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How many species can coexist?
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The paradox of Plankton, Hutchinson 1961 Emergent simplicity in microbial community assembly, Goldford et al., Science 2018

Ecological Niches & Competition Exclusion Principle

Friedman et al., Nature Ecology and Evolution, 2017



Consumer resource models

MacArthur model, 1970
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Competition Exclusion Principle

These are m equations in p variables
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(CEP — Hardin 1961,...)



Species-Resource Bipartite Network
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Generalized Lotka-Volterra Equations
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Complexity-Stability Paradox
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Random Matrix / Spin Glass / Cavity / DMFT

Marginally Stable Equilibria in Critical Ecosystems PHYSICAL REVIEW LETTERS 126, 258301 (2021)
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BUT ... species interactions are not
quenchd, but dynamics



Experimental evidence: quantitative description of diauxic shift

S. cerevisiae
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Schematic representation of the yeast used in the experiment



Time dependent interactions
In
Consumer Resource Models
(CRM)



Energy Constraint in CRM

Adding a total energy budget E (independent of species)
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Y aoi=E mmmp All species survives if nidi + -+ nydy = =%
1=1

(Posfai et al, PRL 2017)

After rescaling:

Geometrical Interpretation

Red species eats only nutrient 2,
Blue one feeds equally upon 1 and 2;
% Orange-violet species uses all resources

% = supply rate (s)

O3 52 Qg3 Oly9

All species coexist, but
with soft bound (< E) or species
dependent budget (E,),

CEP is recovered

Only m < 3 species coexist: at
least one extinction - CEP is
recovered



Bridging the cellular and ecological scale...

Communities’ structure is influenced by the metabolism of microbial species

 The abundance of microbial species correlate well with their metabolic function
(Damian et al., Nat. Microbiol. 2018)

* Microbial communities assemble in “metabolic blocks” specialized in particular metabolic

functions, and this simple arrangement allows prediction of community composition
(Enke et al., Curr. Biol. 2019)

The functions performed by a species depend on the proteins it is producing.
The balance between the functions depend on how the proteome of a species is allocated.
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How does allocation of the
Y as < E} proteome affect the dynamics
of microbial communities?



Proteome allocations: experimental facts
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Interdependence of Cell Growth
and Gene Expression:
Origins and Consequences
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Proteome allocations: experimental facts

Phenomenological laws
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Generalization of Hwa phenomenological laws for N resources and Np species
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Re-adapted from L. Pacciani-Mori et al., ISME Journal, 2021



From proteome allocation to consumer resource equations
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Consumer Resource Model with constraint proteome allocation
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Result 1: Dynamic Consumer-Resources network

can reproduce diauxic shift
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Schematic representation of the yeast used in the experiment

L. Pacciani Mori et al., Plos Comp. Biology 2020



Effect of adaptation on species coexistence
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Result 2: adaptation may favour species coexistence

2/4) When multiple species and resources are considered, the model naturally
violates the Competitive Exclusion Principle:
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Dynamics of t

Consumer-resources network
L. Pacciani Mori et al., Plos Comp. Biology 2020



Result 3: increase of community resilience

Perturbation of the supply rate (e.g. changes in time) lead to extinction in
the absence of adaptation.

Static metabolic

Strateg 1eS L. Pacciani Mori et al., Plos Comp. Biology 2020



Result 4: increase of community resilience

Dynamics of

Consumer-resources network
L. Pacciani Mori et al., Plos Comp. Biology 2020



Importance of adaptation velocity

4/4) Fast adaptation (i.e., T, small) always favors coexistence,
while slower adaptation does not
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L. Pacciani-Mori et al., ISME Journal, 2021



Generalized Lotka Volterra
(GLV) and connection with
microbiome ecological data.



Species Abundance Distribution (SAD or RSA)

Volkov et al., Nature 2003
Azaele et al., Nature 2005
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Ecology of the Microbiomes

Costello et al., Science, 2012



Macro-Ecological Patterns in Microbiomes
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Population

Ga

Dynamical Mean Field Theory

It works!

GLYV single species
—— GLV average
—— DMFT average

15 20 25

Full GLV with
Random Gaussian
Interactions

Phase Diagram



probability to be stable

Results for Fixed Interactions...
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GLYV with Time Correlated Stochastic Interactions
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SAD for GLV with time dependent interactions

DMFT + e .
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Suweis, Arxiv, 2023



Phase diagram for GLV with time dependent
interactions in the limit T —> (
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Conclusions and future perspectives

Adding network dynamics and fluctuations favour species coexistence in
ecological communities for both CRM and GLV models

In CRM this time dependency of interactions arises from proteome allocations
law in relation to the species growth rate.

In GLV adding temporal fluctuations in species interaction networks allows
species coexistence also for large systems and explain SAD

Combine quenched correlated interactions among species + temporal
fluctations = CRM with GLV network dynamics.

Study effect of sparsity on the specie interactions networks

J
‘ Large system population dynamics with non-Gaussian interactions

Sandro Azaele!'?2 and Amos Maritan! 23
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