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Abstract

Acclimations of Oreochromis mossambicus to hypersalinity were conducted with multiple rates of salinity increase and durations
of exposure to determine the rate-independent maximum salinity limit and the incipient lethal salinity. Quantitative proteomics
of over 3000 gill proteins simultaneously was performed to analyze molecular phenotypes associated with hypersalinity. For
this purpose, a species- and tissue-specific data-independent acquisition (DIA) assay library of MSMS spectra was created.
From these DIA data, protein networks representing complex molecular phenotypes associated with salinity acclimation were
generated. O. mossambicus was determined to have a wide “zone of resistance” from approximately 75g/kg salinity to 120g/kg,
which is tolerated for a limited period with eventual loss of organismal function. Crossing the critical threshold salinity into
the zone of resistance corresponds with blood osmolality increasing beyond 400 mOsm/kg, significantly reduced body condition
factor, and cessation of feeding. Gill protein networks impacted by hypersalinity include increased energy metabolism, especially
upregulation of electron transport chain proteins, and regulation of specific osmoregulatory proteins. Cytoskeletal, cell adhesion,
and extracellular matrix proteins are enriched in networks that are sensitive to the critical salinity threshold. Network analysis

of these patterns provides deep insight into specific mechanisms of energy homeostasis during salinity stress.
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Abstract:

Acclimations of Oreochromis mossambicus to hypersalinity were conducted with multiple rates of salinity
increase and durations of exposure to determine the rate-independent maximum salinity limit and the in-
cipient lethal salinity. Quantitative proteomics of over 3000 gill proteins simultaneously was performed to
analyze molecular phenotypes associated with hypersalinity. For this purpose, a species- and tissue-specific
data-independent acquisition (DIA) assay library of MSMS spectra was created. From these DIA data,
protein networks representing complex molecular phenotypes associated with salinity acclimation were gen-
erated. O. mossambicus was determined to have a wide “zone of resistance” from approximately 75g/kg
salinity to 120g/kg, which is tolerated for a limited period with eventual loss of organismal function. Cross-
ing the critical threshold salinity into the zone of resistance corresponds with blood osmolality increasing
beyond 400 mOsm kg, significantly reduced body condition factor, and cessation of feeding. Gill protein
networks impacted by hypersalinity include increased energy metabolism, especially upregulation of electron
transport chain proteins, and regulation of specific osmoregulatory proteins. Cytoskeletal, cell adhesion, and
extracellular matrix proteins are enriched in networks that are sensitive to the critical salinity threshold.
Network analysis of these patterns provides deep insight into specific mechanisms of energy homeostasis
during salinity stress.



Statement of significance:

The significance of this research is chiefly in determining the applicability of current theory of stress responses.
Energy Homeostasis Theory has been developed and applied most often in the context of thermal tolerance,
and studies examining osmotic stress have often been done in invertebrates which do not control body fluid
osmolality. As such, it is unclear if the theoretical framework accurately describes the response of teleosts
to hypersalinity, and whether biological indicators of crossing the critical threshold are useful. This study
identifies key evidence for unique stress tolerance zones, and leverages powerful quantitative proteomics
tools to describe the molecular phenotype in these zones. This information is valuable in understanding the
impacts of salinity on teleost fish. It can be used to determine the level of salinity stress that individuals
experience in the field.

Introduction:

Abiotic factors are key determinants of suitable habitat for teleost fish [1]. Fish living in freshwater and
brackish systems often have limited migration options due to geographic constraints. Habitat shifts include
exploration of areas that vary in salinity, e.g., brackish coastal areas and salt lakes. Euryhaline tilapia
regularly occupy freshwater environments but these fish also venture into extremely hypersaline habitats
which can exceed 100g/kg in salinity [2], [3]. Salinity tolerance is dependent not only on the salinity of
exposure, but also the rate of salinity increase, the ionic composition of saline water, and time and frequency
spent at high salinity. Acute salinity challenges involving direct transfer from freshwater to a target salinity
are common in environmental physiology research [4]-[7], but acute salinity tolerance is often lower than
the salinity to which a fish can acclimate over time and may not represent an ecologically relevant salinity
challenge. For example, O. mossambicus cannot survive direct transfer from freshwater to seawater (SW)
[8], but can be experimentally acclimated to several times SW salinity. Survival for different lengths of
time from days to weeks has been used as indicatory of long term survival [9]-[13], despite evidence that
degeneration of biological function and mortality can occur in Oreochromis species following longer time
periods in hypersaline conditions [14].

Energy homeostasis theory provides a framework for understanding the relationship between the intensity
of a stress and the duration of exposure using a tiered system of biological function. Within the “optimum”
range of an environmental parameter, a basal amount of energy is required to maintain internal homeostasis
[15]. In the “pejus” range, energy demand increases linearly with the intensity of the stressor to maintain
homeostasis and manage the impacts of stress-related macromolecular damage. The “pessimum” range is
reached when energy expenditure and macromolecular damage increase in a non-linear relationship with the
stress until loss of function (death). The boundary between pejus (zone of tolerance) and pessimum (zone
of resistance) ranges is called the “critical threshold” or the incipient lethal level [16]. Stressor levels in the
pejus range are tolerable for long periods but result in reduced reproduction and/or growth due to energy
reallocation to stress responses. The pessimum range is only temporarily survivable and will eventually result
in death if conditions do not improve [15]. Biological function will cease after crossing the critical salinity
threshold, i.e. the Critical Salinity Maximum (CSpyax), if conditions do not improve. Energy homeostasis
theory was developed predominantly in the context of thermal stress [17], with the critical threshold defined
physiologically by a transition to partial anaerobic metabolism. This indicator may not apply to salinity
stress and other physiological indicators of fish transitioning from pejus to pessimum salinity ranges are not
yet defined.

Indicators of this transition may be found in whole organism physiology and/or tissue-specific analysis of
the interactions of molecular components. Proteomic analysis is a particularly promising approach for this
purpose because proteins are linked directly to specific genomic loci via their accession numbers [18] and they
define the structures and enact the majority of biochemical processes of each level of biological function [19].
Proteins are thus the primary source of phenotypic variability enabling natural selection [20], [21]. Careful
choice of environmental challenges and time points allow the capture of protein signatures, which provide
systems-level insight of organismal adaptation to biological function maintenance [22], [23]. In the current
study, Data-Independent Acquisition Liquid Chromatography Mass Spectrometry (DIA-LCMS2) was used



to capture gill protein signatures at key points in the salinity-level x duration matrix. Gills are one of the
most important sites of fish osmoregulation, in addition to their roles forrespiration, acid-base regulation,
and nitrogenous waste excretion [24]. The hypothesis driving this study is that pejus and pessimum ranges of
salinity tolerance can be identified based on physiological assessments and corresponding changes in dynamic
gill proteome networks.

Methods:
Challenges to “Loss of Escape Response” and short-term acclimation

All experimental procedures were conducted with the approval of the UC Davis TACUC under protocols
20007 and 21846. Two adult Oreochromis mossambicus female-male pairs (4 adults total) were bred, and
fertilized eggs from the two brood groups incubated in separate tanks. Following hatch, fish were raised
for 6 months before the start of acclimation experiments, and all acclimations started before fish were eight
months post-hatch. Fish were grown in a 200L tank system in dechlorinated Davis, California tap water,
as previously described [25] until used for experiments. In all acclimations, two tanks containing fish from
each brood group were used as replicates for a total of 4 tanks per treatment. Two acclimation protocols
were used to determine CSyax , and two additional protocols used to collect samples at relevant salinity-
level /duration points before loss of organismal function, defined as Loss of Escape Response (LER, see
below)(Supplementary figure 1). In each case salinity was increased once every 24h. To determine CSyiax
and impacts of salinity stress, salinity was raised at five different rates of change per day (32, 24, 12, 8, and
6g/kg/day). To determine CSyax over time at hypersalinity, salinity was increased at a rate of 6g/kg/day
to three target salinity levels (85, 95, and 105g/kg) followed by continuous exposure at target salinity until
LER. To assess physiological and molecular function at hypersalinity before LER, salinity was raised to four
target levels (21g/ke, 55g/ke, 85g/ke, and 105g/kg), with rate adjusted to reach the target after 14 days
and samples collected following 24 hours at the final salinity. The 14-day period was chosen such that none
of the treatments were impacted by acute salinity stress from too-rapid salinity increase. Finally, to assess
the long-term impacts of hypersalinity at just below the critical salinity threshold, fish were acclimated from
FW to 75g/kg at 6g/kg/day over 14 days followed by maintenance at the final salinity for 10 weeks for a 12
week acclimation in total. The level of 75g/kg for the final acclimation was determined based on the results
from the two acclimations to CSyax.

All acclimations except the long-term 75g/kg treatment were conducted by increasing salinity via adding
saturated brine solution (200g/kg) made from synthetic sea salt (Instant Ocean). Brine was added during
daily 10% volume water changes to achieve the appropriate salinity increase to within 0.1g/kg as determined
using a portable conductivity meter on salinity mode (TWT Cond 3310 meter, TetraCon 325 probe). At
salinities above 60g/kg, 5mL of ammonia/nitrite detoxifier solution (Kordon AmQuel) was added daily to
maintain low ammonia and nitrite levels due to reduced biological filtration efficiency. Fish were kept in 30L
tanks at 27°C + 1° on three-tiered racks with treatments randomly distributed to avoid biasing results from
increased stress near walking paths [26], differences in light levels, or order of feed distribution. Controls were
held in equal volume tanks in FW for 14 days and handled in the same fashion. Fish were fed ad libitum
in the morning three hours after lights-on in the vivarium on a formulated tilapia floating pellet diet (35%
Hi Production Tilapia Food, Star Milling Company), recording total number of pellets added. Following 30
minutes of undisturbed feeding time, remaining pellets were retrieved using a dip net and counted.

For the twelve-week acclimation at 75g/kg salinity, an alternate tank set-up was needed because nitrifying
bacteria efficiency in biological filters was significantly reduced in salinities above 60g/kg [27]. A recirculating
system was constructed with 30L experimental tanks with overflow outlets sitting inside a larger (400L) tank
and a 200L sump containing a flow-through bed of ceramic ring filter media (approx. 15L volume) and protein
skimmer (BubbleMagus Curve 7). This allowed for consistent tank size between all acclimations but with
a greatly expanded water volume (600 L) and biological filter capacity (biofilter volume of 15L versus 0.5L
per tank) which kept ammonia and nitrite levels below 0.25 ppm without the need for additional detoxifying
solution. To accurately quantify feeding, pellets were weighed before adding to tanks. Following a 30-minute
undisturbed feeding period, feed was retrieved and oven dried at 105°C until weight became constant (approx.



3 hours). Natural pellet dissolution was determined for 10g of feed placed in a 30L tank without fish and
treated in the same manner. Treatment tanks reached the final salinity after two weeks, at which time three
fish from each tank were euthanized after visually selecting one large, one median, and one small fish and
samples acquired to determine blood osmolality before long term acclimation. To determine weight gain, the
remaining 12 fish were removed using a dip net from tanks and placed in a pre-weighed 2L pitcher containing
water from the tank, final weight recorded, and fish then returned to the tank. This process was repeated
every two weeks until the end of the experiment.

Sample collection

At the time of sample collection, fish were removed one at a time from the tank and quickly euthanized [28].
The caudal peduncle was severed and blood collected in non-heparinized capillary tubes and transferred
to 0.5mL centrifuge tubes. Tubes were kept at room temperature (RT) for 30 minutes to allow for blood
clotting and then centrifuged for 10 minutes at 1000g. Serum was removed to labelled 0.5mL centrifuge
tubes and stored at -80°C. Fish were then weighed and total length recorded. Gill epithelium was scraped off
with a slide coverslip, placed in aluminum foil, snap-frozen in liquid nitrogen, and placed in -80°C storage.
Blood serum osmolality measurements were made using undiluted serum when possible, and diluted with
pure water (Optima LC/MS Grade, Fisher Chemical) when necessary due to low volume, with osmolality
readings multiplied by the dilution ratio. Osmolality was determined using a freezing-point micro-osmometer
(Advanced Instruments model 3300).

Sample processing for proteomics

Seven treatments were chosen to capture states near the critical salinity threshold. Eight samples from each
treatment were taken from the short-term 85¢g/kg and 105g/kg treatments and corresponding FW control,
and from the long-term 75g/kg treatment and FW control. Six replicates were sampled from the acclimation
to LER at 85g/kg and 105g/kg. Extraction, in-solution trypsin digestion of proteins, and peptide separation
using a nanoAcquity UPLC system equipped with Symmetry trap and 250 mm x 1.7um particle size BEH
C18 columns were performed as previously reported [29].

Data Dependent Acquisition (DDA) proteomics

DDA spectra were acquired with an Impact IT (Bruker), peak lists generated with DataAnalysis 4.4 (Bruker),
and peptide to spectrum matches identified with PEAKS suite X plus (Bioinformatics Solutions Inc., Wa-
terloo, Canada) and X!Tandem Alanine (The GPM) using theO. niloticus proteome database downloaded
from NCBI RefSeq on Feb. 25, 2020, supplemented with known O. mossambicus protein sequences using
previously described parameters [29]. Mass tolerance limits were set at 10 ppm for precursors and 0.03 Da
for fragment ions. All DDA data and metadata are available at MassIVE (MSV000085745) and ProteomeX-
change (PXD020364).

Raw spectral library and DIA assay library construction

An O. mossambicus gill spectral library was generated using the peptide-to-spectrum matches and protein
annotations from DDA data as previously described [30] to create a non-redundant raw library of MS2
spectra. The initial target list of proteins was filtered using multiple QC criteria to reduce the number of
transitions, precursors, peptides, and proteins to a unique set which provided the highest diagnostic value
for quantitation. Transitions for the initial target list were chosen automatically from library spectra using
Skyline transition settings based on the following criteria: ion 3 to last ion -1; fragment ion charge 1; precursor
charge range 1 — 5; MSMS mass accuracy threshold within 20 ppm of the expected mass. This initial target
list was filtered in seven sequential steps using Skyline following a previously published method [31]. The
complete assay library including all relevant metadata and corresponding data for the sample training set
is available at Panorama Public (https://panoramaweb.org/Ir03.url). This assay represents a tier two assay
[32].

Data Independent Acquisition (DIA) and statistical analysis



Each sample was analyzed by a second acquisition run using data independent (DIA) mode. LC separation
parameters and conditions were identical to those used for DDA but only MS2 spectra were acquired. The
DIA mass range was set to 390 — 1015 m/z at 25 Hz scan rate with an isolation width of 10 m/z (0.5 m/z
overlap, 2.5 sec scan interval). Quantitative analyses and visualization of DIA data was performed using Sky-
line 20.0 [30]. At least four (generally six) transition peaks were detected for each peptide and their Q value
scored using mProphet and decoys generated by Skyline. The minimal mProphet detection Q-value for peak
quality was set to 0.01. MSstats 3.1 [33] was used for power analysis to calculate the fold-change (FC) cutoff
that was appropriate for each experiment, as well as statistical significance of differences between treatment
and control. The cutoff for multiple testing adjusted p-values [34] was set to p<0.05. MSstats analyses were
normalized by equalizing medians at a minimum confidence interval of 95% using protein quantity as the
scope for the analysis. All DIA data can be accessed at PanoramaPublic (https://panoramaweb.org/1r03.url)
and ProteomeXchange (PXD029254).

STRING analysis

Protein-protein interaction networks were produced using STRING ver. 11.0 [35] (https://string-db.org/)
for important groups of significant proteins, including those significantly regulated in all treatments. Lists
of accession numbers for these significant proteins were entered in the search function “multiple proteins”,
creating network maps and enrichment values as over-representation of network nodes (proteins) with high or
low FC in STRING functional clusters, Uniprot keywords, and Pfam, InterPro, or SMART protein domains
with a false discovery rate (FDR) <0.05 after correcting for multiple testing using the Benjamini-Hochberg
procedure.

Results:
Salinity Tolerance

Non-lethal endpoints indicative of a fish approaching a moribund state are necessary to avoid unnecessary
physical distress to animals and for the collection of useable tissue samples. A preliminary experiment
conducted with six individuals acclimated using a continuous increase of 6 g/kg/day indicated that loss of
equilibrium (LOE), a common endpoint for stress tolerance, did not precede more severe impacts including
pronounced lethargy, cessation of feeding, and death. Therefore, we aimed to establish a more humane and
consistent endpoint indicative of severe stress. The most consistent behavior was found to be non-reactivity
to a potential threat, specifically a dip-net. Normally functioning fish will evade capture in a net, and though
many fish appear to move less frequently under salinity stress, they still approach food pellets and avoid
nets. When O. mossambicus no longer evades the net, this was the most consistent indicator that they will
very soon become moribund, and for this reason we introduce the term “Loss of Escape Response” (LER)
as an alternative and more humane endpoint to LOE. Two fish in the preliminary experiment which reached
LER were rescued, showing that this state is not terminal if the salinity stress is ameliorated. In trials with
an LER endpoint, constant fish monitoring allowed for capture of fish before death as this was necessary for
acquiring usable serum and tissues for proteomics.

High rates of salinity increase induced acute effects, resulting in lower CSyax than rates below 12g/kg/day
(Table 1). Based on the CSyax for the 8 g/kg/day and 6 g/kg/day rates the acclimatory CSpyax is
approximately 115g/kg for this population and experimental set-up. This result defines the upper end of the
pessimum salinity range. For long-term challenges, decreasing increments of 10g/kg lower than the CSyax
(115g/kg) were used until a salinity was found in which fish were able to survive indefinitely to determine
the critical salinity threshold. The mean times until LER at these salinity levels were as follows: 263 hours
at 105g/kg, 326 hours at 95g/kg, and 559 hours at 85¢g/kg (Table 1). 79% of individuals survived at 75g/kg
for 10 weeks.

Whole organism physiology
Blood osmolality

Blood osmolality data were collected for all treatments at LER in all experiments (Figure 1A). Blood



osmolality was significantly higher (p < 0.05) for all treatments compared with control except 21g/kg and
55g/kg. Blood osmolality was 810 mOsm + 92.6 at LER for the 85g/kg treatment and 797 mOsm + 107.7
at LER for the 105g/kg treatment, both significantly higher (p < 0.05) than short-term and long-term FW
handling controls. Blood osmolality was 389 mOsm =+ 19.1 following 10 weeks at 75g/kg, and 353.9 mOsm
=+ 6.38 for the handling control. Following 24 hours after acclimation to 75g/kg in this experiment, blood
osmolality was 399 £+ 19.2. Acute salinity stress following transfer to 32g/kg increased blood osmolality to
655 mOsm + 20.8 at LER (n=8).

Body condition

Fulton’s body condition factor (K) was calculated for fish following the 14-day acclimation and the extended
constant salinity treatments (Figure 1B). K was significantly lower (2.79 vs. 3.12, p = 0.013) for the 105g/kg
acclimation compared with handling controls. For long-term exposure to LER, K was 2.67 4+ 0.173 for the
85g/kg treatment and 2.53 + 0.415 for the 105g/kg treatment, both of which were significantly lower (p <
0.05) versus short-term and long-term FW handling controls. Following 10 weeks at 75g/kg, K was 2.98 +
0.264, K for handling controls was 3.05 &+ 0.242, and K following 24-hours at 75g/kg was 3.16 £ 0.376.

Feeding and Growth

During short-term acclimations, feeding was similar for FW controls, fish at 21g/kg, and at 55g/kg. Feeding
decreased for both the short-term and long-term 85g/kg and 105¢g/kg treatments with complete cessation
of feeding as the target salinity was reached. At 75g/kg, feeding dropped to near zero during the initial
acclimation period but recovered to near the feeding rate of the handling control, although at end of the
experiment feeding was still significantly lower (p = 0.0093) than the control (Figure 2C). Growth was
measured biweekly only for the 75g/kg extended salinity experiment (Figure 2B). Control and treatment
diverged significantly in weight after two weeks at 75g/kg (week 4 weighing). No significant growth was
measured for the 75g/kg treatment from the time of reaching the final salinity until the end of the experiment.
Overall, mean weight increased by 37% from the original weight in the 75g/kg treatment over 12 weeks from
3.756 g/fish to 5.173 g/fish. In comparison, the control treatment increased by 214% of the original weight
from 3.933 g/fish to 12.37 g/fish.

DIA quantitative proteomics
Construction of the DIA assay library

The raw MS2 spectral library from data-dependent acquisition (DDA) LCMS2 data of all samples contai-
ned 16,306 proteins, 139,790 peptides, 154,426 precursors (different charge states of peptides), and 864,374
transitions (fragment ions) (Supplementary fig. 2). Applying the quality control (QC) filter steps resulted in
a final DIA assay library comprised of a target list containing 68,586 transitions, 13,847 precursors (one per
peptide), and 3024 proteins. Despite requiring each protein to be represented by at least two unique peptides
in the raw spectral library, 27.3% (825) of the proteins are only represented by a single peptide (although
multiple transitions) in the final DIA assay library because other peptides were excluded during DIA assay
library construction if they did not meet the QC criteria in all filter steps.

Proteome regulation during salinity stress

Proteomic analysis was performed for seven treatments using the same DIA assay library. The mass error
threshold was <20 ppm for all transitions in all samples and <10 ppm for the great majority, and retention
time reproducibility of the data was very high as well (Supplementary fig. 3). A fold-change (FC) threshold of
2.0 was enforced for all treatments in considering statistical significance based on the coefficient of variation
calculated with MSstats [33], providing at least 0.8 statistical power for p-values <0.05. Furthermore, the
majority of transition peaks for all samples in this dataset had mProphet [36] peak scores of q<0.01, the
peak quality threshold for inclusion in MSstats quantitative DIA data analysis.

Short-term acclimation to 85g/kg resulted in 234 significantly upregulated and 171 significantly downregula-
ted out of 2971 total proteins quantified, while acclimation to 105g/kg yielded 348 significantly upregulated



and 255 significantly downregulated out of 2972 total proteins quantified (Figure 3A, Supplementary table
1). Exposure to LER resulted in 501 significantly upregulated and 481 significantly downregulated out of
3015 proteins quantified at 85g/kg, and 486 significantly upregulated and 473 significantly downregulated
out of 3015 proteins quantified at 105g/kg. Long-term acclimation at 75g/kg resulted in 311 significantly
upregulated and 149 significantly downregulated out of 3011 proteins quantified.

The top five most highly upregulated and downregulated significant proteins based on FC were determined
for each treatment and compared between treatments (Figure 3B). The most highly upregulated protein in
all extended treatments and the second most highly upregulated in the short-term acclimations was inositol
monophosphatase 1 isoform X1 (IMPasel-X1), which had a maximum upregulation in the extended 85g/kg
salinity treatment of 438 FC and an average FC increase of 225 across all five treatments. Solute carrier family
12 member 2 isoform X1 (SLC12a2-X1) was the highest upregulated protein in both short-term acclimations
and the second most highly upregulated protein in the extended treatments, with an average FC of 90 times
greater across all treatments. The most highly downregulated protein in four of the five treatments was an
uncharacterized protein, LOC100699110 isoform X1, which was 1137 times lower in the extended 105g/kg
exposure and 513 times lower on average across all treatments.

There was a large degree of overlap in significantly regulated proteins in each treatment (Figure 3C). The
greatest number of shared proteins was between samples taken at LER, with 472 of the significantly regulated
proteins shared between the extended exposure at 85g/kg and at 105g/kg. The second largest group of
overlapping proteins were those which were significantly regulated in all treatments, including 161 proteins.
The extended salinity treatments each had many proteins which were only significantly regulated in one
treatment, with 144 uniquely significant proteins in the 85¢/kg salinity, 110 in the 105¢g/kg salinity, and 87
in the 75g/kg salinity. A total of 78 proteins were significantly regulated in all four treatments above the
critical salinity threshold.

Network analysis
STRING network for significant proteins in all treatments

A protein network map was created visually representing the response of 0. mossambicus gill proteins to
hypersaline conditions regardless of time of exposure or hypersalinity relative to the critical threshold using
all 161 proteins significantly regulated in all treatments. The majority (122) of accession numbers matched
to STRING IDs, and 86 were connected to at least one other protein. The network map of all connected
proteins contains many proteins involved in the electron transport chain (ETC), with 36 of the 86 total
proteins being a subunit of one of the five ETC complexes (Figure 4). Core members of the glycolysis and
tricarboxcylic acid (TCA) cycle pathways accounted for another 17 nodes of this network map. Only three
of the proteins in the network map were downregulated, Na™ /KT-ATPase a-1 isoform X4, Alkylglycerone
phosphate synthase, and NH, T transporter Rh-B. One of the clusters which is highly connected included
two isoforms of acetyl-CoA acyltransferase, two isoforms of aldehyde dehydrogenase 6-Al, two trifunctional
proteins, enoyl-CoA & isomerase 1, and electron transfer flavoprotein 3. Another important set of nodes on
this map are the two isoforms of IMPase, one of which was the most highly upregulated protein in many
treatments.

STRING networks for pejus and pessimus range physiological states

All treatments 85g/kg and greater represent pessimum range salinities given the ultimate LER endpoint at
these salinities. Network analysis was run for the 78 proteins shared by short-term and long-term salin-
ity treatments at 85g/kg and 105g/kg and compared with the networks for the 87 proteins unique to the
extended 75g/kg treatment. Networks were identified with greater than three nodes and classified using
ontological term enrichment. Pejus range regulation consisted of a network of mostly upregulated proteins
with enrichment in amino acid metabolism and oxidoreductase terms including lactate dehydrogenase (LDH)
and glycogen synthase, a network of up and down-regulation of structural proteins, especially myosin sub-
units, and downregulation of proteasome proteins (Figure 5A). Pessimum range networks contained specific
upregulated mitochondrial proteins, with subunits in the cytochrome b-c1 complex as central members, and



downregulation of extracellular matrix proteins (ECM) with several collagen subunits (Figure 5B).
Identifying Uncharacterized Protein LOC100699110 - X1

The most highly regulated protein analyzed was an uncharacterized protein given the NCBI accession number
XP_019220227.1. Searching the amino acid sequence using NCBI pBLAST found the closest annotated
proteins to be fucolectin, pentraxin fusion-like protein, and tenascin (Supplementary fig. 4). Examining the
amino acid sequence revealed that protein XP_019220227.1 consists mainly of eleven repeats of 143 amino
acids with 94.4% identity between repeats. Searching the repeat sequence on pBLAST returned matches with
high identity to fucolectins from different teleost fish with E-values lower than 2E-70 and identity greater
than 75%. Matching fucolectins were much shorter, between 147 and 321 amino acids long in comparison
with the 1605 amino acid length of the uncharacterized protein.

DISCUSSION
Salinity tolerance

Physiological tolerance limits of fishes to environmental stressors are species-specific and sensitive to time
course of exposure. Common assessments of upper salinity limits such as LOE may not be applicable to
all species [12]. Therefore, here we introduce an endpoint based on non-reactivity to a dip-net (LER), a
threat which all normally functioning fish recognized, to determine approaching morbidity. Several fish in
this state were rescued through transfer to improved conditions, suggesting that they were still functional
with physiological and molecular phenotypes representative of living individuals, not pre-mortem internal
processes.

An exposure protocol was developed to account for salinity level, time of exposure, and rate-of-change.
Salinity tolerance is often assessed in a binary fashion between acute exposure i.e. direct transfer from initial
to final salinity, and chronic exposure which involves gradual salinity change to the endpoint [12]. These
assessments do not fully capture the dynamics of salinity acclimation, as a high rate of salinity change may
outpace the necessary alterations in phenotype required for acclimation. Additionally, without duration at a
final salinity one cannot assess the breadth of the zone of resistance (pessimum range). Previous assumptions
about survival for a specific amount of time representing long term-survivability may be inaccurate, as O.
mossambicus can survive in salinity above the incipient lethal salinity for up to six weeks.

0. mossambicus has been recorded in nature in salinities up to 120g/kg, with historical data indicating that
they can remain in extreme hypersaline conditions for weeks and even months [3]. This data aligns with our
results, with fish able to survive for several weeks above 100g/kg, and for months at 75g/kg. Experimental
conditions are of course different from natural conditions, and impacts of predator avoidance and foraging can
increase the effects of environmental stress [37]. Nevertheless, extreme hypersaline ecosystems have greatly
reduced species diversity and thus O. mossambicus is likely to experience fewer predators and greater food
availability due to fewer competitors [3].

Salinity exposure near the Critical Threshold eliminates growth

Energy homeostasis theory describes survival as the final biological capacity lost when animals are exposed
to pessimum range stressors for too long [15]. Fish can sustain life in pejus range levels, but energy demands
required for survival, sub-optimal enzymatic function, and/or contending with deleterious effects of increased
metabolic processes contribute to reduced growth or reproduction, ultimately reducing the functional capac-
ity of individuals and populations. This was demonstrated clearly through the 12-week exposure to 75g/kg
treatment experiment, where most fish were able to survive and maintain blood osmolality, body condition,
and feeding rate close to control levels, but growth was dramatically reduced to the point of no significant
weight increase.

Absolute salinity and time of exposure each played a role in determining the internal level of stress, i.e.
distortion from homeostasis. Physiological parameters such as blood osmolality and body condition were



significantly impacted by extreme hypersalinity with greater change from controls at higher absolute salinity.
However, over time the difference between fish held at 85g/kg and 105¢/kg was erased when LER was reached,
whereas internal levels were maintained at 75g/kg, indicating a clear external salinity threshold based on
ultimate outcome. Internal blood osmolality was also higher in fish held at 85g/kg or 105¢g/kg versus acute
exposure to 32g/kg at LER, pointing to a greater acclimatory upper limit of blood osmolality in chronic
exposures versus acute salinity change. Protein abundance changes were greatest in fish with significantly
higher blood osmolality, providing evidence that gill molecular phenotypes are not a direct result of specific
salinity levels or exposure times, but rather that combinations of salinity, time of exposure, and rate of
increase lead to different internal states and survival outcomes.

Regulation of protein networks in hypersalinity

The largest and most highly connected cluster in the network of significantly regulated proteins in all treat-
ments included mitochondrial proteins involved in the ETC. Multiple previous proteomic studies with Ore-
ochromis species have shown the widespread upregulation of mitochondrial proteins during acclimation to
higher salinity levels, especially as these levels approach the upper range of salinity tolerance [29], [38§],
[39]. Microscopy has shown that ionocytes, the main site of transepithelial ion transport in fish gills [40],
increase in number within 12 hours and remain elevated following transfer of O. mossambicus from FW to
SW [41]. Additionally, SW-specific ionocyte subtypes are significantly larger than ionocytes from fish in FW
[42]. Tonocytes, once called mitochondrial rich cells (MRCs) [43], are characterized by high concentrations
of mitochondria, which is reflected in protein abundance patterns from this and previous studies.

In addition to ETC proteins, the hypersalinity response network combining all treatments has a strong
representation of glycolysis and the TCA cycle proteins, emphasizing the importance of increased energy
production in response to hypersaline conditions in initial and long-term stages of exposure. These proteomic
responses combined with decreasing body condition/growth indicate that one of the dominant adaptive
mechanisms of O. mossambicus to hypersaline conditions is to increase energy production and allocation
to meet increased osmoregulatory energy requirements. Osmoregulation can account for 20-50% of basal
metabolic cost across a range of taxa in fish [44]. Comparing O. mossambicus oxygen consumption rates,
fish acclimated to hypersaline water at 1.6X SW salinity had higher oxygen consumption than in FW or SW
[6]. Evidence is scant for salinity levels as high as those used in this study, but it is reasonable to suggest
that increasing hypersalinity requires greater energy devoted to osmoregulation, especially given that much
of the active ion transport is ATP-dependent.

Proteins directly related to ion regulation in the network of significant proteins in all treatments, specif-
ically ion transporters (Na™ /Kt ATPase, NH4* transporter) and compatible osmolyte synthesis enzymes
(IMPase, sorbitol dehydrogenase), are present but are peripheral in the network map and do not contain
many members. Small numbers of significant proteins combined with a high degree of regulation (many are
among the most highly regulated proteins), indicate that ion balance is controlled through highly targeted
regulation of specific proteins and subunits. This contrasts with the regulation of energy production, which
is comprehensive and involves a large network cluster. Targeted regulation of ion transport includes isoform
switching in Na™ /K*ATPase subunits, as the o-1 isoform X1 increased by an average of 10-fold greater in
all treatments while o-1 isoform X4 decreased by 20-fold on average. Isoform switching in Na™ /K™ ATPase
subunit o has been documented in O. mossambicus [45] and other fish species [46] during salinity acclimation.
In O. mossambicus ,myo -inositol is synthesized to counteract increased intracellular electrolyte concentra-
tion through a two-step metabolic path from D-glucose by the enzymes myo -inositol-3-phosphate synthase
(MIPS) and IMPase [47], and as stated IMPase 1 isoform X1 was the most highly upregulated protein on
average across treatments. MIPS was also significantly upregulated in all treatments except the extended
75g/kg exposure. Myo -inositol concentration is also regulated inO. niloticus kidney during salinity accli-
mation, although here the mechanism is to reduce degradation by downregulatingmyo -inositol oxidase[39].
Interestingly, nomyo -inositol related proteins were significantly regulated by salinity in gills of O. niloticus,
which has an upper salinity tolerance limit near 25 g/kg [29].

The hypersalinity response network also includes a cluster (Figure 4, inset 2) which includes proteins involved



in fatty acid B-oxidation and detoxification. Acetyl-CoA acyltransferase is involved in producing acetyl-CoA
through B-oxidation to be processed in the TCA cycle. Aldehyde dehydrogenase (ALDH) is involved in
fatty acid metabolism but also neutralizes carbonyl compounds resulting from lipid peroxidation [48]. Lipid
peroxidation is one result of oxidative stress causing turnover in lipid membranes and the formation of toxic
fatty aldehydes, which ALDH plays a large role in converting into fatty acids [49]. ALDH was also highly
upregulated in O. niloticus kidney indicating that this response is conserved across species and tissues
[39]. Upregulation of acetyl-CoA acyltransferase has also been observed in other organisms exposed to
toxic compounds such as in mice exposed to perflourooctane sulfonate [50], diphenylarsinic acid [51], and in
bacteria exposed to hydrocarbon spills [52].

Pejus range protein network regulation

Stress level specific responses fall into two broad categories; upregulation in energy metabolism and vari-
able regulation of structural proteins. Pejus range regulation networks include one with mostly upregulated
proteins, many of which participate in amino acid metabolism. Downregulation of the proteasome affects
both energy and amino acid metabolism. It reduces protein turnover to redirect energy towards osmoreg-
ulation and it may reduce the availability of free amino acids liberated from degraded proteins. As noted
earlier, specific markers for passing the critical threshold into the pessimum range during thermal stress may
not apply during salinity stress. Thermal stress is predicted to lead to increased lactate through anaerobic
metabolism only above the critical threshold [15], whereas our data show upregulation in LDH only occurs
in the 75g/kg treatment. Energy demand required in hypersalinity appears to be supplied mainly through
oxidative phosphorylation and carbohydrate metabolism with some additional fatty acid B-oxidation. In
addition, in the pejus range, amino acid metabolism is significantly affected, which may contribute to the
regulation of energy metabolism (e.g. via regulation of gluconeogenesis).

The other major protein network includes structural proteins such as several myosin subunits which are
significantly upregulated in pejus range salinities but significantly downregulated in pessimum range salini-
ties. However, tropomyosin [ is significantly downregulated in the pejus range and upregulated (n.s.) in the
pessimum range. The regulation of structural proteins is further discussed in the following section.

Pessimum range protein network regulation

The energy metabolism protein network associated with the pessimum range consists mainly of upregulated
mitochondrial proteins, especially Cytochrome b-c1 complex subunit 7. Structural changes in the pessimum
range include downregulation of ECM proteins including collagen subunits, and proteins forming the con-
nection between the ECM and cell membrane, e.g., integrin-oa. These proteins are highly responsive to the
intensity of salinity stress rather than being uniformly regulated during hypersaline exposure. Structural
proteins were a functional category with a high degree of non-linearity in regulation of mRNA and proteins
in O. niloticus , further indicating that cell structure regulation is complex and likely fluctuates in response
to internal and external signaling, especially around the critical threshold.

Tissue structure changes are expected, as O. mossambicus has dramatically reduced epithelial permeability
as salinities increase above SW [53]. Ionocytes involved in osmoregulation in high salinity environments
have unique apical crypts in comparison with other types of ionocytes [54], [55]. In high salinity, ionocytes
form clusters [56], and develop a complex microtubule network along their basolateral membrane [57]. The
formation of tubulin networks in response to salinity was first noted decades ago in Cyprinodon variegatus and
Fundulous heteroclitus [57], [58]. This provides context for the highly downregulated uncharacterized protein
we have identified as fucolectin-like. While the role of lectins is not fully understood in fish physiology [59],
they likely play an important role in the regulation of microtubule networks in response to salinity. Binding
sites have been identified on exposed fish gill epithelium which interact with the lectins wheat germ agglutinin
(WGA), peanut lectin agglutinin (PNA), and concanacalvin A (ConA) [60]. WGA exposure stimulates Ca™
ion uptake in O. mossambicus in Ca™ deficient water and promote microtubule network formation [61].
WGA and PNA only react with FW specific ionocytes in O. mossambicus (WGA) [62] and Oncorhynchus
mykiss (PNA) [63]. The uncharacterized protein, along with rhamnose binding lectin which was also one
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of the most highly downregulated proteins in our data set, may be FW specific for O. mossambicus ,
and downregulation may help reduce Catuptake. This would help in osmoregulation and impact cell-cell
adhesions through cadherin binding, which is also impacted by the high upregulation of 8-catenin 1.

Conclusions

This study presents a novel experimental design for assessment of stress combined with an innovative ap-
proach for systems-level analyses of molecular phenotypes (DIA-LCMS2). Specific organismal phenotypes
(blood osmolality, body condition, feeding rate) were found to indicate extreme salinity stress in O. mossam-
bicus . The rate-independent salinity maximum and critical threshold salinity were determined using a
comprehensive set of acclimations and a generalized protocol that is applicable to other species. The DIA-
LCMS2 approach was shown to reveal comprehensive molecular phenotypes in ecologically relevant samples.
The data generated in this study were used to produce protein networks which elucidate major mechanisms
of ionic and mitochondrial protein regulation in response to hypersalinity in general and with respect to the
critical threshold. These networks help explain how fish modulate energy metabolism, cell adhesion, and cell
structure when experiencing salinity stress below and above the critical limit.
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Data Accessibility Statement:

All proteomics data and metadata have been deposited and are publicly accessible at the following repositories
MassIVE (MSV000085745) and ProteomeXchange (PXD020364) and ProteomeXchange (PXD020064) for
all DDA data, and PanoramaPublic (https://panoramaweb.org/1r03.url) for all DIA data (including the DIA
assay library).

Tables:
Table 1: CS,,ax during salinity increase and constant high salinity over time

CSax at different rates of salinity increase

Rate CSmax

6 g/kg/day 114.6 g/kg
8 g/kg/day 117.0 g/kg
12 g/kg/day 106.8 g/kg
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24 g/kg/day 69.0 g/kg

32 g/kg/day 32.0 g/kg

CSax over time at constant salinity CS,,.« over time at constant salinity
salinity CSmax

75 g/kg not reached at 10 wks

85 g/kg 559 hrs

95 g/kg 326 hrs

105 g/kg 263 hrs

Figures:

Figure 1: Survival and organismal phenotypes during hypersalinity acclimation. a) Blood os-
molality values for five 14-day acclimations after 24 hours at the target salinity (n=6 except at 75g/kg with
n=4) and following extended exposure for 12 weeks (75g/kg, n=8) and at MP (85/105g/kg, n=6). b) Body
condition for the same treatments as ¢ . Letters in C and D were assigned using a post-hoc Tukey test
following one-way ANOVA.

Figure 2: Growth and feeding during 12-week exposure to 75g/kg salinity. a) Size comparison of
smallest and largest fish in the freshwater and 75g/kg treatment at the end of the experiment. b) Weight
gain for FW control and at 75g/kg, with comparison between treatments. Significance was determined
using Kruskal-Wallis test by ranks with “ns”- not significant, “*”- p<0.05, “**”- p<0.005, “***”_ p<0.0005.
c) Percent of fish body weight consumed daily over the course of the experiments, with weekly weighing
identified by dashed vertical lines.

Figure 3 : Salinity effects on the gill proteome for five treatments. a) Volcano plots for each treatment
with log2(Fold Change) plotted against logl0(p-value). n=8 for 85 and 105g/kg 14-day acclimation and
75g/kg extended treatment, and n=6 for extended 85 and 105g/kg treatments. Significantly upregulated
proteins are plotted in red with the total number of sig. upregulated proteins labelled, and significantly
downregulated proteins are in blue. b) Overlap in all significantly regulated proteins between five treatments
with the number of proteins in each segment labelled. c) Top significantly regulated proteins with the FC
difference with controls shown. Redder boxes are more highly upregulated while bluer boxes are more highly
downregulated.

Figure 4: STRING network showing all proteins which were significantly regulated in all
treatments. Nodes represent one STRING protein ID and edges represent a connection based on protein-
protein

interactions including known or predicted interactions based on published literature. Solid lines connect all
members of one cluster, while dashed lines indicate connections that are not strong enough to be included in
the same cluster based on a Markov Cluster inflation factor of 3. Central members of the Electron Transport
Chain (red), glycolysis (green), and citric acid cycle (yellow) are indicated, along with specific proteins
labelled. Insets used to more clearly display protein names.

Figure 5: STRING networks for pejus and pessimum stress stages and network; a) Networks
with more than three nodes for all significantly regulated proteins found in the 12-week exposure to 75g/kg
salinity representing pejus level salinity stress. Protein names in red were upregulated, those in blue were
downregulated, and those outlined in red were upregulated in this treatment while being significantly down-
regulated in extended exposures to MP at 85g/kg and/or 105¢/keg.b) Networks with more than three nodes
for significantly regulated proteins found in all four pessimum level salinity stress treatments (14-day ac-
climation and extended exposure to 85g/kg and 105g/kg). Legend indicates the evidence used to connect
protein nodes in each network.

Supplementary figures:
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Supplementary figure 1: Salinity exposure protocols used to determine collect samples at relevant salinity-
level /duration points before LER. To determine CSyax, salinity was raised at five different rates of change
per day (32, 24, 12, 8, and 6g/kg/day) until LER. To determine CSyiax over time at hypersalinity, salinity was
increased at a rate of 6g/kg/day to three target salinity levels (85, 95, and 105g/kg) followed by continuous
exposure at target salinity until LER. To assess physiological and molecular function at hypersalinity before
LER, salinity was raised to four target levels (21g/kg, 55g/kg, 85¢/kg, and 105g/kg) overl4 days and samples
collected following 24 hours at the final salinity. To assess the long-term impacts of hypersalinity below the
critical salinity threshold, fish were acclimated from FW to 75g/kg at 6g/kg/day over 14 days followed by
maintenance at the final salinity for 10 weeks for a 12 week acclimation in total. Samples used for proteomic
analysis, chosen as representative of points above and below the critical salinity threshold, are circled in red.

Supplementary figure 2 : Properties of a O. mossambicusgill epithelium DIA assay library relative to
the corresponding raw spectral library. The initial spectral library (SL) represents over 16,000 proteins,
139,000 precursors, and 864,000 transitions. Ten QC filters were applied to create the DIA assay library
containing 3024 proteins (A), 13,847 peptides (B) and precursors (C), and 68,586 transitions (D). Most
proteins are represented by at least 2 diagnostic peptides. The remainder (825) was identified by at least 2
unique peptides but only 1 remains after applying all DIA QC filters. The initial bar labeled SL depicts data
for the raw spectral library and final bar (step 10) depicts data for the DIA assay library. Library filtration
steps one to six are explained in the text. (E), Frequency distributions of fragment ion types represented in
the final DIA assay library. b+ ions are fragments which extend from the N-terminus of the peptide and y+
ions extend from the C-terminus i.e. a 3 fragment ion denominator member contains the first three peptides
for a b+ ion and the last three for a y+ ion. (F), Frequency distribution for the number of peptides per
protein in the DIA assay library. The data were generated with Skyline 20.0 (MacCoss Lab., University of
Washington).

Supplementary figure 3 : Quality control parameters summarized for all samples in five treatments
analyzed in this study. A) The mean mass error (ppm) for all transitions present in the final assay library in
the 14-day 85g/kg treatment. Other treatments shown are 14-day 105g/kg (E), extended 85g/kg (I), extended
105¢/kg (M), and 12-week 75g/kg (Q). B) Retention time for the 14-day 85g/kg treatment. reproducibility
for all transitions in all samples analyzed in this study was very high (r? = 1.0). Other treatments shown are
14-day 105g/kg (F), extended 85g/kg (J), extended 105g/kg (N), and 12-week 75g/kg (R). C) Fold change
(FC) and coefficient of variation (CV) depending on number of biological replicates at a statistical power
of 0.8 and false discovery rate (FDR) of 1% in the 14-day 85g/kg treatment. Other treatments shown are
14-day 105g/kg (G), extended 85g/kg (K), extended 105g/kg (O), and 12-week 75g/kg (S). D) mProphet Q
values for all transitions in all samples in the 14-day 85g/kg treatment. Other treatments shown are 14-day
105¢/kg (H), extended 85g/kg (L), extended 105g/kg (P), and 12-week 75g/kg (T). Figures were generated
with Skyline 20.0 (including MSstats and mProphet) software (MacCoss Lab., University of Washington).

Supplementary figure 4: Alignment and distance tree of full uncharacterized protein sequence and one
repeat of the sequence. A) Alignment of the full sequence of the uncharacterized protein LOC100699110 -
X1 with all named proteins in the top 100 blastp results based on E-value using the non-redundant protein
sequence database of the NCBI and no specified organism. B) Alignment of the 143 amino acid (AA) repeat
segment using the same parameters as in A. C) Distance tree of results from A based on BLAST computed
pairwise alignment with evolutionary distance modeled as the expected fraction of AA substitutions per site
based on the fraction of mismatched AAs in the region following [64]. D) Distance tree of results for 143
AA repeat results. E) Beginning section of the amino acid sequence showing peptide coverage from the DIA
assay library. Repeat AA segment is highlighted.

Supplementary tables:

Supplementary table 1 : Fold Change and p-values for all proteins in all treatments
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