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Engineering microbial communities for 
understanding and applications

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 
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System Design in Biology:
Evolution and the biological design space



Super Bug Microbial Communityvs

Design principles of metabolism?

How to (re)engineer metabolism? How to (re)engineer an ecosystem?

e.g. Bernstein, HC, Paulson SD, Carlson RP. J of Biotech 157:1 (2012)
Santala, S, Karp M, Santala V. PloS One 9:12 (2014)
Zhou, K, Qiao K, Edgar S, Stephanopoulos G. Nature Biotech (2015)



Decomplexify natural systems

Synthetic 
Communities

Engineer minimal systems

Engineering Synthetic Microbial Communities for Biomethane Production

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

Grosskopf T & Soyer OS, Curr. Opin. in Microbiol. 18 (2014)

sLoLa

Anaerobic 
Digestion 

Widder S et al., ISME Journal (2016)
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Why are metabolic systems the way they are?



2H+

H+

 OXA L OA C E T A T E

P Y R UV A T E

S UC C INY L -C oA

  
G L UT A R A T E

C IT R A T E

MA L A T E

2-OXO- A S P A R T A T E

NO2
-

NO3
-

N2

NH4

CH3COSCoA

 A C E T Y L -C oA

HOH

C O2

NA D

T
R

A
N

S A MINA T IO N

2H+

2H
+

+

C O2

5-A mino-
levulinate

Glycine

H+
H+

H+H+

H+
H+

c

H+ H+a

F 0

F 1

F 1

β2

1 α
β

α

γ

10 c-s ub-units

A
D P+ Pi

H+

3.6.1.34

   
   

H

+-tr
ansporting AT P  synthase

α

δ
F 6

oscp

AT P

ADP  +   P i

F UMA R A T E

UQH2

UQ

UQH2

NA DH+H+

CH2COO-
C(OH)COO-
CH2COO-

CH(OH)COO-
CHCOO-
CH2COO-

-OOCCOCH2CH2COO-

-OOCCH2CH2CO.SCoA

-OOCCOCH2COO-

CH3CH(OH)CH2CO.SCoA

-OOCCH=CHCOO-

Glyoxylate
   Cycle

-OOCCHO

GTP

GDPATP

+

HE ME P rotoporphyrinogen C oproporphyrinogen Uroporphyrinogen P orphobilinogen

5-A mino-
levulinate

COO-
CH2
CH2

H2NCH2C=O

F ADH2

F ADC yt.b

F e-S    

S UC C INA T E
II

CH3COCOO-

P Y R UV A T E

P i

X Y

C yt.c1

F e-S    

2e-
2e-

1e-

1e-

III

2UQ UQ

UQH22UQH2

2UQ.
_

  UQ.
_

C yt.bL C yt.bH

C yt.c

IV

C uA

C uB

C uA

1.9.3.1

2e-

Heme a

Heme a3

2H+

2H+4H+

4H+

2H+

NAD+

NADH+H+

NAD+

1.1.1.39

1.2.4.1
2.3.1.12
3.1.3.43

4.1.1.32

4.1.3.7

4.2.1.3

1.1.1.41

1.2.4.2
2.3.1.61

6.2.1.4
-OOCCH2CH2COO-

1.3.5.1

4.2.1.2

1.1.1.37

6.4.1.1

4.1.3.8

4.1.3.1

4.1.3.2

IS OC IT R A T E

2.6.1.1
2.3.1.16

4.1.1.71

1.2.1.16

5.1.99.1
5.4.99.2

4.3.1.1

1.4.1.2 1.4.1.14

6.3.5.4

1.6.6.1
1.7.99.4 1.7.7.1

1.6.6.4

1.18.6.1

2.3.1.37

1.10.2.2

1.10.2.2

γ

εδ

β

33 β
A T P

A DP

E NDE R G ONIC  R E A C TIO N

1.6.5.3

I

F MNH2

F MN I

1.6. 5.3

2F e -S    
(5 C lusters )

H+ H+
H+ H+

ATP

4H+

2H+

2H+
or

H+

PHOTO-
SYSTEM

l

O2

3.6.1.34

NADP+

Glyceraldehyde
Ribulose-1,5-bis-P

2β

88

H
+c

3
2

ε

a

3
2

α
1

α

ε

α

β2

1

3

α

α
β

3

α

β

H+

H+

H+

H+

H+H+

H+

H+ H+H+

H+H+H+H+

H+

H+
H+H+

H+
H+

H+

H+

H+

H+

H+

H+
H+

H+H+

H+H+

H+H+H+
Translocated protons

H+

H+H+

H+
P i

Ferredoxin

4H+
PC PC

PC

PQH2

2PQH2

PQ
_.

2PQ
_.
Fe-S Cyt.f

PQ

2PQ

Cyt bf

2e-

1e- 1e-

2e-

2e-

2e-

2e-

Cyclic Photophosphorylation

PQ

PHOTO-
SYSTEM
     II

 

Cyt bc

Non-cyclic electron flow

2e-2e-

Mn
2e-

*

Protons from Water

H2O

H+

H+

2H+

2H+

γ

ATP synthase

CO2
Fixation

H+

 ADPPi

H+

NADPH+H+

 ATPTHYLAKOID  MEMBRANE

CHLOROPLAST OUTER MEMBRANE

THYLAKOID LUMEN

STROMA

   (electric current)

P680
Chl.a

QA

QB

Pheophytin

P700

Chl.A0

A1

Fe-S

A T P

A DP

A T P

1/2O2

H2O

PQH2

T o B rain - 

A
M
I

N
O 

A
C
I

D
S

P
Y
R
I

M
I

D
I

N
E
S

P
U
R
I

N
E
S

C
A
T
E
C
H
O
L
A
M
I

N
E
S 

A
R
O
M
A
T
I

C 

A
M
I

N
O 

A
C
I

D
S

hv
V IS ION

L
I
P
I

D

P
H
O
T
O
S
Y
N
T
H
E
S
I
S

P
O
R
P
H
Y
R
I

N
S

S
T
E
R
O
I

D
S

I
S
O
P
R
E
N
O
I

D
S

P
H
O
S
P
H
O
L
I
P
I

D
S

D
E
G
R
A
D
A
T
I

O
N

L
I
P
I

D 

B
I

O
S
Y
N
T
H
E
S
I
S

P
E
N
T
O
S
E
S

H
E
X
O
S
E
S

P
O
L
Y
S
A
C
C
H
A
R
I

D
E
S

C O C H C H(NH )C OO2 3
+

F OL IC
A C ID

C 1
P OOL

V A L INE

A T P

A T P

4.1.1.4 1.1.1.30

C H C OC H3 3

C H C OC H C OO3 2

C H C H(OH)C H C OO3 2

3-OH-B utyrateA c etone

A c etoac etate

K E TONE  B ODIE S

HY A L UR ONIC  A C ID DE R MA T A N B L OOD G R OUP
S UB S T A NC E S

P E P T IDO-
G LY C A N 

N-A c -Neuraminate
(S ialate)

UDP -
Iduronate

UDP -N-A c -
G alac tos amine UDP -

G alac turonate

G DP -F uc os e

T DP -R hamnos e

A DP -
G luc os e

UDP -G luc os e

T DP -4-Oxo-
6-deoxygluc os e 

MA NNOS E

C HIT IN C HONDR OIT IN P E C T IN

A L G INA T E S

INUL IN C E L L UL OS E

O-A NT IG E NS S T A R C H G LY C OG E N

L A C TOS E

G A L A C TOS E

O

OH

HO

OH

OH

C H3 O

OP P T
O

OH

OH

O

OH
AC NH

HO OH

O

OHHO OP P U

NHAC

OH

OH OH

OH

HO

OH

NHC OC H

OH HO

O

OP P G

C H OH2

HO

P

UDP -N-A c -
G luc os amine

pyruvate
N-A c -Mannos amine-6-P UDP -G luc uronate

G DP -Mannos e   

N-A c -Mannos amine UDP -N-A c -G luc os amine N-A c -G luc os amine-6-P

S orbitol

F ruc tos e-1-P

E rythros e-4-P

3-Dehydrogulonate

L -Xylos e

L -L yxos e

D-Xylulos e

D-R ibos e

R ibitol

L -A rabitol L -Xylulos e

L -R ibulos e L -R ibulos e-5-P

L -Xylulos e-5-P

L -A rabinos e Xylitol D-Xylos e

D-A rabinos e D-R ibulos e

A S C OR B A T E

2, 3-Dioxogulonate

N-A c -G luc os amine-1-P

Inos itol-PInos itolG luc uronateG ulonate

G ulonolac tone 2-Oxogulonolac tone

F ruc tos e

6-P -G luc onate

D-R ibulos e-5-P

D-Xylulos e-5-P

Mannos e-1-P

G DP -G luc os e

T DP -G luc os e

UDP -G alac tos e

G alac tos e-P

G luc os e-1-P

G luc os e-6-P

F ruc tos e-6-P

F ruc tos e-
1: 6-bis -P

OH

H H H
O

HOC H 2 C C C C C O

OH OHH OH

H H
O

HOC H 2 C C C C O C O

OHH

H

OH H

C C

OH

C O

P -R ibos yl
amine

G lyc erate2, 3-Diphos pho-
glyc erate 

3-P -G lyc eraldehyde

1: 3-bis -P -G lyc erate

3-P -G lyc erate

2-P -G lyc erate

P -enolpyruvate

Inos itol

C H OH2

C H OH2

HOC H

C H OH2

C H O2

HOC H

P

G lyc erol

UDP -G alac tos e
UDP -S ugars

C H C H OH3 2

E T HA NOL

Dihydroxy-
ac etone-P

(G lyc erone-P )

G luc os amine-6-P

P hos pho-
s erine

C hain elongation Mitoc hondrial

S erine

S erine

Indole-3-glyc erol-P

3-Deoxy-D-arabino-
heptulos onate-7-P

Indoleac etate
(A uxin)

Indoxyl

F ormylkynurenine K ynurenine 3-Hydroxy
kynurenine

3-Hydroxy
anthranilate

2-A mino-3-c arboxy
muc onate s emialdehyde

NH

OH

T ryptamine 1-(o-C arboxy phenylamino)
1-deoxyribulos e-5-P

N-(5-P -R ibos yl)
anthranilate

A nthranilate

C atec hol

NH

Indole-
ac etaldehyde 

NH

C H C HO2

Indolepyruvate

N
H

C -C H(OH)C H(OH)C H O2 P
C H

2-A minomuc onate-
6-s emialdehyde 

C H C H NH2 2 2

NH

1.2.3.7

4.1.1.43

3.5.1.9 3.7.1.3

4.2.1.20

1.13.11.6 4.1.1.45

2.4.2.18

4.6.1.4

4.1.1.48

1.14.13.9

4.6.1.3 Dehydro-
quinate

4.2.1.10 1.1.1.25 2.5.1.19S hikimate-3-P S hikimate-5
enolpyruvate 3-P

C horis mate
P E P

2.7.1.71

1.4.1.19

Homogentis ate P henylpyruvate

C innamate

C oumarate

P rephenate

2-A mino
muc onate

F umarate A s partate

G LY C INE

S arc os ine

Hydroxy-
pyruvate

P -Hydroxy-
pyruvate

S E R INE

Imidazole
glyc erol-P

P -R ibos yl-A T P P -R ibos ylformimino
5-aminoimidazole-
c arboxamide-R  P

F ormimino
glutamate

Imidazolone
propionate 

Uroc anate

C ys tathionine Homoc ys teine

P hos phoadenylyl-
s ulphate

(P A P S )

 C H (NH )C OOH2 3
+

His tidinol-PHis tidinolHis tidinal
3.1.3.15 2.6.1.91.1.1.23

3.6.1.31

5.3.1.162.4.2.17

A s paragine

A L A NINE

3-S ulphinyl
pyruvate 

Oxobutyrate

2-A c eto-2-
hydroxy-
butyrate

O-P hos pho-
homos erine

HO S C H C H NH2 2 2 2

Hypotaurine
HO S C H C H NH3 2 2 2

T aurine

G lutamate

γ-G lutamylc ys teine

G lutathione

G lyc ine

C ys teine

ß-A lanine

C ys teate
S -A denos yl

homoc ys teine

4.2.99.2

1.1.1.86
4.2.1.9

1.1.1.86 4.2.1.9
2.6.1.32

4.1.3.18

S -A denos yl
methionine

(S A M)

2-Methylac eto-
ac etyl-C oA

2-A c etolac tate 2-3-Dihydroxy
is ovalerate

2-Oxo-
is ovalerate

3-Hydroxy-
is obutyrate

3-Hydroxy-
Is obutyryl-C oA

Methyl
ac rylyl-C oA

2-Methyl-3-
hydroxy-

butyryl-C oA

T iglyl-C oA 2 Methylbutyryl-
C oA

2: 3-Di-OH-
3-methylvalerate

2-Oxo-3-methyl
valerate

Is obutyryl-C oA

C ys teine
s ulphinate

4.2.99.9

2-Is opropyl-
malate

C H C H C OC OO3 2

+
C H C H(NH )C OO3 3

C H C H(OH)C OO3

HO S C H C OC OO2 2

OC H C OC OO2P

OC H C H(NH )C OO2 3P

HOC H C OC OO2

HOC H C H(NH )C OO2 3

+

+

OH

C H C OC OO2

C OO

 OH
OHO

C OO

 OH
OH

HO P

C OO

 OH
OH

O

C H2

P   

C OO

 O-C -C OO
OH

O
OH

 OOC C H C OC OO2

N H

HOC -C H(OH)C H(OH)C H 2OP
C H

C OO

NH2

C OO

OH
NH2C OO

C OO

OC H

 OOC C H NHC H2 3

C H (C H ) C OS -AC P3 2 14 C H (C H ) C OS C oA3 2 14

C H (C H ) C H=C HC O-S -AC P3 2 2

C H C H=C HC O-S -AC P3 C H C H(OH)C H C OS -AC P3 2

C OS C oA

L inoleate

Oleoyl-C oA

S tearoyl-C oA Dehydros tearoyl-C oA OH-S tearoyl-C oA Oxos tearoyl-C oA

P almitoyl-A C P P almitoyl-C oA

A C Y L -A C P 2, 3-E noyl-A C P

3, 4-Dec enoyl-A C P

2, 3-Dec enoyl-A C P

3-OH-A c yl-A C P 3-Oxoac yl-A C P

3-Oxo-Dec anoyl-A C P

3-Oxo-Hexanoyl-A C P3-OH-Hexanoyl-A C P2, 3-Hexenoyl-A C P

B utanoyl-A C P C rotonoyl-A C P 3-OH-B utanoyl-A C P A c etoac etyl-A C P

Hexanoyl-A C P

3-OH-Dec anoyl-A C PDec anoyl-A C P

P almitoleoyl-A C P

γ-L inolenate A rac hidonate L eukotriene B 4

C OS C oA

C O-S -AC P

T hromboxane B 2

HOOC C H C O-S -AC P2

Malonyl-A C P

HOOC C H C O-S C oA2

Malonyl-C o-A

C H C O-S -AC P3

A c etyl-A C P

C H O-C O-R2

C H OH2

R ’-C O-OC H

F A T T Y  A C IDA C Y L -C oA
(C ytos ol)

C H O-C O-R2

C H O2

R ’-C O-OC H

P

C ardiolipin P hos phatidylglyc erol

A c etylc holine
G lyc erophos phoc holine 

L ys olec ithin

C holine
plas malogen

C DP -c holine C holine-P

Mevaldate

C H (C H ) C H=C HC H(OH)C HC H OH3 2 12 2

Dehydros phinganin S phinganin 4-S phingenin P s yc hos ine

A c yl-C oA
A c yl-C oA

C erebros ide
G alac tos eC H (C H ) C H=C HC H(OH)C HC H O-3 2 12 2

NHC OR

Is opentenyl-P P
(C 5)

Dimethylallyl-P P
(C 5)

G eranyl-geranyl-P P
(C 20)

F arnes yl-P P
(C 15)

S qualene
(C 30)

G eranyl-P P
(C 10)

Des mos terol Zymos terol L anos terol

C H C  = C HC H O3 2 P P

C H3

C eramide

G anglios ides

NHC OR

C H O2 P P

O P P

C H2

C HOL E S T E R OL

C H C (OH)C H C H OH3 2 2

C H C OO2

C H C (OH)C H C HO3 2

C H C OO2

NADP +
Dehydroas c orbate

OH

H O

HOC H 2 C C C C C O

OHH OH

OH

H O

HOC H2 C C C O C O C O

H

NA D+
P i

A DPA DP

P hytoene
(C 40)

L yc opene (C 40)

ß-C A R OT E NE  (C 40)
R hodops inMetarhodops in

R etinoate

trans -R etinal

11-c is -R etinoltrans -R etinol
(V itamin A )

R etinol es ters

Dark

L ight

Ubiquinone
(C oenzyme Q)

Menaquinone

P las toquinone

P hylloquinone
(V itamin K )

Ops in

C HO

C H OH2

C HO

C H OH2

C H3C H O3

C H O3 n

O

O

O

O

P hytol (C 20)

α-T oc opherol
(V itamin E )

Quinolinate

Quinolinate-
nuc leotide

Nic otinate-
nuc leotide

Des amino-NA D

5-Hydroxy-
tryptophan 

5-Hydroxytryptamine
(S E R OTONIN) 

N-A c etyl-5-O-methyl-s erotonin
(ME L A TONIN)

NH

C H C H NHC OC H2 2 3HO

NH

C H C H NHC OC H2 2 3C H O3

+NA D( P )

NIC OT INA T E

N-A c etyl-s erotonin

2.4.2.19

Dopamine Dopa

Dopaquinone

T HY R OXINEME L A NIN

OH
OH

C HOHC H NHC H2 3

OH
OH

C HOHC H NH2 2

4-OH-3-Methoxy-
phenylglyc ol

C HOHC H NH2 2

OH
OC H 3OC H 3

C HOHC H OH2

OH

OC H 3

4-OH-3-Methoxy-
D-mandelate

C yc lic  A MP
A T P

Dephos pho-C oenzyme A

4-P -P antetheine

4-P -P antothenylc ys teine

4-P -P antothenate

P antoate

6.3.2.1

1.1.1.169

3.5.1.22

2.7.1.33

NH

NH 

O

O

O

O

C H OH2

OH
OC H 3

 C H(OH)C OO

H2

NH3

+
C H-C OO

CO

O

C OO

NR ibose- P
N
+

C OO

NH

C H C OO2

O

OH

C H O2 P

NHC OC H NH2 2

OH

F ormyl
glyc inamide-R  P

Urea

F ormyl
glyc inamidine-R  P

A llantoate A llantoin UR A T E

A DP

Xanthine Hypoxanthine

Inos ine

A denine

A denylo-
s uc c inate

5-A mino
imidazole-R  P

5-A mino-4-imidazole
c arboxylate-R  P

5-A mino-4-imidazole
(N-s uc c inylc arboxamide)-R  P

5-A minoimidazole
c arboxamide-R  P

F ormylamido-
imidazole-

c arboxamide-R  P

 H NC ONH2 2

HN
H C2 C HO

NH
R P

NH

C

C
C
O

C
C O

OC
NH

N H

H
N

HN

H

C
C
O

C
C H

OC
NH

N

N

HN

C arbamoyl
ß-alanine

Dihydro-
urac il Urac il

d-A DP

d-A T P

G T P G DP

XA NT HOS INE -P
(XMP )

T T P

T DP

ß-Ureido
is obutyrate

Dihydro
thymine

T hymine d-UMP d-C MP d-C DP

C DP

C arbamoyl
as partate

Dihydro
orotate

Orotate Orotidine-P Uridine-P
(UMP )

UDP

3-A mino-
is obutyrate

C H
C
NH 2

C HOC
NH

NC H
C
O

C HOC
N H

HN

C H-C H3
C
O

OC
N H

HN

C H 2

C H2
C H2

C
O

OC
NH

HN

C
O

C HOC
N H

HN C    C H3

Methylmalonyl
s emialdehyde 

OHC C HC OO

C H3

C H2
C
O

C H-C OOOC
N H

HN C H
C
O

C -C OOOC
N H

HN

H NC ONHC H C H C OO2 2 2

C
C

C
C H

R P
HC

NH

NH

 OOC -C H-C H C OO2

N

N

N

C HO

NH
R P

NH

OC

H C2

2.7.7.43
3.1.3.29

1.1.1.158

5.1.3.13
2.7.1.38
3.2.1.23

3.1.3.29
4.1.3.20

2.7.1.60

5.1.3.14
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The most fundamental constrain on metabolism is 
thermodynamics
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by a certain change in stoichiometry, activity or 
kinetic characteristics of one of the enzymes in- 
volved in growth, has become more pressing in 
recent years, particularly in applied areas of mi- 
crobiology (e.g. [7]). Such a refined description 
should establish a link between yield studies and 
biochemical/biophysical research at the level of 
isolated enzymes or subcellular particles. 

In bioenergetics a similar need for descriptions 
of systems of enzymes that would take into account 
the mechanistic structure of the system has arisen. 
To satisfy that need 'mosaic non-equilibrium ther- 
modynamics' (MNET) [10,11] has been developed 
[8-10], and has turned out to be applicable to a 
number of energy-transducing systems with vari- 
ous degrees of complexity, correctly predicting the 
effect of changes in activity of the elemental 
processes that characterized the mechanistic struc- 
ture of the system (such as proton pumping, ,pro- 
ton leakage), on macroscopically observable 
parameters such as pH gradient [14], proton flux 
[15], oxidation rate and rate of ATP synthesis [12]. 
The description has also proved useful in extract- 
ing information concerning the molecular details 
of the energy transducing pathway from measure- 
ments of macroscopic parameters [11,12,16]. As 
both bioenergetics and microbiology concern the 
metabolic symbiosis of a number of independent 
(enzyme-catalyzed) processes, it seemed likely that 
an MNET description of microbial growth would 
prove equally informative. Moreover, microbial 
growth can be considered to be itself an energy- 
transducing system and as such it would be well 
positioned in the sequence of biological energy- 
transducing systems to which MNET has been 
applied. Until now, this approach, beginning with 
the single energy-transducing enzyme bacteriorho- 
dopsin reconstituted into liposomes [8,11,14,15] 
and leading along to oxidative phosphorylation in 
submitochondr ia l  particles [16] and intact 
mitochondria [8,12,13] has led to the description of 
gluconeogenesis in rat liver cells [13]. The descrip- 
tion of microbial growth extends these descrip- 
tions in the sense that it links anabolism to growth. 
For these two reasons we have extended MNET to 
provide a description of microbial growth [17]. In 
this paper we put forward the hypothesis that 
MNET correctly describes the relationship be- 

tween microbial growth and microbial metabolism 
(i.e. the underlying biophysical and biochemical 
mechanisms). 

2. THE MODEL 

To illustrate the development of an MNET 
description of microbial growth a simple model 
will be used (cf. Fig. 1). More complex models that 
may more adequately describe microbial growth 
can also be translated into quantitative MNET 
relations. However, such descriptions would be 
mathematically more complex than is necessary to 
illustrate our hypothesis. Therefore, we have mod- 
elled the process of microbial growth as consisting 
of three elemental [10] processes which are as- 
sumed to be mutually dependent through the mag- 
nitude of the intracellular phosphate potential 
(AGp) only. The first of these processes is catabo- 
lism, which we consider to be the conversion of the 
growth-sustaining energy source (e.g. lactate) in a 
particular microorganism into catabolic endprod- 
ucts with the concurrent generation of energetic 
intermediates (in this case ATP). The second ele- 
mentary process is anabolism which consists of the 
conversion of anabolic substrates (the substrates 
providing carbon, nitrogen, etc.) via various mono- 
mers into biomass, using the high-energy inter- 
mediates generated in catabolism. The third pro- 
cess, leakage, contains all those processes that 
consume ATP (or ATP equivalents) but do not 
give rise to the formation of biomass. Passive 
proton flux through the bacterial membrane that 
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Fig. 1. A simple model for microbial growth, suitable for an 
MNET description. For explanation see text. 
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Thermodynamic inhibition as a general principle 
for explaining microbial communities / diversity

Many microbes can co-
exist utilizing the same 

substrate, as long as 
they convert it into 

different end-products. 

…

[X1]' = Y1 ⋅[X1]⋅
v1 ⋅[S]⋅ 1− exp ΔGrxn,1( )( )

K1 + [S]⋅ 1− k ⋅exp ΔGrxn,1( )( ) − λ ⋅[X1]

[X2 ]' = Y2 ⋅[X2 ]⋅
v2 ⋅[S]⋅ 1− exp ΔGrxn,2( )( )

K2 + [S]⋅ 1− k ⋅exp ΔGrxn,2( )( ) − λ ⋅[X2 ]
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Thermodynamic inhibition as a general principle 
for explaining microbial communities / diversity

Significance of co-existence 
will depend on free energy 
levels of individual 
reactions. 

[X1]' = Y1 ⋅[X1]⋅
v1 ⋅[S]⋅ 1− exp ΔGrxn,1( )( )

K1 + [S]⋅ 1− k ⋅exp ΔGrxn,1( )( ) − λ ⋅[X1]

[X2 ]' = Y2 ⋅[X2 ]⋅
v2 ⋅[S]⋅ 1− exp ΔGrxn,2( )( )

K2 + [S]⋅ 1− k ⋅exp ΔGrxn,2( )( ) − λ ⋅[X2 ]



Relevance of low-energy reactions:

Glucose

All possible, thermodynamically 
feasible conversions within a 

given range of stoichiometries 

Butyrate degradation 
Ethanol fermentation 

Glucose oxidation 
Methanogenesis 

….

Grosskopf T and Soyer OS, ISME journal (2016)



Metabolic cooperation from 
thermodynamic inhibition? 

Lactate- + 2H20  —> Acetate- + HCO3- + H+ + 2H2  DG = -4.2 kJ/mol
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A syntrophy at the heart of anaerobic digestion
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Sulfate reducing 
bacteria, e.g. 
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2Lactate- + Sulfate2- —> 2Acetate- + 2HCO3- + H2S DG = -160.4 kJ/mol
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Lactate —> Pyruvate + H2  DG = +43 kJ/mol

How to overcome thermodynamic limits?

Lactate- + 2H20  —> Acetate- + HCO3- + H+ + 2H2  DG = -4.2 kJ/mol



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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DG = -37 kJ/molLactate —> Pyruvate + 2H+ + 2e-  
2H+ + 2e- —> H2  DG = +81 kJ/mol
Na+(out) —> Na+ (in) DG = ? kJ/mol

Investment of energy into metabolic cooperation.

Walker et al., J. of Bact. (2009)
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Thermodynamic basis of metabolic cooperation

syntrophic DV wild type DV

Na concentration

H
2 

pr
es

su
re

Syntrophic clone produces more 
H2….

Grosskopf T, et al, ISME Journal (2016)

syntrophic DV

wild type DV

… and production level depends 
on external Na concentration



Thermodynamic basis of metabolic cooperation

syntrophic DV wild type DV

Na concentration

H
2 

pr
es

su
re

Syntrophic clone produces more 
H2….

Grosskopf T, et al, ISME Journal (2016)

Thermodynamic 
bottlenecks in metabolism 

determine molecular
drivers of syntrophy

syntrophic DV

wild type DV

… and production level depends 
on external Na concentration



Thermodynamics as a design principle 
for multi-cellular ecosystems?

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

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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Synthetic microbial communities - Immediate Future: 
Closed ecosystems
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Synthetic microbial communities - Immediate Future: 
Model plant support ecosystem
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http://osslab.lifesci.warwick.ac.uk

Signaling Systems: 
Carsten Wiuf & Elisenda Feliu (Copenhagen University) 
Steve Porter (University of Exeter) 
Julien Olivier & Peter Swain (University of Edinburgh)

Metabolism Evolution: 
Dominique Schneider (University of Grenoble) 
Richard Lenski (Michigan State University) 

Synthetic Communities: 
David Swarbreck (TGAC) 
Joseph Christie-Oleza (University of Warwick) 
Patrick Schaefer (University of Warwick)
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