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M I C R O B I O L O G Y

Microbiota control of maternal behavior regulates early 
postnatal growth of offspring
Yujung Michelle Lee1,2,3*, Andre Mu1,2,3, Martina Wallace4†, Jivani M. Gengatharan4,  
Annalee J. Furst5, Lars Bode5, Christian M. Metallo4, Janelle S. Ayres1,2,3‡

Maternal behavior is necessary for optimal development and growth of offspring. The intestinal microbiota has 
emerged as a critical regulator of growth and development in the early postnatal period life. Here, we describe the 
identification of an intestinal Escherichia coli strain that is pathogenic to the maternal-offspring system during the 
early postnatal stage of life and results in growth stunting of the offspring. However, rather than having a direct 
pathogenic effect on the infant, we found that this particular E. coli strain was pathogenic to the dams by interfering 
with the maturation of maternal behavior. This resulted in malnourishment of the pups and impaired insulin-like 
growth factor 1 (IGF-1) signaling, leading to the consequential stunted growth. Our work provides a new under-
standing of how the microbiota regulates postnatal growth and an additional variable that must be considered 
when studying the regulation of maternal behavior.

INTRODUCTION
The early postnatal period of life is a critical stage for growth and 
development. During this phase, there is rapid maturation of all phys-
iologies including immune, metabolic, endocrine, and neural pro-
cesses, the proper function of which is necessary for healthy growth 
and development. Maturation of these pathways is dependent on 
internal factors including genetic, physiological, and epigenetic mech-
anisms as well as external environmental cues (1–3). Disruption of 
any of these intrinsic or extrinsic factors can lead to states of nutri-
tional challenge, where the infant is undernourished, leading to the 
adverse development of these processes, resulting in stunted growth 
or wasting (1, 3). The mammalian microbiota—the trillions of mi-
crobes that reside on the body surfaces exposed to the environment—
has emerged as a critical regulator of postnatal growth and develop-
ment, influencing both wasting and growth-stunting pathogenesis 
(4–6). In a mouse model of infection-induced muscle wasting, a 
commensal Escherichia coli strain was found to be protective against 
muscle wasting via manipulation of an innate immune-endocrine 
signaling axis that enables the skeletal muscle to maintain a healthy 
mass during the infection (4). In children, malnutrition was associ-
ated with an immature fecal microbiota profile [Subramanian et al. (7)], 
and colonization of germ-free (GF) mice with the fecal microbiota 
of undernourished children was sufficient to cause growth stunting 
in the gnotobiotic mice (6). Conversely, gavage of gnotobiotic mice 
with malnourished microbiota with microbiota constituents harvest-
ed from healthy donors was sufficient to promote weight and lean 
mass gain (8). The mechanisms by which the intestinal microbiota 
will influence early postnatal development and growth are likely 

complex and multifactorial; however, one common theme that has 
emerged from these initial studies is that the intestinal microbiota is 
an important regulator of the growth hormone (GH; somatotropin)/
insulin-like growth factor 1 (IGF-1) axis, which is important for 
promoting healthy growth of the host (9–11).

While the focus has been to understand how dysbiotic micro-
biotas, and the direct interactions between the microbiota and the 
infant, can cause impaired growth and development, maternal fac-
tors that are important for healthy postnatal early development and 
growth will also be regulated by the microbiota. Here, we describe a 
mechanism by which the microbiota regulates growth and develop-
ment during the early postnatal stage of life. Our analysis of different 
E. coli strains in gnotobiotic mice demonstrates that there is signif-
icant variability in the ability of E. coli strains to regulate linear growth 
and body weight in a murine postnatal model. We identified one E. coli 
strain, E. coli O16:H48 MG1655, that was pathogenic to infant mice, 
causing stunted linear growth and body weight gain. Consistent 
with previous reports, we found this stunting to be dependent on 
impaired IGF-1 signaling in the pups. However, rather than this be-
ing due to direct interactions between the microbe and the pup, we 
found that the defects in endocrine signaling and consequential stunt-
ing to be due to impaired maternal factors. Specifically, we found 
that dams monocolonized with E. coli O16:H48 MG1655 exhibited 
poor maternal behavior, resulting in malnourishment of their off-
spring, which likely contributed to the attenuated IGF-1 signaling 
in the offspring. Cross-fostering of E. coli O16:H48 MG1655 pups 
onto dams that exhibited optimal maternal behavior was sufficient 
to prevent the defective IGF-1 and growth stunting phenotypes. Together, 
our findings support a model by which the intestinal microbiota is 
necessary for the proper maturation of maternal behaviors after birth 
and that disruption of these behaviors leads to malnourishment of 
offspring that results in growth stunting.

RESULTS
Identification of E. coli strains that differentially affect 
postnatal growth
Escherichia species are one of the first colonizers of the infant gut after 
birth (12). The pan-genome of E. coli comprises ~16,000 genes, which 
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represent the core E. coli genome (13). Thus, 90% of the pan-genome 
among E. coli strains are considered to be accessory. We hypothe-
sized that, despite taxonomic similarity, this genomic variation can 
lead to phenotypic differences in various aspects of postnatal health 
including growth and development. To test this, we examined how 
different E. coli strains affect growth in gnotobiotic mice. We gavaged 
adult female GF Swiss Webster mice with one of four different hu-
man- or mouse-derived E. coli strains to establish monocolonized 
gnotobiotic mice (Fig. 1, A and B). We then bred these mice to male 
Swiss Webster mice that were monocolonized with the respective E. coli 
strain. F1 progenies were then bred, and the resulting F2 progenies 
were examined for body weight and linear growth at postnatal day 

(P) 21 and compared with GF and specific pathogen–free (SPF) 
Swiss Webster control mice of the same age and litter size (Fig. 1, C 
to F). We used Swiss Webster mice for our experiments because the 
investigation of the effects of the microbiome on postnatal growth 
and development requires mice that exhibit normal maternal be-
havior in the SPF and GF states. SPF mice had greater linear growth 
compared with GF mice, indicating that the microbiota promotes 
linear growth during the postnatal phase (Fig. 1, C and D). Similarly, 
SPF mice exhibited significantly greater body weight compared with 
GF mice (Fig. 1, E and F), indicating that the microbiota is necessary 
for normal growth during the postnatal stage as has been previously 
described (7, 10, 14).
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Fig. 1. Identification of E. coli strains that differentially affect postnatal growth. (A) Details of E. coli strains used. Pathogenicity indicates behavior in mice with the 
exception of E. coli O157:H7. * indicates that E. coli O157:H7 is pathogenic in humans. (B) Experimental scheme. Each group of GF mice was orally gavaged with single 
strain culture of E. coli [5 × 108 colony-forming units (CFU) per mouse], mated, and maintained in gnotobiotic isolators. The monocolonized 6- to 8-week-old F1 progenies 
were mated, and the resulting F2 progenies were analyzed for postnatal development. (C) Tail length measurements taken at P21 to assess linear growth of gnotobiotic 
litters. SPF (n = 6), O21:H21 (n = 7), O16:H48 (n = 7), O157:H7 (n = 6), O6:H1 (n = 6), and GF (n = 7). (D) Tail length measurements shown in (C) as percentage of average SPF 
length. (E) Body mass of E. coli gnotobiotic litters at P21. SPF (n = 10), O21:H21 (n = 9), O16:H48 (n = 11), O157:H7 (n = 6), O6:H1 (n = 10), and GF (n = 8). (F) Body weight in 
(E) as percentage of average SPF weight. (G to I) Intestinal colonization levels of bacteria at P21 (n = 10 to 18 per condition). Statistical significance was determined using 
one-way analysis of variance (ANOVA) with post Tukey test or Kruskal-Wallis test with Dunn’s multiple comparison for pairwise analyses. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. Significance stars are colored to indicate which condition significance is referring to. Error bars represent means ± SEM. E. coli O21:H21 described in 
(4), E. coli O16:H48 described in (15), E. coli O157:H7 described in (61), and E. coli O6:H1 described in (62).
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From our analysis, we found that all E. coli strains were capable 
of stably colonizing the gastrointestinal tract (Fig. 1, G to I). Coloni-
zation with any of the tested E. coli strains was not sufficient to pro-
mote linear growth of pups that was comparable to that observed in 
SPF pups (Fig. 1, C and D). Mice monocolonized with E. coli O157:H7 
or O6:H1 exhibited comparable linear growth to GF mice (Fig. 1, C 
and D). Mice monocolonized with E. coli O21:H21 or O16:H48 ex-
hibited reduced linear growth compared with GF pups (Fig. 1, C and 
D). E. coli O16:H48 had the most marked negative effect on linear 
growth, with pups exhibiting ~26% reduction in linear growth com-
pared with GF mice and ~32% reduction compared with SPF mice 
(Fig. 1D). This indicates that monocolonization with any of the E. coli 
strains tested was not sufficient to promote linear growth observed in 
SPF mice and that some strains can be pathogenic to linear growth.

We found that the effects the E. coli strains had on postnatal lin-
ear growth could be decoupled for their effects on weight gain. Pups 
monocolonized with E. coli O6:H1, E. coli O21:H21, or E. coli O157:H7 
had higher body weight compared with GF mice and comparable 
weights to SPF mice, indicating that colonization with one of these 
strains was sufficient to promote normal body weight gain (Fig. 1, 
E and F). By contrast, colonization with the strain E. coli O16:H48 
resulted in a reduced weight phenotype compared with GF mice 
(Fig. 1, E and F), indicating that colonization with E. coli O16:H48 
had a pathogenic effect on both postnatal weight and linear de-
velopment. E. coli O16:H48 pups exhibited body weights that were 
~30% less than GF pups and greater than 60% less than SPF pups of 
the same age and from similar litter size (Fig.  1F). Together, our 
results demonstrate that intestinal E. coli strains have differential 
effects on postnatal growth in the mouse and fall into three catego-
ries: (i) strains that have no effect on linear growth and positive ef-
fects on weight gain; (ii) strains that have a pathogenic effect on 
linear growth but are sufficient to promote normal weight gain; and 
(iii) strains that have pathogenic effects on both linear growth and 
weight gain.

Postnatal care provided by E. coli O16:H48 colonized dams 
results in growth stunting
From our analysis, we determined that pups birthed by E. coli O16:H48–
monocolonized dams exhibited a growth-stunting phenotype (Fig. 1, 
C to F). E. coli O16:H48 is a derivative of the human isolate K-12 
strain that was isolated from the stool of a patient with diphtheria 
in the 1920s (15). Since its isolation, it has been widely used in lab-
oratories as a standard, nonpathogenic E. coli strain (16–18). Thus, 
we were surprised to reveal a pathogenic effect of E. coli O16:H48 
for mouse development in this maternal-offspring system. Low birth 
weight is a risk factor for growth stunting (19). We found that E. coli 
O16:H48 pups had comparable birth weights to both GF and E. coli 
O21:H21 pups, indicating that the failure to thrive phenotype ob-
served in E. coli O16:H48 pups is not due to low birth weight (Fig. 2A), 
We tracked the rate of weight gain of pups for 7 to 8 weeks after 
birth and found that from P0 to P21 when pups are with their moth-
ers, E. coli O16:H48 pups exhibited a reduced growth rate compared 
with SPF, E. coli O21:H21, and GF pups (Fig. 2, B to D, and fig. S1). 
After weaning at P21, the growth rate of E. coli O16:H48 mice in-
creased, with female mice reaching comparable weights as control 
mice around 5 weeks old and males reaching comparable weights as 
control mice around 8 weeks old (Fig. 2, B and C, and fig. S1).

Growth during the preweaning phase in a maternal-offspring sys-
tem is dependent on both maternal and offspring factors. Thus, the 

pathogenic effects of E. coli O16:H48 could be due to direct effects 
of the microbe on the pups or indirectly by influencing maternal 
factors that are important for offspring growth. To distinguish be-
tween these two possibilities, we performed cross-fostering experi-
ments where we placed E. coli O16:H48 pups with GF dams, and GF 
pups with E. coli O16:H48 dams and monitored pup growth (Fig. 2E). 
We found that cross-fostering of E. coli O16:H48 pups by GF dams 
was sufficient to prevent the growth-stunting phenotype in these 
pups. E. coli O16:H48 pups fostered by GF dams were comparable 
in weight and linear length to GF pups cared for by the same GF dams 
and ~120% the weight and length (tail length) of E. coli O16:H48 
pups cared for by E. coli O16:H48 dams (Fig. 2, F and G). GF pups 
fostered by E. coli O16:H48 dams exhibited a stunted phenotype 
comparable to E. coli O16:H48 pups cared for by E. coli O16:H48 
dams and were 80% of the average body weight and tail length of GF 
pups with GF dams (Fig. 2, F and G). Thus, the growth-stunting 
phenotype in E. coli O16:H48 pups was due to indirect effects of 
E. coli O16:H48 that disrupt maternal factors that are important for 
offspring growth.

E. coli O16:H48 pups are malnourished and exhibit reduced 
milk consumption
Growth stunting is caused by a lack of nutrients (20). Low muscle 
and fat mass are important indicators of malnutrition (21). Consist
ent with this, body composition analysis revealed that E. coli O16:H48 
pups had significantly reduced fat and muscle composition com-
pared with SPF, GF, and E. coli O21:H21 pups (Fig. 3, A and B). This 
suggests that E. coli O16:H48 negatively affected offspring growth by 
disrupting maternal derived nutrients. This can be due to changes 
in the quality or quantity of milk provided by dams to their pups. 
Sialylated milk oligosaccharides promote microbiota-dependent 
growth in infants (22). To determine whether milk produced by 
E. coli O16:H48 dams had altered levels of milk oligosaccharides, we 
quantified sialyl(2,3)lactose (3SL) and sialyl(2,6)lactose (6SL), 
which are the only milk oligosaccharides in mice (23, 24). We found 
no differences in 3SL or 6SL levels in milk collected from SPF, GF, and 
E. coli O16:H48–monocolonized dams (Fig. 3, C and D), suggesting 
that E. coli O16:H48 does not cause growth stunting in pups by neg-
atively affecting the ability of dams to produce milk composed of 
the major sialylated milk oligosaccharides.

We next determined whether the growth-stunting phenotype ex-
hibited by E. coli O16:H48 pups was associated with overall reduced 
feeding. To do this, we used a D2O-based labeling approach to quan-
tify milk consumption of pups. Lactating dams were injected with a 
bolus of D2O-saline and then maintained on 8% D2O water for sta-
ble enrichment of D2O in the body. Pups were allowed to nurse on 
D2O-enriched dams for 48 hours, after which we quantified the per-
cent enrichment of D2O in the serum of individual pups as a proxy 
for milk consumption amount over the 48-hour testing period. We 
found that D2O enrichment in the sera of E. coli O16:H48 pups was 
significantly reduced, compared with SPF, GF, and gnotobiotic E. coli 
O21:H21 mice (Fig. 3E), suggesting that in this E. coli O16:H48 dam-
offspring system, growth stunting is associated with disturbances in 
the quantity of milk provided by the dam to offspring.

E. coli O16:H48 dams exhibit impaired maternal behavior
There are physiological and behavioral maternal factors that influence 
milk availability for offspring. We performed a nipple function and 
suckling assay to determine whether E. coli O16:H48–monocolonized 
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dams had defects in milk production or nipple function (25). Pups 
were removed from their mothers to fast, after which they were 
weighed and returned to their sedated mothers that were turned on 
their backs with nipples exposed. The pups were placed next to their 
mothers and allowed to latch on her nipples and suckle. The pups 
were allowed to feed for 1 hour, after which they were weighed. The 
change in weight was used as an indirect measurement for the amount 
of milk consumed. We found that the change in weight exhibited by 
E. coli O16:H48 pups was comparable to SPF and E. coli O21:H21, 
all of which were greater than the weight change exhibited by GF 
pups (Fig. 4A). This suggests that E. coli O16:H48 dams have func-
tional nipples and produce and secrete comparable volumes of milk 
in a defined feeding period. It also demonstrates, consistent with 
our cross-fostering assay, that the reduced milk intake exhibited by 
E. coli O16:H48 pups is not due to defects in the pups ability to latch 
and suckle.

We next considered the possibility that E. coli O16:H48–colonized 
mice had behavioral defects that influenced their ability to provide 
adequate care and nutrients to their offspring. We first examined 

the social behavior of E. coli O16:H48–monocolonized adult fe-
males and control mice. We performed a three-chamber social nov-
elty test to assess social behavior. Mice prefer to spend more time 
with another mouse and prefer a novel social subject over a famil-
iar one (social novelty) (26). In this test, the test subject is allowed 
to freely explore inside a three-chambered box with openings be-
tween the chambers (26). One chamber houses a familiar mouse, 
and another chamber houses a novel mouse. The amount of time 
the test mouse interacts with the familiar and novel mouse is re-
corded. We found that while E. coli O16:H48–monocolonized mice 
preferred to spend time with the novel mouse, the total amount 
of time spent socializing by E. coli O16:H48 was significantly re-
duced compared with SPF, E. coli O21:H21–monocolonized, and 
GF mice (Fig. 4, B and C). Instead, E. coli O16:H48 mice spent 
significantly more time not socializing and contained within the 
midzone of the assay apparatus compared with the three control 
conditions (Fig. 4D). From video recording analysis, we deter-
mined that the decreased socialization time and increased midzone 
time were not due to reduced activity or mobility issues, as E. coli 
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Fig. 2. Cross-fostering rescues stunted growth exhibited by E. coli O16:H48 pups. (A) Birth weights of pups (n = 10 to 12 per condition). (B and C) Body weights at 
birth (P0) to adulthood (P49 to P56) for (B) females (P0, n = 10 to 12; P7, n = 9 to 11; P14, n = 10 to 11; P21, n = 7 to 11; P28, n = 4 to 10; P35, n = 7 to 10; P42, n = 7 to 10; P49, 
n = 6 to 11) and (C) males (P0, n = 10 to 12; P7, n = 9 to 11; P14, n = 10 to 11; P21, n = 7 to 11; P28, n = 10 to 13; P35, n = 9 to 11; P42, n = 9 to 13; P49, n = 9 to 12; P56, n = 5 to 9). 
From P0 to P21, the data represent the weights of both male and female littermates and therefore show the same data in (B) and (C) for those time points. Males and fe-
males were separated at the time of weaning, and data points beginning at P28 represent the weights of the sex indicated. (D) Representative images of pups at P21 to 
P24. (E) Experimental scheme of maternal cross-fostering. Immediately after birth, half of the litter is fostered by a different dam, and half of the litter remains with their 
biological dam. MG (for MG1655) indicates E. coli O16:H48 pups and dams; GF indicates GF pups and dams. (F) Body weight of pups at P21 after cross-fostering (P, pup; 
D, dam; MG, E. coli O16:H48; n = 4 per condition). (G) Tail length of cross-fostered pups at P21 (P, pup; D, dam; MG, E. coli O16:H48; n = 4 per condition). Statistical signifi-
cance was determined using one-way ANOVA with post Tukey test or Kruskal-Wallis test with Dunn’s multiple comparison for pairwise analyses. Significance stars are 
colored to indicate which condition significance is referring to. *P < 0.05 [P = 0.05 for (A)], **P < 0.01, ***P < 0.001, and ****P < 0.0001. Error bars represent means ± SEM. 
Scatter plot data for each time point for (B) and (C) are shown in fig. S1. Photo credit: Yujung Michelle Lee, Salk Institute.
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O16:H48–monocolonized dams exhibit comparable activity times 
as SPF dams (Fig. 4E).

We next considered that E. coli O16:H48 dams had impaired ma-
ternal behavior. We video recorded dams with their litters in ~30-min 
segments of time from P2 to P4 and measured the amount of time 
the dams spent performing nonmaternal and maternal behaviors 
(Fig. 4, F to I). For nonmaternal behaviors, we quantified the amount 
of time the dam spends digging and climbing, eating and drinking, 
self-grooming, and when pups were found outside of their nest 
(Fig. 4F) (27). For maternal behaviors, we looked for nest building, 
licking and grooming, passive nursing, and active nursing (Fig. 4H) 
(28). We found that E. coli O16:H48 dams exhibited greater time 
performing nonmaternal behaviors compared with our three con-
trol conditions and significantly less time performing maternal be-
haviors compared with SPF, E. coli O21:H21, and GF dams (Fig. 4, 

F to I). We next developed the “pen mark” assay that could allow us 
to better quantify maternal behaviors such as licking and grooming 
(Fig. 4J). Briefly, pups were marked on two distinct anatomical re-
gions (head and rear) using a VWR marker and placed back in their 
home cages containing their respective dams. After 24 hours, each 
pup was scored for the intensity of the marks on each region of the 
body as a way to measure the dam’s licking and grooming behavior 
(Fig. 4, K and L). We found that pups that were with E. coli O16:H48 
dams exhibited greater pen mark intensity after 24 hours compared 
with pups that were placed with GF dams, indicating that E. coli 
O16:H48 dams had reduced licking and grooming behaviors in the 
24-hour period compared with GF dams (Fig. 4, K and L). In con-
clusion, the growth stunting and impaired milk consumption exhib-
ited by E. coli O16:H48 pups are associated with impaired maternal 
behavior in E. coli O16:H48 dams.

E. coli comparative analyses reveal differences in  
tryptophan physiology
To begin to understand the mechanism by which E. coli O16:H48 
compromises maternal behavior, we first considered the possibility 
that colonization with E. coli O16:H48 impaired the oxytocin neu-
roendocrine system in dams. Oxytocin is a critical regulator of ma-
ternal behavior in the postnatal period and for social bonding and is 
regulated by the intestinal microbiota (29). We first measured the 
amount of circulating oxytocin in dams at P3 and found that E. coli 
O16:H48 dams exhibited comparable levels of circulating oxytocin 
as the other conditions examined (fig. S2). Consistent with this, we 
found that expression of oxytocin in the hypothalamus of E. coli 
O16:H48 dams was not significantly different from SPF, E. coli O21:H21, 
or GF mice (fig. S2).

We next generated and characterized genome assemblies of the 
four E. coli isolates in silico to identify genomic variants that may 
explain the observed phenotypic differences in maternal behavior 
(table S1). Our bioinformatic analyses revealed differences at the 
whole-genome level (Fig. 5A) with four distinct in silico multilocus 
sequence types (MLSTs) and serotyping profiles (Fig. 5B). There are 
3292 shared genes (i.e., core-genome) of a total 7149 predicted genes 
(i.e., pan-genome), and the core-genome maximum likelihood phy-
logenetic tree further supports the presence of distinct E. coli strains 
with bifurcations at each node (Fig. 5B). Subsystem ontology analy-
sis of the strains revealed a predominantly similar profile across the 
functional categories, of note, however, is the higher proportion of 
genomic content predicted to be involved in cell signaling and pro-
tein metabolism in E. coli O16:H48 compared with the other three 
strains and the lower proportion of genomic content predicted to be 
involved in membrane transport in E. coli O16:H48 compared with 
the other three strains analyzed (fig. S3).

Serotonin is a monoamine neurotransmitter that regulates ma-
ternal behavior (30). Previous work has shown that E. coli Nissle 
1917, but not E. coli MG1655, enhances bioavailability of serotonin 
in the host (31). The essential amino acid tryptophan is the precur-
sor of serotonin, and gut microbes regulate tryptophan availability 
(32). We therefore directed our analyses toward genes associated 
with tryptophan metabolism (tnaA) and biosynthesis (trp operon). 
Analysis of the trp operon, by way of a multiple sequence alignment, 
revealed a concentrated number of amino acid substitutions in the 
region annotated as the bifunctional-fused indole-3-glycerol phos-
phate synthase/phosphoribosylanthranilate isomerase (Fig. 5C and 
fig. S4). Furthermore, variant analysis identified a suite of missense 
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Fig. 3. E. coli O16:H48 pups are malnourished and exhibit reduced milk 
consumption. (A) Inguinal white adipose tissue (WAT) and (B) skeletal leg muscle 
tibialis anterior (TA) masses of P21 pups (n = 10 to 17 mice per condition). (C and 
D) Levels of (C) 3’SL and (D) 6’SL in milk collected from dams with litters aged 
P9 and P10 (during peak milk production) (n = 4 to 6 per condition). (E) Percent 
enrichment of D2O detected in pup sera after 48 hours of nursing on D2O-treated 
dams (n = 19 to 24 per condition). Statistical significance was determined using 
one-way ANOVA with post Tukey test. Significance stars are colored to indicate 
which condition significance is referring to. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. Error bars represent means ± SEM.
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mutations in genes throughout the trp operon among the four strains, 
reported in parentheses as E. coli O6:H1 (ECN), E. coli O157:H7 
(EHEC), and E. coli O21:H21 (ECO21) when compared with E. coli 
O16:H48 (MG1655): tryptophan synthase subunit alpha (2, 3, and 
1 variants), tryptophan synthase subunit beta (2, 1, and 0 variants), fused 
indole-3-glycerol phosphate synthase/phosphoribosylanthranilate 
isomerase (12, 10, and 4 variants), anthranilate synthase subunit 
TrpD (1, 2, and 0 variants), and anthranilate synthase subunit TrpE 
(5, 8, and 3 variants) (Fig. 5C, fig. S4, and data S1). Our analyses also 
included genes annotated as tryptophan transporters AroP (fig. S5), 
Mtr (fig. S6), and TnaB (fig. S7), and a lyase enzyme, tryptophan 
decarboxylase (fig. S8). Comparative analysis of the key enzyme as-
sociated with tryptophan metabolism, tryptophanase (TnaA), from 

E. coli O16:H48 (MG1655) and E. coli O6:H1 (ECN), revealed a sin-
gle amino acid substitution at position 212 from a valine (ECN) to 
an alanine (MG1655) (fig. S7). Together, our analyses demonstrate 
genomic differences found in E. coli O16:H48, including differences 
in precursors of neurotransmitters, that may contribute to the poor 
maternal behavior found in E. coli O16:H48–colonized dams.

E. coli O16:H48 pups have attenuated IGF-1 signaling
To determine the mechanism by which the poor maternal behavior 
and malnourishment caused growth stunting, we considered a role 
for the endocrine system. The GH–liver IGF-1 axis is a critical reg-
ulator of postnatal growth and is regulated by the nutritional state 
of the organism (33, 34). During malnutrition and fasting states, levels 
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Fig. 4. Impaired maternal behavior in E. coli O16:H48 dams. (A) Weight gain of pups after feeding on sedated dams for 1 hour (n = 6 to 10 per condition). (B) Social 
novelty test (n = 13 to 30 per condition). S1, familiar mouse; S2, novel mouse. (C) Total socialization time calculated from social novelty test in (B) (n = 13 to 30 per condi-
tion). (D) Total time in midzone calculated from the social novelty test in (B) (13 to 30 per condition). (E) Dams were recorded for ~30 min, and the total amount of active 
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dams have barely visible pen mark. (L) Quantification of the pen mark assay (n = 6 to 7 pups per condition). Statistical significance was determined using one-way ANOVA 
with post Tukey test or unpaired Student’s t test for pairwise analyses. Significance stars are colored to indicate which condition significance is referring to. *P < 0.05, 
**P < 0.01, and ****P < 0.0001. Error bars represent means ± SEM. Photo credit: Yujung Michelle Lee, Salk Institute.
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of IGF-1 and signaling are reduced (35, 36). We hypothesized that 
the failure to thrive and malnourished phenotype of E. coli O16:H48 
pups were associated with reduced IGF-1 activity. To determine 
this, we first looked at IGF-1 signaling in the liver and found that 
there was reduced phosphorylation of the serine/threonine kinase 
Akt in E. coli O16:H48 pups, indicating that these pups had reduced 
IGF-1 signaling (Fig. 6A and fig. S9). Reduced IGF-1 signaling in 
the E. coli O16:H48 pups could be due to reduced production of 
IGF-1 by the liver, reduced secretion and/or stability of IGF-1 in the 
circulation, or IGF-1 resistance. To distinguish between these pos-
sibilities, we first measured the levels of IGF-1  in the livers. We 
found that E. coli O16:H48 pups had comparable levels of IGF-1 in 
their livers (Fig. 6B). Furthermore, the levels of IGF-1 in the white 
adipose tissue, a second tissue source for IGF-1 that can regulate 
body size (37), were not significantly different in E. coli O16:H48 
pups compared with the three control conditions (Fig. 6C). By con-
trast, serum levels of IGF-1 were significantly reduced in E. coli 
O16:H48 pups compared with SPF, E. coli O21:H21, and GF pups, 
suggesting that the reduced IGF-1 signaling in E. coli O16:H48 pups 
is because of impaired secretion and/or stability of circulating IGF-1 
(Fig. 6D).

Our data thus far indicate that the growth-stunting phenotype 
exhibited by E. coli O16:H48 is associated with reduced IGF-1 levels 
and downstream signaling. Our data further show that the failure to 
thrive phenotype is regulated by maternal factors. To determine 
whether the effects of E. coli O16:H48 on IGF-1 in pups are due to 
direct actions of the microbe on the pups or indirectly via interac-
tions between the microbe and the dam, we measured the circulat-
ing levels of IGF-1  in pups from our cross-fostering experiment 
(Fig. 2, E to G). Cross-fostering of E. coli O16:H48 pups by GF dams 
exhibited significantly higher circulating levels of IGF-1 compared 
with their littermates that were left to nurse on their E. coli O16:H48 
dams (Fig. 6E). GF pups that were fostered by E. coli O16:H48 dams 
exhibited significantly reduced IGF-1 serum levels compared with 
their littermates that were left to nurse on their GF dams (Fig. 6E). 
Thus, monocolonization with E. coli O16:H48 impairs maternal fac-
tors (presumably maternal behavior and the ability of the dam to pro-
vide nutrients) of the dam that are necessary for promoting circulating 
IGF-1 levels in their offspring.

To determine whether exogenous supplementation of IGF-1 could 
rescue the failure to thrive phenotype in E. coli O16:H48 pups, we 
intraperitoneally injected neonates with recombinant IGF-1 (rIGF-1) 
daily and compared their body weights with those of phosphate-
buffered saline (PBS)–injected control groups. We found that E. coli 
O16:H48 pups that were injected with exogenous rIGF-1 had 
increased growth compared with E. coli O16:H48 pups that were 
injected with PBS (Fig. 6, F to H). The body weight of E. coli O16:H48 
pups treated with rIGF-1 was comparable to that of GF pups injected 
with PBS (Fig.  6, F to H). However, the body weight of rIGF-1–
treated pups was significantly reduced compared with E. coli O21:H21 
pups injected with PBS (Fig. 6, F to H). Together, our data suggest 
that administration of exogenous IGF-1 was sufficient to rescue 
E. coli O16:H48 pups from the stunted growth phenotype, enabling 
them to reach comparable size as GF mice. However, IGF-1 admin-
istration was not sufficient to promote growth comparable to E. coli 
O21:H21 or SPF in E. coli O16:H48 pups, indicating that there are 
additional microbial factors that are necessary to promote optimal 
weight gain and that are lacking in the E. coli O16:H48 maternal-
offspring system.
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DISCUSSION
We present our approach to investigate the effects of different E. coli 
strains on postnatal development. Our work supports a model by 
which E. coli O16:H48 monocolonization impairs the maturation of 
maternal behaviors in dams after birth. This results in malnourishment 
of the offspring and negatively affects IGF-1 levels and signaling in 
the offspring, presumably as a consequence of the malnutrition. 
Administration of exogenous IGF-1 was sufficient to rescue the patho-
genic effects of E. coli O16:H48 but was not sufficient to promote 
healthy growth similar to SPF mice and like the other E. coli strains 
tested (Fig. 7). Our study adds to the ever-growing evidence that the 
microbiota is necessary for optimal growth and development and 
that it is necessary for normal behavioral processes.

Shortly after birth, the infant intestine becomes colonized by ma-
ternal and environmentally derived facultative anaerobic bacteria such 
as E. coli (12). From our analyses, we identified E. coli strains that 
varied in their ability to promote normal postnatal growth in an in-

fant mouse model. We found that while none of the E. coli strains 
tested could promote normal linear growth compared with SPF 
mice, the E. coli strains varied in their ability to promote normal 
weight gain during the preweaning period. Colonization with E. coli 
O21:H21, O6:H1, or O157:H7 was sufficient to promote weight gain 
comparable to that exhibited by SPF pups and greater than GF 
pups. Our data demonstrate that the effects of different microbiota 
E. coli strains have on linear growth and weight gain can be decou-
pled. Impaired linear growth with normal weight gain in humans is 
associated with metabolic and cognitive disorders later in life (38, 39). 
Furthermore, disruptions in microbiota homeostasis contribute to 
metabolic and cognitive disorders (29, 40, 41). Our findings suggest 
that one way in which infant intestinal dysbiosis may contribute to 
health problems later in life may be due to the disruption in the re-
lationship between linear growth and weight gain and adds to the 
ever-growing evidence that the intestinal microbiota early in life has 
influence on multiple aspects of health at later life stages. In adults, 
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Fig. 6. Impaired IGF-1 signaling in E. coli O16:H48 neonates. (A) IGF-1 signaling levels in liver at P3 determined by measuring phosphorylated Akt and Akt levels. 
GAPDH for loading control (n = 3 per condition). Uncropped blots are in fig. S9. (B) IGF-1 protein levels in liver at P3 (n = 6 per condition). (C) Adipose tissue IGF-1 protein 
levels at P3, n = 6 to 11 per condition. (D) Serum IGF-1 levels at P3 (n = 4 to 6 pups per condition). (E) Serum IGF-1 levels at P21 from cross-fostering experiments (n = 4 per 
condition). (F to H) Body weight measurements of animals treated with daily intraperitoneal injection of mouse rIGF-1 or PBS vehicle control at (F) P7, (G) P14, and (H) P21; 
n = 6 to 13 per condition. Statistical significance was determined using one-way ANOVA with post Tukey test or unpaired t test. Significance stars are colored to indicate 
which condition significance is referring to. *P < 0.05, **P < 0.01, ***P < 0.0005, and ****P < 0.0001. Error bars represent means ± SEM.
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numerous disease settings are associated with intestinal dysbiosis 
characterized by an overrepresentation of E. coli and other mem-
bers of the Enterobacteriaceae family, suggesting that these bacteria 
may cause or exacerbate disease states in adults (42, 43). Our find-
ings that E. coli O21:H21, O6:H1, and O157:H7 promote healthy 
infant postnatal growth suggest that the effects microbes have on 
the health of their hosts are complex and can vary over the different 
life stages of the individual—being beneficial for some life stages but 
pathogenic at other life stages.

We identified one E. coli strain, E. coli O16:H48, that was patho-
genic to infant mice and resulted in a growth-stunted phenotype. In 
addition to impaired linear growth, E. coli O16:H48 pups exhibited 
significantly reduced weight compared with not only SPF mice but 
also GF control mice. We found that the growth stunting of E. coli 
O16:H48–monocolonized pups was associated with reduced circu-
lating levels of IGF-1 and signaling. Administration of exogenous 
IGF-1 was sufficient to rescue the pathogenic effects of E. coli O16:H48 
and the resulting stunted phenotype, enabling the E. coli O16:H48 
pups to reach similar body weight of GF pups. However, E. coli 
O16:H48 pups treated with rIGF-1 still did not reach comparable 
size of pups monocolonized with E. coli O21:H21 or SPF pups, sug-

gesting that E. coli O16:H48 lacks the ability to promote normal 
weight gain like other E. coli strains we used in our study. As E. coli 
O16:H48 is a derivative of the original human isolate K-12 strain 
that was initially isolated from a patient with diphtheria and is now 
a laboratory-adapted strain (16), it is possible that it lost factors that 
enable it to function similarly to our other E. coli strains and pro-
mote healthy weight gain during the preweaning phase of infant mice 
either indirectly by influencing other factors of the mothers or via 
direct pathogenic interactions on the pups. For example, breast milk 
contains maternally derived IgA antibodies that are administered to 
infants during the early postnatal period and important for off-
spring health (44–46). Another possibility is that the lipopolysac-
charide (LPS) of O16:H48 is phenotypically rough and lacks the O 
antigen, which is its repeated oligosaccharide unit (47). From our 
comparative genomic analysis, we found that E. coli O16:H48 genome 
is missing genes that encode LPS core heptose (I) kinase, LPS gluco-
syltransferase I, and LPS core heptosyltransferase 3, while the other 
three strains in our study contain these genes (data S2). Understanding 
the microbial factors that contribute to E. coli O16:H48 pathogenic-
ity and those that enable the other E. coli strains to promote healthy 
growth will be of interest for future studies.

Our discovery that an intestinal microbiota species regulates sys-
temic IGF-1 and body size is in agreement with previous findings 
from our group and others. We previously reported in a mouse 
model of infection-induced muscle wasting that the intestinal 
microbiota regulates circulating levels of IGF-1 and body size (4). Sub-
sequent studies in mice and fruit flies showed that intestinal micro-
biota regulation of the GH (somatotropin)/IGF-1 axis is important 
for promoting healthy growth of the host (10, 14). In these previous 
studies, the microbiota was shown to regulate IGF-1 through direct 
interactions with the host. In the current study, we demonstrated 
that in maternal-infant systems, the intestinal microbiota can regu-
late growth and IGF-1 levels in the offspring indirectly, via effects 
on maternal factors. With our cross-fostering experiments, we demon-
strated that pups that received maternal care from E. coli O16:H48 
dams had reduced circulating IGF-1 regardless of intestinal micro-
biota status of the pups. By contrast, fostering of E. coli O16:H48 
pups by GF dams was sufficient to rescue the impaired IGF-1 phe-
notype in E. coli O16:H48 pups. We found that dams monocolo-
nized with E. coli O16:H48 exhibited impaired social and maternal 
behaviors, and we suggest that these behavioral defects contribute 
to E. coli O16:H48’s negative effects on infant IGF-1 levels and growth. 
Maternal care is necessary to provide infants with nutrients and 
IGF-1 secretion, and stability is dependent on the nutritional status of 
the host (33, 34, 36). In agreement with this, we found that E. coli 
O16:H48 pups consume less milk when receiving maternal care from 
E. coli O16:H48 dams compared with pups that receive maternal care 
from GF, SPF, or E. coli O21:H21–monocolonized dams. Thus, E. coli 
O16:H48 impairment of maternal behavior likely prevents dams from 
providing adequate nutrients that regulate IGF-1 levels in infants. 
In future work, it will be important to investigate other aspects of 
maternal care including bonding, warmth, and grooming, which may 
also contribute to the IGF-1 deficiency in E. coli O16:H48 pups.

An outstanding question from our study is what is the mechanism 
by which E. coli O16:H48 impairs maternal behavior. Oxytocin is a 
critical regulator of maternal behavior in the postnatal period and 
has been shown to be regulated by the intestinal microbiota. In mice, 
treatment with Lactobacillus reuteri improved deficits in social be-
havior and was associated with increased hypothalamic expression 

Additional maternal 
factors promote 
weight gain but 
not linear growth?

Additional pup
factors promote 
weight gain but 
not linear growth?

Fig. 7. E. coli O16:H48 impairs maternal behavior resulting in offspring malnu-
trition and growth stunting. Our work supports a model by which E. coli O16:H48 
monocolonization impairs the maturation of maternal behaviors in dams after birth. 
This results in malnourishment of the offspring and negatively affects IGF-1 levels 
and signaling in the offspring, presumably as a consequence of the malnutrition. 
Administration of exogenous IGF-1 was sufficient to rescue the pathogenic effects 
of E. coli O16:H48 but was not sufficient to promote healthy weight growth similar 
to SPF mice and like the other E. coli strains tested. By contrast, dams monocolo-
nized with E. coli O21:H21 exhibited maternal behavior comparable to GF and SPF 
mice. Their offspring exhibited linear growth similar to the offspring of GF dams, 
indicating that monocolonization with E. coli O21:H21 was not sufficient to promote 
linear growth observed in offspring of SPF mice. Monocolonization with E. coli 
O21:H21 was sufficient to promote weight gain in offspring comparable to that of 
SPF offspring.
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of oxytocin (29). We, however, did not find a defect in central or 
peripheral oxytocin levels in E. coli O16:H48 dams. The essential 
amino acid tryptophan is a precursor for serotonin, a monoamine 
neurotransmitter that regulates maternal behavior (30). Previous 
reports have shown that one strain used in our study, E. coli Nissle 
1917, enhances bioavailability of serotonin in the host, but E. coli 
O16:H48 (MG1655) does not (31). From our comparative genomic 
analyses, we revealed a suite of missense mutations in genes associated 
with tryptophan biosynthesis. These mutations are concentrated in 
the trpC gene, which encodes for a bifunctional enzyme and war-
rants further investigation by way of site-directed mutagenesis work. 
Whether the maternal behavior deficiencies are due to direct effects 
of E. coli O16:H48 colonization on brain health or a consequence of 
developmental defects in E. coli O16:H48 mice independent of the 
growth stunting remains to be determined; however, our results with 
the cross-fostering studies suggest it may be the latter. In our cross-
fostering studies, the GF dams become colonized with E. coli O16:H48 
when these pups are introduced to the dam. Despite becoming col-
onized with this microbe, ex-GF dams were able to rescue the E. coli 
O16:H48 pups from the stunted phenotype and IGF-1 deficiencies. 
These data suggest that short-term colonization of dams during the 
postnatal period with E. coli O16:H48 is not sufficient to induce the 
impaired maternal behavior and stunting phenotype in infants.

Although often overlooked, a major risk factor associated with 
childhood growth failure is a deficit in maternal neurological health, 
which can interfere with maternal behaviors. For example, several 
epidemiological studies of mother-infant pairs in developing coun-
tries with high prevalence of childhood undernutrition revealed that 
there is high association between childhood growth failure and poor 
maternal mental health (48–50). This association most likely exists 
because maternal depression interferes with maternal interest in 
offspring and emotional quality of nurturing, which limit the off-
spring from reaching maximum growth capacity (51). The factors 
that mediate such relationship between postnatal growth failure and 
maternal behavior are not defined by one general mechanism, but 
most likely driven by multiple environmental parameters that con-
tribute to optimal maternal-offspring interactions. Together, our 
study adds an additional layer of complexity to our understanding 
of maternal behavior and demonstrates that the maternal microbi-
ota will affect maternal behavior, and this likely regulates offspring 
development and growth.

MATERIALS AND METHODS
Bacterial strains
To prepare bacterial inocula for oral gavaging, E. coli O21:H21, 
E. coli O16:H48, E. coli O157: H7, and E. coli O6:H1 were grown in 
Luria-Bertani (LB) media at 37°C shaking and stored in 25% glycerol/
PBS frozen stocks and used directly for gavaging.

Animals/gnotobiotic mouse model
GF Swiss Webster mice were orally gavaged with 5 × 108 colony-
forming units (CFU) of E. coli O21:H21, E. coli O16:H48, E. coli O157: 
H7, or E. coli O6:H1 and maintained in sterile semiflexible isolators 
under a 12-hour light-dark cycle and given autoclaved standard chow 
diet and distilled water ad libitum. The status of GF and gnotobiotic 
conditions was monitored routinely for bacterial, viral, and fungal 
contaminations. All animal experiments were approved by our 
Institutional Animal Care and Use Committee.

Animal husbandry
GF and gnotobiotic Swiss Webster mice were kept under sterile con-
ditions in flexible film isolators inflated with HEPA (high-efficiency 
particulate air)–filtered air, exposed to 12:12-hour light:dark cycles 
in the Ayres laboratory gnotobiotic facility at the Salk Institute. SaniChip 
bedding was used in the cages, and mice were fed LabDiet 5K67 for 
breeders and LabDiet 5010 for holding and experimental cages ad 
libitum. All bedding, food, and water were autoclaved and transferred 
into the isolators using an autoclave transfer cylinder. Cages were 
changed weekly, and water bottles were refilled with sterile water. 
All breeder cages were checked for new litters on a daily basis, and 
when a new litter was born, the date of birth and wean date were 
written on the cage card. Breeding was set up as either pair or harem 
mating, and litters were weaned 21 days after birth, separated by sex 
into cages, with five or less mice per cage. Sterility of each autoclave 
load was monitored using a self-contained biological indicator 
(Steris S3061), and each isolator was monitored for any microbial 
contamination by culturing feces in brain heart infusion (BHI), nu-
trient, and sabouraud-dextrose media anaerobically and aerobically 
at 37° and 42°C. Fecal DNA was also extracted and amplified by16S 
rDNA polymerase chain reaction (PCR) as another method of 
microbiological monitoring of isolators. Sentinel mouse for each 
isolator was submitted on a quarterly basis for health assessment 
including serology, bacteriology, parasitology, and necropsy.

Assessment of development
Body weights of each neonate in a given litter were monitored using 
Pesola spring scale with crocodile clamp inside GF, gnotobiotic, 
and SPF semiflexible isolators during the entire duration of the ex-
periment. Linear growth of neonates was quantified by measuring 
the length of tail and nose-to-anus distance. For body composition 
analyses, inguinal white adipose tissue and tibialis anterior muscle 
were dissected and weighed on a Mettler Toledo scale, and weights 
were recorded.

Quantification of bacterial colony-forming units in tissues
Colonization levels of all E. coli were quantified by serially diluting 
intestinal homogenates and plating on eosin methylene blue agar 
(EMB)/ampicillin, vancomycin, neomycin and metroidazole (E. coli 
O21:H21), or EMB (E. coli O16:H48, E. coli O157: H7, and E. coli 
O6:H1). Plates were incubated at 37°C overnight. Intestinal tissues 
were homogenized in 1  ml of sterile PBS supplemented with 1% 
Triton X-100 using a bead beater. Some GF or gnotobiotic intestinal 
tissues were homogenized in 5 ml of sterile PBS supplemented with 
1% Triton X-100 using a Qiagen tissue shredder.

Neonatal rIGF-1 injections
For rIGF-1 injection experiments, GF and gnotobiotic mice (E. coli 
O16:H48 and E. coli O21:H21) were transferred from gnotobiotic 
isolators to autoclaved airtight IsoCage Bioexclusion System with 
positive pressure and HEPA filtration (Tecniplast SpA, Buguggiate, 
Varese, Italy), which were prepackaged with Sani-Chips bedding 
(P. J. Murphy) and standard chow before autoclaving. Autoclaved 
distilled water was provided to the transferred mice. All handling of 
mice housed in IsoCages was performed under laminar flow hood 
with sterilization procedures using the disinfectant Clidox-S (1:3:1 
formulation). Three-day-old pups were intraperitoneally injected 
with sterile murine rIGF-1 (R&D Systems) or sterile PBS daily at a 
dose of 200 g/kg until weaning age (21-day old) was reached using 
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a 100-l gastight glass syringe (Hamilton 7656-01) with 34-gauge 
needle (Hamilton pt. style 4, 12-30o, 0.375-inch length). Daily body 
weights were measured using an electronic scale for tracking body 
weight development.

Enzyme-linked immunosorbent assay
Serum and tissue homogenates were prepared for IGF-1 enzyme-
linked immunosorbent assay (ELISA). Tissues were frozen in liquid 
nitrogen and homogenized in lysis buffer (1% Triton X-100 in PBS) 
using Bead Mill 24 (Thermo Fisher Scientific). Lysates were centri-
fuged and supernatants were used for ELISAs. IGF-1 was measured 
using anti-IGF monoclonal antibody clone #126002 and anti-mouse 
IGF-1 biotinylated antibody (R&D Systems).

Akt Western blot
Tissues were ground in LN2 and protein was extracted using Life 
Technologies tissue extraction reagent II. Proteins of interest were 
probed using p-Akt (Ser473) (193H12) rabbit mAB #4058 T, total 
Akt rabbit Ab #9272S, and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) Ab (Cell Signaling Technology).

Food intake measurements
Milk intake/suckling behavior/nipple function assessment
Pups at P3, P7, P11, P14, and P18 were fasted for 7 hours by removing 
them from the house cage containing the lactating dam and were 
placed on a heat pad. After collecting the fasted whole-body weights 
of each pup, the pups in each litter were returned to the home cage 
containing anesthetized lactating dam placed on her side with the 
body tilted so that the lines of nipples would be exposed to the pups. 
To ensure that pups do not lose their way to the nipples, a divider/
wall was placed rostral to the pectoral nipples and another placed 
caudal to the inguinal nipples. After observation of the pups to latch 
to the nipples, the pups were allowed to suckle for milk for 1 hour, and 
their final body weights were measured. The body weight gain of each 
pup during 1 hour of suckling was used to estimate the milk intake.
D2O labeling and serum D2O enrichment measurement
Forty-eight hours before termination, dam was intraperitoneally in-
jected with 0.035 ml/g body weight 0.9% NaCl-D2O, and drinking 
water was replaced with 8% D2O-enriched water. Dam was fasted 
for 6 hours before serum collection. At the time of euthanasia, se-
rum from individual pups in the litter was also collected. The 2H 
labeling of water from samples or standards was determined via 
deuterium acetone exchange. Five microliters of sample or standard 
was reacted with 4 l of 10 N NaOH and 4 l of a 5% (v/v) solution 
of acetone in acetonitrile for 24 hours. Acetone was extracted by the 
addition of 600 l of chloroform and 0.5 g of Na2SO4 followed by 
vigorous mixing. One hundred microliters of the chloroform was then 
transferred to a gas chromatography/mass spectrometry (GC/MS) vial. 
Acetone was measured using an Agilent DB-35MS column [30 m × 
0.25 mm inner diameter (i.d.) × 0.25 mm, Agilent J&W Scientific] 
installed in an Agilent 7890A gas chromatograph interfaced with an 
Agilent 5975C mass spectrometer (MS) with the following temperature 
program: 60°C initial, increase by 20°C/min to 100°C, increase by 
50°C/min to 220°C, and hold for 1 min. The split ratio was 40:1 with a 
helium flow of 1 ml/min. Acetone was eluted at approximately 1.5 min. 
The MS was operated in the electron impact mode (70 eV). The mass 
ions 58 and 59 were integrated, and the % M1 [m/z (mass/charge ratio) 
59] was calculated. Known standards were used to generate a stan-
dard curve, and plasma percent enrichment was determined from 

this. All samples were analyzed in triplicate. To calculate the pup’s 
normalized percent D2O enrichment, the dam’s percent D2O enrich-
ment and the pup’s weight were taken into account using the follow-
ing equation

	​ Pup′s normalized % ​D​ 2​​ O enrichment  = ​ 
Pup % ​D​ 2​​ O enrichment × Pup weight

   ──────────────────────   
Dam % ​D​ 2​​ O enrichment

 ​​	

Social interaction test
Mouse was placed in the central chamber of the three-chamber ap-
paratus and habituated for 5 min. Right and left chambers were iso-
lated by using the dividing Plexi glass walls. One control mouse noted 
as “social 1” was placed inside a wire containment cup and placed in 
the left/right chamber, and another mouse noted as “social 2” was 
placed inside a cup placed in the third chamber. To begin testing, 
the walls between the chambers were removed, and the mouse was 
allowed to explore each of the three chambers for 10 min. For quan-
tification social novelty, ANY-maze software linked to an overhead 
camera was used to score the amount of the time the mouse spends 
interacting with the “social 1” versus “social 2” subject.

Licking and grooming assay
To assess maternal behavior of licking and grooming of pups, pups 
were marked with a laboratory marker on the top of head and bot-
tom and placed back in their home cage with their respective dams. 
Photos were taken at To and T1 for records. After 24 hours, the quality 
of the marks on the pups was assessed on the basis of the following 
scores: 0, no mark visible; 1, visible mark is extremely faint; 2, visi-
ble mark is clear but faint; and 3, visible mark is clear. The average 
of two separate scores (one for head and another for bottom) was 
plotted for each pup.

Maternal behavior assessment
Dams with their respective litters were undisturbed and recorded in 
their home cages during P2 to P4 using a pet camera (Petcube). For 
each dam, a 30-min video was recorded during morning (9:00 a.m. to 
12:00 p.m.) and afternoon (4 p.m. to 7 p.m.) for each testing day. 
Recorded videos were used to individually score maternal and non-
maternal behaviors of each dam by measuring the duration the dam 
performs the following behaviors:
Maternal behaviors

•	 Nest building
•	 Licking and grooming
•	 Active nursing
•	 Passive nursing

Nonmaternal behaviors
•	 Eating and drinking
•	 Self-grooming
•	 Digging and climbing
•	 Pups out of nest

Oxytocin analysis
Hypothalamus gene expression analyses
RNA was extracted from snap-frozen hypothalamus using the Qia-
gen AllPrep DNA/RNA Mini Kit per the manufacturer’s protocol. 
RNA was treated with DNase, and complementary DNA (cDNA) was 
synthesized using SuperScript III reverse transcriptase (Invitrogen) 
and Oligo(dT). We performed real-time quantitative PCR using the 
QuantStudio 5 Real-Time PCR system (Applied Biosystems) with 
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iTaq Universal SYBR Green Supermix (Bio-Rad) per the manufacturer’s 
protocol. The number of gene copies was normalized to Rps17. The 
following were the list of primer sequences: Rps17F, 5′-CGCCAT-
TATCCCCAGCAAG-3′; Rps17R, 5′-TGTCGGGATCCACCTCAATG-3′; 
OxytocinF, 5′-CGGATCTCAGACTGAGCACC-3′; OxytocinR, 
5′-ACTTGCGCATATCCAGGTCC-3′.
Measurement of circulating oxytocin in dams
Blood from dams nursing litters aged between P3 was collected by 
cardiac puncture, and serum was isolated using a serum separator tube. 
Oxytocin levels were measured in the serum using the Luminex-
based MILLIPLEX MAP Rat/mouse Neuropeptide Magnetic Bead 
Panel from Millipore (RMNPMAG-83 K-01) per the manufacturer’s 
protocol.

Whole-genome isolate sequencing
E. coli colonies were purified for genomic DNA (gDNA) extraction 
by single colony selections after streaking onto Luria Agar incubated 
overnight at 37°C. gDNA was extracted from a liquid culture (Luria 
Bertani broth) using the Qiagen DNeasy Blood and Tissue Kit. Extracted 
gDNA was sent to The Sequencing Center (Fort Collins, CO) for whole-
genome sequencing on the Illumina MiSeq using Nextera XT paired-
end 150-bp libraries and protocols (Illumina Inc., San Diego, CA, USA).

Bioinformatic analyses
Illumina paired-end sequence reads were assembled using Shovill v1.1.0 
(https://github.com/tseemann/shovill), a genome assembler based on 
SPades (52), with standard parameters (table S1). Contigs were an-
notated with Prokka v1.14.6 (53), and the MLST and serotype pro-
files were determined in silico using BLAST (Basic Local Alignment 
Search Tool)–based tools (https://github.com/tseemann/mlst and 
https://github.com/tseemann/abricate). The pan-genome of each study 
isolate was determined using Roary v3.13.0 (54) and visualized using 
Phandango (55). MUSCLE v3.8.1551 (56) was used to generate multi-
ple sequence alignments of key coding sequences at the amino acid level 
and visualized using iTOL (57). Genomic variants between E. coli strains 
were identified using Snippy v4.6.0 (https://github.com/tseemann/snippy). 
Artemis (release 18.1.0) facilitated the extraction of amino acid se-
quences from genes of interest that are associated with tryptophan 
metabolism and biosynthesis for downstream analyses, including plot-
ting of coding region (CDS) schematics with genoPlotR (58). Last, Illu-
mina paired-end sequence reads for each E. coli isolate were joined and 
filtered for quality (≥ Phred scores of 25), and analyzed using MG-RAST 
v4.0.3 (59) to characterize subsystem categories. ggplot2 v3.3.2 (60) was 
used to create the pie charts for visualizing subsystems data.

Statistical analysis
Data are represented as means ±SEM. Statistical tests were performed 
using GraphPad Prism version 6.0. For pairwise analyses, a t test 
was performed. For comparisons of three or more samples, we per-
formed a one-way analysis of variance (ANOVA) with a post Tukey 
test or Kruskall-Wallis test with a post Dunn’s test. We performed 
D’Agostino and Pearson and Shapiro-Wilk normality tests, and 
Brown-Forsythe and Bartlett’s variance tests to determine whether 
we should use a one-way ANOVA or Kruskall-Wallis test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabe6563/DC1

View/request a protocol for this paper from Bio-protocol.
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