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Quantitative principles in biological systems

11. Microbiomes and random matrix theory

Spring 2025

How do organisms interact?

Ly
n

x 
n

u
m

b
e

r 
($

)

1830 1930

https://www.jousefmurad.com/simulation/the-predator-prey-equations-lotka-volterra/
Elton C and Nicholson M. J Anim Ecol (1942)
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How do organisms interact?

Oscillations persist…
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Field experiment to exclude lynxes:

Krebs CJ et al. Science (1995)
Elton C and Nicholson M. J Anim Ecol (1942)
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Gut microbiome
KC Huang lab
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Oral microbiome
Gary Borisy lab

Microbiomes will be our model system for diversity.
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Microbiomes are variable across hosts and stable over time.

The Human Microbiome Project Consortium. Nature (2012)
David LA et al. Genome Biol (2014)

Subject A Subject B
Daily stool samples:
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An influential one-liner… diversity vs stability

Approximate complexity by randomness 𝐴௜௝~𝒩 0, 𝜎ଶ

plot(eig(randn(Number of species S)))

Wenping Cui et al. arXiv (2024)
May. Nature (1972)
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Aranda-Díaz et al. Cell Host Microbe (2022)

The gut microbiome is a great model system.

isolate

Enterobacteriaceae
Ruminococcaceae
Lachnospiraceae
Enterococcaceae
Bacteroidaceae

Most species inhibited each other

Palmer and Foster. Science (2022)
Ho et al. Nat Microbiol (2024)



6

Most species inhibited each other via resource competition.

Ho et al. Nat Microbiol (2024)

Another influential one-liner… competitive exclusion “principle”

Wenping Cui et al. Phys Rev E (2021)
Zhijie Feng et al. biorXiv (2025)

Number of coexisting species < Number of resources
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Number of metabolites is large and predicts growth.

Ho et al. Nat Microbiol (2024)

Themes and perspectives
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Validate understanding by predicting community assembly:

Ho et al. Nat Microbiol (2024)

Disentangle interaction mechanisms: pH-mediated inhibition.

Efs
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Disentangle interaction mechanisms: pH-mediated inhibition.

Efs

If random ≠ typical, then how to understand complexity?

Caballero-Flores G et al. Nat Rev Microbiol (2023)



10

Species abundance is more variable than gene family abundance.

The Human Microbiome Project Consortium. Nature (2012)

Hypothesis: Less variability ⟹ More selection

FamilySpecies

In a simple ecosystem, metabolic selection ⟹ reduced variability.

Estrela et al. Cell Syst (2022)
Goldford et al. Science (2018)

Soil microbiomes grown in vitro:

Quantitative 
principles exist!
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Statistical averaging reduces functional variability, even without selection.

Function = Sum across many species

Function will tend to be less variable
⟹

Ho and Huang. Cell Syst (2025)

Surprises again

Hehemann JH et al. Nature (2010)

gut sp.
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Summary

- More is different, and typical may or may not be well approximated as random.

Hallatschek et al. PNAS (2007)


