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Abstract
Community-acquired	 urinary	 tract	 infections	 (UTIs)	 are	 one	 of	 the	most	 common	
bacterial	infections	worldwide.	Escherichia coli	is	the	most	common	cause	of	commu-
nity-acquired	UTI.	In	general,	UTI	results	from	E. coli	in	the	intestine	that	enters	the	
bladder	via	the	urethra.	However,	whether	these	E. coli	strains	that	cause	UTI	repre-
sent	members	of	the	intestinal	commensal	E. coli	or	a	distinct	subgroup	of	pathogenic	
E. coli	 remains	unestablished.	Here,	we	analyzed	E. coli	 isolates	from	fecal	samples	
of	healthy	volunteers	and	urine	samples	of	UTI	patients	obtained	from	a	university-
affiliated	health	center.	The	E. coli	isolates	were	genotyped	by	multilocus	sequence	
typing	(MLST).	From	May	to	October	2018,	we	analyzed	89	E. coli	isolates	from	76	
(75%)	rectal	swabs	from	113	unique	healthy	volunteers.	We	also	analyzed	106	(27%)	
E. coli	isolates	from	398	unique	urine	samples	collected	between	August	and	October	
2018.	Fecal	and	urine	E. coli	isolates	each	contained	31	distinct	sequence	types	(STs).	
Nine	STs	were	shared	by	fecal	and	urine	E. coli	isolates,	which	accounted	for	approxi-
mately	50%	of	urine	 isolates	 typed	by	MLST.	Among	 the	 shared	genotypes,	ST10	
and	ST131	were	significantly	more	frequently	found	in	fecal	samples,	whereas	ST95	
and	 ST127	were	 significantly	more	 frequently	 recovered	 from	UTI	 samples.	 ST73	
was	found	only	among	urine	samples.	These	E. coli	genotypes	clustered	and	fluctu-
ated	over	time.	These	observations	suggest	that	E. coli	genotypes	found	to	cause	UTI	
transiently	colonize	the	intestine	and	that	their	primary	reservoir	may	reside	outside	
of	the	human	intestine.
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1  | INTRODUC TION

Urinary	tract	infections	(UTIs)	are	one	of	the	most	common	bacte-
rial	 infections	 that	 greatly	 challenge	 the	 quality	 of	 life	 of	 patients	
(Foxman,	2010).	A	recent	study	in	southern	California	showed	that	
between	2008	and	2017,	UTI	 in	 virtual	 care	 (health	 care	 via	 tele-
phone,	video,	and	the	Internet)	settings	increased	by	21%	in	women	
and	29%	in	men	each	year	(Bruxvoort	et	al.,	2019).	More	than	half	
of	 women	 will	 experience	 at	 least	 one	 episode	 in	 their	 lifetime.	
Foxman	reported	27%	of	college	women	experienced	at	 least	one	
recurrence	within	6	months	following	their	initial	infection	(Foxman,	
1990).	Eighty	percent	of	all	community-acquired	UTIs	are	caused	by	
Escherichia coli	(Flores-Mireles,	Walker,	Caparon,	&	Hultgren,	2015).

In	general,	UTI	results	from	the	dissemination	of	E. coli	from	the	in-
testine	into	the	bladder	via	the	urethra	(Hooton,	1990).	Escherichia coli 
that	causes	UTI	are	variously	labeled	as	uropathogenic	E. coli	(UPEC)	
or	extraintestinal	pathogenic	E. coli	(ExPEC).	Previous	studies	showed	
that	UPEC	strains	 isolated	from	UTI	patients	are	also	found	in	fecal	
samples	from	the	same	patient,	which	would	be	expected	since	the	
immediate	 source	 of	UPEC	 is	 the	 infected	 person's	 intestine	 (Chen	
et	al.,	2013;	Nielsen,	Dynesen,	Larsen,	&	Frimodt-Moller,	2014;	Russo,	
Stapleton,	 Wenderoth,	 Hooton,	 &	 Stamm,	 1995;	 Yamamoto	 et	 al.,	
1997).	However,	it	is	not	known	if	UPECs	are	part	of	the	commensal	
flora	of	the	human	intestine	that	causes	UTI	when	they	breach	a	ster-
ile	barrier,	or	if	they	represent	a	distinct	pathogenic	E. coli	group	that	
transiently	colonizes	the	intestine.	If	they	are	distinct	pathogens,	their	
main	reservoir	should	be	outside	of	the	human	intestine.

Here,	we	collected	E. coli	isolates	from	feces	of	healthy	individu-
als	and	the	urine	of	patients	with	community-acquired	UTI	(CA-UTI)	
at	a	northern	California	university	community	and	compared	their	
genotypic	distribution	 to	determine	whether	ExPEC	strains	 repre-
sent	 commensal	E. coli or E. coli	 pathotype	 strains	 that	 transiently	
colonize	the	human	intestine.	Our	observations	suggest	that	UPECs	
comprise	a	group	of	pathogens	distinct	from	the	commensal	E. coli.

2  | MATERIAL S AND METHODS

2.1 | Study design

We	cultured	E. coli	from	fecal	samples	of	healthy	volunteers	at	a	north-
ern	California	university	campus	and	from	urine	samples	from	patients	
diagnosed	 to	 have	UTIs	 at	 an	 outpatient	 health	 clinic	 located	 at	 the	
same	university.	The	fecal	samples	were	collected	between	May	and	
October	2018,	while	the	urine	samples	were	collected	between	August	
and	October	2018.	We	examined	fecal	samples	collected	from	113	vol-
unteers	and	urine	samples	from	398	UTI	patients.	We	could	not	collect	
any	samples	in	July	due	to	the	summer	semester	break	period.

After	obtaining	approval	from	the	Committee	on	Human	Subjects,	
we	recruited	healthy	volunteers	that	included	participants	between	18	
and	45	years	of	age,	comprised	of	students,	staff,	and	faculty	of	the	uni-
versity	community.	We	excluded	subjects	with	any	medical	history	of	
urinary	tract	corrective	surgery	or	abnormality,	bladder	catheterization,	

or	hospitalization	in	the	6	months	before	the	fecal	sample	collection.	As	
part	of	a	separate	study	(Rubin,	Mussio,	Xu,	Suh,	&	Riley,	2020),	partic-
ipants	were	given	a	pre-addressed	kit	containing	a	rectal	swab	in	Cary-
Blair	transport	media	(Becton	Dickinson	BBLTM),	two	biosafety	bags,	
detailed	collection	instructions,	and	a	questionnaire	asking	about	age,	
gender,	recent	antibiotic	use,	history	of	UTI,	and	lifestyle	characteris-
tics.	Participants	were	instructed	to	send	the	rectal	swab	and	the	com-
pleted	questionnaire	back	to	the	study	laboratory	via	the	United	States	
Postal	 Service	 (USPS)	 immediately	 after	 collection.	The	 rectal	 swabs	
were	analyzed	at	the	study	laboratory	within	48	hr	of	their	delivery.

Urine	 samples	 were	 collected	 consecutively	 from	 patients	 di-
agnosed	with	UTI	at	the	health	center.	All	urine	samples	were	first	
tested	at	the	health	center	by	dipstick,	and	those	specimens	found	to	
test	positive	for	leukocytes,	nitrates,	protein,	blood,	or	glucose	were	
collected	for	our	study.	No	personal	information	was	obtained	from	
patients	with	UTI	due	to	HIPAA	restriction.

2.2 | Isolation of E. coli from fecal samples

Fecal	 swab	 tips	were	 placed	 in	 a	 1.5	ml	 Eppendorf	 tube	 contain-
ing	1	ml	of	Luria–Bertani	broth	and	vortexed	for	60	s.	A	10	µl	ali-
quot	of	 the	vortexed	samples	was	placed	on	separate	MacConkey	
agar	plates,	each	containing	ampicillin	 (AMP)	 (32	μg/ml),	 trimetho-
prim–sulfamethoxazole	(TMP-SMZ)	(4–76	μg/ml),	gentamicin	(GEN)	
(16	μg/ml),	or	colistin	(2	μg/ml))	as	well	as	on	one	MacConkey	agar	
plate	 containing	 no	 drug.	 The	 plates	were	 incubated	 overnight	 at	
37°C	 and	 colonies	 that	 grew	 on	 the	 drug-containing	 plates	 were	
subjected	to	multilocus	sequence	typing	(MLST)	tests.

2.3 | 16S ribosomal RNA sequence and ERIC2-
PCR of fecal isolates

Five	colonies	were	randomly	selected	from	each	plate.	 If	 less	than	
five	colonies	were	present,	all	 colonies	were	selected	 for	analysis.	
Basic	 procedures	 for	 DNA	 extraction	 by	 a	 freeze–thaw	 method	
were	performed	as	previously	described	(Adams-Sapper	et	al.,	2012;	
Raphael,	Wong,	&	Riley,	2011).	Species	identification	was	performed	
by	16S	ribosomal	RNA	gene	sequencing.	We	used	the	primer	pairs	
(27f-CM:	5′-AGAGTTTGATCMTGGCTCAG,	where	M	is	A	or	C/1492r:	
5′-TACCTTGTTACGACTT)	 to	 generate	 16S	 ribosomal	 RNA	 ampli-
cons	and	performed	bidirectional	amplicon	sequencing	(Frank	et	al.,	
2008).	Each	sequence	was	compared	with	sequences	in	GenBank® 
by	BLAST	(National	Center	for	Biotechnology	Information).	Species	
were	 determined	 by	 the	 criteria	 of	 >98%	 sequence	 identity	 and	
genus	by	>95%	sequence	identity.	If	isolates	were	identified	as	E. coli,	
we	randomly	selected	one	of	the	E. coli	isolates	from	each	plate.

We	subtyped	all	the	selected	E. coli	isolates	by	ERIC2-PCR,	as	de-
scribed	previously	(Wilson	&	Sharp,	2006).	Isolates	that	had	identical	
ERIC2	 electrophoretic	 banding	 patterns	 by	 visual	 inspection	were	
considered	to	belong	to	the	same	clonal	group,	and	one	of	them	was	
selected	for	further	analysis	by	MLST.
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2.4 | Isolation of E. coli from urine samples

We	 defined	 a	 case	 of	 UTI	 as	 a	 symptomatic	 patient	 with	 a	 urine	
specimen	that	contained	more	than	102	CFU	of	E. coli per milliliter. 
We	cultured	a	10	µl	aliquot	of	urine	on	a	MacConkey	agar	plate.	We	
presumptively	 identified	 lactose-positive	 and	 indole-positive	 colo-
nies	as	E. coli	and	tested	them	for	further	analysis.	One	colony	was	
randomly	 selected	 among	 the	 lactose-positive	 and	 indole-positive	
colonies	 from	each	plate.	As	outlined	above,	DNA	extraction	by	a	
freeze–thaw	method	was	performed.

2.5 | Genotyping E. coli by MLST

Selected	E. coli	isolates	from	fecal	and	urine	samples	were	genotyped	
by	MLST	based	on	 the	 seven-gene	Achtman	 scheme	described	 at	
the	website	https://pubml	st.org/	(Tartof,	Solberg,	Manges,	&	Riley,	
2005).	The	allelic	number	and	the	corresponding	genotype	number	
were	designated	by	the	curator	of	the	MLST	website.

2.6 | Antibiotic resistance gene identification in 
fecal E. coli isolates

We	identified	antibiotic	resistance	genes	of	ST69	and	ST131	strains	
obtained	 from	 fecal	 samples	 of	 healthy	 volunteers.	 We	 selected	
these	 genotypes	 for	 further	 analysis	 because	 they	 are	 two	of	 the	
most	common	multidrug-resistant	ExPEC	 lineages	reported	world-
wide.	Bacterial	isolates	that	grew	in	the	presence	of	AMP	were	ex-
amined	for	β-lactamase	gene	families	by	multiplex	PCR	as	described	
previously	(Dallenne,	Costa,	Decré,	Favier,	&	Arlet,	2010).	Bacteria	
that	 grew	 on	 plates	 containing	 gentamicin	 or	 trimethoprim–sul-
famethoxazole	were	examined	 for	5′	 and	3′	 conserved	 sequences	
flanking	the	class	Ι	integron	gene	cassettes.	The	entire	cassette	se-
quences	harbored	 in	 the	 integron	were	analyzed.	 If	present,	 these	
gene	cassettes	were	sequenced	to	detect	the	presence	of	aad	and	
dhfr	gene	types	for	GEN	and	TMP-SMZ	resistance,	respectively.

2.7 | Data analysis

Differences	in	proportions	among	collections	were	tested	by	Fisher's	
exact	test.	Statistical	significance	was	defined	as	a	p-value	of	≤.05.	
All	analyses	were	carried	out	with	the	SAS	version	6.12.

3  | RESULTS

3.1 | E. coli isolates from fecal samples

We	 collected	 rectal	 swab	 samples	 from	 113	 volunteers	 between	
May	and	October	2018.	Eleven	rectal	swabs	exhibited	no	growth	on	
a	MacConkey	agar	plate.	Escherichia coli	was	isolated	from	76	(75%)	

of	the	102	remaining	samples,	yielding	119	E. coli	isolates.	Of	the	76	
volunteers,	44	(57%)	were	female,	35	(46%)	were	graduate	students,	
19	(25%)	were	undergraduates,	and	22	(29%)	were	staff/faculty.	In	
the	1	 year	 before	 rectal	 swab	 collection,	 48	 (63%)	 had	 travel	 his-
tory	abroad,	2	 (3%)	had	been	hospitalized,	and	28	 (37%)	had	used	
antibiotics.	Ten	(13%)	had	a	history	of	UTI	in	the	previous	year.	Of	
119 E. coli	isolates,	30	isolates	showed	ERIC-PCR	patterns	similar	to	
those	of	other	isolates.	Of	the	89	E. coli	isolates,	88	were	genotyped	
by	MLST	and	were	found	to	belong	to	31	unique	STs	(Figure	1a	and	
Appendix).	The	other	one	isolate	could	not	be	assigned	to	a	known	
ST	type.

3.2 | E. coli isolates from urine samples

We	obtained	398	unique	urine	samples	between	August	and	October	
2018.	One	hundred	and	six	(27%)	E. coli	isolates	were	isolated	from	
them.	Of	106	E. coli	isolates,	90	were	genotyped	and	found	to	belong	
to	31	unique	STs	 (Figure	1b	 and	Appendix).	 The	other	16	 isolates	
could	not	be	assigned	an	ST	designation	because	we	could	not	ob-
tain	complete	sequencing	data	for	all	seven	housekeeping	genes.

3.3 | Distribution of MLST genotypes of fecal and 
urine E. coli isolates

The	most	frequent	sequence	types	among	E. coli	isolates	from	fecal	
samples	were	ST10	(19%),	ST69	(15%),	ST131	(9%),	ST12	(7%),	ST127	
(6%),	and	ST648	(5%).	These	six	ST	isolates	accounted	for	60%	of	all	
E. coli	isolates	typed	by	MLST.	The	major	common	genotypes	among	
E. coli	 isolates	 from	urine	 samples	were	ST73	 (17%),	 ST127	 (14%),	
ST95	(11%),	ST69	(7%),	ST1193	(7%),	and	ST12	(6%)	accounting	for	
61%	of	urine	E. coli	isolates	genotyped	by	MLST	(Figure	1).	Nine	gen-
otypes,	 ST10,	 ST12,	 ST38,	 ST69,	 ST95,	 ST127,	 ST131,	 ST648,	 and	
ST1193,	were	shared	by	fecal	and	urine	E. coli	isolates	(Figure	2).	Of	
these	genotypes,	ST10,	ST12,	ST69,	ST95,	ST127,	and	ST1193	were	
among	the	most	common	 lineages	 in	urine	E. coli	 isolates.	Overall,	
the	nine	genotypes	accounted	for	54%	of	 the	urine	 isolates	typed	
by	MLST.	 Also,	 of	 22	 genotypes	 unique	 to	 fecal	E. coli	 isolates,	 4	
(ST93,	ST141,	ST538,	and	ST2076)	have	been	previously	 reported	
to	be	associated	with	human	infections	in	the	EnteroBase	(https://
enter	obase.warwi	ck.ac.uk/speci	es/index	/E.coli).

3.4 | Distribution of pandemic ExPEC lineages 
among fecal and urine E. coli isolates

ST69,	ST73,	ST95,	and	ST131	comprise	members	of	so-called	pan-
demic	lineages	of	ExPEC,	and	ST10	and	ST127	are	also	increasingly	
reported	 from	 many	 regions	 of	 the	 world	 (Doumith	 et	 al.,	 2015;	
Gibreel	 et	 al.,	 2012;	Olesen	et	 al.,	 2012).	Here,	 these	ExPEC	 line-
ages	together	accounted	for	56%	of	urine	isolates	and	51%	of	fecal	
isolates.	Among	them,	17	(19%)	of	88	fecal	isolates	versus	4	(4%)	of	

https://pubmlst.org/
https://enterobase.warwick.ac.uk/species/index/E.coli
https://enterobase.warwick.ac.uk/species/index/E.coli
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90	urine	isolates	were	ST10	(p	=	.002)	(Table	1).	Thirteen	(15%)	of	88	
fecal	isolates	versus	6	(7%)	of	90	urine	isolates	were	ST69	(p	=	.08).	
Eight	(9%)	of	88	fecal	isolates	versus	2	(2%)	of	90	urine	isolates	were	
ST131	(p	=	.05).	On	the	other	hand,	5	(6%)	of	88	fecal	isolates	ver-
sus	 13	 (14%)	 of	 90	 urine	 isolates	were	 ST127	 (p	 =	 .07).	 Two	 (2%)	
of	88	fecal	isolates	versus	10	(11%)	of	90	urine	isolates	were	ST95	

(p	=	.03).	ST73	from	urine	samples	was	never	found	in	fecal	isolates	
(p	<	.001).	In	summary,	ST10	and	ST131	were	significantly	more	fre-
quently	found	in	fecal	samples,	whereas	ST95	and	ST127	were	sig-
nificantly	more	 frequently	 recovered	 from	UTI	samples.	ST73	was	
found	only	among	urine	samples.

F I G U R E  1  Distribution	of	multilocus	
sequence	types	of	Escherichia coli 
isolates	recovered	from	fecal	samples	of	
volunteers	in	a	college	community	(a)	and	
from	urine	samples	of	patients	diagnosed	
to	have	urinary	tract	infection	in	the	same	
community	(b)

0

0.05

0.1

0.15

0.2

73 12
7 95 69

11
93 12 10 42

0
10

1
13

1
64

8
68

86 38 59 62 35
5

37
2

45
3

53
7

60
3

12
36

14
57

18
00

28
61

30
57

34
78

36
46

46
23

69
99

74
45

83
95

Pr
op

or
tio

n 
of

 fr
eq

ue
nc

y

Sequence types

(a)

(b)

0

0.05

0.1

0.15

0.2

10 69 13
1 12 12
7

64
8 38

38
77 95 14

1
34

9
11

93
12

31
73

92 13 25 93 17
4

37
9

53
8

13
00

16
88

20
76

21
65

25
54

26
19

32
68

35
76

68
07

81
10

82
72

Pr
op

or
tio

n 
of

 fr
eq

ue
nc

y

Sequence types

F I G U R E  2  Venn	diagram	of	the	multilocus	sequence	types	of	
Escherichia coli	isolates	recovered	from	fecal	samples	of	volunteers	
in	a	college	community	(left	circle)	and	from	urine	samples	of	
patients	diagnosed	to	have	urinary	tract	infection	at	the	same	
community	(right	circle)
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TA B L E  1    Escherichia coli	isolates	belonging	to	the	shared	9	
MLST	genotypes	and	ST73	isolates	from	fecal	samples	of	healthy	
volunteers	and	urine	samples	from	patients	diagnosed	to	have	
urinary	tract	infection

Sequence 
type

No. (%) of isolates

p-valuea Fecal samples Urine samples

ST10 17	(19) 4	(4) .002

ST12 6	(7) 5	(6) .76

ST38 3	(3) 1	(1) .36

ST69 13	(15) 6	(7) .08

ST73 0	(0) 15	(17) <.001

ST95 2	(2) 10	(11) .03

ST127 5	(6) 13	(14) .07

ST131 8	(9) 2	(2) .05

ST648 4	(5) 2	(2) .44

ST1193 2	(2) 6	(7) .27

Total	no.	of	
Isolates

88 90  

ap	values	based	on	Fisher's	exact	test.	
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3.5 | Fecal and urine MLST genotype isolation 
by time

We	plotted	the	month	of	isolation	of	the	88	fecal	isolates	by	geno-
type	over	6	months	from	May	to	October	2018	(Figure	3a)	and	90	
UTI	 isolates	 from	August	 to	October	 2018	 (Figure	 3b).	We	 found	
that	 each	major	 genotype	 clustered	 in	 time	and	 fluctuated	month	
to	 month.	 Proportions	 of	 the	 genotypes	 also	 changed	 over	 time.	
The	peak	frequency	of	 isolated	fecal	ST10	strains	was	 in	May,	fol-
lowed	by	its	gradual	decrease.	Isolated	fecal	ST95	and	ST127	strains	
were	 concentrated	 in	 2	months	 (in	August	 and	September,	 and	 in	
September	and	October,	 respectively).	No	urine	samples	were	ob-
tained	 from	May	 to	July	2018	due	 to	 the	summer	semester	break	
(Figure	3b).	In	contrast	to	the	fecal	genotype	isolations,	there	was	lit-
tle	change	in	month-to-month	(August–October	2018)	frequencies	
of	E. coli	genotypes	isolated	from	urine	samples	(Figure	3b).

3.6 | Antibiotics resistance genes among ST69 and 
ST131 isolated from fecal samples

Of	13	ST69	isolates,	blaTEM-type	gene	was	detected	in	12	strains	that	
were	resistant	to	AMP.	One	was	AMP-susceptible.	Five	of	12	isolates	
possessed other β-lactamase	genes	(blaSHV	type	and	blaCTX-M	group1).	

We	also	detected	dhfr-A17,	dhfr-A7,	and	aadA5	in	the	class	Ι integron 
gene	cassettes	of	seven	isolates	(Table	2).	Similarly,	of	eight	ST131	iso-
lates,	blaTEM-type	gene	was	detected	in	6.	One	isolate	had	only	blaCTX-
M	group1	gene.	Dhfr-A17	and	aadA5	were	detected	in	3	(Table	2).

4  | DISCUSSION

We	compared	 the	 genotype	distribution	of	E. coli	 isolates	 prospec-
tively	collected	from	a	fecal	swab	of	healthy	volunteers	and	patients	
with	UTI	at	a	northern	California	university	community.	We	found	nine	
genotypes	shared	by	both	fecal	E. coli	isolates	obtained	from	healthy	
volunteers	and	urine	E. coli	isolates	obtained	from	UTI	patients.	These	
genotypes	accounted	for	68%	of	the	fecal	isolates	and	nearly	half	of	
the	urine	isolates.	Strikingly,	nearly	all	of	the	shared	genotypes	(ST10,	
ST12,	ST38,	ST69,	ST95,	ST127,	ST131,	ST648,	and	ST1193)	belonged	
to	pandemic	ExPEC	lineages	or	ExPEC	lineages	reported	from	multiple	
regions	of	the	world	(Manges	et	al.,	2019).

While	it	is	expected	that	the	E. coli	genotypes	of	the	UTI	isolates	
will	overlap	with	those	of	E. coli	 isolates	from	fecal	samples	of	the	
same	subject,	it	was	unexpected	that	the	same	ExPEC	genotypes	will	
be	identified	at	such	high	frequencies	in	fecal	swab	samples	of	un-
related	healthy	subjects	residing	in	the	same	community.	Although	
pandemic	ExPEC	lineages	dominated	in	both	fecal	and	urine	isolates,	

F I G U R E  3   Isolation	by	month	of	
Escherichia coli	genotypes	recovered	from	
fecal	samples	of	volunteers	in	a	college	
community	from	May	to	October	2018	
(a)	and	from	urine	samples	of	patients	
diagnosed	to	have	urinary	tract	infection	
in	the	same	community	from	August	to	
October	2018	(b)
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their	 frequency	differed	significantly	 in	 the	two	sources.	No	ST73	
strains	and	only	 two	ST95	strains	were	seen	among	fecal	 isolates,	
whereas	ST73	was	the	most	common	and	ST95	was	the	third	most	
common	genotype	observed	to	cause	UTI	during	this	study	period.	
The	association	of	ST127	with	UTI,	the	second	most	common	cause	
of	UTI,	approached	significance	(p	=	.07).	On	the	other	hand,	ST10	
and	 ST131	were	 significantly	more	 frequently	 isolated	 from	 fecal	
samples	of	healthy	volunteers.	ST69	was	more	commonly	observed	
among	fecal	isolates	(15%)	than	UTI	isolates	(7%),	but	the	difference	
was	borderline	significant	(p	=	.08).

Interestingly,	 we	 observed	 that	 the	 frequency	 of	 major	 geno-
types	of	fecal	E. coli	isolates	from	this	healthy	population	fluctuated	
month	to	month	 (Figure	3).	Such	an	observation	suggests	external	
common-source	 exposures	 or	 “outbreaks”	 of	 intestinal	 coloniza-
tion.	We	have	previously	suggested	that	CA-UTI	may	indeed	occur	
as	outbreaks	 (Manges,	Natarajan,	Solberg,	Dietrich,	&	Riley,	2006;	
Smith,	Manges,	&	Riley,	 2008;	Yamaji	 et	 al.,	 2018).	 Thus,	 cases	of	
CA-UTI	may	represent	a	subset	of	people	intestinally	colonized	with	
ExPEC	strains	circulating	in	the	community.	Among	similar	numbers	
of	isolates	typed	by	MLST	each	month,	ST69	peaked	in	August	2018	
only	 to	 disappear	 completely	 by	 October	 2018	 (Figure	 3).	 ST131	
was	observed	in	August	and	September	but	not	in	October.	In	May,	
10	 (83%)	of	 all	 12	 fecal	 isolates	belonged	 to	ST10,	but	only	 three	
ST10	isolates	were	identified	during	3	months	from	August	through	
October.	These	observations	suggest	that	intestinal	colonization	by	
ExPEC	genotypes	is	common,	but	that	UTI	is	consistently	caused	by	
a	limited	set	of	these	genotypes,	some	of	which	were	not	found	at	
all	 in	 the	feces	 (e.g.,	ST73)	or	 found	 in	very	 low	frequency	 (ST95).	
Commensal	E. coli	would	be	expected	 to	persistently	 colonize	 the	
intestine.	The	changing	monthly	 frequency	of	 isolated	 fecal	E. coli 
genotypes	 from	 healthy	 volunteers	 in	 this	 university	 community	
suggests	that	these	genotypes	are	not	likely	to	be	members	of	the	
human	 commensal	 intestinal	 flora,	 but	 rather	 strains	 orally	 intro-
duced	 into	the	residents	of	this	community	from	external	sources,	
such	as	contaminated	food	or	environment.

A	previous	study	in	this	same	community	has	shown	that	12	se-
quence	types	including	ST10,	ST69,	and	ST131	were	shared	between	
UTI	and	retail	meat	(pork,	chicken,	beef,	and	turkey)	E. coli	 isolates	
(Yamaji	et	al.,	2018).	Other	studies	have	shown	ExPEC	strain	types	
shared	by	food	E. coli	isolates	(Bergeron	et	al.,	2012;	Jakobsen	et	al.,	
2010,	 2012;	 Leverstein-van	Hall	 et	 al.,	 2011;	Maluta	 et	 al.,	 2014;	
Ramchandani	et	al.,	2005;	Vincent	et	al.,	2010).	Once	introduced	into	
the	intestine,	these	strains	may	establish	colonization	for	some	time	
but	then	may	be	replaced	later	by	other	E. coli	genotypes	introduced	
into	 the	 intestine	 by	 food.	 A	 recent	 study	 has	 shown	 that	 ESBL-
producing	ST131	strain	was	detected	in	the	intestine	of	a	74-year-
old	woman	for	over	5	years,	although	repeated	exposures	to	sources	
containing	this	genotype	could	not	be	ruled	out	(Forde	et	al.,	2019).

Nielsen	et	al.	(2017)	examined	fecal	E. coli	isolates	from	healthy	
volunteers	 with	 no	 previous	 history	 of	 UTI	 and	 compared	 their	
whole-genome	sequences	to	those	of	E. coli	isolates	from	feces	and	
urine	 of	 patients	 with	 UTI	 residing	 in	 the	 same	 community.	 They	
found	that	fecal	and	urine	isolates	from	patients	with	UTI	as	well	as	
fecal	isolates	from	healthy	volunteers	were	closely	related	and	that	
they	could	be	distinguished,	 if	at	all,	only	by	their	accessory	genes	
in	the	genome	(Nielsen	et	al.,	2017).	Our	study	analyzed	fecal	E. coli 
isolates	from	a	college	population	at	multiple	time	points,	which	en-
abled	us	to	discover	that	human	intestinal	E. coli	genotypes	change	
over	time.	Thus,	the	intestinal	microbiota	may	constitute	a	commen-
sal	population	at	the	species	level	but	may	have	a	more	dynamic	pop-
ulation	structure	at	the	subspecies	level.

We	 found	 ST1193	 to	 be	 also	 common	 (7%)	 among	 the	 90	 urine	
E. coli	isolates.	ST1193	has	not	been	previously	found	in	this	community	
based	on	past	studies	conducted	in	1999–2000	or	from	a	more	recent	
study	 from	2016	 to	 2017	 (Yamaji	 et	 al.,	 2018).	 Two	ST1193	 isolates	
were	 found	among	our	 fecal	 isolates.	ST1193	 is	an	emerging	 lineage	
of	fluoroquinolone-resistant	E. coli	belonging	to	phylogenetic	group	B2,	
reported	in	several	countries,	including	Australia,	China,	South	Korea,	
Norway,	Germany,	and	the	United	States	since	2012	(Jørgensen	et	al.,	
2017;	Platell	et	al.,	2012;	Tchesnokova	et	al.,	2019;	Valenza	et	al.,	2019;	

Sequence 
type

Antibiotic resistance gene type (no. of isolates)

β-lactamase gene (number of isolates)
Dihydrofolate 
reductase gene

Aminoglycoside 
resistance gene

ST69 blaTEM	type	(7) dhfr-A17	(5) aadA5	(4)

blaTEM type + blaSHV	type	(3) dhfr-A7	(2) NA	(9)

blaTEM type + blaCTX-M	group1	type	(1) NA	(6)  

blaTEM type + blaSHV type + blaCTX-M 
group1	type	(1)

  

NA	(1)   

ST131 blaTEM	type	(3) dhfr-A17	(2) aadA5	(2)

blaTEM type + blaSHV	type	(2) NA	(6) NA	(6)

blaTEM type + blaCTX-M	group1	type	(1)   

blaCTX-M	group1	type	(1)   

NA	(1)   

Abbreviation:	NA,	not	applicable.

TA B L E  2  Antibiotics	resistance	gene	
identified	among	ST69	and	ST131	isolates	
from	fecal	samples	of	healthy	volunteers
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Wu,	Lan,	Lu,	He,	&	Li,	2017).	Again,	the	new	appearance	of	this	geno-
type	of	UTI-causing	E. coli	in	this	community	suggests	that	UPECs	are	
not	members	of	the	human	commensal	E. coli.

ST69	and	ST131	are	internationally	recognized	as	multiresistant	
ExPEC.	A	previous	study	conducted	at	the	same	college	community	
between	2016	and	2017	 found	 that	17	of	29	ST69	obtained	 from	
UTI	samples	contained	at	least	one	β-lactamase	gene.	Similarly,	nine	
of	14	ST131	harbored	at	least	one	β-lactamase	gene.	In	the	present	
study,	we	found	fecal	isolates	of	ST69	and	ST131	to	frequently	har-
bor	the	same	β-lactamase	genes	(Table	2).

One	limitation	of	our	study	is	that	we	did	not	obtain	fecal	sam-
ples	 from	 UTI	 patients.	 However,	 as	 others	 have	 found	 (Moreno	
et	 al.,	 2008;	Nielsen	 et	 al.,	 2014,	 2017),	we	would	 expect	 to	 find	
the	same	UTI	genotypes	from	such	patients	fecal	samples	during	the	
UTI	episode	or	shortly	afterward.	Instead,	we	analyzed	fecal	E. coli 
isolates	from	healthy	volunteers	residing	in	the	same	community	and	
found	that	while	the	overall	genotypic	distribution	was	similar,	the	
frequency	of	genotypes	of	major	ExPEC	genotypes	differed	signifi-
cantly	between	intestinal	and	UTI	isolates.

Another	 limitation	 of	 this	 study	 is	 the	 relatively	 small	 sample	
size	and	short	observation	period.	Sixteen	UTI	isolates	could	not	be	
assigned	an	ST	designation.	Nevertheless,	we	were	able	to	demon-
strate	 statistically	 significant	 differences	 in	 nearly	 all	 (ST10,	 ST69,	
ST95,	ST127,	and	ST131)	of	the	major	pandemic	lineages	of	ExPEC.	
We	did	not	find	ST73	isolates	from	fecal	samples.	In	another	study	
based	 on	 the	whole-genome	 sequence	 of	UPEC	 isolates	 from	pa-
tients	and	fecal	isolates	from	healthy	controls,	a	few	clonal	complex	
73	isolates	were	found	in	the	fecal	environment,	but	they	were	sig-
nificantly	more	common	among	UTI	 isolates	 (Nielsen	et	al.,	2017).	
These	findings	are	consistent	with	our	study.

In	 conclusion,	 this	 study	 showed	 that	 several	 UPEC	 isolates,	
including	 pandemic	 ExPEC	 strains,	 colonize	 the	 human	 intestine	
of	 healthy	 people	 and	 that	 they	 fluctuate	 over	 time.	During	 the	
colonization	 period,	 some	 of	 the	 individuals	 may	 develop	 UTI.	
These	observations,	therefore,	suggest	a	need	to	identify	sources	
of	ExPEC	outside	of	 the	human	 intestine,	 including	 food	and	the	
environment.	 A	more	 detailed	 understanding	 of	 the	 relationship	
between	commensal	E. coli	and	ExPEC	can	lead	to	novel	and	effec-
tive	control	strategies	to	prevent	this	ever-increasing	public	health	
problem.
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APPENDIX 

TA B L E  A 1  Number	of	Escherichia coli	genotyped	by	MLST	from	
healthy	volunteers	(fecal	samples)	and	patients	with	UTIs	(urine	
samples)	at	a	northern	California	university	community

Genotype Fecal samples Urine samples

10 17 4

12 6 5

13 1 0

25 1 0

38 3 1

59 0 1

62 0 1

69 13 6

73 0 15

93 1 0

95 2 10

101 0 2

127 5 13

131 8 2

141 2 0

174 1 0

349 2 0

355 0 1

372 0 1

379 1 0

420 0 4

453 0 1

537 0 1

538 1 0

603 0 1

648 4 2

Genotype Fecal samples Urine samples

1193 2 6

1231 2 0

1236 0 1

1300 1 0

1457 0 1

1688 1 0

1800 0 1

2076 1 0

2165 1 0

2554 1 0

2619 1 0

2861 0 1

3057 0 1

3268 1 0

3478 0 1

3576 1 0

3646 0 1

3877 3 0

4623 0 1

6807 1 0

6886 0 2

6999 0 1

7392 2 0

7445 0 1

8110 1 0

8272 1 0

8395 0 1

Total 88 90

(Continues)

TA B L E  A 1   (Continued)
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