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Molecular commonalities across microorganisms

✓Conserved biochemistry and molecular biology
✓Biosynthesis machinery
✓ Energy conservation and central metabolism
✓Conserved principles of enzyme kinetics



All microorganisms have a finite biosynthetic capacity 
such that the synthesis of one protein is that the expense of others

Translational machinery
Sigma factors

Transcriptional machinery

Metabolic enzymes

Stress readiness

Nutrient readiness

Survival

Phenotypic adaptation --
Environment dependent “protein pools”E. coli
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Unneeded proteins are at the expense of growth proteins in E. coli



Identical fitness measure for all microorganisms
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● 1, ornithine (0.05)

● 2, glycine (0.09)

● 3, arginine (0.14)

● 4, glutamine (0.16)

● 5, asparagine (0.22)

● 6, acetate (0.27)

● 7, ribose (0.29)

● 8, lactate (0.31)

● 9, alanine (0.33)

● 10, alfa- ketoglutarate (0.35)

● 11, glucosamine (0.36)

● 12, cytosine (0.4)

● 13, galactose (0.46)

● 14, glycerol (0.48)

● 15, mannose (0.51)

● 16, pyruvate (0.52)

● 17, succinate (0.55)

● 18, trehalose (0.55)

● 19, sorbitol (0.62)

● 20, maltose (0.66)

● 21, fructose (0.67)

● 22, glucose- 6- phosphate (0.67)

● 23, arabinose (0.8)

● 24, mannitol (0.83)

● 25, glucose (0.93)

● 26, sucrose (0.99)

● 27, LB (1.27)

titratable strain

wild type

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

0.6

IPTG, μM

g
ro

w
th

ra
te

,
h
r-

1

succinate

titratable strain

wild type

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

fructose

titratable strain

wild type

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

mannitol

titratable strain

wild type

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

glucose

titratable strain

wild type

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

mannose

titratable strain

wild type

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

galactose

titratable strain

wild type

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

trehalose

titratable strain

wild type

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

glycerol

titratable strain

wild type

0 50 100 150 200
0.00

0.05

0.10

0.15

0.20

0.25

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

acetate

titratable strain

wild type

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

IPTG, μM

g
ro

w
th

ra
te

,
h
r-

1

arabinose

titratable strain

wild type

0 50 100 150 200
0.00

0.05

0.10

0.15

0.20

0.25

0.30

IPTG, μM

g
ro

w
th

ra
te

,
h

r-
1

ribose

titratable strain

wild type

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

0.6

IPTG, μM

g
ro

w
th

ra
te

,
h
r-

1

sorbitol

Protein expression of H-ATPase maximizes growth rate in E. coli
for S. cerevisiae evidence see Keren, et al. Cell, 2016 and for L. lactis evidence see Peter Jensen’s papers



The trade off between growth, stress readiness and adaptation capacity 
implied by the finite biosynthetic resources

E. coli study: Basan et al. Nature, 2020.



The trade off between growth, stress readiness and adaptation capacity 
implied by finite biosynthetic resources



Molecular “hardwiring” of the trade off in E. coli via RNA-pol competition
σ-factors are required, transient subunits of RNA polymerase in E. coli

In lab-evolution experiments, growth-vs-stress “rebalancing” mutations were found in sigma factors and RNA pol.



Commonality of overflow metabolism at fast growth
for L. lactis example see Goel et al. Molecular Microbiology 2015

0.0 0.5 1.0 1.5
0

1

2

3

4

D

DCRITICAL

q
G

L
C

q
C

R
IT

IC
A

L

Normalized growth rate in chemostat
N

o
rm

a
liz

ed
 g

lu
co

se
 u

p
ta

ke
 r

a
te

 in
 c

h
em

o
st

a
t

0.0 0.1 0.2 0.3 0.4 0.5

0

5

10

15

20

25

30

D [hr- 1]

q
[m

m
o
l
(g

d
rw

)-
1

h
r-

1
]

μ
C

R
IT

IC
A

L

μ
M

A
X

Respiratory growth Respirofermentative

S. cerevisiae



Optimal allocation of biosynthetic resources can explain overflow 
metabolism at fast growth
Elsemman, Prado, Griagatis et al, BioRxiv preprint, 2021.
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Fig. 1 pcYeast model formulation and calibration of protein synthesis parameters. a. A schematic 780 

overview of reactions in the model, their interdependence and constraints. Metabolic reactions 𝑣𝑖  are 781 

proportional to enzyme concentrations 𝑒𝑖  that are synthesized at rate 𝑣𝑠𝑦𝑛 ,𝑖  by the ribosomes 𝑅. Each 782 

protein can be degraded with rate 𝑣𝑑𝑒𝑔 ,𝑖 = 𝑘𝑑𝑒𝑔 ∙ 𝑒𝑖  or diluted by growth rate 𝑣𝑑𝑖𝑙 ,𝑖 = 𝜇 ∙ 𝑒𝑖 . 783 

Compartment-specific constraints are indicated in the light-blue boxes. b. Optimisation problem with 784 

the key constraints, including 1) steady-state mass balances; 2) production of biomass components 785 

such as DNA, lipids, cell wall and polysaccharides. Proteins and tRNA are excluded as their synthesis 786 

rates are optimisation variables 3) enzyme capacity constraints that couple metabolic flux to catalytic 787 

rate 𝑘𝑐𝑎𝑡 ,𝑖  and the enzyme level, whose value at steady state is determined by its synthesis rate, rates 788 

of enzyme degradation, and dilution by growth. Note we use equalities and hence enzymes work at 789 

their maximal rate and minimal required protein levels are computed; 4) ribosome capacity that 790 

defines an upper bound for protein synthesis rate; 5) compartment-specific proteome constraints that 791 

define the maximal concentration of proteins that can be contained in that compartment, with 𝑤𝑖  the 792 

specific volume or area of protein 𝑖; 6) a cytosolic protein density constraint that has the same 793 

function as that of proteome constraints, but whose equality forces the cell to fill up any vacant 794 

proteome space with unspecified protein UP with average amino acid composition. c. Growth rate was 795 

Find maximal feasible 𝜇

Subj ect to:  

1 Mass balance constraints:   ×𝑣 = 0

2 Biomass composition (except protein and rRNA)

3 Enzyme capacity constraints  𝑣𝑖 = 𝑘𝑐𝑎𝑡  
    , 

      

4 Ribosome capacity constraint:  𝑣𝑠𝑦𝑛 ,𝑖  𝑖 𝑘𝑐𝑎𝑡, 𝑖  𝑅

5 Compartment-specific proteome constraints:   𝑤𝑖𝑖   
 𝑒𝑖     

6 Cytosolic volume constraint:  𝑣     ,   ,    𝑒  𝑣     =     
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Mathematical model of metabolism,
Protein synthesis and protein-expression 
constraints.



Growth rate is an “order parameter” for E. coli
(and likely also for S. cerevisiae)



But not all microorganisms are like E. coli and S. cerevisiae

Commonalities

✓ Biochemical kinetics
✓ Biosynthesis
✓ Finite biosynthetic resources
✓ Fitness measure

Possible differences

✓ Protein expression as function of growth rate
✓ Absence of overflow metabolism 
✓ Unneeded protein response of growth rate
✓ Anticipation behavior at slow growth

Likely cause: 
differences in their environment (niches)
The field is biased to fast growing microbes in constant
conditions.



Microbial fitness strategies are likely niche dependent
Microbial fitness strategy ≅ Microbial physiology



Conclusions

1. Commonalities exist across microorganisms.
❑ Microbes are nearly identical in their basic metabolism, biosynthesis and biochemistry.
❑ Natural selection selects microbes with the highest average growth rate.
❑ All microbes suffer from finite biosynthetic resources.
❑ Expression of proteins is at the expense of others (the growth-stress-adapt trade-off).

2. Niche-specific physiological phenomena.
❑ Unneeded protein reduces growth rate.
❑ Optimal expression of a needed protein maximizes growth rate.
❑ Overflow metabolism can result from optimal allocation of finite biosynthetic resources.
❑ E. coli (and S. cerevisiae?) are opportunistic and prioritize growth over future preparation.

3. The physiology (metabolic and stress protein expression) of E. coli and S. cerevisiae can 
be predicted by optimal allocation of finite biosynthetic resources to maximize growth rate.

4. The physiology of model microorganisms likely still reflects their natural niches such that
E. coli, S. cerevisiae, B. subtilis, and S. elongatus (and L. lactis) experience the same 
protein-expression constraints, but nonetheless behave differently.
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