
Trends in

Ecology & Evolution
Opinion
Environmental RNA: A Revolution in
Ecological Resolution?
Highlights
eDNA has revolutionized species-
detection and biomonitoring applications.

Recent research has shown that
eRNA can be extracted from aquatic
environments.

Current eRNA applications exploit its
rapid degradation to quantify tempo-
rally recent or metabolically active
communities.

Next-generation sequencing (NGS) pro-
vides unprecedented ability to quantify
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Current advancements in environmental RNA (eRNA) exploit its relatively fast
turnover rate relative to environmental DNA (eDNA) to assess ‘metabolically active’
or temporally/spatially recent community diversity. However, this focus signifi-
cantly underutilizes the trove of potential ecological information encrypted in
eRNA. Here, we argue for pushing beyond current species-level eDNA detection
capabilities by using eRNA to detect any organisms with unique eRNA profiles,
potentially including different life-history stages, sexes, or even specific pheno-
types within a species. We also discuss the future of eRNA as a means of
assessing the physiological status of organisms and the ecological health of
populations and communities, reflecting ecosystem-level conditions. We posit
that eRNA has the potential to significantly improve the resolution of organism
detection, biological monitoring, and biomonitoring applications in ecology.
the transcriptome.

The application of NGS to study eRNA
could significantly improve the resolution
of organism detection and biological
monitoring.
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Harnessing eRNA to Improve Organism Detection and Biological Monitoring
The analysis of eDNA (see Glossary) in aquatic ecosystems has become widespread in ecology
[1]. Conversely, the study of eRNA is still in its infancy [2]. Under laboratory conditions, RNA is a
less stable molecule compared with DNA. As a result, it has been assumed that RNA in environ-
mental media degrades rapidly and cannot be detected in biologically meaningful quantities.
However, recent laboratory experiments demonstrated that environmental mRNA can be readily
extracted and detected [3–5], decay rate constants for eRNA vary [5] but can be surprisingly
similar to those of eDNA [4], environmental mRNA can be detected in water samples for up to
13–72 h after production [4,5], and eRNA concentrations can even be higher than corresponding
eDNAmarkers [5]. In nature, eRNA can also be detected at high concentrations in close proximity
to study organisms [6]. The potential high turnover rate of eRNA has led to a renewed interest in
using it to detect organisms or make ecological inferences in ‘real time’ because it could reflect
the presence or absence of species with higher spatial and temporal resolution compared with
eDNA [2]. While dead organisms often shed copious amounts of DNA, RNA is expected to be
produced mainly by physiologically active organisms. Thus, eRNA might better reflect metaboli-
cally active assemblages of organisms [2,7,8] by partially circumventing the high rates of false
positives that can occur with eDNA-based methods. However, we propose here that a focus
on detecting ‘living assemblages’ or recent species occupation could underutilize its potential.
We argue that eRNA could offer substantially increased detection resolution beyond traditional
eDNA surveys and novel diagnostic applications.

eRNA, unlike eDNA, reflects the transcriptomic profile of progenitor organisms. This difference is
critically important, because organisms that share (near) identical genetic profiles may exhibit sub-
stantial differences in their transcriptome, depending on their developmental state, physiological
state, genetic background, or phenotype [9–14]. RNA has a crucial role in gene expression, either
as a functional gene product [noncoding RNA (ncRNA)] or asmRNA, which translates genes into
proteins [15]. The transcription rate of genes can vary substantially, with some genes strongly
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Glossary
Environmental DNA (eDNA): DNA
released by the organisms in an
environmental medium (e.g., soil, water,
or air). Defined here in a narrow sense as
extra-organismal (e.g., as free form,
cellular, absorbed to mineral or organic
compounds, etc.).
Environmental nucleic acid (eNA):
any extra-organismal nucleic acid (DNA
or RNA) found in an environmental
medium.
Environmental RNA (eRNA): extra-
organismal RNA found in an
environmental medium (e.g., as free
form, in vesicles, or cellular), as opposed
to RNA derived from organisms
collected in bulk samples.
Environmental (meta)
transcriptomics: traditionally refers to
sequencing microbial RNA from a bulk
sample to generate community gene
expression profiles, often using
metatranscriptomics approaches. The
term is used herein to refer to gene
expression profiling based on eRNA,
which could apply to both eukaryotes
(extra-organismal RNA) and prokaryotes
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upregulated or downregulated depending on the ecological niche, physiological state, life-history
stage, or phenotype of an organism [9,10,16,17]. Since RNA sequences are only produced for
genes that are actively transcribed within the tissues of an organism, a similar transcriptional
signature could be reflected in the eRNA that an organism produces, a signature that could be
detectable for some time [4,5]. We believe that this represents a potentially important, but currently
overlooked, aspect of eRNA. Specifically, eRNA could enable several novel applications (Figure 1),
including utilizing eRNA to move targeted high-specificity assay (Box 1) monitoring capabilities
beyond the species level to detect any organisms that produce a unique or strongly upregulated
eRNA transcript. This could potentially be exploited to both detect different conspecific forms
(e.g., life-history stages, sexes, phenotypes, etc.) and/or monitor the physiological state of organ-
isms in nature. Additionally, environmental metatranscriptomics (Box 1) could be used to monitor
the physiological responses of communities and track ecosystem-level conditions. We also
discuss further research needed to study eRNA production and degradation, as well as technical
challenges with its collection and preservation.

Utilizing High-Specificity eRNA Assays to Increase Biological Monitoring
Resolution
Pushing Detection Limits beyond the Species Level
Current environmental nucleic acid (eNA) applications largely focus on DNA. Conspecific
organisms typically have similar genetic profiles and, as a result, the current resolution of eDNA
methodologies limits its application to species detection or limited population-level genetic
inferences that exploit genetic differences among populations (e.g., haplotype frequencies) [18].
For example, it is not possible to differentiate eDNA sourced from juveniles and adults from
(organismal RNA), and spanning all
trophic levels.
Environmental transcript-type: any
form of an organism that produces
unique or heavily upregulated eRNA
sequences, potentially including (but not
limited to) specific sexes, phenotypes,
developmental stages, genotypes,
and/or populations.
Gene expression: process of
converting DNA sequence information
into a functional gene product (typically
proteins or noncoding RNA).
Metabarcoding: DNA-based
identification method involving the
extraction of multiple species from a
mass collection of specimens (bulk
samples) or from samples of eDNA. Also
known as amplicon sequencing, this
method can be applied effectively to
quantify microbial communities, meio-,
and megafauna.
Metatranscriptomics: see
‘Environmental Transcriptomics’
mRNA: RNA sequences transcribed
from protein-coding DNA that are
converted into amino acid-based
proteins by ribosomes. The sequence of
mRNA codons determines the
composition and order of amino acids
assembled by the ribosome, which
ultimately determines the structure of the
protein that is synthesized.
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Figure 1. Environmental RNA (eRNA) Has the Potential to Significantly Improve Population and Community
Biological Monitoring Applications by Moving beyond Environmental DNA (eDNA) Detection of Species
Presence, Abundance, and Diversity towards Enhanced Detection and Diagnostics of Population and
Community Characteristics. Illustrations by Tracy Saxby, Emily Nastase, Kim Kraeer, and Jane Thomas; Integration and
Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/imagelibrary/). Illustrations o
Brook trout by Shannon Clarke.
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Noncoding RNA (ncRNA): RNA
sequences transcribed from DNA
regions that do not encode protein,
including (but not limited to) long
ncRNAs (lncRNA), miRNA, tRNA, and
rRNA.
Quantitative PCR (qPCR): molecular
technique used to detect and/or quantify
the concentration of a target DNA
sequence by monitoring the PCR
amplification of the target sequence in
real time using nonspecific intercalating
dyes or fluorescently labeled
oligonucleotide probes.
RNA-seq: methods that use next-
generation sequencing technology to
generate RNA sequence data in the
form of reads that, using bioinformatics
approaches, can be assembled to
provide genome-wide transcriptome
data with levels of gene expression
based on transcript read number.
RT-qPCR: molecular technique similar
to qPCR except it targets a specific RNA
sequence. RNA is first converted to
cDNA before qPCR (two-step
RT-qPCR) or during the initial step of the
qPCR reaction (one-step RT-qPCR),
after which cDNA is quantified using
qPCR.
Stressor: environmental variable
exceeding a normal range of values
tolerated by organisms, resulting in
adverse impacts on individual
organisms, species, communities,
and/or ecosystems. Exposure can often
induce plastic gene expression.
Transcription: process of converting
DNA sequence information into RNA.
Transcriptome: total RNA transcripts
(including coding and noncoding) in an
organism.
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the same species/population fromDNA sequence data alone.While conspecific organisms share
near-identical genetic profiles, their transcriptome can vary substantially depending on many
factors, including (but not limited to) genetic background, developmental stage, sex, and pheno-
type [13,14,16,19,20]. We speculate that transcriptional differences between different forms of
conspecific organisms (e.g., life-history stages, phenotypes, etc.) may be reflected in the eRNA
they produce. Ultimately, any organismal form (which we refer to as an ‘environmental
transcript-type’) that exclusively produces or heavily upregulates a specific eRNA transcript
relative to other conspecifics could potentially be detected from environmental samples by
using a targeted high-specificity assay to detect and/or quantify such eRNA sequences (Box
1). Assays targeting such genes would need to be species specific (i.e., would not amplify similar
genes in related species) and genes would need to exhibit differential expression among conspe-
cifics. The identification of suitable candidate genes is currently limited by the lack of
transcriptomic data among all but the most well-studied species [3]. Additionally, eRNA expres-
sion for biomarkers that are ‘upregulated’ (as opposed to exclusively produced) by environmental
transcript-types would likely need to be ‘normalized’ relative to other ‘housekeeping’ genes and/
or organism abundance (Box 2). Nevertheless, eRNA represents a promising alternative to cur-
rent monitoring approaches to quantify or detect different forms of conspecifics organisms,
which are currently limited to physical specimen collection methods that can be invasive, costly,
and ineffective in difficult-to-sample contexts.

Environmental RNA to Monitor the Physiological State of Organisms
Environmental conditions can commonly induce physiological responses in organisms. For
example, heat-shock proteins are commonly produced when organisms are exposed to thermal
stress [21,22]. Previous research has exploited such responses to develop RNA biomarkers that
can indicate exposure to specific environmental conditions. Organisms exposed to different
stressors, for example, can exhibit substantial differences in transcriptomic profiles [17,23,24].
Transcriptional responses to a variety of environmental conditions and/or stressors
(e.g., thermal stress, pH, salinity, dissolved oxygen, toxic pollutants, bacterial/viral infection, etc.)
have been identified across a range of aquatic organisms, including corals [25,26], macroinverte-
brates [27], zooplankton [28], molluscs [29], and vertebrates [11,12,17,23,30,31].

Such transcriptional responses may also be reflected in the eRNA produced by organisms,
including markers that are exclusively or heavily upregulated under specific conditions. Current
methods that utilize transcriptomic responses to infer the physiological, toxicological, or immune
status of organisms either require animal sacrifice or costly, labor-intensive, and invasive tissue
collections (e.g., gill or fin clips) [12,17,23,30,32]. The capacity to evaluate the physiological status
of organisms from eRNA would significantly improve monitoring efforts to evaluate organism
health in natural environments [2,3].

Notably, eDNA is often applied for the detection of rare species at low densities [33], and this
framework shapes sampling considerations and perceptions of ‘false-negative’ risks. However,
environmental RNA may be most useful under conditions of moderate-to-high densities, when
organisms are known to occur a priori but their physiological status is unknown. Therefore, it is
important not to impose sampling concerns associated with rare species detection on potential
eRNA applications without prior empirical justification; ‘steady-state’ concentrations of eRNA
from common species at high densities may well be higher than concentrations of eDNA from
rare species. One study found that the likelihood of eRNA detection in nature increased with
eDNA copy number, with >400 copies of eDNA in a sample predicting eRNA detection [6]; this
threshold is regularly exceeded when monitoring eDNA concentrations of common species at
high densities [34–36].
Trends in Ecology & Evolution, July 2021, Vol. 36, No. 7 603



Box 1. Molecular Approaches to Detect and Quantify Environmental RNA

High-Specificity Targeted Approaches

qPCR is a sensitive technique that can detect or quantify the copy number of a specific DNA sequence (Table I). It is commonly used in species-specific eDNA detection
applications because it can provide absolute copy number quantification and detect target sequences at low concentrations [55]. The inclusion of hydrolysis probes
(e.g., TAQMANTM) can significantly improve assay specificity. RT-qPCR is an analogous technique for RNA, and can be used for eRNA applications [4]. Care should
be taken to design assays that avoid co-amplification of RNA sequences from the same gene in related species [56] or related genes within the same species [3,9].
Due to the current lack of transcriptomic libraries available for all but the most commonly studied organisms, assay specificity should, at a minimum, be tested on closely
related species that might co-occur in nature. Digital droplet PCR (ddPCR) may be particularly effective (relative to RT-qPCR) at detecting RNA from environmental
samples due to its improved performance when target sequence copy number is low [57], higher precision [58], and resilience to inhibitors [59], although it requires sub-
stantially higher infrastructure costs.

Metabarcoding (e.g., Universal Primer) Approaches

Metabarcoding approaches seek to assess community diversity from eDNA samples by matching PCR-amplified eDNA sequences in environmental samples to
standardized databases of species-specific sequences [60]. Metabarcoding can also be used on eRNA sequences for inventory-based applications [7,61]. Primers
used in PCR-basedmetabarcoding are ‘universal’ (i.e., will amplify sequences from a variety of taxa) and are particularly useful for assaying biodiversity due to their broad
community-level resolution [62], although metabarcoding can often be less sensitive than species-specific approaches [63], cannot provide absolute copy number
quantification, requires extensive gene libraries [60], and can be costly. However, metabarcoding approaches could be particularly useful for quantifying RNA transcripts
from genes conserved across species.

Metatranscriptomics Approaches

Next-generation sequencing technology (e.g., RNA-seq) has enabled the development ofmethods that sequence any RNApresent in environmental samples (referred to as
‘environmental metatranscriptomics’). Metatranscriptomics has traditionally been applied to study microbial ecological communities [46]. Whether macro-organism
(e.g., eukaryotic) RNA can be detected using metatranscriptomic approaches remains unknown, and is a major area of future investigation. Metatranscriptomics can
effectively quantify microbial RNA because metabolically active microorganisms are collected as a component of environmental samples. However, macro-organismal
eRNA is extra-organismal and thus expected to degrade rapidly and form a smaller proportion of eRNA present in samples.

Table I. Characteristics of Different Technical Sequencing Approaches to Quantify RNA in Environmental Samples

Approach High
specificity

Broad
community
resolution

Low limit of
detection

Absolute copy
number
quantification

Low
cost

High
precision

Resilient to
inhibition

Multi-species
libraries

Targeted
(sequence
specific)

qPCR ✓ – ~ ✓ ✓ ~ – – ✓

ddPCR ✓ – ✓ ✓ – ✓ ✓ – ✓

Metabarcoding ~ ✓ – – – – – ✓ ✓

Metatranscriptomics – ✓ – – – – NA ✓ –
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Approaches to Developing High-Specificity eRNA Assays
Recent laboratory experiments validated the use of targeted approaches [e.g., quantitative (q)
PCR/droplet digital (dd)PCR] to reliably detect and quantify specific eRNA genes [4,5]. We
propose two potential approaches to identifying and developing high-specificity eRNA
biomarkers, each with distinct advantages and challenges. A promising potential approach is a
‘library-first’ approach, which would seek to construct libraries of potential eRNA biomarkers
from tissues or whole organisms that would be subsequently validated on eRNA samples. Initial
experimental approaches could focus on quantifying whole-organism or tissue-specific
transcriptomes in organisms experimentally exposed to a gradient of environmental conditions
or in different potential environmental transcript-types, after which tissue RNA that is uniquely
expressed or heavily up/downregulated in relevant treatments can be identified (e.g., [17,20]).
Several high-specificity assays could then be developed targeting potential biomarkers, which can
then be validated on eRNA samples collected from experimental replicates or natural environments
[3]. Controlled experimental approaches have the distinct advantage that tissue and eRNA samples
can be simultaneously collected from experimental replicates to infer causal linkages.

A rich literature already exists for some species documenting transcriptional responses to environ-
mental conditions (e.g., stressors) or potential environmental transcript-types. Sequence-specific
604 Trends in Ecology & Evolution, July 2021, Vol. 36, No. 7



Box 2. Normalizing Upregulated eRNA Biomarkers Using Housekeeping Genes or eDNA

The Role of ‘Housekeeping’ Genes in eRNA Assays

The highest resolution eRNA biomarkers would be exclusively expressed by specific environmental transcript-types or
under specific environmental conditions. However, many relevant potential genes are upregulated instead. Such genes
can still be expressed at low relative levels in the absence of a stressor [11] or by other potential environmental tran-
script-types (e.g., developmental stages) [13,38]. RNA expression can also vary considerably among individuals or based
on variability in the quantity of starting material [14,64]. A common strategy in gene expression studies is to normalize RNA
expression levels to standard ‘house-keeping’ genes expressed at stable levels under most environmental conditions [64].
Upregulated genes detected in eRNA could still be normalized against housekeeping genes, assuming that housekeeping
genes can be reliably detected in eRNA in consistent quantities. However, the question of what constitutes a stable ‘eRNA’
gene is unknown. Little research has examined how different forms of RNA are expressed in eRNA or degrade in the
environment (but see [5]).

Normalizing eRNA Biomarkers for Organism Abundance Using eDNA

An additional problem also facing the use of ‘upregulated’ eRNA biomarkers is that changes in the abundance of organisms,
including those with low levels of expression, could account for observed changes in the concentration of upregulated eRNA
sequences in natural environments, obscuring their reliability as biomarkers for specific environmental conditions or
environmental transcript-types. Therefore, ‘upregulated’ eRNA biomarkers must also be normalized to an index of organism
abundance. Environmental DNA concentration can exhibit strong correlations with species abundance in nature [34,65,66].
Similar relationships might be found with eRNA; however, given the significant variability in individual-level transcription levels
coupled with the instability of RNA, we predict that correlations between eRNA and abundance will likely be positive but
moderate in strength relative to eDNA, even among putative ‘housekeeping’ genes. Alternatively, ‘upregulated’ eRNA
markers could potentially be normalized to organism abundance by comparing eRNA concentrations to the concentration
of an eDNAmarker from the same organism. However, careful consideration must be given to how environmental conditions
affect the relationship between eDNA production, organism abundance, and eRNA biomarkers; for example, temperature
can increase eDNA production rates in poikilothermic organisms [67]. Confident assessments of population health from
eRNA would also require extensive spatial sampling efforts to capture environmental heterogeneity in an ecosystem and si-
multaneously sample eRNA from several individuals to reduce the impact of interindividual variation.
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eRNA biomarkers developed in such studies could be applied directly to eRNA samples from
relevant natural environments, or novel assays could be designed based on developed
transcriptomic libraries. Model speciesmay be particularly well suited for initial studies; for example,
transcriptomic responses to stressors and in different life-history stages (e.g., juvenile-to-adult
metamorphosis) have been well studied for organisms such as Daphnia [10,24] or Xenopus laevis
(African clawed frog) [9]. Well-studied socioeconomically important fish species also represent
promising systems, with transcriptional biomarkers previously identified for immune challenges
[12], temperature [11,17], pollutants [23], maturation [13,19,37], and metamorphosis [20,38,39].
Pacific salmonids, in particular, might represent ideal initial study species: they can occur at high
densities during spawning (increasing the likelihood of eRNA recovery in nature), are exposed
to several environmental challenges (e.g., high temperatures, oxygen deprivation, immune
challenges, etc.), and undergo physiological changes associated with life-history phenology.

The primary challenge associated with a library-first approach is the unknown extent to which
potential biomarker sequences developed from whole-organism or tissue-specific transcriptomes
will be reflected in the eRNA produced by organisms (Box 3). Developing potential eRNA markers
from tissue transcriptomes therefore has risks; substantial effort could be invested in creating novel
assays or studying previously designed biomarkers that target tissue-specific RNA sequences that
were never a detectable component of the eRNA produced by study organisms. Nevertheless, we
believe that a library-first approach represents a promising method to develop eRNA assays
because focusing efforts on tissue types likely to produce eRNA (e.g., digestive, epidermal,
respiratory, and reproductive tissues) could mitigate some of this risk [3] (Box 3).

Alternatively, ‘eRNA-first’ approaches would attempt to first quantify the eRNA organisms
produce, and then develop targeted assays based on the genes identified. This approach
avoids uncertainty around the relative representation of various tissue transcriptomes in eRNA.
Trends in Ecology & Evolution, July 2021, Vol. 36, No. 7 605



Box 3. Understanding eRNA Production, Degradation, and Improving eRNA Sample Preservation

Improving Our Understanding of eRNA Production

Transcription rates for genes can vary significantly in different tissues [13]. The extent to which the transcription rates of
different genes within the tissues of an organism and transcriptional changes in response to environmental conditions
are reflected in the eRNA it produces is unknown; the composition and sources of eRNA produced by an organism
represent priority areas for future research. Does the eRNA produced by an organism resemble a homogenized mixture
of RNA expressed in a variety of differentiated cells, or is it biased towards a small number of specific cell types/organs?
Given that the two main sources of the production of eDNA are thought to be cells shed from the surface of an organism
and the excretion of metabolic wastes and reproductive fluids [68], the composition of eRNA is likely biased toward genes
commonly expressed in the digestive system of an organism, in tissues in direct contact with environmental mediums
(e.g., epidermis and respiratory systems), and in reproductive systems (particularly organisms with external fertilization) [3].

Quantifying eRNA Degradation

Research on eRNA degradation is limited. In particular, there is a need to study relative degradation rates of different forms
of RNA [e.g., mRNA, long ncRNA (lncRNA), and rRNA]; thus far, a single study found faster degradation rates for nuclear
eRNA relative to mitochondrial eRNA, and variable rates for rRNA and mRNA [5]. Intracellular stability of RNA transcripts
varies substantially, with half-lives ranging from <2 h to >16 h [69]. Several mechanisms can affect the intracellular stability
of RNA, including secondary structure, RNA-binding proteins, and active cellular degradation [69,70]. Candidate RNA
genes for biomonitoring applications should ideally exhibit relatively high stability in natural environments, but do not
necessarily need to be limited to protein-coding mRNA. ncRNAs have been implicated in sex-, developmental-, or
tissue-specific regulatory roles [15]. For example, lncRNA can have significant roles in up- or downregulating gene
expression and in cell signaling [15,71].

Improving eRNA Sample Preservation

Additional research on methods to improve the quantity and quality of RNA collected and preserved in environmental
samples is crucial. Important avenues of research include investigating the effect of immediate filtration [72], the addition of
chemical reducing agents to filter storage buffers [73,74], and the immediate freezing of samples [4,6]. Nevertheless, it is clear
that RNA exists in environmental mediums [2] and can successfully be detected [6]; methodologies to preserve it need only
be refined.
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High-volume eRNA samples would need to be collected from experimental replicates with high
densities of organisms exposed to a gradient of stressor treatments or environmental tran-
script-types and then sequenced using next generation high-throughput sequencing (RNA-
seq) [40]. Environmental samples are nonselective and often include organismal RNA or eRNA
from microorganisms (e.g., bacteria, algae, microeukaryotes, etc.) that cohabit or are commen-
sal, symbiotic, or parasitic with study organisms. To exclude sequences from nontarget organ-
isms, eRNA sequence data could be mapped to the genome and/or transcriptome of the
target species using previously assembled reference genomes/transcriptomes or, alternatively,
tissue transcriptome data from organisms in the same experiment (e.g., de novo assemblies).
Bioinformatics approaches [40] can then be used to identify RNA sequences that are consistently
upregulated or exclusively detected in the eRNA of relevant organisms.

However, significant research is necessary before eRNA-first approaches can be implemented.
Broad sequencing approaches (e.g., shotgun/RAD sequencing, genotyping-by-sequencing,
etc.) are typically inefficient methods to quantify eukaryote eNAs in environmental samples
because most nucleic acids in environmental samples are likely to be (i) low concentration;
(ii) low-quality/partially degraded; and (iii) potentially sourced mainly from prokaryotes. For example,
eDNA from live prokaryotes collected in an environmental sample can ‘drown-out’ eDNA from
macroeukaryotes during ‘shotgun’ sequencing [41]; similar processes are likely to affect relative
eRNA recovery. However, various methods that deplete bacterial rRNA [42–44] or sequester
eukaryotic mRNA (e.g., poly-A hybridization) [45] could improve its relative recovery [46]. Similarly,
macro-organisms in nature typically occur at low relative densities compared with conditions
achievable in laboratories, and environmental samples from natural ecosystems contain nucleic
acids produced by a diverse assemblage of eukaryotes [41]. Collecting large-volume eRNA samples
606 Trends in Ecology & Evolution, July 2021, Vol. 36, No. 7



Outstanding Questions
Can we reliably quantify eRNA produced
by organisms?

Is the composition of eRNA a
homogenous mixture of RNA sources
from a variety of tissues and species,
or is its composition biased towards a
few tissue types and few species?

Towhat extent does the eRNAproduced
by ecologically and physiologically
discrete individuals (i.e., potential en-
vironmental transcript-types) differ?

What is the relative contribution of
different life-history stages, pheno-
types, sexes, and so on, to the eRNA
found in an environment?

Are transcriptional responses to
stressors reflected in eRNA produced
by organisms exposed to them?

Can transcriptional responses in the
eRNA of common organisms be reliably
associated with specific environmental
conditions?

What types of genes and RNA
(e.g., mRNA, ncRNA, etc.) tend to be
represented in eRNA?

What are the relative concentrations
of different forms of RNA in the
environment?

What is the relative concentration of
eRNA compared with eDNA in natural
ecosystems?

How does the concentration of eRNA
in an environment vary with organism
abundance?

What is the turnover rate of different forms
of RNA (e.g., mRNA, lncRNA, rRNA,
miRNA, etc.) in various environments?

How does RNA quantity/quality vary
with sample volume?

What is the effect of immediate filtration
on RNA quantity/quality?

How rapidly does RNA degrade after
collection/filtration?

Can the preservation of RNA in envi-
ronmental samples be enhanced
using chemical reducing agents
(e.g., 2-mercaptoethanol) that deacti-
vate RNases in storage buffers?
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from experimental replicates containing solely the focal species at high densities with conditions
unfavorable to microbial growth could improve eukaryotic eRNA recovery by increasing its relative
concentration and ensuring the sole presence of macroeukaryotic eRNA from focal species. Results
from initial aquaria experiments are promising; several studies estimated high concentrations of
specific eRNA genes for invertebrate species [4,5], implying a substantial quantity of total species-
specific eRNA in the aquaria.

Using Environmental Transcriptomics to Monitor Ecosystem-Level Conditions
An intriguing prospect represents the use of bulk mRNA released by organisms into their environ-
ment to infer both the taxonomic composition and gene-expression profile of a complex community
of macro-organisms. Traditionally, metagenomics has been used to reconstruct the taxonomic
composition of communities [47]. Such information is based on DNA and does not reflect commu-
nity responses to specific environmental conditions. Alternatively,metatranscriptomics uses RNA
and, as a result, can provide a comprehensive profile of the genes transcribed to support the struc-
ture and function of organisms at the time of sampling. Complex community profiling based on gene
transcript abundance is sensitive to environmental conditions [48,49] and (although currently costly)
could be integrated into monitoring programs to provide information on ecosystem health.

Metatranscriptomic approaches have traditionally been applied to study microbial communities,
where mRNA is extracted from bulk samples containing live bacteria; only a handful of studies
have been conducted on eukaryotes [50]. RNA profiles analyzed in these studies are likely
dominated by organismal RNA sourced from live micro-organisms, with potentially small
amounts of extra-organismal RNA. However, a similar approach could be extrapolated to
macroeukaryotes by extracting extra-organismal mRNA from environmental samples in the
absence of progenitor organisms. Environmental transcriptomics represents a non-invasive
means to study the functional activity of a community of organisms that does not require prior
knowledge of community species composition or specific genes expressed under particular
conditions. From such functional data, active metabolic pathways can be identified and linked
to particular environmental conditions or stressors.

Many technical difficulties associated with the application of metatranscriptomics to eRNA could
be envisioned. Eukaryotic organisms have larger and more complex genomes compared with
prokaryotes, requiring higher sequence coverage. Total microbial RNA samples often comprise
only ~1–5% mRNA reads, with most being rRNAs and tRNAs [51]. mRNA reads likely represent
only a small fraction of the total eRNA, with macro-organismal mRNA probably representing an
even smaller fraction. However, several techniques can improve the relative recovery of eukary-
otic mRNA [46] (see earlier). Analytical approaches also pose significant challenges. An important
challenge when using transcriptomics as a monitoring tool is having a baseline for comparison, a
‘control’ under optimal environmental conditions. However, in the absence of such experimental
controls, changes in transcript levels (RNA) could be compared with changes in gene abundance
(template DNA). A mismatch between RNA and DNA copies could reflect differential expression,
or functional changes. Metatranscriptomics is yet to be validated as a tool for biomonitoring
because its cost, coupled with the amount and complexity of data produced, is intimidating [50,52].
Nevertheless, environmental transcriptomics based on eRNA represents a promising approach for
assessing community responses to environmental conditions across trophic levels [2].

Concluding Remarks
eDNA has revolutionized organism detection [53] and has the potential to advance biomonitoring
[54], but its resolution is limited to species-level detection or, at present, limited population-level
genetic inferences [18]. eRNA has the potential to push beyond these capabilities and improve
Trends in Ecology & Evolution, July 2021, Vol. 36, No. 7 607
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the resolution of identification beyond the species level to detect any organisms with a unique
eRNA signature. Similarly, transcriptional responses reflected in eRNA could be used to non-
invasively monitor the health of organisms or communities and track ecosystem-level conditions.
Environmental RNA could substantially increase the level of resolution provided by eNA assays,
with significant implications and broad applications for the study of ecology, evolution, and wildlife
management. Empirical studies investigating eRNA for organism detection, biological monitoring,
and biomonitoring applications are crucial to unlock this potential. However, further research is
necessary to understand the ecology of eRNA and improve the efficiency of its preservation
and capture (see Outstanding Questions).
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