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The dynamic response to hypoosmotic stress reveals distinct stages
of freshwater acclimation by a euryhaline diatom
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The salinity gradient separating marine and freshwater environments is a major ecological
divide, and the mechanisms by which most organisms adapt to new salinity environments are
poorly understood. Diatoms are a lineage of ancestrally marine microalgae that have repeatedly
colonized and diversified in freshwaters. Cyclotella cryptica is a euryhaline diatom that naturally
tolerates a broad range of salinities, thus providing a powerful system for understanding the
genomic mechanisms for mitigating and acclimating to low salinity. To understand how diatoms
mitigate acute hypoosmotic stress, we abruptly shifted C. cryptica from seawater to freshwater
and performed transcriptional profiling during the first 10 hours. Freshwater shock dramatically
remodeled the transcriptome, with ~50% of the genome differentially expressed in at least one
time point. The peak response occurred within 1 hour, with strong repression of genes involved
in cell growth and osmolyte production, and strong induction of specific stress defense genes.
Transcripts largely returned to baseline levels within 4—10 hours, with growth resuming shortly
thereafter, suggesting that gene expression dynamics may be useful for predicting acclimation.
Moreover, comparison to a transcriptomics study of C. cryptica following months-long
acclimation to freshwater revealed little overlap between the genes and processes differentially
expressed in cells exposed to acute stress versus fully acclimated conditions. Altogether, this
study highlights the power of time-resolved transcriptomics to reveal fundamental insights into
how cells dynamically respond to an acute environmental shift and provides new insights into
how diatoms mitigate natural salinity fluctuations and have successfully diversified across
freshwater habitats worldwide.
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Introduction

The majority of aquatic organisms live exclusively in marine or freshwater environments,
but some “euryhaline” species can tolerate a wide range of salt concentrations, allowing them to
grow in environments with fluctuating salinities such as lagoons, estuaries, and coastal intertidal
zones. The salinity in these habitats can vary in time from fresh to fully marine levels, and
salinity shifts in these systems can occur gradually or within minutes to hours depending on
rainfall, river flow, and tidal action (Balzano et al., 2015). Climate change is expected to
increase the frequency and magnitude of these fluctuations. For example, the prevalence of
large storms that inundate coastal habitats with freshwater from both precipitation and increased
river flow is expected to increase in the future (Pértner et al., 2019; Shu et al., 2018), and many
marine and brackish environments will likely experience “freshening” due to melting ice caps
and altered precipitation patterns (Lee et al., 2022). However, the specific mechanisms by which
marine microbes mitigate the effects of short and long-term salinity changes remains poorly
understood. Euryhaline species that have evolved to thrive across a wide range of salinities thus
present an excellent opportunity to provide new insights into how these species will respond to
increasingly dynamic salinity environments.

Diatoms are a diverse group of globally distributed unicellular algae that produce roughly
one-fifth of the world’s oxygen and serve as the base for aquatic food webs (Armbrust, 2009).
Diatoms are abundant in habitats across the entire marine to freshwater salinity gradient, and
across evolutionary timescales, transitions between marine and fresh waters have been an
important source of species diversification (Nakov et al., 2018). Cyclotella cryptica is one of
many euryhaline diatoms that occurs naturally across a wide range of salinities and has served
as a longstanding model for understanding the effects of salinity on diatom physiology and
morphology. For example, salinity is known to impact the morphology of the siliceous cell wall of
C. cryptica, including alterations to its thickness and ornamentation (Conley et al., 1989;
Schultz, 1971). Acute salinity shifts can also induce gametogenesis in C. cryptica (Schultz &
Trainor, 1970) and other diatoms (Godhe et al., 2014).

Hypoosmaotic stress results in water influx that increases intracellular turgor pressure,
which risks rupturing the plasma membrane (Kirst, 1990; Theseira et al., 2020; Van Bergeijk et
al., 2003). Cells respond by modulating internal osmolyte concentrations, which can be
accomplished either through transport of inorganic ions such as sodium or potassium (Krell et
al., 2008), or by degrading organic osmolytes such as dimethylsulfoniopropionate (DMSP) (Lyon
et al., 2016; Lyon et al., 2011), glycine betaine (Dickson & Kirst, 1987; Kageyama et al., 2018),
or proline (Krell et al., 2007; M. S. Liu & Hellebust, 1974). In the early stages (i.e., 15 minutes to
3 hours) of hypoosmotic stress, C. cryptica reduces the concentration of osmolyte-functioning
amino acids by incorporating them into proteins (M. S. Liu & Hellebust, 1974; Ming Sai Liu &
Hellebust, 1976). However, transcriptional profiling showed that reduced proline levels do not
appear to play an important role during long-term acclimation, where instead cells maintain
reduced levels of glycine betaine, DMSP, and taurine (Nakov et al., 2020). This finding suggests
that the processes diatoms rely upon to withstand short-term stress are different from those
deployed during long-term acclimation. Moreover, it is clear that the response to acute
hypoosmotic stress encompasses more than just strategies to maintain osmotic balance (Nakov
et al., 2020; Pinseel et al., 2022). To address these gaps in our understanding, we exposed a
brackish strain of C. cryptica to freshwater and used RNA sequencing (RNA-seq) to
characterize changes in gene expression in the minutes to hours following a hypoosmotic
shock. Comparisons to expression-level changes in fully acclimated cells of C. cryptica revealed
important differences between short- and long-term responses to hyposalinity conditions by
diatoms. Altogether, the results from this study highlight the power of time-resolved
transcriptomics during an acute and dynamic environmental response, which we leveraged to
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provide new insights into how diatoms mitigate natural salinity fluctuations and successfully
colonized and diversified in freshwater habitats worldwide.

Materials and Methods

Culture conditions.

Cyclotella cryptica strain CCMP332 was obtained from the National Center for Marine
Algae and Microbiota and maintained in artificial sea water at 24 parts per thousand salinity
(ASW 24) (Nakov et al., 2020), which is within the range of the brackish salinity of the locality
from which the strain was originally isolated (Reimann et al., 1963). To obtain sufficient biomass
for subsequent experiments, cells were grown for 7 days in a 500 mL Erlenmeyer flask, placed
in a Percival incubator at 15 °C and 22 umol photons m s irradiance under a 16:8 h light:dark
cycle. Cells were homogenized by agitating the flask, and 3 x 2-mL aliquots of cells were used
to inoculate 3 x 1-L Erlenmeyer flasks containing 500 mL of ASW 24. Growth was monitored by
counting cells with a Benchtop B3 Series FlowCAM® cytometer (Fluid Imaging Technologies).
Upon reaching exponential growth in ASW 24, cells from each triplicate culture were
immediately exposed to freshwater conditions (ASW 0). To do this, we harvested 24 x 10° cells
from each 1-L flask for freshwater treatments, centrifuged the cells at 800 rcf for 3 min at 4 °C,
decanted the supernatant, and resuspended the cells in 16 mL of ASW 0 to a final concentration
of 1.5 x 10° cells/ml. Two-mL aliquots of the resuspended cells were then immediately
transferred into 8 tubes containing 38 mL of ASW 0, and the cells were incubated at 15 °C and
20 umol photons m? st irradiance with gentle agitation using a Boekel Scientific adjustable
speed wave rocker.

Cells were collected for transcriptional profiling at seven different time points following
inoculation in ASW 0: 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 10 h. The 0-min sample was
collected immediately following inoculation in ASW 0, and served as a control for comparing the
freshwater response. Cells were harvested by centrifugation at 400 rcf for 3 min at 4°C, flash-
frozen in liquid nitrogen, and stored at -80 °C until processed.

Growth in ASW 24 and 0 (freshwater) was measured at each of the time points used for
transcriptional profiling, as well as at 12 h, 24 h, and 7 days. Cells were handled identically as
described above for time point collections, after which we transferred a 2-mL aliquot of
concentrated cells to a 12-well plate. We treated the concentrated cells with 0.1% Lugol’s iodine
solution as a fixative, and then counted cells with a Benchtop B3 Series FlowCAM® cytometer
(Fluid Imaging Technologies).

RNA extraction and library preparation.

To reduce potential batch effects, numbered samples were randomized using the
‘sample’ function in R v 4.05 prior to RNA extraction and library construction. RNA was
extracted with an RNeasy Plant Mini Kit (QIAGEN, Netherlands) according to the
manufacturer’s instructions and quantified with a Qubit 2.0 Fluorometer (Invitrogen, USA). RNA
guality was assessed using an Agilent Technologies 2200 TapeStation (Agilent Technologies,
USA). RNA concentrations and RNA integrity number (RIN) values can be found in Table S1. All
samples had a RIN > 6. We constructed dual-indexed RNA libraries with the KAPA mRNA
HyperPrep kit (KAPA Biosystems, USA), using half reaction volumes according to
manufacturer’s instructions (a detailed protocol can be found on protocols.io under DOI:
dx.doi.org/10.17504/protocols.io.uueewte). Libraries were synthesized using at least 150 ng
total RNA, fragmentation time was optimized to generate 300-400-nt fragments, and libraries
were amplified with 10 PCR cycles. Libraries were multiplexed and sequenced on a single lane
of an lllumina HiSeq 4000 (2 x 100 bp paired-end reads) at the University of Chicago Genomics
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Facility. Additional details related to RNA and library quantity and/or quality are available in
Table S1.

RNA sequencing analysis.

Quality of the raw reads was examined using FastQC v0.11.5 (Andrews, 2010). Low-
guality reads were removed and adapter sequences trimmed (KAPA v3 dual indices) using
kTrim v1.1.0 (Sun, 2020) with the following settings ‘-t 15 -p 33 -q 20 -s 36 -m 0.5’. Reads were
mapped to the reference genome of C. cryptica (Roberts et al., 2020) using STAR v2.7.3a with
settings ‘--alignintronMin 1 --alignintronMax 22618’ to account for the size distribution of
annotated introns (Dobin & Gingeras, 2015). Mapping statistics are available in Table S1. Gene-
level counts were quantified from uniquely mapped reads with HTSeq v0.11.3 in union mode
(Anders et al., 2014), and can be found in Table S2.

Trimmed mean of M-values (TMM) normalization and differential expression analysis
were conducted using the Bioconductor package edgeR v3.30.3 (Robinson et al., 2010). Only
genes with at least one read count per million (CPM) in at least three samples were included in
the analysis. Differential expression was performed in edgeR using the quasi-likelihood (QL)
model (gImQLFit) with a group-model design that included each replicate timepoint combination
and a Benjamini-Hochberg false discovery rate (FDR)-adjusted p-value cutoff of 5% (Lund et al.,
2012). Each time point was compared to the control (0 min ASW 0 treatment). To take into
account testing of multiple hypotheses for each gene across each comparison (i.e., significant
differential expression across multiple time points), we used stageR v1.14.0, which allowed us
to control the gene-level FDR across all contrasts with a 5 % cutoff (Heller et al., 2009; Van den
Berge et al., 2017).

We compared previously published RNA-seq data from C. cryptica CCMP332 after long-
term acclimation (120 days) to ASW 0 (Nakov et al., 2020). However, rather than having
independent replicates of the same strain, the unit of replication by Nakov et al. 2020 included
four different strains of C. cryptica which were all sampled once. Consequently, the Nakov et al.
2020 dataset included only one sample for C. cryptica strain CCMP332. To accommodate this,
we followed recommendations by Robinson et al. 2010 for unreplicated data and used the
edgeR exactTest function with an assigned dispersion of 0.16 to identify genes with differential
expression when contrasting an unstressed control in ASW 24 versus the long-term (120 days)
acclimated growth in ASW 0 measured by Nakov et al. 2020. To further compensate for the lack
of replication, we restricted our analyses to genes with = 1 log.-fold change. The outputs from
differential expression analysis can be found in Table S3.

Global similarity of gene expression patterns for our dataset at each time point was
assessed with metric multidimensional scaling of logCPM for the top 500 genes with largest
standard deviations across samples (time points and replicates), using limma's plotMDS
function (Ritchie et al., 2015) (Figure S1). Hierarchical clustering was performed with Cluster
v3.0 (Eisen et al., 1998) using uncentered Pearson’s correlation as the similarity metric and
centroid linkage. Gene ontology (GO) enrichment analyses were conducted using the elim
algorithm and Fisher’s exact test implemented in TopGO v2.36.0 (Alexa & Rahnenfuhrer, 2022),
with Bonferroni-corrected p-values < 0.05 considered significant.

Functional gene annotations were based primarily on the published annotation of the
reference genome (Roberts et al., 2020) but were augmented in some cases with NCBI-
BLASTP (Altschul et al., 1990) and searches against the Swissprot and Uniprot databases with
an e-value cutoff 1e-6. KEGG pathway annotations were obtained from the KofamKOALA web
server on 2020-09-17 (Aramaki et al., 2020). Related GO terms were condensed using the
online server REVIGO (Supek et al., 2011) based on a 0.5 similarity threshold using the SimRel
algorithm. All code used in this manuscript are provided as Markdown files (Appendices S1 and
S2).


https://paperpile.com/c/2x1FzH/p9VR2
https://paperpile.com/c/2x1FzH/CagxZ
https://paperpile.com/c/2x1FzH/CagxZ
https://doi.org/10.1101/2022.06.24.497401
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.24.497401,; this version posted June 24, 2022. The copyright holder for this preprint
(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
available under aCC-BY-NC 4.0 International license.

Results

Hypoosmotic stress causes transcriptional remodeling in C. cryptica that parallels
transient growth arrest and acclimation.

To understand the physiological and transcriptomic effects of acute hypoosmotic shock,
we transferred C. cryptica strain CCMP332 from its native, brackish salinity (ASW 24) into
freshwater (ASW 0), mimicking a dispersal event or rapid environmental fluctuation. Following
the exposure to freshwater, we measured cell division in the first hours and up to 7 days, and
used RNA-seq to characterize patterns of gene expression across 7 timepoints within the first
10 hours. Growth was temporarily halted in the 4 hours immediately following freshwater
exposure (Figure 1). Transient arrest of the cell cycle during stress is common in eukaryotes
(Nitta et al., 1997; Seaton & Krishnan, 2016; Skirycz et al., 2011; West et al., 2004), and is likely
important for redirecting cellular resources away from growth and towards induction of stress
defense genes (Ho et al., 2018). Consistent with this hypothesis, maximal changes in gene
expression also peaked during this period of arrested growth (Figure 2). Once growth resumed,
C. cryptica showed a reduced growth rate in freshwater over the course of 7 days compared to
the ASW 24 brackish water control (doubling time of 147 hours in ASW 0 versus 86 hours in
ASW 24, Figure 1). This is consistent with our previous observation of a reduced growth rate for
long-term (120-day) freshwater acclimated C. cryptica CCMP332 compared to growth in the
brackish (ASW 24) control (Nakov et al., 2020).

Transcriptional profiling revealed a substantial remodeling of global gene expression
during acute hypoosmotic stress. Of the 21,250 predicted genes in the C. cryptica genome,
12,939 (61%) were expressed under the conditions of the experiment (defined as counts per
million > 1 in at least 3 samples). Among these expressed genes, 10,566 (82%) were
differentially expressed in at least one time point compared to the unstressed control (FDR <
0.05). This corresponds to roughly half of all genes in the genome, highlighting the profound
effects of hypoosmotic stress on the ability of C. cryptica to maintain homeostasis. A large
fraction (31%) of differentially expressed genes were induced or repressed less than 1.5-fold,
which we interpret as hypoosmotic stress causing subtle, yet reproducible, downstream effects
on many aspects of C. cryptica physiology. For example, at 60 minutes there was slight
upregulation of genes encoding proteins involved in redox functions and regulation of potassium
channels, and a slight downregulation of many genes associated with macromolecule
localization and metal ion transport (Table S5).

With the rationale that the genes most critical to the hypoosmotic response should have
consistent patterns of differential expression across time, we narrowed our focus to genes with
significant differential expression in the same direction for at least 2 consecutive time points. A
total of 4,298 genes met this criterion and were included in the downstream analyses. The
largest numbers of differentially expressed genes, and the largest magnitude of expression
changes, occurred at the 30- and 60-minute time points (Figure 2a), indicating that the peak of
the transcriptional response occurred within this time frame. An MDS plot comparing the overall
similarity of expression profiles at each time point showed that the 30- and 60-minute samples
were the most dissimilar to the control (Figure S1). Genes encompassing the peak response
gradually returned to near baseline levels by 4-10 hours (Figure 2b and Figure S1). Notably,
that 4-10 hour time period coincided with the resumption of growth (Figure 1 and Figure 2b),
suggesting that the short-term acute transcriptional response to hyposaline stress potentiates
growth acclimation (see Discussion).
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Key differences in the genes and processes that comprise the “peak” and “late” phases
of the acute hypoosmotic stress response.

Next, we sought to understand the major biological processes that were differentially
regulated in response to hyposalinity stress. The 60-minute time point had the largest number of
genes (1,480) with the greatest magnitude of expression change, suggesting that this time point
best captured the peak of the response. These peak response genes largely returned to their
pre-stress levels of expression by 8 hours (Figure 3a). Genes significantly induced at least 2-
fold at 60 minutes were enriched for upregulation of photosynthetic processes, indicators of
oxidative stress, and transcriptional regulation (Figure 3c, Table S7). In contrast, genes
significantly repressed at least 2-fold at 60 minutes were enriched for ribosome biogenesis,
transcriptional regulation, translational initiation, protein modification and localization, and ATP
metabolism (Figure 3c, Table S7). Repression of genes related to protein synthesis and growth
is common in eukaryotic stress responses (Gasch et al., 2000; Mayer et al., 2005), and is likely
important for redirecting translational capacity towards induced stress-defense transcripts (Ho et
al., 2018; M. V. Lee et al., 2011).

We were interested in understanding whether late-responding genes had different
characteristics compared to peak-response genes. In contrast to the 1,480 genes with maximal
expression changes at 60 minutes, only 200 genes experienced their maximal expression
change at the 10 hour mark (Figure 3b). There was relatively little shared functional enrichment
between genes with maximal expression at 60 minutes versus 10 hours, with only “ribosome
biogenesis” and “iron ion binding” shared between the two (Figure 3d). This low level of
functional overlap was driven by a majority (~80%) of the genes with maximal expression at 60
minutes returning to nearly pre-stress expression levels by 10 hours (Figure 3a). Intriguingly,
genes with maximal expression changes at 10 hours had, on average, opposite expression
patterns at 60 minutes (Figure 3a, b). The genes upregulated at 10 hours were functionally
enriched for ribosome biogenesis, carbon fixation, and general regulation of metabolism—with
ribosome biogenesis being notably repressed at 60 minutes (Figure 3d, Table S7). Likewise, the
genes repressed at 10 hours were functionally enriched for peptide transport and oxidative
stress—again, oxidative stress defense genes are induced at 60 minutes. One possible
explanation for the discordant direction of gene expression changes between the 60-minute and
10-hour time points is that a subset of genes that respond mildly to acute stress are important
for the early stages of acclimation. For example, the timing of de-repression of ribosome
biogenesis genes, which are required for cell growth, just precedes growth resumption.

Groups of functionally-related genes show distinct expression sub-dynamics during
hypoosmotic stress.

While the overall peak of the hypoosmotic stress response occurred approximately 60
minutes after introduction into freshwater, hierarchical clustering revealed groups of genes with
distinct sub-dynamics that deviated from the behavior of peak response genes. We collapsed
the expression dendrogram into 10 clusters based on their distinct expression profiles (Figure
2b, ¢). Notably, the expression patterns of five of these clusters (2, 4, 5, and 8) showed short-
term changes across the early time points followed by acclimated gene expression patterns
(i.e., areturn to near baseline), that we hypothesize are related to the short-term growth arrest
that occurred during the first four hours of hypoosmotic shock (Figure 1). We also found that
distinct clusters with similar expression patterns often shared functional enrichments (Figure 2c,
d). For example, clusters enriched for ‘ion transporter activity’ and ‘oxidoreductase activity’
(Figure 2c, d; Clusters 2, 4, and 6) were generally induced between 30—-60 minutes then
downregulated from 2 hours onward. Conversely, clusters enriched for genes involved in
transcription, translation, and ribosome biogenesis (Figure 2c, d; Clusters 1 and 5) were
repressed between 15-60 minutes, followed either by a return to baseline expression (Cluster
5) or upregulation (Cluster 1) between 2—10 hours. Cluster 8, enriched for genes involved in
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energy production (Krebs cycle and ATP synthesis-coupled proton transport), showed similar
dynamics to the “translation-related” Clusters 1 and 5, suggesting that these processes may be
coordinately regulated during hypoosmotic stress.

Although the majority of genes fell into clusters where expression changes peaked within
30-60 minutes, four clusters had unique expression patterns. Cluster 3 showed constant
upregulation, and was enriched for both positive and negative regulation of transcription, and
defense against oxidative stress. In contrast, Cluster 7 showed continuous downregulation at all
time points and was enriched for processes related to macromolecule trafficking and negative
regulation of cell division and DNA replication. Finally, clusters with the smallest gene
membership (Clusters 9 and 10) showed either delayed repression (Cluster 9) or delayed
induction (Cluster 10). Annotated genes in cluster 9 were enriched for genes associated with
chitin metabolism, while the few known genes in cluster 10 were enriched for photosynthesis-
related processes and ribonuclease Il activity. Clusters 9 and 10 also had a high proportion of
uncharacterized genes (25% and 50%, respectively), so the biological implications of these “late
responding” clusters are not completely clear.

Stress defense genes induced by hypoosmotic stress.

To understand how C. cryptica maintains homeostasis during acute hypoosmotic shock,
we analyzed the expression of genes known to play a role in stress defense in other species.
Hypoosmotic shock initially causes an influx of water and efflux of ions and other osmolytes, so
we examined how genes that encode channels and transporters responded throughout the time
course. None of the genes encoding aquaporin water channels were significantly differentially
expressed at two time points, though one was strongly induced at 30 min (Figure S2). A total of
15 K* channels and pumps were upregulated at intermittent periods throughout the experiment,
as were 17 Na* exchangers and pumps. These transporters were primarily grouped into
Clusters 2 and 5, which display contrasting expression patterns. This may indicate that the
genes required to maintain the ion gradient changed over time. In addition to transmembrane
transporters in the cell membrane, two chloroplastic K* efflux pumps were upregulated.
Hypoosmotic stress also triggered upregulation of a mechanosensitive anion transporter in the
plasma membrane during 30 minutes to 3 hours, potentially due to cell sensing of increased
osmotic pressure. Outside of the subset of genes differentially expressed at two consecutive
time points, an additional 66 K* and Na* transporters were differentially expressed at only one
time point, with no consistent pattern of when differential expression occurred and with a
roughly equal distribution of up- and downregulation.

Cells can respond to increased turgor pressure from hypoosmotic stress by regulating
intracellular osmolyte concentrations. Diatoms achieve osmotic balance by modulating
concentrations of low-molecular weight osmolytes including dimethylsulfoniopropionate (DMSP),
taurine, glycine-betaine, and proline (Boyd & Gradmann, 2002; Tevatia et al., 2015). Several
essential steps in proline biosynthesis were downregulated (Figure S2), suggesting that
stressed cells decreased the intracellular concentration of this key osmolyte. For taurine, two
genes involved in its degradation were repressed at various time points, suggesting that
cytosolic taurine levels may actually be increasing during acute hypoosmotic stress in C.
cryptica (Figure S2). There was no transcriptional evidence that cells adjusted the
concentrations of other osmolytes within the 10 hours following freshwater exposure. For DMSP
and glycine-betaine biosynthesis, neither of the two methyltransferases critical for their
biosynthesis were differentially expressed (Table S3).

In addition to genes directly involved in maintaining osmotic balance, other classes of
stress defense genes were also differentially expressed during the time course. This includes a
number of genes involved in scavenging reactive oxygen species (ROS). Out of 11 probable
thioredoxins, two were upregulated at different time points (Figure 2c; clusters 1 and 2, Figure
S3), while one was downregulated for the duration of the experiment. We also identified five
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differentially expressed chloroplastic peroxiredoxins, with four upregulated at different time
points and one strongly downregulated at all time points. Several ROS scavengers were
upregulated around the peak period of the hypoosmaotic stress response (30—60 minutes): two
superoxide dismutases, one catalase, and one L-ascorbate peroxidase (Figure S3). A total of 15
of 28 putative heat shock protein (HSP) chaperones were differentially expressed, with the
majority of these (12/15) downregulated at the peak period of the stress response, and
becoming slightly upregulated or returning to baseline levels by 4 hours. The remaining three
HSP chaperones showed the opposite pattern, being upregulated from 30-60 minutes and
returning to baseline levels or becoming slightly repressed by 4 hours (Figure S5).

Expression dynamics of metabolic pathways during hyposaline stress.

In addition to “classic” stress defense genes, hypoosmotic stress resulted in substantial
transcriptional remodeling of numerous other metabolic genes in C. cryptica. Below, we
summarize the effects on the main metabolic pathways.

Krebs cycle. One of the two copies of the gene that encodes citrate synthase, which
catalyzes the first step of the Krebs cycle, was slightly upregulated for the duration of the time
course (Figure 4, Figure S4). However, the enzymes responsible for catalyzing the next steps
were either not differentially expressed or were mildly downregulated for the first 2 hours
followed by recovery to approximately unstressed levels by 4-8 hours.

Photosynthesis and carbon fixation. A total of 14 out of 24 genes associated with
chlorophyll production, including three magnesium chelatase subunits that initiate chlorophyll
biosynthesis (Papenbrock et al., 2000),, were upregulated at 30-60 minutes (Table S9).
Additionally, 21 of the 26 genes that encode binding proteins for light-harvesting pigments were
upregulated during this time period. Xanthophyll cycle genes coding for zeaxanthin and
violaxanthin de-epoxidase were upregulated at 30—60 minutes and 30 minutes—4 hours,
respectively. In contrast, genes associated with light-independent reactions of the Calvin cycle
were either downregulated or not differentially expressed during the peak stress response. Most
returned to baseline expression levels or became slightly upregulated at 4 hours. However, the
gene necessary for the two-step conversion of glyceraldehyde-3-phosphate to fructose-6-
phosphate, a key intermediate for both glycolysis and chitin biosynthesis, was upregulated
during the peak response.

Glycolysis and gluconeogenesis. Generally, the genes repressed at 60 minutes were
enriched for glycolysis and gluconeogenesis (Figure 3b). However, there were notable
exceptions, including a number of paralogous genes in the pathway showing induction (Figure
4a). Thus, to better understand whether flux through glycolysis and gluconeogenesis is being
regulated during hypoosmotic stress, we examined the rate-limiting and irreversible steps of
each pathway. For glycolysis, the gene encoding phosphofructokinase-1 was not differentially
expressed at either 60 minutes or 10 hours. The gene encoding pyruvate kinase, which is
responsible for the last step in glycolysis, was repressed at 60 minutes, before recovering and
ultimately becoming induced at 10 hours. For gluconeogenesis, at 60 minutes one paralog
encoding the dedicated enzyme fructose 1,6-bisphosphatase was moderately repressed, while
the other paralog was strongly induced. Paralogs encoding fructose-bisphosphate aldolase, the
enzyme responsible for the gene directly before fructose 1,6-bisphosphatase, showed the same
pattern of up- and downregulation. Differential expression of the genes encoding fructose 1,6-
bisphosphatase and fructose-bisphosphate aldolase could be due to their shared role in the
Calvin cycle, though no other Calvin cycle genes showed similar expression patterns. Instead,
we predict that the accumulation of fructose-6-phosphate increases flux towards chitin
biosynthesis (see below).
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Chitin biosynthesis. The enrichments of (i) carbohydrate metabolic processes and
carbohydrate binding at 60 minutes, (ii) carbohydrate binding at 10 hours (Figure 3b, d), and (jii)
carbohydrate metabolism and chitin binding in the “delayed repression” Cluster 9 (Figure 2d) all
highlight chitin biosynthesis as an important part of the response to hypoosmotic stress. The
entire pathway is reversible and initiated by the breakdown of fructose-6-phosphate molecules
into glucosamine by glutamine-fructose-6-phosphate transaminase (Figure 4) (Traller et al.,
2016). Genes involved in chitin metabolism were largely upregulated at 60 minutes, as well as
the gene responsible for its conversion into the more fibrous chitosan molecule (Figure 4a).
Notably, all four paralogs for chitin synthase were strongly upregulated at 30 minutes (Figure
S4). Given these expression patterns, combined with the predicted accumulation of the key
intermediate fructose-6-phosphate, it is likely that chitin biosynthesis is being favored over
degradation. We hypothesize that increased chitin and chitosan production might be important
for cell wall remodeling during acute hypoosmotic stress (see Discussion).

The gene expression response to acute hypoosmotic stress is distinct compared to long-
term acclimation to low salinity.

To understand whether the genes that were important for the acute hyposaline response
were also important for long-term acclimation, we re-analyzed previously published RNA-seq
data for the same C. cryptica CCMP332 strain that had been grown in freshwater for 120 days
(Nakov et al., 2020). Of the 1,220 genes in the post-acclimation dataset that were significantly
differentially expressed at least 2-fold, only 259 of them were also differentially expressed at any
time point in the short-term stress experiment, representing a greater than 2.3-fold under-
enrichment (P < 4.9 x 10, Fisher’s exact test). Although there was significant overlap between
genes differentially expressed at the peak 60-minute time point and post-acclimated cells, the
effect was small (1.03-fold enrichment, P < 1.1 x 10°). Moreover, the majority of those genes
showed opposing directions of differential expression in the acute versus acclimated responses.
There was also little overlap between the genes responding to hypoosmotic stress at 10 hours
compared to those at 120 days, with just 80 of 1,431 differential expressed genes at 10 hours
overlapping with the 1,220 differential expressed genes at 120 days. Again, the majority of
these had opposing expression directions at 10 hours compared to acclimated cells at 120
days. For example, many genes involved in photosynthesis transitioned from being repressed
during the acute response to upregulated in fully acclimated cells. Among the few genes with
similar expression patterns during the acute and acclimated responses, the majority were genes
with unknown function.

Although we observed little overlap in the identity of genes that were differentially
expressed during both the acute (0—10 hours) and acclimated (120 days) responses, it was still
possible that the same functional groups were expressed at both timescales. Enrichment
analysis showed no overlap in GO terms for genes involved in the acute versus acclimated
response. In acclimated cells at 120 days, phosphorelay signal transduction was generally
repressed, including several strongly repressed genes involved in histidine kinase pathways.
Histidine kinases are used by both prokaryotes and eukaryotes as environmental sensors
(Abriata et al., 2017), so downregulating these pathways may be a common characteristic of
acclimated cells. In contrast, genes involved in DNA replication, DNA methylation, and mRNA
splicing were all upregulated in post-acclimated cells, which may reflect post-acclimation
differences in regulation of cell division (Table S3). Despite the caveat that enrichment analysis
on the long-term acclimation data may be underpowered due to the absence of replicates, the
complete lack of overlap combined with the novel enrichments for the long-term dataset are
striking. Overall, this comparison suggests that the genes and processes necessary for the
acute hypoosmotic stress response and long-term acclimation to freshwater are largely distinct.
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Discussion

The overall goal of this study was to understand how a euryhaline diatom responds to
the stress of being immediately immersed in freshwater, a treatment that simulates a dispersal
event or a rapid environmental fluctuation. The effects on the transcriptome were rapid and
dramatic—more than 21% of the genes in the genome were differentially expressed within 60
minutes (Figure 2a), and over half of the genes were differentially expressed for at least one
time point. The types of genes most impacted by hypoosmotic stress provide new insights into
how diatoms maintain homeostasis during an abrupt salinity shift, which has implications for
understanding how diatoms have repeatedly diversified into freshwaters and, more pressingly,
how they will respond to changes in ocean salinity that are predicted to occur in response to
climate change.

During acute hypoosmotic stress, cells face an influx of water and increased turgor
pressure that risks rupturing the cell membrane, as well as an efflux of ions and other osmolytes
that play important roles in cellular metabolism. In such situations, water channels (aquaporins)
allow for rapid diffusion of water and sometimes other small molecules such as glycerol (Jahn et
al., 2004; Matsui et al., 2018; S. D. Tyerman et al., 2002). Because aquaporins are known to
play an important role in osmoadaptation (Tanghe et al., 2006), we examined genes encoding
aquaporins for differential expression. Though none were significantly differentially expressed at
two consecutive time points, one was strongly induced at 30 minutes (Figure S2). This was
somewhat counter-intuitive, as high aquaporin expression is associated with increased water
influx and potential cell lysis during hypoosmotic stress (Booth & Louis, 1999; Calamita, 2000).
However, induction of an aquaporin during hypoosmotic stress was also identified recently in
another diatom species (Pinseel et al., 2022), and aquaporins may have important roles beyond
water transport including being involved in signal transduction via osmosensing (Stephen D.
Tyerman et al., 2021; S. D. Tyerman et al., 2002).

Cells can also mitigate the effects of water influx by adjusting the concentrations of
internal osmolytes to restore osmotic balance. We identified two upregulated chloroplastic K*
efflux pumps, which may help maintain K* concentrations in the chloroplast to maintain proper
turgor pressure and photosynthetic efficiency (Kunz et al., 2014; Sheng et al., 2014). Increased
osmotic pressure within the cell also triggered the upregulation of a mechanosensitive anion
transporter in the plasma membrane during 30 minutes to 3 hours. However, the most striking
change in expression occurred for cell membrane ion transporters. We identified 17 induced
Na* exchangers and pumps and 15 induced K* channels, suggesting the cell exports Na*and
H* ions and imports K* to maintain ion homeostasis (Table S3). An additional 66 K™ or Na*
transporter genes were differentially expressed at only a single time point, which may indicate
that genes required to maintain ion homeostasis change throughout the hypoosmaotic response.
Maintaining optimal intracellular ion levels while acclimating to acute hypoosmotic stress is a
major cellular challenge, which C. cryptica responds to with a finely-tuned response reflected
through the complicated regulation of these myriad transporters throughout the time course.
Notably, many channels involved in homeostasis during osmotic stress are mechanosensitive
(Kirst, 1990; Kung et al., 2010), so the cell was likely tuning not only expression levels, but also
post-translational regulation of these transporters to restore internal ion homeostasis following
the initial shock.

Examination of genes involved in osmolyte homoeostasis revealed key differences
between the acute response to hypoosmotic stress (this study) versus months-long acclimation
(Nakov et al., 2020). Glycine-betaine, taurine, and DMSP were all identified as likely important
osmolytes for long-term acclimation to freshwater in C. cryptica, but we found evidence for
different patterns of osmolyte modulation during the short-term acute response. For long-term
acclimation, levels of taurine were predicted to decrease, while our short-term data showed that
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taurine degradation genes are repressed, which would increase taurine levels in the cell.
Additionally, unlike for long-term acclimation to freshwater, we found no evidence for differential
expression of genes involved in DMSP and glycine-betaine metabolism, suggesting their levels
do not change during the acute response. In contrast to gene expression levels in C. cryptica
following acclimation, genes involved in proline metabolism were the only ones differentially
regulated during acute freshwater stress. The gene encoding the rate-limiting step of proline
biosynthesis (delta-1-pyrroline-5-carboxylate synthetase) was strongly repressed at 30—60
minutes. A similar pattern of repression was also seen for proline iminopeptidase, an enzyme
that breaks down proline-containing peptides into the amino acid constituents (Figure S2).
Based on previous carbon-labeling experiments (M. S. Liu & Hellebust, 1974; Ming Sai Liu &
Hellebust, 1976), remaining “free” proline is likely being incorporated into proteins during acute
hypoosmotic stress, rather than being excreted. Because proline is thought to be the main
diatom osmolyte that changes in abundance during osmotic shock (Kirst, 1990; Krell et al.,
2007), it was surprising at the time to find no changes in proline metabolic gene expression
during long-term acclimation (Nakov et al., 2020). Our data suggests that a decrease in proline
levels is only critical for the acute phase of the response, which sheds important light on this
discrepancy in the literature and underscores the importance of considering different timescales
for highly dynamic responses. Taken together, our analysis indicates that the osmolytes
necessary during acute hypoosmotic stress are likely different from the ones that are important
for long-term acclimation.

The hypoosmotic stress response of C. cryptica shared features of “general”
environmental stress responses seen in other eukaryotes (Gasch et al., 2000; Mager & De
Kruijff, 1995), including repression of genes involved in cell growth (e.g., ribosome biogenesis
and RNA metabolism) and induction of genes canonically involved in stress defense such as
ROS scavengers and HSP chaperones. Like other prokaryotic and eukaryotic microbes (Rojas
et al., 2017; Sharfstein et al., 2007; Warner, 1999), diatoms halt cell division in the early stages
of osmotic shock until ionic and osmotic equilibria are restored. Under such conditions, energy
is likely redirected to cellular processes essential for acute stress management, rather than
energetically expensive processes related to cell growth such as ribosome biogenesis (Albert et
al., 2019). In yeast, transcriptional repression during stress appears important for redirecting
translational capacity towards induced mRNAs, thereby accelerating production of induced
proteins (Ho et al., 2018). Repression of ribosomal transcripts parallels transient growth arrest
during stress, and the lack of concomitant ribosomal pro tein repression suggests that the
steady-state level of ribosomes per cell remains similar (Ho et al., 2018; M. V. Lee et al., 2011).
Ribosomal transcript repression has also been hypothesized as a mechanism for maintaining
proteostasis while cells adapt to the stressful environment and express stress defense genes
(Albert et al., 2019). We also observed a similar downregulation of transcripts for metabolic
genes including the Krebs cycle, Calvin cycle, and glycolysis. Because transient growth arrest
during stress in yeast leads to a poor correlation between mRNA repression and protein
repression (M. V. Lee et al., 2011; Storey et al., 2020), caution is warranted when interpreting
mMRNA downregulation in the absence of proteomics.

Acute hypoosmotic stress resulted in the induction of many oxidative stress response
genes, suggesting that hypoosmotic stress may increase ROS levels. In addition to increased
induction of genes encoding direct ROS scavengers (i.e., superoxide dismutase, ascorbate
peroxidase, and catalase), other oxidative stress response genes were also induced. Many
genes that encode light-harvesting pigment-binding proteins were upregulated throughout the
time course, and these proteins are known to mitigate oxidative stress in addition to their roles
in photosynthesis (Latowski et al., 2011). We also observed upregulation of genes that are
expected to increase the concentration of xanthophyll pigments in the cell. These pigments not
only function as accessory light-harvesting pigments, but also protect the cell from photo-
oxidative damage (Latowski et al., 2011). Polyamine biosynthetic genes were also induced, and
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polyamines are known to protect against oxidative damage of DNA (Ha et al., 1998). While
there is precedent for hypoosmotic stress causing secondary ROS accumulation (Lyon et al.,
2016), it is also possible that hypoosmotic stress in C. cryptica triggers a general stress
response. In that case, induction of oxidative stress defense genes during hypoosmotic stress
may reflect shared upstream signaling networks and not hypoosmotic stress causing oxidative
stress per se. An open guestion in diatom stress biology is whether different species possess a
common, generalized stress response, or whether individual stresses all lead to unique, specific
responses. General stress responses are hypothesized to play a role in cross-stress protection
(Berry & Gasch, 2008; McDaniel et al., 2018; Rangel, 2011). Future studies should examine the
transcriptomic response of C. cryptica under different stress conditions, and whether
hypoosmotic stress cross protects against other stressors such as elevated temperature or light.

Another striking feature of the hypoosmotic response was the regulation of many genes
related to metabolism, and in particular chitin biosynthesis (Figure 4, Table S9). Chitin is a long-
chain polysaccharide notable for playing an analogous role to plant cellulose as the major
component of fungal cell walls. Chitin is also found in the cell membrane in a number of different
eukaryotic lineages, where it supports skeletal and cell wall structures (Durkin et al., 2009).
Cyclotella species, including C. cryptica, produce B-chitin, which is extruded as long crystalin
threads from the specialized pores around the margin of the cell (LeDuff & Rorrer, 2019;
McLachlan & Craigie, 1966). Initially, it was thought Thalassiosirales (which includes Cyclotella)
was the only diatom lineage capable of producing chitin (McLachlan & Craigie, 1966), but chitin
synthases were subsequently identified in the genome of a distantly related diatom,
Phaeodactylum tricornutum (Kroth et al., 2008). In Cyclotella nana, chitin synthases are
upregulated in response to different abiotic stressors that trigger elongated cell wall morphology
(Davis et al., 2005; Mock et al., 2008). Increased chitin production could strengthen the cell wall
in response to increased intracellular turgor pressure. Extracellular chitin threads also promote
increased buoyancy in the water column (Chiriboga N & Rorrer, 2017; Morin et al., 1986). This
might help diatoms optimize environmental light and temperature conditions (Boyd &
Gradmann, 2002; Angela Falciatore & Bowler, 2002; A. Falciatore et al., 2000), so one
hypothesis is that diatoms also regulate buoyancy in response to salinity stress. Future studies
on the role of chitin in diatom salinity responses are clearly warranted.

Notably, two-thirds of 21,250 thousand predicted genes in the C. cryptica genome have
no GO annotation, and a large fraction of those were differentially expressed in at least one time
point (48%) or at least two consecutive time points (12%). These latter genes in particular likely
reflect important, but not yet annotated, processes that play important roles in the response to
hypoosmotic stress by diatoms. Understanding the function of uncharacterized genes is clearly
a great remaining challenge for diatom biology.

The dynamics of the transcriptional response, combined with growth analysis and
comparison to long-term acclimation, allows a better understanding of how transcriptional
remodeling unfolds as marine- or brackish-water diatoms acclimate to freshwater. Notably, the
majority of genes with peak differential expression in the early minutes and hours following
freshwater exposure returned to baseline levels within 10 hours, coinciding with recovery of
growth and the initial stages of freshwater acclimation. The growth rate of the newly acclimated
cells was nevertheless lower than that of cells growing in the brackish control, and would likely
extend for months if not in perpetuity (Nakov et al., 2020). Stress response studies in diatoms
have covered a broad range of timescales (Borowitzka, 2018), with some studies solely looking
at short term responses (minutes to hours) while others examine long-term responses in the
range of days to weeks (Branco et al., 2010; Cheng et al., 2014; Krell et al., 2008; Krell et al.,
2007; Nymark et al., 2013; Rijstenbil et al., 1989; Smith et al., 2016; Wang & Wang, 2008).
Comparison of the acute expression response to hypoosmotic stress in this study to that of
months-long freshwater acclimated cells from Nakov et al. 2020 revealed a striking lack of
overlap, suggesting that short-term and long-term stress acclimated responses are largely
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distinct. This analysis also raises questions about what is happening at the gene expression
level between 10 hours and 120 days, and further studies on genomic remodeling during
medium- to long-term acclimation are clearly warranted. Nonetheless, our analyses strongly
imply that the genes necessary for acute stress survival and tolerance during the early stages of
growth acclimation are distinct from the genes necessary for long-term, stable growth. This
study highlights how more finely resolved time courses improve our power to identify the genes
important for an environmental response, while providing critical information about the
processes important at different stages of acclimation.
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FIGURE 1. Hypoosmotic shock causes transient growth arrest in C. cryptica followed by
acclimation to areduced growth rate. Cell counts were obtained for C. cryptica transferred to
freshwater (ASW 0) compared to its native brackish water control (ASW 24) over a 7-day time
period. Error bars denote the standard deviation of biological triplicates. The inset image is a
scanning electron micrograph of C. cryptica strain CCMP332 (cell diameter = 10 um). Raw
count data is available in Table S4.
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FIGURE 2. Substantial and dynamic remodeling of the C. cryptica transcriptome during
hypoosmotic stress. (a) Total number of significant differentially expressed genes (DEGSs) that
respond to hypoosmotic stress at each time point relative to the control. (b) Heat map depicting
hierarchical clustering of log> fold changes of 4,298 genes that were differentially expressed at
two or more consecutive time points. Each row represents a gene, and each column represents
a time point following exposure to hypoosmotic stress. Purple indicates induced genes and
green indicates repressed genes in response to hypoosmotic stress, according to the key. (c)
Mean log; fold changes for 10 clusters (panel b), organized from top to bottom according to the
vertical color key next to the heat-map dendrogram (panel b). Error bars represent the 95%
confidence interval for all genes within a cluster. (d) Enriched functional groups for each cluster
(Bonferroni-corrected P < 0.01). Superscripts denote biological process (BP) or molecular
function (MF) GO categories. Full GO annotations for each cluster can be found in Table S6.
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FIGURE 3. Distinct cellular processes are regulated during the peak versus late acute
hypoosmotic response. (a) Box and whisker plots of significantly differentially expressed
genes with the highest magnitude of change at 60 minutes (1,480 genes) versus (b) 10 hours
(200 genes). Boxes represent the median and interquartile ranges, the notches bracketing the
median represent the 95% confidence intervals, and the whiskers represent 1.5 times the
interquartile range. Genes induced at either 60 minutes (panel a) or 10 hours (panel b) are
purple, while repressed genes at the relevant time-point comparisons are green. (c and d)
Functional enrichments for genes with = 2-fold induction or repression at 60 minutes (c), or 10
hours (d). Symbols denote major cellular processes associated with each GO term. Full GO
annotations for the 60-minute and 10-hour time points can be found in Table S7.
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FIGURE 4. Hypoosmotic stress affects the expression of genes involved in major
metabolic pathways. Each colored square denotes the expression of a single differentially
expressed gene at (a) 60 minutes and (b) 10 hours, with purple indicating upregulation and
green downregulation according to the key. Enzymatic steps encoded by multiple paralogs are
indicated by the presence of multiple boxes (e.qg., there are two paralogs for EC 5.3.1.9
responsible for the first step in glycolysis). Dotted lines circumscribe pathways with different
organellar compartmentalization, and genes that participate in multiple pathways are separately
color coded (e.g., EC 3.1.3.11 for both the Calvin cycle and gluconeogenesis).
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FIGURE 5. The genes differentially expressed during long-term acclimation of C. cryptica
to freshwater are distinct from those that respond during acute hypoosmotic stress. The
line graph depicts the expression pattern during our short-term transcriptional profiling for genes
that we identified as differentially expressed = 2-fold following months-long acclimation using
data from Nakov et al. 2020. Box and whisker plots show the expression of those genes at four
months, with boxes representing the median and interquartile ranges, notches bracketing the
median representing the 95% confidence intervals, and the whiskers representing 1.5 times the
interquartile range. Outliers are shown with dots horizontally jittered for legibility. GO
annotations for differentially expressed genes at 4 months (120 days) can be found in Table S8.

18


https://doi.org/10.1101/2022.06.24.497401
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.24.497401,; this version posted June 24, 2022. The copyright holder for this preprint
(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
available under aCC-BY-NC 4.0 International license.

Supplemental Information

Contents:

Appendices:

Appendix S1. HTML Markdown file for code used in this manuscript

Appendix S2. Rmd Markdown file for code used in this manuscript

Tables:

Table S1. RNA and lllumina library quantity, quality, and mapping statistics
Table S2. HTseq output

Table S3. edgeR output

Table S4. Cell counts from Figure 1

Table S5. GO enrichments for the 1-hour time point (1.5-fold cutoff)

Table S6. GO enrichments for Figure 2

Table S7. GO enrichments for Figure 3

Table S8. GO enrichments for Figure 5

Table S9. GO enrichments for significant DEGs at each time point

Figures:

FIGURE S1. Multidimensional scaling (MDS) plot of the acute response to hypoosmotic stress.
FIGURE S2. Expression dynamics of genes associated with osmotic regulation.

FIGURE S3. Expression dynamics of oxidative-stress defense related genes.

FIGURE S4. Expression dynamics of significantly differentially expressed metabolic genes
noted in Figure 4.

FIGURE Sb5. Expression dynamics of genes encoding heat shock protein (HSP) chaperones
during hypoosmotic stress.

19


https://doi.org/10.1101/2022.06.24.497401
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.24.497401,; this version posted June 24, 2022. The copyright holder for this preprint
(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
available under aCC-BY-NC 4.0 International license.

’o\O__ ™
E — . Rep 1
= ‘ Rep 2 ==
N L | u
c O * Rep 3 ==
5 *
8 g_ A Omn® 2he
S AA ®% |15mine 4hx
é,m__ % 30mnm 8h e
5 < 60minA 10 h *
& KX
— I I I I |

-1.0 -0.5 0.0 0.5 1.0

Leading logFC dim 1 (27%)

FIGURE S1. Multidimensional scaling (MDS) plot of the acute response to hypoosmotic
stress. MDS analysis was performed on the logCPM for the top 500 genes with largest
standard deviations across samples.
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Proline biosynthesis

Delta-1-pyrroline-5-carboxylate synthetase EC:2.7.2.11 1.2.1.41 (CCRYP_013367)

Proline iminopeptidase EC:3.4.11.5 (CCRYP_007716)
Pyrroline-5-carboxylate reductase EC:1.5.1.2 (CCRYP_015084)

Taurine biosynthesis
r L-cysteate sulfoalanine EC:4.4.1.25 (CCRYP_001035)

L-cysteate sulfoalanine EC:4.4.1.25 (CCRYP_001036)
Gamma-glutamyltransferase EC:4.3.2.9 (CCRYP_012593)

Aguaporins

| Aquaporin AgpM (CCRYP_011367)

|

15 min
2h
4h
8h

10 h
4 months

30 min
60 min

-1 0 1
log, fold change

FIGURE S2. Expression dynamics of genes associated with osmotic regulation. Boxes
denote log, fold changes at each time point, with purple indicating induction and green
indicating repression according to the key.
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Reactive oxygen species scavenger

Catalase-peroxidase EC:1.11.1.21 (CCRYP_020615)
L-ascorbate peroxidase EC:1.11.1.11 (CCRYP_008084)
Superoxide dismutase EC:1.15.1.1 (CCRYP_002901)
Superoxide dismutase EC:1.15.1.1 (CCRYP_003411)

Redox proteins

Thioredoxin 1 (CCRYP_013781)
Thioredoxin 1 (CCRYP_020438)
Thioredoxin (CCRYP_015211)

Peroxiredoxin EC:1.11.1.24 (CCRYP_002534)
Peroxiredoxin EC:1.11.1.24 (CCRYP_016723)
Peroxiredoxin EC:1.11.1.25 (CCRYP_010295)

Peroxiredoxin EC:1.11.1.25 (CCRYP_002248)
Peroxiredoxin EC:1.11.1.25 (CCRYP_016269)

& &
& ||||-

4 -2 0 2 4
log, fold change

FIGURE S3. Expression dynamics of oxidative-stress defense related genes. Boxes
denote log: fold changes at each time point, with purple indicating induction and green
indicating repression according to the key.
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Glycolysis/Gluconeogenesis

Glucose-6-phosphate isomerase EC:5.3.1.9 (CCRYP_014255)

Glucose-6-phosphate isomerase EC:5.3.1.9 (CCRYP_019158)

Diphosphate-dependent phosphofructokinase EC:2.7.1.90 (CCRYP_004897)
Fructose-1,6-bisphosphatase | EC:3.1.3.11 (CCRYP_007284)

Fructose-1,6-bisphosphatase | EC:3.1.3.11 (CCRYP_018554)

Fructose-bisphosphate aldolase, class | EC:4.1.2.13 (CCRYP_014948)
Fructose-bisphosphate aldolase, class Il EC:4.1.2.13 (CCRYP_001269)
Fructose-bisphosphate aldolase, class Il EC:4.1.2.13 (CCRYP_007283)
Fructose-bisphosphate aldolase, class Il EC:4.1.2.13 (CCRYP_018515)

Glyceraldehyde 3-phosphate dehydrogenase EC:1.2.1.12 (CCRYP_005714)

Glyceraldehyde 3-phosphate dehydrogenase EC:1.2.1.12 (CCRYP_005715)

Glyceraldehyde 3-phosphate dehydrogenase EC:1.2.1.12 (CCRYP_015748)
Phosphoglycerate kinase EC:2.7.2.3 (CCRYP_006391)

Phosphoglycerate kinase EC:2.7.2.3 (CCRYP_007259)

Phosphoglycerate kinase EC:2.7.2.3 (CCRYP_010246)

2,3-bisphosphoglycerate-dependent phosphoglycerate mutase EC:5.4.2.11 (CCRYP_001534)
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase EC:5.4.2.11 (CCRYP_004934)
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase EC:5.4.2.11 (CCRYP_006763)
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase EC:5.4.2.11 (CCRYP_009306)
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase EC:5.4.2.11 (CCRYP_018780)
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase EC:5.4.2.11 (CCRYP_021223)
Enolase EC:4.2.1.11 (CCRYP_018509)

Pyruvate kinase EC:2.7.1.40 (CCRYP_018508)

Calvin-Benson Cycle

Fructose-1,6-bisphosphatase | EC:3.1.3.11 (CCRYP_007284)
Fructose-1,6-bisphosphatase | EC:3.1.3.11 (CCRYP_018554)
Fructose-bisphosphate aldolase, class | EC:4.1.2.13 (CCRYP_014948)
Fructose-bisphosphate aldolase, class Il EC:4.1.2.13 (CCRYP_001269)
Fructose-bisphosphate aldolase, class Il EC:4.1.2.13 (CCRYP_007283)
Fructose-bisphosphate aldolase, class Il EC:4.1.2.13 (CCRYP_018515)
Glyceraldehyde 3-phosphate dehydrogenase EC:1.2.1.12 (CCRYP_005174)
Glyceraldehyde 3-phosphate dehydrogenase EC:1.2.1.12 (CCRYP_005175)
Glyceraldehyde 3-phosphate dehydrogenase EC:1.2.1.12 (CCRYP_015478)
Phosphoglycerate kinase EC:2.7.2.3 (CCRYP_006391)

Phosphoglycerate kinase EC:2.7.2.3 (CCRYP_007259)

Phosphoglycerate kinase EC:2.7.2.3 (CCRYP_010246)

Tricarboxylic Acid Cycle

Phosphoenolpyruvate carboxykinase (ATP) EC:4.1.1.49 (CCRYP_012802)
Phosphoenolpyruvate carboxylase EC:4.1.1.31 (CCRYP_006412)
Dihydrolipoamide dehydrogenase EC:1.8.1.4 (CCRYP_013990)
Succinyl-CoA synthetase alpha subunit EC:6.2.1.4 6.2.1.5 (CCRYP_002720)
Succinyl-CoA synthetase beta subunit EC:6.2.1.4 6.2.1.5 (CCRYP_016869)
Citrate synthase EC:2.3.3.1 (CCRYP_015541)

Chitin Metabolism

Glutamine-fructose-6-phosphate transaminase (isomerizing) EC:2.6.1.16 (CCRYP_013935)
Glutamine-fructose-6-phosphate transaminase (isomerizing) EC:2.6.1.16 (CCRYP_006622)
Chitinase EC:3.2.1.14 (CCRYP_015026)
Chitinase EC:3.2.1.14 (CCRYP_014683)
Chitinase EC:3.2.1.14 (CCRYP_013705)
Chitinase EC:3.2.1.14 (CCRYP_013498)
Chitinase EC:3.2.1.14 (CCRYP_012998)
Chitinase EC:3.2.1.14 (CCRYP_012418)
Chitinase EC:3.2.1.14 (CCRYP_007469)
Chitinase EC:3.2.1.14 (CCRYP_006961)

Chitin deacetylase EC:3.5.1.41 (CCRYP_001136) “
cEgELcLc <o . : '
EEENT ©®O =
0 o o = 5 -4 -2 0 2 4
- ®© E log, fold change

FIGURE S4. Expression dynamics of significantly differentially expressed metabolic
genes noted in Figure 4. Boxes denote log fold changes at each time point, with purple
indicating induction and green indicating repression according to the key.
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Chaperonin GroEL (CCRYP_004345) *
Chaperonin GroES (CCRYP_000668) *
Chaperonin GroES (CCRYP_004570) *
Chaperonin GroES (CCRYP_005233) *
Chaperonin GroES (CCRYP_007708)

HSP20 family protein (CCRYP_004749)
HSP20 family protein (CCRYP_005676)
HSP20 family protein (CCRYP_005677)
HSP20 family protein (CCRYP_017826) *
HSP20 family protein (CCRYP_019592) *

Molecular chaperone DnaJ (CCRYP_012129)
Molecular chaperone GrpE (CCRYP_000965)
Molecular chaperone GrpE (CCRYP_007198)
Molecular chaperone GrpE (CCRYP_014083)
Molecular chaperone HscB (CCRYP_008441)
Molecular chaperone Hsp33 (CCRYP_009938)
Molecular chaperone HtpG (CCRYP_010913) *
Molecular chaperone HtpG (CCRYP_017871) *
Molecular chaperone HtpG (CCRYP_020355) *

Chaperone protein DnaK (HSP70) (CCRYP_003071)
Chaperone protein DnaK (HSP70) (CCRYP_011884) *
Chaperone protein DnaK (HSP70) (CCRYP_013854)

Heat shock 70 kDa protein (HSP70) (CCRYP_013574) *

Heat shock 70 kDa protein (HSP70) (CCRYP_008256) *

Heat shock 70 kDa protein 14 (HSP70-14) (CCRYP_007217) *
Heat shock 70 kDa protein 17 (HSP70-17) (CCRYP_004580)

ccccccco
EEENYT®QOE
n o o o
- ™ © £
< T T T 14

-2 -1 0 1 2
log, fold change

FIGURE S5. Expression dynamics of genes encoding heat shock protein (HSP)
chaperones during hypoosmotic stress. Boxes denote log: fold changes at each time point,
with purple indicating induction and green indicating repression according to the key. Asterisks
denote genes with significant differential expression for at least two time points.
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