
Microorganisms are major determinants  
of the physical, chemical and biological  
characteristics of soil, biogeochemical 
cycling, other terrestrial ecosystem functions 
and the sustainability of soil ecosystems. 
Understanding the ecology of soil microor-
ganisms (the forces shaping soil microbial 
communities, their response to environmen-
tal change and their physicochemical and 
biological interactions) is difficult owing to 
the high degree of biological diversity and 
the inherent spatial heterogeneity that is 
present at scales <1 mm in soils1,2. Molecular 
studies (those that describe microbial tax-
onomy on the basis of the 16S rRNA gene) 
indicate that up to 1 million different bac-
terial and archaeal species are present in 
10 g of soil, in the context of approximately 
1 billion microbial cells3–5. This richness 
is no longer surprising, but its origins and 
causes are poorly understood. In addition, 
our understanding of functional redundancy 
and of the links between microbial richness, 
community composition and soil-ecosystem 
function is far from complete, despite 
the promises of 16S rRNA gene-based 
techniques.

Continuing advances in sequencing 
technology now make it possible to consider 
tackling these issues using metagenomics 
and metatranscriptomics, which are defined 
as the characterization of all genes and tran-
scripts, respectively, in a soil sample (FIG. 1). 
In this Opinion article, I do not discuss 
targeted or single-gene high-throughput 
sequencing studies, which are sometimes 
described as ‘metagenomics’ but include 
data for only one gene and, therefore, do not 
encompass the holistic element of the ‘omics’ 
epithet. A single gram of soil contains in 
the order of 1012 prokaryotic genes and 109 
genomes6,7. Complete coverage of all of these 
genes by metagenomic sequencing is not 
yet achievable, but it might be within a few 
years; it is now becoming possible to recon-
struct ‘population genomes’ from subsoil, 
where microbial abundance, biomass and 
diversity are lower8, although genome closure 
in samples from complex topsoil remains a 
challenge9,10. It is also unlikely that genomes 
constructed from metagenomes will be 
derived from a single cell; rather, they will 
be a chimaera of genomes with undefined 
similarity. This problem could be solved by 

single-cell genome sequencing11,12, but this 
currently yields only partial genomes, which 
may be sufficient for some applications (for 
example, for the study of a single metabolic 
pathway) but not others (for example, 
population genetics).

History has taught us that emerging 
techniques, which are often heralded as 
approaches that will revolutionize our 
understanding of soil communities, rarely 
accomplish what is wishfully anticipated. 
With the continuing rapid development and 
application of omics, it is therefore instruc-
tive to pause and consider whether and how 
these technologies can advance our under-
standing of the complex microbial com-
munities in soil. In this Opinion article, I do 
not consider technical issues, which have 
been discussed elsewhere13–18, or the issues 
associated with bioinformatics and annota-
tion19–23. Major advances have been made 
in these areas and, although no technique 
is perfect, imperfections will become less 
important with time and are also expected to 
become easier to circumvent. Here, I discuss 
only the unavoidable conceptual issues and 
therefore assume the ‘perfect’ metagenome 
or metatranscriptome, including its char-
acteristics and potential value. That is, I 
assume that nucleic acids can be extracted 
from every cell in an environmental sample 
of interest, without loss or bias, and that 
every gene or transcript can be sequenced 
and annotated accurately and its function 
correctly identified. Crucially, I distinguish 
between ‘gene-centric’ metagenomes, con-
sisting of inventories of individual annotated 
genes, and ‘genome-centric’ metagenomes, 
consisting of completely sequenced genomes 
(FIG. 2). I then consider what these perfect 
‘omes’ can and cannot tell us and explore 
their value in addressing specific, important 
questions in microbial ecology. The applica-
tion of metagenomics in gene discovery24–27 
is not discussed as the conceptual issues are 
of less importance and relevance.

Metagenomics and soil function
Metagenomic approaches characterize 
communities on the basis of the relative 
abundance of genes and aim to provide a 
comprehensive, holistic view of these com-
munities, although the focus is often on 
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only a fraction of the physiological func-
tions represented. Soil metagenomics is 
susceptible to limitations and biases that are 
common to all molecular techniques (such 
as those associated with cell lysis, nucleic 
acid extraction, stability and extractability 
of extracellular nucleic acids, and sequenc-
ing errors28), and there are major limitations 
in reliable annotation and quantification 
of sequenced genes. These limitations are 
not trivial, so complete coverage of a soil 
metagenome is not usually obtained; for 
example, in one study, it was shown that 
deep coverage of the majority of a soil com-
munity was not achieved, even with 300 Gbp 
of sequence data29.

Qualitatively, the presence of a functional 
gene is not evidence of its activity. The host 
organism may be dormant, inactive or only 
active when alternative metabolic pathways 
that do not require the function of the 
detected gene are expressed. The gene may 
be cryptic, the gene transcript may not be 
translated, and the prevailing environmental 
conditions (including substrate concentra-
tion, temperature, pH and water availability) 
may inhibit activity. Soil microbial com-
munities contain many genes that encode 
mutually exclusive processes; for example, 
nitrification and denitrification are favoured 

in aerobic and anaerobic conditions, respec-
tively, and predicting process rates from the 
abundances of functional genes associated 
with each pathway is implausible without 
information on oxygen concentration and 
substrate availability. In addition, a single 
enzyme may participate in several distinct 
physiological pathways and contribute to 
different ecosystem functions or may itself 
have more than one function. For example, 
the enzyme nitrite reductase (encoded by 
nirK), which reduces nitrite to nitric oxide, is 
involved in ammonia oxidation, nitrite oxi-
dation, denitrification and anaerobic ammo-
nia oxidation. Ammonia monooxygenase 
(encoded by amoA) can oxidize ammonia, 
as well as methane and a range of organic 
compounds30. The presence of nirK or amoA 
genes in a metagenome therefore provides 
only limited information on the microbial 
functional groups that are present and on 
the processes operating within the soil from 
which they were obtained. This severely 
compromises any attempt to link gene- 
centric metagenomes to ecosystem function 
or soil characteristics. However, genome-
centric metagenomic analyses may be of 
some value, as they provide information 
about the pathways that are associated with 
specific functional genes within a single cell.

Quantitatively, metagenomic data are 
usually presented as the relative abundance of 
functional genes, and we might be expected 
to infer relative activity — that is, the rela-
tive activity of one enzyme compared with 
that of another; for example, the activity of 
ammonia monooxygenase compared with 
that of DNA gyrase or citrate lyase. Indeed, 
the rationale for applying metagenomics is 
generally to assess whether differences in 
functional gene abundance are associated 
with, or predict, differences in the rates or 
potential rates of associated processes (for 
example, the differences in the functional 
characteristics of soil following fire31, chitin 
amendment32 or the presence of Sphagnum 
spp.33). It is also the basis for correlation-
based studies and studies investigating niche 
specialization (see below). Thus, caution is 
required when assuming links between the 
relative abundance of genes and microbial 
activity. For example, the addition of ammo-
nium to soil may stimulate nitrifier growth 
and lead to an increase in the abundance of 
associated functional genes, thereby reduc-
ing the relative abundance of other func-
tional genes (for example, cellulase genes) 
without necessarily reducing the associated 
process rates (for example, cellulose degra-
dation). Even if absolute gene abundance 
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Figure 1 | Metagenomic and metatranscriptomic analyses of soil samples. 
Schematic representation of the main stages involved in generating meta­
genomic and metatranscriptomic libraries from 1 g of soil. The abundances 

of microbial cells and genes vary considerably in soil, but they are typically  
in the order of the amounts indicated here. Notably, the total number of  
transcripts in 1 g of soil at any particular time is difficult to estimate.
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is known, there is little evidence that this is 
a reliable, quantitative measure of physio-
logical activity or ecosystem function as it 
assumes constant enzyme activity per gene, 
which is unlikely if the same functional gene 
(and its encoded enzyme) is present in cells 
with different properties. For example, in 
cultivated soil, ammonia monooxygenase-
specific activity is at least tenfold greater in 
bacterial ammonia oxidizers than in archaeal 
ammonia oxidizers because bacterial cells 
are approximately tenfold larger in size34. 
Furthermore, gene copy per genome varies 
between different phylotypes, and gene copy 
per cell will vary (sometimes more than 
fourfold) with specific growth rate35 within 
a single organism. Even if gene abundance 
accurately reflects the amount of a particular 
enzyme in the soil, it may give little informa-
tion about the process rate. Within a cell, 
flux of material through a pathway depends 
on the amounts of each enzyme in that path-
way36. Even in a simple pathway, sensitivity 
to a particular enzyme may be low and, as 
a consequence, metabolic flux through the 
pathway will be insensitive to changes in the 
abundance of the encoding gene.

Thus, in my opinion, there is no evidence 
to suggest that gene abundance or relative 
gene abundance are reliable indicators of 
the rate of a physiological process or of soil 
functions, such as denitrification, ammonia 
oxidation or cellulose degradation. If they 
were, there would be no pressure to use 
metatranscriptomics or metaproteomics for 
this purpose.

A further conceptual issue is the degree 
to which genes provide information on eco-
logically important activities. Attention is 
often focused on genes that are involved in 
the conversion of substrates into products, 
but metagenomics provides little informa-
tion on quantitative physiological charac-
teristics such as maximum specific growth rate; 
saturation constant; optimum, minimum or 
maximum pH or temperature for growth; 
susceptibility to predation; and the speed 
of recovery after starvation. Attempts to 
determine the genetic and/or genomic basis 
of these characteristics are in their infancy 
and are rare, but attempts have been made to 
address some characteristics, such as maxi-
mum specific growth rate37 and oligotrophy38. 
All of these characteristics, and many more, 
are important for the ecology of soil micro-
organisms and are not currently considered 
when analysing soil metagenomic data.

To illustrate the importance of these 
issues, it would not be possible with cur-
rently available approaches to use genome 
sequences to accurately predict, both 

qualitatively and quantitatively, the com-
position or activities of a community of 
microorganisms such as Bacillus subtilis, 
Streptomyces coelicolor, Pseudomonas aer-
uginosa, Escherichia coli and Paracoccus 
denitrificans from their known genome 
sequences following repeated subculturing 
in a defined laboratory medium. Although 
these are all well-characterized species, the 
presence of specific genes merely indicates 
the potential of these species to carry out 
corresponding functional activities (assum-
ing we know the pathways that the genes are 
involved in), with little indication of growth 
dynamics or interactions. So, it is possible 
to speculate about activities, but there is no 
information on actual activities or growth 
rates and, consequently, there is little reli-
able information on which organisms will 
persist or be outcompeted. Thus, it is dan-
gerous to assume that a similar approach 
can provide useful ecological information 

on 1 million species and 10 billion cells in a 
10 g soil sample.

It is also difficult to draw meaningful 
information from correlations between the 
physicochemical characteristics of soil and 
metagenomic data. For example, temporal 
heterogeneity invalidates any potential links 
between the abundance of a functional gene 
and the environmental characteristics that 
influence both the associated process and the 
composition of the community containing 
this gene, such that the gene may be present 
in previously active cells that are now dor-
mant. Spatial heterogeneity will physically 
separate substrates from cells that contain a 
functional gene involved in the metabolism 
of those substrates39,40. Descriptive and cor-
relational studies are commonly described 
as reflecting an aggregated suite of environ-
mental conditions; however, these studies 
are often based on measurements taken at 
a single time point and the methodology 

Glossary

cDNA
Double-stranded DNA with a sequence that is 
complementary to that of the specific mRNA template 
from which it is synthesized in a reaction catalysed by 
reverse transcriptase.

Denaturing gradient gel electrophoresis
(DGGE). A gel electrophoresis-based method in which 
gradients in denaturing conditions (such as temperature, 
urea concentration or formamide concentration) are used 
to separate DNA fragments with different mobilities.

Extracellular polymeric material
Material secreted by microbial cells that mainly consists of 
polysaccharides and proteins; it is also known as 
extracellular polymeric substance (EPS). This may be 
released into the growth medium but it often remains 
attached to the cells and contributes to the formation and 
function of biofilms.

Genome closure
This process (also known as genome finishing) creates a 
complete genome by sequencing the gaps that remain 
when sequenced genome fragments are assembled into 
overlapping sequences known as contigs.

Maximum specific growth rate
The highest specific growth rate that is attainable under 
the prevailing environmental conditions with non-limiting 
substrate concentration and no inhibition of growth.

Neutral theory
A theory that assumes that all phylotypes within a 
microbial community follow the same rules, regardless of 
differences in phenotypic properties. The relative 
abundances of phylotypes and community composition 
are then determined by random birth, death, speciation 
and migration.

Nitrifier
Microorganisms that perform the process of nitrification, 
which is the sequential oxidation of reduced forms of 
nitrogen (usually in ammonia) to nitrite and then nitrate.  

In the soil, this process is carried out mainly by archaeal 
and bacterial ammonia oxidizers and by bacterial nitrite 
oxidizers.

Oligotrophy
Oligotrophic microorganisms are those that are adapted to 
exploit substrates present in low concentrations. The term 
is used to describe organisms that dominate natural 
habitats in which nutrients are scarce.

Phylotypes
A bacterial or archaeal phylotype is an evolutionarily related 
group of organisms. When communities are characterized 
in terms of 16S rRNA or functional gene sequences, 
phylotypes are defined as those sharing a particular level 
of sequence identity. Typically, for the 16S rRNA gene, this 
is 97% or 99% sequence identity, which reflects traditional 
classification criteria for microbial species.

Saturation constant
The concentration of a growth-limiting substrate at which 
the specific growth rate of a microbial population is half the 
maximum specific growth rate.

Seed bank
A term taken from plant ecology, which refers to the total 
number and diversity of seeds in the soil, including all 
ungerminated, viable seeds. By analogy, it can also be used 
to refer to all viable microorganisms within the soil, including 
those that are rare, inactive or dormant, and therefore 
constitutes the total richness of the soil microbial community.

Specific growth rate
In the context of a microbial population, this is the rate of 
increase in biomass relative to, or specific to, the current 
biomass. It has units of reciprocal time and is constant 
during exponential growth.

Tortuosity
A measure of the ability of fluid to flow through porous 
media. A soil with high tortuosity is one in which there is 
greater resistance to fluid flow owing to a more complex 
porous structure and greater path lengths.
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that is used usually destroys spatial structure 
within the sample, which means that tem-
poral and spatial homogeneity is an implicit 
assumption rather than a true reflection 
of the ecosystem. This is a concern if the 
caveats inherent in this assumption are not 
accounted for. The consequent problems of 
interpretation are not restricted to metagen-
omics, but are highlighted by the dominance 
of such approaches in metagenomic studies.

Extracting value from metagenomics
Soil metagenomics is currently dominated 
by descriptive studies that analyse metage-
nomes in soil samples taken at a single time 
point and location (snapshot measurements), 
possibly combined with analysis of soil char-
acteristics and/or compared with snapshot 
measurements from different locations or 
treatments (for example, fertilizer addition, 
pH and soil type). Meaningful comparisons 
and correlations using such data require the 
assumption of temporal and spatial homo-
geneity, as discussed above, and are unlikely 
to provide useful information on current 
activity, ecosystem function (for example, 

process rates of biogeochemical cycling) 
or the drivers of community structure. 
Descriptive metagenomics are often justified 
as providing information on potential activ-
ity but, in my opinion, this is of little value 
unless it is combined with experimental 
studies that assess this potential in a rational 
way (see below).

However, the metagenome that is present 
at any point in time may provide historical 
information on microbial functions, pro-
cesses or pathways that have operated in 
the past and on the environmental condi-
tions that existed at that time. That said, 
we have virtually no basis on which to 
interpret the historical information pro-
vided by such metagenomic information, 
but consideration of the question alone can 
generate interesting avenues for research. 
For example, for how long are genes stable in 
soil, which soil characteristics enhance the 
retention and stability of genes and which 
characteristics lead to the rapid turnover 
of genes? If correctly employed, these ques-
tions provide avenues for useful, but under-
exploited applications of omics. It therefore 

exemplifies an important advantage of the 
use of omics, in that it has the potential to 
stimulate thought, leading to the considera-
tion of phenomena and questions about pre-
viously ignored or unseen data and to open 
our minds to novel applications of these 
techniques.

To provide another example, although it 
is difficult to relate metagenomic data to soil 
functions because of temporal and spatial 
heterogeneity, metagenomic data may be 
used to characterize the heterogeneity of 
soil. If there is a link between phylogeny and 
function, the diversity of a particular func-
tional gene might reflect the heterogeneity of 
microenvironments containing members of 
this functional group. This information on 
heterogeneity has enormous potential value 
if combined with theoretical analyses of the 
role of physicochemical and other factors, 
such as soil structure and tortuosity, in  
creating and destroying niches.

Metagenomics has much greater poten-
tial in experimental laboratory and field 
studies in which spatiotemporal dynamics 
and the influence of environmental (and 

Figure 2 | Distinction between ‘gene-centric’ and ‘genome-centric’ 
metagenomics. ‘Gene­centric’ metagenomics involves the analysis of 
individual genes that have been isolated from genomes. It is therefore not 
possible to determine which genes originated from which genome or cell; 
thus, it is not possible to link phylogeny (based on the 16S rRNA gene  
or other taxonomic genes) to function or to reconstruct the metabolic 
pathways that operate in individual cells. By contrast, ‘genome­centric’ 
metagenomics aims to obtain complete genomes either through the 

assembly of individual genes or through single­cell genome sequencing. 
During genome assembly, there is a risk that chimaeras could form, in 
which segments of different genomes are assembled, leading to some of 
the disadvantages of gene­centric metagenomics. A drawback of single­
cell genome sequencing is the difficulty in obtaining a complete genome 
assembly. These disadvantages may be reduced by future technical and 
bioinformatic developments. Genomes of different colours represent 
genomes from different cells.
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other) factors are investigated. For example, 
if, following the addition of a substrate, a 
functional gene associated with the use of 
that substrate increases in abundance, this 
provides strong evidence of growth of the 
organisms encoding this gene, which can 
be used to infer process rate. Temporal 
changes in metagenome patterns following 
environmental change may explain why and 
how particular phylotypes or functional 
groups respond. Such extrapolation is fea-
sible when sequenced genomes, or at least 
long reads, are available, and it could lead 
to the discovery of new pathways associ-
ated with the experimental conditions being 
applied. Genome-centric metagenomic data 
also enable fine-scale studies of population 
(rather than community) dynamics and 
population genetics, although population 
genetics requires sequencing technology and 
assembly methods for the construction of 
genomes from single cells. In other words, 
there is considerable potential value afforded 
by metagenomics in experimental studies 
in which temporal and/or spatial dynamics 
are investigated in a defined and controlled 
manner to test specific concepts, hypotheses 
or theories, or to address specific questions.

Metatranscriptomics and soil function
Metagenomics can provide information 
about which microorganisms are present (it 
identifies the seed bank) and what they are 
capable of doing, whereas metatranscriptom-
ics has the potential to describe what those 
microorganisms are actually doing and how 
fast they are doing it. Metatranscriptomics 
generally involves the extraction of RNA 
from a microbial community, followed by 
the sequencing of mRNA (or the synthesis of 
cDNA, amplification and then sequencing), 
which generates data that estimate the rela-
tive abundance of gene transcripts, often after 
comparison with metagenomic data from 
the same sample or environment17,41.

Technical issues associated with 
metatranscriptomics are similar to those 
associated with metagenomics, with further 
potential bias introduced during the con-
struction of cDNA libraries and a require-
ment for rapid inactivation of samples 
to prevent mRNA turnover. In addition, 
metatranscriptomics generally requires a 
metagenome ‘scaffold’, and the identification 
of transcripts benefits from the availability 
of genome sequences obtained from pure 
cultures of microorganisms that are present 
(preferably in abundance) in the soil sample.

The conceptual issues associated with 
metatranscriptomics are also similar to 
those for metagenomics. In addition, a link 

between a transcript and the activity of its 
associated enzyme requires assumptions 
to be made about transcript and protein 
stability and turnover, and about the exist-
ence of environmental conditions that 
are permissive for metabolic activity. We 
know little about transcript dynamics, but 
marine studies indicate that transcripts are 
degraded within a few minutes following 
their transcription42, which has enormous 
consequences for the links between tran-
script presence or abundance and metabolic 
activity. In addition, post-translational pro-
cesses may be required for enzyme activity, 
or a stable enzyme may be active long after 
transcription has been completed and the 
transcript has been degraded. Similarly, the 
abundance of transcripts encoding consti-
tutive versus inducible enzymes needs to 
be considered for correct interpretation of 
activity.

Extracting value from metatranscriptomics
The presence and abundance of a gene 
transcript is generally taken as evidence of 
current or future qualitative and quantita-
tive activity of the enzyme encoded by the 
gene. More realistically, it provides informa-
tion on the influence of the environment 
on a community. Thus, measurement of a 
change in the abundance of a gene transcript 
indicates upregulation or downregulation of 
that gene and potentially the process that it 
controls, and this change in transcript abun-
dance may thereby provide information on 
current process rates and/or potential future 
process rates. The reliability of this informa-
tion is limited by our lack of knowledge of 
the dynamics of the production and decay 
of both transcripts and the products they 
encode. The abundance of 16S rRNA tran-
scripts provides information on the potential 
future activity of the taxa identified by this 
transcript, but it has significant limitations 
and caveats43. For example, the link between 
rRNA and both growth and metabolic activ-
ity is variable between organisms and is 
complex, such that rRNA levels can be high 
in dormant organisms, and there is limited 
information on links between non-growth 
related processes and rRNA levels.

Similarly to metagenomics, metatran-
scriptomic analysis of snapshot samples is 
uninformative. However, it is interesting 
to consider the potential value that this 
technique could bring if applied to soil 
ecosystems. For example, does an increase 
in transcripts for a functional gene indicate 
the upregulation of that function? Studies of 
temporal changes in metatranscriptomes are 
likely to provide valuable information on the 

response of a community to environmental 
change, the metabolic pathways involved 
in such a response and the potential conse-
quences for ecosystem function. Assessment 
of the value of metatranscriptomics requires 
knowledge of transcript and protein turno-
ver and is, obviously, limited to responses 
to environmental change that are associated 
with specific genes.

Transcriptional responses to environ-
mental change can lead to the preliminary 
identification of novel sequences (based on 
similarities to known sequences or coor-
dinate transcription) that encode products 
involved in potentially important functional 
processes. Metatranscriptomic analyses may 
also provide information on the heterogene-
ity of niches occupied by an existing com-
munity. Is a ‘steady state’ soil composed of a 
myriad of niches, many of which contribute 
to biogeochemical changes? Comparing 
transcriptomes with corresponding genomes 
may provide an index of pathway upregula-
tion in response to changing niche condi-
tions. Furthermore, metatranscriptomic 
data provide information on the interactions 
between microorganisms and their environ-
ment. This includes not only responses asso-
ciated with nutrient supply and metabolic 
pathways, but also environmental triggers 
and responses associated with physiological 
processes such as the production of extra-
cellular polymeric material and exoenzymes, 
stress responses and resuscitation following 
periods of dormancy44.

Outstanding questions in soil microbiology
Above, I argue that, although descriptive 
omic studies are limited in advancing our 
understanding of soil microbial ecology, 
genome-centric omics and experimental 
approaches have greater potential to improve 
our understanding. In this context, I con-
sider experimental approaches as those in 
which specific questions, concepts or theo-
ries of mechanisms controlling observed 
phenomena are tested in specifically 
designed laboratory or field experiments. 
To illustrate this, below I outline some 
hypothetical scenarios that I consider to be 
important and for which genome-centric 
omic analyses could be used to address 
questions regarding the response of the soil 
microbiota. I consider the benefits of perfect 
gene-centric and genome-centric metagen-
omic data, both with and without perfect 
metatranscriptomic data.

Impact of environmental change. Both the 
influence of environmental change on a 
microbial community and its contribution 
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to soil biogeochemistry depend on the 
extent of the change and on the physiologi-
cal characteristics of the community (FIG. 3). 
A small change in temperature (FIG. 3a), pH 
or a small pulse of substrate is unlikely to 
change community composition substan-
tially. Physiological plasticity and flexibility 
within the existing community leads to 
subtle changes in metabolism and activity, 
with no perceptible change in community 
composition. Such a response would not 
be detectable in metagenomes; however, 
physiological changes might be detectable 
in metatranscriptomes. In the absence of 
complete genomes, metagenomic informa-
tion would be descriptive only. Separating 
genes from genomes and from cells makes it 
virtually impossible to relate changes in gene 
expression to changes in metabolic pathways 
or to the phylotype containing the gene. 
The former can be achieved by combining 
metatranscriptomic data with genome- 
centric metagenomes; this facilitates the 
identification of the members of the com-
munity that have generated the response 
(thereby giving information on functional 
diversity and redundancy) and the response 
strategies involved (assuming that these are 
the result of changes in gene expression).

A moderate change in temperature or 
another environmental parameter will lead 
to the selection of organisms that are bet-
ter adapted to the new conditions (FIG. 3b). 
If such adaptations and the consequent 
physiological diversity are linked to phylo-
genetic diversity, this will be reflected in 
changes in the relative abundance of differ-
ent phylotypes. However, such changes can 
be detected without omics by determining 
changes in the relative abundance of 16S 
rRNA or functional genes using ‘traditional’ 
molecular techniques ranging from finger-
printing techniques, such as denaturing 
gradient gel electrophoresis (DGGE), to 
high-throughput sequencing. Coordinate 
increases in, and a correlation between, 
phylo genetic (such as the 16S rRNA gene) 
and functional genes may indicate mecha-
nisms leading to adaptation and selection 
but, again, this is made difficult by the 
separation of genes from genomes and from 
cells. A combination of genome-centric 
metagenomics and metatranscriptomics can, 
however, indicate the metabolic basis for 
adaptation of particular phylotypes, including 
the mechanisms involved, and potentially 
provide a rational approach to discover novel 
adaptive responses to change.

A large change in environmental condi-
tions, such as a large increase in temperature, 
is likely to reduce or prevent the activity of 

large proportions of the community and can 
lead to activation of dormant organisms or 
promote colonization by invader species that 
are adapted to the more ‘extreme’ conditions 
(FIG. 3c). Here, gene-centric metagenomes 
will provide little useful information but 
genome-centric metagenomes combined 
with metatranscriptomics could explain 
community changes and the metabolic 
characteristics that have enabled invasion. 
An alternative, or additional, response is 
adaptation and evolution of the members of 
the existing soil community. Again, gene-
centric metagenomics is of little value for the 
analysis of mutational events and speciation, 
but single-cell genome sequencing or reli-
able (but currently unattainable) fine-scale 
genome reconstruction open up consider-
able opportunities for investigating the pop-
ulation genetics of soil organisms through 
the assessment of mutation rates, lateral gene 
transfer (including the transfer of plasmids), 
adaptive mechanisms and speciation.

Understanding soil biogeochemistry. 
Ultimately, changes in community com-
position are of little relevance to questions 
that relate specifically to the soil ecosystem 
if they do not influence soil ecosystem 
functions such as biogeochemical cycles, 
maintenance of soil structure and pest con-
trol45. As discussed above, genome-centric 
metagenomic data are a useful indicator  
of potential activity and the potential 
contribution of microorganisms to soil 
biogeochemistry; however, this approach 
does have some caveats, which have already 
been considered. Whether measurement 
of potential (as opposed to actual) activ-
ity is valuable depends on the questions 
being addressed, but experimental studies 
addressing specific questions or testing 
theory are required to determine whether, 
and under which conditions, such potential 
can be realized.

When combined with metatranscriptom-
ics, genome-centric metagenomics has the 
potential to provide more accurate informa-
tion about process rates, but snapshot data 
remain of little value without knowledge 
of transcript and protein stability in soil. 
Experimental studies designed to test, for 
example, proposed links between phylog-
eny and function have greater potential to 
assess the influence of communities on soil 
biogeochemistry following environmental 
change, the phylotypes that may be involved 
in such a response, the extent of functional 
diversity, and the importance of community 
stability, resilience and resistance to change 
(see, for example, REFS 44,46, which describe 

experiments designed to assess changes in 
communities and gene expression following 
the wetting of soil that was subjected to  
several months of drought).

An alternative approach is to predict the 
functional characteristics of a soil meta-
genome from the inputs (such as nutrients 
and energy) and outputs (such as nutri-
ent transformations, biomass production 
and carbon dioxide production) from soil 
and the prevailing environmental condi-
tions. For example, if nitrogen input to and 
output from a soil sample are character-
ized, is it possible to predict and quantify 
the nitrogen-cycle genes required for the 
nitrogen transformations involved? The 
approach could be extended to compare dif-
ferent soils, and it could be combined with 
metatranscriptomics to determine whether 
changes in input and environmental factors  
correctly predict changes in functional 
genes and (for genome-centric metagenom-
ics) in metabolic pathways. In addition to 
increasing mechanistic understanding, this 
holistic approach has potential predictive 
power. It would also enable assessment of 
the importance of the assumptions under-
lying current omic studies, such as links 
between activity and gene abundance, 
the spatial and temporal homogeneity of 
ecosystems and whether separating genes 
from genomes and genomes from cells con-
siderably reduces the value of gene-centric 
metagenome approaches.

Niche specialization and differentiation. 
The concept of niche specialization and 
differentiation is, intuitively, central to the 
investigation of links between soil heteroge-
neity and community structure and activity. 
It links evolutionary and ecological theory 
and provides the most attractive and widely 
adopted explanation for the composition of 
the soil microbial community. Niche special-
ization is a widely held assumption in soil 
microbial ecology, with most studies assum-
ing a link between phylogeny and function 
(see REF. 39 for a discussion of the basis for 
this assumption). As such, niche specializa-
tion is also implicit in the other questions 
mentioned above; it forms the basis for 
investigating correlations between metagen-
omes and soil characteristics and is invoked 
to explain the response of communities to 
environmental change and their relationship 
to ecosystem function. All of these ques-
tions require knowledge of mutation and/
or recombination, speciation, phenotypic 
diversity, links between phylogeny and func-
tion, environmental selection, dispersal and 
invasion. For those studies that consider the 
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effect of the environment on communities, 
it is often assumed that members of distinct 
phylogenetic groups have evolved to respond 
functionally in the same manner to the same 
environmental change, leading to similar 
communities in similar environments. For 
studies that consider the effect of commu-
nity composition on ecosystem function, a 
link between phylogeny and function can 
predict that soils with similar communities 
will have similar function. Specialization and 
differentiation result from the generation 
of genetic diversity followed by selection, 
which is based on activity rather than poten-
tial activity. Similarly, ecosystem function is 
associated with activity, not potential activ-
ity. Therefore, the use of omics to determine 
potential function and, indeed, measure-
ment of potential activity itself, requires 
justification.

Neutral theory provides an alternative, 
or complementary, approach for the study 
of community assembly47. The inability 
of gene-centric metagenomic data to link 
phylogeny and function prevents its use in 
testing these two major theories and also 
questions whether it constitutes useful evi-
dence for niche specialization. However, 
genome-centric data does have enormous 
potential for providing indications of which 
microorganisms are responsible for which 

functions and, when used in carefully 
designed experimental studies, in critically 
testing these concepts.

Conclusions
The term omics merely encompasses a suite 
of techniques. Like any other technique, 
their value is not determined by their 
engineering or technical brilliance or their 
cost but rather by their ability to help us 
test scientific theory and address scientific 
questions. Typically, but not inevitably, 
the emergence of a new technique heralds 
methodological studies that hopefully allevi-
ate and solve current limitations, and these 
methodological studies are only justified if 
the technique can ultimately address specific 
scientific questions. In this article, I have 
assumed that the technical limitations of 
omics can be overcome and have focused 
instead on the conceptual issues associated 
with their application to soil microbial ecol-
ogy. I have indicated the degree to which 
‘perfect’ omics technology can address what 
I believe are important outstanding ques-
tions in this field of research. I argue that 
gene-centric omic analyses, in which phylo-
genetic genes and functional genes are sepa-
rated from each other and from their host 
cells, are of little value in addressing these 
questions. Their value is reduced further by 

the current emphasis on snapshot analyses 
and the lack of identification of meaningful 
questions and hypotheses.

The real potential of metagenomics and 
metatranscriptomics in studying the ecology 
of microorganisms in soil, and in other envi-
ronments (including marine and freshwater 
ecosystems and the human gut), will only be 
realized when genome-centric approaches 
are used in combination with other relevant 
techniques in experiments designed to test 
specific questions and hypotheses. This 
potential is beginning to be realized in 
other ‘simpler’ natural environments where 
genome-centric approaches are feasible. For 
example, metagenome assembly has been 
facilitated by the relatively low diversity of 
communities in extreme environments, such 
as acid mine drainage systems48, hypersaline 
ecosystems49 and a biofilm on a hospital sink 
drain50. Similarly, the lower spatial hetero-
geneity of marine ecosystems has enabled  
single-cell genome sequencing51,52 and 
detailed metatranscriptomic studies53,54.

The challenges faced by microbial ecolo-
gists in general, but especially soil micro-
biologists, are twofold. The first challenge 
is to resist the temptation to waste valuable 
resources on gene-centric metagenomics,  
particularly on unstructured studies 
involving snapshot and correlation-based 
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No change Small change in relative 
abundance of existing 
transcripts

Change in relative 
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transcripts and 
expression of new 
transcripts

Change in relative 
abundance of  
phylotypes

Dominance of 
transcripts from 
invaders and newly 
adapted phylotypes 

Introduction of 
invaders and 
emergence of newly
adapted mutants of
existing phylotypes

Nature Reviews | Microbiology

Initial metagenome Initial metatranscriptome

Figure 3 | Changes in microbial metagenomes and metatranscrip-
tomes following a change in temperature. Metagenomes and 
metatranscriptomes are simplified as the most abundant genes (circles) 
or transcripts (wavy lines), respectively. Different genes and transcripts  
are represented by different colours. a | Following a small increase in tem­
perature, no change occurs in the metagenome, whereas small changes 
in relative abundance occur at the level of the metatranscriptome.  
b | A moderate increase in temperature leads to a change in the relative 
abundance of existing genes owing to changes in the abundance of the 

different phylotypes in the community. At the level of the metatranscrip­
tome, changes in the relative abundance of existing transcripts occur and, 
in addition, new genes belonging to phylotypes adapted to the higher 
temperature are expressed. c | A large increase in temperature may lead 
to the invasion of completely new phylotypes that also express new tran­
scripts, and newly adapted mutants of existing phylotypes can emerge 
and contribute to the metatranscriptome. Similar changes are expected 
to arise following other forms of environmental change, such as pH 
change.
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approaches that are unlikely to provide any 
major advances in understanding. Rather, 
the focus should be placed on more mean-
ingful and valuable genome-centric studies 
that investigate temporal changes, which 
can, in turn, address important ecological  
questions. The second is to explore the 
potential for omics in identifying new ques-
tions and phenomena and in generating new 
questions, ways of thinking, concepts and 
theories — all of which improve fundamental 
understanding and quantitative prediction of 
the activity and interactions of microorganisms 
in soil and other ecosystems.
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