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WHAT IS THE BIOLOGY WE HAVE 

MISSED BY STUDYING ORGANISMS IN 

ISOLATION?



MODEL SYSTEMS ARE POWERFUL

E. coli S. cerevisiae C. elegansPhage 

lambda

Make observations  → Test hypotheses

Microbiome?



BUT WHICH COMMUNITY?



FERMENTED FOODS FALL IN THE 

“GOLDILOCKS ZONE”

kimchi bread kombucha beer cheese

Wolfe & Dutton, Cell, 2015



THE CHEESE RIND BIOFILM
Communities range from low to medium complexity, phylogenetically 

diverse, completely culturable, amenable to in vitro reconstruction

Wolfe, Button, Santarelli, and Dutton, Cell, 2014



HORIZONTAL GENE TRANSFER OCCURS 

WITHIN COMMUNITIES



CAN WE USE CHEESE RIND 

MICROBIOMES TO STUDY HGT?

Novel 

biotic 

pressures

Novel abiotic

pressures



WHAT GENES ARE 

HORIZONTALLY TRANSFERRED?
Looked for regions of high identity between pairs of genomes (Smillie et al, 2011)

Genome-wide 

identity <89%

99% identity 

over at least 

500bp Kevin Bonham



165 CHEESE-ASSOCIATED BACTERIAL 

GENOMES

Actinobacteria

Proteobacteria

Firmicutes

Bacteroidetes

Bonham et al, eLife, 2017



EXTENSIVE HGT IN CHEESE

Actinobacteria

Proteobacteria

Firmicutes

Bacteroidetes

>4000 genes



TRANSPORT SYSTEMS, ESPECIALLY FOR 

IRON, FOUND IN HGT REGIONS



SIDEROPHORE UPTAKE GENE 

CLUSTERS REPEATEDLY FOUND ON 

MOBILE ELEMENTS

integration/
excision

replication

conjugation
tRNA

direct 
repeat

direct 
repeat

~50kb

Siderophore uptake



POTENTIAL CHEATING IN CHEESE 

MICROBIOMES

Fe3+

Fe3+

Fe3+

Fe3+

biosynthesis

export uptake

Fe3+

cheating

Fe3+



WHAT IS THE DIVERSITY OF PLASMIDS AND 

PHAGE IN CHEESE RINDS (AND KEFIR)?

Sequencing: minION 9.4

Basecalling: guppy 4.0.15

Assembly: metaFlye

Polishing: racon, medaka, DIAMOND/MEGAN
plasmids: plasflow, PlasmidVerify, plasmidDB

viruses: DeepVirFinder, VirSorter, ViPTree, vcontact2

Mobilization: mob-suite

Visualization: anvi’o, bandange
Cong Dinh

MD/PhD student



LONG-READ METAGENOMICS REVEALS 

ABUNDANT PLASMIDS AND VIRUSES

Taxonomy

Circularity, n=79

Plasmid, n=101

Virus, n=45

Natural Rind 

Cheese

Clustering of contigs based on tetramer frequency and contig coverage (Anvi’o)



LONG-READ METAGENOMICS REVEALS 

ABUNDANT PLASMIDS AND VIRUSES

Taxonomy

Circular, n=39

Plasmid, n=99

Virus, n=44
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LONG READS ALLOWS ASSEMBLY OF 

CIRCULAR PLASMIDS

Brevibacterium

Staphylococcus

Brachybacterium Psychrobacter

62kbp

44kbp

40kbp

49kbp

40kbp

<10kbp

Lactococcus



Natural 

Rind

Bloomy 

Rind

Washed 

Rind

Kefir 2

Kefir 1

0 25 50 75 100

High identity to sequences in databases

Low identity to sequences in databases

MANY NOVEL PLASMIDS AND PHAGE IN 
CHEESE RINDS

Virus

Provirus

Virus

Provirus

Virus

Provirus

Virus

Provirus

Virus

Provirus

0 10 20 30 40 50

Natural 

Rind

Bloomy 

Rind

Washed 

Rind

Kefir 2

Kefir 1

Plasmids Phage



PLASMIDS MAY EXPAND HOSTS’ 
CARBON ACCESS

62kbp Natural Rind
Staphylococcal plasmid

Beta-glucosidase

Carbohydrate dehydrogenases

Replication (RepA)

Beta-lactam resistance system



METAL RESISTANCE AND UPTAKE IS 
COMMON

especially cadmium-resistance

62kbp Natural Rind
Staphylococcal plasmid



RM system (DNAse)

Recombination machinery

CRISPR-Cas1 system
with spacers against other 
plasmid replication proteins

RM system (DNAse)
Possibly part of 
Type I anti-phage system

Metabolism

Coenzyme, metabolite,
and metal usage 

DEFENSE PLASMID RESISTS OTHER 

PLASMIDS AND PHAGE



HAFNIA PROPHAGE ENCODING CHEESE 

FLAVOR GENES?

Cheese flavor related enzymes:
glutaminase and
methionine gamma-lyase

Type VI secretion system

Cobalt and cobalamin 
transport and 
metabolism

Phage structural proteins

Toxin-antitoxin system (CidAB)





fresh cheese
ripe cheese

in situ cheese rind development 
(3 months)

16S/ITS 
amplicons

short-read
metagenomes SMRT Hi-C

CAN WE OBSERVE HGT IN CHEESE?

Christina Saak

Postdoctoral fellow



ABUNDANT EVIDENCE OF HGT IN 

CHEESE GENOMES
• REPEATED TRANSFER OF IRON 

UPTAKE PATHWAYS

DIVERSE SET OF PLASMIDS AND PHAGE 

EVEN IN “SIMPLE” COMMUNITIES
• SO MUCH MORE BIOLOGY TO 

DISCOVER AND EXPLORE!

DEVELOPING APPROACHES TO 

TRACK HGT
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