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Abstract 

The ancient Lake Baikal is the largest source of liquid freshwater on Earth and home to a 

unique fauna. Several hundred mostly cold-adapted endemic amphipod species inhabit Baikal, an 

ecosystem that is already being influenced by global change. In this study, we characterized the 

core proteome and heat stress-induced changes in a temperature-tolerant endemic amphipod, 

Eulimnogammarus cyaneus, using a proteogenomic approach (PRIDE dataset PXD013237) to 

unravel the molecular mechanisms of the observed adverse effects. As males were previously 

found to be much more tolerant to thermal stress, we placed special emphasis on differences 

between the sexes. For both sexes, we observed adaption of energy metabolism, cytoskeleton, 

lipid, and carbohydrate metabolism upon heat stress. In contrast, significant differences were 

determined in the molecular chaperone response. Females from the control conditions possessed 

significantly higher levels of heat shock proteins (HSP70, HSPb1, Hsc70-3), which, in contrast 

to males, were not further increased in response to heat stress. The inability of females to further 

increase heat shock protein synthesis in response to temperature stress may be due to sex-

specific processes, such as egg production, requiring a large proportion of the available energy. 

As ovigerous females synthesize generally higher amounts of protein, they also need higher 

levels of molecular chaperones for the folding of these new proteins. Thus, the higher sensitivity 

of females to heat shock may be due to the lack of molecular chaperone molecules to counteract 

the heat-induced protein denaturation. 

 

Keywords 

Proteogenomics, Amphipoda, sexual dimorphism, stress response, high-throughput proteomics  
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1. Introduction 

 

Lake Baikal, the largest freshwater lake in the world and a UNESCO world heritage site, 

is inhabited by an exceptionally species-rich, largely endemic fauna, which is distinct from the 

faunas from other freshwaters in the Palearctic (Cristescu et al., 2010). With regard to species 

richness, extremely high abundance of individuals, and high total biomass, amphipods 

(Amphipoda, Crustacea) constitute a major, ecologically highly relevant animal taxon of Lake 

Baikal (Takhteev et al., 2015). 

More than 350 endemic amphipod species and subspecies are described in Lake Baikal 

(Takhteev et al., 2015). They inhabit all kinds of substrates and all water depths of the lake 

(Timoshkin et al., 2001). Thus, Baikal amphipods are important as models in ecological and 

evolutionary studies (Takhteev et al., 2000). The endemic amphipods of Lake Baikal evolved 

under stable environmental conditions characterized by cold temperatures, low nutrient levels, 

high dissolved oxygen, and low mineralization (Mats et al., 2011). 

Currently, some local benthic communities in the lake undergo rapid changes associated 

with growing human impact and with climate change, which increase the frequency and range of 

temperature fluctuation in the shallow littoral zone (Moore et al., 2009; Timoshkin et al., 2018). 

Our previous studies demonstrated high diversity in the tolerance and degrees of cellular 

responses to environmental stressors, such as fluctuating temperatures, in different amphipod 

species in the lake (Bedulina et al., 2013, Jakob et al., 2016, Axenov-Gribanov et al., 2016). 

Furthermore, sex-specific differences in temperature stress tolerance, as well as in the proteomiс 

stress response, were shown for one of the most widespread upper-littoral species 

Eulimnogammarus cyaneus (Dybowsky, 1874). The responsiveness of the stress protein system 

was much higher in males, making them more resistant to temperature stress (Bedulina et al., 

2017). However, the classical approach of two-dimensional polyacrylamide gel electrophoresis 

(2D-PAGE) followed by matrix-assisted laser desorption/ionization with tandem time-of-flight 

mass spectrometry (MALDI-ToF-ToF-MS/MS) only allowed for studying the high-abundant 

proteins. 

Eulimnogammarus cyaneus, one of the most abundant species in the littoral zone of Lake 

Baikal (Timoshkin, 2001), has been extensively studied within the last decade (Bedulina et al., 

2013; 2017; Jakob et al., 2016; Drozdova et al., 2019a; 2019b) and is considered a potential 

bioindicator for monitoring the ecological state of the benthic community (Timofeyev, 2010). E. 

cyaneus is a small (adult body size 11–15 mm) endemic amphipod, widespread along the 

shoreline of the entire lake. It is a representative of the upper littoral zone. This species inhabits 

the rocky shore of the lake with the highest population density at the narrow zone of the water 
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edge (Bazikalova, 1941). Reproduction takes place three times during the summer, starting in 

May when the first females with eggs appear (Gavrilov, 1949). This species has enhanced 

thermal tolerance compared to the majority of Baikal littoral species (Bedulina et al., 2013) and 

prefers the temperatures of approximately 11 to 12 °C (Timofeyev, Kirichenko, 2004). This 

species can be maintained in the laboratory for extended periods of time and is a good candidate 

to develop molecular markers and tools for environmental monitoring. 

In this study, we aimed to investigate the proteome of this species for sexual dimorphism 

and response to acute thermal stress using LC-MS/MS for protein identification and 

quantification. Furthermore, protein identification was facilitated by the application of the 

species-specific transcriptomic database, which allowed us to identify and quantify 994 protein 

groups, to characterize the core male and females proteomes, and to deepen our understanding of 

the mechanism behind thermal stress response. 

 

2. Methods 

2.1. Experiment 

Amphipods were collected in June 2014 with a hand net in the upper littoral zone in the 

shallow water right at the shore (0-0.1 m) near the coastal town of Listvyanka (51°84’85″ N, 

104°88’37″ E). Animals were transferred to the laboratory in thermostatic boxes. Only 

individuals in amplexus (Fig. 1A) were selected for further study because in this state the sex of 

the amphipods could be easily determined without examination under the microscope (i.e., the 

upper individual in the amplexus is a male). The investigated females were on the second or third 

stage of their molting cycle (developed but hairless oostegites or with eggs in the marsupium) 

(Bazikalova et al., 1941). The males and females in amplexus were carefully separated, and 

males and females were separately allowed to acclimate in 2-L glass aquaria (at most 100 

animals per aquarium) with constantly aerated lake water for 5 days at 6–7 °C (average annual 

temperature of Baikal littoral; Weiss et al. 1991; Falkner et al. 1991). During the acclimation 

period, the amphipods were fed with the commercial food TetraMin (Tetra, Germany) and a 

dried mix of algae and amphipods from their environment. The water was changed every other 

day. No mortality was observed during acclimation. 
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Fig. 1. A photograph of an E. cyaneus amplexus (A) and a schematic of the experimental heat shock 

treatment (B). 

 

To determine the heat shock response, 5 replicates of each sex (4-5 specimens per 

replicate) were incubated in 1-L glass aquaria with well-aerated lake water, which was preheated 

to 25.5 °C, the temperature previously determined to cause 50% mortality of the mixed adult 

population (Bedulina et al., 2013). The individuals were exposed to heat shock for one hour and 

afterward transferred to a separate tank with water at 6–7 °C for a 3-hour recovery period, as we 

have previously shown that in some cases the recovery allows to more clearly discover the 

protein-level Hsp70 response (Bedulina et al., 2013). Following the recovery, the entire animals 

(4-5 specimens per sample) were flash-frozen in liquid nitrogen. The control animals kept at 

acclimation (6–7 °C) conditions throughout the experiment were shock-frozen in parallel at the 

end of the experiment (Fig. 1B). 

 

2.2. Sample preparation 

Protein isolation for the one-dimensional sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (1D-SDS-PAGE) was performed as described previously in Bedulina et al. 

(2013). Four to five specimens of E. cyaneus were pooled for each protein sample. SDS-PAGE 

was performed in a 70×80×0.75 mm
3
 gel blocks (Laemmli, 1970) using a Mini-PROTEAN II 

Electrophoretic Cell (BIO-RAD CA, USA) apparatus for electrophoresis in a 10% 

polyacrylamide gel. Gels were loaded with 45 µg of total protein, stained with Coomassie Blue 

R (Invitrogen), and destained overnight in water. 

The total protein from each gel lane was divided into six portions by cutting each gel lane 

with a scalpel into six slices. The proteins were reduced, alkylated, and subjected to tryptic in-gel 

digestion (100 ng bovine trypsin per slice, Roche, Germany) as described previously (Müller et 
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al., 2013). The resulting proteolytic peptide mixtures were eluted, dried, and resolubilized with 

0.1% formic acid for nano-HPLC/nano-ESI-MS/MS analyses. The peptides were separated on a 

nano-HPLC system (nanoAcquity, Waters, Milford, MA, USA) connected to an LTQ Orbitrap 

XL ETD mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). MS analyses were 

performed in a data-dependent mode. In brief, 5 μL of each sample were loaded and first trapped 

and desalted online on a reverse-phase precolumn (nanoAcquity UPLC column, C18, 180 μm×20 

mm, 5 μm, Waters). Then, the peptides were separated using a 90-min gradient on a nanoscale 

reverse-phase precolumn (nanoAcquity UPLC column, C18, 75 μm×150 mm, 1.7 μm, Waters) at 

a flow rate of 300 nL/min with a nonlinear gradient of CH3CN, 0.1% formic acid (2 min, 2%; 7 

min, 6%; 55 min 20%; 91 min, 40%; 94 min, 80% content of CH3CN). The mass spectrometer 

automatically switched between full scan MS mode (m/z 300-1600, R=60,000) and tandem MS 

acquisition of 6 most intense ions of charge state 2+, 3+ or 4+. Peptide ions exceeding an 

intensity of 2,000 counts were fragmented within the linear ion trap by CID (isolation width 3 

amu, normalized collision energy 35%, activation time 10 ms, activation Q 0.25). A dynamic 

precursor exclusion time of 2 min was applied for MS/MS measurements. 

 

2.3. Proteogenomic database development 

The database for protein identification was constructed from a de novo RNA sequencing 

data assembly described earlier (Drozdova et al., 2019b). Briefly, around 1 billion paired-end 

100-base long Illumina reads of amphipods exposed to such stressors as increased temperature, 

CdCl2, phenanthrene and acetone, as well as control animals, were quality trimmed with 

trim_galore (Krueger, 2017) v0.4.1, filtered with bowtie2 (Langmead and Salzberg, 2012) 

v2.1.0, corrected with rcorrector (Song and Florea, 2015), and assembled with Trinity (Grabherr 

et al., 2011)
 
v2.5.1. The resulting assembly (EcyBCdTP1_all) contained 1,070,909 contigs. 

Assembly completeness was checked with BUSCO (Simão et al. 2015) v3.0.2 and was high with 

over 92% of complete conserved Arthropoda genes found in this assembly (Drozdova et al., 

2019b). The proteome was predicted with the EvidentialGene pipeline (Gilbert, 2019) version 

2013.07.27. We used the tr2aacds script and merged the 'okay' and 'alternative' sequence sets. 

The resulting protein database contained 167,948 sequences. These sequences were used as a 

reference database for peptide search. 

 

2.4. Protein identification and quantitation 

 Protein identification was carried out with MaxQuant (Cox and Mann, 2008) v1.6 with 

the following parameters: match between runs checked; protein FDR, site FDR, and site decoy 

fraction set to 0.05; and all remaining parameters set to their default values. In total, 994 protein 
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groups (sets of proteins united by shared peptides) could be identified after filtering out those 

identified by less than two peptides or being potential contaminants and were subjected for 

subsequent analyses. Annotation of all identified protein sequences was performed with 

Blast2GO (Ashburner et al., 2000; Conesa et al., 2005) v5.0 and FunctionAnnotator (Chen et al., 

2017), as well as with pantherScore v2.1.0 provided by Panther (Mi et al., 2019). 

 Statistical analysis of the normalized label-free quantification (LFQ) intensity values, 

(hereafter called protein intensities for brevity), was performed with custom R (R Core Team, 

2017)
 
scripts. Briefly, two analyses were performed. First, protein groups with qualitative 

differences in protein abundance were defined as those which were not identified in any sample 

of one group but detected in at least two samples of the second group. Second, protein groups 

present in all samples were subjected to quantitative analysis (experimental Bayes t-test) using 

the limma (Ritchie et al., 2015) and q-value (Storey et al., 2019) packages. The scripts are 

deposited at https://github.com/drozdovapb/code_chunks/tree/master/proteome. 

The mass spectrometry proteomics data were deposited at the ProteomeXchange 

Consortium via the PRIDE (Vizcaíno et al., 2012; Perez-Riverol et al. 2016) partner repository 

with the dataset identifier PXD013237. 

 

3. Results 

3.1. The core proteome of E. cyaneus 

A proteogenomic workflow was used to define a core proteome of E. cyaneus (i.e. 

proteins that can be reliably and reproducibly detected in all individuals of the same sex of this 

particular species, according to Trapp et al. (2016) and Gouveia et al. (2019)) and to investigate 

the sex-specific adaptation to thermal stress. Both females and males were either subjected to 

thermal stress (treated group) or exposed to the acclimation temperature (control group). The 

lysis protocol, which has been optimized and checked for complete protein extraction, resulted in 

an amount of about 1 μg total protein per E. cyaneus individual. All individual lysates were 

separated by 1D-SDS-PAGE and analyzed by LC-MS/MS. Fourteen of them had sufficient 

quality and were used in the subsequent analysis resulting in 6947 identified unique peptides in 

total (minimum 1526, maximum 4530, and mean 3295 peptides per sample). Using an ORF 

database generated based on the previously obtained E. cyaneus transcriptome data (Drozdova et 

al., 2019b), the MS/MS spectra were assigned to a total of 2563 contigs. These could be grouped 

to a total of 994 distinct protein groups (i.e. sets of proteins united by shared identified peptides) 

with each protein group including from 1 to 101 contigs of the transcriptome assembly. The 
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numbers of identified proteins were comparable to the results obtained for related amphipod 

species (Trapp et al., 2014; Trapp et al., 2015; Gouveia et al., 2019). 

Functional annotation with Gene Ontology (GO) terms revealed a nearly comprehensive 

representation of the predicted proteome by the identified proteins: only 23 out of 10782 

Biological Process (BP) terms, 19 out of 2513 Molecular Function (MF) terms, and eight out of 

1145 Cellular Component (CC) terms were present in the predicted proteome but absent from the 

experimentally obtained proteome. Furthermore, only 41, 43, and 9 of the BP, MF, and CC 

terms, respectively, were present but significantly under-represented. The largest (by the number 

of annotated transcripts) GO terms being completely absent from the identified proteins were 

connected to post-translational protein modifications (including histone modifications), 

transcription, and membrane-related processes (Fig. 2 and Table S1). 

 

 

 

Fig. 2. Relative comparison of the composition of the predicted and obtained E. cyaneus core 

proteomes considering biological process, molecular function, and subcellular localization. The 

three largest (by the number of annotated transcripts) GO terms absent from the list of identified proteins 

are listed under each bar. The complete lists of under-represented GO terms are presented in Table S1. 

 

3.2. Sex-specific features of the core proteome 

A total of 585 protein groups were quantified in male samples from the control 

conditions. Functional clustering (according to the Panther database) resulted in 14 major protein 

families, each of which represented at least 1% of the total protein intensity, and they summed 

up to ca. 71% of the overall protein intensity of the sample (Fig. 3, upper panel). The three most 
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abundant protein families were arginine kinase, filamins, and hemocyanins, summing up to 42% 

of the total protein intensity. Other major proteins were distributed among several functional 

groups. Cytoskeleton-related proteins were represented by actin, tubulin and a number of actin-

binding protein groups. Several of the major protein families identified are involved in 

carbohydrate metabolism, in particular glycolysis (glyceraldehyde-3-phosphate dehydrogenase 

and triosephosphate isomerase), gluconeogenesis (fructose-1,6-bisphosphatase), glycogenolysis 

(glycogen phosphorylase), and cellulose digestion (glycoside hydrolyase) (Table S2). 

 

 

Fig. 3. The most abundant protein families (each group >1% of the total intensity) in E. cyaneus 

male (top) and female (bottom) proteomes from the control conditions. Protein groups with similar 

annotations mapped to the same Panther family were combined. Names in upright font correspond to the 

Panther database family or subfamily names; if the family was not named in Panther, we used the name of 

the most abundant subfamily or the common annotation of the subfamilies (in italics). Proteins with the 

letters of the names in black were present in high amounts in animals of both sexes, while proteins with 

the names in blue and pink were abundant in only male or female proteomes, respectively. The complete 

data on protein abundances are listed in Table S2. 
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In ovigerous female specimens from control conditions, 760 protein groups, about 30% 

more than in males, were identified. These proteins were assigned to protein families, from 

which ten comprised at least 1% of the total protein abundance and summed up to ca. 72% of the 

total intensity. As expected, about one-third of total protein were vitellogenins. Excluding 

vitellogenins, the three most abundant protein families in the female proteome were, like in the 

male proteome, hemocyanins, arginine kinase, and filamin, summing up to 29% of the total 

proteome (Fig. 3, bottom). 

Comparative analysis of the proteomes of males and females from control conditions 

revealed 160 protein groups exclusively found in at least two female control samples but in no 

male control sample, while 18 protein groups were found in at least two male control samples 

but not in any of the female control samples (Table S3). At the same time, 176 protein groups 

were present in each of the seven control samples (both males and females), of which 11 were 

significantly differentially expressed (Fig. 4A; Table S3). Overall, this result leaves us with 23 

male-specific and 166 female-specific protein groups (Fig. 4B). 

These exclusively or highly overrepresented protein groups for both sexes were manually 

assigned to functional categories (Table S3). The most diverse functional categories (over ten 

proteins) among the female-specific proteins being more abundant in female samples were 

cytoskeletal and muscular, energy-, and protein metabolism-related. In addition, such functions 

as carbohydrate metabolism, xenobiotic and antioxidant response, protein biosynthesis and 

folding, immune response, molting, and reproduction, were represented by at least five protein 

groups in female samples (Fig. 4C). Twenty-four female-specific protein groups remained 

without functional annotation (Unclassified). 
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Fig. 4. The diversity of protein groups prevailing in E. cyaneus female and male proteomes.  

A, differential abundance analysis of proteins present in all samples. Those significantly more up- (red) or 

down-regulated (blue) in females compared to males are highlighted. B, an overview of the sex-specific 

protein groups. C, functional diversity of sex-specific proteins. Protein groups with similar annotations 

were combined. 

 

The 23 male-specific protein groups (Fig. 4B) could be associated with fewer functions 

than the female-specific protein groups (Fig. 4С). The only diverse (6 protein groups) male-

specific functional group in males included proteins involved in carbohydrate metabolism. 

Interestingly, we found female- and male-specific hemocyanins (annotated as oxygen transfer 

proteins) and protein-folding related proteins (Fig. 4C). 

 

3.3. Proteomic response to heat shock: females 

In total, 319 protein groups were present in all samples and thus could be quantified. Of 

these proteins, 11 proteins were found to be either downregulated (5 proteins) or upregulated (6 
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proteins) with unadjusted p-value ≤ 0.05 and absolute log2 fold change (logFC) ≥ 1. Proteins 

found to be downregulated were carbonyl reductase 3, staphylococcal nuclease domain-

containing protein 1, a notch homolog, calcium/calmodulin-dependent protein kinase type II, and 

ribosomal protein S2. Among the upregulated proteins were four ribosomal proteins (S18, L7, 

L13, and L27), a glutathione S transferase 2-like protein, and an unknown protein.  

Furthermore, 21 protein groups could be detected exclusively in female samples from the 

heat shock/recovery treatment group, whereas 23 groups were present only in the control 

samples (Fig. 5A). The largest functional groups with more than two up-regulated proteins were 

cytoskeletal and muscular proteins (plastin, titin, and tubulin) and xenobiotic and antioxidant 

enzymes (two different glutathione S-transferases and a poly(ADP-ribose) glycohydrolase); 

however, both functional groups also included downregulated members (see below). 

Furthermore, proteins involved in lipid metabolism (long-chain specific acyl-CoA 

dehydrogenase, acetyl-CoA acetyltransferase), carbohydrate metabolism (endoglucanase E-4, 

phosphomannomutase 2), and signaling/development (1-phosphatidylinositol 4,5-bisphosphate 

phosphodiesterase, cAMP-dependent protein kinase type II regulatory subunit isoform X1) could 

only be quantified in samples from heat shock/recovery treatment. 

Twenty-three protein groups reproducibly disappeared after heat shock and recovery in 

females. Manual functional annotation revealed a wide diversity of cellular and metabolic 

functions, some of which also included up-regulated protein groups, such as cytoskeletal and 

muscular proteins (two protein groups annotated as actins) or xenobiotic and antioxidant 

enzymes (another glutathione S-transferase). The most frequent function was protein catabolism 

(chymotrypsin, ovochymase, and an isochorismatase domain-containing protein). 
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Fig. 5. Overview of the protein groups found in females and males of E. cyaneus only from control conditions 

or only upon heat stress and recovery. The x-axes show the numbers of proteins assigned to each functional 

group. The functional categories above the dotted line contain at least three protein groups. 

 

3.4. Proteomic response to heat shock: males 

For males, 147 proteins could be quantified in all samples, of which 14 were determined 

to be regulated with unadjusted p-value ≤ 0.05 and absolute logFC ≥1 (Table S3). The down-

regulated proteins were represented by a myosin regulatory light chain 2, sarcoplasmic calcium-

binding protein, catalase, vitellogenin protein precursor or hemolymph clottable-like protein, 

glycoside hydrolase family 7 protein, and V-type proton ATPase catalytic subunit A. A 

hemocyanin subunit, nucleoside diphosphate kinase, beta-1,3-glucan-binding protein, peptidyl-

prolyl cis-trans isomerase, heat shock 70 kDa protein cognate 5, tubulin alpha, myosin heavy 

chain, and an unknown protein were more abundant after heat stress and recovery. 

Twenty-nine protein groups could be detected in males only after heat shock and 

recovery but not in the control samples (Fig 5B). Manual annotation revealed that the largest 

functional group comprised cytoskeletal or muscular proteins (tubulin beta, echinoderm 

microtubule-associated protein, nesprin, and skeletal muscle actin). Other affected groups were 

ribosome- and translation-related proteins (two ribosomal proteins of the large subunit and a 

tRNA ligase), molecular chaperones (70 kDa heat shock proteins), and protein metabolism-

related proteins (prolyl endopeptidase, N-acetylated-alpha-linked acidic dipeptidase, and 26S 

proteasome non-ATPase regulatory subunit). 

Interestingly, three other protein groups related to protein degradation, two 

aminopeptidases N and the ubiquitin fusion protein, were found only in the controls but not upon 

heat shock/recovery. In total, 28 protein groups were absent in the heat shock/recovery treatment 

samples. The largest functional group was carbohydrate metabolism (sucrase-isomaltase, 

glucosidase, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, phosphoglucomutase, and 

protein obstructor), followed by cytoskeletal and muscular proteins (actin, myosin heavy chain, 

nesprin, and sarcalumenin), protein groups participating in protein catabolic processes (two 

aminopeptidases and a ubiquitin-fusion protein) and in protein folding (namely, peptidyl-prolyl 

cis-trans isomerase, T-complex protein, and serine/threonine-protein phosphatase).  

 

4. Discussion 
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In this study we aimed to investigate (1) the core proteome, (2) the sex-specific 

differences in the proteomes, and (3) the sex-specific differences in the proteomic responses to 

heat shock/recovery in the Baikal endemic amphipod species E. cyaneus.  

 

4.1. The E. cyaneus core proteome: LC-MS vs. 2D-PAGE and MALDI-ToF-ToF-MS/MS 

In total, the LC-MS approach used in this work allowed us to identify 994 protein groups, 

while 2D-PAGE and MALDI-ToF-ToF-MS/MS (2DE-MALDI-MS) previously resulted only in 

317 spots, and only half of the 36 spots that were determined to be regulated could be identified 

(Bedulina et al., 2017). The state of the art LC-MS technique enables separation and spectrum 

acquisition of thousands of peptides matching to hundreds or even thousands of proteins per 

sample and thus enables deep proteome analyses, even if such complex protein mixtures as 

whole animal lysates are used. 

In line with our previous data, the most abundant proteins, which formed the largest spots 

on Coomassie Brilliant Blue (CBB) stained 2D gels in E. cyaneus, were hemocyanins and 

arginine kinase (Bedulina et al., 2017). This has been confirmed with the LC-MS approach, as 

the highest intensities were observed for these protein groups.  

Hemocyanins play an important role in gas exchange in crustaceans. These proteins can 

also be involved in stress and immune responses (deFur et al., 1990; Mangum et al., 1991; 

Mangum, 1997; Decker and Foll, 2000; Spicer and Hodgson, 2003). Thirty-four protein groups 

in total were annotated as hemocyanin alpha subunit, hemocyanin alpha subunit 2, hemocyanin 

B chain-like, and hemocyanin subunit 1, one of which represented 6.4% of the identified 

proteome based on the spectra intensities. According to our previous results, gammarids from the 

genus Eulimnogammarus have up to twenty-four different spots on 2D gels which can 

correspond to different protein species of hemocyanin (Bedulina et al., 2016). Hemocyanin was 

found to be the most abundant protein in the core proteome of another gammarid, Gammarus 

pulex (Linnaeus, 1758) (Cogne et al., 2019). 

Arginine kinase (AK) is responsible for the reversible transfer of the high-energy 

phosphate from arginine phosphate to ADP to form ATP. This enzyme is a key metabolic 

enzyme in cellular respiration in crustaceans (Ellington, 2001; Uda et al., 2006). High abundance 

of this protein was also found in the proteome of the gammarid G. fossarum (Trapp et al., 2014). 

Interestingly, at least two large spots on Coomassie Brilliant Blue stained 2D gels with pI/MW 

values of 7-8/37-38 kDa were identified as AK (Bedulina et al., 2017); however, with the LC-

MS method we found only one transcriptome sequence identified as AK. This sequence 

contained an open reading frame, deduced amino acid sequence of which included 356 aa 

residues. Theoretical pI/MW values calculated with IPC (Kozlowski, 2016) were 5.95/40 kDa, 
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suggesting a slightly more acid pI than the identified spots on CBB stained gels 2D gels. The 

identified putative protein species were also found to be very abundant with LC-MS analysis 

(7% of the total intensity in females and 16% in males). This protein probably has various post-

translational modifications, altering its molecular weight and isoelectric point. In particular, the 

MW could be reduced due to cleavage of the initiator methionine, which was suggested for the 

AK of Litopenaeus vannamei (Garcia-Orozco et al., 2007), while the pI value may have changed 

due to differential phosphorylation especially of the C-terminal arginine/serine repeat sequence, 

a post-translational modification shown for a crayfish Orconectes virilis (Hagen, 1870) under 

hypoxic conditions (Dawson and Storey, 2011). 

Another major group based on their intensities were cytoskeletal and muscle-related 

proteins. The most abundant protein, identified as ―filamin-A isoform X3‖, represented 3.36% of 

the intensity of the identified proteome and 34% of all protein with cytoskeletal and muscular 

function. Filamin is a large (280 kDa) cytoplasmic protein, which has both structural and 

regulatory functions. It binds actin and is involved in cell motility and signaling. It was shown as 

a major protein in many crustacean species: i.e., the porcelain crab Petrolisthes cinctipes 

(Garland et al., 2015), red swamp crawfish Procambarus clarki (Yang et al., 2017), and spiny 

lobster Sagmariasus verreauxi (Ventura et al., 2015). 

Among other cytoskeletal and muscular-related proteins, the most abundant in E. cyaneus 

proteomes were various protein species of actin (alpha-, beta-, skeletal muscle actin etc.), tubulin 

(alpha- and beta-chains), muscle LIM protein, nesprin (nuclear envelope spectrin-repeat protein), 

and actinin. These proteins are essential structural and regulatory proteins in the majority of 

animals. A high intensity (0.55%) within the characterized proteome was found for the contig 

identified as ―sarcoplasmic calcium-binding protein‖. This protein was found as a major protein 

only in invertebrates, predominantly in muscle and neurons; it plays an essential role in calcium 

homeostasis and muscle contraction (Hermann and Cox, 1995). 

Several proteins involved in energy metabolism are abundant in the proteomes of the 

studied species, such as three enzymes involved in glycolysis, fructose-bisphosphate aldolase 

(1.3%), triosephosphate isomerase (1.08%), and glyceraldehyde-3-phosphate dehydrogenase 

(0.8%). 

According to the obtained intensities, an essential part of the core proteomes was heat 

shock 70 kDa protein. Fifteen protein groups annotated as heat shock protein 70 were found in 

the E. cyaneus proteome, with one of them comprising 0.44% intensities of the whole proteome. 

Heat shock proteins 70 (Hsp70) are important cellular proteins with molecular chaperone 

function, involved in protein folding, transport, degradations, and many signal transduction 
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pathways controlling cell homeostasis, proliferation, differentiation, and cell death (Rosenzweig 

et al., 2019). 

Besides proteins with predicted functions, we found a highly abundant protein with the 

best hit to the H. azteca sequence ―PREDICTED: uncharacterized protein LOC108673699‖ 

(1.06% of the total proteome). In a parallel study, we found that this protein is a novel putative 

carotenoid-binding protein defining the characteristic blue color of E. cyaneus (Drozdova et al., 

2020). 

As LC-MS data also provided us with a global view of the proteome, we compared the 

obtained proteome with the predicted transcriptome-based sequences (Fig. 2). We found a good 

representation of the functional groups of the predicted sequences, except for chromatin 

modification-, transcription- and membrane-related proteins (Table S1, Fig. 2). The lack of these 

proteins could be explained by their generally low abundance, which is probably true for many 

transcription-related proteins, or low extraction efficiency, which could be the case for 

membrane-related proteins and should be taken into account when adjusting protein extraction 

methods. 

  

4.2. Sexual dimorphism of E. cyaneus proteomes 

In the proteomes of the laboratory controls, we found more female-specific than male-

specific protein groups. This result is congruent with the previous finding of more female-

specific spots on 2D gels for E. cyaneus females (Bedulina et al., 2017). Earlier, we 

hypothesized that females have higher metabolic activity than males (Bedulina et al., 2017). 

Indeed, the functional groups to which female-specific proteins were assigned included energy 

metabolism and protein synthesis, folding, and metabolism. A higher amount of hemocyanins in 

the female proteomes also may indicate an enhanced metabolic rate in these animals. The higher 

metabolic activity in ovigerous females is probably related to egg development. The largest 

functional groups in the proteomes of E. cyaneus females included, besides the basic cellular 

metabolic functions, molecular chaperones (those annotated as 78 kDa glucose-regulated protein, 

several proteins identified as heat shock protein 70 kDa, hsc70-interacting protein, heat shock 

protein 90, and protein disulfide-isomerase A6 homolog) and antioxidant enzymes (identified as 

catalase, glutathione S-transferase, mitochondrial manganese superoxide dismutase and 

thioredoxin reductase). 

At the same time, most of the protein groups in proteomes of E. cyaneus males were 

assigned to carbohydrate metabolism. Among molecular chaperones found in the male 

proteomes from the controls, there were no inducible heat shock proteins but chaperones with 

housekeeping functions (T-complex protein and peptidyl-prolyl cis-trans isomerase). These 
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differences between the sexes may reflect a higher level of cellular stress in females, which is 

supported by the previous finding of the higher sensitivity of females to increased temperature. 

Borges et al. (2018) demonstrated a higher sensitivity of reproductive function to hypercapnia in 

females of the amphipod Gammarus locusta. Cellular stress in females is underlined by higher 

tissue levels of Hsp70 determined with western blotting (Bedulina et al., 2017). In turn, it might 

be connected to the overall higher mRNA and protein synthesis and modification in females. 

This supports the data about total protein concentration, which indicated higher levels of total 

protein in females (Table S4). 

 

4.3. Proteomic response to heat shock 

Our previous results demonstrated clear differences in tolerance to acute thermal stress 

between males and ovigerous females of two Baikal endemic amphipods, E. cyaneus and 

E. verrucosus (Bedulina et al., 2017). Females of E. cyaneus were significantly more sensitive to 

acute thermal stress than males with the estimated median lethal time being 13.6 hours for 

females compared to 35 hours for males. The first attempt to investigate the reason for these 

differences and to characterize the proteomic stress-response using 2D-PAGE and MALDI-

MS/MS revealed a significant difference between sexes in gel patterns for samples from before 

and after heat shock and recovery. However, the proteome coverage using this approach was 

quite limited. Complementarily, we estimated the level of Hsp70 with western blotting and found 

slightly higher levels of Hsp70 in females of this species but the amount of Hsp70 remained 

stable in both males and females after 1 hour of heat shock and recovery. 

To receive more detailed insights into the proteomic stress response in this important 

species, we here used the LC-MS based approach. 

In both sexes of E. cyaneus, heat shock and recovery led to the accumulation of 

cytoskeletal and muscular, ribosomal-related proteins, enzymes of lipid metabolism, 

hemocyanins, and proteins with the antioxidant function.  

Previous results, obtained with 2D-PAGE and MALDI-ToF-MS/MS, revealed significant 

differences in gel patterns in males and females of E. cyaneus after heat shock (25.5 °C, 1 hour) 

and recovery (6 °C, 3 hours) (Bedulina et al., 2017). Our LC-MS-based investigation confirmed 

these results, demonstrating different sets of up- and down-regulated proteins in males and 

females of this species. The common functional groups up-regulated in both sexes were 

cytoskeletal and muscular proteins, ribosomal proteins, lipid metabolism-related proteins, and 

hemocyanins. Among the down-regulated functional groups, antioxidant, lipid metabolism, 

carbohydrate metabolism, cell cycle, protein catabolism-related, cytoskeletal and muscular, 

ribosomal and transport proteins were common for both sexes. Up- and down-regulation of 
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proteins from the same functional group can indicate a switch in these processes in cells 

triggered by the presented stimulus. This was observed for cytoskeletal and muscular, ribosomal 

and lipid metabolism-related proteins. 

The involvement of cytoskeletal and muscular proteins in heat shock response in 

crustaceans (a crab P. cinctipes) was shown earlier by Garland et al. (2015). It can be a sign of 

heat shock-induced actin filament restructuring and stabilization (Lee and Dominguez, 2010). 

Interestingly, a slight (2.7-fold) upregulation of molecular chaperones was found only in 

the males of E. cyaneus. Additionally, three of the contigs identified as Hsp70 or heat shock 

protein cognate were found only after heat shock and recovery. Besides, another protein involved 

in protein folding, peptidyl-prolyl cis-trans isomerase, was slightly (2.8-fold) upregulated in 

males after heat shock and recovery.  

Previously published results indicated the absence of significant Hsp70 upregulation with 

western blotting in either sex after the same experimental treatment (Bedulina et al., 2017). 

Given the higher sensitivity of LC-MS, however, Hsp70 upregulation may have been below the 

detection limit of western blotting. Females might have constitutive Hsp70 levels in their cells 

that are sufficiently high for chaperone function so that further Hsp70 protein synthesis is either 

not required or it not possible due to the lack of the necessary energy. Instead, larger numbers of 

antioxidant proteins are involved in the heat shock response in females, such as glutathione S-

transferase and dual oxidase. Similarly, Grilo et al. (2018) demonstrated stimulation of Hsp70 

production after heat shock in males of topshells (Trochus histrio) that was more pronounced 

compared to females that reacted by activation of the antioxidative enzyme catalase. 

 

 

5. Conclusion 

The applied proteogenomic approach significantly deepened our understanding of the 

proteome of the endemic amphipod Eulimnogammarus cyaneus from Lake Baikal and allowed a 

comprehensive investigation of both qualitative and quantitative features of this non-model 

organism. The proteome responses of both sexes of E. cyaneus comprised differential expression 

of hemocyanins, cytoskeletal and muscular proteins, antioxidant proteins, ribosomal proteins and 

transport proteins as well as proteins being involved in lipid metabolic processes, carbohydrate 

metabolism, cell cycle, protein catabolism. Differences in the proteomic responses to acute 

thermal stress impact and recovery suggest an explanation for the differences between the sexes 

in the whole organism responses on a molecular level: the higher sensitivity of females to 

stressor impact may be associated with an increased general level of cellular stress as a major 

proportion of the organismal resources is diverted to the processes related to egg development.  
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Supplementary Information 

Supplementary Table S1: Absent or significantly (p < 0.01) underrepresented gene ontology 

terms based on the identified proteins in respect to (a) biological 

processes (b), molecular functions and (c) cellular compartments 

Supplementary Table S2: Full list of the label-free protein quantification results for control 

and heat stress conditions of male and female individuals 

Supplementary Table S3: Overview of the proteins that were either solely present or 

significantly enriched in a sex or heat stress specific manner. 

subtable 1:  ―Sex specific absence‖ 

List of proteins being quantified at least in two replicates of one 

sex but not detected for the other sex 

subtable 2:  ―Female/male significant‖ 

List of proteins being differentially expressed (log2 FC > 1, p-

value < 0.05) comparing male vs. female at control conditions 

subtable 3:  ―Male heat shock absence‖ 

List of proteins being quantified at least in two replicate of males 

at a given treatment (heat stress or control) but are not detected at 

the other treatment 

subtable 4:  ―Male heat shock regulated‖ 

List of proteins being differentially expressed (log2 FC > 1, p-

value (unadjusted) < 0.05) comparing male treated with heat 

compared to control condition 

subtable 5:  ―female heat shock absence‖ 

List of proteins being quantified at least in two replicate of females 
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at a given treatment (heat stress or control) but are not detected at 

the other treatment 

subtable 6:  ―female heat shock regulated‖ 

List of proteins being differentially expressed (log2 FC > 1, p-

value (unadjusted) < 0.01) comparing females treated with heat 

compared to control condition 

Supplementary Table S4: Total protein concentrations in the extracts of female and male 

samples 
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Highlights 

● Endemic amphipods are extremely important in benthic communities of Lake Baikal. 

● We studied the proteomes of males and females of Eulimnogammarus cyaneus. 

● High-throughput mass spectrometry allowed us to find almost 1000 protein groups. 

● Females possess higher levels of heat shock proteins in control conditions. 

● Males activate heat shock proteins in heat stress conditions, while females do not. 
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