°C, a temperature close to the upper thermal limit of embryos at this stage of development
(data not shown). Acclimation temperature significantly influenced acute heat tolerance (Fig. 1;
quasi-binomial logistic regression, p < 1 ·10−5), with survival rates improving at higher acclimation
temperatures. Survival was approximately 2-fold higher in the 25°C-acclimated embryos, with a
42.6% hatching success, compared to the 18°C-acclimated embryos, which had only 21.0% hatching
success. The 30°C -acclimated embryos had the highest survival after acute heat stress at 49.5%.

Single-nuclei multiome sequencing and quality control

Given the high per-sample cost of 10X Multiome sequencing, we focused our analysis on the 18°C
and 25°C acclimation conditions, excluding the 30°C acclimated embryos. These two conditions
were chosen because they exhibited the largest change in upper thermal limit despite only a 7°C
difference in acclimation temperature. To sample embryos for 10X Multiome sequencing, we ac-
climated embryos to 18°C and 25°C as before and then collected a pool of 50 embryos for each
replicate, with two replicates for each acclimation treatment, ultimately aiming to capture approx-
imately 4,000 high-quality nuclei from each single replicate. The sequencing yielded an ATAC-seq
library with a total of 262 million high-quality read pairs and an RNA-seq library with a total of
214 million high-quality reads. In total, these reads mapped to 464,722 barcodes with at least one
read in both the ATAC-seq and RNA-seq libraries (Fig. S1 C). Quality control removed nuclei
with low read counts, high mitochondrial or ribosomal content, or suspected multiplets, resulting
in a total of 10,390 high-quality nuclei, with 5,298 nuclei from the 18°C acclimated embryos and
5,092 nuclei from the 25°C acclimated embryos (Fig. S1 A & B). Per nucleus, there was a median
of 983 RNA-seq reads and 5,688 ATAC-seq reads (Fig. S2 A & B). Across all nuclei, we detected
11,271 peaks and 9,007 genes, with a median of 2,205.5 peaks and 586 genes per nucleus (Fig. S2
C & D).

Primordial cell types remain conserved across acclimation treatments

Following quality control filtering, the remaining 10,390 nuclei were visualized in low-dimensions
on a Uniform Manifold Approximation and Projection (UMAP) using data from both the ATAC
and RNA sequencing libraries with a weighted k-nearest neighbor approach. Nuclei from the two
acclimation treatments showed substantial overlap, indicating conserved developmental trajectories
despite temperature differences (Fig. 2 A). To identify distinct cell populations within these nuclei,
we identified 12 clusters using a shared nearest neighbor of the weighted ATAC and RNA data (Fig.
2 B). To annotate these clusters to labels of known cell types, we identified 1,564 cluster-specific
marker genes in the expression data (Fig. 2 D; Fig. S5). Similar to the annotation method
used in Calderon et al., 2022 [32], we matched clusters to annotated cell types using a Fisher’s
enrichment test for annotations of genes present in the Berkeley Drosophila Genome Project RNA
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Figure 1: Thermal acclimation of early embryos led to differential acute heat shock
tolerance. The hatching success of embryos following an acute heat shock of 38.75°C for 45 min-
utes. Hatching success increased with increasing acclimation temperature (quasi-binomial logistic
regression; p < 1 · 10−5). Individual dots represent replicate grids of approximately 50 to 100
embryos, total number of eggs per acclimation temperature: 520, 1272, 1145 for 18°C, 25°C, and
30°C respectively.

in situ hybridization [48] and final annotation calls for all Seurat clusters were made manually with
the input of these automatic annotations (Fig. 2 C).

Concordance between chromatin accessibility and gene expression validates cell-
type-specific annotations

To ensure the accuracy of cell-type annotations derived from RNA-seq marker gene data, we as-
sessed the concordance between chromatin accessibility (ATAC-seq) and gene expression profiles.
The cell-type-specific data from single-nuclei multiome sequencing revealed strong agreement be-
tween RNA-seq-based annotations and ATAC-seq chromatin accessibility patterns. Among the
1,564 cluster-specific marker genes identified, 1,260 (80%) had nearby ATAC-seq peaks that were
significantly correlated with gene expression. The top linked peaks (lowest adjusted p-value) exhib-
ited matching cell-type-specific chromatin accessibility patterns, supporting the validity of cell-type
assignments (Fig. 2 E). Indeed, this strong correlation between the ATAC-seq and RNA-seq data
is seen across all identified marker genes and their top linked accessibility peaks, where the cell-
type-specific correlations range between 0.55 and 0.66 (Fig. S4). To display this concordance
between chromatin accessibility and gene expression in more granular detail, we visualized ATAC-
seq coverage plot tracks for three top marker genes, btl, Mef2, and otp, for tracheal primordium,
mesoderm primordium, and foregut & hindgut primordium, respectively (Fig. S6). These cov-
erage plots show cell-type-specific chromatin accessibility that matches increased cell-type-specific
expression levels in the RNA-seq data.

4

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 8, 2025. ; https://doi.org/10.1101/2025.01.08.631745doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.08.631745
http://creativecommons.org/licenses/by-nc-nd/4.0/


18°C
25°C

A

5

11

2

0

3

8

4

6

1

7

9

10

-2

-1

0

1

2

D

0

0.2

0.4

0.6

0.8

1

E

1,564 RNA-seq cluster-specific marker genes

log-normalized
expression

ratio of max
accessibility

1,260 ATAC-seq peaks linked to above marker genes

peripheral nervous system prim.
germ cell

ectoderm prim.
mesoderm prim.
endoderm prim.

foregut & hindgut prim.
ventral nerve cord prim.

tracheal prim.
amnioserosa

peripheral nervous 
system prim.

germ cell

ectoderm prim.

mesoderm prim.

endoderm prim.

foregut & hindgut 
prim.

ventral nerve cord 
prim.

tracheal prim.

amnioserosa

peripheral nervous system prim.
germ cell

ectoderm prim.
mesoderm prim.
endoderm prim.

foregut & hindgut prim.
ventral nerve cord prim.

tracheal prim.
amnioserosa

A

D

E

B C

Figure 2: Nuclei cluster similarly across acclimation states and were annotated to cell-
type labels using identified marker genes and there was a strong concordance between
ATAC-Seq and RNA-seq data. A.-C. A UMAP representation of the single nuclei multi-
ome data. Each dot represents an individual nucleus characterized by integrative profiling of gene
expression (RNA) and chromatin accessibility (ATAC) condensed into a two-dimensional represen-
tation. UMAPs are colored by three different representations, acclimation treatment (A), cluster
number (B), and annotated cell types (C). Heatmaps of the RNA-seq cluster specific marker genes
(D) (color indicates log-normalized expression of aggregated expression values ATAC-seq peaks
linked to the maker genes (E) (color indicates normalization of minimum and maximum accessi-
bility across cell-types, with low values indicating the least accessible regions and values close to
one indicating the maximum observed accessibility).

Target motif analysis reveals differential chromatin accessibility in Zelda and
HSF motifs between acclimation temperatures

To conduct the target motif analysis and investigate broad changes in chromatin accessibility across
cell types, we combined all the single cell data together for a pseudobulk analysis and performed
a test of differentially accessible regions (DARs) on the ATAC-seq data. We found a total of 142
peaks that were differentially accessible between acclimation temperatures, with 84 regions (59 %)
with increased accessibility in the cool-acclimated embryos and 58 (41%) more accessible in the
warm acclimated embryos (Fig. S7 A). To identify motifs overrepresented among the pseudobulk
DARs we ran a motif enrichment analysis. Out of the 150 motifs analyzed in the data set, only one
target motif was differentially enriched in the pseudobulk DARs, the target motif of the pioneer
transcription factor Zelda, which is involved in early zygotic genome activation. Of the 710 Zelda
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Figure 3: The majority of pseudobulk DARs with Zelda- or HSF-target motifs show
increased accessibility in the 18°C cool-acclimated embryos. Histograms of log2 fold-
difference between acclimation treatments of the 33 pseudobulk DARs that contain the Zelda-target
motif (A) and the 12 pseudobulk DARs that contain HSF-target motif (F). Pseudobulk ATAC-
seq coverage plots for four representative Zelda-target motif containing DARs (B-E) and two
representative HSF-target motif containing DARs (G-H). Within each panel containing coverage
plots, the top trace colored blue represents the accessibility of the 18°C cool-acclimated embryos,
and the bottom trace in orange represents the 25°C warm-acclimated embryos. Grey shading
indicates the peak regions with differential accessibility between acclimations.

target motif-containing peaks that were detected in at least 10% of nuclei, 33 were significantly
differentially accessible between acclimation treatments, with most of them more accessible in
the cool-acclimated embryos (Fig. 3 A). GO enrichment of the 33 Zelda-target DARs revealed
overrepresentation of developmental processes including axis elongation and cell migration (Fig.
S7 C). Additionally, to assess the degree to which embryos were prepared for heat stress through
changes in the accessibility of heat shock genes prior to heat shock, we looked at the accessibility of
peaks that contained HSF target motifs. Of the 518 HSF-target peaks detected in at least 10% of
nuclei, there were 12 DARs (Fig. 3 F). In contrast to expectations based on the heat-preparedness
hypothesis [42], HSF-target motifs were less accessible in the 25°C warm-acclimated embryos (Fig.
3 F). Two representative chromatin accessibility tracks of the HSF-target motif containing DARs
were visualized (Fig. 3 G & H).
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Figure 4: Ten cell-type-specific GRNs were altered with acclimation temperature, while
the rest remained stable despite variation in environmental temperature. A. SCENIC+
identified eRegulons separated out by cell-type and acclimation, 29 activator eRegulons are on
the left panel and 12 repressors are on the right panel. The green color represents normalized
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Gene regulatory networks reveal differential responses to thermal acclimation

Our analysis revealed that gene regulatory networks were largely unaffected by acclimation tem-
perature, with transcription factor expression and target motif accessibility remaining stable across
cell types (Fig. 4 A). However, a subset of networks displayed significant alterations in response
to acclimation (Fig. 4 B). Using the SCENIC+ pipeline [49], we identified 41 enhancer driven
GRNs, referred to as eRegulons in SCENIC+ terminology. For simplicity, we will use the term
GRN throughout this manuscript to describe these eRegulons, acknowledging that they represent
an imputed subset of a broader GRN that may be active. This GRN-based approach is particularly
valuable for identifying transcription factors, target motifs, and downstream genes that drive cell-
type-specific patterns during embryonic development. Additionally, it allows us to assess whether
specific GRNs were altered in response to thermal acclimation. Of the 41 eRegulons with transcrip-
tion factor expression and cistrome correlation greater than 0.5 (|ρ| > 0.5) (Fig. S8), 29 eRegulons
had transcription factors acting as activators, (i.e., opening the target motif and increasing target
gene expression), and 12 eRegulons were found to be repressors (i.e., more transcription factor
expression led to decreased target motif accessibility and decreased target gene expression) (Fig. 4
A). Some eRegulons represent cell-type-specific transcription factors and marker genes and many
of the networks were unchanged with acclimation, but there were several notable differences. A
total of 18 transcription factors were differentially expressed within a cell-type between acclima-
tion treatments. Of those 18 transcription factors, 10 gene regulatory networks were differentially
regulated (diffGRNs) following thermal acclimation, defined by a shift in accessibility across peaks
containing the target motif and a corresponding shift in the expression of the target genes (Fig. 4
B). For example, the gene Blimp-1, which encodes a transcription factor expressed in the foregut
and hindgut primordium at this stage, was significantly upregulated in the cool-acclimated embryos
with a log2 fold-difference of 1.41. The peaks containing target motifs of Blimp-1 were then shifted
to positive log2 fold-differences (one sample t-test; p = 5.4 ·10−13). The log2 fold-differences for the
corresponding target genes were also increased in the cool-acclimated embryos (one sample t-test;
p = 1.3 · 10−9). Overall, 4 out of the 10 diffGRNs were in the mesoderm primordium, and 3 were
in the peripheral nervous system primordium, 2 were in the ventral nerve cord primordium, and
the remaining one diffGRN was in the foregut and hindgut primordium.

WGCNA reveals acclimation response of co-expressed genes

To gain insight into global gene expression patterns and identify temperature-dependent regula-
tory changes, we performed high-dimensional weighted gene co-expression network analysis (hd-
WGCNA) on the single-nuclei RNA-seq data. hdWGCNA identified seven distinct modules of
co-expressed genes within the single-nuclei RNA-seq data (Fig. S9 A). These modules captured
diverse gene expression patterns, with some broadly expressed across cell types and others restricted
to specific subsets of annotated cell types (Fig. S9 B). The degree of cell type specificity of each
module was summarized in a metric we call the cell type specificity index (CTSI) (Fig. S9 C),
which was calculated as the standard deviation of the mean cell-type-specific module eigengene
scores within each module (Fig. S9 B). Higher values of CTSI indicate greater cell type speci-
ficity. For example, the brown and red modules were broadly represented across nuclei, as exhibited
by low CTSI values and the mean cell type module eigengene score being close to zero for all cell
types. Other modules were expressed in only a subset of cell types. For example, two modules
with relatively high CTSI values included the green module, which was primarily localized to the
mesoderm and germ cell primordia, and the yellow module with genes heavily expressed in the
amnioserosa but not in other cell types (Fig. S9 B).
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Figure 5: High-dimensional weighted gene coexpression network analysis (hdWGCNA)
on single-nuclei RNA-seq data identifies a few modules of genes that differ in expres-
sion following acclimation to different temperatures. A. UMAPs with each nuclei colored
by its module eigengene value. B. Module eigengene average log2 fold-difference in gene expression
between acclimation states for each module. Inset number is the total number of genes per module,
with the points sized proportional to module size. Asterisk indicates significance of DME test. C.
The top overrepresented GO terms in the red, brown, and green modules.

Some modules showed differential expression following acclimation, as seen in the module eigen-
gene average expression change between acclimation states (Fig. 5 B). Notably, the green module
displayed significantly higher expression in 25°C warm-acclimated embryos compared to 18°C cool-
acclimated embryos (DME test; p < 0.05), highlighting its potential role in temperature-specific
transcriptional responses. The green module was enriched for developmental processes, such as
mesoderm development, muscle tissue development, and embryonic organ development (Fig. 5 C,
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Fig. S10 G), reflecting expression in specific cell lineages like the mesoderm and germ cells.
All other modules showed trends of higher expression in cool-acclimated embryos, in particular

the red and brown modules. Functional annotation of the red and brown modules revealed distinct
biological roles. The red module, composed largely of ribosomal proteins (69 of 75 genes), was
enriched for GO terms such as ribonucleoprotein complex subunit organization and regulation of
cellular amide metabolic process (Fig. 5 C). The brown module, containing 346 genes, was enriched
in GO terms including transcription by RNA polymerase III and oxidative phosphorylation (Fig.
5 C, Fig. S10 B). It is noteworthy that genes in both the red and brown modules were broadly
expressed, regardless of cell type, and were more highly expressed in cool-acclimated embryos. The
composition of these modules (i.e., predominantly genes related to protein synthesis and energy
production) suggests that cool-acclimated embryos were more metabolically active overall than
warm-acclimated embryos.

In contrast, the blue, turquoise, black, and yellow modules were expressed more specifically in
subsets of certain cell types. The blue module, comprising 371 genes, was primarily expressed in the
ectoderm, peripheral nervous system, and ventral nerve cord primordia (Fig. S9 B). Enriched GO
terms in the blue module included a diverse set of signaling pathways (e.g., Toll, smoothened, and
Hippo signaling pathways, and the MAPK cascade) and developmental processes (e.g., axis specifi-
cation, animal organ formation), reflecting its diverse role for cellular signaling and developmental
pathways related to embryonic patterning and tissue development (Fig. S10 C). The 559 genes
that made up the largest module, turquoise, were the most polarized in their expression across
cell types (Fig. S9 B). These genes were highly expressed in 5 cell types (ectoderm, peripheral
nervous system, ventral nerve cord, foregut & hindgut, tracheal primordia), but were expressed at
much lower levels in all other cell types. Similar to the blue module, enriched GO terms from the
turquoise module included a diverse array of development and cell signaling pathways (Fig. S10
E). The black module (74 genes) was the second smallest module, and was predominantly expressed
in the endoderm, ectoderm, and peripheral nervous system primordia (Fig. S9 B). There were
11 overrepresented GO terms in the black module, including neuroblast differentiation, peripheral
nervous system development, and regulation of cell projection organization, as expected from the
cell types that were enriched in this module (Fig. S10 F). The yellow module, containing 129
genes, was highly expressed in the amnioserosa, but not in other cell types (Fig. S9 B). The
yellow module was enriched for GO sets involved in protein processing and cellular organization,
response to topologically incorrect protein, response to endoplasmic reticulum stress, Golgi vesicle
transport, and protein targeting (Fig. S10 D).

Cell-type-specific changes in chromatin accessibility and gene expression across
acclimation treatments

Building on the pseudobulk analysis described above, we next examined cell-type-specific changes
in chromatin accessibility and gene expression to further explore the molecular basis of thermal
acclimation at a finer resolution. In total we identified 161 cell-type specific DARs (Fig. 6 A) and
661 cell-type specific DEGs (Fig. 6 B). Representative examples of cell-type-specific DEGs were
visualized as violin plots (Fig. S11). The mesoderm primordium had the most DEGs (296 genes),
while the endoderm primordium and amnioserosa were largely unchanged, with only 4 DEGs each.
Among the DARs, the ventral nerve cord primordium primarily showed increased accessibility in
warm-acclimated embryos compared to cool-acclimated embryos. By contrast, DARs from most
other cell types were predominantly more accessible in the cool-acclimated embryos. Interestingly,
all 19 DARs in the peripheral nervous system primordia were more accessible in the cool-acclimated
embryos, but the 188 DEGs were evenly split between increases and decreases in expression between
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Figure 6: Gene expression and chromatin accessibility differences following embryonic
thermal acclimation. Density plots of cell-type-specific log2 fold-differences in accessibility (A)
and gene expression (B). Only significantly differentially accessible regions (DARs) or differentially
expressed genes (DEGs) are plotted (adjusted p-value < 0.05). Primordial cell-types organized
from top to bottom by total number of DEGs. Points represent individual regions or genes. Inset
number indicates the total number of DARs or DEGs for each cell-type. Color matches cell-type
specific UMAP in Fig. 2 C. Positive log2 fold-difference values indicate expression or accessibility
is greater in the 25°C warm-acclimated embryos, and negative values indicate greater expression or
accessibility in the 18°C cool-acclimated embryos.

acclimation treatment. The foregut & hindgut primordium showed both increased DARs and DEGs
in cool-acclimated embryos, aligning with the signal observed within the Blimp-1 GRN in these
tissues (Fig. 4 B). In contrast, cell types with the fewest DARs and DEGS, such as trachea,
endoderm, and amnioserosa, also lacked any diffGRNs. Notably, the two cell-types with the most
DEGs, the mesoderm and peripheral nervous system primordia, correspondingly had the most
diffGRNs, with four and three, respectively. Together, these suggest that many of the cell-type-
specific changes in accessibility and expression are mediated by the corresponding cell-type-specific
GRNs identified by SCENIC+.

Discussion

Here, we demonstrate that D. melanogaster embryos exhibited thermal plasticity in upper ther-
mal limits while also maintaining developmental stability in cell type differentiation, chromatin
accessibility, and gene expression. Thermal plasticity appears to be underpinned by a homeostatic
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response to cool acclimation that we posit comes at the cost of heat tolerance. We did not find
evidence that the plasticity in heat tolerance is the result of increased heat-preparedness in warm-
acclimated embryos. This conclusion, which we will explore in depth in the following paragraphs, is
based on changes in the accessibility of specific target motifs, differences in co-expression modules,
and the differential regulation of GRNs.

Embryos displayed a remarkable degree of stability despite temperature variation, maintaining
a high degree of similarity in chromatin accessibility and gene expression across cell types. This
is evidenced by the extensive overlap in low-dimensional UMAP space of the nuclei from different
acclimation treatments, suggesting there was higher variation between cell types than between
acclimation treatments. Moreover, less than 2% of tested chromosomal regions and genes showed
differential accessibility or expression, highlighting the overall stability of chromatin accessibility
and gene expression patterns despite thermal variation. Additionally, more than 97% of the cell-
type-specific GRNs we identified had transcription factor expression, target motif accessibility,
and/or target gene expression at similar levels between acclimation treatments within a cell type.
This observed resilience to environmental variation is in agreement with expectations from previous
literature that embryos exhibit remarkably similar patterns of gene expression for certain crucial
developmental patterning genes across a wide range of temperatures [12, 13]. However, in response
to more extreme temperatures, or in the presence of multiple stressors, thermal acclimation may
lead to decreased performance or mortality [50, 46, 51]. In the case of the present study, we exposed
embryos to 18°C or 25°C, which is well-within the permissive thermal range of D. melanogaster
and not likely to induce the potentially detrimental phenotypic consequences of more extreme
temperatures [52].

The observation that development at different temperatures yielded identical sets of primordial
cell types, yet produced distinct phenotypes—i.e., higher or lower heat tolerance—suggests that
the paradigm of environmental robustness of development needs refinement to account for the nu-
anced molecular responses to environmental variability. The concept of robustness, where there
are consistent developmental phenotypic outcomes despite environmental variability, may best de-
scribe morphological traits [53, 54, 55]. Whereas other traits, like upper thermal limits, are likely
to exhibit a broader range of outcomes, despite the well-established phenomenon of developmental
canalization [56, 57]. Both morphological and physiological traits are essential for the survival of
the organism and thus have likely undergone intense selection pressures throughout evolutionary
history [58, 59, 60]. It may be that selection for morphological canalization favors homeostatic
mechanisms that come at the cost of other traits, such as upper thermal limits. We hypothesize
that this trade-off arises because the compensatory mechanisms to maintain homeostasis at cooler
temperatures, such as increased metabolic activity, create cellular stress during a subsequent heat
stress.

Despite the extensive molecular evidence that the developmental program of embryogenesis re-
mains widely conserved across acclimation treatments, we also found evidence of thermal plasticity
in both chromatin accessibility and gene expression. Specifically, the concurrent roles of stability
and plasticity are most acutely observed at the level of the cell-type-specific GRN, where the vast
majority of GRNs were highly resilient to environmental change (i.e., no change in transcription
factor expression, target motif accessibility, or target gene expression), and yet there was substan-
tial change in a subset of other GRNs. Among the differential GRNs, six of the eight activator
eRegulons showed increased transcription factor expression, increased target motif accessibility, and
increased target gene expression in the cool-acclimated embryos relative to the warm-acclimated
embryos. This mirrors the signals of increased transcriptional activation and energy production in
cool-acclimated embryos observed in the WGCNA analysis, highlighting a potential compensatory
mechanism to maintain developmental rates. Specifically in cool-acclimated embryos, we see an
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increase in the expression of genes encoding ribosomal proteins, genes involved in transcription, as
well as genes related to oxidative phosphorylation. Additionally, in the target motif analysis, we
see that cool-acclimated embryos had overall increased accessibility of peaks containing the target
motif of Zelda, an early pioneer transcription factor involved in activating the zygotic genome [61,
62, 63].

These patterns are consistent with a homeostatic thermal compensation response to cool ac-
climation [14, 44, 64], whereby embryos actively increase metabolic activity to overcome slower
kinetics at cooler temperatures. This interpretation is supported by a large body of research doc-
umenting similar patterns of thermal metabolic compensation across a broad range of taxa [65,
66, 67, 68, 69, 70, 71]. Although, previous work has not described thermal compensation in the
context of developmental robustness and typically characterized much longer periods of thermal
acclimation. Evidence of complete thermal compensation—i.e., where cold-acclimated organisms
exhibit the same biological rates in the cold as warm-acclimated organisms in the heat—has not
been documented [14]. Therefore, even though cool-acclimated D. melanogaster embryos developed
more slowly than warm-acclimated embryos, some level of incomplete thermal compensation may
have occurred at a physiological level [72]. It is important to note that the present study was
not designed to directly measure biological rate increases, and thus we have no direct evidence of
thermal compensation. However, patterns of chromatin accessibility and gene expression in cool-
vs. warm-acclimated embryos suggest thermal compensation of biological rates. Follow-up research
is required to document the extent to which D. melanogaster embryos undergo thermal compen-
sation (e.g., respirometry to measure metabolic rates or nuclear run-on assay to measure active
transcription rates).

We propose that these homeostatic responses to cooler temperatures imposed a metabolic bur-
den that reduced heat tolerance. For example, increased rates of protein synthesis would amplify
the risk of protein denaturation during heat stress [73, 74]. Similarly, increased rates of oxidative
phosphorylation could lead to elevated reactive oxygen species production and oxidative damage
[75, 76]. Altogether, these metabolic and cellular stresses would reduce the embryo’s ability to
cope with acute heat shock—an underappreciated cost of maintaining developmental stability in a
variable thermal environment.

In addition to overall signals of thermal compensation, our data further point to a nuanced role
of particular cell primordia in mediating thermal responses. The differences in GRNs between accli-
mation treatments were concentrated in the primordial mesoderm, foregut and hindgut, peripheral
nervous system, and ventral nerve cord cell types. To a large degree, this matches the primordial
cell types with the most DARs and DEGs, underscoring the role of these cell-type-specific regu-
lators. This also matches the WGCNA results, which showed that genes primarily upregulated in
the warm-acclimated embryos were highly expressed in the mesoderm primordium and enriched
for GO terms related to muscle development. While some cell-type-specific signatures could arise
from variations in developmental timing during embryogenesis, we are confident that our results
reflect differences due to acclimation. This is supported by the fact that the hand-staged embryos
exhibited overlapping sets of primordial cell types and were undergoing rapid specification at this
stage [32], making developmental timing unlikely the sole cause of these observed cell-type-specific
signals.

Previous work supports the role of the gut, muscle, and nervous system tissues in thermal
stress responses. For example, in adult flies, the maintenance of ion homeostasis in gut and muscle
cell membranes is important to cold acclimation and stress tolerance [77, 78, 79, 80]. Also, in
adult flies, the heart muscle plays a crucial role in heat tolerance with certain measures of cardiac
performance differing in heat-resistant fly lines [81]. In addition, tissue-specific expression of heat
shock proteins in the larval gut is protective against cellular damage after acute heat shock [82].
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Finally, nervous system function is disrupted at high temperatures as well; however, there is little
evidence that it is directly involved in setting the upper thermal limits of adult flies [83]. While
some characteristics of primordial embryonic tissues and differentiated larval or adult tissues are
similar—e.g., the transcription factors (e.g., Blimp-1, Mef2, ab) that drive the development of the
gut, muscle, and nervous system primordia also serve functional roles in differentiated tissue (e.g.,
ion transport, neuromuscular connections, and contractility) [84, 85, 86]—it is important to note
that embryonic tissues differ physiologically from their larval and adult counterparts. Thus, in
light of our results, it will be important for future work to investigate the specific roles of the gut,
muscle, and nervous system primordia in mediating thermal responses in developing embryos.

Finally, despite the extensive literature to support the hypothesis that higher levels of heat
shock protein expression are protective against acute heat shock [74, 40, 41], we did not find any
widespread differences in the expression of heat shock genes after acclimation to different temper-
atures. There is ample evidence of this form of heat preparedness over evolutionary timescales [87,
88, 89] and in the case of heat hardening [90], but heat shock protein expression may play less
of a role in the plasticity of upper thermal limits after acclimation within a benign temperature
range [91]. Furthermore, it should be noted that chromatin conformation is established prior to
heat shock [42], which suggests differences in accessibility of heat shock genes must be established
before a heat shock event. However, we found that HSF-motif-containing peaks were more likely
to be accessible in the cool-acclimated embryos than in warm-acclimated embryos. In other words,
heat shock gene accessibility did not correlate with heat tolerance. Beyond molecular chaper-
ones, there was also little evidence in our results that other protective pathways (e.g., response
to oxidative stress) conferred higher heat tolerance in warm-acclimated embryos. We note that a
heat-preparedness response may not be triggered in D. melanogaster embryos until temperatures
higher than 25°C. But considering that warm-acclimated embryos were more heat tolerant than
cool-acclimated embryos, we conclude that heat preparedness, at least by the mechanism of heat
shock gene expression, was not involved in heat tolerance in the present study.

While the thermal acclimation response of Drosophila embryos is consistent with other literature
on thermal acclimation across many taxa [92, 93, 94], the speed at which acclimation occurred
in D. melanogaster embryos is noteworthy. While thermal acclimation is typically reported to
occur over days or weeks [95, 96, 97, 98], our findings reveal a rapid acclimation response in
Drosophila embryos, highlighting potential differences in plasticity between life stages. We note
that a beneficial thermal acclimation response—i.e., a positive correlation between acclimation
temperature and the associated change in thermal limits—is not always reported in the literature.
Many studies show a lack of thermal acclimation at warmer temperatures, and some show a negative
correlation between acclimation temperature and upper thermal limits [99, 100, 101]. The lack
of a beneficial acclimation response among some taxa may be due to several factors, including
behavioral thermoregulation making it unnecessary to evolve a plastic physiological response to
temperature [102], as well as the fact that some species and life stages may already live very close
to their upper thermal limits and may thus be incapable of extending their upper thermal limit via
a plastic response [36, 99]. The observed thermal plasticity in embryos has significant ecological
implications, as their immobility and heightened heat sensitivity makes this life stage a critical
determinant of survival under fluctuating environmental temperatures [37].

Conclusion

The rapid acclimation in D. melanogaster embryos we observed is underpinned by a thermal com-
pensation response, which likely seeks to maintain a robust developmental program of embryogenesis
despite variation in temperature. We observe signals of differential regulation at the level of the
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cell-type-specific GRN that indicate a homeostatic response to cold-acclimation, which we conclude
comes at the cost of increased heat sensitivity due to the metabolic burden, during and after acute
heat stress, of increasing transcription, translation, and energy production at lower temperatures.
This trade-off between maintaining the pace of development and heat tolerance may be an underap-
preciated consequence of developmental plasticity, with possible implications for confining plasticity
at upper thermal limits. These findings underscore the complexity of thermal acclimation during
embryonic development, revealing that plasticity in thermal limits, while adaptive, may be driven
in part by the metabolic cost of preserving developmental robustness.

Supporting Information (SI)

See attached Supporting Information (SI) for supplementary figures.

Methods

Fly care

We raised Canton-S flies (Canton, OH, USA) on standard yeast, cornmeal, and molasses food. We
maintained stocks at a standard density of approximately 50 to 100 flies per vial (95mm x 25mm,
Genesee Scientific) in an incubator (DR-36VL, Percival Scientific Inc.) at 25°C and 55% relative
humidity on a 12hr:12hr light:dark cycle. Flies were reared under these conditions for several
generations prior to experimentation.

Acclimation and assessing heat tolerance

A few days prior to embryo collections, we transferred approximately 100 mating pairs of 1-2 day-
old adult Canton-S flies into small fly cages (Genesee Scientific) with grape juice agar plates (60
x 15 mm) with yeast paste. Fly cages remained in the 25°C incubator. Immediately prior to each
experimental collection, we conducted two successive one-hour pre-lays to give the flies fresh egg-
laying substrate and reduce the incidence of egg retention. With a fresh agar and yeast plate, we
collected embryos for one hour and then transferred the embryos to an incubator at the acclimation
treatment temperature (18°C, 25°C, or 30°C). Embryos developed for a certain amount of time based
on the expected development rate of their acclimation temperature. We estimated the development
times based on a Q10 of 2.2 [72]. We subsequently validated these estimated development times
by visualizing Browne’s stage 11 embryos in each acclimation condition under a light microscope
(M80, Leica). Stage 11 embryos were defined as embryos displaying full germ band extension
towards the anterior. Control embryos developed at 25°C for 5 hours after egg collection, cool-
acclimated embryos developed for 9 hours at 18°C, and the warm-acclimated embryos developed
at 30°C for 3 hours.

To assess acute heat tolerance following acclimation, we wrapped egg plates in Parafilm and
submerged them in a 38.75°C water bath (A24B, Thermo Scientific) for 45 minutes. Following the
heat shock, we placed individual embryos into four-by-five grids of twenty total eggs (Total number
of eggs per acclimation temperature: 520, 1272, 1145 for 18°C, 25°C, and 30°C, respectively).
The egg plates with gridded embryos recovered from heat shock at 25°C. And finally, we scored
hatching success approximately 48 hours after initial egg laying by visualizing hatching under a
dissecting microscope. To contrast heat tolerance among acclimation treatments, we conducted a
quasi-binomial logistic regression generalized linear model in R on the proportion of eggs hatched
after acute heat stress
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Embryo acclimation and nuclei extraction for sequencing

Following the heat tolerance results, we chose to move forward with the control (25°C) and cool-
acclimated (18°C) embryos for Chromium Single Cell Multiome ATAC + Gene Expression (10X
Genomics). We collected and acclimated embryos as above, but immediately following acclimation,
we washed and dechorionated the embryos. For each sample, approximately 50 stage 11 embryos
were hand-selected and collected with a paintbrush into a 1.5 mL DNA LoBind tube (Eppendorf).
We added 100 µL of cryobuffer (90% FBS and 10% DMSO), placed the samples in a isopropanol
cryochamber (Cryo-Safe™ Cooler-1°C Freeze Control, Bel-Art Products) and then froze them at
-80°C for less than three weeks until nuclei extraction.

Nuclei extraction was completed as described in [103]. In detail, we thawed the cryofrozen
embryo samples and subsequently washed the embryos with 250 µL 1x PBS. We centrifuged (Sorvall
ST89, Thermo Scientific) the washed samples at 500 RCF for three minutes at 4°C. To the resulting
washed embryo pellet, we added 600 µL of lysis buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 3
mM MgCl 2 , 0.1% IGEPAL, 1% BSA, 1 mM DTT and 1 U/µL RNase Inhibitor – RNaseOUT™
Recombinant Ribonuclease Inhibitor, Thermo Fisher – prepared with nuclease free H2O, and then
we transferred the sample to a 1 mL Dounce homogenizer (KIMBLE® KONTES®, Sigma). We
homogenized the embryos on ice with the loose pestle for ten passes and then with the tight pestle
for an additional ten passes. To decrease loss of sample, we rinsed the pestles with 100 µL of lysis
buffer following removal from the sample. We filtered each 800 µL homogenate with a 40 µm Mini-
Strainer (pluriSelect) into separate fresh 1.5 mL LoBind tubes. We centrifuged the samples at 900
RCF for five minutes at 4°C. After discarding the supernatant, we washed the the resulting nuclei
pellet with 500 µL wash buffer (identical to the Lysis buffer but missing IGEPAL) and centrifuged
again at 900 RCF for five minutes at 4°C. Finally, we resuspended the washed nuclei pellet in 20
µL 1X nuclei buffer (10X Genomics) with 1 mM DTT and 1 U/µL RNase Inhibitor.

To assess the quality and concentration of each sample, we visualized an aliquot of isolated
nuclei at one-tenth dilution in 1X PBS and 0.1 mg/mL DAPI on a confocal microscope (Nikon
ECLIPSE Ti2). We confirmed nuclei quality by looking for the absence of nuclear blebbing at
600X magnification. All visualized nuclei were high-quality or mostly intact with minor evidence
of blebbing as defined by 10X Genomics. We estimated nuclei concentration by loading 10 µL of
one-tenth diluted sample onto a hemocytometer (Bright-Line™, American Optical) and visualized
nuclei with DAPI fluorescence on the confocal microscope at 100X magnification.

Prior to proceeding to 10X Genomics Chromium Single Cell Multiome ATAC +Gene Expression
sequencing library preparation, we diluted each sample to an estimated concentration of 2,000 nuclei
per µL with 1X nuclei buffer.

Library preparation and sequencing

Vermont Integrative Genomics Resource (VIGR) conducted the ATAC and GEX library preparation
following the 10X Genomics protocol (Chromium Next GEM Multiome ATAC + Gene Expression
User Guide, Document Number CG000338, Rev F, August 2022). We targeted 4,000 total nuclei
per sample. Briefly, each sample of nuclei was transposed and then loaded onto a Chromium Next
GEM Chip J to generate GEMs and barcode individual nuclei. After the GEMs are broken down,
barcoded transposed DNA and cDNA are amplified with PCR. And finally, the individual ATAC
and Gene Expression libraries were constructed and then sequenced on a rapid-run flow cell on an
Ilumina Hi-Seq 2500™.
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Sequencing analysis

We conducted all sequence processing on the Vermont Advanced Computing Core (VACC). Se-
quencing reads were demultiplexed and analyzed with the Cell Ranger ARC, version 2.0.2 (10X
Genomics) pipeline as recommended. In detail, a D. melanogaster reference package was created
following 10X Genomics recommendations. The FASTA (BDGP6.32) and GTF (BDGP6.32.109)
files were downloaded from Ensembl database. Prior to creating the reference package, the GTF file
was filtered so that the reference was restricted to protein coding, long non-coding RNA, antisense,
and immune-related genes, the same filter criteria used by 10X Genomics to create the human and
mouse references.

Then, the Cell Ranger ARC pipeline was run on all samples to trim, align, and map reads,
and then create count matrices for gene expression and chromatin accessibility peaks. Samples
were then aggregated together into a single file for each data type and then the files were imported
into R version 4.2.2 [104] and analyzed using Seurat version 4.4.0 [105] and Signac 1.12.0 [106].
Subsequently, we used python version 3.8.18 to model cis-regulatory topics using pycisTopic version
1.0.3 [107], then transcription factor motif enrichment using pycisTarget version 1.0.3, and finally
identified enhancer-driven gene regulatory networks using SCENIC+ version 1.0.1 [49]. All code
used for the analysis is available on GitHub at https://github.com/tsoleary/heater.

Quality control filtering

In detail, single GEM barcodes were filtered to high quality nuclei based on several criteria: i. a
low-count threshold for both the ATAC and RNA libraries (≥ 800 and ≥ 200 counts per barcode
respectively), ii. a maximum cut-off for percentage of reads mapped to mitochondrial transcripts
(< 5%) and ribosomal genes (< 25%), iii. putative multiplets were identified using AMULET
for the ATAC-seq libraries [108] and DoubletFinder for the RNA-seq libraries [109]. Finally, all
barcodes clustering with a high number of putative multiples, defined as clusters with greater than
15% multiplets, were removed. This filtering left 10,390 high-quality nuclei for all downstream
analysis. Due to the high cell-cycle heterogeneity expected in developmental tissue, genes known to
change across cell cycle phases, were regressed out of the snRNA data [105]. We called chromatin
accessibility peaks using macs2 version 2.2.7.1 [110]. And finally, the RNA and ATAC data were
analyzed by Seurat according to current recommendations [106, 111].

Clustering and annotating cell-types

We identified clusters using the joint ATAC and RNA data with use of the FindMultiModalNeigh-
bors and FindClusters function in Seurat. We tested multiple clustering resolutions ranging from
0.1 to 1, and settled on a resolution of 0.7 (Fig. S3). We then used the gene expression information
to identify marker genes for each cluster using the FindConservedMarkers function. The clusters
were assigned annotated cell-types by conducting a test of Fisher’s enrichment on marker genes
annotated by the Berkley Drosophila Genome Project RNA in situ hybridization database [4, 29,
2].

Differentially enriched motifs in pseudobulk DARs

We tested for differentially enriched motifs using the FindMotifs function in Seurat. D. melanogaster
motifs were identified using the transcription factor binding profiles from JASPAR 2022 [112].
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Cell-type-specific differential expression and accessibility testing

Using Seurat, we ran differential accessibility and expression testing between acclimation treatments
but within cell types using MAST [113] with the FindMarkers function in Seurat. In addition to
a Bonferroni adjusted p-value less than 0.05, differentially accessibility regions (DARs) or differ-
entially expressed genes (DEGs) needed to be present in greater than 10% of nuclei tested and a
have minimum absolute-value of log2 fold-difference of 0.25.

Weighted gene co-expression network analysis (hdWGCNA)

We conducted a high dimensional weighted gene co-expression network analysis with hdWGCNA
[114];, version 0.2.27, on the single-nuclei RNA data to identify modules of genes that are expressed
in similar patterns as well as modules that are different between acclimation conditions. Differential
module eigengenes between acclimation conditions were identified using the FindDMEs function
using MAST similar to the individual DEG and DAR testing as described above.

Identifying enhancer driven gene regulatory networks using SCENIC+

SCENIC+ (version 1.0.1) was used to identify gene regulatory networks (GRNs). Using the single-
nuclei ATAC-seq data, cis-regulatory topics were modeled using cisTopic [107], and cisTarget was
then used for motif enrichment and identifying transcription factor cistromes. SCENIC+ was
used to identify cell-type-specific enhancer driven gene regulatory networks (GRNs) by using the
linked gene expression data from the single-nuclei RNA-seq [49]. We tested for differential GRNs
(diffGRNs) that were altered by acclimation using a three-part test: i. the transcription factor is
differentially expressed within the cell-type (DEGs MAST; |lfc| > 0.25, adjusted p-value < 0.05,
percent nuclei expressed > 10%), ii. the distribution of log2 fold-differences of the regions containing
the target motif are shifted non-zero in the direction expected by its activator or repressor label (one-
sample t-test; p < 0.05), and finally, iii. the distribution of log2 fold-differences of the corresponding
target genes are altered in the same way (one-sample t-test; p < 0.05). This method tests for GRNs
that have changed their transcription factor expression, target motif accessibility, and target gene
expression as a result of acclimation.
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