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Syntrophy: Crucial in AD systems lacking
strong terminal electron acceptors (TEAs)
heterogeneous biofilms and granules, enhances the metabolic interactions in a BMC10,11, and that
Hydrogen
diversity and redundancy increase
BMC stability and
12 . Neither of these
Sulfide proposals is
performanceDesulfovibrio
convincingly proven.
vulgaris
It has been argued that synthetic design of
novel communities or manipulation of existing ones can
be utilised toLactate
address some of theH2above questions2
and to rationally
Sulfate engineer complex and relevant
4
functions . 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
Methanococcus
defined several
co- and tri-cultures capable
of
Desulfovibrio
13-17
maripaludis
degradation of organic
.
vulgaris compounds into methane
The most recent of these used metabolic models to
study a specific
co-culture18, and subsequently showed
CH4
Lactate
that this minimal synthetic community
H2 is capable of
converting lactate into methane 19 . Currently it
remains unknown how much the complexity of
such simple communities can be extended (e.g. by
1. Schematic
of the
SchinkFigure
B Microbiol
Mol Biol
Revmultistep
61:2 (1997)
degradation of organic material in increasing species numbers) to achieve an
methanogenic ecosystems. Each increase in the range of substrates they can digest
step is carried out by a specific and their biomethane productivity.
functional group of micro-organisms
2.Preliminary work leading up to this proposal
(also known as guilds).
and unpublished
studies, we have
+ In recent published
2
been developing a better understanding of2stability 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.
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Lactate + 2Sulfate + 3H

3CO + 2HS + 3H O

ΔG0 = -259.09 kJ/mol

Lactate + H2O

Acetate + CO2 + 2H2

ΔG0 = -8.79 kJ/mol

Lactate + H O

Acetate + 0.5CO + 0.5CH

ΔG0 = -74.19 kJ/mol

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,
2
4 amplified
2
ribosomal DNA restriction analysis of species abundance identified temporal variation in both

Does syntrophy impact individual species’
evolution?
Methanococcus
maripaludis

Desulfovibrio
vulgaris
Lactate

H2

CH4

0.50"

0.25"

OD600%(in%Hungate)%

0.6"
0.5"
0.4"

0.00"
0"

5"
10"
15"
Days%a:er%Inocula=on%

0.3"
0.2"
0.1"
0"
1" 3" 5" 7" 9" 11" 13" 15" 17" 19" 21" 23" 25" 27" 29" 31" 33" 35" 37" 39"
Replicate%number%(unrelated)%

20"

Methane
produced

Isolates from co-culture are
consistently “syntrophic”, while
those from
wild
type
are
not
Co-Culture#OD600#

OD600%

Mean#values#+#standard#devia=on,#20#replicates#each#
0.50#
0.45#
0.40#
0.35#
0.30#
0.25#
0.20#
0.15#
0.10#
0.05#
0.00#

CH4##
measurement#

OD 600

0#

2#

4#

6#

8#
10#
12#
Days%a)er%Inocula2on%

Co-culture#with#
Co-cultures using
BF-clones#

isolate from
working co-culture

14#

16#

Co-culture#with#
Co-cultures using
WT-clones#

isolate from Dv
stock culture

18#

Thermodynamics basis for genetic
drivers of syntrophy
The syntrophy enabling mutation allows energy investment to overcome
thermodynamic hurdle:
Lactate + H2O
5798
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Lack of strong TEAs can enforce
thermodynamic inhibition (i.e. redox
reactions at the brink of energetic
feasibility)

This limitation can be a key driver of
evolution of metabolic systems (intraand inter-cellular)

Cross-feeding: Even in the presence of TEAs!
Lactate

Cross-feeding allowing direct
interaction in a bi-culture
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unpublished results

Individual growth in bi-culture further
confirmed by selective plating

Given the differences in macroscopic physiological rates, we
ask whether the intracellular distribution of fluxes relied on
the same pathways within each group of aerobic glucose
metabolism. For this purpose, separate isotopic tracer
experiments with [U-13C]- and [1-13C]-labelled glucose
were performed in at least duplicate batch cultures for each
case. Specifically, we determined the mass isotopomer distributions of proteinogenic amino acids to calculate ratios of
converging fluxes at key branch points in central metabolism

variability between species was in the pentose phosphate
pathway and the TCA cycle, indicated by large differences in
the split ratios serine derived through glycolysis and mitochondrial oxaloacetate originating from anaplerosis, respectively (Fig. 1a).
For a more detailed insight, we estimated network-wide
absolute fluxes using these intracellular flux ratios (Fig. 1a)
and secretion rates (Table 2) as input values for net flux
analysis using the FIATFLUX software (Zamboni et al., 2005,
2009). Specifically, this method estimates the best flux

Cross-feeding: Arising from metabolic overflow
Cross-feeding can arise from ‘overflow metabolism’ (a.k.a
Warburg effect and Crabtree effect in cancer and yeast cells).
Seem to be present in all cells where it is studied.
(a)

(b)

Fig. 1. Flux distribution in the seven yeast species on glucose minimal medium. (a) Ratios of converging fluxes at branch points of the central carbon
metabolism. The ratios are given by the division of the flux indicated by the solid line over the flux indicated by the dotted line. (b) The quantitative flux
distribution of Crabtree-positive (left) and aerobic (right) yeasts in mmol g!1 h!1. The thickness of the arrows indicates the glucose uptake normalized
flux distribution with a variability that is depicted in grey.

Christen S & Sauer U, FEMS (2011)

Perspective

Trade-offs in cellular metabolism could explain
overflow metabolism (and cross feeding?)
Trade-offs in space/enzyme allocation
Szenk M, Dill KA, de Graff AMR, Cell Systems 5 (2017)

Costly intermediates and enzymes

Figure 2. Increasing Demand for ATP Drives Electron Transport Chain Surface Occupancy
(A) Black bars: estimated occupancy of the inner membrane by standard electron transport chain complexes, from experimental data (Valgepea et al., 2013)
(Table S1B). Red line: the minimal amount of electron transport chain needed to maintain a purely respiratory metabolism. The crossing point at 0.32 ± 0.10 hr!1
indicates that respiration alone is not sufficient to supply the cell’s ATP needs above this growth rate, leading to overflow metabolism (Valgepea et al., 2011).
(B) The total inner membrane protein density (cyan points) follows the trend predicted from a Carnahan-Starling model of protein crowding (cyan curve) for a
protein packing limit of one-third (fitting parameter, see text). This differs from the density needed to maintain fixed stoichiometry between membrane and
cytosolic proteins, approximated here by V/S (black curve). Inner membrane proteins appear to reach their packing limit concurrently with the onset of
fermentation at l = 0.3 hr!1. Inset: steric pressure from protein crowding increases linearly with growth rate.
(C) Prior to the inner membrane reaching its protein packing limit, both glucose transporters (red) and electron transport chain (blue) have space to increase. But
once the packing limit is reached, higher growth rates require increases only in glucose transporters to fuel acetate fermentation due to its greater surface
efficiency for generating ATP (see Box 1).
Error bars represent SDs of experimental abundances.

Pfeiffer T & Bonhoeffer S, Curr. Am. Nat. 163:6 (2004)
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Assumption 2. The Cell’s Rate of Energy Demand Is
Proportional to the Cell Volume: The Problem of ATP
Production
Above, we reasoned about the effect of S and V on the rate of
glucose uptake, that is, the raw material for the cell’s energy supply. They are also intimately related to the cell’s rate of ATP demand. But how large is this demand and how much membrane
space is needed to supply it? We define RATP-demand as the number of ATP molecules per unit time, per unit cell volume, that
must be produced in order for a cell to sustain a growth rate l.
The amount of ATP, aB, needed to produce E. coli biomass aerobically on glucose is roughly 18 billion ATP molecules per femtoliter of cell volume (Stouthamer and Bettenhaussen, 1977;
Hempfling and Mainzer, 1975; Feist et al., 2007) (Table S1A). In
this work, our term ATP is shorthand that includes all nucleotide
triphosphates. To support a growth rate l, the cell demands ATP
at a rate

Trade-offs in substrate-based
growth
rates
argued that Eq. 4 is a an appropriate
model
for bacterial

growthEcology
on two different
resources in a chemostat (Stewart
Doebeli M, Pop.
44:2 (2002)

and Levin 1973; Gottschal and Thingstad 1982).
Uptake of the secondary resource results in a decrease of
its concentration, and taking the rate of production and the
rate of loss due to outflow into account, the rate of change
of a(t) becomes
1 ra ◊ a
e rg ◊ c
da
!"
◊n"d◊a#
◊n
yg kg # c
dt
ya ka # a

(5)

RATP!demand = aB l:

(Equation 1)

Now, at steady state, this rate of ATP demand must be

chain structural and kinetic properties (Tables S1A and S1B),
according to
ETCdemand = RATP!demand fETC ,

AETC V
, :
kATP S

(Equation 2)

fETC is the fraction of RATP-demand generated by the electron
transport chain (the remainder by glycolysis and the TCA cycle;
Box 1 and Table S1C). This ATP demand can be converted to an
electron transport chain surface area by multiplying the first term
by the surface efficiency of the electron transport chain, given
by AETC/kATP. AETC is the membrane area occupied by a
single ‘‘respiratory unit,’’ defined as the amount of electron
transport chain needed to power a single ATP synthase at its
maximum speed kATP = 270 ± 40 ATP/s (Etzold et al., 1997).
The area of a respiratory unit, roughly 84 nm2, is calculated
from the cross-sectional areas of the five electron transport
chain complexes’ protein structures and their abundances
relative to ATP synthase (Box 1; Tables S1B and S1D). The final
term accounts for the reasonable assumption that ATP demand
for replication scales with the volume V of the cell. To express
ETCdemand as a fraction of total membrane area, we divide by
S, resulting in Equation 2.
Thus far, we have estimated the membrane demands of the
electron transport chain, assuming that ATP is produced by a

Here ya is the yield for growth on acetate, and
e isthea rate
constant
met by
of ATP supply. For the cell to achieve this
via respiration, there is a minimum fraction of the bacterial
of proportionality describing how glucose
metabolism
inner membrane that must be electron transport chain. We
translates into production of the secondary
can estimatenutrient.
this fraction from the known electron transport
Because glucose uptake is not directly affected
by the5, August
pro- 23, 2017
98 Cell Systems
duction of the secondary nutrient, the dynamic equation
for the glucose concentration remains the same, and Eqs. 3–
5 therefore describe bacterial growth on a primary resource Fig. 1. Possible trade-off curves ra ! g(rg) between maximal growth
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Can trade-offs lead to the evolution of crossfeeding?
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Many clones emerge over evolution

• 98678&&clones&
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• 3978&&&(~4%)&clones&
survived&a&sub<
culturing&event&
• 235&+/<&30&clones&
present&each&day&

Two clones dominate…

Constraints in cellular resources lead to evolution
of ‘cross-feeding’
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O2

FBA
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Acetate “specialist"

FBA
Grosskopf T, et al BMC Evol Biology 16(1):163 (2016)

Ecological and evolutionary dynamics of coexisting
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Despite presence of strong TEAs,
metabolism can be forced into
overflows due to cellular limitations*
and trade-offs

It is possible that overflowing cells
can be evolutionarily stabilised by the
emergence of cross-feeding cells

*e.g. toxic impacts of respiration (matter for another talk)
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”Electronic control” of cell metabolism?
Control of respiration vs. fermentation in Shewenalla
oneidensis using electrodes poised at specific potentials
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”Electronic control” of community
metabolism?
Control of community composition using electrodes
poised at specific potentials
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”Wiring” of cells via metabolism?
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Cycles competing through common substrates/enzymes
can generate multistabilities and oscillations
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Figure 3. Implementation of multistability by expanding the core bistable motif.
(A) Multistability generated by a signalling cycle with multiple two-state kinases.
Top-left: AFeng
schematic
motif extended
with multiple
allosteric
S, of
et the
al core
Roybistable
Soc Interface
13:123
(2016)
kinases. Middle-left: Bifurcation plot for a system with two allosteric kinases. The xaxis shows the signal level [K2tot] (total concentration of the second kinase K2), while
the y-axis shows the steady state level of [S] (unphosphorylated substrate). Bottomleft: Bifurcation plot of a system with three allosteric kinases. The x- and y-axis are as
above. Parameter values used for the bifurcation plots are listed in Table S4. (B)
Multistability generated by a signalling cycle with a multi-state kinase. Top-right:
Schematic of a multi-state kinase catalysing a futile signalling cycle. Middle-right:
Bifurcation plot of a system with a three-state kinase. Bottom right: Bifurcation plot
of a system with a four-state kinase. The x- and y-axis are as above. In all bifurcation
plots, solid lines correspond to stable steady states, while dashed lines correspond to
unstable steady states. All axes use the unit of concentration µM . Parameter values
used for the bifurcation plots are listed in Table S5.
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