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Hydraulic conductivity
The ease with which pores of 
a saturated soil allow water 
movement.

DNRA
(Dissimilatory nitrate reduction 
to ammonium; also known as 
fermentative ammonification). 
A potentially important soil 
microbial process that, similar 
to denitrification, leads to 
nitrate reduction.

Nitrification
A process carried out by 
specific groups of bacteria and 
archaea (most of which are 
autotrophic) that can oxidize 
ammonia to nitrite or nitrate.

Heterotrophic bacteria
A general term for bacteria 
that cannot assimilate carbon 
from inorganic sources (such as 
carbon dioxide) and instead 
use organic carbon compounds 
for anabolism.

availability by altering soil hydraulic conductivity and 
hydrophobicity64,65. In addition, there are many other 
processes that are mediated by microorganisms that are 
not included in FIG. 5 but can be important to soil func-
tioning: for example, dissimilatory nitrate reduction to 
ammonium (DNRA66), the degradation of xenobiotic 
compounds, and metal chelation and detoxification67.

As the soil microbiome can have direct or indirect 
effects on many ecosystem-level processes, it is impor-
tant to identify taxa (to the highest resolution possible) 
that are responsible for specific processes. This could 
yield a better understanding of the biotic and  abiotic fac-
tors that control these processes. For example, knowing 
which specific taxa are responsible for ammonia oxida-
tion (nitrification) could improve our ability to predict 
rates of ammonia oxidation in the soil, as not all taxa 
share similar environmental constraints or enzyme 
kinetics68. In addition, efforts to predict how soil car-
bon dynamics may respond to ongoing climate change 
could benefit from a deeper understanding of the dif-
ferent growth physiologies and ecological strategies of 
soil microorganisms69,70. Soil microbial taxa are not func-
tionally equivalent; they can clearly differ in their effects 
on soil processes and their responses to environmental 
conditions. The challenge remains how to use data on 
soil microbial community composition to improve our 
understanding of soil processes when these processes are 
difficult to predict a priori or measure directly.

Challenges in linking microbiome structure to func-
tion. Unfortunately, it is often difficult to identify 
specific links between the taxa found in soil and the 

functional capabilities of the soil microbiome. Thus, 
information about the microbial taxa found in soil 
is not often useful for predicting the rates of a given 
biogeochemical process or for identifying how key soil 
processes may shift in response to perturbation (for 
example, climate change or land-use change). This 
is even true if we ignore taxa, and instead just focus 
on the genes, transcripts or proteins found in soil71–73. 
There are many overlapping reasons why these diffi-
culties persist. First, many of the microbial processes 
highlighted in FIG. 5 are not the product of a single 
meta bolic pathway but the product of a myriad of inte-
grated metabolic pathways that can be carried out by 
a broad range of taxa. For example, nearly all active 
taxa of heterotrophic bacteria in soil could potentially 
contribute to the rates of organic carbon catabolism 
or nitrogen mineralization. Even the catabolism of a 
single plant-derived compound, like cellulose, may 
require multiple metabolic processes to be carried 
out by a broad diversity of microbial taxa74. Second, 
the abundances of individual genes (both 16S rRNA 
genes and functional genes) from dormant or relatively 
 inactive microorganisms17 may confound efforts to link 
functional processes to specific microorganisms. This 
may even hold true for RNA-based (transcriptome) 
community analyses75. Third, there are methodologi cal 
issues associated with linking specific taxa to specific 
metabolic processes; these include problems with accu-
rate gene annotation76, insufficient taxonomic reso-
lution, and the rapid turnover of transcripts, proteins 
and metabolites77. Fourth, approaches that are based 
on DNA sequencing, which are widely used to quantify 
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Figure 5 | Soil biogeochemical processes that can be modulated by the soil microbiome. A summary diagram that 
highlights a subset of the important soil biogeochemical processes that are directly modulated by soil microorganisms. 
The vertical arrows indicate microbial processes that are responsible for the production or consumption of trace gases at 
the soil–atmosphere interface. The curved arrows indicate some of the key microbial processes that can occur within soil, 
processes that can regulate soil acidity, the availability of nitrogen, phosphorus or other nutrients, and the lability (ease of 
consumption by microorganisms) of soil organic carbon pools. Non-methane volatile organic compounds (VOCs) include 
acetone, methanol, formaldehyde, isoprene and other organic compounds with low molecular weight. As indicated in the 
text, this Figure just highlights a subset of all possible soil microbial processes and does not highlight the inter-related 
nature of these processes, the specific metabolic pathways responsible, or the range of direct and indirect mechanisms by 
which soil microbial symbionts and pathogens can influence plants. The shading of the arrows indicates which processes 
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availability by altering soil hydraulic conductivity and 
hydrophobicity64,65. In addition, there are many other 
processes that are mediated by microorganisms that are 
not included in FIG. 5 but can be important to soil func-
tioning: for example, dissimilatory nitrate reduction to 
ammonium (DNRA66), the degradation of xenobiotic 
compounds, and metal chelation and detoxification67.

As the soil microbiome can have direct or indirect 
effects on many ecosystem-level processes, it is impor-
tant to identify taxa (to the highest resolution possible) 
that are responsible for specific processes. This could 
yield a better understanding of the biotic and  abiotic fac-
tors that control these processes. For example, knowing 
which specific taxa are responsible for ammonia oxida-
tion (nitrification) could improve our ability to predict 
rates of ammonia oxidation in the soil, as not all taxa 
share similar environmental constraints or enzyme 
kinetics68. In addition, efforts to predict how soil car-
bon dynamics may respond to ongoing climate change 
could benefit from a deeper understanding of the dif-
ferent growth physiologies and ecological strategies of 
soil microorganisms69,70. Soil microbial taxa are not func-
tionally equivalent; they can clearly differ in their effects 
on soil processes and their responses to environmental 
conditions. The challenge remains how to use data on 
soil microbial community composition to improve our 
understanding of soil processes when these processes are 
difficult to predict a priori or measure directly.

Challenges in linking microbiome structure to func-
tion. Unfortunately, it is often difficult to identify 
specific links between the taxa found in soil and the 

functional capabilities of the soil microbiome. Thus, 
information about the microbial taxa found in soil 
is not often useful for predicting the rates of a given 
biogeochemical process or for identifying how key soil 
processes may shift in response to perturbation (for 
example, climate change or land-use change). This 
is even true if we ignore taxa, and instead just focus 
on the genes, transcripts or proteins found in soil71–73. 
There are many overlapping reasons why these diffi-
culties persist. First, many of the microbial processes 
highlighted in FIG. 5 are not the product of a single 
meta bolic pathway but the product of a myriad of inte-
grated metabolic pathways that can be carried out by 
a broad range of taxa. For example, nearly all active 
taxa of heterotrophic bacteria in soil could potentially 
contribute to the rates of organic carbon catabolism 
or nitrogen mineralization. Even the catabolism of a 
single plant-derived compound, like cellulose, may 
require multiple metabolic processes to be carried 
out by a broad diversity of microbial taxa74. Second, 
the abundances of individual genes (both 16S rRNA 
genes and functional genes) from dormant or relatively 
 inactive microorganisms17 may confound efforts to link 
functional processes to specific microorganisms. This 
may even hold true for RNA-based (transcriptome) 
community analyses75. Third, there are methodologi cal 
issues associated with linking specific taxa to specific 
metabolic processes; these include problems with accu-
rate gene annotation76, insufficient taxonomic reso-
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Figure 5 | Soil biogeochemical processes that can be modulated by the soil microbiome. A summary diagram that 
highlights a subset of the important soil biogeochemical processes that are directly modulated by soil microorganisms. 
The vertical arrows indicate microbial processes that are responsible for the production or consumption of trace gases at 
the soil–atmosphere interface. The curved arrows indicate some of the key microbial processes that can occur within soil, 
processes that can regulate soil acidity, the availability of nitrogen, phosphorus or other nutrients, and the lability (ease of 
consumption by microorganisms) of soil organic carbon pools. Non-methane volatile organic compounds (VOCs) include 
acetone, methanol, formaldehyde, isoprene and other organic compounds with low molecular weight. As indicated in the 
text, this Figure just highlights a subset of all possible soil microbial processes and does not highlight the inter-related 
nature of these processes, the specific metabolic pathways responsible, or the range of direct and indirect mechanisms by 
which soil microbial symbionts and pathogens can influence plants. The shading of the arrows indicates which processes 
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availability by altering soil hydraulic conductivity and 
hydrophobicity64,65. In addition, there are many other 
processes that are mediated by microorganisms that are 
not included in FIG. 5 but can be important to soil func-
tioning: for example, dissimilatory nitrate reduction to 
ammonium (DNRA66), the degradation of xenobiotic 
compounds, and metal chelation and detoxification67.

As the soil microbiome can have direct or indirect 
effects on many ecosystem-level processes, it is impor-
tant to identify taxa (to the highest resolution possible) 
that are responsible for specific processes. This could 
yield a better understanding of the biotic and  abiotic fac-
tors that control these processes. For example, knowing 
which specific taxa are responsible for ammonia oxida-
tion (nitrification) could improve our ability to predict 
rates of ammonia oxidation in the soil, as not all taxa 
share similar environmental constraints or enzyme 
kinetics68. In addition, efforts to predict how soil car-
bon dynamics may respond to ongoing climate change 
could benefit from a deeper understanding of the dif-
ferent growth physiologies and ecological strategies of 
soil microorganisms69,70. Soil microbial taxa are not func-
tionally equivalent; they can clearly differ in their effects 
on soil processes and their responses to environmental 
conditions. The challenge remains how to use data on 
soil microbial community composition to improve our 
understanding of soil processes when these processes are 
difficult to predict a priori or measure directly.

Challenges in linking microbiome structure to func-
tion. Unfortunately, it is often difficult to identify 
specific links between the taxa found in soil and the 

functional capabilities of the soil microbiome. Thus, 
information about the microbial taxa found in soil 
is not often useful for predicting the rates of a given 
biogeochemical process or for identifying how key soil 
processes may shift in response to perturbation (for 
example, climate change or land-use change). This 
is even true if we ignore taxa, and instead just focus 
on the genes, transcripts or proteins found in soil71–73. 
There are many overlapping reasons why these diffi-
culties persist. First, many of the microbial processes 
highlighted in FIG. 5 are not the product of a single 
meta bolic pathway but the product of a myriad of inte-
grated metabolic pathways that can be carried out by 
a broad range of taxa. For example, nearly all active 
taxa of heterotrophic bacteria in soil could potentially 
contribute to the rates of organic carbon catabolism 
or nitrogen mineralization. Even the catabolism of a 
single plant-derived compound, like cellulose, may 
require multiple metabolic processes to be carried 
out by a broad diversity of microbial taxa74. Second, 
the abundances of individual genes (both 16S rRNA 
genes and functional genes) from dormant or relatively 
 inactive microorganisms17 may confound efforts to link 
functional processes to specific microorganisms. This 
may even hold true for RNA-based (transcriptome) 
community analyses75. Third, there are methodologi cal 
issues associated with linking specific taxa to specific 
metabolic processes; these include problems with accu-
rate gene annotation76, insufficient taxonomic reso-
lution, and the rapid turnover of transcripts, proteins 
and metabolites77. Fourth, approaches that are based 
on DNA sequencing, which are widely used to quantify 
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Figure 5 | Soil biogeochemical processes that can be modulated by the soil microbiome. A summary diagram that 
highlights a subset of the important soil biogeochemical processes that are directly modulated by soil microorganisms. 
The vertical arrows indicate microbial processes that are responsible for the production or consumption of trace gases at 
the soil–atmosphere interface. The curved arrows indicate some of the key microbial processes that can occur within soil, 
processes that can regulate soil acidity, the availability of nitrogen, phosphorus or other nutrients, and the lability (ease of 
consumption by microorganisms) of soil organic carbon pools. Non-methane volatile organic compounds (VOCs) include 
acetone, methanol, formaldehyde, isoprene and other organic compounds with low molecular weight. As indicated in the 
text, this Figure just highlights a subset of all possible soil microbial processes and does not highlight the inter-related 
nature of these processes, the specific metabolic pathways responsible, or the range of direct and indirect mechanisms by 
which soil microbial symbionts and pathogens can influence plants. The shading of the arrows indicates which processes 
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Estimating metabolite volatility along 
pathways may explain observational gaps,

adoption in other systems such as secondary metabolite ‘exposome’ research in human systems
[31]. In soil, volatilomics provides a much-needed window into understanding microbial activity
and communication. Soil hosts diverse microbial assemblages that vigorously cycle volatile

Key figure

Volatile metabolites: an important, but overlooked, component of the
metabolome

TrendsTrends inin MicrobiologyMicrobiology

Figure 1. (A) Many organic compounds are present in nature (large circle; volatile in orange, nonvolatile in yellow), some of which
are directly involved in pathways as metabolites and therefore intersect along metabolic pathways with associated genes (DNA;
metagenomics), transcripts (RNA; metatranscriptomics), and proteins (PRO; proteomics) that are now routinely characterized
using ‘omics approaches. These metabolites comprise a comprehensive metabolome (inside black line) that not only includes
predominantly nonvolatile metabolites characterized by traditional metabolomic techniques but also the volatilome, which is a
missing component in the current metabolomics concept. (B) An example of a metabolic pathway, isoprene degradation
(adapted from [40]), connects metabolites of varying volatility, predicted here using the relative volatility index (RVI; colored
dots), a unitless volatility scale described in [11]. Volatile metabolites [e.g., isoprene and degradation product (3R)-3,4-epoxy-3-
methylbut-1-ene] are missed by common metabolomics methods that capture large metabolites (* indicates mass >200 Da)
but may be measured by volatile organic compound (VOC) analyzers (see Box 1 in the main text) that detect their protonated
ions (black text) to fill in currently incomplete pathways. (C) Volatile compounds are prevalent in metabolic pathways as shown
by the distribution of estimated metabolite volatility (RVI) across multiple metabolic pathways (8 metabolic maps; 556
metabolites [11]). Depending on the location (atmosphere in blue; soil in brown), different proportions of compounds may
partition to the gas phase where they may be measured as VOCs. While thresholds for volatility in the soil system are not well
understood, 86 (15%) and 31 (6%) metabolites in these pathways exceeded estimated semivolatile (broken line) and volatile
(solid) thresholds in soil, respectively (brown), and 262 (47%) metabolites could be volatile in the atmosphere (blue).
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Do current metabolic approaches underrepresent volatile metabolites?
hypothesis: compounds with higher volatility will be disproportionally undetected

Monoterpenoid Biosynthesis 
Diterpenoid Biosynthesis 
Polycyclic Aromatic Hydrocarbon Degradation

(1) Considered 3 pathways containing VOCs


Honeker et al., (2021)

Frontiers in Environmental Sciences

Linnea Honeker

Jordan Krechmer

Kelsey Graves



Do current metabolic approaches underrepresent volatile metabolites?
hypothesis: compounds with higher volatility will be disproportionally undetected

NMR: nuclear magnetic resonance; 

GC-EI-MS: gas chromatography electron-ionization MS; 
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Do current metabolic approaches underrepresent volatile metabolites?
hypothesis: compounds with higher volatility will be disproportionally undetected
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Do current metabolic approaches underrepresent volatile metabolites?
We find evidence that compounds with higher volatility are disproportionally undetected
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‘Missing’ Volatilome in B2 TRF soils

Soil VOC data fills in 'missing' compounds from 
metabolomics (FTICR) data set

Compounds with higher volatility are disproportionally undetected 
Potential to fill in ‘missing’ compounds with VOC measurement methods

Meredith et al., unpublished data
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adoption in other systems such as secondary metabolite ‘exposome’ research in human systems
[31]. In soil, volatilomics provides a much-needed window into understanding microbial activity
and communication. Soil hosts diverse microbial assemblages that vigorously cycle volatile

Key figure

Volatile metabolites: an important, but overlooked, component of the
metabolome
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Figure 1. (A) Many organic compounds are present in nature (large circle; volatile in orange, nonvolatile in yellow), some of which
are directly involved in pathways as metabolites and therefore intersect along metabolic pathways with associated genes (DNA;
metagenomics), transcripts (RNA; metatranscriptomics), and proteins (PRO; proteomics) that are now routinely characterized
using ‘omics approaches. These metabolites comprise a comprehensive metabolome (inside black line) that not only includes
predominantly nonvolatile metabolites characterized by traditional metabolomic techniques but also the volatilome, which is a
missing component in the current metabolomics concept. (B) An example of a metabolic pathway, isoprene degradation
(adapted from [40]), connects metabolites of varying volatility, predicted here using the relative volatility index (RVI; colored
dots), a unitless volatility scale described in [11]. Volatile metabolites [e.g., isoprene and degradation product (3R)-3,4-epoxy-3-
methylbut-1-ene] are missed by common metabolomics methods that capture large metabolites (* indicates mass >200 Da)
but may be measured by volatile organic compound (VOC) analyzers (see Box 1 in the main text) that detect their protonated
ions (black text) to fill in currently incomplete pathways. (C) Volatile compounds are prevalent in metabolic pathways as shown
by the distribution of estimated metabolite volatility (RVI) across multiple metabolic pathways (8 metabolic maps; 556
metabolites [11]). Depending on the location (atmosphere in blue; soil in brown), different proportions of compounds may
partition to the gas phase where they may be measured as VOCs. While thresholds for volatility in the soil system are not well
understood, 86 (15%) and 31 (6%) metabolites in these pathways exceeded estimated semivolatile (broken line) and volatile
(solid) thresholds in soil, respectively (brown), and 262 (47%) metabolites could be volatile in the atmosphere (blue).
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Compounds with higher volatility are disproportionally undetected 
A significant number of metabolites may be volatile in soil…

but thresholds for 
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There is much work to be done to enable volatilomics approaches. Fortunately, rapid advances in
metabolomics and multi-omics approaches can help lead the way, and future developments
should focus on frameworks and pipelines to link VOC data with other ‘omics information and
pathways, for example, by incorporating volatility predictions [11] into automated metabolomic
pipelines. Hypothesis-driven experiments should be designed to identify the pathways responsi-
ble for production and consumption of specific VOCs in pure cultures and various ecosystems to
fill persistent gaps in databases. Volatilomics approaches used to study plant metabolism [23,24]
can be translated to microbial systems, for example, by evaluating metabolic responses to bioac-
tive small molecules [24] and stable isotope tracers [22]. In particular, pulse labeling with position-
specific 13C-pyruvatemoieties and realtimemonitoring of 13C-CO2 and

13C-VOCs has been used
to elegantly probe branches of central plant metabolism [45] and could be especially helpful for
tracking complex metabolic interactions in microbiomes involving cross-feeding through the met-
abolic exchange of compounds.

We should make use of enhanced temporal coverage of volatilomics, especially in systems such
as soils where other ‘omics approaches are destructive and discrete, and in situ soil gas sensing
is increasingly feasible [35,36], and in human health where developing noninvasive sampling
approaches is paramount [20]. High-frequency time series can be mined to infer metabolic con-
nections from VOCdata alone, as in the innovative information theory approach used by Kim et al.

TrendsTrends inin MicrobiologyMicrobiology

Figure I. Unifying and contrasting features in volatilomics and multi-omics to leverage. On the journey from
experimental design to data integration, there are features of volatile organic compound (VOC)-based volatilomics
approaches that unify or contrast with other metabolomics and sequence-based omics approaches, which serve as
potential acceleration points for progress. (A) Already, volatile compound data are collected from cultures, mesocosms,
chambers, and cores alongside discrete ‘omics sampling, representing existing experimental frameworks that
incorporate multiple data streams. (B) Contrasting features of volatile analysis can bolster multi-omics approaches.
Namely, the ability to measure realtime VOC profiles, including via innovative in situ soil gas probing [35,36], generates
mass spectra at high temporal resolution, providing signals of specific masses concurrent with the pace of the
experiment. VOC data can thus inform timing for ‘omics methods that rely on sampling specific ‘snapshots’. (C) Once
generated, unifying requirements for analytics and interpretation align VOC and ‘omics approaches. In particular,
analysis of volatile and nonvolatile metabolites uses similar annotation and interpretation approaches, and these
pipelines and tools could be synergized and help to bolster a common toolbox of databases and pathways. Moreover,
existing and emerging approaches for integrating multi-omics data, including correlation networks and metabolic
pathways, can also integrate VOC data. Finally, realtime signals from VOC analyzers and other environmental sensors
may be used to develop predictive models for management and ecological forecasting. Abbreviation: PTR-TOF-MS,
proton transfer reaction time-of-flight mass spectrometry.
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