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Natural microbial communities are composed of a large

diversity of interacting microorganisms, each with a specific

role in the functional properties of the ecosystem. The

objectives in microbial ecology research are related to

identifying, understanding and exploring the role of these

different microorganisms. Because of the rapidly increasing

power of DNA sequencing and the rapid increase of genomic

data, main attention of microbial ecology research shifted from

cultivation-oriented studies towards metagenomic studies.

Despite these efforts, the direct link between the molecular

properties and the measurable changes in the functional

performance of the ecosystem is often poorly documented.

A quantitative understanding of functional properties in relation

to the molecular changes requires effective integration,

standardization, and parallelization of experiments. High-

resolution functional characterization is a prerequisite for

interpretation of changes in metagenomic properties, and will

improve our understanding of microbial communities and

facilitate their exploration for health and circular economy

related objectives.
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Introduction
In natural and man-made environments, microorganisms

virtually never thrive as single species. Instead, they

flourish as microbial communities of various complexity.
Current Opinion in Biotechnology 2021, 67:158–165 
In these microbial communities all different species have

a specific role, and their combined effort results in an

overall functional performance characterized by the catal-

ysis of different redox reactions and an overall conversion

of substrates into products. In our society we make use of

our knowledge on these microbial communities for

understanding and controlling of food fermentations, soil

conditioning, host–microbe interactions, and numerous

environmental engineering applications [1,2�,3,4].

Microbial communities are intrinsically more complicated

to investigate than single strains since they are composed

of two up to thousands of different types of microorgan-

isms. The functional performance – the sum of all con-

versions catalysed – of a microbial ecosystem therewith

depends on the combined activity of all these microorgan-

isms. There is a wide range of factors that determines the

complexity of microbial communities, but the most com-

monly described include (i) catalysis of sequential con-

versions (ii) the catalysis of parallel conversions, or (iii) the

existence of (redox) gradients resulting in specific space

dependent ecological niches and associated different

types of microorganisms (Figure 1). Additional complexity

arises from multi-way cross-feeding on a wide variety of

excreted metabolites [5], interspecies microbial fusion [6],

and dynamic properties of environmental ecosystems like

day-night rhythms [4], or other forms of competition and

cooperation. The enormous array of environmental con-

ditions in nature has facilitated the evolution of a tremen-

dous microbial diversity that has been found to inhabit

virtually all ecological niches on earth.

Microbial ecology research aims for relating functional

system dynamics to the changes in the molecular proper-

ties in the system. Changes in molecular properties may

occur at various levels and time scales: (i) changes in the

microbial community structure, (ii) changes in gene

expression in the system as reflected in the metatran-

scriptome and metaproteome, and (iii) direct changes in

fluxes due to metabolic flux control. A wide range of

experimental tools is currently available to transfer eco-

logical research questions to a laboratory experimental

system, and to analyse both the functional properties of

the ecosystem as well as its molecular properties.

The rapid development of experimental tools for con-

ducting research on microbial communities gives rise to

an intense discussion on how to approach research ques-

tions in the field of microbial ecology [2�,10,11,12��,13�].
www.sciencedirect.com
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Figure 1
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Schematic representation of microbial ecosystem complexity, arising from the activity of different types of microorganisms. The microbial nitrogen

cycle related examples shown are: redox gradient (+O2/�O2) driven autotrophic nitrogen conversions in a biofilm (left) [7], parallel nitrate reduction

to dinitrogen and ammonium (middle) [8], and sequential conversions in the two-step nitrification process (right) [9]. Size bars from left to right

indicate 100, 10, and 50 mm.
Here we have taken these considerations into account and

analysed the current status of the different aspects of

microbial ecology research. On the basis of this analysis

we propose a strategy to overcome the limitations

encountered in our current approach to microbial com-

munity research. The potential impact of this strategy is

discussed.

Microbial ecosystems in the laboratory
Research on microbial communities in natural and full-

scale engineered ecosystems is often complicated by

the troublesome functional characterization of the con-

versions occurring. For instance, the operation of full-

scale wastewater treatment plants cannot be changed

with the objective to see how it affects the process

performance and microbial community structure, since

it may compromise the treatment performance. Simi-

larly, the sampling and identification of substrate and

product fluxes in human microbiome studies are hard to

conduct, and human microbiome research therefore

strongly relies on molecular systems analysis using stool

samples and limited insight in the actual conversions

catalyzed is achieved. Overall it is in general undesir-

able or impossible to expose natural microbial ecosys-

tems to specific changes in environmental conditions

with the objective to investigate the impact on the

system.

To overcome the limitations of in-vivo research on micro-

bial ecosystems, microbial communities are transferred to

the laboratory and investigated at various levels of com-

plexity, ranging from direct measurements on environ-

mental microbial consortia, via mesocosms, and microbial

enrichment studies in bioreactors to eventually isolation

and characterization of key players from the ecosystem

under investigation [14–16]. Depending on the research

question at hand, choices are made on the required

degree of simplification of the ecosystem, taking into

account that the experimental resolution increases at

decreased system complexity.
www.sciencedirect.com 
Typically, the basic tool for mimicking specific environ-

mental conditions in the laboratory is the bioreactor,

ranging in complexity from simple batch bottles to

high-tech continuous bioreactors equipped with on-line

measuring facilities. In these bioreactors the functional

response of a microbial community can be analysed and,

when combined with appropriate molecular tools for

biomass characterization, related to the molecular

changes in the microbial community. Integration of these

experimental data allows for development of quantitative

system-based models for relating functional to molecular

changes. This integrated approach generates improved

knowledge and understanding of the system at hand, and

allows for identification of the impact of changes in

environmental conditions on the system. Eventually this

enables the understanding and prediction of changes in

the natural or man-made ecosystem the experiment aims

to mimic. A schematic representation of a typical

sequence of events in laboratory research on microbial

communities is shown in Figure 2.

In the next sections we will elaborate on the recent

developments in both functional and molecular charac-

terization of microbial communities in order to identify

fundamental shortcomings and opportunities.

Functional system characterization using
process dynamics and on-line measurements
Detailed functional characterization of microbial pro-

cesses concerns the identification and quantification of

redox reactions catalysed in a microbial ecosystem in

relation to the development of the biomass concentration

and composition. Measurement of these variables enables

the identification of biomass specific fluxes in relation to

the thermodynamic driving forces. One of the major

challenges in the identification of biomass specific fluxes

is the dependency of quantitative data on the microbial

community structure, which will be discussed in the next

section on microbial community analysis. Here we will

discuss the added value of developments in functional
Current Opinion in Biotechnology 2021, 67:158–165
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Figure 2
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Typical work flow for microbial community research: (1) a research question originating from any microbial ecosystem is translated to a laboratory

cultivation experiment (2), that allows for identification of the response of the microbial community to changes in environmental conditions (3), and

understanding of the molecular drivers responsible for the response observed (4).
characterization of microbial communities: (i) on-line rate

measurements, (ii) process dynamics, and (iii) uncoupling

of solid and liquid retention times:

1 On-line off-gas composition measurements combined

with the supply of an inert gas (e.g. dinitrogen or argon

gas) enables the identification of process rates at each

moment in time. This approach has been used to

identify different competitive strategies in pulse fed

aerobic bioreactors (Figure 3) [17,18]. Off-gas oxygen

concentration measurements enabled on-line oxygen

respiration rate measurements providing a detailed

insight in the process when linked to other on-line

measurements such as of the off-gas carbon dioxide

concentration and acid/base dosage rate for pH-control.
Current Opinion in Biotechnology 2021, 67:158–165 
In the example shown in Figure 3, the oxygen respira-

tion rates in three comparable systems was shown to be

significantly different, corresponding to clearly differ-

ent ecological strategies [18]. It is furthermore evident

that the information density obtained from the on-line

oxygen uptake rate measurements (Figure 3b) is sig-

nificantly higher compared to the off-line substrate

concentration measurements (Figure 3a).

The functional dynamics of a system during long term

cultivation studies can subsequently be analysed

through definition of key variables that can be identi-

fied from the online measurements for each operational

cycle. In the example shown in Figure 3 we used the (i)

length of the period of substrate presence, (ii) the

oxygen uptake before and after substrate depletion,
www.sciencedirect.com
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Figure 3
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Off-line acetate measurements (a) and on-line Oxygen Transfer Rate (OTR) profiles (b) in pulse fed aerobic bioreactors containing three different

enrichment cultures, as visible through microscopy imaging (c). Colored areas of the OTR profiles reflect the time external substrate (acetate) was

present. The acetate measurements show undistinguishable trends, whereas the OTR profiles allow characterization of a distinct metabolic

response in the different cultures.
and (iii) the increase in oxygen uptake rate during the

presence of substrate, as key variables for analysing the

development of the functional properties of the system

over a period of more than 100 generations [18].

2 The high information density of the on-line rate mea-

surements proposed in the previous paragraph only

holds true if some dynamics in operation of the process

are established. Continuous Stirred Tank Reactors

(CSTR) operated at a constant dilution rate are typi-

cally substrate limited, and even though the extent of

substrate limitation may vary, this will hardly be

reflected in the conversion rates observed. This means

that even though major changes in the actual stoichio-

metric and kinetic capacities of the microbial commu-

nity may occur, they cannot be identified from stan-

dards measurements. Hence, some form of operation

dynamics needs to be implemented in order to increase

the information density of the generated data. This can

be established in pulse fed experiments, as used in the

experiment described in the previous paragraph, or

through a periodic increase of the dilution rate, for

example. Combined with on-line rate measurements

the dependency of the fluxes in the process can be

identified as a function of the actual process conditions
www.sciencedirect.com 
during these pulses, and the long term functional

properties of the system can effectively be monitored

[19–21].

3 A third important aspect of current microbial commu-

nity cultivation methods is the possibility to uncouple

solid (biomass) and liquid retention times in the pro-

cess through application of a solid–liquid separating

membrane in the reactor outlet. Whereas in the past

solid retention in laboratory bioreactors was achieved

through periodic settling or through formation of bio-

films, solid liquid separating membranes provide a

more controlled method for solid retention in the

process. Membrane bioreactors enable experiments

at relatively low substrate and product concentrations

and low growth rates, but well measurable biomass

concentrations as often encountered in natural envir-

onments [22,23].

Microbial community structure and function
analysis
As described in the previous section, current methods

enable us to identify accurately the overall process stoi-

chiometry and rates in laboratory microbial ecosystems.

This includes the redox reactions catalysed as well as the
Current Opinion in Biotechnology 2021, 67:158–165
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total biomass produced in the process. One of the key

remaining challenges in functional characterisation of a

microbial community is related to the biomass composi-

tion in the process. In order to identify biomass specific

fluxes (so called q-rates, [24]) a quantitative description of

the microbial community structure in terms of functional

groups of microorganisms is required. Only when the

community structure is known and fluxes can be attrib-

uted to specific groups of microorganisms we can claim to

understand the system and investigate how specific

experimental variables affect both the conversions as well

as the microbial community.

The currently most widely applied method for identify-

ing the microbial community structure is based on high

throughput sequence analysis of the 16S ribosomal RNA

(rRNA) gene pool that is PCR-amplified from biomass

DNA. This method typically generates compositional

data, that is, information on the presence of specific

microbial taxa as well as their relative abundance in

the community. However, such compositional data do

not allow absolute quantification of the population sizes

of different microbial taxa. Furthermore, a number of

technical biases related to DNA-extraction efficiency,

PCR specificity, variations in copy numbers of the tar-

geted gene, and cell size have been identified. Conse-

quently, measured community structure data can be

orders of magnitude different from the actual microbial

community composition in terms of the actual distribu-

tion of protein or cell dry weight in a sample. The

quantitative representation of the community structure

(typically in bar-charts) can be misleading since it sug-

gests insight in the actual community structure, even

though the biases are such that this cannot be claimed

[25–28]. The key value of 16S rRNA gene amplicon

sequencing can be in the determination of the relative

changes in time in microbial community structure which

can be analysed adequately if experimental procedures

are consequently applied.

Modified experimental procedures such as the inclusion

of internal standards may contribute to absolute quantifi-

cation of the microbial community structure [29]. Com-

bination of amplicon sequencing data with more quanti-

tative methods like fluorescent in situ hybridization

(FISH, see Figure 1), quantitative real-time PCR or flow

cytometry has been proposed to obtain more community

structure data [30–33]. It should be noted, however, that

also these methods are not without bias, as has been

shown by comparing quantitative microbiome profiles

obtained by qPCR and flow cytometry [34]. Furthermore,

current metagenomic and/or metaproteomic methods are

potentially less biased than 16S rRNA gene amplicon

sequencing based microbial community structure analy-

sis, and together with metatranscriptomic analysis, these

methods provide additional insights in functional capacity
Current Opinion in Biotechnology 2021, 67:158–165 
and activity [2�,35�]. Overall, the quantitative coupling of

measurable fluxes to specific guilds of microorganisms

remains challenging.

Towards the integration of methods for
effective and quantitative research on
microbial communities
It is evident that microbial ecology research requires a

wide range of fields of expertise. Nevertheless, the his-

toric focus of research groups on the individual aspects of

microbial ecology has hampered the integration of the

available tools as required for increased understanding of

the microbial world. Furthermore, the financial implica-

tions of the infrastructure requirements for conducting

integrated research on microbial communities suggests

that effective cooperation is strictly necessary. Even

though the prices for sequencing dependent molecular

analysis of microbial communities have gone down rap-

idly, sample preparation and data processing still require a

considerable amount of human power and computer

power. Thus, in order to move microbial ecological

research beyond the state-of-the-art, major investments

are required.

Overall we have identified three key aspects that are

required to achieve more effective and quantitative

research on microbial communities:

1 Integration. Effective laboratory research on microbial

communities requires integration of the different fields

of expertise such as microbial physiology, molecular

ecology, bioprocess engineering, biochemistry, process

modelling, and bioinformatics. Depending on the

actual research question, a combination of the different

fields of research are required. In individual research

groups not all these fields of expertise are available,

imposing a direct need for collaboration. For example,

researchers working on detailed molecular characteri-

sation of microbial communities do not have the same

degree of expertise on functional characterisation of

microbial communities in the laboratory. The same

holds true vice versa. In order to focus on your own

field of expertise and the related research questions,

one would want to make sure that the other aspects are

dealt with in an optimized manner requiring a signifi-

cant degree of integration of research fields. In sum-

mary this suggests that effective collaboration and

making use of each other’s expertise is a prerequisite

for efficient research that facilitates effective focus on

the topic of interest and an effective search for answers

to the research questions asked.

2 Multiplication. A second limit of current research

infrastructure is the scale at which experiments can

be conducted. Laboratory scale bioreactor operation is

a time and resources consuming method for character-

ising microbial communities and analysis of their
www.sciencedirect.com
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response upon different cultivation conditions. Online

rate measurements as previously discussed can reduce

the effort required for conducting an experiment, but

typically researchers can operate no more than one or

two laboratory reactors at a time. This imposes a range

of limitations: (i) only one operational variation can be

investigated, (ii) no replicate runs are typically con-

ducted, and (iii) since multiple values for a specific

operational variable are investigated in sequence, the

starting point (i.e. the inoculum) of each experiment is

different. Therefore, in order to investigate the impact

of a specific operational variable one would want to

increase the number of bioreactors that are operated in

parallel, enabling the same starting point (inoculum) in

each bioreactor. Parallel operation of more (e.g. five to

ten) bioreactors combined with on-line rate measure-

ments enables (i) high-resolution investigation of the

effect of different operational variables on the system

development, (ii) inclusion of replicates, (iii) use of the

same inoculum (starting point) in all experiments, (iv)

and inclusion of comparative molecular analysis of the

development of microbial community composition and

functional properties in time.

3 Standardization. A final concern in the field of micro-

bial ecology research is the troublesome reproducibility

of experimental results and the limited accessibility of

experimental data. These aspects can to a large extent

be overcome by including standard protocols for (i)

definition of experimental setups and protocols, (ii)

data handling and storage, and (iii) adequate storage

of microbial communities established in experiments.

Integrated storage of both (raw and processed data of)

functional system properties (including media, etc.)

combined with molecular data, makes data directly

available for inter-experimental comparison, post-pro-

cessing of data, and (metabolic) modelling efforts.

These three main considerations form the basis of the

research infrastructure project entitled Unlock that was

granted by the Dutch Science Foundation (NWO) in the

spring of 2020 and that we will be implementing in the

coming years. Unlock consists of three experimental

laboratories and a common data platform for investigating

microbial communities at different levels of complexity:

� The modular bioreactor platform, for investigating the

most complex microbial communities in their environ-

ment. This lab includes specific elements like con-

structed wetlands, bioelectrochemical systems, and

bioreactors that can be operated at high temperatures

and pressures for mimicking extreme conditions micro-

bial ecosystems can be exposed to,

� The parallel cultivation platform, consisting of forty

identical lab-scale bioreactors equipped with state of

the art on-line analytical equipment for high-resolution

functional characterisation of microbial communities of
www.sciencedirect.com 
variable complexity upon their exposure to a variety of

operational conditions.

� The biodiscovery platform, consisting of microbioreac-

tor and microfluidics units for screening and character-

ising defined cocultures of microorganisms, and

suspended bead–based systems for single cell geno-

mics. Also a high throughput, largely automated bio-

mass sample processing unit will be implemented for

conducting a wide range of molecular analyses using

standardized approaches.

� The fair data platform, will concern an open source

scalable data storage and processing facility. The data

platform will be fair by design to maximize data reuse,

and focuses on data ownership, intellectual property

right while aiming for optimal public data availability

[36].

The objective of the Unlock research infrastructure is to

enhance the basic level of conducting integrated research

on microbial communities.

Conclusions
Microbial community research depends on the effective

integration of different fields of expertise. Traditionally,

research either emphasizes the development of func-

tional properties of microbial communities or focuses

on their molecular characterization and development.

Even though mostly some degree of integration of both

fields of expertise is established, the true integration of

state-of-the-art methods and expertise on functional sys-

tem characterization, molecular system characterization,

and derivatives thereof including process modelling can-

not be achieved within one single research project, nor by

one specific research group.

To overcome these limitations, we propose that micro-

bial ecology research should aim for integration of the

different research fields, multiplication for a scale

increase of the experimental facilities, and standardiza-

tion of the methodologies. We are aiming for integration

of experimental facilities for both functional and molec-

ular characterization of microbial communities and data

processing and storage. Herewith the objective is the

generation of high quality data in all aspects of micro-

bial ecology research as well as efficient management of

the data generated. Integration allows researchers to

focus on their key research questions and develop their

specific field of expertise, being comforted by the idea

that all other aspects of the research are dealt with by

specialists in the corresponding field. We have united

our forces in achieving these objectives by organizing

the research infrastructure entitled Unlock (www.

m-unlock.nl) that is designed to facilitate ground-break-

ing fundamental and applied research on microbial

communities and their use in a wide range of

applications.
Current Opinion in Biotechnology 2021, 67:158–165
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