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What are fermented foods? A recent consensus

Nature Reviews Gastroenterology & Hepatology

18: 196–208 (2021)

“…foods made through 
desired microbial growth 

and enzymatic conversions 
of food components.”
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Humans (& their 
microbiomes)

Fermented food 
microbiomes

How can we use fermented foods 
to promote microbial literacy? 

Education

How do practitioners/practices affect the 
ecology and evolution of food microbes?

Practicing/
Crafting

Why do some food microbiomes fail, and how 
can broken food microbiomes be fixed?

Can we use microbial ecology/evolution 
to develop novel ferments?

What ecological/evolutionary processes 
control microbiome assembly and function?

How do fermented food microbiomes 
interact with human microbiomes?

Basic 
science
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Generalizable principles of microbiome
assembly across ferments

Basic science



What species are 
available to build 
a microbiome?

Dispersal

How do 
microbial species 

fit together?
Interactions

How do 
microbiomes 

change over time?
Evolution

Vellend & Agrawal, Q. Rev. Biol., 2010
Nemergut et al., Microbiol. Mol. Biol. Rev., 2013 

Louw et al., Annu. Rev. Microbiol., 2023  Basic science



Basic science



Cheese rind microbiomes

Basic science



Biofilm

Curd

Brevibacterium

Cheese rind microbial communities
A limited diversity of easy-to-
culture fungi and bacteria 
Wolfe et al., Cell, 2014
Saak et al., mSystems, 2023

Synthetic communities 
behave like ‘wild’ communities 
Wolfe et al., Cell, 2014
Niccum et al., mSystems, 2020 
Cosetta & Wolfe, Curr. Prot. Microbio., 2020

Fungi are keystone species
in cheese rind microbiomes

Basic science



Fungi strongly affect the growth of bacteria in cheese rinds

Bacteria are 
highly responsive 

to fungi

Wolfe et al., Cell, 2014

Fungi are 
not responsive 

to bacteria

What metabolites mediate 
Penicillium-bacteria 

interactions?

Basic science



Fungi are keystone species in cheese rind microbiomes

Dispersal 
facilitation

Alter abiotic 
environment

Direct 
chemical 

interactions
Alter resource 

availability 

Indirect 
chemical 

interactions

Bacteria and 
fungi compete for 

scarce metals
Cleary et al. 

2018, mSystems

Penicillium molds 
kill rind bacteria 
via antibiotics
Tannous et al. 

2023, mBio

Fungal resource 
provisioning 

promotes bacteria
Kastman et al. 

2016, mBio
Zhang et al. 

2018, Nat. Comm.

Mold networks are
superhighways for 

rind bacteria

Penicillium molds 
kill rind bacteria 
via antibiotics

(Ongoing research
w/ N. Keller)

Fungal volatiles
promote bacterial 

growth
Cosetta & Wolfe, 
2020, Env. Micro.



Fungal antibiotics can shape cheese rind communities

Penicillium sp. 
strain MB.

% Inhibition

Pairwise 
interactions Mechanism

pseurotin

X

Tannous et al., mBio, 2023

Community-level  
consequences

WT X
Joanna 
Tannous

Nancy 
Keller

Basic science



The pseurotin BGC is widespread in fungal genomes, and 
may be impacting bacterial communities in other systems

Tannous et al., mBio, 2023

Mickey Drott

Basic science



Humans (& their 
microbiomes)

Fermented food 
microbiomes

How can we use fermented foods 
to promote microbial literacy? 

How do practitioners/practices affect the 
ecology and evolution of food microbes?

What ecological/evolutionary processes
control microbiome assembly and function?
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interact with human microbiomes?

Basic 
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Practicing/
Crafting

Learning/
Teaching

Why do some food microbiomes fail, and how 
can broken food microbiomes be fixed?

Can we use microbial ecology/evolution 
to develop novel ferments?



Fermented foods are a farm-to-gut microbial pipeline

Basic science

Esther Miller

Miller et al., AEM, 2019



How do fermented food microbes affect human microbiomes? 
Positive probiotic functions

Marco et al., Nat. Rev. Gastroenterol. Hepatol., 2021Basic science



Youngblom et al., BioRxiv., 2023

Staphylococcus 
saprophyticus can 
cause UTIs and 

fermented foods may 
be a source of this 

bacterium

How do fermented food microbes affect human microbiomes? 
Potential negative functions

Basic science



The yeast Debaryomyces 
hansenii is remarkably 

widespread in fermented 
foods, and may impair 

mucosal healing in the gut 

Sushrut Jangi, 
Tufts Medicine

Are food yeasts 
associated with 
ulcerative colitis 

treatment outcomes?

Basic science

How do fermented food microbes affect human microbiomes? 
Potential negative functions
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Practicing/Crafting

Fermented food producers create
ecological and evolutionary opportunities for microbes

Natural System Food System
“Wild” 

populations
Food-adapted
populations

Repeated colonization and assembly on 
fresh food substrate 



We know that many food microbes have been domesticated

Ropars et al., Current Biology, 2020

Penicillium camemberti

Gibbons et al., Current Biology, 2012

Aspergillus oryzae

Can we watch microbial domestication 
happen in a food production facility? 

Practicing/Crafting



2016 2022

A marriage proposal provided a microbial time capsule

Rachel Dutton says “yes!” to her 
future husband Charlie Kalish

Bayley Hazen 
Blue Cheese

Practicing/Crafting

Penicillium solitum



2016 2022

A long-term collaboration with Jas allowed us to document 
unintentional microbial domestication

Bayley Hazen 
Blue Cheese

Penicillium solitum

Louw et al., Curr. Biol., 2025

Mateo Kehler Nicolas Louw

Practicing/Crafting



2012 2016 2020 2024
Penicillium solitum
#12 reference 
isolate 

1st

population 
sampling

2nd

population 
sampling

3rd

population 
sampling

2014 2018 2022

Social media helped us confirm the 
green to white transition of Penicillium solitum

Louw et al., Curr. Biol., 2025Practicing/Crafting



A phenotypic shift in Penicillium solitum
from green to white

2016 2022 2024

Louw et al., Curr. Biol., 2025Practicing/Crafting



The only gene with mutations 
in all white strains (and no 

green strains) was alb1

Cleere et al., 2024, npj Sci Food

alb1 encodes the first enzyme in the DHN-melanin pathway

Practicing/Crafting

White mutant molds have altered melanin biosynthesis

Louw et al., Curr. Biol., 2025



A transposable element insertion upstream of alb1
is the most common mutation in white Penicillium solitum strains

We also experimentally 
evolved white strains from 

green strains

Knockout created by Justin 
Eagan in Keller Lab confirms 
alb1 control of pigmentation Louw et al., Curr. Biol., 2025Practicing/Crafting



Low light levels of cheese caves = loss of melanin?

Practicing/Crafting



Dark cave environments lead to relaxed 
selection on melanin production

Penicillium solitum

Jeffery et al., (2004)

Blind and de-pigmented cavefish

Louw et al., Curr. Biol., 2025

Practicing/Crafting



Can we harness this unintentional domestication 
process to provide new starter cultures?

Practicing/Crafting
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Some fermented food microbiomes fail, and these 
failures provide opportunities to learn microbial ecology

Practicing/Crafting



An emerging fungal problem in New England cheese caves

Practicing/Crafting

Aspergillus westerdijkiae

• Often found in carbon-rich environments such as coffee, cereals, and plants.

• It can also colonize the outside surfaces of aged meats and cheeses.

• Distinct appearance of yellow dust is due to the production of yellow conidiophores

• Produces large quantities of ochratoxin A

https://doi.org/10.1016/j.fm.2019.05.007 https://twitter.com/CranMycology



An emerging fungal problem in New England cheese caves

Aspergillus 
westerdijkiae

Aspergillus 
ostianus

Multiple introductions of distinct 
Aspergillus westerdijkiae strains to

New England cheese caves

Whole-genome phylogeny 
based on 6885 single copy 

orthologous genes

Practicing/Crafting



Interaction

Optical 
Image

Brachy-
bacteriumAspergillu

s

Agar 
Contro

l

[M+H]+ 171.0663
Penicillic Acid 

A. westerdijkiae is antimicrobial and produces penicillic acid

Aspergillus 
westerdijkiae

Grundmann et al., mSystems, 2026Practicing/Crafting



A. westerdijkiae can be easily controlled with colder temperatures

Practicing/Crafting

11 °C 
(~52 °F)

10°C 
(~50 °F)

Maintaining low 
temperatures 

(below 12°C/54°F) 
can help reduce 
the impacts of 
Aspergillus in 
cheese caves



A. westerdijkiae is not naturally found in New England

Aspergillus 
westerdijkiae

Global distribution of A. westerdijkiae based on 
ITS sequences in GlobalFungi.com

= A. westerdijkiae detected

Is sea salt 
a vector?

Practicing/Crafting
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Can we create novel fermented foods using 
rational design and ecological principles?

Practicing/Crafting



Gaps in “fermentation space” suggest potential for 
new combinations of substrates and communities

Arrigan et al., Current Biology, 2024



Novel fermentations integrate ecological principles, 
synthetic biology, and traditional practice

Maini Rekdal et al, 
Nat. Microbiol., 2024

Cleere et al, 
npj Sci. Food, 2024

Hayashida et al, 
J. Dairy Sci., 2023

Lopusiewicz et al., 
Microorganisms, 2020

Novel substrates 
for oncom fungus

White blue cheese

Koji Camembert

Flaxseed Camembert

Practicing/Crafting
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Practicing/Crafting

My lab is now offering food microbiome testing services

wolfelab@tufts.edu
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Microbial literacy should be a priority as microbiome science 
continues to develop as a field

The public has a limited understanding 
of microbes and microbiomes

As microbiologists and 
microbiology educators, we 
have not formerly assessed 
public understanding of 
microbes/microbiomes

What is a microbe?

Difference between “good” 
and “bad” microbes

How do our lifestyles and actions 
affect our interactions with microbes?

Differences between bacteria, 
viruses, fungi, etc…

Education



Fermented foods provide delicious opportunities to promote 
microbial literacy  

The Public

“The workshop gave me more 
language, more specificity, and 
it reconfirmed what I already 
knew,” Norton explained. 
“These cheeses have a life. 
They have a story.”

NSF 
CAREER 

Award 
#1942063

Food Producers



The Wolfe Pack

Funding

Collaborators
Nancy Keller and Justin Eagan, UW-Madison

Joanna Tannous, ORNL
Anne Pringle, UW-Madison

Cobus Visagie, Univ. Pretoria
Joanna Tannous, Oak Ridge National Lab

Laura Sanchez, UC Santa Cruz
Lawrence Uricchio, Tufts University
Angela Oliverio, Syracuse University

Thank you!!


