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A B S T R A C T

Acipenser gueldenstaedtii is one of the most cultured sturgeon species worldwide and of considerable economic 
value for caviar production. There are though considerable challenges around chronic stress responses due to 
increased summer temperatures, impacting sturgeons’ immune responses and their susceptibility to opportu-
nistic infections. The identification of molecular and cellular pathways involved in stress responses may 
contribute to identifying novel biomarkers reflective of fish health status, crucial for successful sturgeon aqua-
culture. Protein citrullination is a calcium-catalysed post-translational modification caused by peptidylarginine 
deiminases (PADs), altering target protein function and affecting protein interactions in physiological and 
pathobiological processes. PADs can also modulate extracellular vesicle (EVs) profiles, which play critical roles in 
cellular communication, via transport of their cargoes (proteins, including post-translationally modified proteins, 
genetic material and micro-RNAs).

This study identified differences in EV signatures, and citrullinated proteins in sera from winter and summer 
farmed sturegeons. EVs were significantly elevated in sera of the summer chronically stressed group. The cit-
rullinated proteins and associated gene ontology (GO) pathways in sera and serum-EVs of chronically heat 
stressed A. gueldenstaedtii, showed some changes, with specific citrullinated serum protein targets including alpa- 
2-macroglobulin, alpha globin, calcium-dependent secretion activator, ceruloplasmin, chemokine XC receptor, 
complement C3 isoforms, complement C9, plectin, selenoprotein and vitellogenin. In serum-EVs, citrullinated 
protein cargoes identified only in the chronically stressed summer group included alpha-1-antiproteinase, 
apolipoprotein B-100, microtubule actin crosslinking factor and histone H3. Biological gene ontology (GO) 
pathways related to citrullinated serum proteins in the chronically stressed group were associated with innate 
and adaptive immune responses, stress responses and metabolic processes. In serum-EVs of the heat-stressed 
group the citrullinome associated with various metabolic GO pathways.

In addition to modified citrullinated protein content, Serum-EVs from the stressed summer group showed 
significantly increased levels of the inflammatory associated miR-155 and the hypoxia-associated miR-210, but 
significantly reduced levels of the growth-associated miR-206.

Our findings highlight roles for protein citrullination and EV signatures in response to chronic heat stress in 
A. gueldenstaedtii, indicating a trade-off in immunity versus growth and may be of value for sturgeon aquaculture.
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1. Introduction

Sturgeons are an economically valuable chondrostean fish, critically 
endangered due to anthropogenic activities. Therefore, there is a 
considerable global interest in sturgeon aquaculture [1–6]. Russian 
sturgeon (Acipenser gueldenstaedtii), the second most important sturgeon 
species reared for caviar, is successfully farmed in Uruguay and other 
subtropical countries. However, a major challenge for sturgeon aqua-
culture in these countries is the warmer summer temperatures, which 
induce chronic heat stress. This weakens sturgeons’ immune defences 
and facilitates opportunistic infections, resulting in increased fish mor-
tality and associated economic losses for fish farming [7–12]. Therefore, 
it is of pivotal importance to identify molecular and cellular mechanisms 
associated with chronic heat stress.

Peptidylarginine deiminases (PADs), a family of calcium catalysed 
enzymes, cause post-translational citrullination/deimination in proteins 
by converting arginine into citrulline, increasing hydrophobicity and 
affecting protein folding. Citrullination can alter intra- and/or inter-
molecular protein interactions, modify protein structure and function, 
or cause protein denaturation, depending on the extent of citrullination 
as the conversion of each arginine to citrulline leads to the loss of one 
positive charge and mass decrease of 1 Da [13]. PADs are phylogeneti-
cally conserved, with five isozymes (PAD1,2,3,4 and 6) in mammals, 
three isozymes (PAD1,2,3) in birds and reptiles and one PAD type 
(PAD2-like) in fish [13,14]. The mammalian PADs are structurally 
similar, with over 50 % sequence homology and highly conserved cal-
cium binding sites, except PAD6, which is shorter and lacks some of the 
catalytic sites [15]. In mammals, the PAD isozymes differ in tissue 
specificity and preference for target proteins, with PAD2 considered to 
be the most ubiquitously expressed and phylogenetically most 
conserved isozyme [16]. As fish only contain one PAD-like protein 
(PAD2-like), this PAD must mediate citrullination in all fish tissues. 
PADs have been associated with various physiological, developmental 
and pathobiological processes [13,16–22]. PAD homologues (arginine 
deiminases, ADI) are furthermore found in bacteria and parasites and 
are believed to have undergone horizontal gene transfer from cyano-
bacteria to animals [23,24].

Structures most susceptible to citrullination are intrinsically disor-
dered proteins and beta-sheets, while the position of the arginine is also 
relevant. Citrullination/deimination can cause structural and functional 
changes in a wide range of target proteins, including cytoskeletal, 
mitochondrial and nuclear ones, contributing to their multifaceted 
protein-moonlighting functions in health and disease [16,18,25]. 
Neo-epitope generation by citrullination can furthermore contribute to 
inflammatory responses [16,19,22]. Hence, the identification of modi-
fied citrullinated protein targets under stress conditions may provide 
important indications of changes in associated defence and metabolic 
pathways. Importantly, PADs have also been identified to have a role in 
extracellular vesicle (EV) biogenesis [26], which is important in cell 
communication in health and disease, and transport of citrullinated 
protein cargoes in EVs has been reported in various studies. Such EV 
mediated transport of citrullinated proteins may play important roles in 
cellular communication, in addition to EV mediated export of unmodi-
fied proteins. The PAD homologues (ADIs) reported in bacteria and 
parasites may, via their citrullinating activity, also play roles in 
host-pathogen interactions, via modification of host proteins and mod-
ulation of EVs [27–31].

PADs are gaining increasing interest in comparative immunology 
studies, including in aquatic species (Mollusca, Arthropoda, Crustacea, 
Echinodermata, Agnatha, Elasmobranchii, Teleostei, Cetacea and Pin-
nipedia) [23,32–39]. Roles for PADs in fish immunity have been high-
lighted in several teleost species, agnathans, and sharks [14,18,35,36,
39–42]. EVs may be useful biomarkers as they carry a range of cargoes 
(proteins, non-coding RNAs, genetic material), and can be readily iso-
lated from many body fluids, including serum and plasma. Previous 
research has indeed highlighted changes in EV signatures in fish in 

response to stress and immune stimulation, including with respect to 
citrullinated protein cargoes and micro-RNAs [36,43–45].

Micro-RNAs (miRNAs/miRs) are one of the cargoes contained in EVs 
and are enriched in EVs compared to plasma or serum. They play roles in 
mRNA translation and degradation and have also received attention as 
important epigenetic regulators in fish immunity [46–48]. In some 
sturgeon species, miRNAs have been associated to immune and meta-
bolic roles [49,50], with a microRNA transcriptome analysis carried out 
in A. schrenckii [49] and the evolution of microRNA biogenesis genes 
studied in A. ruthenus [50]. In teleost fish, roles for miRNAs were re-
ported in immune responses to environmental stressors [36,51,52], 
including in EVs, where changes were reported in the inflammation 
associated miR-155, while miR-206 was identified as a regulatory factor 
for fish growth [36,53–55].

In relation to our, and other groups’, previous studies on citrullina-
tion and EVs in fish immunity, the current study focussed on assessing 
serum citrullinome and EV signatures in A. gueldenstaedtii from summer 
(chronically stressed) and winter conditions in an Uruguayan sturgeon 
farm. This might identify chronic stress related pathways caused by long 
exposure to high summer temperatures.

2. Materials and methods

2.1. Fish and sampling

Farmed A. gueldenstaedtii, 15 female 4-year-old fish per group, were 
utilised in this study. The fish were derived from the Black River Caviar 
fish farm, Baygorria, Uruguay. Freshwater from the Río Negro River was 
channelled via an open flow-through system of raceways rearing units 
with a 35 min exchange water rate. Total oxygen saturation was regu-
larly measured, varying between 80 and 100 %. Adult fish were typically 
grown at a maximal stocking density of 30 kg/m3 and fed daily with a 
standard pelleted diet at a feeding rate of 0.5 % of body weight. Blood 
was collected from fish during summer (March 2023) and winter 
(August 2023), respectively. Water temperature ranged between 24 ◦C 
and 30 ◦C and between 11 ◦C and 15 ◦C during the summer and winter 
months, respectively. Fish were fasted for 24 h before blood collection, 
which was undertaken according to a protocol approved by the Ethic 
Committee of the Honorary Commission of Animal Experimentation 
(Exp. Nº 111,900-000061-23, UdelaR, Uruguay). Blood samples (2.0 ml) 
were collected by caudal puncture within less than 1 min to minimize 
handling stress and were immediately transferred into conventional 
plastic tubes at 4 ◦C for 4 h to allow clotting. The serum was collected by 
centrifuging at 2800 g for 20 min at 4 ◦C, stored in 300 μL aliquots and 
kept frozen at − 80 ◦C until further use.

2.2. EV isolation and profiling

EVs were isolated from 15 individual serum samples per experi-
mental group (winter and summer conditions, respectively), using 100 
μl serum aliquots per sample. Nanoparticle tracking analysis (NTA) was 
used for EV size profiling, including for changes in EV subgroups (small 
EVs ≤100 nm; medium EVs 101–200 nm; and large EVs >200 nm). 
Differential centrifugation was performed for EV isolation, adhering to 
the guidelines of MISEV (2023) [56] and previously published protocols 
[23,36]. In brief, sera were diluted 1/5 in DPBS and centrifuged at 4000 
g for 20 min to remove any aggregates. The supernatant was then 
centrifuged at 100,000 g for 1h at 4 ◦C for enrichment of total EVs. 
Thereafter, the EV pellet was resuspended in 400 μL DPBS and centri-
fuged again at 4 ◦C for 1h at 100,000 g. The supernatant was discarded, 
and the final washed EV pellet was resuspended in 100 μL DPBS. For 
NTA analysis, 10 μL of resuspended EVs were diluted in 990 μL DPBS, for 
each sample, and applied to the NS300 Nanosight (Malvern Panalytical 
Ltd, Malvern, UK) with the syringe pump speed set at 50. Five 1-min 
videos were recorded using the Blue488 nm laser, with camera cap-
ture set at level 9 and post-processing analysis detection threshold set at 
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level 5. Using the NS300 software (Nanosight, Malvern Panalytical Ltd), 
replicate histograms were generated from the videos, and size profiling 
analysis and total EV counts were carried out. EVs were further char-
acterised by western blotting for two key surface markers, CD63 and 
flotillin-1, and imaged by transmission electron microscopy (TEM) for 
morphology, according to previously published methods [36,39].

2.3. Western blotting

Serum samples were assessed from a pool of sera (n = 5 per pool of 3) 
for the presence of a PAD via cross-reaction with the anti-human PAD2 
isozyme-specific antibody (ab50257, Abcam), as species specific anti-
bodies are not available for sturgeon, and as fish PAD is PAD2-like; this 
antibody has also been verified to cross-react with several fish species 
[18,35,41,42]. For the detection of EV surface markers, CD63 
(ab216130) and flotillin-1 (ab41927) antibodies were used on the EV 
isolates. Samples were reconstituted 1:1 in 2 × Laemmli sample buffer 
and boiled at 100 ◦C for 5 min before separation by SDS-PAGE, using 
4–20 % TGX gels (BioRad, Watford, UK). Proteins were blotted onto 
0.45 μm nitrocellulose membranes (BioRad, UK) using semi-dry transfer 
for 1 h at 15 V and even protein transfer was assessed using Ponceau S 
(Sigma, Gillingham, UK) staining. Membranes were blocked for 1 h at 
RT in 5 % bovine serum albumin (BSA, Sigma) in Tris-buffered saline 
containing Tween 20 (TBS-T). Primary antibody incubation was per-
formed overnight at 4 ◦C on a shaking platform, diluting all primary 
antibodies 1/1000 in TBS-T. Membranes were washed three times in 
TBS-T and incubated at room temperature for 1h in secondary antibody 
(anti-rabbit IgG HRP-conjugated; BioRad) diluted 1/3000 in TBS-T. 
Membranes were washed five times in TBS-T and then visualised using 
a UVP BioDoc-ITTM System (Cambridge, UK) in conjunction with ECL 
(Amersham, Merck, UK).

2.4. Transmission electron microscopy

For imaging preparation, EV pellets were resuspended in 100 mM 
sodium cacodylate buffer (pH 7.4). Approximately 3–5 μL of the EV 
suspension was applied to a glow-discharged TEM grid with a carbon 
support film. The sample was partially air-dried for around 10 min 
before the grid was placed onto a drop of fixative solution (2.5 % 
glutaraldehyde (Agar Scientific Ltd, Stansted, UK) in 100 mM sodium 
cacodylate buffer, pH 7.4) for 1 min at room temperature. The grid was 
subsequently transferred across three drops of distilled water for 
washing, with excess water being removed using filter paper. Then the 
grid was placed onto a drop of staining solution of 2 % aqueous Uranyl 
Acetate (Agar Scientific Ltd, Stansted, UK) for 1 min, and any excess 
stain was removed with filter paper before air drying. Transmission 
electron microscopy (TEM) imaging of the EVs was conducted using a 
JEOL JEM 1400 microscope (JEOL, Tokyo, Japan) operated at 80 kV, 
with magnifications ranging from 30,000 × to 60,000 ×. Digital images 
were captured using an AMT XR60 CCD camera (Deben, Bury Saint 
Edmunds, UK).

2.5. Phylogram for the PAD (PAD2-like) protein from A. gueldenstaedtii

A phylogram was constructed for sturgeon PAD (where one PAD 
form, a PAD2-like protein, is reported similar as to in other fish) in 
ClustalOmega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo), 
following amino acid sequence alignment using the same programme. 
The PAD (PAD2-like) protein sequences obtained from A. gueldenstaedtii 
spleen and liver transcriptomes (GenBank Accession numbers PP911075 
and PP911074, respectively) were used as well as PAD2-like protein 
sequences obtained from the A. ruthenus genome (isoform X1, 
XP_033897726.3 and isoform X2, XP_058849287.1). Acipenser PAD 
(PAD2-like) proteins were compared with the PADs reported in other 
Actinopterygii: American paddlefish (Polyodon spathula) PAD2-like 
protein (XP_041129502.1); European eel (Anguilla anguilla) PAD2-like 

protein (XP_035243851.1); salmon (Salmo salar) PAD2-like protein 
isoform X1 (XP_013988973.1) and isoform X2 (XP_013988974.1), and 
with the PAD2-like protein (CBN80708.1) from sea bass (Dicentrarchus 
labrax). In addition, the amphibian PAD2-like protein 
(NP_001080369.1) from Xenopus laevis was included, as well as the three 
PAD isozymes reported in chicken (Gallus gallus PAD1 NP_001305368.1; 
PAD2 NP_001305948.1; PAD3 NP_990374.2), and in alligator (Alligator 
mississippiensis PAD1 XP_006259278.4; PAD2 XP_059572240.1; PAD3 
XP_059572875.1). The five human PAD isozymes were included (Homo 
sapiens PAD1 NP_037490.2; PAD2 NP_031391.2; PAD3 NP_057317.2; 
PAD4 NP_036519.2 and PAD6 NP_997304.3). In addition, ADI from a 
cyanobacterium (Leptolyngbyaceae sp. JSC-12 EKQ66906.1) and from 
Giardia intestinalis (AAC06116.1) were also included in the phylogram.

2.6. Immunoprecipitation of citrullinated/deiminated proteins

For the isolation of citrullinated/deiminated proteins from A. guel-
denstaedtii serum and serum-EVs, pools of n = 15 samples per group 
(pooling 10 μl of each individual sample per group) were used to assess 
group representative citrullinome signatures for the winter and summer 
groups, respectively, for putative indication of changes in the chroni-
cally stressed summer group. Citrullinated/deiminated proteins were 
isolated using the pan-citrulline F95 antibody (MABN328, Merck), in 
conjunction with the Catch-and-Release immunoprecipitation kit 
(Merck) according to previously described methods [36,42]. Following 
overnight incubation at 4 ◦C on a rotating platform, immunoprecipitated 
citrullinated proteins were eluted from the sepharose columns using the 
elution buffer provided with the kit and citrullinated protein profiles 
were assessed by SDS-PAGE and silverstaining using the BioRad Sil-
verStain kit. For identification of citrullinated protein hits, LC-MS/MS 
analysis was carried out.

2.7. LC-MS/MS and STRING protein-protein interaction network analysis

The eluates containing the F95 bound proteins from the serum and 
serum-EV sample groups (pools of n = 15 per group; winter and summer 
groups) were analysed by LC-MS/MS following in-gel digestion (carried 
out by Cambridge Proteomics, Cambridge, UK), according to previously 
described methods [36,42]. Citrullinated protein hits were analysed for 
each group against the species-specific database of Russian sturgeon 
(A. gueldenstaedtii_20240221; 266 sequences; 66,972 residues), using the 
Mascot search algorithm (Matrix Science, London, UK). Ions score for hit 
identification was set at − 10*Log(P), where P was the probability that 
the observed match was a random event, with individual ions scores 
>14 indicating identity or extensive homology (p < 0.05). The fragment 
and peptide mass tolerances were set to 0.1 Da and 20 ppm, respectively. 
For a more comprehensive analysis, hits were furthermore assessed 
against the Actinopterygii database (CCP_Actinopterygii Actino-
pterygii_20240222 (6694388 sequences; 3820018598 residues) with 
individual ions scores >53 indicating identity or extensive homology (p 
< 0.05). To generate protein-protein interaction networks, protein hits 
were fed into the STRING database (https://string-db.org/; accessed 
February 8, 2024) and analysed based on the Actinopterygii database, 
using Salmon salar as a reference species as this provided the highest 
match with identified protein hits and as a species specific 
A. gueldenstaedtii database was not available in STRING. Settings were at 
medium confidence. Protein interaction networks were compared, by 
functional enrichment analysis in STRING, between the winter and 
summer groups for shared and distinct Gene ontology (GO), Reactome 
and STRING pathways relating to the citrullinated proteins identified in 
serum and serum-EVs per group, respectively.

2.8. Analysis of stress- and growth-related miRNAs miR-155, miR-210 
and miR-206 in A. gueldenstaedtii serum-EVs

For the assessment of serum-EV miR signatures relating to stress 
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responses versus trade-off in growth, three key miRNAs relating to 
inflammation (miR-155), hypoxia (miR-210) and growth (miR-206), 
respectively, were assessed in serum-EVs from the winter and summer 
groups. For the analysis, 15 EV isolations per group (winter and sum-
mer) were pooled into three sub-groups, with n = 5 per pool, and 
changes in miRNA expressions were assessed in technical triplicates. 
RNA was extracted from the EVs using Trizol (Sigma, UK) according to 
standardised procedures and RNA purity and concentrations were 
assessed by NanoDrop Spectrophotometry (260 and 280 nm ab). RNA 
was reverse transcribed to cDNA using the qScript micro-RNA cDNA 
Synthesis Kit (Quantabio, U.K.). The PerfeCTa SYBR Green SuperMix 
(Quantabio, U.K.) was used together with MystiCq miRNA qPCR primers 
for miR-155 (hsa-miR-155–5p), miR-210 (hsa-miR-210–5p) and miR- 
206 (hsa-miR-206–5p). RNU6 was used as a reference gene for the 
normalization of miR expression levels, as it is evolutionarily conserved, 
has consistently high Ct values across all samples and narrow, repro-
ducible SD [57,58]. miR primers were obtained from Sigma (U.K.) and 
verified to be conserved; the miRs have been reported in miRNA data-
bases of fish species have been identified and annotated on miRBase 
(http://www.mirbase.org/index.shtml). Thermocycling conditions 
were as follows: denaturation at 95 ◦C for 2 min, 40 cycles of 95 ◦C for 2 
s, 60 ◦C for 15 s, and extension at 72 ◦C for 15 s. For normalization and 
relative expression level calculation the 2^(-ΔΔCt) method was used 
according to Livak and Schmittgen [59]. Each reaction was repeated 
three times.

2.9. Statistical analysis

For each group, winter (control) and summer (chronic heat stress 
group), individual sera and EV isolates were used (n = 15); for the group 
representative serum and serum-EV citrullinome LC-MS/MS analysis a 
pool of 15 individual samples was used per group. Graphs comparing EV 
numbers and miRNA expressions were generated in Graph Pad Prism 
(version 10), using t-test, with mean and error bars representing stan-
dard deviation; statistical significance was considered at p ≤ 0.05. The 
NTA software was used to generate the NTA curves, showing replicates 
of 5 reads per sample, with the red line showing the standard error/ 
deviation. STRING protein interaction networks were generated with a 

medium confidence setting. Ion scores in LC-MS/MS analysis were cut 
off for extensive homology considered at p < 0.05.

3. Results

3.1. A. gueldenstaedtii serum-EV characterisation and profiling in winter 
and summer groups

EVs were isolated from individual A. gueldenstaedtii sera of the 
summer and winter groups and assessed by NTA for size and number. 
EVs were distributed in the 30–500 nm range, with peaks around 
100–200 nm for winter and 100–300 nm for summer samples (see 
representative NTA graphs in Fig. 1A). Western blotting (WB) for CD63 
and flotillin-1 showed that these surface markers were detected on the 
serum-EVs (Fig. 1B). Assessment of serum-EVs by TEM confirmed the 
presence of EVs in sera, showing a poly-dispersed EV population 
(Fig. 1C).

Serum-EV profiles from the winter and summer groups were 
compared for differences in total EV numbers, including changes in EV- 
subpopulations (small, medium, and large EVs), as well as EV mean and 
modal size. Total serum-EV numbers were significantly increased in 
A. gueldenstaedtii from the summer group, compared with the winter 
group (Fig. 2A), and this was verified for all EV sub-populations: small 
EVs ≤100 nm; medium EVs 101–200 nm and large EVs >200 nm 
(Fig. 2B). EV mean size did not differ significantly between the two 
groups (Fig. 2C), nor did EV modal size (Fig. 2D).

3.2. A. gueldenstaedtii PAD phylogram and PAD detection in serum

To compare A. gueldenstaedtii PAD protein with other known PAD 
protein sequences across phylogeny, a phylogram was created, including 
representative PADs from fish (who have a PAD2 like protein only), 
amphibian (who have a PAD2-like protein), reptile and bird (who have 
3 PAD isozymes), and human (who have 5 PAD isozymes), as presented 
in Fig. 3A. A PAD2 clade was observed, with the A. gueldenstaedtii PAD 
(PAD2-like) protein closest to the human PAD2 isozyme as expected, 
and human PAD6 next to the PAD2 clade, followed by PAD4, PAD1 and 
PAD3. The percentage identity matrix of A. gueldenstaedtii PAD with the 

Fig. 1. Extracellular vesicle (EV) characterisation from A. gueldenstaedtii sera. A) Nanoparticle tracking analysis (NTA) with representative size profile curves for 
serum-EVs isolated from the winter (NTA-W) and summer (NTA-S) groups, with the black and red lines representing mean and confidence intervals of the five 
recordings for each sample; B) EV surface marker detection for CD63 and Flot-1 shown by western blotting, for representative EV-pools of winter (w) and summer (s) 
samples, with the size standard (std) indicated in kDa; C) EV morphology was verified by transmission electron microscopy (TEM) and representative images are 
shown from winter (C.1 & C.2) and summer (C.3 & C.4) serum-EV samples, with a scale bar indicated in nm in each image.
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human PAD 1-6 isozymes is shown in Fig. 3B. For PAD protein detection 
in A. gueldenstaedtii serum by western blotting, a band of the expected 
70–75 kDa size was observed by cross reaction with the human anti- 
PAD2 antibody, which represents the phylogenetically most conserved 
PAD isozyme (Fig. 3C).

3.3. The citrullinome of A. gueldenstaedtii serum and serum-EVs from 
winter and summer groups

Citrullinated proteins were isolated by immunoprecipitation with 
the F95 pan-citrullination antibody. Resulting immunoprecipitated 
fractions, containing citrullinated proteins, were analysed by silver 

Fig. 2. Extracellular vesicle profiling by NTA analysis of A. gueldenstaedtii sera from winter (n = 15) and summer (n = 15) groups. A) Total serum-EV numbers; B) 
Numbers for serum-EV subpopulations, assessing small EVs (≤100 nm), medium EVs (101–200 nm) and large EVs (>200 nm). C) Serum-EV mean size; D) Serum-EV 
modal size. Statistical significance is indicated by *** (p < 0.001), and ****(p < 0.0001).

Fig. 3. PAD (PAD2-like) protein from A. gueldenstaedtii. A) A phylogram showing PAD (PAD2-like) protein sequences from A. gueldenstaedtii compared with PAD 
sequences from other fish, amphibian, reptile, bird and human, as well as cyanobacteria and Giardia ADI. A PAD2 clade is observed. B) Percent identity matrix for the 
amino acid sequence alignment for A. gueldenstaedtii PAD2-like protein (highlighted in red) and human PAD isozymes, using Clustal Omega. C) The anti-human PAD2 
antibody cross reacted with an expected band in the 70–75 kDa range in A. gueldenstaedtii serum, as highlighted by the arrow (w-winter, s-summer samples, 
respectively; the size standard is indicated in kDa).
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staining following SDS-PAGE (Fig. 4). Some differences in band intensity 
and patterns were observed between the winter and summer groups for 
the F95 bound proteins from sera (Fig. 4A) while less marked differences 
were observed for the serum-EVs (Fig. 4B). For analysis of protein ID 
differences of the citrullinated proteins, the fractions were analysed by 
LC-MS/MS. Venn diagram analysis of differential citrullination hits be-
tween winter and summer groups shows 24 and 9 unique citrullinated 
proteins in the serum and serum-EVs of the summer group, respectively 
(Fig. 4C). Citrullinated protein targets only identified in the sera of the 
chronically stressed summer group included alpa-2-macroglobulin, 
alpha globin, calcium-dependent secretion activator, ceruloplasmin, 
chemokine XC receptor, complement C3 isoforms, complement C9, 
plectin, selenoprotein and vitellogenin. Citrullinated proteins unique to 
the serum-EVs of the summer group included alpha-1-antiproteinase, 
apolipoprotein B-100, microtubule actin crosslinking factor and his-
tone H3.

Tables 1 and 2, list the shared and specific citrullinated protein hits 
identified in sera of the winter and summer groups, based on ID hits with 
both the species-specific A. gueldenstaedtii database and the Actino-
pterygii database.

3.4. Protein-protein interaction network analysis of citrullinated proteins 
in A. gueldenstaedtii sera and serum-EVs, comparing winter and summer 
groups

Protein-protein interaction networks for citrullinated proteins iden-
tified in the winter and summer groups, for serum and serum-EVs 
respectively, were created in STRING. Gene ontology (GO), Reactome 
and STRING pathways associated to the serum citrullinomes of the 
winter and summer groups are shown in Fig. 5A and B, respectively. The 
Venn diagram in Fig. 5 represents shared and specific pathways related 
to citrullinated proteins detected in sera; the pathways are further listed 
in Table 3. Most of the identified GO, Reactome and STRING pathways 
in the serum citrullinome of the summer group were associated with 
innate immunity, as well as some metabolic pathways (Table 3).

In addition to whole sera, protein-protein interaction networks for 
citrullinated proteins identified in serum-EVs from both groups (winter 
and summer) were assessed. Protein-protein interaction networks are 
shown in Fig. 6 (Fig. 6A and B), and associated GO, Reactome and 
STRING pathways are listed in Table 4. For the serum-EVs citrullinome 
of the summer group, these pathways were mainly associated with lipid 
metabolism, but several immune pathways were also identified 
(Table 4).

3.5. miRNA analysis in A. gueldenstaedtii serum-EVs from winter and 
summer groups

Serum-EV miRNA cargoes were assessed for three miRNAs: the in-
flammatory associated miR-155, the hypoxia associated miR-210, and 
the growth-related miR-206. In serum-EVs of the heat-stressed summer 
group, miR-155 and miR-210 were significantly elevated compared with 
the winter group, by 396-fold and 63-fold, respectively (Fig. 7A and B). 
In the heat-stressed summer group, serum-EVs showed a significant 
decrease in the growth-related miR-206, by 56-fold, compared with the 
winter group (Fig. 7C) (n = 3, p < 0.0001 for all).

4. Discussion

In the light of increasing global warming and associated heat stress in 
fish populations, the identification of biomarkers to monitor fish health 
is of great importance. Previous studies in A. gueldenstaedtii showed that 
innate defences were weakened in response to chronic heat stress, also 
impacting fish growth and mortality [7,11]. Additional challenges 
during summer conditions include worse water quality in rivers, 
alongside increased phytoplankton and dominance of cyanobacteria 
[60,61]. Investigations of cellular and molecular mechanisms contrib-
uting to modified immune responses in chronic heat stress are therefore 
important. The current study assessed extracellular vesicles (EV) and 
protein citrullination/deimination signatures, alongside selected EV 
miRNA cargoes in chronic stress responses in A. gueldenstaedtii farmed in 
summer, compared with winter conditions.

4.1. Serum EV profiles

This is the first study to characterise EVs in A. gueldenstaedtii, 
showing serum-EVs as a poly-dispersed population in the size range of 
40–500 nm, with the majority of EVs in the 100–200 nm range. This is 
similar to EV size profiles identified in other fish, with teleost serum-EVs 
reported at 50–300 nm and 50–600 nm in cod and halibut [36,39,62], 
while plasma EVs in shark and lamprey were reported at 20–200 nm and 
40–500 nm, respectively [41,42]. Importantly, we found that in 
A. gueldenstaedtii the serum-EV numbers were significantly increased in 
the chronically stressed summer group, compared with the winter 
group. This was observed for all EV-subpopulations reflective of small 
(≤100 nm), medium (101–200 nm) and large (>200 nm) EVs. Increased 
circulatory EVs, with altered EV cargoes, are related to stress and 
pathological responses in many human diseases [63,64]. In several fish 

Fig. 4. Citrullinated proteins isolated by F95 immunoprecipitation from A. gueldenstaedtii serum and serum-EVs. A) Silver stained SDS-PAGE gel of citrullinated 
proteins isolated from sera of the winter (w) group and summer (s) groups, respectively. B) A silver stained SDS-PAGE gel showing citrullinated proteins from serum- 
EVs of the winter (w) and summer (s) groups, respectively. C) Venn diagrams for citrullinated protein hits identified in sera and serum-EVs by LC-MS/MS analysis, 
presenting unique and overlapping protein hits between winter and summer groups. IDs and names of protein hits are listed in Tables 1 and 2
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Table 1 
Citrullinated protein hits identified in sera of A. gueldenstaedtii, showing hits in 
winter and summer groups. Hits identified are indicated by a tick (V) per group. 
Hits with the A. gueldenstaedtii database are listed first in the table, followed by 
hits with the wider Actinopterygii database. Protein hits are ordered in alpha-
betical order of protein name.

Protein ID Protein name Winter Summer Score (p 
< 0.05)a

A. gueldenstaedtii
A0A1B1CUR7 Alpha globin V V 179(w)/ 

91(s)
A0A0P0QMC8 Beta-actin V  29
A0A4Y5FCA0 C1GALT1-specific chaperone 

1
 V 20

A0A7S6IKW1 Hemopexin V V 1435 
(w)/ 
1556(s)

A0A7S6IKM0 Hemopexin V V 1364 
(w)/ 
1416(s)

A0A7S6IMQ3 Hemopexin V V 1293 
(w)/ 
1333(s)

A0A7S6IMQ2 Intelectin V V 437(w)/ 
198(s)

A0A976SHR3 Pentraxin family member V  66
A0A976XHX7 Pentraxin family member  V 206
A0A7S6LAJ1 Transferrin a V V 1405 

(w)/ 
1925(s)

A0A7S6IKM2 Transferrin a V V 975(w)/ 
1444(s)

A0A7S6LE89 Transferrin a V V 922(w)/ 
1340(s)

Actinopterygii
A0A444UXV5 Adiponectin V  246
A0A444UY21 Adiponectin V V 146(w)/ 

267(s)
A0A5C6NST1 Alpha-1-antitrypsin-like 

protein
V V 105(w)/ 

100(s)
A0A662YNS4 Alpha-1-antiproteinase V  1228
A0A1B1CUR1 Alpha globin  V 91
E1U341 Alpha-2-macroglobulin  V 73
A0A667YCP7 Alpha-2-macroglobulin-like 

protein 1
V  99

A0A8C7R6A5 Ankyrin 2a, neuronal V  65
A0A444UVN0 Apolipoprotein A-I V  370
A0A1X8XL86 Beta chain V V 113(w)/ 

108(s)
A0A674AA58 Calcium-dependent secretion 

activator 2-like
 V 68

A0A3Q3J933 Centromere protein H C- 
terminal domain-containing 
protein

V V 85(w)/ 
87(s)

A0A444U2S8 Ceruloplasmin  V 234
A0A444TWV8 Ceruloplasmin  V 78
A0A5A9PD67 Chemokine XC receptor 1 G- 

protein coupled receptor 5
 V 63

A0A444UDE9 Complement C1q 
subcomponent subunit C

V V 82(w)/ 
62(s)

A0A8C4T8Y9 Complement C3 V V 180(w)/ 
184(s)

A0A8T2NBC2 Complement C3 V V 151(w)/ 
159(s)

A0A8C7GJC0 Complement C3 V V 149(w)/ 
146(s)

A0A7N6AKV7 Complement component c3a, 
duplicate 5

V  63

A0A6P7LXJ0 Complement C3-like isoform 
X1

 V 101

0A3B5Q4H4 Complement C3-like  V 81
A0A444U2P1 Complement component C9  V 67
A0A3P8XPS4 Copper transport protein V  55
A0A8T0BW81 DBF4-type domain- 

containing protein
 V 65

A0A8C1RZL8 DDE Tnp4 domain- 
containing protein

V V 60(w)/ 
67(s)

Table 1 (continued )

Protein ID Protein name Winter Summer Score (p 
< 0.05)a

A0A2D0RJ54 EF-hand calcium-binding 
domain-containing protein 6 
isoform X1

 V 69

A0A444TWV7 Fetuin-B V V 296(w)/ 
326(s)

A0A662YSS8 Fetuin-B V  126
A0A662YS68 Fibronectin V V 101(w)/ 

115(s)
A0A444UCK2 Fibrinogen alpha chain V V 197(w)/ 

249(s)
A0A444UVD8 Fibrinogen alpha chain  V 95
A0A3Q1F3U9 Fibrinogen alpha chain  V 68
A0A444UCL7 Fibrinogen beta chain V  365
A0A444UCL0 Fibrinogen gamma chain V V 94(w)/ 

194(s)
0A0A8M1KBC3 Fish-egg lectin-like V V 81(w)/ 

81(s)
A0A8M9QGP4 Fish-egg lectin-like isoform 

X1
V  55

A0A9D3S7G7 GRIP domain-containing 
protein

 V 57

A0A2D0PV63 Hemoglobin subunit alpha V  65
A0A3B3URN6 Histone H4 V  62
A0A6F9BUK5 Homeobox-containing 

protein 1
 V 61

A0A8J7NGI1 HV03 protein V  95
A0A8J7NKS4 HV323 protein V V 142(w)/ 

130(s)
A0A5N5KJN7 IF rod domain-containing 

protein
V  142

A0A9D3TER4 IF rod domain-containing 
protein

V  127

A0A3Q0R0M4 Ig-like domain-containing 
protein

V  156

A0A444V1B7 Ig kappa chain C region, A 
allele

V V 145(w)/ 
153(s)

A0A3Q3FM94 Ig-like domain-containing 
protein

V V 131(w)/ 
122(s)

A0A3Q3ILN3 Ig-like domain-containing 
protein

V  127

A0A3B4D751 Ig-like domain-containing 
protein

V V 55(w)/ 
81(s)

A0A3B4EHY6 Ig-like domain-containing 
protein

V V 57(w)/ 
73(s)

A0A665T2J4 Ig-like domain-containing 
protein

 V 73

A0A3Q3FC42 Ig-like domain-containing 
protein

 V 67

A0A444V3J6 Ig heavy chain V region G4 V V 73(w)/ 
108(s)

A0A444V3K3 Ig heavy chain V-III region 23 V  72
A0A444V141 Ig mu chain C region V  534
A0A444V3L0 Ig mu chain C region 

membrane-bound form
 V 55

A0A672LB90 Immunoglobulin heavy 
variable 9-4

 V 116

A0A444UK46 Keratin, type I cytoskeletal 
50 kDa

V  128

A0A8C4T3S0 Keratin, type I cytoskeletal 
15-like

V  72

A0A8C4TM76 Keratin, type I cytoskeletal 
47 kDa-like

 V 64

A0A444V197 Major histocompatibility 
complex class I-related gene 
protein

V V 61(w)/ 
70(s)

A0A4Z2GBR5 Microtubule-actin cross- 
linking factor 1

 V 53

A0A6P6LJY5 Multidrug resistance protein 
1-like

V V 66(w)/ 
84(s)

A0A8C7D9M4 Nebulin V V 68(w)/ 
68(s)

A0A662YMV0 Pentraxin family member V  221
A0A444TZ64 Pinopsin V  520
A0A662YZN9 Plasminogen V V 197(w)/ 

60(s)

(continued on next page)
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species, changes in serum EV numbers have been identified in response 
to stressors, for example in response to changed water temperatures 
[36], to environmental toxins [45] and other stress and immune chal-
lenges [43,44,65]. Therefore, quantification of serum-EVs might be a 
chronic stress biomarker for monitoring health in farmed 
A. gueldenstaedtii.

4.2. Serum citrullination/deimination signatures reveal a putative 
modulation of immune and metabolic pathways in summer-stressed 
A. gueldenstaedtii

The A. gueldenstaedtii PAD fell within the PAD2 clade on the phylo-
gram, similar to PAD proteins reported in other fish. This is consistent 
with the detection of a PAD-like protein by western blotting in 
A. gueldenstaedtii sera by cross-reaction with the anti-human PAD2 
antibody. Similar findings for PAD proteins, as most similar to human 
PAD2, have been reported in other fish, including teleosts, shark and 
lamprey [14,18,35,41,42], supporting that PAD2 is conserved across 
evolution. Interestingly, the PAD2-like protein seems to be active in 
A. gueldenstaedtii during both winter and summer farming conditions 
according to the citrullinated profiles obtained from the serum proteins. 
No upregulation of liver PAD2-like protein expression was found in 

chronically heat stressed A. gueldenstaedtii [10]. Chronic stress condi-
tions might upregulate PAD2-like protein expression in other tissues 
and/or induce its Ca2+ - catalysed activation and downstream protein 
citrullination. The elevation of Ca2+ in many pathological processes is 
well documented and importantly associated with PAD-mediated cit-
rullination in many diseases [13,16,19,21]. Post-translational citrulli-
nation furthermore causes neo-epitope formation and can also increase 
antigenic diversity of proteins via changes in primary, secondary and 
tertiary protein structure, leading to altered antigen processing, pre-
sentation and immune recognition [66]. This can lead to altered in-
teractions with immune cells and affect downstream signalling 
pathways [67]. This correlates with the identification of several immune 
related GO pathways associated with the serum citrullinome of the 
chronically stressed group.

Table 1 (continued )

Protein ID Protein name Winter Summer Score (p 
< 0.05)a

A0A3B3XBJ8 Plectin b  V 59
A0A444UGT7 Prothrombin V V 159(w)/ 

252(s)
A0A444UDM5 Prothrombin V V 148(w)/ 

266(s)
A0A6G1QJS0 Retinitis pigmentosa 1-like 1 

protein
 V 62

A0A671V5Y5 Reverse transcriptase 
domain-containing protein

V  59

A0A6I9NSP4 Rho-related GTP-binding 
protein Rho6-like

V  59

A0A444UNQ6 RING-type E3 ubiquitin 
transferase

V V 93(w)/ 
75(s)

A0A444US59 Scavenger receptor cysteine- 
rich type 1 protein M130

V  60

A0A444V812 Selenoprotein P  V 149

A0A6B9VWG5 Serotransferrin isoform 3 V  1091
A0A444UYB6 Sex hormone-binding 

globulin
V V 222(w)/ 

198(s)
A0A3P8ZB53 Si:dkey-159a18.1 V  63
A0A7J5ZRR4 Symplekin  V 56
A0A662YXR3 Transferrin-like domain- 

containing protein
V  1121

A0A444U8B4 Transferrin-like domain- 
containing protein

V  950

A0A662YSD2 Transient receptor potential 
cation channel subfamily M 
member 6

V  194

A0A444UT93 Type-4 ice-structuring 
protein LS-12

V V 121(w)/ 
113(s)

A0A8M1KL24 Uncharacterized protein 
LOC122132339

V V 162(w)/ 
165(s)

W5MRN5 Uncharacterized protein V V 161(w)/ 
169(s)

A0A1C8Y939 Vitellogenin AB2a  V 151
A0A8C6TNP3 WD repeat-containing 

protein 37
 V 55

a Peptide sequence hits scores are shown; when a protein hit was shared the 
score is shown for winter (w) and summer (s) groups, within the same score 
column. Ions score is − 10*Log(P), where P is the probability that the observed 
match is a random event. Individual ions scores indicate identity or extensive 
homology (p < 0.05). Protein scores were derived from ions scores as a non- 
probabilistic basis for ranking protein hits. Cut-off was set at ions score >14 
for the A. gueldenstaedtii database and at >53 for the Actinopterygii database.

Table 2 
Citrullinated protein hits identified in serum-EVs of A. gueldenstaedtii, showing 
hits in the winter and summer groups. Protein hits are indicated by a tick (V) per 
group. Hits are with the Actinopterygii database. Protein hits are ordered in 
alphabetical order of protein name.

Protein ID Protein name Winter Summer Score (p 
< 0.05)a

A0A0S7KFN5 ACTB (Fragment) beta-actin  V 62
A0A444UY21 Adiponectin V  74
A0A662YNS4 Alpha-1-antiproteinase  V 63
A0A444UMP9 Apolipoprotein B-100  V 299
A0A3Q2PG63 Cyclin dependent kinase like 

5
V  57

A0A4U5UIY0 Granzyme D V V 74(w)/72 
(s)

A0A7S6IKW1 Hemopexin V V 271(w)/ 
385(s)

A0A7S6IMQ3 Hemopexin V  178
Q5GB12 Histone H3  V 72
A0A3N0Y8D6 Histone H4 V  164
A0A5N5KJN7 IF rod domain-containing 

protein
V V 197(w)/ 

193(s)
A0A8C2W8G4 IF rod domain-containing 

protein
 V 175

A0A444V141 Ig mu chain C region V V 111(w)/ 
72(s)

A0A671KF31 Intermediate filament 
protein ON3-like

V  411

A0A498LWK8 Intermediate filament ON3- 
like isoform X2

 V 253

Q9DGA7 Keratin V  71
A0A8C3ZH57 Keratin, type I cytoskeletal 

50 kDa-like
V  131

A0A6Q2XC09 Keratin 5 V  456
Q9DGA7 Keratin (fragment)  V 97
A0A3B3CLF1 Keratin, type I cytoskeletal 

13-like
 V 100

A0A668VX38 Keratin 15 V  71
A0A5C6N3H2 Keratin, type I cytoskeletal 

18
V  88

A0A8C4ZJI8 Keratin 94 V V 343(w)/ 
351(s)

A0A8C7FG29 Low density lipoprotein 
receptor-related protein 1Ba

 V 71

A0A087XDC5 lysozyme V  71
A0A3B3QP35 Microtubule actin 

crosslinking factor 1
 V 56

A0A8C2FJL3 Peptidyl-prolyl cis-trans 
isomerase

V  66

A0A662YVA5 Serum albumin 2 V V 320(w)/ 
370(s)

A0A6J2W3P0 Uncharacterized protein  V 227

a The peptide score is shown; when a protein hit was shared, the score is 
shown for winter (w) and summer (s) groups, within the same score column. Ions 
score is − 10*Log(P), where P is the probability that the observed match is a 
random event. Individual ions scores indicate identity or extensive homology (p 
< 0.05). Protein scores were derived from ions scores as a non-probabilistic basis 
for ranking protein hits. Cut-off was set at ions score >53 (Actinopterygii 
database was used).
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Based on the proteomic analysis, which provided representative 
citrullinomes for the two groups, several serum proteins were targets of 
citrullination in both the summer and winter groups. This indicates that 
this post-translational modification might play a role in modulating 
baseline physiological processes that were preserved in summer condi-
tions. Of note, some of these targets were key immune related proteins, 
such as the complement pathway-associated C3 component and pen-
traxin family members. These innate components have previously been 
identified as citrullinated protein targets in serum and mucosa, and/or 
serum/mucosa-EVs in teleost fish [18,35,36,39,40,62] and in shark 
[41]. Post-translational modifications may facilitate protein moon-
lighting in homeostasis and immune defences, and to what extent cit-
rullination of complement proteins contributes to their function may be 
of considerable interest and will remain to be studied in further depth. 
Citrullination may affect C3 cleavage [18,35] and possibly affect bind-
ing specificity and pattern recognition capabilities of pentraxins [40]. In 
addition, two components linked to the activation of the classical 
pathway were found to be citrullinated: complement C1q, which is a 
potent pattern recognition molecule in the initial steps of the comple-
ment pathway [68], and the heavy and light chains of immunoglobulins.

Serum proteins associated with blood coagulation and fibrinolysis 
were also citrullinated in A. gueldenstaedtii farmed during winter and 
summer; they included plasminogen, prothrombin, fibronectin and 
fibrinogen. Plasminogen is involved in the removal of misfolded and 
aggregated proteins, the activation of complement and other immune 
and inflammatory processes [69]. It also has roles in sturgeon ovulation 
[70]. Prothrombin, has roles in blood coagulation and wound repair, 
including in sturgeon [71]. Fibronectin has multifaceted roles in cell 
signalling including in development and wound healing [72]. Fibrin-
ogen, forms part of the acute phase response, including in stress re-
sponses during temperature acclimation or tetrodotoxin exposure [73,
74]. It also has roles in the coagulation system in anti-pathogenic re-
sponses [75]. Other shared citrullinated protein targets were related to 
homeostasis pathways including nebulin, hemopexin and multidrug 
resistance protein 1-like. Nebulin has roles in calcium homeostasis and 
regulation of muscle contraction [76,77]. Hemopexin has roles in heme 
homeostasis and regulation of the physiological stress response to 
increased water temperature and exposure to heavy metals [78,79]. 
Hemopexin is also linked to inflammatory responses in fish and has been 
proposed as a minor positive acute-phase protein in A. gueldenstaedtii 
[8]. Multidrug resistance protein 1-like was also a shared citrullinated 
target. It is a permeability glycoprotein and ATP-dependent efflux 
transporter that excretes xenobiotics and other harmful substances 
across the plasma membrane and has critical roles in cellular defence 
mechanisms [80]. In addition, adiponectin was a shared citrullination 
candidate; it is a regulator of immune and metabolic functions, cytokine 
regulation and apoptosis [81–83]. In Siberian sturgeon (A. baerii), 

adiponectin has also been found to have roles in feeding behaviour 
regulation [84]. Collectively, these results highlight the relevance of this 
post-translational mechanism in influencing homeostasis in 
A. gueldenstaedtii.

Several protein targets were only identified as citrullinated in the 
sera of winter-farmed A. gueldenstaedtii. Their absence in the serum 
during the summer may result from protein expression regulatory 
mechanisms triggered by the chronic stress response. We have previ-
ously observed a relative decrease in the abundance of total serum 
proteins caused by the summer-induced chronic stress response [7]. 
Moreover, a reduction in total protein biosynthesis in the liver has 
indeed been observed in chronically heat-stressed sturgeons. This is part 
of a complex metabolic reprogramming to meet energy demands and 
provide glucose to peripheral tissues [10]. Citrullinated proteins only 
identified in winter-farmed sturgeons included some liver-derived 
components, whose serum levels could be reduced during the summer. 
These were a variety of proteins with different physiological functions, 
as follows: Alpha-1-antiproteinase, belonging to the serpin superfamily, 
plays multifaceted roles in innate immunity, with important roles in 
protecting tissues from enzymes released during inflammation [85]. 
Serpins have been linked to stress responses in sturgeon [86]. Sero-
transferrin forms part of innate immunity in fish, has an antimicrobial 
role [87] and was reported to be modulated in various sturgeon species 
by infection at different temperatures [8,88,89]. Apolipoprotein A-I, is 
involved in lipid metabolism [90], in mitochondrial function [91], in 
anti-bacterial and anti-viral function [92], and has roles in complement 
regulation, including C3 and MAC assembly [93–95]. Apolipoprotein A-I 
furthermore forms part of the acute phase and stress response during 
acclimatization to changed water temperatures [73]. Fetuin-B was 
identified as citrullinated in the winter group and is a cysteine pro-
teinase inhibitor with roles in regulation of inflammatory responses, and 
in anti-bacterial responses in fish [96]. Further citrullinated protein 
targets in the winter group only included Ankyrin 2a, which plays roes in 
ion channel regulation, and has been reported in plasma profiles of fish 
during stress and infection [97,98]. Histone H4, was also citrullinated in 
the winter group and plays roles in inflammatory processes including 
lytic cell death [99] and early NETosis via citrullination [100]. Scav-
enger receptor cysteine-rich type 1 protein M130, plays roles in clear-
ance and endocytosis, has roles in protection to oxidative damage and 
various immune responses [101,102]. Rho-related GTP-binding protein 
Rho6-like links to cytoskeletal regulation [103]. Copper transport pro-
tein plays roles in inflammatory and oxidative stress responses [104]. 
Furthermore, beta-actin was identified as citrullinated in the winter 
group. It is an important cytoskeletal protein with various roles in cell 
migration, in cellular protrusions for cell communication, in vesicle 
release, in nuclear function and mitochondrial function [26,105–108]. 
The identification of these proteins as citrullinated hits in winter-farmed 

Fig. 5. Protein-protein interaction networks for citrullinated proteins identified in A. gueldenstaedtii sera, in winter (A) and summer groups (B), respectively. The 
Venn diagram summarises shared and unique Gene ontology (GO), Reactome and STRING pathways associated with the citrullinomes. Table 3 summarises 
the pathways.
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sturgeons indicates a role for citrullination in their function under 
normal conditions.

Importantly, in sera of the summer-stressed group, numerous pro-
teins associated with the innate immune system were identified as cit-
rullinated. This included some complement components and 
ceruloplasmin. Two isoforms of complement C3 (C3-like isoform X1 and 
a complement C3-like protein) were citrullinated; these are likely 
abundant complement components in A. gueldenstaedtii serum, playing a 
central role in the activation of the three pathways of the complement 
system. It can be speculated that citrullination influences cleavage, 
binding and deposition of C3 and has possible roles in the generation of 
the convertase [18,35]. Complement component C9 was also citrulli-
nated during summer conditions; this component forms part of the 
membrane attack complex (MAC), which is responsible for inducing the 
complement-mediated lysis of pathogens [109,110]. Ceruloplasmin is 
considered an acute-phase protein, although no evidence of liver upre-
gulation has been found during A. hydrophila infection in 
A. gueldenstaedtii [10]. Interestingly, the activity of the complement 
alternative pathway (ACP) and ceruloplamin significantly dropped in 
summer-stressed A. gueldenstaedtii [7,9]. The hypothesis that citrulli-
nation of these innate components may be linked to this reduction in 
ACP and ceruloplasmin activities is of considerable interest and remains 
to be studied in further depth. Chemokine XC receptor 1 G-protein 
coupled receptor 5 has roles in immune responses [111]. Other 
immune-related proteins found to be citrullinated in the summer group 
included vitellogenin and selenoprotein. Vitellogenin is a maternal im-
mune protein in fish, with antioxidant activities also an endocrine 
disruption associated biomarker in fish [112,113]. Selenoprotein P is a 
plasma glycoprotein with roles in selenium homeostasis, in regulation of 
inflammation and has antioxidant properties [114–116]. Further cit-
rullinated protein targets in the summer group are involved in several 
physiological processes as discussed below. Alpha globin is part of the 
hemoglobin family and plays roles in aerobic metabolism and oxygen 
delivery [117]. EF-hand calcium-binding domain-containing protein 6 
has multifaceted roles in cellular function [118,119]. 
Calcium-dependent secretion activator 2-like is of considerable interest 
as it is involved vesicle trafficking and exocytosis [120,121]. DBF4-type 
domain-containing protein is involved in cell cycle regulation [122]. 
Retinitis pigmentosa 1-like 1 protein is linked to photoreceptor biology 
but also has other unknown function and is associated with various 
diseases [123,124]. Homeobox-containing protein 1 has roles in tran-
scriptional network regulation and cell movement processes [125]. 
Plectin b has key roles in cytoskeleton crosslinking and multifaceted 
roles in cellular organisation and signal transduction, as well as roles in 
mitochondrial function [126]. Microtubule-actin cross-linking factor 1 
is critical in cytoskeletal dynamics, including cell migration and vesic-
ular traffic [127,128]. GRIP domain-containing protein has roles in 
Golgi membrane binding [129] and Symplekin is associated with tran-
scription of noncoding RNAs and RNA cleavage complexes [130]. A 
further citrullinated protein target specific for the summer group was 
WD repeat-containing protein 37. It is involved in critical neuronal and 
developmental processes and has been linked to poor growth and larval 
lethality in zebrafish [131].

Corresponding to the presence of immune proteins in the serum 

Table 3 
Gene ontology (GO), Reactome and STRING pathways identified for citrulli-
nated proteins in A. gueldenstaedtii sera. A tick (V) indicates that the pathway is 
present in the respective group.

Biological Process GO Winter 
Sera

Summer 
Sera

Blood coagulation V V
Fibrinolysis V V
Negative regulation of blood coagulation V V
Negative regulation of proteolysis V V
Platelet activation V V
Positive regulation of glucose import V V
Regulation of body fluid levels V V
Response to other organism V V
Blood coagulation, fibrin clot formation V 
Negative regulation of response to external stimulus V 
Negative regulation of hydrolase activity V 
Regulation of biological quality V 
Regulation of heterotypic cell-cell adhesion V 
Regulation of response to external stimulus V 
Response to external stimulus V 
Adaptive immune response  V
Complement activation, classical pathway  V
Defence response  V
Defence response to other organism  V
Humoral immune response  V
Immune response  V
Inflammatory response  V
Innate immune response  V
Leukocyte mediated immunity  V
Negative regulation of catalytic activity  V
Negative regulation of molecular function  V
Negative regulation of protein metabolic process  V
Positive regulation of immune response  V
Regulation of proteolysis  V
Regulation of protein metabolic process  V
Response to stress  V
Wound healing  V
Reactome Pathways Winter Summer
Common pathway of fibrin clot formation V V
Dissolution of fibrin clot V V
Formation of fibrin clot (clotting cascade) V V
GRB2:SOS provides linkage to MPK signalling for 

integrins
V V

Haemostasis V V
Integrin cell surface interactions V V
Integrin signalling V V
MAP2K and MAPK activation V V
p130Cas linkage to MPK signalling for integrins V V
Platelet activation, signalling and aggregation V V
Platelet aggregation (plug formation) V V
Platelet degranulation V V
Post-translational protein phosphorylation V V
Regulation of Insulin-like Growth Factor (IGF) transport 

and uptake by Insulin-like Growth Factor Binding 
Proteins (IGFBPs)

V V

Response to elevated platelet cytosolic Ca2+ V V
Extracellular matrix organisation V 
MAPK1/MAPK3 signalling V 
MAPK family signalling cascades V 
RAF/MAP kinase cascade V 
Activation of C3 and C5  V
Complement cascade  V
Innate immune system  V
Regulation of complement cascade  V
Regulation of TLR by endogenous ligand  V
Cellular component GO Winter Summer
Extracellular region V V
Extracellular space V V
Fibrinogen complex V V
Local network cluster (STRING) Winter Summer
Fibrinogen alpha/beta chain family and fibrinolysis V V
Mixed incl. protein activation cascade and common 

pathway
V V

Mixed incl. fibrinogen and fibrinolysis V 
Trypsin like serine protease and serin-type 

endopeptidase
V 

Table 3 (continued )

Biological Process GO Winter 
Sera 

Summer 
Sera

Activation of C3 and C5, and membrane attack complex  V
Complement activation, alternative pathway  V
Complement activation, and complement receptor 

activity
 V

Complement B/C2 and complement C3/4/5. 
macroglobulin

 V

Trypsin-like serine protease, and serine-type 
endopeptidase

 V

A.M. Ferreira et al.                                                                                                                                                                                                                             Fish and Shellϧsh Immunology 154 (2024) 109974 

10 



citrullinome of the summer group, several immune-associated Biological 
GO pathways were identified by protein-protein interaction network 
analysis. This included “Complement activation, classical pathway”; 
“Humoral immune response; “Leukocyte mediated immunity”; “Wound 
healing”; “Adaptive immune response”; “Inflammatory response”; 
“Positive regulation of immune response”; “Innate immune response”; 
“Immune response”; “Defence response to other organism”; and 
“Defence response”. Proteins linked to innate immune mechanisms 
would be major citrullination targets during summer conditions ac-
cording to the identified Reactome and STRING pathways. This suggests 
that citrullination of key serum immune proteins, particularly innate 
components, could be linked to the observed susceptibility of 
A. gueldenstaedtii to infection during the summer.

In addition, various key physiological and metabolic processes were 
identified in the serum citrullinome of the summer group, including: 
“Response to stress”; “Negative regulation of molecular function”; 
“Negative regulation of protein metabolic process”; “Regulation of 
protein metabolic process”; “Regulation of proteolysis”; and “Negative 
regulation of catalytic activity”. The regulation of these metabolic pro-
cesses via citrullination could possibly be related with the liver meta-
bolism reprogramming caused by chronic-heat stress, affecting all 
biosynthesis pathways in favour of generating enough energy to sustain 
essential biological functions [10].

4.3. Serum-EV citrullination signatures reveal a putative modulation of 
lipid metabolism pathways in summer-stressed A. gueldenstaedtii and roles 
in NETosis

The citrullinome analysis of sturgeon serum-EVs identified several 
shared citrullinated protein targets between the winter and summer- 
farmed A. gueldenstaedtii. These proteins were: hemopexin, which was 
also identified in whole serum; Granzyme D, which is involved in the 
immune response and plays also roles in pyroptosis; an inflammatory 
mode of regulated cell death [132]. Shared serum-EV citrullinated 
proteins included also serum albumin, which forms part of defence 
mechanisms in response to stress [86,133]; as well as the cytoskeletal 
related proteins keratin 94 and IF rod domain-containing protein.

In addition, several EV cargo proteins were identified as citrullinated 
in the winter group only. These were cytoskeletal proteins including 
keratin 5, keratin 15 and intermediate filament protein ON3-like [134], 
as well as histone H4 and adiponectin, which were also identified as 
citrullinated in whole serum and discussed above. Furthermore, lyso-
zyme, which plays roles in sturgeon antibacterial immune defences 
[135] and has been identified in stress responses in sturgeon [136] was 
citrullinated in serum-EVs of the winter group. Cyclin dependent kinase 
like 5, also a citrullination target in this group, has various roles in 
cellular signalling, cell migration and immunity [137,138].

Furthermore, summer-induced chronic stress led to citrullination of 
serum-EV proteins associated with lipid metabolism, which were absent 

in winter-farmed A. gueldenstaedtii. These included: Apolipoprotein B- 
100, which has critical roles in lipid metabolism [139]. Low density li-
poprotein receptor-related protein 1Ba, an endocytic cell surface re-
ceptor which recognises a wide range of ligands and has roles in integrin 
trafficking [140]. Importantly, histone H3 was citrullinated in EV 
cargoes of the summer group only. This is of considerable significance as 
citrullinated histone H3 is a key factor in extracellular trap formation 
(ETosis and NETosis) which is a critical anti-microbial defence mecha-
nism, which is well reported across phylogeny, including in fish 
[141–143]. Histone H3 citrullination is also involved in epigenetic 
mechanisms and was previously reported as elevated in serum-EVs of 
temperature challenged cod [36], and in fish mucosa in response to 
bacterial infection [18]. Our findings indicate modifications in meta-
bolic and immune responses via changes in citrullinated EV protein 
cargoes in response to chronic stress.

Importantly also, increased citrullination is associated with cell 
death, which correlates to some of the stress and inflammatory re-
sponses in the summer group, and also for the serum EVs where both 
pyroptosis and necrosis were amongst the citrullinome associated GO 
pathways. Results from the protein-protein interaction network analysis 
suggested also significant roles for citrullination in modulating lipid and 
lipoprotein metabolic processes in chronically stressed A. gueldenstaedtii. 
Biological GO pathways for the serum-EV citrullinome of the summer 
group were: “Triglyceride mobilisation”; “Positive regulation of 
cholesterol storage”; “Plasma lipoprotein particle clearance”; “Lipopro-
tein transport”; “Cholesterol efflux”; “Regulation of cholesterol biosyn-
thetic process”; “Heme transport”; “Plasma lipoprotein particle 
remodelling”; “Triglyceride catabolic process”; and “Lipoprotein cata-
bolic process”.

Similarly, the Reactome analysis showed that pathways associated 
only with the serum-EV citrullinome of the chronically stressed summer 
group related to metabolic changes and to anti-pathogenic responses, 
antimicrobial functions, immune responses and cellular communication. 
A similar correlation was found with the local network cluster STRING 
pathways, which highlighted further immune associated functions 
linked to the citrullinated proteins in the summer-stressed group.

4.4. Serum-EV associated miRNAs indicate trade-off in immunity and 
growth in chronically stressed A. gueldenstaedtii

When assessing EV cargoes for selected miRNA expressions, serum- 
EVs of A. gueldenstaedtii from the chronically stressed summer group 
showed a significant increase in inflammatory (miR-155) and hypoxia 
(miR-210) associated miRNAs. Both miRNAs have been related to 
inflammation and hypoxic stress in various pathologies [144–147]. In 
fish, miR-155 has previously been associated with heat stress [36,148], 
identified as a stress marker for fish toxicology studies [149,150] and 
been reported in virus infected fish [52]. The observed inflammatory 
status in the summer stressed group is in alignment with findings from a 

Fig. 6. Protein-protein interaction networks for citrullinated proteins identified in A. gueldenstaedtii serum-EVs, in winter (A) and summer groups (B), respectively. 
The Venn diagram summarises GO, Reactome and STRING pathways associated with the citrullinomes, showing shared and unique pathways for the winter and 
summer groups, respectively; Table 4 lists the pathways.
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previous study showing liver damage and inflammation in chronically 
heat-stressed sturgeons [10]. Furthermore, the significant increase 
observed here in miR-210 in A. gueldenstaedtii serum-EVs of the summer 
group suggests the induction of a hypoxic response in chronic stress. 
Roles for miR-210 in regulating hypoxia responses are well reported 
alongside roles in mitochondrial metabolism, DNA damage responses 
and apoptosis [146,151,152]. In fish, miR-210 has been shown to be 
elevated in response to viral and bacterial infection [153,154], and to be 
modulated in response to environmental hypoxic and nutritional 
stressors [155]. In zebrafish, miR-210 has been reported to promote 
immune-related genes and to suppress oocyte meiosis [156]. Changes in 
cellular aerobic capacity in response to elevated water temperature have 
been reported for farmed white sturgeon [157]. Furthermore, oxidative 
stress has been reported in response to starvation and refeeding in 
A. stellatus juveniles [158]. In addition, juvenile white sturgeons were 
shown to display changes in thermal and hypoxic stress markers and 
global DNA methylation in response to heatwaves [12]. In order to 
identify whether there may be a trade-off in immune responses and 
growth in summer-induced tress, the growth related miR-206 was also 
assessed in the serum-EVs. Interestingly, miR-206 was found to be 
significantly reduced in the heat-stressed summer group. This indicates 
that chronic heat stress impacts miRNAs regulating growth, which may 
result in smaller fish. This finding correlates with our previous study 
showing that A. gueldenstaedtii exposed to heat stress showed a pro-
gressive decrease in body weight, alongside increased fish mortality [7]. 
Likewise, a study on cod cultured in sub-optimal water temperatures 
showed a decrease in miR-206 in parallel to an increase in inflammatory 
markers [36]. Furthermore, miR-206 was previously reported as an 
important muscle enriched miRNA (myo-miR) during temperature 
challenge in early cod development [54]. Our results overall align with 
previously identified roles for these three miRs in fish immune responses 
and growth and highlight these as putative EV-associated biomarkers in 
response to chronic heat-stress in A. gueldenstaedtii.

The current study identified modifications in EV release profiles and 
EV cargoes, with significantly increased numbers of serum-EVs in 
chronically stressed A. gueldenstaedtii. The findings furthermore high-
light putative roles for post-translational citrullination/deimination in 
modulating immune and metabolic responses in A. gueldenstaedtii. An 
increase in citrullinome associated pathways was identified in sera and 
serum-EVs of chronically stressed A. gueldenstaedtii. In addition, EV 
miRNA-cargoes relating to inflammation (miR-155) and hypoxic stress 
(miR-210) were significantly elevated, while the growth related miR- 
206 was downregulated in the chronically stressed group. Our find-
ings highlight a trade-off in growth and inflammatory responses in 
A. gueldenstaedtii during chronic stress conditions associated to fish 
farmed in the summer. This supports our [10] and other studies, which 
reported that heat-challenged sturgeon species (A. gueldenstaedtii and 
A. fulvescens) have compromised metabolic, stress and immune re-
sponses [136]. It must be noted that for the purpose of this current study 
the citrullinome analysis carried out per group was based on a pool of 15 
samples per group, therefore providing a representative list of citrulli-
nated protein hits for the summer and winter groups, respectively. 
Further assessment on individual variability will need to be subject of 
future studies. As many key immune proteins were identified here as 
citrullinated targets, it will be of interest to assess some of these in 
further depth in future studies, including changes on protein function 

Table 4 
Gene ontology (GO), Reactome and STRING pathways identified for citrulli-
nated proteins in A. gueldenstaedtii serum-EVs. A tick (V) indicates that the 
pathway is present in the respective group.

Biological Process GO Winter 
Serum- 
EVs

Summer 
Serum- 
EVs

Intermediate filament cytoskeleton organisation V V
Cholesterol efflux  V
Heme transport  V
Lipoprotein catabolic process  V
Lipoprotein transport  V
Plasma lipoprotein particle clearance  V
Plasma lipoprotein particle remodelling  V
Positive regulation of cholesterol storage  V
Regulation of cholesterol biosynthetic process  V
Triglyceride catabolic process  V
Triglyceride mobilisation  V
Reactome Pathways Winter Summer
Formation of the cornified envelope V 
Keratinisation V 
Activation of matrix metalloproteinases  V
Activation, myristoylation of BID and translocation to 

mitochondria
 V

Antimicrobial peptides  V
Binding and uptake of ligands by scavenger receptors  V
Chylomicron assembly  V
Chylomicron clearance  V
Chylomicron remodelling  V
Clathrin-mediated endocytosis  V
Degradation of extracellular matrix  V
Formation of the cornified envelope  V
Heme signalling  V
LDL clearance  V
LDL remodelling  V
Metabolism of angiotensinogen to angiotensins  V
Metabolism of fat-soluble vitamins  V
Metabolism of vitamins and cofactors  V
Platelet sensitisation by LDL  V
Plasma lipoprotein assembly  V
Plasma lipoprotein clearance  V
Plasma lipoprotein remodelling  V
Post-translational protein phosphorylation  V
Pyroptosis  V
Regulated necrosis  V
Regulation of Insulin-like growth factor (IGF) transport 

and uptake by insulin-like growth factor binding 
proteins (IGFBPs)

 V

Regulation of TLR by endogenous ligand  V
Retinoid metabolism and transport  V
Scavenging by Class A receptors  V
Scavenging by Class B receptors  V
Scavenging by Class H receptors  V
Scavenging of heme from plasma  V
Sensory perception  V
Signalling by SCF-KIT  V
Vesicle-mediated transport  V
Visual phototransduction  V
VLDL assembly  V
Cellular component GO Winter Summer
Intermediate filament V 
Chylomicron  V
Endoplasmic reticulum exit site  V
Extracellular space  V
Intermediate-density lipoprotein particle  V
Low-density lipoprotein particle  V
Supramolecular fibre  V
Very-low density lipoprotein particle  V
Local network cluster (STRING) Winter Summer
Mixed, incl. Type I hemidesmosome assembly, and 

intracellular phosphatidylinositol-3,5-bisphosphate- 
sensitive cation channel activity

V V

Mixed, incl. keratin type II head, and keratin filament V 
Mixed, incl. nucleosome core, and linker histone H1/H5 V 
Mixed, incl. low-density lipoprotein receptor YWTD 

domain
 V

Mixed, incl. uptake of dietary cobalamins into enterocytes  V

Table 4 (continued )

Biological Process GO Winter 
Serum- 
EVs 

Summer 
Serum- 
EVs

Serum albumin, N-terminal, and Peroxidasin, peroxidase  V
Trypsin-like serine protease, and serine-type 

endopeptidase
 V

Trypsin-like serine protease, and signalling by MST1  V
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caused by the post-translational conversion of arginine to citrullinine at 
different sites, also depending on numbers and positions of arginines in 
the chosen target protein. Our study paves the way for developing EV 
and citrullinome based biomarkers for sustainable sturgeon aquaculture. 
In addition, our findings may be translatable to other fish species both in 
the wild and in aquaculture.

5. Conclusion

The identification of chronic thermal stress biomarkers in 
A. gueldenstaedtii is of considerable interest for sustainable aquaculture 
in response to declining sturgeon populations and global climate 
change. This is the first study to assess circulatory extracellular vesicle 
(EV) signatures and post-translationally citrullinated proteins in stur-
geon, a chondrostean fish. We reported elevated serum-EV numbers in 
chronically stressed A. gueldenstaedtii, with modified citrullinated pro-
teins in serum and serum-EVs relating to immune-associated and 
metabolic pathways. The EVs of the stressed group furthermore showed 
changes in microRNA cargoes, with significantly increased pro- 
inflammatory (miR-155) and hypoxia-stress related (miR-210) 
markers, and reduced miR-206, which is associated with growth. Our 
findings indicated a trade off in immune responses versus growth in 
A. gueldenstaedtii exposed to chronic, including heat, stress. EVs and 
citrullinome signatures may be useful biomarkers in chronic stress in 
A. gueldenstaedtii and to monitor fish health.
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and chronic heat stress responses in sturgeons: advances and insights from studies 
on Russian sturgeons, Fish Shellfish Immunol. Rep 5 (2023) 100121, https://doi. 
org/10.1016/j.fsirep.2023.100121.

[12] M.L. Earhart, T.S. Blanchard, N. Strowbridge, R. Sheena, C. McMaster, B. Staples, 
C.J. Brauner, D.W. Baker, P.M. Schulte, Heatwave resilience of juvenile white 
sturgeon is associated with epigenetic and transcriptional alterations, Sci. Rep. 13 
(1) (2023) 15451, https://doi.org/10.1038/s41598-023-42652-7.

[13] E.R. Vossenaar, A.J. Zendman, W.J. van Venrooij, G.J. Pruijn, PAD, a growing 
family of citrullinating enzymes: genes, features and involvement in disease, 
Bioessays 25 (11) (2003) 1106–1118, https://doi.org/10.1002/bies.10357.
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