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Microbial Communities
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High industrial and medical 
relevance

Scientific frontier with a 
multitude of open questions

Does community stability 
relate to diversity?

What are the key interactions 
in microbial communities?

What is the function (if any) in a 
given microbial community?

What is the relation between 
ecological and evolutionary processes?

How can we explain diversity 
in microbial communities?
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Anaerobic Digestion (AD)

Schink B Microbiol Mol Biol Rev 61:2 (1997)

heterogeneous biofilms and granules, enhances the metabolic interactions in a BMC10,11, and that 
diversity and redundancy increase BMC stability and 
performance12. Neither of these proposals is 
convincingly proven.  
 It has been argued that synthetic design of  
novel communities or manipulation of existing ones can 
be utilised to address some of the above questions2 
and to rationally engineer complex and relevant 
functions4. The latter view  underpins a new  wave of 
synthetic biology research, which has already resulted 
in the engineering of  “toy communities” with specific 
population dynamics6,7. While not driven by either an 
ecological or synthetic biology agenda, other studies 
defined several co- and tri-cultures capable of 
degradation of organic compounds into methane13-17. 
The most recent of  these used metabolic models to 
study a specific co-culture18, and subsequently showed 
that this minimal synthetic community is capable of 
converting lactate into methane19. Currently it 
remains unknown how much the complexity of 
such simple communities can be extended (e.g. by 
increasing species numbers) to achieve an 
increase in the range of substrates they can digest 
and their biomethane productivity.

2.Preliminary work leading up to this proposal
In recent published and unpublished studies, we have 
been developing a better understanding of stability and 

function in microbial communities and how  these are affected by the evolutionary process. Here, 
we summarise key findings and insights from these studies which are relevant for this proposal.  

2.1. Species composition and diversity of BMCs can vary over time and with bioreactor 
conditions. Different studies have shown that diversity and composition of  species in a BMC can 
be stable or temporally varying, with seemingly no effect on performance. For example, amplified 
ribosomal DNA restriction analysis of species abundance identified temporal variation in both 
archaea and bacteria populations in otherwise stable reactors20. Similar results were obtained from 
a two-year monitoring of an anaerobic reactor fed with wine distillation waste21. However, other 
studies on communities from reactors treating wastewater and dairy waste, indicated stable 
communities despite changes in process parameters such as feed composition22,23. Process 
parameters, in particular stirring, acidity and temperature, are all shown to alter composition and 
diversity in a BMC24-27. In a recent study, we analysed the effects of a large number of  different 
operating parameters on the microbial diversity and performance of BMCs using laboratory-scale 
activated sludge reactors. This analysis failed to identify clear patterns between changes in such 
parameters, microbial diversity and performance28. It is possible that these disparate findings arise 
because composition and diversity in microbial communities is driven by neutral processes such as 
stochastic population dynamics and random immigration29 (e.g. species incorporation via feed). 
We do not know which selective pressures (i.e. operation conditions) can override such 
neutral  processes to drive the adaptation of BMCs, and how the resulting community would 
look like. We will address these open questions in our research programme.  

2.2. Microbial community properties can be improved through artificial selection (i.e. 
directed evolution). Directed evolution of communities works30. The basic design of such 
experiments is simple: replicate communities are established, and the communities with the 
highest value of  a particular phenotypic trait are used to seed new  communities.  By repeating this 
procedure, it has been possible to select microbial soil communities that support higher plant 
biomass31 and have improved performance in the breakdown of the pollutant 3-chloraniline32.  
While an effective method, it is unclear what was actually selected for in these studies. The most 
parsimonious explanation is that the communities with the most desirable function simply 
contained a higher frequency of a particular microbial species responsible for that function. It is 
also possible that selection favoured particular combinations of  species that produce the desired 
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Figure 1. Schematic of the multistep 
degradation of  organic material in 
methanogenic ecosystems. Each 
step is carried out by a specific 
functional group of  micro-organisms 
(also known as guilds). 

A Functional/Tractable Microbial Community?
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Decipher complex, natural systems 
to identify general trends

Engineer minimal systems to learn about 
biochemical basis of communities
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? Insights and Applications ?

Our Approach

TOP-DOWN

BOTTOM-UP



‘Top-down’ insights from 
natural and AD communities



Communities are different 
but not

Work led by Angus Buckling et al

Degradation performance, ie 
biogas production differs 
among communities from AD 
reactors vs. natural
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biogas production) converges 
upon adaptation to same 
feedstock 



Communities’ mixtures are dominated by top performing community
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www.anaerodynamics.com

• Weekly samples over a year 

• 16s (V4 region) for bacteria 
and archea

Offshoot: Temporal analysis of industrial AD reactors 

In collaboration 
with Chris Quince & 
Sebastien Raguideau

• Metagenomics 

• Metadata on methane, pH, and 
(in some cases) feed. Coverage 
could have been better! :(

http://www.anaerodynamics.com


The most comprehensive AD sequencing?
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Reactor microbiomes are different, 
possibly correlating with their 
‘food’ source

Communities are entities?

unpublished results



Reactor microbiomes are different, 
possibly correlating with their 
‘food’ source

Microbiome composition 
changes over time, but how 
significant is this?
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Is there hope for predictive models?! 

Correlations exists between 
meta-data and microbiome 
at OTU-level 

AD07:

AD12:

unpublished results



This might allow ‘learning’ 
models that can predict 
methane production

Most informative features:

Feature Weight
Thermotogae 158

WS1 120

Fibrobacteres 108

WWE1 -407

Is there hope for predictive models?! 

Correlations exists between 
meta-data and microbiome 
at OTU-level 

AD07:

AD12:

unpublished results



For mapping of sequences 
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What about biological insights?
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heterogeneous biofilms and granules, enhances the metabolic interactions in a BMC10,11, and that 
diversity and redundancy increase BMC stability and 
performance12. Neither of these proposals is 
convincingly proven.  
 It has been argued that synthetic design of  
novel communities or manipulation of existing ones can 
be utilised to address some of the above questions2 
and to rationally engineer complex and relevant 
functions4. The latter view  underpins a new  wave of 
synthetic biology research, which has already resulted 
in the engineering of  “toy communities” with specific 
population dynamics6,7. While not driven by either an 
ecological or synthetic biology agenda, other studies 
defined several co- and tri-cultures capable of 
degradation of organic compounds into methane13-17. 
The most recent of  these used metabolic models to 
study a specific co-culture18, and subsequently showed 
that this minimal synthetic community is capable of 
converting lactate into methane19. Currently it 
remains unknown how much the complexity of 
such simple communities can be extended (e.g. by 
increasing species numbers) to achieve an 
increase in the range of substrates they can digest 
and their biomethane productivity.

2.Preliminary work leading up to this proposal
In recent published and unpublished studies, we have 
been developing a better understanding of stability and 

function in microbial communities and how  these are affected by the evolutionary process. Here, 
we summarise key findings and insights from these studies which are relevant for this proposal.  

2.1. Species composition and diversity of BMCs can vary over time and with bioreactor 
conditions. Different studies have shown that diversity and composition of  species in a BMC can 
be stable or temporally varying, with seemingly no effect on performance. For example, amplified 
ribosomal DNA restriction analysis of species abundance identified temporal variation in both 
archaea and bacteria populations in otherwise stable reactors20. Similar results were obtained from 
a two-year monitoring of an anaerobic reactor fed with wine distillation waste21. However, other 
studies on communities from reactors treating wastewater and dairy waste, indicated stable 
communities despite changes in process parameters such as feed composition22,23. Process 
parameters, in particular stirring, acidity and temperature, are all shown to alter composition and 
diversity in a BMC24-27. In a recent study, we analysed the effects of a large number of  different 
operating parameters on the microbial diversity and performance of BMCs using laboratory-scale 
activated sludge reactors. This analysis failed to identify clear patterns between changes in such 
parameters, microbial diversity and performance28. It is possible that these disparate findings arise 
because composition and diversity in microbial communities is driven by neutral processes such as 
stochastic population dynamics and random immigration29 (e.g. species incorporation via feed). 
We do not know which selective pressures (i.e. operation conditions) can override such 
neutral  processes to drive the adaptation of BMCs, and how the resulting community would 
look like. We will address these open questions in our research programme.  

2.2. Microbial community properties can be improved through artificial selection (i.e. 
directed evolution). Directed evolution of communities works30. The basic design of such 
experiments is simple: replicate communities are established, and the communities with the 
highest value of  a particular phenotypic trait are used to seed new  communities.  By repeating this 
procedure, it has been possible to select microbial soil communities that support higher plant 
biomass31 and have improved performance in the breakdown of the pollutant 3-chloraniline32.  
While an effective method, it is unclear what was actually selected for in these studies. The most 
parsimonious explanation is that the communities with the most desirable function simply 
contained a higher frequency of a particular microbial species responsible for that function. It is 
also possible that selection favoured particular combinations of  species that produce the desired 
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Figure 1. Schematic of the multistep 
degradation of  organic material in 
methanogenic ecosystems. Each 
step is carried out by a specific 
functional group of  micro-organisms 
(also known as guilds). 

Community/
Sequences Biochemical Functions

OTUs

Classifiers for specific functions. 
Currently, based on Faprotax1. 
More physiological data please!!!

1 Louca et al. Science 353:1272-1277 (2016)



‘Top-down insights’ from AD communities

Microbiome composition/diversity differs across communities 
and determines community function (methane production), at 
least initially(!), but adaptation to feedstock occurs

Mixing of communities leads to (sorting of?) 
best performing communities

Temporal sequencing of communities and associated metadata 
might allow predictive models and functional understanding at 
community level

=> interactions within communities are important and 
perhaps optimised through co-adaptations



‘Bottom-up’ insights from 
‘synthetic’ communities
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Syntrophy

Metabolic Cycles

Auxotrophy 

design principles
??

functional 
systems

modules

Create/engineer synthetic communities to 
learn about biochemical basis of communities

? Insights and Applications ?

BOTTOM-UP

Grosskopf & Soyer, Curr. Op. Biotech (2014)



heterogeneous biofilms and granules, enhances the metabolic interactions in a BMC10,11, and that 
diversity and redundancy increase BMC stability and 
performance12. Neither of these proposals is 
convincingly proven.  
 It has been argued that synthetic design of  
novel communities or manipulation of existing ones can 
be utilised to address some of the above questions2 
and to rationally engineer complex and relevant 
functions4. The latter view  underpins a new  wave of 
synthetic biology research, which has already resulted 
in the engineering of  “toy communities” with specific 
population dynamics6,7. While not driven by either an 
ecological or synthetic biology agenda, other studies 
defined several co- and tri-cultures capable of 
degradation of organic compounds into methane13-17. 
The most recent of  these used metabolic models to 
study a specific co-culture18, and subsequently showed 
that this minimal synthetic community is capable of 
converting lactate into methane19. Currently it 
remains unknown how much the complexity of 
such simple communities can be extended (e.g. by 
increasing species numbers) to achieve an 
increase in the range of substrates they can digest 
and their biomethane productivity.

2.Preliminary work leading up to this proposal
In recent published and unpublished studies, we have 
been developing a better understanding of stability and 

function in microbial communities and how  these are affected by the evolutionary process. Here, 
we summarise key findings and insights from these studies which are relevant for this proposal.  

2.1. Species composition and diversity of BMCs can vary over time and with bioreactor 
conditions. Different studies have shown that diversity and composition of  species in a BMC can 
be stable or temporally varying, with seemingly no effect on performance. For example, amplified 
ribosomal DNA restriction analysis of species abundance identified temporal variation in both 
archaea and bacteria populations in otherwise stable reactors20. Similar results were obtained from 
a two-year monitoring of an anaerobic reactor fed with wine distillation waste21. However, other 
studies on communities from reactors treating wastewater and dairy waste, indicated stable 
communities despite changes in process parameters such as feed composition22,23. Process 
parameters, in particular stirring, acidity and temperature, are all shown to alter composition and 
diversity in a BMC24-27. In a recent study, we analysed the effects of a large number of  different 
operating parameters on the microbial diversity and performance of BMCs using laboratory-scale 
activated sludge reactors. This analysis failed to identify clear patterns between changes in such 
parameters, microbial diversity and performance28. It is possible that these disparate findings arise 
because composition and diversity in microbial communities is driven by neutral processes such as 
stochastic population dynamics and random immigration29 (e.g. species incorporation via feed). 
We do not know which selective pressures (i.e. operation conditions) can override such 
neutral  processes to drive the adaptation of BMCs, and how the resulting community would 
look like. We will address these open questions in our research programme.  

2.2. Microbial community properties can be improved through artificial selection (i.e. 
directed evolution). Directed evolution of communities works30. The basic design of such 
experiments is simple: replicate communities are established, and the communities with the 
highest value of  a particular phenotypic trait are used to seed new  communities.  By repeating this 
procedure, it has been possible to select microbial soil communities that support higher plant 
biomass31 and have improved performance in the breakdown of the pollutant 3-chloraniline32.  
While an effective method, it is unclear what was actually selected for in these studies. The most 
parsimonious explanation is that the communities with the most desirable function simply 
contained a higher frequency of a particular microbial species responsible for that function. It is 
also possible that selection favoured particular combinations of  species that produce the desired 
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Figure 1. Schematic of the multistep 
degradation of  organic material in 
methanogenic ecosystems. Each 
step is carried out by a specific 
functional group of  micro-organisms 
(also known as guilds). 
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where ECox is the oxidized electron carrier and ECred is the
reduced electron carrier. Reverse electron flow is thought to be
necessary to sustain lactate oxidation to pyruvate during respi-
ratory growth (42). This cost is also reflected by the lower
biomass yield on lactate than on pyruvate for either growth
modality (Table 2), as previously observed for D. vulgaris
Hildenborough paired with a different methanogen (44). Since
syntrophic growth on lactate provides considerably less energy
than the energy that is available through respiration, we antic-
ipated mechanistic differences in electron transfer reactions
governing the initial two-electron oxidation of lactate.

These mechanistic differences were further suggested by the
global upregulation of genes associated with energy conserva-
tion and electron transfer during syntrophic growth. Upregu-
lation of genes in a predicted operon coding for lactate uptake
and oxidation suggested that the immediate fates of electrons
derived from lactate oxidation differ for syntrophic growth and
respiratory growth. Notably, the lactate dehydrogenase is ho-
mologous to a membrane-bound glycolate oxidase in E. coli
that is directly coupled to the electron transport chain (20, 26,
34). Additionally, the coo genes are upregulated and encode a
protein homologous to those found in other Bacteria and Ar-

chaea that function as proton (or sodium)-translocating hydro-
genases (8, 16, 22, 35), strongly suggesting that they have a
similar electrogenic role in Desulfovibrio. Another highly up-
regulated transmembrane protein (Hmc) likely shuttles elec-
trons from the cytoplasm to and from soluble periplasmic car-
riers, such as cytochrome c3 (28, 33), thus providing a possible
link between cytoplasmic oxidation and periplasmic hydroge-
nases. There is no evidence that Hmc has a function in direct
proton translocation.

Strains with mutations in a subset of the upregulated genes
were used to confirm that there was direct involvement in
syntrophy. The growth phenotype of the !cooL mutant is of
particular significance for the proposed mechanism of syntro-
phic growth. This mutant affected only the lactate-grown co-
culture, and it had no effect on respiratory growth with either
lactate or pyruvate and no significant effect on the pyruvate-
grown coculture. As shown by the model in Fig. 3 and equa-
tions 6 and 7, electrons derived from the oxidation of lactate
may be shuttled via an undefined electron carrier (likely the
quinone pool) to the Coo hydrogenase. The combined reaction
(equation 8) is favorable only at very low concentrations of H2

and pyruvate. Continuous consumption of these compounds

FIG. 3. Proposed metabolic model for syntrophic growth of D. vulgaris Hildenborough. Colors indicate transcriptional changes in individual
genes during coculture growth compared with a sulfate-limited monoculture. The lactate permease is encoded by DVU3026. Abbreviations: Ldh,
lactate dehydrogenase (likely DVU3027); ECred and ECox, reduced and oxidized unknown electron carrier interacting with Ldh, respectively; Por,
pyruvate:ferredoxin oxidoreductase (DVU3025); Pta, phosphate acetyltransferase (DVU3029); Ack, acetate kinase (DVU3030); Aor, aldehyde:
ferredoxin oxidoreductase (DVU1179); Adh, alcohol dehydrogenase (DVU2405); Hdr, putative heterodisulfide reductase (DVU2399 to
DVU2404); Fdred and Fdox, reduced and oxidized ferredoxin, respectively; Coo, cytoplasmic hydrogenase (DVU2286 to DVU2293); Hmc,
high-molecular-weight cytochrome complex (DVU0531 to DVU0536); Hyn1, [Ni-Fe] hydrogenase isozyme 1 (DVU1921 and DVU1922); Hyd,
[Fe] hydrogenase (DVU1769 and DVU1770); CoA, coenzyme A. The red box indicates unique lactate oxidation enzymes that function during
syntrophic growth. The orange box indicates the proposed hypothetical pathway for ethanol production (via hydrogen consumption).
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Investing (membrane potential ?) into H2 production - an evolutionary 
insurance policy?

‘Syntrophic isolate’ produces more H2, enabling 
establishment of interaction with methanogen

selenocysteine residue with serine in the cooK gene
product, with direct effect on enzyme kinetics or
reduction potential of the catalyzed proton reduction,
as seen in some hydrogenases (Arnér, 2010; Gutiérrez-
Sánchez et al., 2010). A sequence analysis shows that
many SRBs contain a homolog of the CooK subunit
and carry a conserved cysteine residue in the identified
loci (Supplementary File 2).

Physiology of DvH-s is in line with the expectations of
the thermodynamic model
A key testable prediction stemming from the thermo-
dynamic model is that DvH-s (as well as DvH-ns 1
and 2) clones should produce more hydrogen under
sulfate-limited conditions. We verified this predic-
tion by inoculating all 10 sequenced clones on a
lactate minimal medium without sulfate, and with
50% and 100% of the sulfate needed to degrade all
available lactate via the sulfate pathway (see Materi-
als and methods). We found that all DvH-s clones, as
well as DvH-ns 1 and 2 clones, produce significant
hydrogen above background levels in the absence of
sulfate or at 50% sulfate (P⩽ 0.01, two-tailed t-test),
while DvH-ns 3, 4 and 5 clones only produce
hydrogen significantly above background levels at
50% sulfate (P⩽ 0.05, two-tailed t-test) (Figure 5).
The cumulative hydrogen pressure achieved by the
former clones over the course of 7 days, in the
absence of sulfate and at stationary state is ~ 300 Pa,
well above the pressure needed to sustain Mm

growth. This explains the ability of the DvH-s clones
to engage in syntrophy with Mm.

A second prediction stemming from the thermo-
dynamic model discussed above is that hydrogen
production of syntrophic DvH-s clones should be
affected by modifications in the ion content of the
media. The observed cumulative hydrogen pres-
sure of ~ 300Pa from DvH-s clones shows that
indeed there is an energy investment into the
lactate oxidation within this genotype. Dependent
on physiological equilibrium concentrations of
lactate, pyruvate and the magnitude of the ion
gradient across the membrane, this investment
could be achieved by Coo translocating as low as
1 H+/Na+ per hydrogen produced (in Figure 4 we
show that this investment needs to be
~ − 23 kJ mol − 1, which under standard conditions
equates to translating 2 single charged ions over a
100-fold ion gradient per hydrogen produced). At
any rate, changing the Na+ concentration in the
media should affect the membrane ion gradient,
and thereby the level of energy investment and the
steady-state hydrogen pressure. To test this, we
transferred triplicates of DvH-s and DvH-ns cul-
tures into Na-buffer at different Na+ concentrations,
and after 6 days we measured the equilibrium
hydrogen pressure. Although these cultures did not
show any detectable growth, the DvH-s clones
produced consistently more hydrogen than the
DvH-ns clones, and such production increased
with increasing Na+ concentration up to a threshold
high concentration (Figure 6). The low hydrogen

Figure 5 OD600 (a and b, thick lines are mean of five thin lines) and cumulative hydrogen pressure (c and d) after 168 h of incubation for
isolated DvH-ns (a and c) and DvH-s (b and d) clones. Cultures were grown on CCM containing 30 mM lactate and varying amounts of
SO4

2−. Black: 0 mM SO4
2− , blue: 7.5 mM SO4

2−, red: 15 mM SO4
2− (see Materials and methods). Background (ambient) hydrogen pressure was

90 Pa.
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A second prediction stemming from the thermo-
dynamic model discussed above is that hydrogen
production of syntrophic DvH-s clones should be
affected by modifications in the ion content of the
media. The observed cumulative hydrogen pres-
sure of ~ 300Pa from DvH-s clones shows that
indeed there is an energy investment into the
lactate oxidation within this genotype. Dependent
on physiological equilibrium concentrations of
lactate, pyruvate and the magnitude of the ion
gradient across the membrane, this investment
could be achieved by Coo translocating as low as
1 H+/Na+ per hydrogen produced (in Figure 4 we
show that this investment needs to be
~ − 23 kJ mol − 1, which under standard conditions
equates to translating 2 single charged ions over a
100-fold ion gradient per hydrogen produced). At
any rate, changing the Na+ concentration in the
media should affect the membrane ion gradient,
and thereby the level of energy investment and the
steady-state hydrogen pressure. To test this, we
transferred triplicates of DvH-s and DvH-ns cul-
tures into Na-buffer at different Na+ concentrations,
and after 6 days we measured the equilibrium
hydrogen pressure. Although these cultures did not
show any detectable growth, the DvH-s clones
produced consistently more hydrogen than the
DvH-ns clones, and such production increased
with increasing Na+ concentration up to a threshold
high concentration (Figure 6). The low hydrogen
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Thermodynamic limits not only drive syntrophic interactions 
but also influence genetic adaptations in species

It’s thermodynamics baby!

Broader implications on diversity/evolution?

Metabolism and therefore metabolic interactions are 
highly versatile at thermodynamic limits.

Implications for modelling and sequence interpretation?
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number of carbon, hydrogen and oxygen atoms
as well as the charge of each molecule (see
Supplementary Table S1). For a reaction to be
balanced, this operation must yield zero. Balanced
reactions are then considered as biochemically feasible
and their Gibbs free energy change is computed,
assuming biological standard conditions (1 M, 1 atm,
298.13 °K, pH=7) and using tabulated formation
energies (Thauer et al., 1977). The full list of reactions
resulting from this analysis is given in Supplementary
Table S2. A MATLAB script that implements the
above algorithm is provided in Supplementary File
and can also be found at http://osslab.lifesci.warwick.
ac.uk/?pid= resources.

Results
To analyse the relation between cellular metabolism
and microbial ecology, we consider the thermody-
namic basis of microbial growth. Microbes achieve
cellular growth through harvesting of free energy
change available from metabolic conversions.
As with any other chemical reaction, these conver-
sions are governed by thermodynamics whereby the
free energy change for the reaction is given by the
difference between the free energy of formation
of the products ðDG00

fproductsÞ and the substrates
ðDG00

f substratesÞ in that reaction. This is the maximum
theoretical amount of energy that microbes can
utilise from the degradation of a substrate for
building up their own cell biomass under standard
biochemical conditions. If the concentrations deviate
from standard conditions (1 M concentration of all
solutes, 1 atm, 25 °C, and pH 7), the apparent
thermodynamic energy ΔGrxn available for microbial
growth can be calculated according to Equation 1.
In reality, energy available for growth would be less
than this maximum amount, due to energy invest-
ments in driving anabolic reactions leading to
biomass and other maintenance requirements
(Thauer et al., 1977; Hoh and Cord-Ruwisch, 1996;
Jin and Bethke, 2007; Rodríguez et al., 2008)
(see further discussion below).

Thermodynamic constraints allow for coexistence of
multiple species on a single substrate
To account for the inherent thermodynamic
constraints on microbial metabolism given
by Equation 1, we use here a thermodynamic
growth model (Hoh and Cord-Ruwisch, 1996)
(see Materials and methods). This model is shown
to provide a better explanation of microbial growth
under anaerobic, low-energy conditions, where
thermodynamic effects are expected to be more
profound, compared with models that are solely
based on empirical, kinetic formalisms (Hoh and
Cord-Ruwisch, 1996). Within this model, the
growth rate of each species is described by a
function that contains kinetic and thermodynamic

factors that are governed by the substrate uptake
dynamics and the free energy of the reaction
converting substrates to products respectively
(see Equation 2). Considering alternative thermo-
dynamic models does not alter qualitative conclu-
sions of the presented study (see Materials and
methods and Supplementary Text).

Using this thermodynamic growth model, we
first consider the simplest and most idealised
ecological case of two species living on a single
substrate in a homogenous environment. This
scenario can be realised in an ideal chemostat,
where influx of substrate, dilution of metabolites
and cells can be taken into account and modelled
through appropriate ODEs (see Materials and
methods). Chemostat models that consider micro-
bial growth solely as a function of substrate uptake
kinetics have been used to derive the exclusion
principle; under the assumption of species having
the same maximal growth rate and growth yield,
there can only be one species existing in a
chemostat with a single substrate and this species
would be the one with the most favourable substrate
uptake kinetics (Hsu et al., 1977) (Figures 1a and b).
When kinetic parameters of species are allowed to
vary, there exists only a unique combination of
maximal growth and kinetic uptake rates that would
allow coexistence (Hsu et al., 1977). When we model
the scenario of two species with the same growth,
uptake and yield parameters using the thermody-
namic growth model, we find that coexistence of
two species on a single substrate is a possible stable
state, provided that these species produce different
end products from the substrate (Figures 1c and d).

Figure 1 Population dynamics of two species living on a single
substrate in a chemostat, modelled using an empirical, kinetic
model (a, b) and a thermodynamic model (c, d) (see Materials
and methods). Panels (b and d) show relative biomass of species X1

(dashed line), with vmax = 1, K=0.1 and DG0‘
rxn ¼ $ 25kJmol$ 1 and

species X2 (continuous line) with vmax = 1, K=0.01 and
DG0‘

rxn ¼ $ 20kJmol$ 1. Total biomass is scaled to 1. Chemostat
model parameters are λ=0.1 and S0 = 1000.
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(see Materials and methods). This model is shown
to provide a better explanation of microbial growth
under anaerobic, low-energy conditions, where
thermodynamic effects are expected to be more
profound, compared with models that are solely
based on empirical, kinetic formalisms (Hoh and
Cord-Ruwisch, 1996). Within this model, the
growth rate of each species is described by a
function that contains kinetic and thermodynamic

factors that are governed by the substrate uptake
dynamics and the free energy of the reaction
converting substrates to products respectively
(see Equation 2). Considering alternative thermo-
dynamic models does not alter qualitative conclu-
sions of the presented study (see Materials and
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Using this thermodynamic growth model, we
first consider the simplest and most idealised
ecological case of two species living on a single
substrate in a homogenous environment. This
scenario can be realised in an ideal chemostat,
where influx of substrate, dilution of metabolites
and cells can be taken into account and modelled
through appropriate ODEs (see Materials and
methods). Chemostat models that consider micro-
bial growth solely as a function of substrate uptake
kinetics have been used to derive the exclusion
principle; under the assumption of species having
the same maximal growth rate and growth yield,
there can only be one species existing in a
chemostat with a single substrate and this species
would be the one with the most favourable substrate
uptake kinetics (Hsu et al., 1977) (Figures 1a and b).
When kinetic parameters of species are allowed to
vary, there exists only a unique combination of
maximal growth and kinetic uptake rates that would
allow coexistence (Hsu et al., 1977). When we model
the scenario of two species with the same growth,
uptake and yield parameters using the thermody-
namic growth model, we find that coexistence of
two species on a single substrate is a possible stable
state, provided that these species produce different
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A thermodynamic view of AD

heterogeneous biofilms and granules, enhances the metabolic interactions in a BMC10,11, and that 
diversity and redundancy increase BMC stability and 
performance12. Neither of these proposals is 
convincingly proven.  
 It has been argued that synthetic design of  
novel communities or manipulation of existing ones can 
be utilised to address some of the above questions2 
and to rationally engineer complex and relevant 
functions4. The latter view  underpins a new  wave of 
synthetic biology research, which has already resulted 
in the engineering of  “toy communities” with specific 
population dynamics6,7. While not driven by either an 
ecological or synthetic biology agenda, other studies 
defined several co- and tri-cultures capable of 
degradation of organic compounds into methane13-17. 
The most recent of  these used metabolic models to 
study a specific co-culture18, and subsequently showed 
that this minimal synthetic community is capable of 
converting lactate into methane19. Currently it 
remains unknown how much the complexity of 
such simple communities can be extended (e.g. by 
increasing species numbers) to achieve an 
increase in the range of substrates they can digest 
and their biomethane productivity.

2.Preliminary work leading up to this proposal
In recent published and unpublished studies, we have 
been developing a better understanding of stability and 

function in microbial communities and how  these are affected by the evolutionary process. Here, 
we summarise key findings and insights from these studies which are relevant for this proposal.  

2.1. Species composition and diversity of BMCs can vary over time and with bioreactor 
conditions. Different studies have shown that diversity and composition of  species in a BMC can 
be stable or temporally varying, with seemingly no effect on performance. For example, amplified 
ribosomal DNA restriction analysis of species abundance identified temporal variation in both 
archaea and bacteria populations in otherwise stable reactors20. Similar results were obtained from 
a two-year monitoring of an anaerobic reactor fed with wine distillation waste21. However, other 
studies on communities from reactors treating wastewater and dairy waste, indicated stable 
communities despite changes in process parameters such as feed composition22,23. Process 
parameters, in particular stirring, acidity and temperature, are all shown to alter composition and 
diversity in a BMC24-27. In a recent study, we analysed the effects of a large number of  different 
operating parameters on the microbial diversity and performance of BMCs using laboratory-scale 
activated sludge reactors. This analysis failed to identify clear patterns between changes in such 
parameters, microbial diversity and performance28. It is possible that these disparate findings arise 
because composition and diversity in microbial communities is driven by neutral processes such as 
stochastic population dynamics and random immigration29 (e.g. species incorporation via feed). 
We do not know which selective pressures (i.e. operation conditions) can override such 
neutral  processes to drive the adaptation of BMCs, and how the resulting community would 
look like. We will address these open questions in our research programme.  

2.2. Microbial community properties can be improved through artificial selection (i.e. 
directed evolution). Directed evolution of communities works30. The basic design of such 
experiments is simple: replicate communities are established, and the communities with the 
highest value of  a particular phenotypic trait are used to seed new  communities.  By repeating this 
procedure, it has been possible to select microbial soil communities that support higher plant 
biomass31 and have improved performance in the breakdown of the pollutant 3-chloraniline32.  
While an effective method, it is unclear what was actually selected for in these studies. The most 
parsimonious explanation is that the communities with the most desirable function simply 
contained a higher frequency of a particular microbial species responsible for that function. It is 
also possible that selection favoured particular combinations of  species that produce the desired 

Engineering Synthetic Microbial Communities for Biomethane Production        CfS, 7

Figure 1. Schematic of the multistep 
degradation of  organic material in 
methanogenic ecosystems. Each 
step is carried out by a specific 
functional group of  micro-organisms 
(also known as guilds). 
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Syntrophy and stability: Impact of electron 
acceptor (TEA) availability on different methanogens
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No sulfate: Different methanogens stably 
co-exist with sulfate reducer and increase 
methane production from lactate 

Extended Syntrophies

Desulfovibrio 
vulgaris

Methanococcus 
maripaludis

H2
CH4Lactate

Acetate Methanosarcina 
barkeri

Lactate + H2O Acetate + 0.5CO2 + H2O + 0.5CH4 ΔG0 = -74.19

Lactate + H+  1.5CO2 + 1.5CH4 ΔG0 = -110.09

Lactate + H+ + H2O 2CO2 + 2H2 + 1CH4 ΔG0 = -44.69

Jing Chen

unpublished results
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767
768 Figure 1. (a) Schematic of possible interactions of the three species for converting lactate to 
769 methane. The three different species Desulfovibrio vulgaris (Dv), Methanococcus maripaludis 
770 (Mm) and Methanosarcina barkeri (Mb) are shown as blue, yellow, and red circles respectively. 
771 The metabolite concentrations shown are those based on the stoichiometries of reactions given in 
772 Table 2 and using 30mM initial lactate. Possible thermodynamic inhibitions are indicated by t-
773 ended arrows. The dashed line indicates possible co-utilisation of H2 by Mb. (b) Methane 
774 produced in the headspace in the absence of sulphate and in the different co- and tri-cultures as 
775 indicated on the x-axis. Measurements from 5 mL test tube cultures are used to extrapolate to 1 L 
776 culture output, so to achieve a better comparison of gas and organic acid data (in mM). (c, d) 
777 Lactate and acetate detected in the liquid phase after 21 days cultivation without sulphate 
778 addition. Red dots in these two panels refer to the three replicates in the Dv-Mb co-cultures. 
779 (replicate 1-- red hollow circle, replicate 2 -- dashed red hollow circle, and replicate 3 – filled red 
780 circle). Error bars on panels b-d are based on three replicates. 
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No sulfate: Mb does not perform fully acetoclastic 
methanogenesis, but relies on H2 co-utilization
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For Review Only

21

783
784 Figure 2. Produced methane in the headspace after 21 days cultivation with 7.5 mM (a) and 15 
785 mM (b) sulphate addition. The different co- and tri-cultures composed of species Desulfovibrio 
786 vulgaris (Dv), Methanococcus maripaludis (Mm) and Methanosarcina barkeri (Mb), as shown 
787 on the x-axis. Measurements from 5 mL test tube cultures are used to extrapolate to 1 L culture 
788 output, so to achieve a better comparison of gas and organic acid data (in mM; see also Fig. S2). 
789 Colours indicate different culturing periods as shown in the legend. Error bars on both panels are 
790 based on three replicates.
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784 Figure 2. Produced methane in the headspace after 21 days cultivation with 7.5 mM (a) and 15 
785 mM (b) sulphate addition. The different co- and tri-cultures composed of species Desulfovibrio 
786 vulgaris (Dv), Methanococcus maripaludis (Mm) and Methanosarcina barkeri (Mb), as shown 
787 on the x-axis. Measurements from 5 mL test tube cultures are used to extrapolate to 1 L culture 
788 output, so to achieve a better comparison of gas and organic acid data (in mM; see also Fig. S2). 
789 Colours indicate different culturing periods as shown in the legend. Error bars on both panels are 
790 based on three replicates.
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Sulfate: Different methanogens show differential  
stability against sulfate reducer with increasing 
sulfate levels
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Sulfate equivalent for lactate conversion

Half:

Full:

H2 competition in presence 
of sulphate is more harmful 
to Mb (mixotroph) than it is 
to Mm (hydrogenotroph)



‘Bottom-up’ insights synthetic communities
Metabolism and syntrophic (metabolic) interactions are 
versatile at thermodynamic limits.

=> Thermodynamics need accounting in modelling 
and thinking of AD communities (all communities!)

Thermodynamic inhibition can contribute significantly to 
high diversity (especially in 2ary degraders?)

=> Evolution or physiology? 
=> Basis of improvement of H2 addition?

=> Control terminal electron acceptor availability to 
control diversity?

Organisms have (or can) adapt to thermodynamic limitations, 
which shift with environmental conditions and H2-dynamics.



http://www.mannvit.com/Markets/UnitedKingdom/AnaerobicDigestion/!

? Insights and Applications ?

TOP-DOWN

BOTTOM-UP

Ecology & Evolution
Biophysical Drivers

Towards a Theory of Metabolism
For Cellular and Community Engineering

=> More physiological data

=> More temporal sequence- and meta- data

=> Systems of ‘in between’ complexity

=> Systems of ‘in between’ complexity



MicrobeMeter

available to download/buy
Follow progress at:      

 Humanetechnologies limited

=> More physiological data. 

More info on the poster floor:

=> More systems of ‘in between’ complexity.  
Visit Jing’s poster Jing Chen

Kalesh Sasidharan

Can DIY Science be the answer; 



http://osslab.lifesci.warwick.ac.uk

Chris Quince (University of Warwick)

Angus Buckling (University of Exeter)

Jan Dolfing, Matt Wade (University of Newcastle)

David Swarbreck (TGAC)

THANK YOU
Funders

Collaborators

Christian Zerfass
Jing Chen 
Craig McBeth

Hadrien Delattre 
Clare Hayes
Connah Johnson
Kelsey Cremin

3. Engineering Microbial Communities – examples of input from Theme 1

Tools for rational engineering of synthetic communities

genome-level 

metabolic models

From metabolic capacities to metabolic interactions

Spatial modeling and induction of cellular aggregates / biofilms

Native pattern of B. Subtilis biofilm 

Biofilm 

pattern 

Engineering 

models of multi-species 

metabolic systems

predictive design and 

construction of synthetic 

communities

!"#$

!"#%

spatial models of metabolic

interactions for predicting

community stability and

productivityBio Electrical Engineering  
Innovation Hub @ Warwick

Initiatives
www.anaerodynamics.com

http://people.exeter.ac.uk/oss203/
http://www.anaerodynamics.com



