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ABSTRACT An enduring theme in microbial ecology is the interdependence of mi-
crobial community members. Interactions between community members include
provision of cofactors, establishment of redox gradients, and turnover of key nutri-
ents to drive biogeochemical cycles. Pathways canonically conducted by isolated or-
ganisms in laboratory cultures are instead collective products of diverse and inter-
changeable microbes in the environment. Current sequence-based methods provide
unprecedented access to uncultivated microorganisms, allowing prediction of previ-
ously cryptic roles in biogeochemical cycles and interactions within communities. A
renewed focus on cultivation-based methods is required to test predictions derived
from environmental sequence data sets and to address the exponential increase in
genes lacking predicted functions. Characterization of enriched microbial consortia
to annotate hypothetical proteins and identify previously unknown microbial func-
tions can fundamentally change our understanding of biogeochemical cycles. As we
gain understanding of microbial processes and interactions, our capacity to harness
microbial activities to address anthropogenic impacts increases.
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Microorganisms represent the majority of life on earth, both in cell numbers and in
diversity. They conduct critical ecosystem services, including biogeochemical

cycling and contaminant transformations. Interactions between microbial community
members are essential for maintenance of these ecosystem services. In most cases,
microorganisms live within complex communities containing diverse populations, with
key biogeochemical cycle steps distributed between community members. With sig-
nificant heterogeneity across environments, characterization of microbial interactions is
an ongoing endeavor within microbial ecology. High-throughput sequencing ap-
proaches, including total community DNA sequencing, or metagenomics, have pro-
vided a torrent of information on microbial distribution, diversity, and metabolic
potential. This perspective argues that sequencing and enrichment cultivation together
represent a powerful combination of new and old tools for examining microbial
interactions and for identifying currently uncharacterized microbial activities.

High-throughput sequencing combined with reconstruction of high-quality draft
metagenome-associated genomes (MAGs) provides detailed information on taxonomy,
metabolic potential, and organism abundance. Where initial metagenome studies were
able to reconstruct genomes for the most abundant organisms in low-diversity envi-
ronments, such as acid mine drainage or the oligotrophic ocean, genome binning from
metagenome sequencing now routinely results in tens to hundreds, and even thou-
sands, of MAGs for organisms within environments as complex as sediments and soils
(1–4). This explosion in draft genome sequences includes genomic information for
lineages that are uncultivated: candidate phyla that represent new branches on the tree
of life (5). Draft and complete genome sequences for small-celled, small-genome-
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containing organisms (bacterial candidate phylum radiation [CPR] and archaeal super-
group DPANN) clarify why these lineages have resisted cultivation: members of these
groups do not encode complete pathways for synthesis of basic building blocks such
as nucleic acids and amino acids and thus cannot survive independently from the other
microbes sharing their environments (6, 7). Environmentally derived MAGs for these
organisms indicate that symbiotic or commensal relationships within microbial com-
munities, lifestyles where the organisms are heavily dependent on community inter-
actions, are substantially more prevalent than previously thought (6, 7).

With hundreds or thousands of MAGs available from a single environment, organ-
ismal roles in nutrient cycling can now be examined from a whole-community per-
spective, within the framework of partial genomes for the majority of populations.
Deep metagenomic sequencing of a terrestrial sediment system identified a striking
number of broken pathways within the thousands of reconstructed microbial genomes
(3). The vast majority of microorganisms with predicted roles in carbon, nitrogen, and
sulfur cycling did not encode sequential pathway reactions within their genomes but
instead are predicted to conduct fragmented or isolated functions within these cycles
(3). Very few organisms with predicted roles in denitrification had the capacity to
convert nitrate through to N2 (12 of 330, 3.6%). The majority of organisms implicated
in denitrification contained a single pathway reaction encoded on their genomes, with
the complete pathway dispersed across the microbial community. These trends held
true for sulfur cycling as well, with the complete pathway from sulfide to sulfate present
in only 3% of genomes for the organisms with predicted roles in sulfur oxidation, with
single pathway reactions more commonly identified (3). Examinations of denitrification
capacity across 652 microbial genomes from diverse environments identified truncated
and partial denitrification pathways with various cooccurrences of the genes across
microbial groups, further indication that denitrification is a highly modular pathway
and that N2 formation is dependent on a functionally diverse community in many
environments (8). From these genome-based studies, there is a growing awareness of
the metabolic handoffs occurring within microbial communities (Fig. 1), alongside an
expansion of the taxonomic groups implicated in these pathways. Metatranscriptomic
and metaproteomic analyses are needed to clarify the predicted interactions and to
determine which organisms are active within these cycles.

FIG 1 Microbes at a communal table depict interactions and handoffs occurring in the environment.
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The current biggest challenge in environmental microbiology is annotating the
thousands of hypothetical proteins identified from each new genome and metag-
enome—the known unknowns. Reconstructed genomes can have upward of 40 to 50%
of their genes as predicted open reading frames with no known function (6). The
databases of hypothetical proteins with no reasonable similarity to annotated genes
are growing exponentially. It is these genes—this wealth of microbial metabolism,
regulation, and other functions—that represent the biggest opportunity for the future
of environmental microbiology. What further functions important within biogeochemi-
cal cycles might be identified? What roles are currently missing in models of ecosystem
services? Sequencing alone will not suffice to identify these hypothetical proteins,
meaning that a renewed interest in cultivation methods for metabolic characterization
is required.

How best to identify unknown functions within organisms whose obligate interac-
tions with community members preclude isolate cultivation? Enrichment cultures,
originally developed by pioneering environmental microbiologist Martinus Beijerinck at
the turn of the 19th century, remain a relevant and powerful tool. Enrichment cultures
streamline the environmental community to a subset tractable for experimentation.
The enriched consortia are frequently more robust than isolate cultures, as beneficial
microbial interactions are maintained (9). With interactions intact, previously elusive
organisms can be cultivated. The simplified communities within enrichments are also
excellent targets for metagenomic sequencing, where high depths of sequence cov-
erage for enriched organisms facilitate genome reconstruction and closure. While
enrichment cultures are often expected to be a first step toward isolation of organisms
of interest, we argue that current omics approaches can provide equivalent character-
ization of simplified mixed communities without a need for isolation.

Combinations of metagenome sequencing and enrichment cultivation have already
dramatically impacted our understanding of biogeochemical cycles. A major revision to
the nitrogen cycle came with the discovery of comammox (10, 11). Both groups that
reported Nitrospira species capable of conducting complete nitrification used enrich-
ment cultures to simplify an environmental community without the need for isolation.
Metagenome sequencing of the enrichments to reconstruct complete or high-quality
draft genomes proved cooccurrence of ammonia oxidation genes with the nitrite
oxidoreductase for nitrite oxidation (10, 11). Similarly, nitrite-dependent anaerobic
methane oxidation (NDAMO) was first reported for a microbial consortium of two
organisms: an archaeon and a member of the bacterial candidate phylum NC10 (12).
Metagenome sequencing led to a complete genome for “Candidatus Methylomirabilis
oxyfera,” the first genome for the NC10 phylum (13). Stable isotope probing on the
consortia confirmed the unusual intra-aerobic methane metabolism of “Ca. Methylo-
mirabilis oxyfera,” where oxygen is produced intracellularly by metabolizing nitrite via
nitric oxide into oxygen and dinitrogen gas (13). While the archaeal member of this
consortia was eventually lost, the foundational work describing the NDAMO process
was conducted on a mixed culture. Similarly, archaeal nitrate-dependent anaerobic
methane oxidation was first reported for a member of the ANME-2d lineage from an
enriched bioreactor community (14), further proof that isolation is not required for
identification of novel microbial biogeochemical processes.

Beyond explorations of biogeochemical cycles, enrichment cultivation coupled with
metagenomics can identify interactions present within microbial consortia that con-
tribute to a population’s survival or that support a microbial activity of interest. An
enrichment culture developed to examine benzene degradation contains the only
known cultivated member of the Parcubacteria, a CPR lineage of otherwise-uncultivated
phyla (15). Having one member of the Parcubacteria in culture will allow experimen-
tation to optimize further cultivation attempts. Enrichment cultures containing Deha-
lococcoides mccartyi sp. have been developed as bioremediation tools for chlorinated
solvents, recalcitrant and common groundwater contaminants. Metagenome sequenc-
ing of D. mccartyi enrichment cultures identified functionally conserved nondechlori-
nating microbes responsible for maintenance of a reducing environment, provision of
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cofactors including cobalamin, and carbon turnover (9), activities which improve the
biomass yields and dechlorination rates of D. mccartyi. Notably, the organisms con-
ducting these roles within different consortia varied, preventing prediction of interac-
tions from taxonomic information alone (9). Enrichment cultures can be effective
remediation tools: mechanisms to augment a native microbial community’s ecosystem
services with targeted contaminant degradation. Many microbially mediated contam-
inant transformations remain observed but uncharacterized. Our research group en-
deavors to address this knowledge gap through meta-omics and enrichment culture
experiments, to develop new remediation tools for recalcitrant contaminants.

Studies connecting in-depth metagenomic characterization of environments with
cultivation experiments to confirm predicted functions are the future of environmental
microbiology (Fig. 2). Bolstering this approach, metagenome sequencing is now fre-
quently connected to information on RNA, protein, or metabolite expression, thus
moving beyond predicted functions to confirmed activities. Importantly, new ap-
proaches are needed to enable meaningful interpretations of these large meta-omic
data sets across community, population, and molecular levels. Techniques developed
for big data analytics in computer science may be applicable, including adapting
existing network analysis and statistics tools to biological data. In the coming years,
biogeochemical cycles must be revised to take new reactions, partial pathways, and
microbial handoffs into account. The microbial “black box” included in ecosystem
models will continue to be refined based on community analyses. These revisions will
substantially impact models of global biogeochemical cycles and predictions of micro-
bial responses to anthropogenic perturbations.
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FIG 2 Schematic representation of investigation into microbial diversity, interactions, and metabolic activity using
a combined meta-omic and enrichment culture approach. Samples are colored yellow, purple, and orange in the
diagram, while the (highly simplified) microbial community is tracked with red, green, and blue (enriched members
in culture-based experiments) and black, brown, and gray (environmental members not maintained under the
selected enrichment conditions).
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