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Slow progress in models predic0ng
microbial community assembly

• I started modeling microbial communi2es 
8 years ago, hoping to make predic2ons

• Growth is described by Monod equa2on:

𝑔 𝑅 =
𝑔𝑚𝑎𝑥𝑅
𝑅 + 𝐾

• For steady state in a chemostat 𝑅 ≪ 𝐾 so 
𝑔 𝑅 = !!"#

"
𝑅

chemostats are to study oligotrophs not copiotrophs
• But 𝐾 varies a lot between strains, depends on 

growth history, and is hard to measure!



Karin Kovárová-Kovar 
Thomas Egli

Growth Kine7cs of 
Suspended Microbial 

Cells: From Single-
Substrate-Controlled 

Growth to Mixed-
Substrate Kine7cs. 

Microbiol Mol Biol Rev 
62, 646–666 (1998)



Microbial community dynamics is often
not in steady state but boom-and-bust
We model this 
(chemostat) 

But in the lab we do this 
(serial dilu*on/passage =
= batch growth) 

Many real ecosystems are dominated 
by copiotrophs not oligotrophs

(e.g., algal blooms) 



Boom-and-bust model parameters 
are easy to measure

To model batch growth 
one needs to know:
• The maximum growth 

rate 𝑔!
(#$%) on each 

resource
• The lag 7mes 𝜏!' and 
dilu7on factor D>1
• The resource hierarchy 

or co-u7liza7on ra7o

Monod (1949) The Growth of Bacterial 
Cultures. Annual Reviews in 

Microbiology



Use case scenario
• Your experimentalist friend has a favorite set 

of 𝑛! species: the “dream team”
• He needs to keep all species alive in a serial 

passage (dilution) experiment
• We can provide the following services:
– Determine if these species can in principle stably 

coexist on a given set of 𝒏𝑹 resources
– Design the resource ratio 𝑹𝟏: 𝑹𝟐: 𝑹𝟑 for this 

community to successfully assemble
– Bonus. Tune the resource ratio for a desired 

species abundance ratio 𝑵𝟏: 𝑵𝟐: 𝑵𝟑



The boom phase is  defined 
by resource depletion times Ti



How to generalize Tilman’s graphical method of 
from chemostats to serial diluBon?

Wang, Z.,  et al. Nature communications, 12(1), 6661 (2021)

exp 𝑔(𝑇( = 𝐷

𝑇( = log 𝐷/𝑔(



can be generalized 
for co-u;liza;on

Wang, Z.,  et al. Nature communications, 12(1), 6661 (2021)

can be generalized 
for lags



Feasibility: can these species in 
principle coexist? These two cannot

Wang, Z.,  et al. Nature communications, 12(1), 6661 (2021)



Change from resource deple3on 3mes
to dura3on of temporal niches

Temporal  niches     t1            |  t2 | t3   | t4     |

• For n resources there are 2n-1 possible temporal niches
• Resource depleEon order (e.g., T1<T3 <T2…<Tn shown) 

determines which n temporal niches (t1,t2 ,t3,…tn ) are 
realized

• To test feasibility, one needs to go through 
all of n! possible deple;on orders



Feasibility of the steady state
• 𝐺"# is the growth rate of bug α in niche I
• Fix the depleBon order T1<T3<T2 …<Tn

• Without lags: ∑# 𝐺"# 𝑡# = log 𝐷
• With lags: ∑# 𝐺"# (𝑡#−𝜏"#) = log 𝐷
• ∑( 𝐺)( 𝑡( = log 𝐷+ ∑( 𝐺)( 𝜏)( = log 𝐷𝛼

can be formally solved as 
𝒕𝒊 = /𝐺%& 0 𝐥𝐨𝐠 𝐷𝛼

• The steady state is feasible if all 𝑡#>0
• |det(G)| = stability against variaBons in lags
• We separately test for dynamical stability



Feasibility of a random community
with iden3cal hierarchies

Z Wang, A Goyal, S Maslov, bioRxiv, July 2023

Pfeasible~0.5 when nR=2nS

Tradeoffs promote the likelihood of assembly (see Posfai et al PRL 2017)
Supebugs suppress the likelihood of assembly (V. natriegens will win)

-
µ

µ

µ



At what resource concentra3on ra3os 
is this coexistence possible? 

Normalized structural stability=  

Z Wang, A Goyal, S Maslov, bioRxiv, July 2023



Can we use our 
engineered assembly methods to

compare the success of 
different metabolic strategies

in real-life ecosystems?



Microbial metabolic strategies

MacArthur model, 1960s
See recent papers from 

Mehta, O’Dwyer, Tikhonov, 
Wingreen labs, and many others

There is no standard model 
for communiEes

We developed  the methods:
Maslov lab 2018, 2021, 

Gore lab, 2023

Sequen&al u&liza&on of  



• Regulatory mechanisms: known well in model organisms. 
But may need 282 variables/476 parameters to describe

• Physiological role: understood through proteome allocaHon 
à growth opHmizaHon. But species do not always op*mize 
proteome allocaHon

• Ecological consequences: poorly understood 



How do we choose growth rates in our 
model?

•𝑔!
)*+ → λ! .

we follow the notation from Hermsen et al. MSB (2015)
•

• ,#
-.,#/,$

= 𝑁 0.5,0.1 , λ' = 1

•λ!' =
,#0,%.(,#,%/,$

-.,#,%/,$&
for co-utilizing species



Metabolic strategies we compare
• ``Smart’’ sequential utilization: 
– resource hierarchy matches that of growth rates

• Random sequential utilization: 
– resource hierarchy is not correlated with growth rates

• ``Top smart’’ sequential utilization: 
– top resource has the fastest growth rate. Other resources 

– random hierarchy (inspired by Z Wang, et al Nat Comm 2021)

• Co-utilization strategy: 
– proteome equally allocated among the remaining 

resources. Growth rate – average among growth rates on 
these resources



Mature communi3es have 
complementary resource preferences

and no “anomalous species”

Only top resource is 
complementary

Anomalous species = top preference 
is not the fastest growth resource

Wang Z, Goyal A, Dubinkina V, George AB, Wang T, Fridman Y, Maslov S, . Nat Comm. 2021



Feasibility
How likely is that the “dream team” can be assembled?

Normalized to random:
-

('()*
→ 1

1

Dynamical Stability
Is steady state stable 

to small changes in species abundances 

Structural stability
What is the allowed range of resource 

concentrations? Normalized to a single ratio

Feasibility +Dynamical Stability 
How likely is that the “dream team” can be stably assembled?

1











Z Wang, A Goyal, S Maslov, bioRxiv, July 2023

Dynamical stability spectra



Dynamical stability fraction

99.7%

88.1%

51.4%

4.19%



Chao7c solu7ons are possible 
but rare: <1 out of 10,000

r





What if the number of resources 
you have access to is too low?



Robots to the rescue!

• Blox Bloxham et al., bioRxiv (2023):
– In principle:  𝑛*+,-(,* ≤ 2.!"#$%!&"# − 1
– In practice in randomly fluctuating environments: 
𝑛*+,-(,* ~ 𝑛/,*01/-,* 2

• We can beat it by using 
robots to add prescribed 
different nutrient ratios at 
different cycles



Z Wang, A Goyal, Y. Fu, Y. Fridman, S Maslov, in preparation



Take home messages and open ques3ons
• We can engineer resource ratios for a given set of 

species to co-exist in boom-and-bust environments
– Bonus 1: we can make any desired relative species 

abundances
– Bonus 2: we can break the competitive exclusion 

principle: 𝑛!"#$%#! ≤ 𝑛&#!'(&$#! potentially going up to 
𝑛!"#$%#! = 2)!"#$%!&"# − 1

• We can compare different metabolic strategies to 
each other. Next steps:
– Ecology and evolution of the optimal tradeoff between

shorter lags and reduced growth rate due to pre-
allocated enzymes

– Include crossfeeding diauxie (glucose-acetate)
– Can we explain deviations from optimal hierarchy by the 

success of the top smart sequential strategy?



Credit: XKCD 
comics 


