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Abbreviation of Proteins: hsp90b1: Heat Shock Protein 90, Beta, 
Member 1;  hsp90ab1: Heat Shock Protein 90, Alpha, Class B Member 
1; hspa5: Heat Shock Protein 5; hspa8: Heat Shock Protein 8; hspa9: 
Heat Shock Protein 9; ptges3a: Prostaglandin E Synthase 3a; actb1: Ac-
tin, Beta 1; myhz2: Myosin, Heavy Polypeptide 2; zgc: 55461 Tubulin-
like; rac1: Ras-related C3 Botulinum Toxin Substrate 1; tuba1/2:  Tu-
bulin, Alpha 1, like 2; tuba1: Tubulin, Alpha 1; zgc: 136799 Ras-related 
C3 Botulinum Toxin Substrate 1-like; Krt 4: Keratin 4; Krt5: Keratin 5; 
krt23: Keratin 23; krt17: Keratin 17; sc: d0144 Glycoprotein A33; cld-
nb: Claudin b; icn2: Ictacalcin 2; pkp3: Plakophilin 3; txn: Thioredoxin; 
prdx5: Peroxiredoxin 5; adh2a: Aldehyde Dehydrogenase 2 Family a; 
prdx2: Peroxiredoxin 2

Introduction
The demand for high protein foods is rising rapidly with the 

increasing world population [1]. A push for healthier sources of 
protein in industrialized nations is increasing the demand as well. 
Sources of protein such as cattle and other livestock are not adequate 
to meet this necessity due to a global contraction of grazing area, 
hostile climate, extensive harvesting time and other limitations [2]. 
Wild fish populations are also not large enough to meet this demand, 
and many populations are showing signs of overharvesting [3]. As a 
result, prevalence and importance of aquaculture is rising. Aquaculture 
provides a high protein food that requires less space to farm, a faster 
harvest time, lower cost to produce and is less detrimental to the 
environment [4]. Meanwhile, ecotoxicology is also becoming a major 
concern in farming industries nowadays. The steady expansion of 
bioactive chemical compounds at the industrial level is achieving 
successes in synthetic industries, but these chemicals are a growing 
threat to farming industries. Aquaculture based fish farming is highly 
susceptible to the toxicity-related issues raised from abundance 
and emission of toxic chemicals in the environment. The problem 

is compounded by current aquaculture techniques that create a 
significant number of problems of stress leading to physiological 
and immunological changes. Fish, in aquaculture, are susceptible to 
stressors that over time lead to a reduction in immune response and an 
increase in susceptibility to diseases [5]. 

An early detection of chemical components having potential toxic 
effects on fish could be effective so that the necessary steps can be 
taken against toxicity related problems. However, with their increasing 
number, it is becoming difficult to measure toxicity in fish. Moreover, 
proper risk assessment should consider the effects of a combination 
of chemical compounds as well. On the other hand, the paucity of 
toxicological data is making the risk assessment more difficult [6,7]. 
A tendency of the scientific society towards performing less toxicity 
test on the animals for an ethical reason is amplifying the challenge 
to reveal the risks of the compounds. A genomic approach to identify 
a toxic or stress condition using microarray or RNA-seq technology 
could be a successful alternative of phenotypic toxicology study [8,9]. 

Toxico-genomics assume that physiological changes due to toxic 
effect also reflect in the molecular level of the exposed organism. 
Accordingly, a proper understanding of the changes in molecular level 
is potentially an alternative way to distinguish toxic or stress related 
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Abstract
Toxicity induced stress on fishes has recently become a major concern in aquaculture. Monitoring risk factors 

in a routine manner can save aqua-culturists from a substantial amount of losses. Meta-analysis gives a successful 
way for high-throughput screening of stress inductive chemicals in fish habitats by firmly exploiting molecular 
biomarkers. Previously reported meta-analysis revealed Top-21 proteins that are frequently related to stress-induced 
proteome profiles. We performed a further computational analysis on specific functional categorization, protein-
protein interaction (PPI) network and co-expression profiles for these Top-21 proteins in search of more consistent 
and robust molecular biomarkers. The analysis identified functional class specific molecular biomarkers: for heat 
shock proteins the proposed biomarkers are hsp90b1, hsp90ab1, hspa5, hspa8,hspa9, and ptges3a; for cytoskeletal 
proteins the proposed biomarkers are actb1, myhz2 and zgc:55461, rac1, tuba1/2, tuba1, and zgc:136799; for 
keratin proteins the proposed biomarkers are Krt 4, Krt5, krt23, krt17, sc:d0144, cldnb, icn2, and pkp3; for oxidative 
damage defense proteins the proposed biomarkers are txn, prdx5, adh2a and prdx2. These predicted molecular 
biomarkers can be considered potential candidates for identifying the stressors present in fish habitats since the 
biomarkers are integral to stress modulation. In addition, as a consequence of the study, the reported proteins 
can also be applied as stress regulators in fish. Our study will help researchers to find suitable proteins for stress 
biomarkers and regulators. Further wet lab validation of those proposed proteins as biomarkers and regulators will 
be useful to lead to practical implementation of our proposal.
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conditions in fish farming.  However, transcriptomic studies such as 
microarray or next generation sequencing dependence may not be 
appropriate to understand meaningful changes in the molecular level 
[10-12]. The above mentioned approaches merely depend on the mRNA 
expression level in the exposed organisms. The difference between 
protein levels and mRNA expression profile can be as much as 56% to 
81% [13]. Therefore, a dedicated proteomic analysis is more preferred 
to investigate phenotypic changes due to changes in of environmental 
conditions [14,15]. A typical global proteomic experiment is conducted 
to compare a control and a sample condition [16]. Two-dimensional gel 
electrophoresis (2D-GE) [16,17] or Mass spectrometry [18] techniques 
are generally used to analyze the proteins after treatment, but these 
proteomic approaches are limited to the identification of the set of 
proteins that were present in the sampling moment only [19]. Meta-
analysis of differential proteomics studies is becoming quite promising 
to solve this type of problem [20-22]. Furthermore, meta-analysis was 
used to find Top-21 stress related proteins from zebrafish, and those can 
be used as molecular biomarkers to access a toxic condition in zebrafish 
[23]. Certainly, the elevation of these Top-21 proteins can be used to 
predict cellular stresses in zebrafish due to a potential toxic condition. 
However, some of the members from the Top-21 protein families, for 
instance hsp90, occurs not only during stress response but also in a 
multitude of cellular function [24,25]. Therefore, it is imperative to 
investigate the stress induced network, protein-protein interaction and 
co-expressions of the top-21 protein in the orthologs to find out robust 
and consistent stress specific molecular biomarkers.

To identify the molecular biomarkers of stress, meta-analysis was 
performed for zebrafish, Danio rerio, from which, Top-21 stress-related 
proteins have been identified [23]. We have tried to analyze those 
Top-21 proteins and their interaction networks via different In-Silico 
approaches to find out the potential molecular biomarkers for stress. 
Specifically, our goals were to identify specific biomarkers in those 
Top-21 proteins and to propose new biomarkers for the stress as well as 
stress regulator proteins. To achieve these goals, we have (1) analyzed 
multiple sequence of stress proteins to generate multiple sequences 
alignment (MSA) and phylogeny; (2) visualized the distribution of 
those proteins using sub-cellular localization; (3) classified functional 
proteins using domain based analysis (4) developed a PPI network to 
show their activation, inhibition, binding, phenotype, catalysis, post-
translational modification, reaction, and expression; and (5) identified 
their co-expressions with each other (6) developed a PPI network 
and generated their co-expressions using orthologs based COGs 
mode to visualize the interaction and expression in other species, and 
(7) calculated the homology-based conserveness of those proteins 
in other organisms. Finally, using all those In-Silico approach we 
proposed potential molecular biomarker as well as candidates for stress 
regulation of zebrafish. 

Methods
Sequence extraction

SeqinR package of the R 3.2.1 program was used to retrieve 
sequences from National Center for Biotechnology Information 
(NCBI) database [26]. To extract the sequences and their information 
from NCBI, function “getSequence” of SeqinR package of R 3.2.1 was 
used. For database selection function “choosebank” was applied and 
NCBI “genbank” was selected for sequence extraction. To get the amino 
acid sequence in fasta format function “as.SeqFastaAA” was used. For 

the annotation of the sequences “getAnnot” function was applied.

Multiple sequence analysis 

Sequences of Top-21 proteins were subjected to multiple sequence 
alignment using “clustal” function of SeqinR package of R 3.2.1 [26,27]. 
“clustal” function gave the CLUSTAL format (*.aln) output which is 
the format of the ClustalW multi-alignment tool. Multiple alignment 
visualizes the amino acid similarity among query sequences of on the 
basis of homology. To read the inferred homology of the sequences 
“read.alignment” function of SeqinR package was used.

Phylogenetic tree construction

The MEGA6 software was used for determining evolutionary 
model, phylogenetic tree construction and estimation of evolutionary 
divergence [28]. The CLUSTAL format (*.aln) of the multiple sequence 
alignment was applied to create the phylogeny. The phylogeny tree 
option of MEGA6 was used to construct a neighbor-joining (NJ) 
tree [29]. With the NJ method, the S value was not computed for all 
or many topologies. The examination of different topologies was 
imbedded in the algorithm. MEGA6 displayed NJ trees in a manner 
similar to rooted trees [29]. For constructing the NJ tree, MEGA6 was 
commanded that it specify the distance estimation method and subset 
of sites which need to include.

Sub-cellular localization

To identify the localization of a protein in cellular compartments 
CELLO2GO predictor was used. CELLO combines SVM-based 
prediction and homology search to predict localization for both 
Gram-positive, Gram-negative bacteria, Archaea and Eukaryotes [30]. 
Eukaryotes option along with E-value 0.001 was selected to understand 
the subcellular distribution of Top-21 proteins. CELLO2GO predictor 
gave individual score for each subcellular location and the highest 
scored location was chosen as final localization.  

Domain based functional classification

Top-21 proteins were classified on the basis of their associated 
biological processes, cellular components, and molecular functions. 
Gene Ontology (GO) [31] and InterPro [32] were used for the domain 
based classification for functional group determination. Depending on 
functional domains and the clusters of PPI network, Top-21 proteins 
were divided in six clusters.  

Protein-protein network, co-expression, and conservation

To determine the interaction between proteins, the protein-
protein interaction network (PPI) was created. STRING10 was used 
for PPI networking, co-expressions, and determination of conservation 
[33]. STRING 10 show interactions among proteins along with their 
activation, inhibition, binding, phenotype, catalysis, post translational 
modification, reaction, and expression. STRING database uses a 
combination of prediction approaches and an integration of other 
information (neighborhood, transferred neighborhood, gene fusion, 
text mining, databases, homology transfer, co-occurrence, experiments 
and so on). STRING PPIs come from a mix of experimental data; 
PPIs copied from public databases (e.g. KEGG and BioGRID) and 
predicted PPIs [33]. Protein-protein network and Co-expressions were 
also created with orthologs of Top-21 proteins using COGs mode of 
STRING10. The interaction networks for proteins were merged using 
Advanced Network Merge plug-in in the “Cytoscape” platform [34]. 

The abbreviation Top-21 will be used throughout the article instead 
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of the “Top-21 reported stressor induced protein in zebrafish identified 
by meta-analysis”. 

Results and Discussions
In our analyses, we tried to find out the candidate proteins for 

the stress related molecular biomarkers to identify the level and type 
of stressors according to their expression. The identified molecular 
biomarkers may be used for stress modulation by regulating their 
expression in cellular level. Primarily, we used Top-21 zebrafish stress 
proteins for biomarker selection as reported by meta-analysis of 
different expression profiling experiments (Supplement Table 1) [23].

Top-21 proteomic analyses

We retrieved 21 protein sequences from NCBI protein data base, 
based on the meta-analyses of Top-21 stress proteins of zebrafish 
reported by Groh and Sutter in various expression profiles which 
showed alteration in the presence of stressors [23]. We used the multiple 
sequence alignment tool ClustalW in order to find the relationship 
among the sequences Top-21 stress proteins. The relationship found 
among the Top-21 sequences was significant. To further analyze the 
sequences for evolutionary distance, we used the MSA data of proteins 
as inputs for MEGA6.0 software. We constructed the Neighbor Joining 
phylogenetic tree to identify the distance among 21 protein sequences. 
In the phylogeny, we found most of the proteins are closely related in the 
tree (Figure 1). In Figure 1, the horizontal dimension gives the amount 
of genetic change. The horizontal lines represent evolutionary lineages 
changing over time. The longer the branch, the larger the amount of 
change in the horizontal dimension. The bar at the bottom provides a 
scale of “0.2”. In Figure 1 the line segment with the number shows the 
length of branch that represents amount of genetic changes. Some pairs 
of sequences are noticeably related in both MSA and phylogeny so that 
their interactions among them can be predicted. Our analyses showed 
that related proteins are in proximal branches and similar functional 
proteins are in nearby leaves of the tree. 

Sub-cellular localization

To visualize the subcellular localization of Top-21 proteins, we used 
the CELLO2GO system for screening various properties of a targeted 
protein and their subcellular localization of the queried proteins by 
combining the CELLO localization-predicting and BLAST homology-
searching approaches [30]. Given our query protein sequence, 
CELLO2GO uses BLAST to search for homologous sequences that 
are Gene Ontology (GO) annotated in an in-house database derived 
from the UniProt Knowledge Base database [30,31]. Our analyses show 
that out of 21 proteins, 11 proteins are cytoplasmic, 2 are nucleic, 4 are 
mitochondrial, 2 are cytoskeletal, and 1 each is endoplasmic reticular 
and extra-cellular, respectively. Diversified localization of those 
proteins indicates the diverse cellular function on different cellular 
organelles (Table 1).

Protein-protein network, co-expression, and protein 
conservation 

In our analyses of the MSA we found some conserved sequences 
among Top-21 proteins. To further investigate in details we created the 
phylogenetic tree which showed evolutionary relations among Top-21 
stressor proteins. The subcellular localization showed the divergence 
of the localization which gave the idea about functional diversity as 
well. To analyze the functional relationship of those proteins, we used 
PPI network based on the Neighborhood, Gene Fusion, Co occurrence, 
Co expression, Experiments Databases, and Text-mining. In PPI 
network of Top-21 proteins we found crucial interactions among them 
(Figure 2). These interactions showed some clusters of proteins such as, 
actin, tubulin, and keratin in one cluster and hspa5, hspa8, hspa9, and 
hsp90ab1 in another cluster. GO and InterPro based protein sequence 
analysis and classification showed that those clustering proteins also 
have similar function (Table 1). 

After observing the clusters of Top-21 PPI-Network we wanted to 
see the co-expression of those proteins. In co-expression analysis for 
zebrafish, we observed much less expressional relationship among Top-

 

 

Figure 1: Neighbor-joiningphylogenetic tree for the Top-21 proteins of Zebrafish found in the meta-analysis of the stressor proteins. 
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21 proteins. For NP957346 protein (rpsa), we added identical proteins 
to get the co-expression according to domain analysis of InterPro. The 
co-expression analysis software used text-mining and experimental 
databases to determine the expressional relationship so it might happen 
due to limited number of data about zebrafish proteins. We therefore 
used “COG-mode” in which predicted interactions are propagated to 
proteins in other organisms for which interaction has been described by 
inference of orthology [35]. In the STRING10 based COGs analysis, we 
found a higher number of evidence-based interactions for COGs based 
PPI Network of Top-21 proteins (Supplement Table 2) (Figure 3). We 
also found a significant change in co-expression of proteins compared 
to those of zebrafish, which showed a much higher association score 

for their orthologs (Figure 4). Hence, COGs based PPI network and 
co-expression analysis proved that Top-21 proteins actually correlated 
with each other in stress condition so they can be used as the molecular 
biomarkers to identify the levels of stress and their types. 

Because of these expressions and interactions of zebrafish Top-
21 proteins with other organisms, we tried to see the conservation of 
those proteins using homology based conservation study (Figure 5). 
The results showed that hspa5, hspa9, prdx2, tpi1b, ATP5B, nme2b.1, 
aldh2b, hspa8, and eno3 proteins are conserved in all prokaryotic and 
eukaryotic organisms while krt18, tfa, tpma, vtg1, actb1, zgc:55461, 
krt8, anax1a, myhz2, krt5, and rpsa proteins are conserved for 

 

 

Figure 2: Top-21 protein PPI-network demonstrating actions the network, visualized by Cytoscape software.

Rank position Protein ID Protein name Subcellular Localization Intetpro ID
1 NP001103373 Heat shock protein 8 Cytoplasmic IPRO13126
2 NP571106 Actin. cytoplasmic 1 (beta-actin. bactin 1) Cytoplasmic IPRO04000
3-8 NP998223 Heat shock protein ER IPR013126
3-8 NP571385 Heat shock protein 90B Cytoplasmic IPR001404
3-8 NP848524 Keratin 18 Cytoplasmic 1PR002957
3-8 NP001015057 Transferrin alpha IL- IPR016357
3-8 NP571180 Tropomyosin alpha Cytoskeletal 1PR000533
3-8 NP001038362 Viteilogenin 1 Mitochondrial IPR015816
9-21 NP957346 40S ribosomal protein SA Cytoplasmic IPR027504
9-21 NP998466.2* Aldehyde dehydrogenase 2B Mitochondrial 1PR016161
9-21 NP861423 Annexin IA Cytoplasmic IPR001464
9-21 NP001019600 ATP synthase. beta polypeptide 5 Mitochondrial IPR005722
9-21 NP999888 Enolase 3 Cytoplasmic IPR000941
9-21 NP958483 Heat shock protein 9 Mitochondrial IPR013126
9-21 NP571231 Keratin 5 Nuclear EPR003054
9-21 NP956374 Keratin 8 Nuclear 1PR003054
9-21 NP694514 Myosin. hezny polypeptide 1.2 Cytoskeletal 1PRO04009
9-21 NP571002 Nucleoside diphosphate kinase B Cytoplasmic IPR001564
9-21 NP001002468 Peroxiredoxin Cytoplasmic IPR024706
9-21 NP705954 Triosephosphate isomerase IB Cytoplasmic IPR000652
9-21 NP998655 Tubulin, beta 2C Cytoplasmic

IPR000217
*(Protein ID: Changed in NCBI)

Source: This table has been generated based on the finding of Groh and Sutter [19].
Table 1: Subcellular localization of Top-21 proteins of Zebrafish found in meta-analysis of stress proteins. 
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Figure 3: Ortholog based COGs mode generated Top-21 PPI-network 
demonstrating evidence.

 

Figure 4: Co-expression of Top-21 and COGs mode generated ortholog 
proteins.

 

 

Figure 5: Conserveness of Top-21 protein in different organisms.

eukaryotes only.

Based on the InterPro protein functional analysis and Top21-
PPI-network clusters we identified some stress protein functional 
groups. We divided them into six functional groups: 1) heat shock, 
2) cytoskeleton, 3) Keratin, 4) oxidative damage defense, 5) energy 
metabolism, and 6) miscellaneous proteins. Later, we tried to identify 
the group-wise molecular biomarkers and stress regulatory targets 
using proteomic approaches. For the interaction and expression based 
detection of the molecular biomarkers and stress regulator targets we 
used PPI network, phylogeny, and co-expression. For each group of 
proteins we added their closely related interactive proteins to draw out 

the total interactive networks. Finally, we proposed the detailed PPI 
networks and co-expression analysis for each functional groups along 
with their interactive proteins.

Identification of molecular biomarker and regulator based 
on functional cluster

According to the action based PPI networks of Top-21 Heat Shock 
Proteins (HSP) - hsp90b1, hsp90ab1, hspa5, hspa8, and hspa9 are 
central regulators (Figure 6) (Supplement Table 3). We used all Top-21 
HSP-PPI network proteins to observe their phylogenetic relation. In 
the phylogeny, we found most interactive proteins are in the proximal 
branch of the tree (Supplement Figure 1). Interestingly, in the nearby 
leaves of hsp90b1 we found ptges3a protein which is not located in 
the central regulatory position of the Top-21 HSP-PPI network. So we 
assumed that ptges3a may have a similar role in stress regulation. When 
we analyze the co-expressions of Top-21 HSP-PPI network proteins, 
ptges3a showed the co-expression with some proteins of zebrafish, but 
in other organisms it showed expression with several other proteins 
like hspa9, hspa90ab1, sgut1, hsp90b1, FP236598.1, stip1, TTC31, 
ttc12 and zgc:123010 with a higher association score (Figure 7). This 
supports our assumption of its role in stress modulation. Hence, we 
identified ptges3a as a stress biomarker protein. 

In case of cytoskeletal proteins we found actin, tubulin, and myosin 
which play vital roles in stress modulation [36]. According to Top-
21 Cytoskeleton Protein-PPI network (Figure 8) (Supplement Table 
4) actb1, myhz2 and zgc: 55461 (tubulin like), rac1, tuba1/2, tuba1, 
and zgc: 136799 are crucial in stress modulation. Phylogeny and co-
expression also provided the basis of their functional relationships and 
expressions (Supplement Figures 2 and 3) to select those as molecular 
biomarker and regulators of stress. 

Keratin cluster analysis presented an interesting observation. 
Unlike heat shock and cytoskeletal proteins in Top-21 Keratin-PPI 
network (Figure 9) (Supplement Table 5) top reported keratins proteins 
Krt18 and krt8 were not located in the central regulatory position. 
However, other keratin proteins of the network such as krt4 and krt23 
(zgc: 92533 and zgc: 92061) showed higher interactions. Along with 
Top-21 Keratin-PPI network, co-expression and phylogeny results for 
Top-21 Keratin-PPI network also showed that Krt5, krt23 (zgc:92533 
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and zgc:92061), krt17, sc:d0144, cldnb, icn2, and pkp3 are potential 
biomarkers and regulators for stress modulation (Supplement Figures 
4 and 5). 

Oxidative stress is one of the most deleterious stress for fish. 
Reactive oxygen species destroy homeostasis of organisms and cause 
disease [37]. Two kinds of oxidative defense proteins are found in 

the Top-21 reported stress proteins- Aldehyde dehydrogenase 2B 
(aldh2b) and Peroxiredoxin 2 (prdx2). In Top-21 Oxidative Defense 
Protein -PPI network (Figure 10) (Supplement Table 6) of these two 
proteins along with their proximal interactive proteins, we observed 
that prdx2 is interactive with six more proteins sod1,txn, gpx1b, ar, 
myca and urod but no interaction mostly reported aldh2b. On the 
other hand Aldehyde dehydrogenase 2B (aldh2b) interacts with some 
other Aldehyde dehydrogenase proteins, but does not interact with 
prdx2. Therefore, aldh2a and prdx5 are the connectors between the two 
sub clusters of the network. In the Top-21 Oxidative Defense Protein 
-PPI network txn, prdx5, and adh2a along with prdx2 are seen to be 
more interactive while aldh2b is less for regulating stress even though 
it is highly expressed in expression profiling. Phylogenetic trees also 
support this finding by showing aldh2b, aldh2a and aldh2l proteins 
in same internal node which is away from other oxidative damage 
defense proteins (Supplement Figure 6). Co-expression of the Top-21 
Oxidative Defense Protein -PPI network proteins further supported 
the evidence that aldh is not expressed with other oxidative damage 
defense proteins (Supplement Figure 7). Therefore, it is clear that aldh 
and prdx group work in a separate manner to modulate stress.

Energy metabolism proteins are housekeeping proteins for most 
cells [38]. It is common to observe many energy metabolism proteins 
in the expression profiling. Meta-analysis of the expression profiling 

 

 

Figure 6: Top-21 heat shock protein-PPI network.

 

Figure 7: Co-expression of Top-21 heat shock protein-PPI network proteins.

 

Figure 8: Top-21 cytoskeletal protein-PPI network.

 

Figure 9: Top-21 keratin protein-PPI network.

 

 

Figure 10: Top-21 oxidative damage defense protein-PPI network.
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of zebrafish stressor induced proteins provided a number of energy 
metabolism proteins such as ATP synthase 5(ATP5B), enolase 3(eno3) 
and Triosephosphate isomerase 1B (tpi1b). The Energy metabolism-
PPI-network showed promising interactions among the ATP synthases 
but their roles in the cell as housekeeping proteins prevent us from 
making a solid conclusion on the basis of expression profiles (Figure 
11) (Supplement Table 7). 

Conclusion 
In our work we identified biomarkers for stress by using In-Silico 

analysis of the Top-21 reported stressor induced proteins of zebrafish 
found in the expression profile. We found out new potential candidate 
proteins for molecular biomarkers of stress to determine the levels 
and the types of stress. The molecular biomarkers are also candidates 
for stress modulation by up or down regulation of their protein 
expression at the cellular level. Our study will help researchers identify 
suitable proteins for stress biomarkers and regulators. Further, wet 
lab experiments will be needed to validate those proposed proteins as 
biomarkers and regulators.
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