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Abstract

The rapid growth of production in aquaculture in the last decades has brought

unwanted consequences affecting fish health and increasing the susceptibility to dif-

ferent infections. This systematic review aimed to analyse and summarize the cur-

rent knowledge of gene expression responses to infectious diseases in teleosts using

viruses, bacteria, fungi and parasites as agents through published microarray data.

We conducted searches in electronic databases, including PubMed, Web of Science

and SCOPUS until 1 May 2019. We identified 862 citations across databases and

manual searches. After removing duplicates, we screened 455 unique references

using titles and abstracts, of which 262 proved potentially eligible and evaluated

using full text. A total of 79 articles proved eligible for this review. From the articles

retrieved, we examined 261 different experiments (or ‘studies’) and more than a

hundred thousand differentially expressed genes (DEGs). This systematic review

represents the first catalogue of genes (and their associated processes) that differen-

tially transcribe in different teleost species (13 species) due to infections generated

by a large variety of pathogens (38 types). Although the obtained gene expression

results are in considerable measure associated with expected immune response,

other genes showed surprising significant transcriptional outcomes that may unra-

vel unknown functions related to fish infections. This type of investigations facili-

tates the visualization of existing gaps in researches that may inspire future analysis

in non-traditional but relevant host or pathogen species.

Key words: gene expression, infection, microarray, systematic review, teleost.

Introduction

In the last decades, aquaculture has had rapid growth in

production volume and economic yield. This development

is due to the increasing demand for seafood that the cap-

ture fisheries cannot meet, gaining a significant role as sea-

food providers and as a source of income and social

development in developing countries. This rapid growth,

mainly through intensification of production of economi-

cally relevant species (e.g. salmonids, carp, tilapia), has

brought unwanted consequences affecting fish health and

increasing the susceptibility to infections with different

types of pathogens (Bostock et al. 2010).

Since one of the more critical challenges to aquaculture

growth is infectious diseases, which cause multibillion-dol-

lar losses annually (Assefa & Abunna 2018), the study of

host–pathogen interactions in infectious diseases in teleosts

has grown considerably in the last years. In this context, the

use of fish as standard organisms in immunological studies

has been useful providing information into the evolution of
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the adaptive immune response of vertebrates, including

humans (Litman, Rast & Fugmann 2010). At present, how-

ever, the primary source of information linked to the

response of teleosts to infections comes from fish species of

productive interest. Hence, to analyse and interpret existing

data becomes a difficult task. Under this scenario, tran-

scriptomic studies are a valuable tool to reach a better

understanding of the underlying pathways and mechanisms

controlling host response to infection, which has been

addressed primarily through microarray hybridization and/

or RNA-seq sequencing technologies.

Twenty years ago, complementary DNA microarray

(cDNA microarray) emerged as a versatile technology that

researchers extensively applied in fish studies. The first

analysis of global gene expression in fish employed a cDNA

microarray for the goby fish (Gillichthys mirabilis), where

the authors studied the response of this fish to hypoxia

(Gracey, Troll & Somero 2001). To study the response to

infection, the first study on fish employed a heterologous

human microarray, to detect differentially expressed genes

(DEGs) in Atlantic salmon, following Aeromonas salmoni-

cida infection (Tsoi et al. 2003). However, the divergence of

these species limited the results. Since then, more than 30

studies of fish response to infections were published with

homologous cDNA microarrays. Then, cDNA microarrays

were followed by in situ oligonucleotide microarrays, which

were used in almost 50 researches to study fish response to

infections. Although results showed the highly informative

nature of the microarray strategy in fish, new technologies

for transcriptomic studies based on high-throughput RNA

sequencing (RNA-seq) (Qian et al. 2014) are in the way to

replace microarray technology; proof of this is that since

2018, only one paper based on microarrays was published

to study the transcriptional response of teleosts to infec-

tion. Despite this, microarray technique has allowed gener-

ating an extensive and exciting set of data on the

transcriptional response of fish to pathogens.

This systematic review summarizes the current knowl-

edge of disease challenge studies, including viruses, bacte-

ria, fungi and parasites, as agents in teleosts through

published microarray data, and reveals the first integrated

catalogue of differentially expressed genes in response to

infection in fish.

Methods

Search strategy

This systematic review followed guidelines set by the Pre-

ferred Reporting Items for the Systematic Reviews and

Meta-Analyses (PRISMA) (Moher et al. 2009). We per-

formed searches in electronic databases including PubMed,

Web of Science and SCOPUS databases from inception to 1

May 2019 using the following keywords: "microarray*

AND infectio* AND fish*". In addition, we identified arti-

cles through a manual search reviewing cross-references

and citations of the included articles, using an iterative pro-

tocol as indicated above, which allowed us to retrieve six

additional articles for this systematic review. There was no

restriction by language, and the publication had to be

accepted in the respective journal to enter in this systematic

revision.

Study selection process and eligibility criteria

After removing duplicates, two researchers independently

assessed the retrieved articles for eligibility excluding those

not meeting our selection criteria by evaluating the titles

and abstracts. In a second stage, we retrieved the full text of

potentially eligible references to define definite inclusion

criteria. First criterion: the article had to be original; thus,

reviews were excluded. Second criterion: the article had to

use wild-type teleosts (in vivo, no cell cultures) with no pre-

vious vaccination or any treatment and the infections had

to be performed in a controlled manner with a wild-type

pathogen. Third criterion: the article had to include the

comparison by homologous microarray expression of genes

that encode proteins of infected (treated) versus non-in-

fected fish (control). Fourth criterion: the article had to

include significative change in gene expression data (trea-

ted/control) (already analysed by the authors) in the body

of the manuscript or Tables S1-S3.

A piloted form, including all four eligibility criteria,

helped to document this process. When there was eligibility

disagreement, another third reviewer arbitrated to make

the final inclusion decision.

Data extraction

A data extraction piloted form was used to extract editorial

data from the included articles. This form included the fol-

lowing 11 items: authors’ information (corresponding

author(s’) name(s), year of acceptance of the publication,

countries of affiliation and journal where the article was

published), study subject (fish species and developmental

stage), pathogen information (pathogen species and type)

and experimental design (inoculation type, sample time

post-infection and organ sampling for gene expression).

A second piloted form was used to extract the informa-

tion of the microarray data of each article. This form

included 13 items that were designed to collect information

on the microarray platform information (platform ID, plat-

form name in database, manufacturer, type of probe, num-

ber of probes, species, experiment ID, type of assay, dye,

pooling, differential expressed genes (DEGs) criteria, statis-

tical test to DEGs and the use of housekeeping gene for

qPCR validation).
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The entire data extraction process was conducted by two

researchers, independently. We solved data discrepancies

by discussion, including the participation of a third

reviewer as arbiter when agreement was elusive.

Gene name standardization

In order to define a set of commonly DEGs in teleosts in

response to infection across all the articles incorporated in

this review, we first extracted the gene transcriptional infor-

mation from the body or Tables S1-S3 (already analysed by

the authors) of each of the 79 articles included here. The

direction of the transcriptional change (up-regulation or

down-regulation of the gene in response to infection) was

included in this third piloted form, together with data

extracted from the articles that corresponded to each DEG,

such as fish species, developmental stage, sample tissue,

time post-infection and pathogen species. Again, this data

extraction was conducted by two researchers indepen-

dently, and when there was disagreement, a third person

arbitrated to make the final decision. Since direct matching

for shared genes among studies was not feasible because

authors published their results using different forms of gene

identification (e.g. gene name, gene symbol, GenBank

accession number, Affymetrix probe set ID or Unigene

cluster ID), we had to convert all the different gene identifi-

cations to one common description name to compare the

sets of genes based on UniProt and/or GeneCards data-

bases. This work was done by three researchers using an

iterative strategy, and the quality assessment of the

extracted data was done by checking randomly 1% of the

gene list of 102,274 entries (Table S3). The analysis for

under- or over-enrichment was based on the cumulative

distribution function of the hypergeometric distribution of

the complete set of up- and down-regulated genes consid-

ering significant P-value < 0.05.

Co-authorship network assembly

Authors’ names are critical for the accurate links in the net-

work. The same author could be considered with different

names on records due to abbreviations, omissions or name

changes, while different authors can have the same name.

So, manual curation was performed to avoid these prob-

lems. The network was constructed using Cytoscape 3.7.1

(Shannon 2003) and the Social Network Cytoscape App

version 3, according to Kofia et al (2015).

Results and discussion

Systematic review editorial analysis

We initially identified 856 citations across all electronic data-

bases and six through manual searches. We obtained 407

duplicated articles in at least two of the three databases (Fig-

ure 1). The remaining 455 articles were screened using titles

and abstracts, leaving 262 articles for full-text screening.

After completing all stages of screening of references

from electronic databases, 73 articles proved eligible, which

were retrieved in different percentages in the three data-

bases: 100% were found in Scopus, 86.3% in PubMed and

76.7% in Web of Science. Then, through the revision of the

references and citations lists from the 73 articles previously

obtained, we made a manual search for publications meet-

ing our selection criteria that may have been left aside in

the search strategy conducted in the electronic databases.

Six new articles were recovered, increasing the number of

papers used in the systematic review to 79 (Figure 1). This

result shows that, when preparing a systematic review,

manual curation of the articles retrieved from electronic

databases is crucial. Later, all articles were manually evalu-

ated to establish to which database they belonged to, which

resulted in 77 of the 79 articles shared by the three data-

bases, except for only two articles that were not present in

PubMed. Remarkably, this result indicates that under the

focus of this systematic revision, utilizing only one of these

databases would have been enough to retrieve between 97%

and 100% of the articles. Besides, the sensibility (or recall),

defined as the proportion of relevant articles identified by

the search strategy, was 92% (73 out of 79), indicating a

high sensibility in our search strategy. Also, the precision,

defined as the proportion of relevant articles identified as a

percentage of all the articles (relevant and irrelevant)

detected by the search strategy, was 16% (73 out of 455),

indicating a low ability of our search strategy to exclude

irrelevant articles. These results are expected since highly

sensitive strategies tend to have low levels of precision,

which impacts in a higher number needed to read (NNR)

to find a relevant article but maximizes the inclusion of

most studies of interest (if not all) in the systematic review.

Regarding the number of publications incorporated in

this systematic review, mostly ascended from early 2000

until around 2012, after which a prominent drop-down

was observed (from approximately 12 articles in 2012 to

half in 2014; Figure 2). This decrease tightly synchronized

with the general decrease in investigations associated with

‘microarray’ studies, and interestingly with an increase in

the publication amount under ‘RNA-seq’ technology (Fig-

ure 2). This result indicates that for this particular research

topic, the methodology implemented is highly influenced

by trends and the year of publication of the studies evalu-

ated. In fact, to verify whether any relevant paper regarding

this review had been published after May 2019, we repeated

the search in January 2020 and found only one new publi-

cation since 2018 (Castro et al. 2019). Moreover, it suggests

that we are currently incorporating most of the microarray

studies that will ever be developed on this subject. Thus, we
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do not expect the need to incorporate many more publica-

tions if we would like to conduct an update of this system-

atic review in the future.

The top three journals in this research area, which pub-

lished around 50% of the evaluated articles in this system-

atic review, are Fish and Shellfish Immunology, BMC

Genomics and Molecular Immunology (Table S1; Fig-

ure 3a). Surprisingly, only one of these three journals is

directly associated with fish studies, suggesting that tran-

scriptional response to fish infections, the subject addressed

in this systematic review, is of general interest. Also, 15 of

the 23 journals that had articles evaluated in this review

possessed only one article associated with the theme

assessed here, indicating that many journals are open to

incorporate studies in this field even though it is not their

usual scope. Most of these one-article-in-the-subject jour-

nals (11 out of 15) belong to the first journal ranking quar-

tile (Q1) in the SCImago Journal and Country Rank (SJR)

(Figure 3a). In this way, despite having few publications on

gene expression profiles in teleost infections using

microarray data, they are high-ranked journals to publish

on this subject.

The country that forms part of the highest number of

affiliations in the articles included in this revision is Nor-

way (18 articles), followed by Spain (15 articles), China (13

articles) and Canada (10 articles) (Table S1; Figure 3b), all

of which belong to the Northern Hemisphere. In the South-

ern Hemisphere highlights Australia and Chile with 5 and 3

articles, respectively, showing that many relevant fish

farmer countries, such as Norway, China and Chile,

develop scientific studies associated with fish response to

infections. Nevertheless, it is crucial to consider that the

studies involved in this review require relatively expensive

methods (hybridization and analysis of microarrays), a rea-

son that could explain the fact that not all outstanding

aquaculture countries may afford this kind of approaches.

In order to examine the relations among groups of inves-

tigators working on gene expression profiles in teleost

infection using microarray data, we used the Cytoscape

platform to generate a co-authorship network that

Figure 1 PRISMA flow diagram. PRISMA diagram summarizing the flow throughout the systematic review.
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incorporated all the authors that participated in the 79 arti-

cles included in this revision (Figure 3c). We can observe

that many of the nodes or authors were associated with one

large network module, which was composed of 165 out of

the 382 total authors of this review and which congregated

the 45.6% (36 out of 79) of the articles included here. Nine

of the eleven authors who participated in 5 or more of the

articles (black nodes) were encompassed in this module,

highlighting A. Krasnov, who contributed in 16 of the pub-

lications (Figure 3c, square node). Only two more modules

contained a black node, which was also the networks with

the highest number of articles following the large module

(6 articles each). Also, these three same modules contained

the authors that were keystone components for network

structure by having the 50% superior values of betweenness

centrality of the whole network (Figure 3c, five nodes with

orange border). Together with Krasnov, H. Takle was one

of the central authors in the most significant module,

which outstandingly only participated in two of the 79 arti-

cles analysed (Figure 3c, yellow node with orange border in

the most extensive module). Also, the other three of these

keystone authors (Y. Wang, B. Koop and B. Nowak) were

present in smaller network modules. Wang was present in

one module with five publications, while Koop and Nowak

were part of another module with 5 and 4 articles each

(Figure 3c, nodes with orange border in medium-size mod-

ules). These results indicate that despite the smaller contri-

bution in the number of publications, some authors, and

especially their strategic connections, have been fundamen-

tal in maintaining network assembly.

The smallest network modules (Figure 3c, modules

formed by eleven or fewer nodes) were mostly shaped by

authors who had participated in only one of the articles

included in this systematic review: research groups with

fewer connections are new in this subject. Alternatively, this

fact could be explained by the recent shift to RNA sequenc-

ing regarding gene expression global techniques, which

have resulted in a reduction in transcriptomic analyses

using microarrays (Figure 2). We can conclude that the set

of more than 20 different author association networks gen-

erated in this analysis indicates that many of the authors

did not develop collaborative strategies, even though they

were all interested in studying teleost infection using

microarray data.

Other aspects obtained from the 79 articles that entered this

systematic review were the species of fish and types of patho-

gens that caused the infections, which are summarized in Fig-

ure 4. Thirteen different teleost species and 38 pathogens

were investigated. A neighbour-joining cladogram of the fish

species showed that they were grouped in five clusters and

that the one formed by the salmonids (Oncorhynchus mykiss

and Salmo salar) contained the highest number of articles

reviewed. As for the pathogen species, Piscine novirhabdovirus

(VHSV) was the most represented in the articles.

In most cases, the infections studied were generated by a

bacterium (n = 35) or a virus (n = 31). At the same time,

Figure 2 Articles by year of distribution. Microarray (white dots) information and RNA-seq (black dots) information were obtained searching the key-

words ‘microarray’ or ‘RNAseq, RNA seq, RNA-seq’, in PubMed, Web of Science and Scopus databases from 1990 to 2019. The graph shows the aver-

aged information from the three databases. Our data (red dots, secondary axis) correspond to the average of the manuscripts selected and evaluated in

this systematic review from the three databases for all the years evaluated. , Microarray; , RNA-seq; , Our data.
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only 15 articles were associated with a eukaryotic pathogen

(fungi or parasites), indicating that the first two pathogens

are of more general interest at least for this kind of investi-

gation purposes. Nonetheless, when looking at the combi-

nation of the developmental stage of the fish and the

pathogen involved in the infection, juvenile Salmo salar

and the eukaryotic ectoparasite Lepeophtheirus salmonis

had the highest value (n = 4) (Table S1; Figure 4). This

result is most probably attributable to the need to increase

the knowledge of this devastating disease in this economi-

cally significant specimen.

Most articles studied in this systematic review were

related to infections in juvenile fish (n = 55) (Figure 4),

defined as fish from 30 to 89 days of development,

Figure 3 Editorial Panel. (a) Study distribution per journal published. Red line: 5- year impact factor (until 2018) per journal (obtained from Journal

Citation Reports database). Dark green, first-quartile journal (i.e. Q1); light green, second-quartile journal (i.e. Q2); very light green, third-quartile jour-

nal (i.e. Q3). (b) Distribution of countries participating in the articles evaluated. Number of coauthored works: , 1; , 2; , 3; , 4; , ≥5.

(c) Co-authorship network. Square node corresponds to the author that participated in the highest number of articles included in this review (A. Kras-

nov). Nodes with orange border correspond to keystone components for network structure by having the 50% superior values of betweenness cen-

trality of the whole network (A. Krasnov, H. Takle, Y. Wang, B. Koop and B. Nowak). Number of publications included: , 1–3; , 4–6; , 7–9; ,

10–12; , 13–15; , +16.
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according to Kimmel et al. (1995), while larvae (3 to

29 days) and adults (90 days to 2 years old) were present

in only 9 and 17 articles, respectively (Figure 4). In fact, in

all the articles that studied Salmo salar, which was the spe-

cies with the highest number of studies considered in this

review, were juvenile fish (Table S1; Figure 4). This fact

Figure 4 Diagram of fish and pathogen information of the articles incorporated in this systematic review. Top, phylogeny of the fish species in dif-

ferent developmental stages (L, larvae; J, juvenile; A, adult). Right, bacteria (yellow), virus (grey) and fungi and parasites (orange). Phylogeny of fish

was performed using the neighbour-joining method (Saitou & Nei 1987). The tree is drawn to scale, with branch lengths in the same units as those of

the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (Zuck-

erkandl & Pauling 1965) and are in the units of the number of amino acid substitutions per site. The analysis involved 14 amino acid sequences from

the cytochrome oxidase subunit I of all the fish species used in this systematic review obtained from NCBI database (Meynard et al. 2012; Chen et al.

2014). There was a total of 516 positions in the final data set. Evolutionary analyses were conducted in MEGA7 (Kumar, Stecher & Tamura 2016).

Number of studies involving fish/pathogen species: , 1 to 3; , 4 to 6; , 7 to 9; , >10. Number of studies: , 0; , 1; , 2; , 3; , 4.
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may be because, in this teleost species, this stage of develop-

ment is more comfortable to handle experimentally than

bigger fish. On the other hand, Danio rerio was the second

most reported fish species in the articles considered in this

review, presented no studies involving juvenile specimens

(Table S1; Figure 4). This can be due to the fact that most

of the advantages of zebrafish as a model species occur in

embryonic/larvae stages (transparency of the larvae, rapid

development, low cost, genetic engineering, high through-

put, etc), making its use more frequent in these stages (Tor-

raca & Mostowy 2018). Also, this species is almost the only

one from this systematic review that was used to study

human bacterial, viral and fungal pathogens (except for the

work on Anguilla anguilla infected with Vibrio vulnificus).

Interestingly, this species is the second most widely used

organism as a research model in human biomedicine

(Alestr€om & Winther-Larsen 2016).

Moreover, we could observe that most articles interested

in Gram-positive bacteria studied the infections in Danio

rerio (except for one publication of juvenile Lates calcarifer

infected with Streptococcus iniae), showing a remarkable

bias in gene expression investigations using microarrays

involving this group of bacteria. For instance, we noticed

the lack of investigations regarding infections by the Gram-

positive bacterium Renibacterium salmoninarum, the agent

causing bacterial kidney disease (BKD). This disease gener-

ates morbidity and mortality in both farmed and wild fish

in most regions of the world where salmonids are found; it

is also the most significant cause of infectious disease-re-

lated mortality in restoration programmes for several

endangered species (Wiens et al. 2008). Moreover, to the

best of our knowledge, no general transcriptomic studies

(including RNA-seq) have been performed in infection

studies involving Renibacterium salmoninarum. Hence, this

could be an exciting niche for future disease studies on fish

of productive and conservation interest (i.e. not Danio

rerio) produced by a Gram-positive bacterium.

Microarray platform information

From the total publications utilized in this systematic

review, 65.8% (52 out of 79) explicitly indicated the ID

access code of the microarray platform to the Gene Expres-

sion Omnibus (GEO) database: https://www.ncbi.nlm.nih.

gov/geo/ (The National Center for Biotechnology

Information, USA) or to the ArrayExpress database:

https://www.ebi.ac.uk/arrayexpress/ (The European Bioin-

formatics Institute_EMBL-EBI) (Table S2). Among the

publications that indicated their ID code, we identified 37

different microarray platforms used. From the publications

that did not indicate their ID code, we estimated at least

other 15, based on their descriptions. These platforms ran-

ged between 0.4 and 60 K probes each, being most of them

based on in situ oligonucleotides (60.7%). These chips were

mainly manufactured by Agilent Technologies (48.1%),

while the others are based on spotted DNA/cDNA, which

were mainly manufactured in university core facilities.

Remarkably, almost three-quarters of the platforms used

were developed for salmonids (40 out of 79) and Danio

rerio (19 out of 79), indicating that most of the current

knowledge of the transcriptional response of fish to infec-

tions is centred on these two species, which is explained by

their commercial relevance and their impact as a teleost

model, respectively.

In the field of study of this review, most of the platforms

have been used to carry out two-colour competitive assays

(65.8%), being the Cy3 and Cy5 the most popular fluo-

rophores utilized (in over 80% of the cases). Interestingly,

in most of the studies (70%), the RNAs extracted from the

same conditions were mixed (pooling) in competitive

hybridization assays. Whereas this is mainly explained

because this experimental approach is cheaper than the

hybridization of individual fish, the knowledge of the asso-

ciated biological variability is compromised with this strat-

egy. Although we know this is the trend, we recommend

for future investigations to maximize biological replicates

of individual fish, while the technical replicas may be mini-

mized.

Finally, it is relevant to highlight that only in 58.2% of

the publications explicitly reported the ID access code to

the whole gene expression data; hence, more than 40% of

the articles cannot be incorporated into future meta-analy-

sis studies. For instance, although seven of the publications

directed their study in the transcriptional response of Par-

alichthys olivaceus to different pathogens, none of these

studies is available as raw data, precluding the generation

of integrated knowledge of the transcriptional response to

the infection of this species. For this reason, we suggest that

for future researches based on microarray and/or RNA-seq,

the raw expression data must be available in the appropri-

ate databases.

Gene expression analysis

From the 79 articles retrieved in this systematic review, we

examined most of the conditions evaluated in all the arti-

cles, including the different fish species, stages of develop-

ment of the fish, tissue samples, times post-infection and

pathogen species. From this analysis, we obtained 261 dif-

ferent experiments (from now on called ‘studies’) that con-

templated: 13 different fish species, three stages of

development of the fish, 18 different tissue samples, several

post-infection times and 38 types of pathogens (17 species

of bacteria, 13 viruses and eight eukaryotic pathogens)

(Table S3). Overall, more than 100,000 DEGs were found,

and those present in more than 50% of the studies
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(Figure 5) were grouped according to their general func-

tions and classified as ‘classical components of immune

response to infection’, ‘protein degradation processes’,

‘transport and metabolism of lipids’, ‘housekeeping cellular

functions and/or response to stress’ and ‘regulation and

dynamics of cellular processes’. These processes are

explored and described in detail below.

Classical components of immune response to infection

The complement system

The complement system (CS) is part of the innate immune

system of vertebrates. It consists of a series of proteins that

are synthesized in many fish tissues and exist in the plasma

and on cell surfaces as inactive precursors (Boshra, Li &

Sunyer 2006; Nakao et al. 2011). Three distinct pathways

can activate complement, and all of them produce the same

protective effects: opsonization, recruitment of phagocytic

cells and formation of membrane-attack complexes. In the

present work, 76.1% of all the studies reviewed showed

DEGs encoding proteins of the complement system. In

contrast, 84.6% species of fish and 84.2% of the pathogens

analysed are related to some DEG associated with CS. Also,

the proportion of up- and down-regulated genes related to

CS were significantly enriched with respect to the complete

proportion of up-and down-regulated DEGs of this review,

correspondingly.

In teleosts, the CS exerts essential functions, from alert-

ing hosts of the presence of potential pathogens and their

clearing, to the development of adaptive immune response

(Holland & Lambris 2002; Nakao et al. 2011). In fish, this

system is active against bacteria, viruses and eukaryotic

pathogens even at low temperatures and the serum titres of

alternative pathway components are up to ten times higher

compared with mammals (Zarkadis, Mastellos & Lambris

2001). Interestingly, it has been described that CS of fish

has a broader recognition capacity of microorganisms than

mammals, making the CS a pivotal point in systemic and

local fish defence system (Sunyer & Lambris 1998; Sunyer,

Zarkadis & Lambris 1998; Nonaka & Smith 2000; Boshra,

Li & Sunyer 2006). Mechanisms underlying protection are

not fully elucidated and, in some cases, seem to be species-

specific. Also, transcripts encoding complement compo-

nents show a broad tissue distribution, being present in

head kidney, intestine, skin and gills, among others (Løvoll

et al. 2007; Encinas et al. 2010). This fact suggests that

Figure 5 Ranking of the proteins functions from the 261 studies evaluated. Proteins with more than 30% of representation in the studies are

shown. Red box, proteins that accounted for over 50% of representation in the studies and that were profoundly investigated. , Housekeeping cel-

lular functiona and/or response to stress , Antioxidant metabolism; , Regulations and dynamics of cellular processes; , Classical components of

immune response to infection; , Coagulation system component; , Transport and metabolism of lipids; , Protein degradation; , Other func-

tions.
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teleost complement system is not active only in circulating

blood or body fluids, but also at the interface to the outer

environment, where pathogens enter the host.

Protective activity against bacteria by the CS has been

recognized as one of the main bactericidal mechanisms in

teleosts (Ellis 2001; Holland & Lambris 2002). In fact, of all

the bacterial species analysed in the present work, 16 out of

17 (94.1%) showed transcriptional regulation of CS com-

ponents in the host, higher than with viruses (10 out of 13,

76.9%) and fungi and parasites (6 out of 8, 75%). However,

for viral diseases, it has been described that the neutralizing

activity of antibodies against rhabdoviruses, such as viral

haemorrhagic septicaemia virus (VHSV) and infectious

haematopoietic necrosis virus (IHNV), is dependent on the

complement activity (Iwama et al. 1996). For parasites

instead, an important role has been described for comple-

ment C3 protein in binding to the surface of parasites

(Harris, Soleng & Bakke 1998). Remarkably, the gene that

encodes to complement C3 protein was the most repre-

sented among the CS differentially expressed genes

(n = 333). The CS stands out as the most represented

group across the studies and agents of the articles included

in this systematic review, reaffirming the importance of this

pathway in infection and teleost–pathogen interaction.

Lectins

Lectins are a superfamily of carbohydrate-binding proteins

with a significant number of members throughout almost

all living species and viruses. These proteins have been rec-

ognized as critical components of innate immunity, show-

ing functions as regulators of adaptive immune responses

by recognizing bacterial or viral components on dendritic

cells (van Vliet et al. 2008), promoting signals that initiate

or modulate cytokine responses, and inducing lymphocyte

maturation and polarization to the invading pathogens

(den Dunnen, Gringhuis & Geijtenbeek 2010). Also, as pat-

tern-recognition receptors, lectins bind to a wide range of

carbohydrates expressed on microorganism surfaces,

including mannose and fucose, leading to their phagocyto-

sis and lysis by the complement system (Møller-Kristensen

et al. 2007). In teleosts, lectin repertoire is ample and com-

plex, with representatives from most lectin families

described so far and with tissue-specific expression and

localization consistent with their distinct biological roles in

innate and adaptive immunity (Vasta et al. 2011).

In the present work, 71.8% of all the studies reviewed

showed DEGs encoding lectins. All fish species and 89.5%

of the pathogens analysed in this review are associated with

some DEG encoding for lectins. The proportions of up-

and down-regulated genes related to lectins were signifi-

cantly enriched with respect to the complete proportion of

up- and down-regulated DEGs of this review, respectively.

The two most represented lectins observed in this

systematic review were galectins (41%; n = 540) and C-

type lectins (25.3%; n = 333), both with functions as recog-

nition factors of microbial glycans (Vasta 2009; Stowell

et al. 2010) or as regulators of multiple adaptive immune

functions by modulating B-cell development, inducing or

preventing T-cell apoptosis and modulating T-cell

responses (Vasta et al. 1999; Jayaraman et al. 2010; Liu &

Rabinovich 2010; Sehrawat et al. 2010). Also, lectins have

shown to play an essential role in host defence against

infections caused by different types of pathogens (Jack &

Turner 2003). All the bacterial species used to challenge fish

analysed in this review showed transcriptional regulation of

host lectins, followed by viral (11 out of 13 = 84.6%) and

eukaryotic pathogen (6 out of 8 = 75%) types. The present

work reaffirms the undeniable importance of lectins in

innate immune responses against infections, standing out

as the second group with more DEGs in all the studies eval-

uated.

Cytokines

Chemokine and receptors (CC and CXC). Chemokines or

chemoattractant cytokines constitute a protein family regu-

lating immune cell migration under both inflammatory

and normal physiological conditions (Bird & Tafalla 2015).

During infections, chemokines possess a decisive role in

promoting leucocyte mobilization and regulating the first

steps of both innate and acquired immune responses

(Esche, Stellato & Beck 2005). The chemokine superfamily

consists of many chemokine ligands and receptors, with the

ligands being classified into four groups based on the posi-

tion of the first two cysteine residues (CC, CXC, CX3C and

XC). On the other hand, chemokine receptors are formed

by seven transmembrane helixes connected by intra- and

extracellular loops (Zlotnik & Yoshie 2000).

Since 1998, when the first teleost fish chemokine gene

was reported (Dixon et al. 1998), many fish chemokine

sequences have been identified. The repertoire of chemoki-

nes is more extensive in fish than in mammals, being

known to evolve faster than other immune genes (Peatman

& Liu 2007), which makes these molecules highly divergent

in the different teleost species. Thus, the function and regu-

lation of many fish chemokines are still unknown.

In the present work, 69.5% of all the studies reviewed

showed DEGs encoding proteins of the chemokine system.

In contrast, 92.3% of the fish species fish and 86.8% of the

pathogens analysed in this review are linked with some

DEG encoding for chemokines. Additionally, the propor-

tion of up- and down-regulated genes related to chemoki-

nes were significantly enriched concerning the complete

proportion of up- and down-regulated DEGs of this

review.

From the 971 chemokine DEGs, most corresponded to

chemokine ligands (68.4%), from which 488 matched up
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to CC chemokines and only 176 to CXC. This differential

regulation bias could be because CC is the most abundant

chemokine family ligand in fish genomes (Nomiyama,

Osada & Yoshie 2013). Finally, when investigating the gene

expression profiles of chemokine ligands and receptors,

most studies were over-represented in all the types of

pathogens analysed in this systematic review (94.1% of the

bacterial species, 84.6% of the types of viruses and 75% of

the fungi and parasites), highlighting the relevance of this

family of proteins during the infection in teleosts.

Interferon and related proteins. Interferons (IFNs) consti-

tute a family of cytokines secreted by host cells that signal

in response to the presence of pathogens to activate and

regulate innate and acquired immune mechanisms around

and in the infected cell (Zhang 2017; Ferreira et al. 2018).

In teleosts, IFN types I and II are present. While fish type I

IFN has a remarkable effect over bacterial and viral infec-

tions either positively or negatively, fish type II IFN

prompts the response from the immune system against

pathogens by inducing gene expression of IFN-stimulated

genes (Zou & Secombes 2011; Boudinot et al. 2016). Func-

tional studies of IFNs in teleosts are abundant. For instance,

Chang and co-workers injected pre-smolt salmons with an

antigen of infectious salmon anaemia virus and with a plas-

mid encoding Atlantic salmon type I IFN, resulting in a

decrease in mortality in the infected fish (Chang, Sun &

Robertsen 2015).

In the present work, 67.2% of all the studies reviewed

showed DEGs encoding IFNs. All thirteen fish species and

86.8% of the pathogens analysed in this review are related

to some DEG that encodes for IFNs. Also, the proportion

of up- and down-regulated genes related to IFNs were sig-

nificantly enriched concerning the complete proportion of

up-and down-regulated DEGs of this review. Protective

activity against viruses by the IFNs has been recognized as

one of the main antiviral mechanisms in teleosts (Valero

et al. 2015). All the viral infections analysed in the present

work showed transcriptional regulation of IFNs in the host,

higher than with bacteria (14 out of 17, 82.4%) and fungi

and parasites (6 out of 8, 75%). However, for bacterial

infections it has been described that Paralichthys olivaceus

injected with Edwardsiella tarda had an increase of 60% in

the mortality when type II IFN was added to the injection

(Pereiro, Figueras & Novoa 2019), showing that interferons

have a behaviour that depends on the pathogen that infects.

It has also been described that IFN-inducible Mx proteins,

together with their antiviral function, support antiparasitic

defence against Ichthyophthirius multifiliis (Saleh et al.

2019). Remarkably, the gene that encodes for one IFN-in-

ducible protein (IFN-inducible protein 44) was the most

represented among the IFN differentially expressed genes of

this review (n = 1396). According to the role of IFNs in all

vertebrate immune responses to infections, this systematic

review endorses the importance of this family of proteins in

infective processes in teleosts.

Interleukin and related proteins. Interleukins (ILs) are a

family of secreted proteins that belong to cytokines,

involved in the modulation of immune systems in an auto-

crine or paracrine manner (Wang et al. 2011). They are

synthesized by leucocytes, monocytes, macrophages and

endothelial cells, and bind to their specific receptor to per-

form an essential role in the communication between leu-

cocytes (Abbas, Lichtman & Pillai 2014). Interleukins can

induce an inflammatory and anti-inflammatory response,

activation and differentiation of cells from the immune sys-

tem; besides, they influence proliferation, maturation,

migration and adhesion, modulating responses to infection

(Choy Kok et al. 2003).

Recently, Zou et al. (Zou & Secombes 2016) described

ILs in teleosts. They confirmed that virtually all the ILs

found in fish have their orthologous in mammals except

for the novel IL-1 family member (nIL-1Fm), who would

act as an antagonist of IL-1b (Zou & Secombes 2016). In

trout, it has been demonstrated that IL-22 enhances fish

survival after infection with Yersinia ruckeri by up-regulat-

ing the expression of antimicrobial peptides (Monte et al.

2011), while IL-1b influences the migration of phagocytes

into the site of infection (Hong et al. 2003).

In the present work, 60.6% of all the studies reviewed

showed DEGs encoding proteins of ILs. Eleven out of thir-

teen species of fish (84.6%) and 68.4% (26 out of 38) of the

pathogens analysed in this review are associated with some

DEG that encodes for proteins of ILs. Also, the proportions

of up- and down-regulated genes related to ILs were signifi-

cantly enriched for the complete proportion of up-and

down-regulated DEGs of this review.

Defensive activity against viruses and bacteria by the ILs

has been recognized as one of the main antivirals and bac-

tericidal mechanisms in teleosts (Huising et al. 2005;

Ribeiro et al. 2010). In fact, of all the viral and bacterial

infections analysed in the present work, 10 out of 13

(76.9%) species of viruses and 12 out of 17 (70.6%) species

of bacteria showed transcriptional regulation of ILs in the

host. In contrast, studies in fungi and parasites infections

showed only 50% of transcriptional regulation (4 out of 8).

Regarding fish viral infections, crucian carp infected with

Cyprinid herpesvirus 2 enhances the expression of IL-11

(Podok et al. 2014). Also, rainbow trout increased signifi-

cantly the expression of nIL-1Fm against infection with

Yersinia ruckeri (Wang et al. 2009), the same as in infection

of parasites, when gilthead sea bream infected with Entero-

myxum spp. increased the expression of IL-1 ten days after

the challenge began (G�omez, Bartholomew & Sunyer

2014). Parasites and virus pathogens, IL-1 (or fish IL-1,
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nIL-1Fm), seem to be important in the response of the

immune system. Remarkably, the gene that encodes to IL-1

protein was the most represented among the IL DEGs

(n = 131).

The ILs family represents a critical modulator of the

immune system on teleost fish that helps to combat all

kinds of infections, a response that is also visible in this sys-

tematic review where a large percentage of the studies dis-

play gene expression changes in genes related to ILs.

Tumour necrosis factor and related proteins. Tumour necro-

sis factors (TNFs) are pleiotropic cytokines involved in

both early inflammatory and acquired immune responses,

which modulate processes such as haematopoiesis and anti-

body production and are expressed by activated macro-

phages and lymphocytes (MacEwan 2002; Rahman &

McFadden 2006). There are specific cell surface receptors

for these cytokines, named TNF receptors (TNFr), a super-

family of transmembrane proteins characterized by their

repeated cysteine-rich extracellular sequence homology and

by their binding capacity to more than one ligand with

specific high affinity (Locksley, Killeen & Lenardo 2001;

MacEwan 2002). Signalling of the TNFr can result in two

different pathways, the promotion of inflammation and/or

the induction of apoptosis (Benedict 2003). In the present

work, 56.8% of all the studies reviewed showed DEGs

encoding proteins of TNF and related proteins. Eleven out

of thirteen species of fish (84.6%) and 71.1% (27 out of 38)

of the pathogens analysed are linked with some DEG that

encodes for a TNF or related protein.

In teleosts, two genes have been found to encode TNF-a
in a variety of species. Like in other species, in fish TNF/

TNFr have essential roles in inflammation, antiviral immu-

nity and the immune response against general pathogens

(Zou et al. 2003; Kono et al. 2006; Glenney & Wiens 2007).

There are studies where the knockdown of a TNFr in zebra-

fish increases the susceptibility to Mycobacterium marinum

infection (Clay, Volkman & Ramakrishnan 2008; Zou &

Secombes 2016). In contrast, the knockdown of TNF-a and

TNF-b leads to a reduction in the liver size, together with

the association of TNF-a with the inflammatory bowel dis-

ease onset (Qi et al. 2010; Marjoram et al. 2015; Zou &

Secombes 2016).

Nevertheless, most function-related information about

TNF and related proteins comes from transcriptomic

approaches and in vitro assays with recombinant proteins

(Buhrmann et al. 2017; Hong et al. 2019). In this aspect,

transcripts encoding TNF are highly expressed in lymphoid

and haematopoietic tissues such as head kidney, spleen,

and also in the epithelium of the intestine (Kono et al.

2006). Upon cell–pathogen interaction, the TNF genes tend

to get up-regulated (Li & Zhang 2016; Morick & Saragovi

2017). The proportion of up-regulated genes related to

TNF were significantly enriched for the complete propor-

tions of up-regulated and down-regulated DEGs of this

review.

Of all the bacterial infections analysed in the present

work, 15 out of 17 (88.2%) species showed transcriptional

regulation of TNF in the host, higher than the types of

viruses (9 out of 13; 69.2%) and fungi and parasites (3 out

of 8; 37.5%) engaged in infections. The genes that encode

to TNFrs were the most represented among the TNF DEGs

(n = 408), probably because the activation of TNFr induces

all the immune responses to infections.

Major histocompatibility complex

Major histocompatibility complex (MHC) proteins are

fundamental components of the vertebrate adaptive

immune system in the recognition and presentation of

invading pathogens. MHC loci are subdivided into classical

and non-classical types. The first ones have a function in

the presentation of antigens to T-cell receptors, showing

high polymorphism along with broad expression domains;

and the latter ones have a function not been fully character-

ized with low variability and tissue-specific expression

(Wilson 2017).

In teleosts, MHC knowledge is primarily obtained from

analyses done in species with sequenced genomes (Grim-

holt 2016). MHC-I is subdivided into five significant lin-

eages (U, Z, S, L and P) based on sequence divergence and

tissue expression patterns, and MHC-II is subdivided into

three significant lineages (DA, DB and DE) (Wilson 2017).

While MHC-II is considered a critical component of verte-

brate adaptive immunity and memory, some fish species

lack the MHC-II/CD4 pathway. For instance, Atlantic cod

(Gadus morhua) has lost the genes associated with MHC-II,

compensating the loss by expanding their MHC-I genes

(Star et al. 2011). The peptide-binding ability of MHC

molecules varies due to the composition of the peptide-

binding residues, having high or low affinity to increase or

lower their susceptibility against pathogens (Potts & Slev

1995). For these reasons, MHC molecules are frequently

used as candidate genes to evaluate disease resistance traits

in fish (Ozaki et al. 2001; Kjøglum et al. 2006; Munan-

g’andu, Galindo-Villegas & David 2018).

Studies on MHC and disease resistance in teleosts are

related to a quantitative trait locus with significant allelic

variation in classical MHC-I, which do not indicate differ-

ences in disease resistance, but possibly influence the func-

tion of MHC-II and non-classical MHC-I (Yamaguchi &

Dijkstra 2019). For example, MHC-II polymorphisms have

shown disease resistance/susceptibility in Nile tilapia (Ore-

ochromis niloticus) against Streptococcus agalactiae and

Aeromonas hydrophilla (Gao et al. 2019; El-Magd et al.

2019). We could also observe that all agents analysed in this

study induce transcriptional regulation of MHC genes in
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high proportions: 100% (8 out of 8) of the species of fungi

and parasites, 76.5% (13 out of 17) of the bacterial species

and 84.6% (11 out of 13) of the viruses.

More than half (57.1%) of all the studies reviewed in this

work showed DEGs associated with MHC genes with a sig-

nificant representation of MHC-I genes (54.7%) over

MHC-II genes (45.3%), probably due to the ubiquitous

expression of MHC-I molecules (Dijkstra et al. 2003). Ele-

ven out of thirteen species of fish (84.6%) and 84.2% (32

out of 38) of the pathogens are related to some DEGs that

encode for MHC proteins. Moreover, the proportions of

up- and down-regulated genes related to MHC were signifi-

cantly enriched regarding the complete proportion of up-

and down-regulated DEGs analysed in this review, respec-

tively.

In sum, MHC proteins are essential proteins in establish-

ing the adaptive immune response and the resulting disease

resistance in natural infections or vaccine prophylaxis. The

high percentage of pathogenic agents that induce MHC

DEGs in this study shows their important role in host–
pathogen interactions.

Immunoglobulins

Immunoglobulins (Ig) are the key effector molecules of the

adaptive humoral immune response. Ig binds to microor-

ganisms to facilitate their killing and clearance by phago-

cytes, a process called opsonization, and by this preventing

pathogen entry. Also, they can interact with the innate and

adaptive immune system driving the clearance of bacteria,

virus, fungi and parasites, can form immune complexes,

clear toxins, activate the complement system, eliminate

infected cells, increase antigen presentation and regulate

inflammation (Lu et al. 2018). Nevertheless, many bacteria

elude the effect of Ig by interfering with opsonization

through the expression of surface proteins that bind Ig out-

side the antigen recognition region (Mintz & Fives-Taylor

1994; Sandt & Hill 2001; Nordenfelt et al. 2012; Chi et al.

2018), neutralizing this host protective mechanism.

In the present work, 54.4% of all the studies reviewed

showed DEGs encoding Ig or Ig receptors. Eleven out of

thirteen species of fish (84.6%) and 68.4% (26 out of 38) of

the pathogens analysed in this review are associated with

some DEG. Besides, the proportions of up- and down-reg-

ulated genes related to Ig were significantly enriched con-

cerning the complete proportion of up- and down-

regulated DEGs of this review.

In the last two decades, many teleost Ig genes have been

identified by in silico data mining from the enormous gene

and EST databases of many fish species (Hikima, Jung &

Aoki 2011). In teleosts, three different Ig heavy-chain iso-

types have been identified: IgM, IgD and IgT/IgZ (teleosts/

zebrafish). IgM is the most prevalent Ig in plasma (Flajnik

2002; Flajnik & Kasahara 2010) and can be expressed on

the surface of B cells or secreted as a tetrameric antibody in

serum or mucus (Mashoof & Criscitiello 2016). Their effec-

tor functions are complement system activation, agglutina-

tion for phagocytosis and cellular cytotoxicity (Kaattari

et al. 1998). The role of IgD is not thoroughly described,

but it is proposed to be the induction of antimicrobial,

opsonizing, pro-inflammatory and B-cell-activating factors

on basophils (Chen et al. 2009). IgT/IgZ are Ig exclusive of

teleosts (Flajnik & Kasahara 2010). They are recognized as

dedicated mucosal Ig isotypes presented in mucous as tet-

ramers (Zhang et al. 2010; Mashoof et al. 2014). In this

review, IgT/IgZ were differentially expressed in Salmo salar

and Danio rerio, respectively, and IgM was differentially

expressed in 61.5% of fish species studied (8 out of 13).

These Ig expressions occurred in different organs and were

induced by viral, bacterial and parasite agents.

In the present work, 10 out of 17 bacterial species

(58.7%) showed transcriptional regulation of Ig in the host,

lower than fungi and parasites (7 out of 8, 87.5%) and

viruses (9 out of 13, 69.2%). Ig has a vital role in response

to infection, and this review supports it. Nevertheless, Ig

DEGs were not strongly represented given the percentages

of studies or pathogens in this review when compared with

other proteins, probably because since they are elements of

the adaptive immune response, their transcriptional regula-

tion will depend on later sampling or antigen re-exposi-

tion.

Protein degradation processes

Protein turnover (degradation of intracellular proteins)

The ubiquitin–proteasome system. The ubiquitin–protea-
some system (UPS) is the main intracellular pathway for

degradation of proteins that are misfolded or damaged,

having a critical role in the regulation of the cell cycle,

apoptosis and immune responses through the activation of

the nuclear factor kappa-light-chain-enhancer of activated

B cells (NF-ƙB) and antigens of major histocompatibility

complex I (Thibaudeau & Smith 2019). Proteins that are

selected for degradation are marked with a small protein

called ubiquitin by a covalent union mediated by three

enzymes. The first one is E1 (ubiquitin-activating enzyme)

that uses ATP to bind the ubiquitin protein that then passes

to E2 (ubiquitin carrier) to make a complex with E3 (ubiq-

uitin–protein ligase) that selects the target protein for

degradation. This process repeats until a polyubiquitin

chain is made. Then, the proteins with a polyubiquitin

chain are recognized by the proteasome, a multiprotein

complex whose primary role is the degradation of proteins.

Some viruses can manipulate the UPS to improve their life

cycle by recruiting the cellular E3 and by this selecting

antiviral proteins for degradation. In the present work,

55.6% of all the studies reviewed showed DEGs encoding
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proteins of the UPS. All thirteen species of fish (100%) and

78.9% (30 out of 38) of the pathogens analysed in this

review are related to DEGs that encode for proteins of the

UPS. Also, the proportions of up- and down-regulated

genes related to UPS were significantly enriched for the

complete proportion of up- and down-regulated DEGs of

this review.

In teleosts, the UPS is present by the expression of ubiq-

uitin- and proteasome-related proteins that are highly con-

served (Tokumoto 1998; Tacchi et al. 2010). Interestingly,

the UPS in mammals is responsible for muscle protein

degradation during starvation, while in fish, UPS is down-

regulated under this same condition, indicating the exis-

tence of another pathway for this process in teleosts (Mar-

tin et al. 2002).

In this review, of all the bacterial infections analysed, 14

out of 17 (82.4%) species of bacteria showed transcrip-

tional regulation of the UPS components, a number that

was higher than viral infections (10 out of 13, 76.9%) and

fungi and parasites (6 out of 9, 75%). Viral infections of

Salmo salar with salmonid alphavirus (SAV) have shown

that E3 is highly expressed when the peak of the infection is

in course (Heidari et al. 2015). Also, in bacterial infections,

the UPS is a candidate regulator of fish innate immune sig-

nalling pathways; for instance, Danio rerio infected with

Aeromonas hydrophila highly expressed btr20, an E3 ubiqui-

tin ligase involved in the regulation of the expression of the

NF-ƙB for the activation of the innate immune response

(Zhang et al. 2015). In this work, the gene that encodes the

proteasome subunit beta protein was the most represented

among the UPS DEGs (n = 439) and is part of the catalytic

activity of the proteasome.

Cathepsins. Cathepsins (CTS), initially described as lysoso-

mal proteolytic enzymes, include cysteine proteases, serine

proteases and aspartic proteases (Chwieralski, Welte &

B€uhling 2006; Turk et al. 2012). The release of CTS from

the lysosomes into the cytoplasm is a precondition for their

participation in apoptosis regulation, a crucial element of

immunoregulation and differentiation (Chwieralski, Welte

& B€uhling 2006). In teleosts, CTS have been described as

relevant factors in immune activity, such as their hydrolytic

properties and increased expression during bacterial and

viral infections (Kim et al. 2017). For instance, an up-regu-

lated expression of CTS B was observed in Nile tilapia dur-

ing infection with Streptococcus agalactiae, which was

validated through the analysis of the hydrolytic activity of

the purified CTS B recombinant protein (Liang et al. 2018).

Similarly, CTS B had an increase in tongue sole (Cynoglos-

sus semilaevis) expression when exposed to infection with

Vibrio anguillarum, and proteolytic activity was also

demonstrated in the recombinant protein CTS B (Chen &

Sun 2012). Moreover, in crayfish, an effect on the Toll

pathway (immune response) was observed through RNA

interference of CTS L (Dai et al. 2017).

In the present work, 49.8% of all the studies reviewed

showed DEGs encoding proteins of CTS. Ten out of thir-

teen species of fish (76.9%) and 76.3% of the pathogens

analysed in this review are linked with some DEGs that

encode for CTS. Besides, the proportions of up- and down-

regulated genes related to CTS were significantly enriched

concerning the complete proportion of up- and down-reg-

ulated DEGs of this review. Also, for all the bacterial infec-

tions analysed in the present work, 14 out of 17 (82.4%)

showed transcriptional regulation of CTS components in

the host, higher than with viruses (10 out of 13, 76.9%)

and fungi and parasites (5 out of 8, 62.50%). The gene that

encodes for cathepsin L (CTS L) protein was the most rep-

resented among the CTS differentially expressed genes

(n = 110). Robust changes in the expression of CTS in

response to pathogens affirm the importance of this group

of proteolytic enzymes during infections in teleost.

Degradation and signalling of extracellular proteins

Matrix metalloproteinases and inhibitors. Matrix metallo-

proteinases (MMPs) are a family of zinc endopeptidases

that collectively can cleave most of the extracellular matrix

constituents (Birkedal-Hansen et al. 1993). The tissue inhi-

bitors of metalloproteinases (TIMPs) are naturally occur-

ring proteins that specifically inhibit MMPs to maintain

the balance between matrix destruction and formation

(Wojtowicz-Praga, Dickson & Hawkins 1997). MMPs play

an essential role in the host’s immune response through the

recruitment of effector cells through the promotion of

inflammatory activity; however, excessive inflammation

following infection may cause tissue damage that favours

the spread of the pathogen. It has been reported that infec-

tions with bacterial and viral pathogens have been associ-

ated with increases in MMPs expression in affected tissues

(Elkington, O’Kane & Friedland 2005; Chaves-Pozo et al.

2008). In the present work, 50.2% of all the studies

reviewed showed DEGs encoding proteins of MMPs. Nine

out of thirteen species of fish (69.2%) and 76.3% (29 out of

38) of the pathogens analysed in this review are related to

some DEGs that encode for MMPs. Moreover, the propor-

tions of up- and down-regulated MMP-related genes were

significantly enriched with respect to the complete propor-

tion of up- and down-regulated DEGs considered in this

review.

In teleost’s infections, the up-regulation of genes that

express MMPs and TIMPs has been observed with diverse

types of pathogenic agents (Zhang et al. 2003; Chadzinska

et al. 2008; Shan et al. 2016). For instance, TIMP 2b in gilt-

head seabream (Sparus aurata L.) infected with Vibrio

anguillarum was induced in competent immune organs in

inflammatory stages. At the same time, TIMP 2a presented
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a modest increase in liver and blood (Chadzinska et al.

2008). In MMP-9 knocked-down cells of Danio rerio, an

effect on macrophage migration during infection with Lis-

teria monocytogenes has been observed, showing the

importance of MMP-9 for protection against bacterial

pathogens (Zhang et al. 2003). Remarkably, MMP-9 was

the most represented MMP in this work (n = 253). Also, of

all the infections accomplished by bacterial species analysed

in the present work, 15 out of 17 (88.2%) showed tran-

scriptional regulation of MMP components in the host. In

viruses and the group of fungi and parasites, the represen-

tation was lower (61.5% and 75%, respectively).

In this systematic review, we could observe that MMPs

and their inhibitor genes were highly represented in the

analysed studies, which is not surprising since many reports

have shown that these genes are differentially expressed

during fish infections (Zhang et al. 2003; Manicone &

McGuire 2008; Xu et al. 2012; Shan et al. 2016).

Transport and metabolism of lipids

Apolipoproteins and related proteins

Apolipoproteins (APOs) are proteins that bind lipids to

form lipoprotein particles. They transport lipids and

hydrophobic vitamins in the blood, cerebrospinal fluid and

lymph (Ren et al. 2019). APOs act as ligands for cell mem-

brane receptors and enzyme cofactors (e.g. apolipoprotein

CII and apolipoprotein AI) (Kastelein et al. 2008). Different

APOs bind to lipids to form lipoprotein particles of differ-

ent densities, which can be divided into several types: chy-

lomicrons (CM), very low-density lipoproteins (VLDL),

low-density lipoproteins (LDL), intermediate-density

lipoproteins (IDL) and high-density lipoproteins (HDL)

(Di Angelantonio et al. 2009).

APOs play a vital role in the transport of lipids in fish,

and it has been demonstrated in teleosts that APOs possess

antimicrobial activity and have crucial roles in innate

immunity (Tian et al. 2019). Proteins and peptides such as

APOs are essential in the primary defence of epithelial bar-

riers in fish (Magor & Magor 2001). APOs A1 and A2 from

the epidermis and epidermal mucus of the carp (Cyprinus

carpio L.) have been characterized by immunohistochem-

istry and Western blot analysis. They have shown to be part

of the innate immune system of teleost fish through bacte-

ricidal and/or bacteriostatic tests (Concha et al. 2004). Sim-

ilar functions of APO A1 against bacteria have also been

evidenced in rainbow trout (Oncorhynchus mykiss) (Concha

et al. 2004) and orange-stained grouper (Epinephelus

coioides) (Concha et al. 2004). It was also found that the

protein profile of APO A1, APO A2 and APO-14kDa in

mucus changed significantly in Atlantic salmon (Salmo

salar) after infection with Lepeophtheirus salmonis and Vib-

rio anguillarum (Wei et al. 2015). In the channel catfish

(Ictalurus punctatus), it was found that a series of APO

genes, including APO A, were differentially expressed after

infection by Edwardsiella ictaluri and Flavobacterium

columnare (Easy & Ross 2009). These studies suggest that

APO genes are potential immune modulators of fish, fulfill-

ing a fundamental role in the innate immune response and

the epithelial barrier. In the present work, 54.4% of all the

studies reviewed showed DEGs encoding apolipoproteins.

Ten out of thirteen species of fish (76.9%) and 71.1% (27

out of 38) of the pathogens analysed in this review are

linked with some DEGs that encode for APOs. Also, we

could observe similar representations of the bacterial and

parasitic species used for the infections (76.5 and 75%,

respectively), while viruses had a lower representation (8

out of 13 = 61.5%). Finally, we can highlight that genes

that encode for the APO A family were the most prominent

among the APO DEGs (n = 184), with the APO AI gene

being the most prominent within this family (n = 75), sug-

gesting a relevant role of this protein in the fish–pathogen
interaction during the infection.

Housekeeping cellular functions and/or response to stress

Cytochromes and related proteins

Cytochromes are haem-containing proteins whose charac-

teristic mode of action involves the transfer of a single elec-

tron between the Fe(II) and Fe(III) of the haem group. In

vertebrates, they are classified based on the nature and

mode of binding to the said group as cytochromes a, b and

c, among others (Ichiye 2013; Chertkova et al. 2017; Ortega

Ugalde et al. 2019). Cytochromes b and c are involved in

the electron transport chain in the mitochondria, mainly

the unidirectional electron flow along the chain, which is

possible given the differential reduction potential (Chert-

kova et al. 2017). On the other hand, cytochromes P450,

which are a group of monooxygenases, could be included

in the cytochrome b class, according to Nomenclature

Committee of the International Union of Biochemistry

(NC-IUB), since both cytochromes are enzymes in which

proto-haem is non-covalently attached to the protein

(Nomenclature Committee of the International Union of

Biochemistry (NC-IUB) 1991; Ortega Ugalde et al. 2019).

Although the group of cytochromes a, b and c and the

group of cytochromes P450 have different biological func-

tions, both share the ability to binding haem and seem to

be relevant in the response to pathogens, and hence were

analysed together in this section. There are also related pro-

teins such as the cytochrome reductases and oxidases that

allow cytochrome REDOX functions (Ichiye 2013). In the

present work, 54.4% of all the studies reviewed showed

DEGs encoding cytochromes and related proteins. Twelve

out of thirteen species of fish (92.3%) and 78.9% (30 out of

38) of the pathogens analysed in this review are associated
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with some DEG that encodes for cytochromes and related

proteins. Also, the proportions of up- and down-regulated

genes related to cytochromes were significantly enriched

with respect to the total up- and down-regulated DEGs of

this review.

The function and structure of cytochromes a, b and c are

highly conserved among species (Datta et al. 2018; Little

et al. 2018). Since reactive oxygen species response is vital

for host defence, the knockdown of cytochrome b-245

reduces the resistance of Danio rerio against Salmonella

infections (Masud et al. 2019). In the case of cytochrome c,

it is released to function as a pro-apoptotic factor by trig-

gering the caspase cascade as a response to pathogen infec-

tion (Datta et al. 2018). Moreover, for viral diseases, it has

been described that heat-shock protein 27 can bind to cyto-

chrome c and induce apoptosis after red-spotted grouper

nervous necrosis virus infection (Le et al. 2017). Interest-

ingly, regarding this protein, the genes that encode cyto-

chrome c were the most represented among the

cytochromes DEGs (n = 531) in the analysed studies. On

the other hand, cytochrome P450s (CYPs) encode one of

the most diverse enzyme superfamilies in nature. They

catalyse oxidative reactions of endogenous molecules and

exogenous chemicals and have shown association with the

transcriptional response of catfish following bacterial infec-

tions (Zhang et al. 2014). Interestingly, of all the infections

analysed in the present work, 14 out of 17 species of bacte-

ria (82.4%) showed transcriptional regulation of cyto-

chromes and related proteins in the host, higher than

viruses (9 out of 13, 69.2%) and lower than fungi and para-

sites (7 out of 8, 87.5%). Functional analyses of these pro-

teins are still needed in teleosts to get better insights into

their involvement during infectious processes.

Heat-shock proteins

Heat-shock proteins (HSPs) are among the most immuno-

genic antigens found in nature and have been shown to

play roles in inflammation, acting as damage-associated

molecular patterns (DAMPs), in antigen presentation and

also in intercellular signalling (Kaul & Thippeswamy 2011;

Land 2015). HSPs are expressed constitutively, and their

synthesis is increased in the heat-shock response, a funda-

mental cellular defence mechanism that protects prokary-

otic or eukaryotic cells from various insults during periods

of stress caused by infection, inflammation, extreme tem-

peratures, radiation or similar events (Z€ugel & Kaufmann

1999).

HSPs from hosts and pathogens can induce proinflam-

matory molecules as a danger or pathogen signal respec-

tively, and also exert roles over adaptive immunity through

the transport of antigenic peptides into antigen-presenting

cells (Stewart & Young 2004). Also, HSP expression in

intracellular pathogens is essential for their survival in host

cells such as macrophages (Fields et al. 1986; Buchmeier &

Heffron 1990; Hombach et al. 2014).

Studies regarding HSPs in fish are scarce, including slight

information of the functional significance of the multiple

somewhat divergent copies of HSPs in fish genomes

(Demeke & Tassew 2016). For most fish species, HSP stud-

ies have been limited to in vitro examination with more

emphasis on abiotic than biotic stresses.

In the present work, 52.1% of all the studies reviewed

showed DEGs encoding HSPs. Eleven out of thirteen spe-

cies of fish (84.6%) and 71.1% (27 out of 38) of pathogens

analysed in this review are related to some DEGs that

encode for HSPs. Additionally, the proportion of up-regu-

lated and down-regulated genes related to HSPs were sig-

nificantly enriched with respect to the complete proportion

of up-regulated and down-regulated DEGs of this review.

Most studied HSPs can be grouped in three main cate-

gories based on their molecular weight: members of HSP70

(68–73 kDa), which are the most widely studied HSPs in

aquatic organisms and are principally involved in the pro-

cessing and presentation of antigens and maturation of

dendritic cells in mammals (DeNagel & Pierce 1992; Srivas-

tava 2002); HSP90 (85–90 kDa), whose members are active

in supporting various components of the cytoskeleton and

steroid hormone receptors (Csermely et al. 1998); and low

molecular weight HSPs that have diverse species-specific

functions and are induced only during stress (Ciocca et al.

1993). Among HSP DEGs, the genes that encode for HSP70

were the most represented (n = 390, 32.2%), followed by

HSP90 (n = 214, 17.7%) and only 75 DEGs (6.2%)

encoded for low molecular weight HSPs. Thus, there is

about 40% of less explored HSP-related proteins that are

yet highly differentially expressed, indicating that bigger

attention needs to be focused on them at least when study-

ing fish infections. Also, among the bacterial infections,

DEGs associated with HSPs contemplated 82.4% of the

species analysed in this work; at the same time, the group

formed by fungi and parasites and viruses enclosed fewer

types, only 62.5 and 61.5%, respectively. Thus, despite the

scarce information regarding studies of fish HSPs, this sys-

tematic review showed that these proteins seem to be quite

relevant during teleost’s infections; hence, more studies

regarding HSPs in teleost–pathogen interactions are needed

to fill up the knowledge gap.

Regulation and dynamics of cellular processes

Actin and related proteins

The cytoskeleton is a fundamental and complex matrix of

protein fibres that mainly gives shape and mechanical resis-

tance to the cells (Fuchs & Cleveland 1998). In eukaryotes,

the cytoskeleton is composed of three types of protein

filaments: microtubules, intermediate filaments and
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microfilaments. Microtubules are dynamic structures made

of tubulin proteins that exert essential functions maintain-

ing cellular structure, providing intracellular transport and

helping in the formation of cilia and flagella, among others

(Desai & Mitchison 1997). Intermediate filaments can be

formed of different types of proteins (mainly keratin) and

have the role of organizing the internal three-dimensional

structure of the cell (Markl & Schechter 1998; Infante et al.

2007), while microfilaments are filaments formed by linked

monomers of actin. Microfilaments have many vital roles

in the cell, including giving the cell shape and structure and

participating in organelle movement, cell signalling, cell

motility, cell division and serving as tracks for the move-

ment of the motor protein myosin, among others (Gun-

ning et al. 2015). Additionally, reconfigurations and

reorganizations of the host actin have been observed during

cellular infections by pathogens that are unable to survive

and replicate outside host cells, such as viruses and strictly

intracellular bacteria or parasites (Elliott et al. 2001; Radtke

et al. 2006; Bhavsar, Guttman & Finlay 2007; Fr�enal & Sol-

dati-Favre 2009; Taylor, Koyuncu & Enquist 2011). These

pathogens are capable of extensively manipulating the host

actin in order to facilitate host invasion, maintain their

replicative niche and egress from host epithelial cells

(Caven & Carabeo 2020).

As for teleosts, these changes in actin dynamics have been

detected in different cell lines upon infection with infec-

tious pancreatic necrosis virus (Levican et al. 2017;

Levic�an-Asenjo et al. 2019) and also during the infection

process of the intracellular bacterium Piscirickettsia salmo-

nis in fish macrophages (Ram�ırez, Ǵomez & Marshall

2015). This fact could explain why in the present work, at

least 52.9% of all the studies reviewed showed DEGs encod-

ing for actin or actin-related proteins. Ten out of thirteen

species of fish (76.9%) and 65.8% (25 out of 38) of the

pathogens analysed in this review are linked with some

DEGs encoding for this group of proteins.

Regarding the different pathogens that transcriptionally

are associated with actin regulation, 11 species involved

bacterial infections out of the total 17 species evaluated in

this work (64.7%), together with 8 out of the 13 types of

viruses (61.5%) and, interestingly, 6 out of the total eight

types of fungi and parasites (75%), achieving the former

the highest percentage. Remarkably, differentially expressed

actin-related genes have been detected in studies involving

the ectoparasites Lepeophtheirus salmonis, Cryptocaryon irri-

tans, Neoparamoeba perurans and Neoheterobothrium hir-

ame. Likewise, differential expression of actin-related

teleost genes as a result of bacterial infections was associ-

ated with extracellular and/or intracellular pathogens, sug-

gesting that this regulation could be part of the response of

fish to infection or the manipulation of the pathogen by

secretion of effectors.

Intriguingly, and despite demonstrating that infections

induce dramatic cytoskeletal reorganizations, actin tran-

scripts are usually used as housekeeping in fish gene expres-

sion analyses (e.g. qPCR assays) (Verrier et al. 2012;

Kumar, Abd-Elfattah & El-Matbouli 2015) (Table S2).

Hence, according to the findings obtained in this systematic

review, we recommend avoiding actin and cytoskeleton

components as gene expression normalizers in studies of

fish response to infections, independently whether the

pathogen is intracellular or free-living. Collectively, these

results indicate a crucial role of the cytoskeleton and its

components in the fish–pathogen interaction during the

infection.

Ras-related proteins

The Ras superfamily proteins, which are expressed in all

animal cell lineages and organs, share a primary bio-

chemical activity: binding to guanosine triphosphate

(GTP) and hydrolysis (Walker et al. 1982). Members of

the Ras superfamily are grouped into subfamilies

depending on their function, among which the following

five subfamilies stand out: subfamily of Ras proteins that

are functional signal transducers (Chiu et al. 2002; Roy,

Wyse & Hancock 2002); subfamily of Rho proteins that

are collaborators and initiators of cell transformation

and have participation in cell proliferation and cancer

(Sahai & Marshall 2002); the subfamily of Rab and Ran

proteins, which regulate vesicle formation, movement

and fusion in proteins and traffic pathways (Pereira-Leal

& Seabra 2001; Segev 2001); subfamily the protein ARF

(and SARA) that are regulators of intracellular mem-

brane and protein traffic, besides being in charge of the

remodelling of the cytoskeleton (Randazzo et al. 2000);

and the subfamily of the Ga proteins linked to the G

proteins (Guanine nucleotide fixative) and the transduc-

tion of signals from the receptor.

Ras-related proteins in teleosts have been attributed

importance in cell growth, proliferation, differentiation

and organ development, as well as in pathogen–host rela-
tionship (Kumar, Abd-Elfattah & El-Matbouli 2015; Zhao

2017; Wei et al. 2019). For instance, H-Ras protein of the

teleost Nile tilapia (Oreochromis niloticus) regulates its

adaptive immune responses, since a decrease in this protein

is associated with significant changes in the number of lym-

phocytes (Wei et al. 2019). In contrast, Rab1a3 protein of

Cyprinus carpio induces the immune response against

exogenous bacterial infections (Zhao 2017). It has also been

shown that the expression of Rab-11b gene was significantly

up-regulated in rainbow trout exposed with the parasite

Tetracapsuloides bryosalmonae (Kumar, Abd-Elfattah & El-

Matbouli 2015).

In the present work, at least 50.6% of all the studies

reviewed showed DEGs encoding Ras-related proteins.
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Eleven out of thirteen species of fish (84.6%) and 73.7%

(28 out of 38) of the pathogens analysed in this review are

associated with DEGs encoding for these proteins. In addi-

tion, the proportions of up-regulated genes of the Ras pro-

teins are significantly enriched with respect to the complete

proportion of up-regulated DEGs of this review, a condi-

tion that also happens for down-regulated DEGs.

As described above, Ras proteins are relevant in the fish–
pathogen relationship. In fact, of all the bacterial infections

analysed in the present work, 14 species out of 17 (82.4%)

showed transcriptional regulation of Ras genes, higher than

the types of viruses (10 out of 13; 76.9%) and eukaryotic

pathogens (4 out of 8; 50%). In this study, the gene family

encoding for Rab was the most represented among the dif-

ferentially expressed Ras-related proteins (n = 332), sug-

gesting that membrane trafficking, vesicle formation and

membrane fusion are relevant processes for the response to

infection in teleosts.

This systematic review allowed the generation of the first

catalogue of differentially expressed genes in response to

infection in teleost fish based on information obtained

from microarrays. With this method, it is possible to esti-

mate expression changes in miles of genes simultaneously.

Hence, this catalogue allows the ‘rescue’ of genes whose

transcriptional behaviour was not considered or discussed

in their studies, but still form groups of shared genes

among the different studies that allow considering their

possible impact on the response of fish to infections. Addi-

tionally, this catalogue permits to know whether a gene of

interest shows transcriptional changes in response to a

specific pathogen, species of fish, development state, tissue

and/or time of infection (e.g. early or late). Therefore, we

consider that this catalogue can be widely used as a data-

base for the compression of the impact of individual genes

and biological processes in response to infection.

Remarkably, the biological processes described were not

chosen based on our knowledge a priori, but rather

emerged from the classification of genes present in more

than 50% of the studies evaluated. Since microarrays allow

to characterize only the transcriptional layer, it is relevant

that the most abundantly represented process was ‘classical

components of immune response to infection’, because it

allowed validating the efficacy of microarray technology

and the clustering strategy to address the question. Further-

more, this approach permitted us to identify other genes

and processes that showed surprising significant transcrip-

tional outcomes that, with posterior analyses, may unravel

unknown (and probably relevant) functions related to fish

infections. For instance, in the regulation and dynamics of

cellular processes, we could observe that actin and related

proteins displayed differential expression patterns during

infections with most of the agents evaluated in the studies.

This finding is intriguing, considering that the transcript of

actin is usually used as a housekeeping gene for quantitative

PCR validations in many fish microarrays (Table S2).

Since different types of pathogens have evolved several

strategies to evade antimicrobial through the reprogram-

ming of host gene expression (Connolly & Fearnhead 2017;

Villares, Berthelet & Weitzman 2020), we did not empha-

size discussing the sense of DEG transcriptional changes

(up- or down-regulation). This decision was made because

the sense of change could be due to the active transcrip-

tional response of the host or to the manipulation that the

pathogen exerts on host regulatory machinery. For

instance, Castro and co-workers (Castro et al. 2019) stud-

ied the transcriptional response of Oncorhynchus mykiss to

the bacterium Lactococcus garvieae in spleen and head kid-

ney. Interestingly, the gene encoding for the CK11 chemo-

kine was consistently down-regulated in both tissues, even

though CK11 was recently described as a teleost chemokine

with a potent antimicrobial activity (Mu~noz-Atienza et al.

2019). Because of this, we considered all DEGs only as tran-

scriptionally regulated genes as other types of studies are

necessary to define more finely the reasons for their tran-

scriptional change.

One of the limitations of our approach to generate the

catalogue of DEGs was that it only considered the genes

that had an annotation (unknown DEGs were not consid-

ered). Also, we did not contemplate the value of fold

change as a factor to evaluate since the different authors do

not use the same statistical criteria, so we consider them

incomparable. These aspects could be addressed by a statis-

tical meta-analysis approach based on gene expression raw

data. However, since the purpose of this study was to show

an overview of this topic as vast as possible, we decided to

include all studies even when the raw expression data were

not reported. This strategy allowed us, for example, to

include data of gene expression of Paralichthys olivaceus

infected with lymphocystis disease virus 1 (LCDV) and

Neoheterobothrium hirame, Epinephelus coioides infected

with Singapore grouper iridovirus (SGIV) and Gadus mor-

hua infected with Nervous necrosis virus (NNV), which

could not be part of a meta-analysis since no raw data of

these studies are available.

This systematic review summarizes the current knowl-

edge of disease challenge studies, including viruses, bacte-

ria, fungi and parasites, as agents in teleosts through

published microarray data. This kind of studies is indis-

pensable to better understand the fish response to infec-

tions, highlighting the components and mechanisms linked

to immune response, as well as other not so expected

mechanisms that only show a significant response when

taking the data from all the articles together. Also, this type

of analysis helps visualize gaps in the studies that may

inspire future enlarged analysis in non-studied host or

pathogen species.
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