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As we enter the United Nations Decade of Ocean Science for Sustainable Development,
extensive efforts to reverse the decline of ocean health are taking place. Moreover, the
need to utilize innovative and integrative approaches to aid in these efforts and address
marine ecological questions are urgent. Transcriptomic technologies provide tools to
further our understanding of an organism’s biology by allowing researchers to rapidly gain
information on the genetic variation of populations and the regulation of cellular processes
and pathways through gene presence, absence, and expression. Here, we review the
application of transcriptomics in the field of marine ecology over the last decade, following
a systematic literature review approach. We found 478 articles that fit our search criteria of
using transcriptomic approaches to address ecological hypotheses, with 70% of these
studies occurring within the last 5 years. Among the analysed articles, 51.7% involved a
type of stressor, 16.6% used transcriptomics to study adaptation, and another 15.9%
researched ecological interactions. Most articles investigated species from kingdom
Animalia, with a high representation from both molluscs (19.5%) and chordates
(13.3%), and only 22% of studies had a fieldwork component. Our review
demonstrates how the use of transcriptomic techniques in the field of marine ecology is
increasing and how they are being applied. Although there are still challenges researchers
experience using such techniques, particularly when annotating genes in non-model
species and those with no prior genomic resources, these innovative technologies are
extremely valuable in investigating differential gene expression, molecular pathways, and
generating genomic resources.

Keywords: transcriptomics, marine ecology, next generation sequencing, gene expression, RNA-Seq, microarrays,
marine molecular ecology
INTRODUCTION

Transcriptomics is the study of the transcriptome, or the total set of RNA molecules in a given
sample, such as a cell, tissue, or organism, at a given time (Milward et al., 2016). Transcriptomics
provides insight into the regulation of cellular processes, pathways, and mechanisms through
specific gene expression (Manzoni et al., 2018). Transcriptomic technologies have greatly advanced
in.org May 2022 | Volume 9 | Article 7579211
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since the first attempts to study the transcriptome began in the
1990s (Lowe et al., 2017), with next generation sequencing
(NGS) arising in the early 2000s (Lowe et al., 2017). NGS
quickly replaced previous technologies because it allowed for
large scale differential gene expression studies and detection of
novel changes that were previously unobtainable (Manzoni et al.,
2018). With NGS came the introduction of RNA-Seq, which
opened the door to a broader use of transcriptomics on new
systems and disciplines. RNA-Seq enabled a surge in research
and transcriptome data on non-model organisms, as well as
organisms without prior genomic resources (Todd et al., 2016;
Matz, 2018; Gleason, 2019). Transcriptomics has the power to
reveal details of an organism’s biology by revealing gene
expression changes that cannot be discerned through more
targeted approaches or tradit ional phenotypic and
physiological response measurements. For example, Niemisto
et al. (2021) have demonstrated through differential gene
expression that postlarval responses to ocean warming and
acidification of the American lobster, Homarus americanus, are
more pronounced than found previously in other physiological
and morphometric studies. Basu et al. (2017) found diatom-
specific genes that were differentially expressed during the sexual
phase that were consistent with the unique diatom life cycle,
which has evolved species-specific mechanisms to attract the
right mating partner. The aforementioned studies demonstrate
how transcriptomic approaches can be effective in
supplementing traditional phenotypic observations and in
addressing independent hypotheses related to underlying
biological processes.

In ecology (sensu Jørgensen and Fath, 2008), transcriptomic
techniques have become more prevalent, with reviews addressing
technologies such as RNA-Seq as important research tools (Todd
et al., 2016; Matz, 2018; Gleason, 2019). In marine ecology,
transcriptomics enables researchers to investigate ecologically
important traits of species such as resistance to challenging
environments (Marin-Guirao et al., 2017), disease or infection
resistance (Rosenwasser et al., 2019; Soo et al., 2019), life-history
(Qiu et al., 2015), development (Liu et al., 2017; Johnson et al.,
2019), and plasticity (Wong et al., 2018; Pargana et al., 2020;
Strader et al., 2020) through differences in gene expression. The
use of transcriptomics, independently and in combination with
other types of analyses, can also shed light on adaptation of
species through the discovery and identification of novel genes
(Huang et al., 2019) or through revealing genetic variability
amongst populations, like in Ribeiro et al., 2019 who paired
transcriptomics with single-nucleotide polymorphism analysis.
Furthermore, studies pairing transcriptomic technologies with
other physiological or biological measurements allow for a
multidimensional framework to address ecological hypotheses
(e.g., Krol et al., 2020; Liu et al., 2020; Strader et al., 2020).

Reviews on 'omics (e.g., genomics, metabolomics,
transcriptomics) techniques across a variety of fields have been
published (Stillman and Armstrong, 2015; Todd et al., 2016;
Chandhini and Kumar, 2019; Gleason, 2019), highlighting how
these tools can be used to answer fundamental questions in
conservation (Connon et al., 2018), aquaculture (Chandhini and
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Kumar, 2019), and ecology and evolution (Dupont et al., 2007;
Stillman and Armstrong, 2015; Todd et al., 2016; Gleason, 2019).
Previous reviews on ‘omics , and more specifical ly
transcriptomics, have examined the possibilities of applying
these types of approaches in the field of marine ecology and
how they can provide insight into mechanisms underlying
tolerance, acclimatisation, and resilience of species (Dupont
et al., 2007; Hofmann and Place, 2007). There is a paucity of
recent reviews that layout how the use of transcriptomic
technologies has developed and grown in marine ecology, and
how transcriptomic applications can further progress this
disc ipl ine . Herein , we provide an update on how
transcriptomics is being used in marine ecology, focusing on
the geographical spread of research, the aims of these studies,
common methodologies, and organisms studied. We also discuss
current gaps in knowledge and propose future directions for the
use of transcriptomics in marine ecology as we enter the United
Nations Decade of Ocean Science for Sustainable Development
(https://www.oceandecade.org).
MATERIALS AND METHODS

A systematic literature review was conducted to compile a
database of marine ecological studies that have used
transcriptomic techniques. We used the Web of Science research
engine (https://www.webofknowledge.com) to search only articles
published between 2010 and 2020 (including early access from
2021). The following search terms were used: “transcriptom*”,
“marine”, and (“ecolog*” OR “environment*”), excluding
“freshwater*”, “lake*”, or “river*”, within the title, keywords,
and/or abstract of publications. These search criteria resulted in
687 publications (Supplementary Table 1), which were manually
reviewed and excluded from downstream use if they: (1) did not
use transcriptomic tools to generate original data; (2) did not have
an associated ecological hypothesis (i.e., related to the
interrelations between living organisms and their environment;
Jørgensen and Fath, 2008); (3) did not include marine organisms;
or (4) were not peer-reviewed, research articles, but instead
reviews or methodological briefs.

The remaining 478 publications were assessed, and the
following information was added to a database (Supplementary
Table 2): (1) author keywords; (2) location of author institutions;
(3) location offieldwork (if applicable), (4) year of publication; (5)
taxonomic information of studied organisms (kingdom, phylum,
genus, and species; classification based on World Register of
Marine Species - WoRMS, https://www.marinespecies.org); (6)
type of study (i.e., laboratory- and/or field-based, the latter
considered as a study that did not have an experimental ex situ
component); (7) main transcriptomics methodology used
[expressed sequence tags by Sanger sequencing (EST-
SangerSeq), microarrays, RNA-Seq, reverse transcription
quantitative polymerase chain reaction (RT-qPCR), and/or
suppression subtractive hybridisation (SSH)]; (8) additional
methodologies [differential expression of genes analysis (DEG),
RT-qPCR validation, and other integrated data from morphology,
May 2022 | Volume 9 | Article 757921

https://www.oceandecade.org
https://www.webofknowledge.com
https://www.marinespecies.org
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Page and Lawley Transcriptomics in Marine Ecology
physiology, histology, proteomics, metabolomics, and/or other
chemical analyses]; and (9) the topic(s) of the research article.
Up to two topics were assigned to all articles according to the aim
of the research, classified as: (1) anthropogenic stress, which
includes any study involving global change (i.e., ocean warming,
ocean acidification, hypoxia, and freshening) and pollution (i.e.,
nutrients, heavy metals, artificial light, microplastics, and
chemicals); (2) environmental stress (i.e., non-anthropogenic,
biotic and abiotic, usually involving temperature, salinity,
starvation, injury, and toxins); (3) development; (4) metabolism;
(5) harmful algal blooms; (6) reproduction; (7) adaptation, which
includes studies involving evolutionary ecology, species and
population comparisons that did not fall within another primary
category, epigenetics, acclimation, and acclimatisation; and (8)
ecological interactions (e.g., symbiosis, parasitism, commensalism,
predation, competition, host-pathogen interactions, and
trophic interactions).

The database including information manually assigned to
each article was used in downstream analyses and the
construction of figures, which were accomplished using the
statistical computing software R version 4 (R Core Team,
2017). When necessary, further adjustments to figures were
done in Adobe Photoshop 2021. iWantHue (https://medialab.
github.io/iwanthue/) was used to search for colour blind friendly
colours for all figures. Additionally, author keywords were used
to construct a word cloud (https://www.wordclouds.com).
RESULTS

Over the last decade, transcriptomics-based studies in marine
ecology have increased. Of the 478 articles published between
2010 and 2020 that were herein analysed, 145 were published
between 2010 and 2015, and over double that amount from 2016
Frontiers in Marine Science | www.frontiersin.org 3
onward (Figure 1). Transcriptomic technologies have also
evolved over the years, with the use of RNA-Seq increasing
and becoming the dominant technology used to study
transcriptomes (Figure 1). Around 85% of all articles that used
RNA-Seq were based on Illumina systems, most frequently on
HiSeq platforms (73% of Illumina-based sequencing), which are
now being replaced by NovaSeq and NextSeq. The next top
RNA-Seq method was pyrosequencing by 454 Life Sciences at
only 8% of studies that used RNA-Seq (Supplementary Table 2),
however this platform has now been discontinued. Other
sequencing platforms with less than 2% representation include
SOLiD and Ion Torrent, as well as the emerging Oxford
Nanopore, PacBio SMRT, and BGI/MGI-based sequencing.

Regarding additional methodologies, most studies involved
DEG analysis (75.31%) and 33.05% used RT-qPCR validation
(Supplementary Table 2). The use of RT-qPCR validation has
decreased within the last 5 years. From 2010 to 2015, 44.43% of
studies used RT-qPCR to validate gene expression data, whereas
only 27.12% of studies used RT-qPCR for validation between
2016 and 2020 (Supplementary Table 2). Integrative studies
(i.e., studies that integrated data from morphology, physiology,
histology, proteomics, metabolomics, and/or other chemical
analyses) represented 44.98% of articles analysed, of which
71.16% were published after 2015 (Supplementary Table 2).

Of the analysed articles published from 2010 to 2020, the
most frequent author-defined keywords, such as “stress” and
“adaptation”(Figure 2A), were also among the most frequent
manually assigned topics (Figure 2B). The most frequently
assigned topics were anthropogenic stress (31.50%), with
17.10% of these investigating the effects of pollution and
14.40% relating to global change effects (Figure 2B). Studies
relating to environmental stress (20.20%), adaptation (16.60%),
and ecological interactions (15.90%) made up over half of the
remaining assigned topics (Figure 2B).
FIGURE 1 | Transcriptomics methodologies used in the marine ecological studies analysed between 2010 and 2020. Some publications used two methods,
indicated by split sections in some columns. See Supplementary Tables 1, 2 for details on publications analysed and their methods.
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More than half of all organisms studied belonged to kingdom
Animalia (51.50%), 18.90% to Chromista, 17.10% to Bacteria,
6.56% to Plantae, and the remaining 6% to Viruses, Archaea,
Fungi, and Protozoa (Figure 2C). Among animals studied, most
were molluscs, of which around 60% were bivalves, such as
mussels and oysters; or chordates, of which 78% were ray-finned
fishes (Actinopterygii) (Supplementary Table 2). All arthropods
studied were part of subphylum Crustacea (Supplementary
Table 2). Most of the bacteria studied were Proteobacteria or
Cyanobacteria, while the Chromista were predominantly
Ochrophyta and Myzozoa (Figure 2C), mostly related to
unicellular algae. Organisms studied within Plantae were
mainly tracheophytes and rhodophytes (Figure 2C), mostly
related to seagrasses and macroalgae.

By comparing the proportion of species within the articles
analysed to the proportion of accepted marine species, animals
appeared as the only underrepresented kingdom, representing
Frontiers in Marine Science | www.frontiersin.org 4
85.38% of accepted species but only 58.39% of the studied species
(based on data fromWoRMS; Supplementary Table 3). Chordates,
however, were among the few overrepresented animal phyla, while
rhodophytes (part of Plantae) and Foraminifera (part of Chromista)
were the only underrepresented phyla outside Animalia
(Supplementary Table 3). Nevertheless, the most species-rich
marine invertebrate phyla (Arthropoda and Mollusca,
respectively) were also the most well represented (Supplementary
Table 3). Overall, the diversity of phyla studied per year in the last
decade has increased (Supplementary Table 3).

Lastly, we found almost half of author institutions conducting
research in marine ecology using transcriptomics were from the
USA (21.2%) or China (18.3%), followed by France with 7.91%
(Figure 2D). Only 22% of the analysed articles were considered
as primarily field-based (i.e., studies that did not have an
experimental laboratory component; Supplementary Table 2).
Among field-based studies, 23.15% conducted fieldwork in a
A B

C D

FIGURE 2 | Trends in marine ecological studies using transcriptomics. (A) Word cloud of author keywords, where size of words is proportional to their frequency; (B)
Frequency of manually assigned topics; (C) Taxonomic classification of studied organisms, with the inner circle representing kingdom and the outer circle phylum (‘Other’
represents cases when the phylum could not be identified based on information given, such as studies involving organisms from multiple kingdoms); (D) Geographical
spread of the research based on countries of author institutions (‘Other’ represents countries with less than 2% representation). See Supplementary Tables 1, 2 for
more details.
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Page and Lawley Transcriptomics in Marine Ecology
location outside the country of any author’s institution, with
some of these conducted in international waters and others
within the exclusive economic zone of another country
(Supplementary Table 2). Therefore, 12.96% of field-based
studies did not have at least one author from one or more of
the sampling locality countries (Supplementary Table 2).
DISCUSSION

Transcriptomics provides access to transcriptome-wide gene
expression data that allows for characterisation of an
organism’s limitations and capacities for traits such as
resistance, acclimatisation, plasticity, and development. Our
review demonstrates the increasing use of transcriptomics over
the years in the field of marine ecology, and how the use of
technologies has shifted. Next generation sequencing (NGS) was
introduced in the early 2000s (Lowe et al., 2017) however, it took
several more years, until 2007-2008, for the first transcriptome
studies on non-genome enabled species to be published (Ekblom
and Galindo, 2011). As NGS approaches have developed, time to
process and overall costs have decreased, making NGS more
attractive and obtainable to scientists (Stillman and Armstrong,
2015). In the current review, we show how the use of
technologies has shifted from using primarily microarrays and
RT-qPCR to RNA-Seq, the latter a NGS approach. Although
both RT-qPCR and microarrays are less costly than RNA-Seq,
they are limited because they are based on a priori knowledge,
whereas NGS allows detection of novel changes and can be used
to sequence transcriptomes for the first time (de novo).
Furthermore, a study comparing microarrays and RNA-Seq
found the latter technology was more accurate than the former
(Bradford et al., 2010). Due to the reliability of RNA-Seq
methods and our developed knowledge on designing
experiments for RNA-Seq considering biological replicates and
robust statistical analysis (Coenye, 2021), future differential gene
expression results from transcriptomic studies using RNA-Seq
should not have to use RT-qPCR for validation. In fact, previous
studies indicate that RNA-Seq and RT-qPCR data are highly
correlated (Shi and He, 2014; Wu et al., 2014). Methods in
transcriptomics are adapting as technologies advance and
become more accessible, therefore, enabling researchers to
better understand mechanisms that underlay biological
processes or traits, indicating transcriptomics to be an
impactful tool in marine ecological research.

Transcriptomics is now being used on a wide range of topics in
marine ecology, including the investigation of ecological traits
such as development and reproduction, as well as broader
ecological attributes such as adaptation, interactions, and
response to stressors. In general, transcriptomics is most
prevalently used to address ecological hypotheses relating to the
effects of stressors on marine organisms (e.g., Yum et al., 2015;
Shama et al., 2016; Boyen et al., 2020; Niemisto et al., 2021). This
highlights the current need in marine ecology, and various other
disciplines, to further our understanding of how organisms will
fare under future conditions driven by changes in their
Frontiers in Marine Science | www.frontiersin.org 5
environment due to anthropogenic stressors. Experimental
laboratory studies can help us understand how species respond
to these current and predicted stressors. On the other hand, field-
based experiments or sampling can give us insight into
ecologically important parameters such as, but not limited to,
genetic variation within and across populations of species (Bernal
et al., 2019; Peng et al., 2020) and insights into adaptation of
species to their current environments (Zhang et al., 2016; Heras
and Aguilar, 2019), which also can provide insight into their
potential for adaptation and/or acclimatisation to predicted
future conditions (Gan et al., 2020; Leder et al., 2021). Future
studies should therefore aim for both field and laboratory
components when using transcriptomics in marine ecology.

Most of the organisms in the studies herein analysed are
animals, yet ironically this is the only underrepresented
kingdom when the proportion of accepted marine species is
considered. Chordates appear as one of the few overrepresented
animal phyla. Previous reviews on taxonomic bias in ecology and
conservation biology have found similar results, in which
vertebrates (part of Chordata) are overrepresented, while
invertebrate groups are underrepresented (Clark and May, 2002;
Donaldson et al., 2017; Troudet et al., 2017). Considering that
morphological and physiological data are more easily acquired for
macroorganisms, it is not surprising that there are fewer ecological
studies using transcriptomic tools on animals compared to other
kingdoms, which, except for Plantae, mostly include
microorganisms. Yet, transcriptomic studies have proven
invaluable to macroorganisms and microorganisms alike, in
some cases providing important information otherwise not
obtained through traditional morphological and physiological
analyses (e.g., Strader et al., 2020; Niemisto et al., 2021).
Integrating these traditional analyses with ‘omics approaches
such as transcriptomics, can lead us to more fully understand
organisms’ biology and their potential for adaptation and
acclimatisation, as suggested by Gleason (2019). Of the studies
analysed herein that integrated other data, most were published
after 2015, suggesting this type of integrative approach is gaining
momentum in marine ecological research and should be
considered in future studies when using transcriptomics.

Over the last decade the diversity of phyla studied per year has
also increased, yet there is a lack of functional genetic studies for
many of these phyla. In some cases, around 40% of sequenced
genes are unannotated (e.g., Kong et al., 2014), and in others over
50% of genes could not be associated to a gene ontology (GO)
term or Kyoto encyclopedia of genes and genomes (KEGG)
pathway (e.g., Ip et al., 2016). This likely occurs due to lack of
annotated genetic data from closely related organisms and can
lead to vague conclusions for the hypotheses at hand and/or
uncertainties when analysing the differential expression of genes
(Matz, 2018). The lack of annotated genetic data for non-model
organisms is a challenge faced during bioinformatic analysis and
when using transcriptomics in marine ecology. Further
expanding functional genetics in underrepresented phyla can
likely improve these analyses.

Our review also highlights trends in the geographical
locations of author institutions and where fieldwork was
May 2022 | Volume 9 | Article 757921
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conducted. Most of the countries with over 2% representation of
author institutions (78.3% of all institutions listed), are high-
income countries according to the World Bank (https://www.
worldbank.org). In some cases, researchers from high-income
countries have conducted fieldwork in a location within the
exclusive economic zone of another country, often a low-income
country, without working or giving credit to local scientists. This
practice is called “parachute” or “helicopter” science and it has
been highlighted across various fields (Adame, 2021; Stefanoudis
et al., 2021). In the current review, we found 12.96% of field-
based studies qualified as parachute or helicopter research,
largely by scientists from wealthier nations conducting research
in low-income countries (albeit not true in all cases). Marine
ecologists should strive to develop local meaningful
collaborations, which often leads to opportunities for local
researchers as well as benefits to the surrounding community.

CONCLUDING REMARKS

As we enter the United Nations Decade of Ocean Science for
Sustainable Development, there is an urgent need to continue with
innovative and integrative research in marine ecology, to help
understand marine organisms and their interactions with the
environment to drive conservation efforts in a changing ocean.
Diversifying the taxa studied and expanding functional research,
especially for underrepresented groups such as invertebrate phyla,
can improve genetic databases as well as gene annotations, leading to
a better understanding of gene function and the molecular processes
involved. Field-based studies should avoid “helicopter” or “parachute”
science by collaborating with local researchers and benefiting the
community of their sampling localities. As RNA-Seq is more reliable
today, we suggest that the use of RT-qPCR for validation of well-
designed RNA-Seq experiments that are statistically robust is not
always necessary. Our review demonstrates how transcriptomics can
be used to not only supplement traditional marine ecological studies,
allowing us to quantify links between genotype and phenotype
Frontiers in Marine Science | www.frontiersin.org 6
particularly when pairing transcriptomics with other ‘omics
approaches like metabolomics, but also answer marine ecological
questions that may have been previously unanswerable or at best
only hypothesised.
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