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In natural microbial ecosystems the metabolic diversity of the

organisms enables interaction among the community

members and allows them to engage in syntrophic

interactions. With regard to biotechnology, artificial microbial

consortium engineering is used to improve productivities and

yields of bioprocesses. However, to achieve supreme

productivity or efficiency at industrial scale, defined

ecosystems must be physiologically well-selected to meet

eco-biotechnological demands. Here, we present an artificial

microbial consortia design and engineering pipeline for

developing dark fermentative biohydrogen production

processes. The proposed pipeline might be considered as a

blue-print for enhancing other bioprocesses that

fundamentally face metabolic restrictions or kinetic

limitations.
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Introduction
Microorganisms contributing with different functional

roles to biogeochemical cycles are vital for sustaining

Earth’s biosphere. In nature, microbes exist in dynami-

cally changing communities where they eco-physiologi-

cally engage in syntrophic interactions, forming func-

tional ecosystems. However, in biotechnological

applications microorganisms are frequently operated on

the basis of pure culture systems which defines, but at the

same time limits, the bioprocess operational space to the

physiological boundaries of an organism [1]. As an alter-

native, utilization of microbial consortia allows inclusion
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of strains as contributors for enhancing bio-production by

enabling eco-physiological functions and interactions

through efficient utilisation of unrefined substrates

[2,3], reducing by-product inhibition [4] and by perform-

ing eco-biotechnological optimization [5], to achieve high

productivity and/or yield [6,7��].

Bioprocesses that are operated with self-selecting micro-

biomes, where the eco-physiological role and metabolic

potential of individual microorganisms are not yet known

and consequently not yet controllable, face certain diffi-

culties. Some of the biggest challenges of using self-

selecting microbiomes are maintaining the production

beyond established metabolic and physiological bound-

aries for extended periods of time and promoting growth

of specific organisms by sustaining their nutritional

requirements [8]. Enriching specific phylogenetic groups

of microorganisms might accelerate substrate uptake in

self-selecting mixed culture applications. Moreover,

microorganisms have evolved to proliferate as rapidly

as possible, including to gain a maximum energy yield

from a certain substrate [9]. However, substrate or feed-

back inhibition [10–12] of generated by-products, which

are not necessarily intended products of a bioprocess,

might also affect the bioprocessing characteristics. Even

though the bioprocess parameters (e.g. pH, substrate

concentration, feeds) are controlled, the metabolic inter-

actions of microorganisms vastly remains an eco-physio-

logical ‘black box’, and these unidentified interactions

within the community limit streamlining the self-select-

ing mixed microbial ecosystem with regard to high pro-

ductivities and yields for achieving superior productivity

at an industrial scale [13].

Artificial microbial consortium (AMC) design and engi-

neering has become an important avenue in biotechnol-

ogy [14�]. As such, an AMC is regarded as part of the

solution to debottleneck inherent physiological limita-

tions of microbes of current bioprocesses that are operated

with wild-type, metabolically engineered pure cultures,

or self-selecting microbiomes [15]. AMC engineering can

be considered as a sister approach to metabolic engineer-

ing [16]. It allows to broaden the pathway spectrum by

integrating the metabolic capabilities of physiologically

different species. Assuming that microbial pathways

(including regulatory mechanisms etc.) are optimized

within each organism, this AMC engineering possesses

the potential to be more successful than squeezing

desired pathways into a single microorganism. However,
www.sciencedirect.com
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an AMC engineering approach at optimum culture con-

ditions of only one of the consortium members, which

employs biotechnologically not well-characterized organ-

isms, does not imply that the full potential for bio-pro-

duction will be unleashed. Hence, AMC members must

be physiologically well-selected to meet eco-biotechno-

logical demands.

It has been suggested that for achieving higher produc-

tion rates with an AMC approach, further engineering of

the consortium should include regulation of the growth of

the individual consortium members [17]. It has been also

reported that the initial inoculation ratio needs to be

considered as a key experimental parameter, since it

has a vital impact on community structure, production

and microbial interaction, and regulates the function of

the consortium by inducing the desired properties

[7��,18]. Therefore, a precision design strategy of an

AMC should be employed to accomplish high efficiency

and productivity in the targeted bioprocess. Here, we

discuss a knowledge-based precision design strategy and

show how an AMC engineering approach could be

applied in the case of biohydrogen production.

Molecular hydrogen (H2) holds great potential for gener-

ating sustainable energy at large scale and is regarded as a

clean energy carrier of the future. Among the biohydro-

gen production methods, dark fermentative H2 produc-

tion (DFHP) has specific advantages over other produc-

tion routes, such as high rate of cell growth, non-

requirement of light energy, higher H2 evolution rate

(HER) [7��,19�,20]. However, a low yield of H2 per

consumed substrate (Y(H2/S)) is imminent to using pure

cultures or self-selecting microbiomes. Theoretically,

DFHP is constrained to a maximum of 4 mol H2 produced

per one mol of glucose consumed when acetate is pro-

duced as a by-product [21]. This limitation constrains

DFHP microorganisms in wild-type pure culture organ-

isms and in self-selecting microbiomes. H2 producing

community structures were mainly explored in relation
Figure 1

Exemplary results of meta-data analysis for physiology-based selection of m

multivariate bioprocess space where they exhibit high qH2, Y(H2/S) and/or H
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to specific processes such as maintenance of anoxic con-

ditions (e.g. Klebsiella spp.) [22], substrate hydrolysis (e.g.

Bifidobacterium spp.) [23], and inhibition of DFHP (e.g.

Lactobacillus spp.) [24]. However, a lack of attention to the

eco-biotechnological perspective could be considered as

the main limiting factor for an advancement establishing

H2-producing microbial consortia with superior Y(H2/S) or

HER [6,7��]. To overcome these bottlenecks, under-

standing consortia functioning with respect to optimized

performance and further eco-biotechnological aspects

have to be investigated, as well as potential interactions

among the microbes and systemic properties of their

organization should be examined [25].

Design and engineering pipeline for
developing DFHP bioprocesses
Before constructing an AMC of H2 producing organisms,

the industrial frame and requirements have to be consid-

ered. This frame and the needs shape the selection of

microorganisms and this renders the bioprocessing con-

ditions. The bioprocess conditions and the matching

microorganisms are interdependent; accordingly, the

selection stage might not be straightforward due to spe-

cific industrial requirements. Therefore, the selection of

microorganisms must occur according to their bioprocess

space, also referred to as ecological niche. Furthermore,

the eco-biotechnological conditions (bioprocess parame-

ters) for cultivating the individual pure cultures are key to

engineering a synthetic consortium that exhibits high

specific productivity (qH2), Y(H2/S) and/or HER (Figure 1).

Hence, the individual bioprocess conditions need to be

aligned to the multivariate ecological niches of the

microbes.

Knowledge-based physiological selection of
microorganisms
Meta-data-analysis and subsequent multivariate statisti-

cal modelling of physiological properties of pure DFHP

cultures are considered cornerstones that lead to the

success of subsequent design and engineering of an
Current Opinion in Biotechnology

icroorganisms. The selection can be performed according to their

ER.
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Example of overlapping ecological niches for subsequent mutual

medium design in a multivariate bioprocess space with the essential

nutritional compounds (factors) of each of the members of the AMC.
AMC [19�,26,27,28�]. With regard to self-selecting mixed

culture DFHP, bioreactor operational conditions and the

microbial composition of such consortia were analysed.

The performance and stability of bioreactors containing

self-selecting mixed microbial cultures and the species-

level information for increasing Y(H2/S) were investigated.

Moreover, the co-dependency between operational con-

ditions, community structure and bioreactor functioning

were examined, too. It is concluded that ecological and

evolutionary process has to be considered to design high

Y(H2/S) and long-term stable consortia [29]. This top-down

approach is in contrast to a bottom-up approach that we

recently employed [19�]. However, we anticipated that

special emphasis should be given to pure cultures in order

to overcome physiological restrictions of self-selecting

mixed microbial consortia. Therefore, an in-depth

meta-data analysis, statistics, and modelling of DFHP

was performed before starting the artificial eco-system

design, serving as a knowledge basis to reveal the biopro-

cess conditions on different taxonomic levels and to

unambiguously report qH2,Y(H2/S) and HER, of pure

cultures [19�]. It must be noted that the major limiting

factor for a successful meta-data analysis is the lack of

information on qH2, Y(H2/S) and HER for DFHP non-

model organisms. Through this approach, the link

between microbial physiology, eco-physiology and eco-

biotechnology of DFHP could be subsequently formed.

Hence, a meta-data analysis of DFHP provides models

for the input parameters (eco-physiological perquisites) of

selected organisms and renders the multivariate param-

eters space for the next stage of the pipeline.

Eco-physiological design of AMC
The next step on the avenue to engineer an AMC is to

individually examine the multivariate parameter space in

which the microorganisms exhibit a superior Y(H2/S) and

HER and accordingly, to match the ecological niches of the

individual microorganisms in which they exhibit optimum

performance. To achieve that, investigating the effect of

process key parameters (e.g. substrate concentration,

medium compositions) on growth and gas production, as

well as defining a mutual medium for the members of the

consortium are important eco-physiological factors [7��]. It

must be noted that meta-data analysis can identify the most

promising organisms. However, that does not necessarily

mean that the identified organisms perform best under

cultivation conditions, which apply any non-optimized

system. Therefore, parallel medium screening and multi-

variate-nutritional requirement analyses approaches may

be beneficial for medium and/or strain prioritization [30].

The initial substrate concentration and the essential nutri-

tional compounds of each of themembers of theconsortium

have to be considered to prevent substrate limitation and/or

inhibition of DFHP as well as to provide an optimum

multivariate ecological niche (e.g. pH, temperature, salt

concentration, trace elements, co-substrates, by-products)

that accommodate the target organisms (Figure 2). The
Current Opinion in Biotechnology 2022, 73:74–80 
syntrophic relationships within the AMC defines the

DFHP efficiency [31], and the medium composition effect

substrate uptake and production kinetics. Thus, this stage

is crucial since it would allow high level process control and

provide an essential eco-physiological outcome with regard

to the syntrophic characteristics of the consortium mem-

bers. The effect of initial substrate concentration on AMC

has been investigated by creating statistical models. Based

onthemodels,mediumcomposition was altered to improve

DFHP [32,33]. However, the essential nutritional com-

pounds for each of the mono-cultures were a priori not

individually identified. Hence, previous AMC studies

unfortunately overlooked the necessity of an eco-physio-

logical design stage as well as optimization of the mutual

medium.

To be able to improve the DFHP, two major community

function-determining parameters, initial substrate con-

centration and design of a mutual medium, should be

individually and syntrophically investigated. Multivariate

statistical design and optimization is regarded as the

method of choice to match the multivariate ecological

niches of the organisms in a straightforward way. In an

AMC design and engineering study using Enterobacter
aerogenes and Clostridium acetobutylicum, optimization of

initial substrate concentration and design of a mutual

medium where performed with the goal to attain the

highest level of gas production occurred during growth of
www.sciencedirect.com
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Table 1

Y(H2/S) values of AMC grown on glucose in complex medium

Microorganisms Y(H2/S)/mol mol�1 Temperature / �C pH Cultivation condition Reference

Ruminococcus albus
3.91 6.8 Continuous [45]Wolinella succinogenes

Caldicellulosiruptor saccharolyticus
3.7 70 6.7 Continuous [36]Caldicellulosiruptor kristjanssonii

Clostridium sp.
0.8 60 6 Continuous [46]Thermoanaerobacterium sp.

Klebsiella pneumoniae
2.07 37 6.5 Batch [47]Citrobacter freundii

Clostridium butyricum
2.12 30 5.3 Batch [48]Clostridium pasteurianum

Caldicellulosiruptor saccharolyticus
4.42 70 6.5 Continuous [44�]Caldicellulosiruptor owensensis

Thermatoga neapolitana
2.8 75 7.0 Closed batch [49]Caldicellulosiruptor saccharolyticus

Clostridium beijerinckii
2.00 37 Closed batch [50]Clostridium saccharoperbutylacetonicum

Enterobacter cloacae
3.00 37 7.0 Batch [38��]Bacillus cereus

Escherichia coli
1.65 37 Closed batch [40]Clostridium butyricum

Enterobacter aerogenes
5.6 37 6.8 Closed batch [7��]Clostridium acetobutyricum
each strains individually [7��]. This design-based stage of

the pipeline reveals the eco-physiological requirements

for improving DFHP performance of the individual

players in the community, and defines the required

adjustments for a mutual environment.

Eco-biotechnological engineering of AMC
The last stage of the pipeline involves the AMC assembly,

where the physiological, and eco-physiological prerequi-

sites are integrated. Additional major community function-

determining parameters with regard to AMC design and

engineering are the ratio and the activity of initial cell

densities of the community members. The ratio and activ-

ity of microorganism’s impact Y(H2/S) and qH2 of the indi-

vidual community members due to substrate uptake,

growth and production kinetics. It has been reported that

the initial inoculation ratio of an AMC regulates the inter-

actions between the microorganisms and metabolic capac-

ity [34], and might have a major impact on improvement of

DFHP [7��,31,35]. The majority of AMC studies were

conducted with equal initial cell concentrations (1:2 ratio).

Moreover, several studies reported that the lag phase of

microorganisms become shortened and Y(H2/S) improved,

compared to individual members alone under the same

conditions, which was already pointing to a synergistic

effect of the consortium [36,37,38��,39–41]. The effect of

different inoculum ratios on DFHP has also been investi-

gated [35,42,43], which concluded the activity and ratio of

organisms in a consortium must be adjusted to reach higher

efficiency. In this regard, a co-culture of Clostridium thermo-
palmarium and Clostridium thermocellum (0.05:1.05) pro-

vided an increase of DFHP in comparison to a pure culture
www.sciencedirect.com 
of C. thermocellum on cellulose [42]. In conclusion, there are

several studies that targeted modifying the activity and

ratio of organisms resulting in an improvement of DFHP —

however, the individual findings yet remained

unconnected.

According to the meta-data of continuous culture pure

culture DFHP, the best performing microbial families

regardless of substrate type and cultivation conditions

that we know to date are in the following order: Thermo-

coccaceae, Clostridiaceae, Thermoanaerobacteriales

Family III (IS), Ruminococcaceae, and Enterobacteria-

ceae [19�]. As shown in Table 1, the highest reported

Y(H2/S) of an AMC study was 4.42 mol mol�1 on glucose,

which was not the sole carbon source due to the usage of a

complex medium, using a consortium containing Caldi-
cellulosiruptor saccharolyticus and Caldicellulosiruptor owen-
sensis from the Thermoanaerobacteriales Family III [44�].
However, an AMC of E. aerogenes and C. acetobutylicum
with an inoculum ratio of 1:10 000 resulted a Y(H2/S) of

5.58 mol mol�1 in a glucose-containing chemically

defined medium — a Y(H2/S) 40% higher than the Thauer

limit. This might be due to a reduction in the excretion of

ethanol and an increase in production of acetic acid and

formic acid. The mono-culture of E. aerogenes shifts the

metabolism from acid production to non-acid production

below a pH of 5.8, which results in a decrease of H2

production. However, the AMC is able to produce H2 due

to the activity of C. acetobutylicum at a pH range of 5.5 to

4.5. Moreover, H2 production commences earlier in the

AMC, and it exhibits a higher HER when a parallel

exponential growth phase occurs. Eventually, the AMC
Current Opinion in Biotechnology 2022, 73:74–80
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Figure 3
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Overview of the proposed pipeline for AMC design and engineering. The pipeline starts with meta-data analysis of microbial physiologies for

selection of microorganisms (left). Then medium screening and mutual medium design and optimization in the eco-physiological section may be

performed. Thereafter, the eco-biotechnological characteristics of the culture should be examined and optimized. Finally, the scale-up and

engineering may be performed.
displays a 6.6-fold higher Y(H2/S) compared to the mono-

cultures and shows improved H2 production kinetics

compared to any system reported to date [7��].

Concluding remarks and outlook
� The proposed design and engineering pipeline (Fig-

ure 3), starting with a meta-data analysis of known

DFHP physiologies to AMC engineering could be

considered as a blueprint for improving other biopro-

cesses that inherently face metabolic restrictions or

kinetic limitations.

� Knowledge-based strain selection and eco-physiologi-

cal design of AMC streamlines subsequent multivariate

eco-biotechnological optimization with regard to syn-

trophic performance characteristics of AMC.

� Identification of scale-up criteria and parameters in

batch cultivation mode and long-term bioprocess sta-

bility of AMC in continuous culture are urgently

required, as only few results from these key steps of

bioprocess development are yet available.

� Further improvement of DFHP might be achieved by

selecting microorganisms which exhibit higher qH2
Current Opinion in Biotechnology 2022, 73:74–80 
and Y(H2/S) (e.g. Thermococcaceae) keeping in mind

that the high biomass concentrations are needed for

attaining a high HER.

� Considering that Thermococcaceae were identified as

the superior phylogenetic group for DFHP during the

physiological assessment, this group of archaea could

be of relevance for establishing AMC in the frame of

Archaea Biotechnology.
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