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Abstract	19	

The	intestinal	microbiota	contains	beneficial	microorganisms	that	protect	against	pathogen	20	

colonization.	Antibiotics	can	disrupt	the	microbiota	and	compromise	colonization	21	

resistance.	Here,	we	determine	how	the	exchange	of	microbes	between	hosts	impacts	the	22	

resilience	of	the	gut	microbiota	to	resist	colonization	after	antibiotic-induced	dysbiosis.	We	23	

assess	the	functional	consequences	of	dysbiosis	using	a	mouse	model	of	colonization	24	

resistance	against	an	invading	Escherichia	coli.	Antibiotics	caused	the	stochastic	loss	of	25	

microbiota	members,	but	the	microbiotas	of	co-housed	animals	remained	more	similar	to	26	

each	other	than	those	among	singly	housed	animals.	Strikingly,	co-housed	animals	27	

maintained	colonization	resistance	after	antibiotics,	whereas	most	singly	housed	mice	28	

were	susceptible	to	invasion	by	E.	coli.	The	ability	to	retain	or	share	a	particular	29	

commensal,	Klebsiella	michiganensis,	a	related	member	of	the	same	family	30	

Enterobacteriaceae,	was	sufficient	for	colonization	resistance	after	antibiotic-induced	31	

dysbiosis.	K.	michiganensis	generally	outcompeted	E.	coli	in	vitro,	but	in	vivo	administration	32	

of	galactitol	to	bi-colonized	gnotobiotic	mice,	a	nutrient	that	supports	only	E.	coli	growth	in	33	

vitro,	abolished	the	colonization	resistance	capacity	of	K.	michiganensis	against	E.	coli,	34	

supporting	nutrient	competition	as	the	primary	mechanism	for	their	interaction.	K.	35	

michiganensis	also	hampered	colonization	of	the	enteric	Enterobacteriaceae	pathogen	36	

Salmonella	enterica	serovar	Typhimurium	and	prolonged	host	survival.	Our	results	address	37	

the	functional	consequences	of	the	stochastic	effects	of	antibiotic	treatments,	whereby	38	

microbial	transmission	through	host	interactions	can	facilitate	the	reacquisition	of	39	

beneficial	commensals	and	thus	minimize	the	negative	impact	of	antibiotics.	 	40	
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Introduction	41	

	42	

Mammals	rely	on	their	microbiome	to	be	healthy.	The	intestinal	microbiome	is	essential	for	43	

host	nutrition	and	immunity1–3,	and	to	resist	pathogen	colonization	and	pathobiont	44	

expansion4–6.	This	microbial	consortium	is	initially	acquired	at	birth,	and	is	thereafter	45	

affected	by	the	environment	and	undergoes	changes	post-weaning	until	adulthood7.	In	46	

humans,	diverse	gut	microbiotas	can	be	highly	stable8,	but	strong	differences	in	diet,	47	

lifestyle,	host	genotype,	and	drug	treatments—especially	antibiotics—are	robust	48	

determinants	of	microbiota	composition9–12.	Antibiotics	are	lifesaving	therapies	against	49	

bacterial	pathogens.	However,	their	administration	can	kill	commensal	gut	microbes	and	50	

increase	host	susceptibility	to	a	wide	range	of	bacterial	infections13–16.	Antibiotics	can	lead	51	

to	intestinal	expansion	by	unwanted	bacteria,	such	as	certain	members	of	the	52	

Enterobacteriaceae	and	Enterococcaceae	families,	and	compromise	the	ability	of	hosts	to	53	

inhibit	their	expansion—a	phenomenon	called	“colonization	resistance”17,18.		54	

	55	

Molecular	mechanisms	involved	in	colonization	resistance	by	microbiota	members	have	56	

been	identified	in	some	cases	against	particular	species	or	taxonomic	groups,	such	as	57	

Proteobacteria	(e.g.	from	the	Enterobacteriaceae	family	Escherichia	and	Salmonella	in 58	

particular)	and	Firmicutes	(e.g.	Clostridia)4,19.	These	known	mechanisms	of	colonization	59	

resistance	mainly	involve	(1)	metabolic	processes20,	involving	competition	for	nutritional	60	

niches21–24;	(2)	production	of	inhibitory	or	signaling	molecules25–33;	and	(3)	contact-61	

dependent	killing34,35.	Antibiotics	disrupt	the	microbiota	and	potentially	affect	all	of	these	62	

mechanisms,	possibly	accounting	for	the	breakdown	of	colonization	resistance	against	63	
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intestinal	pathogens.	Identification	of	environmental	factors	that	minimize	loss	of	64	

protective	bacteria	upon	perturbations	can	facilitate	the	development	of	general	strategies	65	

to	attenuate	the	negative	impact	of	antibiotics	and	other	drugs.	66	

	67	

In	the	gut,	competition	for	nutrients	is	highly	shaped	by	diet	and	cross-feeding	among	68	

established	species,	to	optimize	the	available	resources36,37.	This	competition	poses	a	69	

challenge	for	invading	species,	since	unutilized	niches	are	unlikely	to	exist.	Dietary	fiber	70	

and	mucus	polysaccharides	are	mostly	degraded	by	strict	anaerobes,	and	the	released	di-	71	

and	mono-saccharides	are	rapidly	taken	up	by	other	commensals,	including	72	

Enterobacteriaceae	species38.	One	such	Enterobacteriaceae	species,	Escherichia	coli,	73	

efficiently	consumes	simple	sugars	present	in	the	mucus	layer,	such	as	fucose,	mannose,	74	

and	arabinose38.	On	average,	five	different	commensal	E.	coli	strains	are	able	to	co-exist	in	75	

the	gut,	with	subtle	differences	in	their	sugar	utilization	repertoires39.	These	commensals	76	

are	important	to	successfully	ensure	colonization	resistance	to	pathogenic	E.	coli22,39.	It	is	77	

unknown	whether	other	commensal	species	also	confer	colonization	resistance	to	E.	coli	78	

through	competition	for	nutrients,	such	as	more	efficient	carbon	source	utilization.	79	

	80	

Transmission	and	re-inoculation	are	processes	that,	by	promoting	maintenance	of	81	

commensal	microbes,	can	potentially	play	an	important	role	in	the	resilience	capacity	of	82	

the	microbiota	and	its	ability	to	mount	resistance	against	invasion40.	Evidence	that	83	

transmission	efficacy	relies	on	the	level	of	inter-host	interactions	is	supported	by	data	from	84	

both	mice41	and	cohabiting	humans42,	despite	the	uniqueness	of	coprophagic	behavior	to	85	

mice.	During	a	perturbation	such	as	antibiotic	treatment,	transmission	may	play	an	even	86	
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more	critical	role	in	re-colonization	of	important	species	that	are	stochastically	eliminated.	87	

The	possibility	of	re-acquisition	of	these	species	relies	on	their	presence	within	the	88	

environmental	microbial	reservoir,	and	hence	can	depend	on	the	degree	of	interactions	89	

among	hosts43,44;	isolated	hosts	would	have	to	rely	only	on	their	own	microbial	reservoir	90	

that	survived	the	treatment.	Despite	this	seemingly	obvious	importance,	the	functional	91	

consequences	of	preventing	interactions	between	hosts	have	been	underexplored.	92	

 93	

Here,	to	interrogate	the	effect	of	the	presence	or	absence	of	multiple	hosts	in	the	resilience	94	

capacity	of	the	microbiota,	we	studied	the	effect	of	antibiotics	in	a	laboratory	mouse	95	

population	under	different	housing	conditions.	We	observed	that	the	aggregate	microbiota	96	

reservoir	in	co-housed	animals	resulted	in	increased	colonization	resistance	capacity	after	97	

antibiotic-induced	dysbiosis	versus	singly	housed	animals.	Antibiotic	treatment	of	mice	98	

singly	housed	in	different	cages	had	stochastic	effects	on	gut	microbiota	composition,	that	99	

were	particularly	striking	among	members	of	the	Proteobacteria,	with	loss	of	all	members	100	

of	this	phylum	in	~50%	of	singly	housed	mice.	In	mice	sharing	the	same	cage	(co-housed),	101	

all	were	able	to	maintain	Proteobacteria,	indicating	that	its	stochastic	extinction	is	102	

attenuated	by	the	environmental	reservoir.	We	identified	a	member	of	the	microbiota	103	

belonging	to	the	Proteobacteria	phylum	(Klebsiella	michiganensis)	that	was	sufficient	for	104	

colonization	resistance	against	an	invading	E.	coli.	K.	michiganensis	and	E.	coli	are	related	105	

members	of	the	family	Enterobacteriaceae,	and	we	show	that	nutritional	competition	plays	106	

a	key	role	in	the	inhibition	of	E.	coli	by	K.	michiganensis.	Moreover,	K.	michiganensis	also	107	

delayed	colonization	of	the	enteric	Enterobacteriaceae	pathogen	Salmonella	enterica	108	

serovar	Typhimurium,	prolonging	host	survival.	Our	results	demonstrate	the	importance	of	109	
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interactions	among	hosts	to	the	shared	microbial	reservoir	and	their	relevance	in	the	110	

microbiota’s	resilience	to	antibiotic-induced	disturbances,	particularly	in	maintaining	111	

colonization	resistance	against	invading	microbes.	 	112	
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Results	113	

	114	

Singly	housed	mice	respond	more	heterogeneously	to	streptomycin	than	co-housed	115	

mice	116	

In	a	previous	study,	we	observed	that	the	impact	of	antibiotics	on	the	composition	of	the	117	

gut	microbiota	can	vary	significantly	among	singly	housed	mice28.	Since	mice	are	118	

coprophagic,	co-housing	has	been	widely	used	in	laboratory	settings	as	a	strategy	to	reduce	119	

variability	among	untreated	animals	prior	to	experimental	intervention20,45.	We	studied	the	120	

effects	of	this	strategy	during	and	after	a	dysbiotic	event,	to	determine	if	the	ability	to	share	121	

the	microbiota	in	co-housed	animals	could	have	functional	consequences,	namely	by	122	

influencing	the	colonization	resistance	to	invading	bacteria.	Toward	that	aim,	we	compared	123	

the	impact	of	antibiotics	on	microbiota	variability,	compositional	dynamics,	and	their	124	

functional	consequences	in	singly	and	co-housed	mice.	We	independently	co-housed	4	125	

cohorts	(n=10-11	each)	of	six-week-old	mice	for	one	month	in	one	cage	per	cohort,	and	126	

then	separated	them	into	two	groups:	half	of	the	mice	were	kept	co-housed	in	a	single	cage	127	

per	cohort	(n=5	per	cage),	and	the	remaining	mice	were	singly	housed.	As	soon	as	the	mice	128	

were	split	into	the	two	groups,	they	were	continuously	treated	with	5	g/L	of	streptomycin	129	

in	their	drinking	water	for	15	days	(Fig.	1a).	After	15	days,	the	streptomycin	was	removed	130	

from	the	water,	and	the	mice	were	tracked	for	an	additional	42	days.	Fecal	samples	were	131	

collected	every	5	days	during	streptomycin	treatment,	and	once	per	week	thereafter.		132	

	133	

16S	rRNA	sequencing	revealed	that	the	samples	collected	before	antibiotic	treatment	134	

mainly	consisted	of	the	two	major	phyla	in	mammalian	guts:	Bacteroidetes	(≈70%;	135	
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Supplementary	Fig.1a)	and	Firmicutes	(≈20%;	Supplementary	Fig.1b);	the	other	phyla	136	

accounted	for	<10%	of	the	total	abundance	on	average	(Proteobacteria,	Fig.	1b	and	137	

Verrucomicrobia,	Supplementary	Fig.	1c).	After	15	days	of	streptomycin	treatment,	the	138	

Bacteroidetes	and	Firmicutes	abundances	were	extremely	variable	in	singly	housed	mice,	139	

as	compared	to	both	co-housed	in	the	same	conditions	and	untreated	mice	(Supplementary	140	

Fig.	1a,b).	The	abundance	of	Verrucomicrobia	was	variable,	independently	of	housing	141	

status	(Supplementary	Fig.	1c).	In	co-housed	mice,	members	of	the	Proteobacteria	phylum	142	

were	always	maintained	and	increased	in	abundance	in	most	of	the	mice	(Fig.	1b);	by	143	

contrast,	they	decreased	to	very	low	levels	in	many	single	housed	mice,	with	a	few	144	

retaining	higher	levels.	Six	weeks	after	removing	streptomycin	(day	57),	the	two	groups	145	

continued	to	differ	starkly	at	the	level	of	Proteobacteria	presence.	All	co-housed	mice	146	

maintained	members	of	this	phylum	throughout,	while	only	10	of	20	singly	housed	mice	147	

recovered	Proteobacteria	(Fig.	1b).	These	findings	highlight	the	increased	potential	for	148	

extinction	in	singly	housed	mice.		149	

	150	

We	computed	the	Unifrac	distances	between	all	pairs	of	samples	within	each	group	of	each	151	

cohort	at	the	different	time	points,	as	a	measure	of	dissimilarity	among	each	set	of	samples.	152	

As	expected,	during	and	after	antibiotics,	co-housed	microbiotas	had	significantly	lower	153	

mean	distances	than	singly	housed	microbiotas	(Fig.	1c),	indicating	tighter	clustering.	Thus,	154	

the	inter-individual	variation	of	microbiota	composition	(beta	diversity)	of	streptomycin-155	

treated	mice	is	dependent	on	whether	or	not	they	are	co-housed,	and	co-housed	mice	have	156	

more	similar	microbiotas	to	each	other	than	among	singly	housed	mice	(Fig.	1c).		157	

	158	
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To	quantify	the	size	of	the	environmental	bacterial	reservoir	in	the	two	housing	conditions,	159	

we	calculated	the	number	of	unique	operational	taxonomic	units	(OTUs)	for	the	co-housed	160	

mice	and	for	each	singly	housed	mouse.	We	observed	that	the	number	of	unique	OTUs	in	161	

the	cages	of	co-housed	mice	(gamma	diversity)	was	higher	during	and	after	streptomycin	162	

treatment	than	in	each	of	the	singly	housed	mice	(Fig.	1d).	Furthermore,	we	analyzed	the	163	

effect	of	streptomycin	on	prevalent	OTUs	for	each	housing	condition,	defined	as	the	core	164	

OTUs	present	in	every	mouse	of	each	group	before	treatment.	Singly	housed	mice	lost	165	

significantly	more	core	OTUs	than	co-housed	mice,	both	during	and	after	treatment	(Fig.	166	

1e),	confirming	that	the	co-housed	mice	maintained	an	environmental	reservoir	of	167	

microbes	with	higher	diversity.	Moreover,	the	percentage	of	core	OTUs	increased	after	168	

treatment	only	in	the	co-housed	group	(Supplementary	Fig.	1d).		169	

	170	

We	next	tested	whether	differences	in	housing	would	affect	the	response	to	other	171	

antibiotics	as	well.	We	carried	out	a	controlled	test	for	housing	in	a	facility	located	on	a	172	

different	continent,	providing	a	test	for	the	generality	of	our	results	with	a	distinct	173	

antibiotic	treatment	and	different	starting	microbiota	composition	(Supplementary	Fig.	174	

2a).	We	observed	that,	despite	highly	different	microbiota	composition	in	these	animals	175	

(Supplementary	Fig.	2b)	and	distinct	mechanisms	of	action,	ciprofloxacin	and	streptomycin	176	

elicited	similar	compositional	and	diversity	signatures	that	distinguished	the	response	of	177	

co-housed	and	singly	housed	microbiotas	after	antibiotic	treatment.	Namely,	ciprofloxacin	178	

treatment	resulted	in	lower	inter-individual	variation	of	microbiota	composition	in	co-179	

housed	mice	versus	singly	housed	mice	(Supplementary	Fig.	2c)	and	that	the	number	of	180	

unique	OTUs	in	the	cage	of	the	co-housed	mice	was	higher	during	and	after	treatment	than	181	
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in	each	of	the	singly	housed	mice	(Supplementary	Fig.	2d).	Overall,	these	data	demonstrate	182	

that	cohabiting	mice	have	a	more	homogeneous	microbiota	and	preserve	a	larger	bacterial	183	

reservoir	during	and	after	antibiotic	treatment	than	singly	housed	mice,	which	experience	184	

eradication	of	a	subset	of	species	that	can	vary	between	individuals.		185	

	186	

The	heterogeneous	impact	of	antibiotics	in	singly	housed	mice	leads	to	lower	187	

colonization	resistance	against	E.	coli	188	

To	determine	whether	the	stochastic	effects	of	antibiotics	we	observed	in	singly	housed	189	

mice	had	functional	implications,	we	sought	to	use	colonization	resistance	as	a	property	of	190	

the	microbiota	that	might	indicate	a	beneficial	microbiota	role	reinforced	by	co-housing.	191	

Certain	Proteobacteria,	such	as	E.	coli,	colonize	mammalian	hosts	better	after	antibiotic	192	

treatment,	particularly	streptomycin23,46,47.	We	previously	showed	that	a	streptomycin-193	

resistant	E.	coli	strain	can	robustly	colonize	singly	housed	mice	in	the	presence	of	194	

streptomycin28.	We	repeated	this	experiment	with	E.	coli	cells	labeled	with	yellow	195	

fluorescent	protein	(YFP)	so	that	they	could	be	identified	from	fecal	samples.	We	treated	a	196	

cohort	of	mice	with	5	g/L	of	streptomycin	in	drinking	water	(Fig.	2a).	Two	days	after	197	

starting	streptomycin	treatment,	the	mice	were	gavaged	with	~108	E.	coli	cells,	and	198	

streptomycin	treatment	was	continued	after	gavage.	We	collected	samples	every	day	after	199	

E.	coli	gavage	and	plated	on	LB	agar	to	enumerate	E.	coli	CFUs	based	on	YFP	fluorescence.	200	

The	load	of	E.	coli	in	the	fecal	samples	were	approximately	108	CFUs/g	feces	one	day	post-201	

gavage	and	maintained	or	increased	slightly	throughout	4	days	of	monitoring	(Fig.	2b,	left).			202	

	203	
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To	test	the	extent	to	which	our	mouse	microbiotas	were	resistant	to	E.	coli	colonization,	we	204	

also	gavaged	untreated	mice	with	108	E.	coli	cells	(Fig.	2a).	One	day	after	gavage,	only	one	205	

of	the	5	untreated	mice	had	detectable	levels	of	E.	coli,	and	the	abundance	had	dropped	by	206	

>100-fold	as	compared	with	the	inoculum;	thereafter,	the	levels	of	E.	coli	were	below	the	207	

detection	limit	in	all	mice	(Fig.	2b,	right).	Therefore,	in	the	absence	of	antibiotics,	the	208	

microbiotas	of	our	mice	are	highly	resistant	to	E.	coli	colonization,	in	accordance	with	209	

previous	reports	regarding	E.	coli	and	Salmonella16,23,46.	Furthermore,	these	results	validate	210	

the	use	of	this	model	to	determine	the	colonization	resistance	capacity	of	the	microbiota	as	211	

a	measurement	of	the	functional	potential	of	gut	microbes.		212	

	213	

To	interrogate	whether	there	was	a	functional	consequence	of	the	microbiota	differences	214	

between	co-housed	and	singly	housed	mice	after	streptomycin	treatment,	we	determined	215	

whether	the	microbiota	from	the	co-housed	mice	had	higher	colonization	resistance	216	

against	E.	coli	than	singly	housed	mice.	We	challenged	all	mice	(co-	and	singly	housed)	from	217	

three	of	the	initial	cohorts	shown	in	Fig.	1	with	~108	E.	coli	cells,	after	the	six-week	period	218	

post-streptomycin	treatment	(Fig.	2c).	We	collected	fecal	samples	every	day	after	E.	coli	219	

gavage	and	plated	on	LB	agar	to	count	E.	coli	CFUs	based	on	YFP	fluorescence.	Overall,	co-220	

housed	mice	had	lower	loads	of	E.	coli-YFP	than	singly	housed	mice	(Fig.	2d).	We	calculated	221	

the	Area	Under	the	Curve	(AUC),	for	the	dynamics	of	E.	coli-YFP	CFU/g	feces	during	the	222	

experiment	for	each	of	the	3	cohorts	tested,	which	allowed	us	to	perform	statistics	on	the	E.	223	

coli	loads	kinetics	between	the	different	housing	conditions.	AUC	values	demonstrate	that	224	

co-housed	mice	had	significantly	lower	loads	of	E.	coli	throughout	the	experiment	than	225	

singly	housed	mice	(Fig.	2e).	Interestingly,	a	small	number	of	singly	housed	mice	behaved	226	
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similarly	to	the	co-housed	group.	This	bimodal	behavior	was	particularly	stark	in	cohort	2	227	

(dark	pink	and	dark	blue	lines	in	Fig.	2d),	in	which	one	singly	housed	mouse	exhibited	a	228	

1000-fold	decrease	in	E.	coli-YFP	loads	in	comparison	with	the	other	singly	housed	mice.	In	229	

this	cohort,	E.	coli	loads	dropped	steadily	after	gavage	in	all	co-housed	mice,	decreasing	by	230	

at	least	2-3	orders	of	magnitude	after	9	days,	and	ranged	from	106	CFUs/g	feces	to	231	

undetectable	levels	on	the	last	day	of	the	experiment	(dark	pink	lines	in	Fig.	2d).	Only	the	232	

aforementioned	singly	housed	mouse	(mouse	10)	exhibited	the	same	kinetics	of	decrease	233	

in	E.	coli	loads	as	co-housed	mice;	all	other	singly	housed	mice	maintained	high	levels	(>107	234	

CFUs/g	feces)	throughout	the	experiment	(dark	blue	lines	Fig.	2d).	Thus,	post-streptomycin	235	

treatment,	maintenance	of	colonization	resistance	to	E.	coli	is	highly	dependent	on	housing	236	

conditions	and	heterogeneous	across	singly	housed	mice.		237	

	238	

K.	michiganensis	is	sufficient	to	provide	colonization	resistance	in	antibiotic-treated	239	

mice	240	

Although	most	singly	housed	mice	were	susceptible	to	E.	coli	colonization	among	the	241	

different	cohorts	(Fig.	2d),	we	were	intrigued	by	the	one	mouse	from	the	cohort	2	that	242	

behaved	like	the	co-housed	mice	of	the	same	cohort,	maintaining	colonization	resistance	243	

and	reaching	1000-fold	lower	E.	coli	colonization	levels	than	its	other	singly	housed	244	

siblings	(Fig.	2d).	We	noticed	that	upon	plating	on	LB	agar,	there	was	a	higher	number	of	245	

non-YFP	fluorescent	colonies,	with	a	different	morphology	from	E.	coli	(Fig.	3a).	These	246	

streptomycin-sensitive,	non-YFP	colonies	were	present	in	all	co-housed	samples	of	cohort	247	

2.	Among	the	singly	housed	mice,	these	colonies	were	only	present	in	samples	from	the	248	

mouse	that	exhibited	colonization	resistance	(mouse	10),	and	at	levels	as	high	as	in	co-249	



	 	 13	

housed	mice	(Fig.	3b).	Sanger	sequencing	of	the	entire	16S	rRNA	gene	revealed	that	these	250	

non-YFP	colonies	belonged	to	the	Klebsiella	genus.	We	next	analyzed	the	microbiota	251	

composition	(Supplementary	Fig.	3)	present	prior	to	E.	coli	gavage	(day	57,	Fig.	2c).	To	252	

identify	species	that	could	confer	colonization	resistance	against	E.	coli,	we	compared	the	253	

microbiota	sequences	present	in	mice	that	provided	colonization	resistance	against	E.	coli	254	

(i.e.,	all	co-housed	mice	1-5,	and	singly	housed	mouse	10)	with	the	4	singly	housed	mice	255	

that	were	susceptible	to	E.	coli	colonization.	A	metagenomic	analysis	using	the	linear	256	

discriminant	analysis	effect	size	(LEfSe)48	method	identified	2	OTUs	associated	with	the	257	

microbiota	that	did	not	display	colonization	resistance	(Supplementary	Fig.	3b,c),	and	5	258	

OTUs	associated	with	the	microbiota	that	displayed	colonization	resistance	259	

(Supplementary	Fig.	3b,d).	Two	of	the	OTUs	associated	with	colonization	resistance	260	

belonged	to	the	Bacteroides	genus,	two	to	Barnesiella,	and	one	to	Klebsiella	(Supplementary	261	

Fig.	3b,d).	Strikingly,	among	these	OTUs,	the	Klebsiella	was	the	only	one	that	was	both	262	

below	the	detection	limit	in	all	mice	that	were	susceptible	to	E.	coli,	and	present	in	all	263	

colonization-resistant	mice	(with	an	average	abundance	of	4.5%,	Supplementary	Fig.	3d).	264	

Moreover,	these	Klebsiella-associated	mice	had	significantly	lower	levels	of	E.	coli-YFP	265	

when	compared	with	the	non-Klebsiella-associated	mice	from	this	cohort	(Supplementary	266	

Fig.	3e).		267	

	268	

In	all	mice	from	cohort	2	in	which	Klebsiella	was	detected	on	day	57	(mice	1-5	and	10),	it	269	

was	not	possible	to	detect	it	on	day	0	(prior	to	streptomycin	treatment)	by	16S	sequencing	270	

(Supplementary	Fig.	3a).	Thus,	its	appearance	led	us	to	question	whether	Klebsiella	is	a	271	

resident	of	the	normal	microbiota	of	our	mice	but	below	the	detection	limit	of	16S	272	
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sequencing,	or	an	environmental	invader	of	dysbiotic	microbiota.	To	distinguish	between	273	

these	scenarios,	we	screened	28	cohorts	of	mice	in	our	facility	for	Klebsiella	presence	over	274	

the	course	of	one	year,	using	a	method	of	Klebsiella	enrichment	with	selective	media	that	275	

has	increased	sensitivity	of	detection	over	16S	sequencing	(see	methods).	We	found	that	276	

25%	of	the	cohorts	tested	scored	positive	for	Klebsiella	(Supplementary	Table	1).	The	list	of	277	

tested	cohorts	included	cohort	3	and	4	from	our	housing	experiments,	which	correspond	to	278	

litter	ID	23	and	27	(Supplementary	Table	1),	respectively.	Cohort	3,	but	not	4,	scored	279	

positive	for	Klebsiella	prior	to	treatment	(Supplementary	Table	1).	Interestingly,	after	280	

treatment,	co-housed	mice	but	none	singly	housed	mice	from	cohort	3	(and	neither	singly	281	

nor	co-housed	mice	from	cohort	4)	had	Klebsiella	in	the	microbiota	(Supplementary	Fig.	4).	282	

These	results	reveal	that	Klebsiella	is	a	low	abundance	member	of	a	fraction	of	normal	mice	283	

microbiotas,	and	its	survival	in	the	gut	after	antibiotics	is	very	susceptible	to	housing	284	

conditions,	whereby	it	often	goes	extinct	after	streptomycin	treatment	in	singly	housed	285	

mice	but	when	present	in	co-housed	mice	is	ultimately	maintained	in	every	mouse	within	286	

the	same	cage.		287	

	288	

The	strong	association	between	Klebsiella	presence	and	colonization	resistance	to	E.	coli	289	

led	us	to	hypothesize	that	the	Klebsiella	species	could	have	a	direct	role	in	providing	290	

colonization	resistance	against	E.	coli.	We	performed	whole-genome	sequencing	(WGS)	on	291	

two	colonies	from	cohort	2,	one	from	a	co-housed	mouse	(mouse	1)	and	one	from	the	292	

colonization-resistant	singly	housed	mouse	(mouse	10).	WGS	analysis	revealed	that	this	293	

species	is	Klebsiella	michiganensis,	a	close	relative	of	Klebsiella	oxytoca49.	The	two	isolates	294	
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were	>97%	identical	to	the	NCBI	genome	sequence	of	K.	michiganensis	Kd70,	a	strain	that	295	

lacks	the	pathogenic	capacity	of	other	Klebsiella	spp.49,	and	100%	identical	to	each	other.		296	

	297	

To	test	whether	the	K.	michiganensis	isolates	were	sufficient	to	confer	colonization	298	

resistance	in	singly	housed	mice,	littermates	were	co-housed	for	one	month,	then	singly	299	

housed	before	treatment	with	streptomycin	for	15	days	(Fig.	3c).	Four	days	after	300	

streptomycin	treatment	ended	(day	19),	we	gavaged	half	of	the	mice	with	108	CFUs	of	K.	301	

michiganensis,	and	the	other	half	was	kept	as	a	control	cohort.	Four	days	later	(day	23),	all	302	

mice	were	gavaged	with	108	CFUs	E.	coli-YFP	(Fig.	3c).	We	then	monitored	E.	coli-YFP	loads	303	

daily	for	9	days.	In	the	mice	not	gavaged	with	K.	michiganensis,	E.	coli	CFUs	remained	high	304	

throughout	the	experiment	(~107	CFUs/g	feces,	Fig.	3d).	By	contrast,	in	all	mice	that	were	305	

gavaged	with	K.	michiganensis,	while	K.	michiganensis	loads	remained	unchanged	306	

throughout	the	experiment	(Supplementary	Fig.	5a),	E.	coli-YFP	loads	were	significantly	307	

lower	(10-	to	100-fold;	Fig.	3d;	comparisons	of	the	different	AUC	are	shown	in	308	

Supplementary	Fig.	5b).		309	

	310	

To	test	if	E.	coli	load	was	dependent	on	which	species	arrived	first	in	the	gut,	we	performed	311	

an	experiment	in	which	mice	were	first	gavaged	with	E.	coli-YFP,	and	4	days	later	were	312	

gavaged	with	108	CFUs	of	either	K.	michiganensis	or	E.	coli-CFP	as	a	control	(Fig.	3c).	One	313	

day	after	E.	coli-YFP	gavage	(day	-3),	all	mice	were	colonized	with	E.	coli	at	approximately	314	

106	CFUs/g	feces	(Fig.	3e);	these	loads	increased	to	approximately	107	CFUs/g	by	4	days	315	

after	gavage	(day	0).	As	expected,	in	the	group	of	mice	gavaged	with	E.	coli-CFP,	E.	coli-YFP	316	

loads	continued	to	be	high	(107-108	CFUs/g	feces;	Fig.	3e),	and	E.	coli-CFP	could	only	317	
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colonize	at	103-104	CFUs/g	feces	since	the	gut	was	already	occupied	by	the	isogenic	E.	coli-318	

YFP	strain	(Supplementary	Fig.	5c).	By	comparison,	upon	introduction	of	K.	michiganensis,	319	

E.	coli-YFP	loads	significantly	dropped	continuously	for	the	following	three	days,	stabilizing	320	

at	106	CFUs/g	(Fig.	3e;	comparisons	of	the	different	AUC	are	shown	in	Supplementary	Fig.	321	

5d),	while	K.	michiganensis	loads	increased	to	109	by	day	2	and	then	remained	high	322	

(Supplementary	Fig.	5c).	Thus,	our	data	indicate	that	K.	michiganensis	is	sufficient	for	323	

establishing	colonization	resistance	to	E.	coli	under	streptomycin-induced	dysbiosis,	324	

independent	of	colonization	order.	325	

	326	

K.	michiganensis	outcompetes	E.	coli	through	nutrient	competition		327	

To	gain	insight	into	the	mechanism	by	which	K.	michiganensis	impairs	E.	coli	colonization,	328	

we	investigated	whether	K.	michiganensis	and	E.	coli	compete	directly	in	the	gut.	To	329	

determine	whether	they	occupy	similar	spatial	locations,	we	imaged	gut	sections	collected	330	

from	mice	that	received	both	E.	coli	and	K.	michiganensis,	staining	them	with	16S	rRNA	331	

FISH	probes	that	individually	target	Gammaproteobacteria	(red)	or	E.	coli	specifically	332	

(green).	E.	coli	cells	stained	with	both	FISH	probes	and	therefore	appeared	yellow.	The	333	

large,	puffy,	and	diffuse	green	signal	represented	staining	by	the	lectin	Ulex	Europaeus	334	

Agglutinin	I	(UEA1),	which	binds	to	mucus.	Although	the	FISH	probe	specific	for	E.	coli	was	335	

also	green,	there	were	no	bacteria-sized	and	shaped	objects	that	appeared	only	in	the	green	336	

channel.	E.	coli	(yellow	cells)	were	often	found	in	the	same	gut	region	but	not	in	close	337	

proximity	with	any	non-E.	coli	Gammaproteobacteria	cells	(red)	(Fig.	4a),	which	we	338	

inferred	to	be	K.	michiganensis	since	K.	michiganensis	and	E.	coli	were	the	dominant	339	

Gammaproteobacteria	in	these	mice.	In	fact,	all	Gammaproteobacteria,	including	E.	coli,	340	
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appeared	to	be	spread	out	within	the	intestinal	lumen,	suggesting	that	they	share	similar	341	

niches,	and	thus	are	likely	to	be	directly	competing	with	each	other.			342	

	343	

To	further	test	whether	K.	michiganensis	competes	directly	with	E.	coli,	we	sought	to	344	

determine	whether	we	could	detect	inhibition	of	E.	coli	growth	by	K.	michiganensis	in	vitro.	345	

We	grew	cultures	of	K.	michiganensis,	as	well	as	E.	coli	expressing	either	CFP	or	YFP,	346	

separately	overnight	in	LB.	We	then	mixed	stationary	phase	cultures	in	two	combinations:	347	

E.	coli-YFP+E.	coli-CFP	or	E.	coli-YFP+K.	michiganensis,	with	OD600=0.025	of	each.	These	348	

combinations	were	compared	with	individual	controls	of	E.	coli-YFP	or	K.	michiganensis	349	

alone	at	initial	OD600=0.05.	To	create	microaerobic	conditions	that	also	maximized	the	350	

opportunity	of	cells	to	come	into	contact	with	each	other,	we	grew	cultures	without	351	

shaking	at	37	°C,	as	described	previously50,	and	measured	OD600	and	YFP	fluorescence	for	352	

25	h.	All	cultures	initially	grew	with	similar	dynamics,	with	single	and	mixed	cultures	353	

containing	K.	michiganensis	achieving	a	higher	density	at	the	end	of	the	growth	curve	(Fig.	354	

4b).	The	combination	of	E.	coli-YFP+E.	coli-CFP	grew	indistinguishably	from	E.	coli-YFP	355	

alone	(Fig.	4b).	YFP	fluorescence	levels	in	the	E.	coli-YFP+K.	michiganensis	mixtures	356	

diverged	from	that	of	the	E.	coli-YFP+E.	coli-CFP	mixtures	after	7	h	of	growth	and	remained	357	

slightly	lower	throughout	the	remainder	of	the	experiment	(Fig.	4c).		358	

	359	

Given	that	this	decrease	was	consistent	with	a	small	competitive	fitness	advantage	of	K.	360	

michiganensis	over	E.	coli,	and	that	LB	provides	a	rich	environment	for	Enterobacteriaceae	361	

growth,	we	hypothesized	that	the	fitness	advantage	of	K.	michiganensis	would	be	greater	362	

under	conditions	of	limited	nutrients.	Therefore,	to	create	a	more	competitive	363	
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environment,	we	tested	minimal	media	with	one	of	several	simple	sugars	that	both	species	364	

are	able	to	consume	in	isolation.	In	the	gut,	Enterobacteriaceae	species	are	likely	to	utilize	365	

either	dietary-based	sugars	(fructose,	glucose,	arabinose	and	xylose)38,51	or	mucus	layer-366	

derived	simple	sugars	(fucose)51.	Across	all	of	these	carbon	sources,	cultures	with	K.	367	

michiganensis	had	a	higher	growth	rate	and	achieved	a	higher	yield	than	cultures	of	E.	coli	368	

only	(Fig.	4d).	The	E.	coli-YFP+K.	michiganensis	mixtures	grew	with	the	same	dynamics	as	369	

the	K.	michiganensis	culture,	but	the	YFP	fluorescence	levels	in	the	E.	coli-YFP+K.	370	

michiganensis	mixtures	were	substantially	decreased	compared	to	the	E.	coli-YFP+E.	coli-371	

CFP	mixtures	(Fig.	4e).	Thus,	K.	michiganensis	effectively	outcompetes	E.	coli	in	all	carbon	372	

sources	tested.		373	

	374	

While	these	data	show	that	K.	michiganensis	can	outcompete	E.	coli,	they	do	not	distinguish	375	

between	models	based	on	metabolic	competition	or	physical	interaction.	To	test	whether	376	

the	decrease	in	YFP	fluorescence	was	due	to	E.	coli	killing	by	K.	michiganensis,	we	repeated	377	

the	minimal	media	co-culturing	experiments	and	then,	at	the	24-h	time	point,	stained	each	378	

sample	with	10	µM	propidium	iodide	(PI).	Live	bacterial	cells	are	usually	not	permeable	to	379	

PI;	hence,	intracellular	DNA-bound	PI	fluorescence	is	frequently	treated	as	a	signature	of	380	

cell	death.	We	imaged	each	sample	and	calculated	the	percentage	of	YFP-	and	PI-positive	381	

cells.	The	percentage	of	YFP-positive	cells	in	all	E.	coli-YFP+E.	coli-CFP	mixtures	was	382	

approximately	50%.	By	contrast,	the	percentage	of	YFP-positive	cells	in	E.	coli-YFP+K.	383	

michiganensis	mixtures	was	<10%,	indicating	a	marked	inhibition	of	E.	coli	growth.	Using	384	

the	PI	signal	to	classify	dead	cells,	we	found	that	<1%	of	all	cells	were	dead	in	both	385	

mixtures	(Supplementary	Fig.	6a).	Although	we	could	not	determine	whether	the	dead	cells	386	
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were	E.	coli	or	K.	michiganensis,	as	dead	cells	could	lose	fluorescence,	the	similarly	low	387	

amount	of	death	in	E.	coli-YFP+E.	coli-CFP	and	E.	coli-YFP+K.	michiganensis	mixtures	388	

suggests	that	K.	michiganensis	does	not	kill	E.	coli	cells	under	these	conditions.	389	

	390	

To	further	verify	that	K.	michiganensis	does	not	kill	E.	coli	in	vitro,	we	co-cultured	K.	391	

michiganensis	with	E.	coli-YFP	in	minimal	medium	with	arabinose	(the	carbon	source	with	392	

the	strongest	inhibition	by	K.	michiganensis)	in	a	microfluidic	device	with	continuous	393	

infusion	of	fresh	medium	and	followed	their	growth	by	microscopy.	After	12	h	of	time-lapse	394	

imaging,	no	death	of	E.	coli	cells	was	observed.	Interestingly,	K.	michiganensis	cells	395	

appeared	to	produce	an	extracellular	matrix	or	capsule	that	resulted	in	large	gaps	between	396	

cells,	which	might	prevent	contact-mediated	killing.	We	quantified	the	growth	rates	of	E.	397	

coli	microcolonies	in	the	microfluidic	chamber	and	found	no	significant	difference	between	398	

microcolonies	in	contact	with	K.	michiganensis	cells	and	those	separated	from	K.	399	

michiganensis	(Supplementary	Fig.	6b).	These	single-cell	data	suggest	that	there	is	no	400	

obvious	killing	or	contact-dependent	inhibition	of	E.	coli	by	K.	michiganensis.	Growth	in	a	401	

transwell	system,	where	the	two	species	were	in	separate	chambers	sharing	the	same	402	

medium	(minimal	medium	with	arabinose	or	fructose),	further	supported	this	conclusion:	403	

K.	michiganensis	in	one	chamber	could	still	inhibit	E.	coli-YFP	in	the	other	chamber,	even	404	

though	the	two	species	could	not	be	in	direct	contact	(Supplementary	Fig.	6c).	Moreover,	405	

cell-free	spent	medium	from	a	K.	michiganensis	culture	or	from	an	E.	coli-YFP+K.	406	

michiganensis	mixed	culture	in	minimal	medium	with	fructose	did	not	inhibit	E.	coli-YFP	407	

growth	(Supplementary	Fig.	6d).	Overall,	these	results	argue	against	E.	coli	408	

killing/inhibition	by	either	a	contact-dependent	mechanism	or	an	inhibitory	compound	409	
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produced	by	K.	michiganensis.	Instead,	K.	michiganensis	cells	likely	have	a	growth	410	

advantage	over	E.	coli	and	thereby	reduce	the	relative	abundance	of	E.	coli.	Therefore,	we	411	

reasoned	that	nutritional	competition	is	the	most	obvious	explanation	for	the	advantage	of	412	

K.	michiganensis	over	E.	coli	observed	in	co-cultures	where	the	two	strains	compete	for	the	413	

same	carbon	source.	414	

	415	

An	E.	coli-exclusive	carbon	source	delays	the	colonization	resistance	capacity	of	K.	416	

michiganensis	in	vivo		417	

To	test	if	competition	for	nutrients	could	play	a	role	in	the	interactions	between	E.	coli	and	418	

K.	michiganensis	in	the	gut,	we	hypothesized	that	in	vivo	colonization	of	E.	coli	would	be	419	

facilitated	by	providing	it	with	a	nutritional	advantage,	such	as	a	carbon	source	that	is	420	

accessible	to	E.	coli	but	cannot	be	utilized	by	K.	michiganensis.	Previous	reports	suggested	421	

that	galactitol	is	such	a	carbon	source52;	we	confirmed	those	findings	by	growing	422	

monocultures	of	K.	michiganensis	and	E.	coli	in	minimal	medium	with	galactitol	in	static	423	

conditions	at	30	°C,	the	optimal	temperature	for	E.	coli	growth	with	this	metabolite	in	vitro.	424	

While	E.	coli	grew,	K.	michiganensis	showed	little	to	no	growth	after	>40	h,	similar	to	a	425	

∆gatZ	E.	coli	mutant	deficient	in	galactitol	usage	(Supplementary	Fig.	7a).		426	

	427	

To	test	whether	galactitol	would	increase	E.	coli	colonization	loads	in	the	presence	of	K.	428	

michiganensis,	we	treated	mice	with	streptomycin	for	15	days	(Fig.	5a).	Three	days	after	429	

treatment	ended	(day	18),	the	drinking	water	was	supplemented	with	2%	galactitol.	On	the	430	

following	day	(day	19),	all	mice	were	gavaged	with	108	CFUs	of	E.	coli-YFP	and	four	days	431	

later	(day	23)	they	were	gavaged	with	108	CFUs	of	K.	michiganensis	(Fig.	5a).	One	mouse	432	
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out	of	8	was	found	to	be	already	colonized	with	Klebsiella	upon	E.	coli-YFP	gavage,	as	to	be	433	

expected	given	that	this	mouse	was	from	a	Klebsiella-positive	litter	(litter	ID	14,	434	

Supplementary	Table	1).	This	observation	provides	further	support	for	the	stochastic	effect	435	

of	streptomycin	on	K.	michiganensis	abundance	in	singly	housed	mice	that	we	observed	436	

above	(Fig.	2,	Supplementary	Fig.	4).	This	mouse	was	removed	from	further	consideration,	437	

since	it	was	not	possible	to	test	the	ability	of	K.	michiganensis	to	displace	E.	coli,	because	the	438	

indigenous	Klebsiella	in	this	mouse	provided	a	priori	colonization	resistance	to	E.	coli	439	

(Supplementary	Fig.	7b).	One	day	after	E.	coli-YFP	gavage,	E.	coli-YFP	levels	were	440	

approximately	107	CFU/g,	and	remained	107-108	CFU/g	thereafter.	Upon	K.	michiganensis	441	

gavage,	the	E.	coli-YFP	loads	started	to	decrease	slightly	but	reached	106	only	after	6	days	442	

(Fig.	5b).	These	data	differ	significantly	from	our	previous	experiment,	in	which	K.	443	

michiganensis	gavage	of	mice	drinking	water	without	galactitol	caused	E.	coli-YFP	levels	to	444	

drop	from	108	to	106	CFUs/g	feces	after	3	days	(Fig.	5b;	comparisons	of	the	different	AUC	445	

are	shown	in	Supplementary	Fig.	7d).	K.	michiganensis	levels	were	high	throughout	the	446	

experiment	regardless	of	E.	coli-YFP	loads	and	the	presence	of	galactitol	(Supplementary	447	

Fig.	7c).	Thus,	galactitol	administration	staved	off	colonization	resistance	to	E.	coli	for	3	448	

days.	These	data	show	that	by	providing	a	nutritional	advantage	to	E.	coli,	the	colonization	449	

resistance	capacity	of	K.	michiganensis	was	delayed.		450	

	451	

We	reasoned	that	the	transient	effect	of	galactitol	could	be	related	to	the	presence	of	other	452	

microbes	capable	of	consuming	this	carbon	source,	whose	proliferation	would	attenuate	453	

the	nutritional	advantage	of	E.	coli	over	time.	To	test	if	E.	coli	would	experience	a	more	454	

prolonged	nutritional	advantage	over	K.	michiganensis	due	to	galactitol,	without	the	455	
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interference	of	other	gut	microbes,	we	compared	the	capacity	of	K.	michiganensis	to	456	

provide	colonization	resistance	to	E.	coli	with	or	without	galactitol	in	the	drinking	water	in	457	

gnotobiotic	mice.	As	a	control,	we	also	tested	the	capacity	of	K.	michiganensis	to	provide	458	

colonization	resistance	to	a	∆gatZ	E.	coli	mutant	with	galactitol	in	the	drinking	water.	These	459	

experiments	also	tested	if	K.	michiganensis	can	directly	establish	colonization	resistance	to	460	

E.	coli	in	the	gut	in	the	absence	of	other	microbiota	members.	Two	groups	of	germ-free	461	

mice	were	supplemented	with	2%	galactitol	in	the	drinking	water	for	the	duration	of	the	462	

experiment	and	compared	with	one	group	of	germ-free	mice	with	non-supplemented	water	463	

(Fig.	5c).	One	day	after	starting	galactitol	addition	(day	-4),	all	mice	were	gavaged	with	108	464	

CFUs	of	E.	coli-YFP	and	four	days	later	(day	0)	they	were	gavaged	with	108	CFUs	of	K.	465	

michiganensis	(Fig.	5c).	One	day	after	E.	coli-YFP	gavage,	E.	coli-YFP	levels	were	466	

approximately	108	CFU/g	in	the	group	of	mice	drinking	non-supplemented	water,	467	

increasing	to	approximately	109	CFU/g	after	4	days.	Upon	K.	michiganensis	gavage,	E.	coli-468	

YFP	loads	decreased	immediately,	dropping	1000-fold	in	2	days	and	remaining	106-107	469	

CFU/g	thereafter	(Fig.	5d).		470	

	471	

By	contrast,	in	the	group	of	mice	colonized	with	E.	coli-YFP	drinking	galactitol-472	

supplemented	water,	E.	coli-YFP	levels	were	already	higher	on	day	1,	ranging	from	108	to	473	

almost	1010	CFUs,	and	stabilized	at	approximately	109	CFU/g	in	4	days.	Upon	K.	474	

michiganensis	gavage,	E.	coli-YFP	loads	decreased	slightly	in	the	first	2	days	to	108	CFU/g,	475	

but	stabilized	thereafter,	at	significantly	higher	loads	(10-	to	100-fold)	than	in	the	group	of	476	

mice	drinking	non-supplemented	water	(Fig.	5d;	comparisons	of	the	different	AUC	are	477	

shown	in	Supplementary	Fig.	7f).	The	control	group	of	mice	colonized	with	∆gatZ	E.	coli-478	
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YFP	drinking	galactitol-supplemented	water	colonized	to	levels	in	the	initial	4	days	similar	479	

to	E.	coli-YFP	in	the	same	conditions	(Fig.	5d),	despite	the	inability	of	∆gatZ	cells	to	480	

consume	galactitol;	this	lack	of	a	fitness	change	is	not	surprising	since	∆gatZ	E.	coli	is	481	

known	to	have	higher	fitness	in	mouse	gut	colonization	than	wild-type	E.	coli53.	Upon	K.	482	

michiganensis	gavage,	E.	coli	∆gatZ-YFP	loads	started	to	decrease	immediately,	dropping	483	

100-fold	in	2	days	and	remaining	106-107	CFU/g	thereafter	(Fig.	5d),	similar	to	wild-type	E.	484	

coli-YFP	without	the	nutritional	advantage	of	galactitol	(Supplementary	Fig.	7f).	Overall,	485	

these	data	show	that	K.	michiganensis	can	establish	colonization	resistance	to	E.	coli	in	the	486	

gut	in	the	absence	of	other	microbiota	members.	Moreover,	in	the	absence	of	other	487	

microbes,	providing	a	nutritional	advantage	to	E.	coli	abolishes	the	colonization	resistance	488	

capacity	of	K.	michiganensis,	supporting	the	role	of	nutrient	competition	as	the	mechanistic	489	

basis	of	colonization	resistance	conferred	by	K.	michiganensis.		490	

	491	

K.	michiganensis	prolongs	host	survival	upon	Salmonella	infection	492	

Our	results	show	that	upon	antibiotic-induced	dysbiosis,	K.	michiganensis	was	sufficient	to	493	

provide	colonization	resistance	to	a	non-pathogenic	E.	coli	K-12	strain.	We	next	tested	if	K.	494	

michiganensis	would	also	provide	colonization	resistance	to	an	enteric	pathogen	closely	495	

related	to	E.	coli,	Salmonella	enterica	serovar	Typhimurium.	We	performed	in	vitro	co-496	

culture	experiments	to	test	whether	K.	michiganensis	showed	a	nutrient	advantage	over	S.	497	

Typhimurium-mCherry.	As	a	control,	a	commensal	murine	E.	coli	isolated	from	SPF	mice	in	498	

our	facility	was	used	to	test	if	other	Enterobacteriaceae	present	in	the	normal	murine	499	

microbiota	have	the	same	effect	as	K.	michiganensis.	In	minimal	medium	with	fructose	or	500	

glucose,	after	9-10	h	of	growth	mCherry	levels	in	co-cultures	of	S.	Typhimurium-mCherry	501	
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with	K.	michiganensis	decreased	compared	to	S.	Typhimurium-mCherry	co-cultured	with	502	

unlabeled	S.	Typhimurium	or	a	commensal	E.	coli	(Supplementary	Fig.	8a).	In	minimal	503	

medium	with	arabinose	or	fucose,	mCherry	levels	in	co-cultures	of	S.	Typhimurium-504	

mCherry	with	K.	michiganensis	decreased	only	slightly,	and	at	a	later	stage	of	growth	505	

(Supplementary	Fig.	8a).		506	

	507	

These	results	prompted	us	to	test	the	colonization	resistance	capacity	of	K.	michiganensis	508	

and	a	commensal	E.	coli	individually	against	S.	Typhimurium	in	vivo.	Three	groups	of	mice	509	

were	treated	with	streptomycin	for	15	days	(Fig.	6a).	Four	days	later,	one	group	was	510	

gavaged	with	108	CFUs	of	K.	michiganensis	and	another	with	108	CFUs	of	a	commensal	E.	511	

coli	(day	19),	and	4	days	after	that,	all	groups	were	gavaged	with	104	CFUs	of	S.	512	

Typhimurium	(day	23).	This	S.	Typhimurium	dose	was	chosen	so	that	intestinal	S.	513	

Typhimurium	expansion	is	required,	which	allowed	us	to	follow	the	dynamics	of	514	

colonization	and	infection,	since	the	mortality	rate	is	typically	high	with	this	S.	515	

Typhimurium	strain.	In	the	absence	of	K.	michiganensis,	independent	of	the	presence	of	516	

commensal	E.	coli,	on	day	1	after	S.	Typhimurium	gavage	S.	Typhimurium	loads	were	~107	517	

CFUs/g	feces,	and	reached	as	high	as	108	CFUs/g	feces	by	day	2-3	(Fig.	6b).	S.	Typhimurium	518	

loads	remained	high	(106-108	CFUs/g	feces)	on	subsequent	days.	By	contrast,	in	the	group	519	

of	mice	colonized	with	K.	michiganensis,	S.	Typhimurium	loads	were	only	detectable	in	7	520	

out	of	9	mice	on	day	1,	and	ranged	between	102-105	CFUs/g	feces	(Fig.	6b).	S.	Typhimurium	521	

loads	in	all	mice	took	4-5	days	to	reach	108	CFUs/g	feces,	stabilizing	in	the	following	days	522	

around	107-108	CFUs/g	feces	(Fig.	6b;	comparisons	of	the	different	AUC	are	shown	in	523	

Supplementary	Fig.	8b).	K.	michiganensis	loads	remained	high	throughout	the	experiment	524	
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(~109	CFUs/g	feces,	Supplementary	Fig.	8c).	Overall,	these	results	show	that	K.	525	

michiganensis	but	not	commensal	E.	coli	is	able	to	delay	gut	expansion	of	S.	Typhimurium,	526	

staving	off	full	colonization	by	2	days.		527	

	528	

Importantly,	the	interaction	between	K.	michiganensis	and	S.	Typhimurium	had	a	direct	529	

impact	on	the	host,	delaying	both	weight	loss	(Fig.	6c)	and	mortality	(Fig.	6d).	The	rate	of	530	

weight	loss	after	S.	Typhimurium	infection	was	slightly	slower	in	the	group	that	was	531	

colonized	with	K.	michiganensis	than	in	the	other	two	groups	(Fig.	6c).	We	also	checked	that	532	

colonization	with	K.	michiganensis	did	not	cause	alterations	in	body	weight	prior	to	S.	533	

Typhimurium	infection	(Supplementary	Fig.	8d).		Without	K.	michiganensis,	in	the	presence	534	

or	absence	of	commensal	E.	coli	all	mice	died	by	day	6	and	7	after	S.	Typhimurium	gavage,	535	

respectively,	while	in	the	presence	of	K.	michiganensis	mice	survived	until	day	11.	536	

Interestingly,	K.	michiganensis-mediated	colonization	resistance	impacted	S.	Typhimurium	537	

expansion	during	the	period	of	growth	before	Salmonella-induced	inflammation	remodels	538	

the	luminal	environment16	(i.e.	before	day	1).	The	differences	in	the	kinetics	of	S.	539	

Typhimurium	expansion	after	day	1	in	the	presence	and	absence	of	K.	michiganensis	540	

suggest	that	the	primary	effect	of	K.	michiganensis	is	on	the	initial	pre-inflammation	541	

expansion	of	S.	Typhimurium	and	not	on	its	growth	during	acute	inflammation	(Fig.	6b).	542	

Once	S.	Typhimurium	has	reached	sufficient	densities	to	trigger	inflammation,	it	is	able	to	543	

outcompete	the	microbiota	even	in	the	presence	of	K.	michiganensis.	The	observation	of	K.	544	

michiganensis’	protective	effect	against	expansion	of	S.	Typhimurium	in	the	absence	of	545	

inflammation	supports	the	idea	that	K.	michiganensis	engages	in	metabolic	strategies	that	546	

inhibit	the	growth	of	other	Gammaproteobacteria.	Moreover,	this	protective	ability	against	547	
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S.	Typhimurium	is	not	general	to	all	other	gut	commensal	Enterobacteriaceae,	as	addition	548	

of	a	commensal	E.	coli	isolate	failed	to	protect	the	mice	any	better	than	the	native	549	

microbiota.	In	summary,	K.	michiganensis	is	able	to	alter	the	kinetics	of	S.	Typhimurium	550	

infection	by	delaying	colonization	and	thus	postponing	host	mortality.				 	551	
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Discussion	552	

Here,	we	show	in	laboratory	mice	that	co-housing	is	an	important	factor	in	establishing	and	553	

maintaining	colonization	resistance	through	antibiotic-induced	microbiota	perturbation.	554	

Stochastic	loss	of	key	protective	commensals	from	the	gut	renders	singly	housed	mice	555	

susceptible	to	enteric	pathogens	in	the	absence	of	an	environmental	microbial	reservoir	556	

derived	from	other	mice.	The	overall	benefits	of	co-housing	are	likely	general	across	557	

antibiotics,	as	singly	housed	animals	exhibited	stochastic	losses	of	Proteobacteria	during	558	

treatment	with	streptomycin	(Fig.	1,	Supplementary	Fig.	1)	and	of	Bacteroidetes	during	559	

ciprofloxacin	treatment	(Supplementary	Fig.	2).	It	remains	unclear	whether	certain	560	

antibiotics	are	more	protective	of	microbes	that	play	a	role	in	colonization	resistance,	561	

motivating	a	broader	study	on	how	antibiotics	act	on	a	common	microbiota.	Effects	are	562	

presumably	dependent	on	the	degree	of	perturbation,	with	higher	antibiotic	doses	and	563	

longer	treatments	having	a	greater	chance	of	driving	extinction.	In	the	streptomycin	564	

conditions	tested,	the	ability	to	retain	K.	michiganensis	was	sufficient	for	mice	to	recover	565	

colonization	resistance	to	E.	coli.	The	only	singly	housed	mouse	able	to	retain	K.	566	

michiganensis	also	maintained	colonization	resistance	(Fig.	2	and	3,	Supplementary	Fig.	3),	567	

highlighting	the	important	functional	consequences	of	stochasticity	during	gut	568	

perturbations.	Additionally,	other	microbiota	functions	could	be	similarly	affected	by	a	569	

quantitative	or	relative	shift	in	composition,	as	opposed	to	binary	loss	of	members.		570	

	571	

The	colonization	resistance	capacity	provided	by	K.	michiganensis	is	likely	to	be	grounded	572	

in	nutrient	competition,	since	a	nutritional	advantage	provided	to	E.	coli	is	able	to	delay	or	573	

mitigate	the	aforementioned	effect	(Fig.	5).	The	importance	of	the	commensal	gut	574	
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microbiota	in	providing	colonization	resistance	to	enteric	bacteria	through	nutrient	575	

competition	has	been	previously	proposed54,55;	however,	the	identification	of	microbiota	576	

members	that	are	directly	involved	in	this	process	is	still	limited	to	very	few	577	

examples4,19,56,57.	We	showed	that	the	capacity	of	K.	michiganensis	for	colonization	578	

resistance	can	also	be	applied	to	other	Enterobacteriaceae,	such	as	the	human	pathogen	S.	579	

Typhimurium.	K.	michiganensis	was	not	only	able	to	stave	off	S.	Typhimurium	expansion,	580	

but,	more	importantly,	delayed	host	mortality	(Fig.	6).	We	suspect	that	this	effect	acts	on	581	

the	pre-inflammation	period	of	Salmonella	infection,	and	further	studies	could	focus	on	582	

strategies	to	potentiate	such	a	mitigating	effect,	especially	with	recent	reports	of	other	non-583	

related	microbiota	members	being	able	to	affect	other	stages	of	S.	Typhimurium	infection58.		584	

	585	

In	humans,	widespread	antibiotic	treatment	across	the	population	can	lead	to	drastic	long-586	

term	effects,	with	bacterial	commensal	species	eradicated	from	the	microbiota	of	all	hosts	587	

and	hence	unavailable	for	re-colonization	of	the	microbiota.	Other	Western	practices	may	588	

also	be	exacerbating	species	extinction,	such	as	diet12	or	the	use	of	laxatives44.	Current	589	

hygiene	practices	in	Western	societies	have	been	very	efficient	in	preventing	infections	by	590	

pathogenic	bacteria,	but	have	also	reduced	gut	microbiota	diversity	when	compared	with	591	

isolated	groups	from	South	America	and	other	traditional	populations59.	Despite	the	592	

obvious	differences	in	mouse	and	human	behavior	that	might	lead	to	a	lesser	degree	of	593	

microbial	transmission	among	human	hosts	than	in	mice,	humans	sharing	the	same	594	

environment	contain	a	more	similar	microbiota40.	Furthermore,	people	living	lifestyles	595	

with	less	stringent	sanitation	tend	to	share	more	microbes	with	one	another	than	their	596	

industrialized	counterparts60.	Therefore,	the	results	shown	here,	support	the	importance	of	597	
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microbial	sharing	as	means	to	recover	from	microbiota	perturbation.	Sanitation	and	598	

hygiene	practices,	while	beneficial	for	limiting	spread	of	infectious	diseases,	likely	also	limit	599	

the	spread	of	beneficial	microbes,	thus	potentiating	the	eradication	of	commensal	species	600	

observed	in	industrialized	countries61.		601	

	602	

Currently,	to	deal	with	dysbiotic	microbiotas,	artificial	transmission	by	fecal	microbiota	603	

transplants	(FMTs)	and	swabbing	have	been	successful	for	the	treatment	of	C.	difficile	604	

infections62	and	colonization	of	Cesarean-section	newborns63,	respectively.	Still,	donor	605	

selection	for	FMTs	remains	a	critical	step	for	sensitive	recipients.	Broad	use	of	FMTs	is	also	606	

hampered	by	the	difficulties	of	defining	a	healthy	microbiota.	Identification	of	key	species,	607	

such	as	K.	michiganensis,	that	are	responsible	for	relevant	microbiota	functions,	is	of	608	

utmost	importance	to	achieve	a	robust	recovery	from	perturbations.	Our	study	raises	the	609	

hope	that,	for	each	potential	pathogen,	there	are	one	or	more	related	commensal	microbes	610	

responsible	for	providing	colonization	resistance.	611	

	612	

Our	study	demonstrates	the	importance	of	housing	in	the	stochastic	extinction	of	key	613	

protective	species,	providing	a	deeper	understanding	of	interspecies	interactions	that	give	614	

rise	to	colonization	resistance.	Ultimately,	understanding	the	full	repertoire	of	colonization	615	

resistance	mechanisms	will	allow	us	to	design	conditions	that	facilitate	the	reacquisition	of	616	

natural	commensals	and	inspire	strategies	to	restore	microbiota	composition	as	routine	617	

practice	following	antibiotic	treatments19.	Future	therapies	will	likely	involve	personalized	618	

treatment	and	prophylaxis	with	cocktails	of	defined	bacterial	species	along	with	their	619	

preferred	prebiotics	to	tackle	episodic	infections	for	each	patient.		 	620	
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Methods	635	

	636	

Ethics	statement		637	

All	mouse	experiments	performed	at	Instituto	Gulbenkian	de	Ciência	(IGC)	were	approved	638	

by	the	Institutional	Ethics	Committee	and	the	Portuguese	National	Entity	(Direção	Geral	de	639	

Alimentação	e	Veterinária;	Ref.	number	015190),	which	complies	with	European	Directive	640	

86/609/EEC	of	the	European	Council.	All	mouse	experiments	conducted	at	Stanford	were	641	

performed	in	accordance	with	the	Administrative	Panel	on	Laboratory	Animal	Care,	642	

Stanford	University's	IACUC.		643	

	644	

Streptomycin	treatment	protocol	645	

C57BL/6J	mice	bred	under	specific	pathogen-free	conditions	in	the	animal	house	facility	at	646	

the	Instituto	Gulbenkian	de	Ciência	were	used	to	analyze	the	effects	of	streptomycin	under	647	

different	housing	conditions.	Prior	to	each	experiment,	6-	to	8-week	old	male	mice	were	648	

first	co-housed	for	one	month	in	filter-top	cages,	and	then	separated	into	cohorts	of	singly	649	

housed	(one	per	cage)	or	co-housed	(5	per	cage)	mice.	At	this	stage,	mice	were	moved	into	650	

individually	ventilated	cages	with	HEPA	filters	in	our	biosafety	level	2	animal	facility.	651	

Streptomycin	(5	g/L)	was	maintained	ad	libitum	in	the	drinking	water	for	15	days.	652	

Streptomycin	water	was	replaced	every	3	days.	Streptomycin	treatment	was	followed	by	a	653	

period	of	non-supplemented	water,	which	ranged	as	specified	according	to	the	experiment	654	

from	4	to	42	days	prior	to	E.	coli	or	K.	michiganensis	gavage.	Fecal	samples	were	collected	655	

every	5	days	during	streptomycin	treatment,	and	once	per	week	thereafter	for	subsequent	656	
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microbiota	composition	analysis.	For	the	assessment	of	E.	coli	and	K.	michiganensis	loads,	657	

fecal	samples	were	obtained	daily.	658	

	659	

Ciprofloxacin	treatment	protocol	660	

Conventional	Swiss-Webster	mice	(RFSW,	Taconic)	were	ordered	from	Taconic	Biosciences	661	

and	allowed	to	equilibrate	in	the	Stanford	mouse	facility	for	6	weeks.	To	determine	the	662	

effects	of	ciprofloxacin	treatment	on	the	gut	microbiota	composition	of	mice	housed	under	663	

different	conditions,	6	mice	were	chosen	at	random	from	a	group	of	11	and	singly	housed	664	

thereafter;	the	remaining	5	mice	were	co-housed	for	the	duration	of	the	experiment.	For	665	

antibiotic	treatments,	mice	were	orally	gavaged	for	five	days	with	3	mg	ciprofloxacin	twice	666	

daily.	Antibiotics	were	dissolved	and	administered	in	200	µL	of	water.	Mice	were	then	667	

followed	for	a	further	9	days	after	halting	ciprofloxacin	treatment.	Fecal	samples	were	668	

collected	daily,	at	approximately	the	same	time	of	day,	during	and	after	treatment	for	669	

subsequent	microbiota	composition	analysis.		670	

	671	

Bacterial	strains	and	strain	construction	672	

E.	coli	MG1655	derivative	SmR,		ΔlacIZYA::frt,	ΔlsrK:frt	strains	ARO071-YFP	673	

(ΔgalK::Plac::yfp::amp),	ARO073-CFP	(ΔgalK::Plac::cfp::amp)28,	VHC015-YFP	ΔgatZ	(ΔgatZ	674	

KanR),	were	used.	Deletion	of	gatZ	from	E.	coli	was	introduced	via	bacteriophage	P1-675	

mediated	transduction	in	ARO07128	background	as	previously	described64,	using	lysates	676	

from	strain	JW208265.	K.	michiganensis	(isolated	through	plating	on	LB	agar	from	a	mouse	677	

fecal	sample	during	this	study),	mouse	commensal	E.	coli	(isolated	through	plating	on	LB	678	

agar	from	a	mouse	fecal	sample	during	this	study),	and	wild-type	Salmonella	enterica	679	
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serovar	Typhimurium	strain	ATCC	14028	transformed	with	pMP7605-GentR-mCherry66	680	

(RB249)	were	also	used	in	this	study.		681	

	682	

Colonization	resistance	experiment	683	

To	assess	the	colonization	resistance	capacity	of	co-housed	versus	singly	housed	mice,	42	684	

days	after	stopping	streptomycin	treatment,	mice	were	gavaged	with	100	µL	of	PBS	685	

containing	108	colony-forming	units	(CFUs)	of	ARO071	(E.	coli	∆lsrK	YFP).	Bacteria	were	686	

prepared	for	gavage	via	growth	to	late	stationary	phase	followed	by	sub-culturing	to	an	687	

OD600~2,	corresponding	to	approximately	109	CFUs/mL.	Bacteria	were	pelleted	and	re-688	

suspended	in	sterile	PBS	at	this	same	concentration.	Following	gavage,	fecal	samples	were	689	

collected	from	each	mouse	daily	for	9	days.	Fecal	material	was	weighed,	homogenized	in	1	690	

mL	of	sterile	PBS,	diluted,	and	plated	on	LB	agar	to	determine	colonization	levels.	691	

Fluorescently	labeled	colonies	were	counted	on	a	stereoscope	(SteREO	Lumar,	Carl	Zeiss)	692	

to	calculate	the	number	of	E.	coli	CFUs/g	feces.		693	

	694	

To	determine	the	capacity	of	K.	michiganensis	to	displace	or	provide	colonization	resistance	695	

against	E.	coli,	after	15	days	of	streptomycin	treatment,	singly	housed	mice	were	given	696	

either	non-supplemented	water	for	the	remainder	of	the	experiment,	or	non-supplemented	697	

water	for	3	days	and	then	water	supplemented	with	2%	galactitol.	Galactitol	water	was	698	

replaced	every	2	days	and	prepared	by	dissolving	galactitol	powder	in	hot	water	and	then	699	

allowing	it	to	cool	down	before	being	given	to	mice.	Four	days	after	stopping	antibiotic	700	

treatment,	mice	were	gavaged	with	100	µL	of	PBS	containing	108	CFUs	of	either	K.	701	

michiganensis	or	E.	coli-YFP,	and	four	days	after	that	either	not	gavaged	again	or	gavaged	702	
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with	100	µL	of	PBS	containing	108	CFUs	of	K.	michiganensis,	E.	coli-YFP,	or	E.	coli-CFP.	703	

Following	the	first	gavage,	fecal	samples	were	collected	from	each	mouse	daily	for	13	days.	704	

Fecal	material	was	weighed,	homogenized	in	1	mL	of	sterile	PBS,	diluted,	and	plated	on	LB	705	

agar	supplemented	with	streptomycin	(100	µg/mL)	to	determine	colonization	levels	of	E.	706	

coli	and	on	LB	agar	to	determine	K.	michiganensis	loads.	The	ability	of	K.	michiganensis	to	707	

displace	E.	coli	was	also	tested	in	ex-germ-free	mice	in	which	the	same	protocol	was	used	708	

with	and	without	water	supplementation	with	2%	galactitol.	Conditions	tested:	E.	coli-YFP	709	

colonization	challenged	with	K.	michiganensis;	E.	coli-YFP	colonization	challenged	with	K.	710	

michiganensis,	with	galactitol	added	to	the	drinking	water;	E.	coli-YFP	∆gatZ	(VHC015)	711	

colonization	challenged	with	K.	michiganensis	with	galactitol	added	to	the	drinking	water.	712	

E.	coli-YFP	∆gatZ	is	a	strain	impaired	in	galactitol	consumption.	713	

	714	

To	determine	the	capacity	of	K.	michiganensis	or	a	mouse	commensal	E.	coli	to	provide	715	

colonization	resistance	to	S.	Typhimurium,	after	15	days	of	streptomycin	treatment,	singly	716	

housed	mice	were	given	non-supplemented	water	for	the	remainder	of	the	experiment.	717	

Four	days	after	stopping	antibiotic	treatment,	one	group	of	mice	was	gavaged	with	100	µL	718	

of	PBS	containing	108	CFUs	of	K.	michiganensis,	another	group	was	gavaged	with	100	µL	of	719	

PBS	containing	108	CFUs	of	commensal	E.	coli,	and	a	final	group	was	not	gavaged.	Four	days	720	

after	the	first	gavage,	all	groups	were	gavaged	with	100	µL	of	PBS	containing	104	CFUs	of	S.	721	

Typhimurium.	Following	the	first	gavage,	fecal	samples	were	collected	from	each	mouse	722	

daily	for	13	days.	Fecal	material	was	weighed,	homogenized	in	1	mL	of	sterile	PBS,	diluted,	723	

and	plated	on	LB	agar	supplemented	with	gentamycin	(30	µg/mL)	to	determine	724	

colonization	levels	of	S.	Typhimurium	and	on	LB	agar	to	determine	K.	michiganensis	or	725	
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commensal	E.	coli	loads.	According	to	the	approved	ethical	protocol	for	animal	726	

experimentation,	mice	that	presented	extreme	weight	loss	(20%	of	initial	weight)	or	were	727	

lethargic/moribund	due	to	S.	Typhimurium	infection	were	humanely	sacrificed.	728	

	729	

Klebsiella	detection	730	

A	fecal	sample	from	1	mouse	per	cohort	was	collected	and	homogenized	in	1	mL	of	sterile	731	

PBS.	Klebsiella	spp.	are	known	to	degrade	complex	plant	cell	wall	polysaccharides,	such	as	732	

cellobiose,	through	carbohydrate-active	enzymes67.	Therefore,	five	milliliters	of	minimal	733	

medium	with	0.4%	cellobiose	was	inoculated	with	100	µL	of	fecal	suspension	in	glass	734	

tubes,	and	grown	overnight	at	37	°C	with	shaking.	The	overnight	culture	was	serially	735	

diluted	and	plated	on	LB	agar.	All	colonies	with	similar	morphology	to	Klebsiella	were	736	

streaked	in	Brilliance	ESBL	Agar	(OX;	Oxoid,	Basingstoke,	United	Kingdom),	and	positive	737	

clones	for	Klebsiella	species	(according	to	the	manufacturer’s	instructions)	were	sent	for	738	

Sanger	sequencing	of	the	16S	rRNA	gene,	using	the	primers	27f	(5'-739	

GAGAGTTTGATCCTGGCTCAG-3')	and	1495r	(5'-CTACGGCTACCTTGTTACGA-3')68	and	the	740	

following	reaction:	95	°C	for	1	min,	followed	by	30	cycles	of	15	s	denaturation	at	95	°C,	15	s	741	

at	57	°C,	and	45	s	at	72	°C,	after	which	a	final	extension	at	72	°C	was	performed	for	10	min.		742	

	743	

Whole	genome	sequencing	744	

One	Klebsiella	clone	was	isolated	from	the	feces	of	mice	1	and	another	mouse	10	(cohort	2)	745	

and	grown	in	LB	at	37	°C	with	agitation	for	subsequent	DNA	isolation	using	a	previously	746	

described	protocol69.	A	DNA	library	was	constructed	and	sequenced	by	the	IGC	Genomics	747	

facility.	Paired-end	sequencing	of	each	sample	was	performed	on	an	Illumina	MiSeq	748	
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Benchtop	Sequencer	(Illumina,	San	Diego,	CA),	which	produced	datasets	of	250-bp	read	749	

pairs.	K.	michiganensis	genomes	will	be	deposited	in	a	public	database	prior	publication.	750	

	751	

Preparation	of	tissue	sections	for	imaging	752	

Mice	were	euthanized	with	CO2	and	death	was	confirmed	by	cervical	dislocation.	After	753	

sacrifice,	sections	of	the	intestinal	tract	(colon)	were	fixed	using	paraformaldehyde.	They	754	

were	then	embedded,	sectioned,	and	stained	as	previously	described70.	Briefly,	two	755	

sections	per	mouse	were	fixed	in	2%	paraformaldehyde	in	phosphate	buffer	for	16-18	h,	756	

washed	in	70%	ethanol,	and	then	paraffin-embedded.	Samples	were	sectioned	into	4	µm-757	

thick	sections	for	staining	with	DAPI,	fluorescence	in	situ	hybridization	probes	targeting	758	

Gammaproteobacteria	(Gam42A:	5’-GCCTTCCCACATCGTTT-3’)	and	E.	coli	(Eco1167:	5’-	759	

GCATAAGCGTCGCTGCCG-3’)71,	and	lectins	targeting	mucin	carbohydrates	(Vector	760	

Laboratories,	Burlingame,	CA).	Fluorescence	in	situ	hybridization	was	performed	as	761	

previously	described70.	Sections	of	the	distal	colon	were	imaged	on	a	Zeiss	LSM	880	762	

confocal	microscope	equipped	with	an	Airyscan	super-resolution	module.	Airyscan	images	763	

were	processed	using	Zen	Blue	and	FIJI.	764	

	765	

16S	rRNA	sequencing	766	

For	streptomycin-treatment	experiments,	fecal	samples	were	stored	at	-80	°C	and	DNA	767	

extraction	was	performed	as	previously	described28.	In	brief,	DNA	was	extracted	using	a	768	

combination	of	the	QIAamp	Fast	DNA	Stool	Mini	Kit	(Qiagen)	following	the	manufacturer’s	769	

instructions,	mechanically	disrupted	with	a	tissue	blender,	and	eluted	to	a	final	volume	of	770	

100	µL	in	ATE	buffer.		For	each	sample,	the	16S	rRNA	gene	was	amplified	using	the	Earth	771	
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Microbiome	Project-recommended	515F/806R	primer	pairs	(V3-V4	regions)	under	the	772	

following	PCR	cycling	conditions:	94	°C	for	3 min,	35	cycles	of	94	°C	for	60 s,	50	°C	for	60 s,	773	

and	72	°C	for	105 s,	with	an	extension	step	at	72	°C	for	10 min72,73.		After	library	prep,	774	

2x250-bp	sequencing	was	performed	at	the	IGC	Genomics	Unit	using	an	Illumina	MiSeq	775	

Benchtop	Sequencer.		776	

	777	

For	 ciprofloxacin-treatment	 experiments,	 fecal	 samples	were	 frozen	and	 stored	at	 -80	 °C	778	

prior	 to	DNA	extraction.	DNA	was	extracted	 from	whole	 fecal	pellets	with	 the	PowerSoil-779	

htp	kit	 (MO	BIO,	San	Diego,	CA).	DNA	extracted	 from	fecal	samples	was	used	 to	generate	780	

16S	 rRNA	 amplicons	 using	 the	 Earth	 Microbiome	 Project-recommended	 515F/806R	781	

primer	pairs.	PCR	products	were	cleaned,	quantified,	and	pooled	using	 the	UltraClean	96	782	

PCR	Cleanup	kit	 (MO	BIO,	 San	Diego,	 CA)	 and	Quant-It	 dsDNA	High	 Sensitivity	Assay	 kit	783	

(Invitrogen,	 Carlsbad	 CA).	 Samples	were	 pooled	 and	 sent	 to	 the	Mayo	 Clinic's	Molecular	784	

Biology	Core	 (Rochester,	MN)	 for	 2x300-bp	MiSeq	 (Illumina,	 San	Diego,	CA)	 library	prep	785	

and	sequencing.	786	

	787	

Sequencing	data	analyses	788	

Mothur	v.	1.32.1	was	used	to	process	sequences	as	previously	described74,	with	some	789	

modifications.	Sequences	were	converted	to	FASTA	format.	Sequences	shorter	than	220	bp	790	

containing	homopolymers	longer	than	8	bp	or	undetermined	bases,	with	no	exact	match	791	

with	the	forward	and	reverse	primers	and	barcodes,	that	did	not	complement	each	other,	792	

or	that	did	not	align	with	the	appropriate	16S	rRNA	variable	region	were	not	included	in	793	

the	analysis.	A	quality	score	above	30	(range	is	from	0	to	40,	with	0	representing	an	794	



	 	 38	

ambiguous	base),	was	used	to	process	sequences,	which	were	trimmed	using	a	sliding-795	

window	technique	over	a	50-base	window.	Sequences	were	trimmed	from	the	3'	end	until	796	

the	quality	score	criterion	was	met,	and	merged	after	that.	A	range	between	20,000	and	797	

50,000	sequences	was	obtained	per	sample.	16S	rRNA	gene	sequences	were	aligned	using	798	

SILVA	template	reference	alignment75.	ChimeraSlayer76	was	used	to	remove	potential	799	

chimeric	sequences.	Sequences	with	distance-based	similarity	above	97%	were	joined	into	800	

the	same	operational	taxonomic	unit	(OTU)	using	the	average-neighbor	algorithm.	All	801	

samples	were	rarefied	to	the	same	number	of	sequences	(10,000)	for	diversity	analyses.	802	

OTU-based	microbial	gamma-diversity	was	estimated	by	calculating	the	total	number	of	803	

unique	OTUs	in	each	cage	at	each	time	point.	A	Bayesian	classifier	algorithm	with	a	60%	804	

bootstrap	cutoff	was	used	for	each	sequence77,	which	was	assigned	to	the	genus	level	805	

where	possible	or	the	closest	genus-level	classification	otherwise	and	preceded	by	806	

“unclassified”.	The	Clearcut	algorithm78	was	used	to	infer	a	phylogenetic	tree	based	on	the	807	

16S	rRNA	sequence	alignment,	which	was	used	to	calculate	unweighted	and	weighted	808	

UniFrac	distances	between	each	pair	of	samples.		809	

	810	

To	identify	OTUs	with	differential	abundances	in	the	microbiota	of	mice	with	and	without	811	

colonization	resistance	to	E.	coli,	we	utilized	the	linear	discriminant	analysis	(LDA)	effect	812	

size	(LEfSe)	method48.	LEfSe	uses	the	Kruskal-Wallis	rank-sum	test	on	a	normalized	813	

relative	abundance	matrix	to	detect	significantly	different	OTU	features	and	estimates	the	814	

effect	size	of	each	feature	via	LDA.	Only	features	with	LDA	scores	above	2	and	alpha<0.05	815	

were	considered	different	between	the	groups	of	mice.	816	

	817	
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To	assess	the	loss	of	important	OTUs	during	and	after	antibiotic	treatment	in	mice	under	818	

different	housing	conditions,	we	identified	prevalent	OTUs	in	untreated	conditions	as	those	819	

that	were	present	in	every	mouse	of	each	group	in	each	cohort	tested	(core	OTUs),	and	820	

then	followed	the	dynamics	of	maintenance	and	loss	of	those	OTUs	in	the	same	mice	both	821	

during	(day	15)	and	after	(day	57)	antibiotic	treatment.	822	

	823	

Custom	MATLAB	(MathWorks,	Natick,	MA)	scripts	were	used	to	analyze	taxa	distributions	824	

across	microbiota	time	courses.		825	

	826	

Competition	of	E.	coli	and	K.	michiganensis	in	liquid	cultures	827	

Single	colonies	of	E.	coli-YFP,	E.	coli-CFP,	and	K.	michiganensis	were	used	to	inoculate	828	

separate	3-5	mL	cultures	in	LB	medium	in	glass	tubes,	and	grown	overnight	at	37	°C	with	829	

shaking	to	an	OD600~5-5.5.	The	overnight	cultures	were	diluted	into	96-well	plates	such	830	

that	the	total	culture	inoculation	OD600	was	0.05;	i.e.,	single	cultures	of	E.	coli-YFP,	E.	coli-831	

CFP,	K.	michiganensis,	or	S.	Typhimurium-mCherry	were	tested	with	an	initial	OD600	of	0.05,	832	

while	co-cultures	of	E.	coli-YFP+E.	coli-CFP,	E.	coli-YFP+K.	michiganensis,	S.	Typhimurium-833	

mCherry+K.	michiganensis,	or	S.	Typhimurium-mCherry+E.	coli-CFP	were	tested	with	an	834	

initial	OD600	of	0.025	of	each	strain.	Single	and	co-cultures	were	grown	in	either	LB	medium	835	

or	M9	minimal	medium	with	a	single	carbon	source	at	0.25%	(w/v).	Carbon	sources	tested	836	

were	glucose,	fructose,	xylose,	arabinose,	fucose,	or	galactitol,	as	specified.		837	

	838	

For	the	contact-dependent	inhibition/killing	assay,	an	overnight	culture	of	E.	coli-YFP	was	839	

diluted	into	24-well	plates,	and	an	overnight	culture	of	E.	coli-CFP	or	K.	michiganensis	was	840	
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diluted	into	upper	chambers	of	transwells	(0.4-μm	Millicell,	Millipore)	such	that	each	841	

chamber	had	an	inoculation	OD600	of	0.025.	Cultures	were	inoculated	in	M9	minimal	842	

medium	with	arabinose	or	fructose	at	0.25%	(w/v).	Additionally,	an	overnight	culture	of	E.	843	

coli-YFP	was	diluted	into	wells	of	a	96-well	plate	in	M9	minimal	medium	with	fructose	at	844	

0.25%	(w/v)	with	or	without	supplementation	of	20%	cell-free	spent	medium.	Cell-free	845	

spent	media	were	obtained	using	0.2-μm	Acrodisc	syringe	filters	(Pall	Corporation)	from	846	

overnight	cultures	of	K.	michiganensis	or	E.	coli-YFP+K.	michiganensis	grown	in	minimal	847	

medium	with	fructose	at	0.25%	(w/v).	848	

	849	

All	growth	curves	were	performed	in	a	Thermo-Shaker	Grant-bio	plate	reader	(Thermo	850	

Fisher	Scientific)	without	shaking	at	37	°C,	except	for	galactitol	experiments,	which	were	851	

performed	at	30	°C.	Each	co-culture	condition	was	tested	in	six	replicates	across	two	852	

independent	experiments,	and	each	transwell	and	cell-free	spent	medium	condition	was	853	

tested	in	triplicate.	OD600,	YFP	fluorescence	(excitation	485	nm,	emission	filter	535	nm;	854	

Victor3	(PerkinElmer)),	and	mCherry	fluorescence	(excitation	520	nm,	emission	filter	580-855	

640	nm;	Glomax	Explorer	(Promega))	were	measured	at	various	time	points	during	856	

growth,	with	5	s	of	orbital	shaking	before	each	reading.	857	

	858	

Single-cell	imaging	with	PI	staining	859	

Mixed	 cultures	 of	 E.	 coli-YFP+E.	 coli-CFP	 and	 E.	 coli-YFP+K.	 michiganensis	were	 grown	860	

statically	for	24	h	in	various	carbon	sources.	The	final	cultures	were	mixed	with	10	µM	of	861	

propidium	iodide	and	incubated	at	room	temperature	for	5	min.		Samples	were	imaged	on	862	

1%	agarose	pads	with	a	Nikon	Ti-E	inverted	microscope	(Nikon	Instruments)	using	a	100X	863	
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(NA	 1.40)	 oil	 immersion	 objective	 and	 a	 Zyla	 5.5	 sCMOS	 camera	 (Andor	 Technology).	864	

Images	were	acquired	using	µManager	v.	1.4	(http://www.micro-manager.org).	865	

	866	

Microfluidics		867	

Microfluidic	 single-cell	 experiments	 were	 performed	 in	 ONIX	 B04A	 microfluidic	 chips	868	

(CellASIC).	Since	the	microfluidic	chamber	selects	cells	by	their	size,	the	slightly	larger	size	869	

of	K.	michiganensis	cells	meant	that	they	were	less	likely	to	get	into	the	microfluidic	viewing	870	

chamber.	To	address	 this	disparity,	we	 introduced	a	10:1	ratio	of	K.	michiganensis	and	E.	871	

coli	cells.	Prior	to	loading	cells	into	the	chamber,	the	cells	were	well	mixed	by	pressurizing	872	

wells	#6	and	#8	alternately	for	10	cycles.		Phase-contrast	and	epifluorescence	images	were	873	

acquired	on	a	Nikon	Ti-E	with	a	100X	(NA	1.4)	objective	and	Andor	Neo	5.5	sCMOS	Camera.	874	

Cells	 were	 maintained	 at	 37	 °C	 during	 imaging	 using	 an	 active-control	 environmental	875	

chamber	(Haison	Technology).	876	

	877	

Growth	rate	analyses	of	microcolonies	in	microfluidic	experiments	878	

When	introduced	into	the	microfluidic	chamber,	the	vast	majority	of	cells	were	initially	not	879	

touching	any	other	cells.	During	growth,	each	individual	cell	formed	a	microcolony,	and	the	880	

edges	of	microcolonies	gradually	merged.	We	visually	identified	E.	coli	microcolonies	that	881	

either	 stayed	 away	 from	any	K.	michiganensis	microcolonies	 during	 t	 =	 2	 –	 4	 h,	 or	 those	882	

with	at	least	50%	of	the	periphery	directly	touching	K.	michiganensis	cells	during	the	same	883	

period.	The	t	=	2	–	4	h	 time	 interval	was	chosen	because	cells	grew	exponentially	during	884	

that	 period,	 and	 also	 contained	 enough	 microcolonies	 in	 each	 group	 (isolated	 vs.	 K.	885	

michiganensis-proximal)	for	statistical	analysis.	Microcolony	areas	at	each	time	point	were	886	
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calculated	 by	 identifying	 the	 YFP+	 regions	 in	 the	 image.	 Growth	 rates	were	 obtained	 by	887	

linear	fitting	of	the	slope	of	natural	logarithm	of	microcolony	area	over	time.	888	

	889	

Quantification	and	statistical	analyses	890	

To	determine	statistically	significant	differences	in	the	relative	abundances	of	taxa	and	891	

OTUs	between	the	groups	of	mice,	the	non-parametric	Wilcoxon	test	was	applied	using	the	892	

wilcox.test	function	in	the	‘stats’	R	package.	Taxa	and	OTUs	with	fewer	than	100	counts	in	893	

both	groups	were	not	included	in	the	analysis.	To	adjust	for	multiple	hypothesis	testing,	we	894	

used	the	Benjamini-Hochberg	FDR	approach79	with	the	fdr.R	package.	Results	with	p<0.05	895	

and	q<0.1	were	considered	statistically	significant.	To	assess	significant	differences	in	896	

kinetic	curves,	we	calculated	the	Area	Under	the	Curve	(AUC)	for	each	sample	using	897	

Graphpad	Prism	v.	8,	after	which	the	AUC	values	for	each	group	were	evaluated	using	the	898	

Mann-Whitney	test	or	Kruskal-Wallis	test	with	Dunn’s	correction	test	for	multiple	899	

comparisons.	Survival	assays	were	analyzed	using	the	Log-Rank	(Mantel-Cox)	test.	To	900	

compare	UniFrac	distances	between	time	points	during	and	after	streptomycin	or	901	

ciprofloxacin	treatment,	a	Mann-Whitney	test	was	used.	Graphical	representations	were	902	

obtained	using	Graphpad	Prism	v.	8,	MATLAB	2015b,	and	RStudio	v.	3.3.3.		  903	
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Figures	and	Figure	Legends	1091	

	1092	

Fig.	1|	Streptomycin	causes	stochastic	changes	to	microbiota	composition	and	a	1093	

decrease	in	diversity	in	singly	housed	mice	compared	with	co-housed	mice.	a,	1094	

Experimental	scheme	for	streptomycin	treatment	and	after	treatment	in	4	independent	1095	

mice	cohorts	(10	to	11	mice	each).	5	g/L	of	streptomycin	was	administered	in	the	drinking	1096	

water	to	5	co-housed	and	5-6	singly	housed	SPF	C57BL/6J	mice	on	day	0	and	removed	on	1097	

day	15.	Fecal	samples	were	collected	before	(day	0),	during	(day	15),	and	after	(day	57)	1098	

antibiotics	for	microbiota	composition	analysis.	b,	Relative	abundances	of	the	1099	

Proteobacteria	phylum	in	co-housed	and	singly	housed	mice	at	indicated	time	points.	c,	1100	

Phylogenetic	dissimilarities	on	each	day	determined	by	the	mean	unweighted	Unifrac	1101	
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distance	of	the	bacterial	communities	of	each	mouse	to	each	other	mouse	within	the	same	1102	

group.	Data	shown	are	medians,	and	error	bars	show	interquartile	range	(n=20-21	per	1103	

group).	d,	Gamma	diversity	of	the	gut	microbiota	of	the	co-housed	and	singly	housed	mice	1104	

at	indicated	time	points.	Lines	represent	median	values	(n=3-4	cages	for	co-housed,	n=15-1105	

21	cages	for	singly	housed).	e,	Number	of	core	OTUs	(present	in	every	mouse	of	each	group	1106	

before	treatment)	at	days	0,	15,	and	57.	Shown	are	median	values,	and	error	bars	show	the	1107	

interquartile	range	across	n=15-21	per	group.	Data	were	analyzed	with	the	Mann-Whitney	1108	

test	(*:	p<0.05;	***:	p<0.001;	****:	p<0.0001;	ns,	not	significant).		 	1109	
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		1110	

	1111	

Fig.	2|	Co-housed	mice	are	resistant	to	E.	coli	colonization,	unlike	most	singly	housed	1112	

mice.	a,	Experimental	scheme	for	measuring	the	capacity	to	resist	colonization	by	E.	coli.	E.	1113	

coli-YFP	cells	were	orally	administrated	to	cohorts	of	untreated	and	streptomycin-treated	1114	

mice	on	day	2.	Fecal	samples	were	collected	at	indicated	time	points	for	E.	coli-YFP	1115	

quantification.	b,	Loads	of	E.	coli-YFP	in	CFUs/g	feces	remained	high	in	streptomycin-1116	

treated	mice	(grey	–	streptomycin	treatment;	left),	but	became	undetectable	in	untreated	1117	
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mice	by	day	1-2	(right).	n=5	per	group.	c,	Experimental	scheme	for	measuring	the	capacity	1118	

to	resist	colonization	by	E.	coli	in	3	of	the	4	independent	cohorts	of	co-housed	and	singly	1119	

housed	mice	after	streptomycin	treatment.	E.	coli-YFP	cells	were	orally	administered	to	all	1120	

mice	on	day	57.	Fecal	samples	were	collected	for	9	days	post	gavage	for	E.	coli-YFP	1121	

quantification.	d,	Loads	of	E.	coli-YFP	colonization	in	cohorts	2-4	in	co-housed	mice	(left)	1122	

and	singly	housed	mice	(right).	n=15-16	per	group.	Loads	of	E.	coli-YFP	in	cohort	2	are	1123	

shown	in	dark	pink	or	dark	blue.	In	this	cohort	loads	of	E.	coli-YFP	gradually	decreased	in	1124	

co-housed	mice	(dark	pink	lines,	left),	but	remained	high	in	all	singly	housed	mice	except	1125	

mouse	10	(dark	blue	lines,	right).	The	microbiota	composition	of	cohort	2	was	analyzed	in	1126	

samples	from	days	0,	15,	and	57	of	co-housed	(Mouse	1-5)	and	singly	housed	(Mouse	6-10)	1127	

mice	(Supplementary	Fig.	3).	n=5	per	group	in	cohort	2.	e,	Area	Under	the	Curve	(AUC)	1128	

calculated	from	the	dynamics	of	E.	coli-YFP	CFU/g	feces	during	the	experiment	for	each	of	1129	

the	co-housed	and	singly	housed	mice	of	the	3	cohorts	tested	in	d,	demonstrating	that	co-1130	

housed	mice	had	significantly	lower	loads	of	E.	coli	throughout	the	experiment	than	singly	1131	

housed	mice.	Data	in	e,	show	medians	and	interquartile	ranges	and	were	analyzed	with	the	1132	

Mann-Whitney	test	(****:	p<0.0001).	 	1133	
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	1134	

Fig.	3|	K.	michiganensis	provides	colonization	resistance	against	E.	coli.	a,	E.	coli	and	K.	1135	

michiganensis	are	easily	distinguishable	based	on	colony	morphology	when	grown	on	LB	1136	

agar	and	incubated	overnight	at	37	°C.	b,	After	streptomycin	treatment,	loads	of	K.	1137	

michiganensis	(CFUs/g	feces)	of	cohort	2	from	the	experiment	in	Fig.	2c,d	were	high	in	co-1138	

housed	mice	(left),	but	at	undetectable	levels	in	all	singly	housed	mice	except	one	(right).	1139	

n=5	per	group.	c,	Experimental	scheme	for	measuring	the	capacity	in	singly	housed	mice	of	1140	

K.	michiganensis	to	increase	colonization	resistance	against	or	displace	E.	coli	after	1141	
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streptomycin	treatment.	5	g/L	streptomycin	was	administered	in	the	drinking	water	1142	

starting	on	day	0	and	removed	at	day	15.	Fecal	samples	were	collected	before	(day	0),	1143	

during	(day	15),	and	after	(days	19,	23,	28,	and	32)	antibiotics.	K.	michiganensis,	E.	coli-YFP,	1144	

or	E.	coli-CFP	cells	were	orally	administered	on	indicated	days.	Fecal	samples	were	1145	

collected	daily	after	gavage	for	K.	michiganensis	and	E.	coli	quantification.	n=7-11	per	1146	

group.	d,	Loads	of	E.	coli-YFP	(CFUs/g	feces)	when	colonizing	alone	were	higher	than	in	1147	

mice	pre-colonized	with	K.	michiganensis	(n=7-9	per	group	across	two	independent	1148	

experiments;	comparisons	of	the	different	AUC	are	shown	in	Supplementary	Fig.	5b).	e,	E.	1149	

coli-YFP	(CFUs/g	feces)	colonization	before	and	after	challenge	with	E.	coli-CFP	(n=8,	1150	

across	two	independent	experiments)	or	K.	michiganensis.	(n=11,	across	three	independent	1151	

experiments).	K.	michiganensis	gavage	resulted	in	a	substantial	decrease	in	E.	coli	loads	1152	

(comparisons	of	the	different	AUC	are	shown	in	Supplementary	Fig.	5d).	Circles	and	lines	in	1153	

d	and	e	represent	values	from	individual	mice	and	medians,	respectively.	 	1154	
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	1155	

Fig.	4|	Competition	for	simple	sugars	provides	a	fitness	advantage	to	K.	1156	

michiganensis	over	E.	coli.	a,	Intestinal	sections	were	stained	with	16S	rRNA	FISH	probes	1157	

targeting	Gammaproteobacteria	(red)	and	E.	coli	(green).	In	the	images,	E.	coli	(yellow,	1158	

since	cells	are	targeted	with	both	red	and	green	FISH	probes)	and	K.	michiganensis	(red,	1159	

targeted	only	with	the	Gammaproteobacteria	probe)	were	in	close	proximity	in	many	1160	

regions	of	the	colon	of	mice	colonized	with	both	species,	indicating	that	they	inhabited	1161	

similar	spatial	niches.	Mucus	(green)	and	DNA	(blue)	were	stained	with	UEA1	and	DAPI,	1162	

respectively.	The	large,	puffy,	diffuse	green	staining	is	mucus.	There	were	no	bacteria-sized	1163	

objects	that	appeared	only	in	the	green	channel;	all	such	green-stained	objects	were	also	1164	

red-stained	and	therefore	appeared	yellow.	b,	Cell	density	of	co-cultures	of	E.	coli-YFP	with	1165	

K.	michiganensis	or	E.	coli-CFP	showed	that	K.	michiganensis	has	a	slight	advantage	in	LB	1166	
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medium.	Growth	was	monitored	by	OD600	measurements	(n=3	per	condition).	c,	E.	coli-YFP	1167	

growth	capacity	in	LB	medium	was	lower	in	co-cultures	with	K.	michiganensis	as	compared	1168	

with	E.	coli-CFP.	E.	coli-YFP	growth	was	monitored	by	YFP	fluorescence	quantification	(n=3	1169	

per	condition).	d,	Sugar	utilization	capacity	of	K.	michiganensis	and	E.	coli	alone	or	in	co-1170	

cultures	in	minimal	media	containing	0.25%	of	the	indicated	carbon	source.	Growth	was	1171	

monitored	by	OD600	measurements	every	hour	for	24	h	(n=6	curves	per	condition).	K.	1172	

michiganensis	generally	exhibited	faster	growth	than	E.	coli	across	all	carbon	sources.	e,	E.	1173	

coli-YFP	growth	capacity	in	co-cultures	in	minimal	media	containing	0.25%	of	the	indicated	1174	

carbon	source.	E.	coli-YFP	growth	was	monitored	by	YFP	fluorescence	quantification	every	1175	

hour	for	24	h	(n=6	per	condition).	E.	coli	yield	was	lower	when	grown	with	K.	michiganensis	1176	

compared	with	E.	coli-CFP	across	all	carbon	sources	Data	in	b-e	represent	means	and	1177	

standard	deviations.		 	1178	
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	1179	

Fig.	5|	A	nutritional	advantage	for	E.	coli	abolishes	the	colonization	resistance	1180	

capacity	of	K.	michiganensis.	a,	Experimental	scheme	for	measuring	the	capacity	of	1181	

galactitol	to	affect	K.	michiganensis-mediated	colonization	resistance	against	E.	coli	in	singly	1182	

housed	mice	after	streptomycin	treatment.	5	g/L	of	streptomycin	was	administered	in	the	1183	

drinking	water	from	day	0	to	day	15.	Fecal	samples	were	collected	before	(day	0),	during	1184	

(day	15),	and	after	(days	19,	23,	28,	and	32)	antibiotics.	Mice	were	given	water	1185	

supplemented	with	2%	galactitol	from	day	18	onward.	K.	michiganensis	or	E.	coli-YFP	cells	1186	

were	orally	administered	on	indicated	days.	Fecal	samples	were	collected	daily	after	1187	

gavage	for	K.	michiganensis	and	E.	coli-YFP	quantification	(n=7).	b,	Loads	of	E.	coli-YFP	1188	

(CFUs/g	feces)	before	and	after	challenge	with	K.	michiganensis	in	mice	with	drinking	1189	

water	supplemented	with	2%	galactitol	(yellow	dots	and	line,	n=7	across	two	independent	1190	

experiments).	Dashed	lines	represent	median	values	of	CFUs/g	feces	of	E.	coli-YFP	1191	

colonization	before	and	after	challenge	with	E.	coli-CFP	(blue)	or	K.	michiganensis	(black)	in	1192	
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mice	without	galactitol	administration	from	Fig.	3e,	which	were	performed	in	parallel	with	1193	

the	groups	from	the	two	independent	experiments	that	received	galactitol,	and	are	shown	1194	

here	for	comparison.	Galactitol	attenuated	the	colonization	resistance	against	E.	coli.	c,	1195	

Experimental	scheme	for	measuring	the	capacity	of	galactitol	to	affect	K.	michiganensis-1196	

mediated	colonization	resistance	against	E.	coli	in	singly	housed	gnotobiotic	mice.	Mice	1197	

were	either	given	non-supplemented	water	or	water	supplemented	with	2%	galactitol	1198	

from	day	18	onward.	K.	michiganensis,	E.	coli-YFP,	or	E.	coli-YFP	∆gatZ	cells	were	orally	1199	

administered	on	indicated	days.	Fecal	samples	were	collected	daily	after	gavage	for	K.	1200	

michiganensis,	E.	coli-YFP,	and	E.	coli-YFP	∆gatZ	quantification	(n=6	across	two	1201	

independent	experiments).	d,	Loads	of	E.	coli-YFP	and	E.	coli-YFP	∆gatZ	(CFUs/g	feces)	1202	

before	and	after	challenge	with	K.	michiganensis	in	mice	with	non-supplemented	drinking	1203	

water	or	water	supplemented	with	2%	galactitol	(n=6	across	two	independent	1204	

experiments).	Galactitol	attenuated	the	colonization	resistance	against	E.	coli.	Circles	and	1205	

lines	represent	values	from	individual	mice	and	medians,	respectively.	For	b	and	d,	1206	

comparisons	of	the	different	AUC	are	shown	in	Supplementary	Fig.	7d,f,	respectively).		 	1207	
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	1208	

Fig.	6|	K.	michiganensis	delays	gut	expansion	of	S.	Typhimurium.	a,	Experimental	1209	

scheme	for	measuring	the	capacity	of	singly	housed	mice	to	resist	colonization	by	S.	1210	

Typhimurium	after	streptomycin	treatment.	Streptomycin	was	administered	in	the	1211	

drinking	water	starting	on	day	0	and	ending	on	day	15.	Fecal	samples	were	collected	before	1212	

(day	0),	at	the	end	of	antibiotics	(day	15),	and	daily	between	days	19	and	32.	K.	1213	

michiganensis,	commensal	E.	coli,	and	S.	Typhimurium	were	orally	administered	on	1214	

indicated	days.	Fecal	samples	were	collected	daily	after	gavage	for	K.	michiganensis,	1215	

commensal	E.	coli,	and	S.	Typhimurium	quantification	(n=4-9	per	group).	b,	Loads	of	S.	1216	

Typhimurium	(CFUs/g	feces)	increased	more	slowly	in	mice	pre-colonized	with	K.	1217	

michiganensis	(n=9	across	two	independent	experiments),	as	compared	to	mice	not	pre-1218	

colonized	or	pre-colonized	with	a	commensal	E.	coli	(n=8	across	two	independent	1219	

experiments	and	n=4	in	one	independent	experiment,	respectively).	c,	Body-weight	loss	1220	

due	to	S.	Typhimurium	infection	was	delayed	in	mice	pre-colonized	with	K.	michiganensis.	1221	

d,	Mice	infected	with	S.	Typhimurium	exhibited	extended	survival	when	pre-colonized	with	1222	
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K.	michiganensis	(*:	p<0.05,	Log-Rank	(Mantel-Cox)	test,	n=4-9	per	group).	Circles	and	lines	1223	

in	b,c	represent	values	from	individual	mice	and	medians,	respectively.	For	b,	comparisons	1224	

of	the	different	AUC	are	shown	in	Supplementary	Fig.	8b).	1225	


