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PEDIATRIC ORIGINAL ARTICLE

The intestinal microbiota composition and weight
development in children: the KOALA Birth Cohort Study

LEJM Scheepers', J Penders'?, CA Mbakwa', C Thijs', M Mommers' and ICW Arts'?

OBJECTIVE: To investigate whether the intestinal microbiota composition in early infancy is associated with subsequent weight
development in children.

METHODS: Analyses were conducted within the KOALA Birth Cohort Study (n=2834). This cohort originates from two recruitments
groups: pregnant women with a conventional lifestyle (no selection based on lifestyle) and pregnant women recruited through
alternative channels (organic shops, anthroposophic clinicians/midwives, Steiner schools and relevant magazines). From 909
one-month-old infants, fecal samples were collected and analyzed by quantitative PCR targeting bifidobacteria, Bacteroides
fragilis group, Clostridium difficile, Escherichia coli, Lactobacilli and total bacteria counts. Between the ages of 1 and 10 years,
parent-reported weight and height was collected at 7 time points. Age- and gender-standardized body mass index (BMI) z-scores
were calculated. Data were analyzed using generalized estimating equation.

RESULTS: Colonization with B. fragilis group was borderline significantly associated with a higher BMI z-score of 0.15 (95%
confidence interval (Cl): —0.02 to 0.31), in the conventional subcohort. After stratification for fiber intake (Ptorinteraction = 0.003),
colonization with B. fragilis group was associated with a 0.34 higher BMI z-score among children with a low-fiber intake in this
subcohort (95% Cl: 0.17-0.53). Higher counts among colonized children were positively associated with BMI z-score only in children
within the conventional subcohort and a high-fiber diet (BMI z-score 0.08; 95% Cl: 0.01-0.14), but inversely associated in children
with a low-fiber diet (BMI z-score —0.05; 95% Cl: —0.10 to 0.00), and in children recruited through alternative channels (BMI z-score
—0.10; 95% Cl: —0.17 to —0.03). The other bacteria were not associated with BMI z-scores, regardless of subcohort.
CONCLUSION: Using a targeted approach, we conclude that the intestinal microbiota, particularly the B. fragilis group, is associated
with childhood weight development. To identify the potential impact of additional bacterial taxa, further prospective studies

applying an unconstrained in-depth characterization of the microbiota are needed.
International Journal of Obesity (2015) 39, 16-25; doi:10.1038/ijo.2014.178

INTRODUCTION

Overweight and obesity can have serious health consequences,
including type 2 diabetes and cardiovascular diseases that are
major public health problems.” Not only in adults, but also in
children, the prevalence of overweight and obesity is increasing.>>
The development of obesity is a complex process involving both
genetic and environmental factors, such as an increased energy
intake and reduced energy expenditure. However, these factors
do not fully explain the increased obesity prevalence.**

Our human gut is colonized with a complex 100 trillion microbe
cells, the intestinal microbiota. The intestinal microbiota composi-
tion varies between individuals; the development of the infant
microbiota is mainly influenced by prenatal exposure: mode of
delivery, type of infant feeding and antibiotic use.® Recently, the
intestinal microbiota has been identified as a potential determi-
nant of obesity, both in animal and human studies. The study by
Ley et al.” published in 2005, showed for the first time that the
intestinal microbiota differs between lean and obese mice. Obese
mice harbor significantly less Bacteroidetes and more Firmicutes
compared with their lean siblings.” Furthermore, colonization of
germ-free mice with an intestinal microbiota of obese donor mice
led to a significantly greater increase in fat deposition than

colonization with an intestinal microbiota of lean donors?®
A limited number of human studies, usually comparing obese
with normal-weight subjects in a cross-sectional design, have
been conducted so far. In addition, the many different methods
for characterization of the indigenous microbiota complicate the
direct comparison of results between studies (summarized in
Table 1). So far, studies have provided contradictory results: some
demonstrated a reduced level of Bacteroidetes to be associated
with obesity,>'* whereas others found the opposite’'” or no
association.'®2? Specific bacterial and archeal genera or species
have also been associated with obesity in humans, such as the
Lactobacillus spp,'®**** bifidobacteria,'>?*?* Escherichia coli*> and
Methanobrevibacter smithii'®'>2* (Table 1), but findings were not
consistent between studies. To determine whether a different
microbiota composition in early infancy is related to subsequent
weight development, longitudinal cohort studies are needed.
To our knowledge, only four human observational studies
investigated the relation between intestinal microbiota composi-
tion and weight development in a longitudinal manner, > two
of which addressed microbiota in infancy with short-term follow-
up but not beyond infancy’®*** and two others addressed
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microbiota at ages 6-12 months and 3 months, in children with
follow-up until 7 years and 10 years, respectively®>>™%’ (Table 1).

Several mechanisms have been put forward to explain how the
interaction between microbiota and host metabolism may
contribute to obesity.3%3! Certain species are able to digest
dietary fiber, that is, complex carbohydrates that cannot be
degraded by human enzymes, thus yielding energy for microbial
growth and end products such as short-chain fatty acids. The
latter have profound effects on human metabolism because they
can serve as energy substrates for the gut (butyrate) and
peripheral tissues (acetate, propionate), modulate inflammation
and wound healing and act as vasodilators.>**' In addition, short-
chain fatty acids can signal through G protein-coupled receptors,
such as GPR41, on enteroendocrine cells, inducing the secretion of
peptide YY.3%33

The aim of this study was to investigate whether the intestinal
microbiota composition in early infancy is associated with
subsequent weight development during childhood. The fecal
samples of 909 one-month-old infants were analyzed with
quantitative PCR assays to enumerate several bacterial groups
and species and related to weight development up to the age of
10 years.

MATERIALS AND METHODS

Subjects and study design

The current analyses were conducted within the KOALA Birth Cohort Study
in the Netherlands. The design of the KOALA study has been described in
detail elsewhere3* Briefly, this cohort originates from two recruitment
groups: healthy pregnant women with a conventional lifestyle (n=2343)
and pregnant women recruited through alternative channels (n=491). The
women with a conventional lifestyle were retrieved from an on-going
prospective pregnancy cohort study on pregnancy-related pelvic girdle
pain in the Netherlands.>* The second group of pregnant women were
recruited through alternative channels, that is, posters in organic food
shops, anthroposophic doctors and midwives, anthroposophic under-five
clinics, Rudolf Steiner schools and magazines for special interest groups.
This latter group of women was considered to have an alternative lifestyle
that could involve dietary habits (vegetarian, organic), child-rearing
practices, vaccination schemes and/or use of antibiotics. All participants
were enrolled at 34 weeks of gestation.

Women recruited from January 2002 until December 2002 (n=1176)
collected a fecal sample from their child ~1 month postpartum. Inclusion
criteria for the present analyses were: availability of a fecal sample
collected between 3 and 6 weeks of life, sufficient amount of feces (>1 g)
and parental completion of the accompanying questionnaire (fecal
collection questionnaire).

Exclusion criteria were: prematurity (infants born before 37 weeks of
gestation), twins, congenital abnormalities related to growth (such as
Down’s syndrome, Turner syndrome, Fallot’s tetralogy multiple disabilities),
administration of antimicrobial agents before feces collection and children
without any body mass index (BMI) measurement (Figure 1). All parents
signed the informed consent and the study was approved by the medical
ethics committee of Maastricht University Medical Center+.

Fecal collection and microbial analysis
Parents were asked to collect the feces of their child at 1 month
postpartum. They received a feces tube with a spoon attached to the lid
(Sarstedt, Numbrecht, Germany), together with a sanitary napkin, an
instruction form about the correct collection and sending procedure and a
brief questionnaire. Parents placed a sanitary napkin in the diaper to
prevent absorption by the diaper; collection of the feces was done by
spoon and deposited in the tube. The tube was sent to the Medical
Microbiology department at Maastricht University Medical Center+ by post
as soon as possible. Transport time was minimized by asking the parents to
collect the feces on a Monday, Tuesday or Wednesday so that the samples
did not remain in the mail over the weekend.

At the laboratory, fecal samples were 10-fold diluted in peptone water
(Oxoid CMO009, Hampshire, UK) containing 20% v/v glycerol (Merck,
Darmstadt, Germany) and stored at — 20 °C until analysis.
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DNA extraction from the feces and the subsequent microbial analyses by
means of real-time PCR assays has been described in detail elsewhere.®
Briefly, the DNA was extracted by a combination of bead-beating and the
QlAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). DNA from all fecal
samples was subjected to real-time PCRs for quantification of bifidobac-
teria, Bacteroides fragilis group, Clostridium difficile, E. coli, Lactobacilli and
total bacteria based on 16S rDNA gene sequences. For detection of the
bifidobacteria, C. difficile, E. coli and members of the bacteroides, the
5’-nuclease technique was used. For quantification of Lactobacilli and total
bacteria load, real-time detection of PCR products was conducted by
means of SYBR Green | (Bio-Rad Laboratories, Hercules, CA, USA). The
validation of the real-time PCR assays has been described in detail
elsewhere 38 Log;, colony-forming units per g (log;o CFUg™") were
calculated for each stool sample from the threshold cycle values by using
the constructed standard curves. The prevalence of colonization was
expressed as the percentage of infants colonized with a specific bacterial
group or species. As almost all infants were colonized with bifidobacteria, a
cutoff value of 10.68 log,, CFU g’1 (the median) was used to divide the
population into those with a low or high abundance of the genus.

Outcome variable

Information on the child’'s weight, height and age at the time of
measurements was collected using self-administered questionnaires.
Parents were asked to report their child’s body weight and height at
seven different time points. At the first and second time points, where the
children had an average age+s.d. of 11+ 1 months and 22+3 months,
respectively, parents were asked to report the most recent weight and
height measured at the child health clinic, and to also report the age (in
months) at the time of these measurements. At the further follow-up time
points, in 2006 (age 56 4 months), 2007 (age 735 months), 2008 (age
80+ 5 months), 2009 (age 92 +5 months) and 2010 (age 103 +£5 months),
parents were asked to measure weight (in kg specified to one decimal) and
height (in cm) without shoes and clothes and to report the exact date of
measurement. BMI (weight/height?, kg m ~2) was standardized by recoding
it into age- and gender specific BMI z-scores using data from the Dutch
reference population.>®

Statistical analysis

The characteristics of the participants are given as mean values + s.d. for
continuous variables and as numbers and proportions for categorical
variables. Missing values for continuous covariables were replaced with the
mean (maternal prepregnancy BMI n=2, age at collection of fecal sample
n=10), and missing values for categorical covariables were classified as
‘unknown’ (place and mode of delivery n=23, maternal education of the
mother n=10).

Generalized estimating equation (GEE) models with unstructured
correlation structure were used for analysis of the repeated BMI z-scores.
The analyses included only one bacterial group or species at a time. When
bacterial counts were used as an independent variable, only infants who
were colonized with that specific bacterial group or species were included.
The age of the child at the time of BMI measurement was included in all
models as the time variable. We tested whether the association between
intestinal microbiota composition and BMI z-scores differed with increas-
ing age by including an interaction term in the GEE models. When the
interaction term was significant (P < 0.05), we performed linear regression
analyses for each BMI measurement separately. Participants were recruited
through two different recruitment channels (representing a conventional
or alternative lifestyle); we therefore tested for interaction between the
intestinal microbiota and recruitment group. The interaction term was
significant for C. difficile (P=0.037) and B. fragilis group (P=0.032); we
therefore performed all analyses stratified for lifestyle.

First, unadjusted GEE analyses were performed to determine the
association between colonization (yes/no) and bacterial counts (logqq
CFU g~ ") and BMI z-scores. Second, adjusted GEE analyses were conducted
that included potential confounders. If the potential confounder changed
the regression coefficient of any of the main determinants by more than
10%, it was consequently included in all models. The following variables
were considered: infant gender (male, female), place and mode of delivery
(vaginal delivery at home, vaginal delivery in hospital, artificial delivery in
hospital, cesarean section in hospital), birth weight (in g), maternal
prepregnancy BMI (kg m~2), age at collection of fecal sampling (in days),
maternal smoking during pregnancy (number of cigarettes per day), type
of infant feeding in the first month (exclusive breastfeeding, exclusive
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. n=2343 ! | n =491

[ R |

Exclusion
Subjects recruited before January 2002 (n=1658)

Exclusion criteria for analysis
- Feces < 1 gram (n=65)
- Missing fecal questionnaire (n=25)
- Collection before 3 or after 6 weeks of age (n=54)

Appropriate samples collected n=1038

n = 2834
1
1 Cohort with feces collection |
! n=1176 !
S 1
1
1 Study population |
'L n =909 :

Exclusion criteria for this study
- Prematurity < 37 weeks of gestation (n=2)
- Twins (n=10)
- Congenital abnormalities related to growth (n=6)
- Antibiotic use before fecal sampling (n=95)
- Without any BMI measurement (n=18)

*Numbers not mutually exclusive

Follow-up age 9 - 15 months

Response rate: n = 866 (93.4%)

Follow-up age 10 - 28 months

Response rate: n = 827 (89.2%)

Follow-up 2006 age 45 - 70 months

Response rate: n = 698 (75.3%)

Follow-up 2007 age 59 - 87 months

Response rate: n = 597 (64.4%)

Follow-up 2008 age 69 - 95 months

Response rate: n = 529 (57.1%)

Follow-up 2009 age 82 - 106 months

Response rate: n = 529 (57.1%)

Follow-up 2010 age 93 - 117 months

Figure 1.

Response rate: n = 581 (62.7%)

Flowchart of the study population. The KOALA Birth Cohort study included pregnant women with a conventional lifestyle (recruited

from the on-going Pregnancy-related Pelvic Girdle Pain study (PPGP)) or an alternative lifestyle (recruited from ‘alternative’ channels).
Participants recruited from January 2002 onwards were asked to collect a fecal sample of their child. Reasons for exclusion with numbers, and
response rates on the seven weight and height questionnaires are presented.

bottle-feeding or a combination), duration of breastfeeding (months),
education level of the mother (lower education, vocational education,
higher general secondary/pre-university or higher vocational/academic
education) and total counts of bacteria. Finally, a third model additionally
included the following dietary variables: total energy intake, energy
percentage from fat and energy percentage from protein. Dietary
information was collected during a period of 4 weeks by a food frequency
questionnaire (FFQ) administered at the age of 4 years. The FFQ was
specifically developed to assess children’s energy intake and validated by
using the doubly labeled water method.*® The questionnaire consisted of
71 items and, in addition, for 27 foods the specific types or brands
consumed and preparation methods were asked. Parents reported their
child’s habitual food consumption by indicating the frequency of
consumption (‘never’ to ‘6-7 days a week’) and by specifying proportion
sizes in natural units (for example, pieces, slices), household units (for
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example, glasses of spoons) or g (for example, g of fish). Parents were
asked to measure volume of the cups and glasses they used for the
children. The average energy intake (kJ) and fiber intake (in g per MJ)
per day were calculated using the Netherlands Food Composition Table
2001 (NEVO).*' For the products that were not included in the NEVO 2001
table, the nutritional values were provided by a dietician.

Fiber intake was considered as a potential effect modifier. Information
on dietary fiber intake at the age of 4 years was also obtained from the
FFQ. To determine whether dietary fiber modified the associations
between the intestinal microbiota and weight development, a test for
interaction with fiber intake was conducted in both recruitment groups. If
the interaction term was significant, the analysis was stratified by level of
dietary fiber intake (above or below the median of 15.0 g per day).

Data analysis was performed using the SPSS statistical software package
version 19.0 (SPSS Inc.,, Chicago, IL, USA). The unadjusted (crudef) and
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adjusted (adjB) regression coefficients with the corresponding 95%
confidence interval (95% Cl) are presented. A P-value of <0.05 was
considered statistically significant in all analyses.

RESULTS

Of the 1176 collected fecal samples, the samples that were too
small (< 1g; n=65), were collected before the age of 3 weeks or
after the age of 6 weeks (n=54) or where the fecal questionnaire
was missing (n=25) were excluded. In total, 1032 fecal samples
were appropriate for microbial analysis.® After exclusion of
premature infants (n=2), twins (n=10), children with congenital
abnormalities related to growth (n=6), children without any BMI
measurement (n=18) and children who received antibiotics
before fecal sampling (n=95), the study population consisted of
909 children (Figure 1). Table 2 shows the baseline characteristics
of the KOALA cohort (n =2834) and the study population (n=909).
In general, the two groups were comparable, except that the
study population had more participants with an alternative
lifestyle, a higher level of maternal education and longer duration
of breastfeeding, but less mothers who smoked during pregnancy.
These differences are mainly because of the period of fecal
sampling that coincided with recruitment of the alternative group.
Almost all infants were colonized with bifidobacteria (98.6%),
followed by E. coli (88.2%) and B. fragilis group (81.2%), whereas
colonization with C. difficile (25.3%) and Lactobacilli (31.9%) was
less frequent (Table 2). Neonatal colonization with B. fragilis group
in the conventional subcohort was associated with a statistically
significant higher BMI z-score of 0.16, compared with infants who
were not colonized (Table 3). However, this did not remain
significant after adjustment (AdjB 0.11; 95% Cl: —0.05 to 0.26).
Other bacterial groups or species were not associated with BMI
z-scores in children in the conventional subcohort. In children
from the alternative subcohort (Table 4), a higher count of B.
fragilis group was associated with a significantly lower BMI z-score
in both crude and adjusted models (AdjB —0.07; 95% Cl: —0.15 to
0.00). Other bacterial groups or species were not associated with
BMI z-scores in the alternative subcohort.

In the conventional subcohort, the interaction term between
colonization with B. fragilis group and fiber intake was significant
(P=0.003). There was no significant interaction with fiber for any
of the other bacteria. After stratification for fiber intake (Table 5) in
children with a lower than median fiber intake (< 15 g per day),
colonization with B. fragilis group was associated with a higher
BMI z-score (Adjf 0.34; 95% Cl: 0.17-0.53); however, higher counts
of B. fragilis group in colonized children was associated with a
lower BMI z-score after adjustment for potential confounders
(AdjB —0.05; 95% Cl: —0.10 to 0.01). Furthermore, in children with
a higher than median fiber intake (>15g per day), colonization
with B. fragilis group was not associated with BMI z-scores, but a
higher count of B. fragilis group was associated with a higher BMI
z-score (AdjP 0.07; 95% Cl: 0.01-0.14). For all analyses, adding the
dietary variables to the adjusted models (model 3) did not
substantially alter the results.

Finally, we examined whether associations of bacterial groups
and species with BMI z-scores changed over time (age of BMI
measurement). Only for C. difficile the time interaction term was
significant (P=0.002). Linear regression analysis showed that
children in the conventional subcohort, who were colonized with
C. difficile at 1 month postpartum, had a lower BMI z-score of
—0.24 (AdjB 0.24; 95% Cl: —0.45 to —0.03) at 103+5 months of
age. For the other time points, no significant effects were found
(data not shown).

DISCUSSION

The current study showed that colonization with B. fragilis group
at 1 month postpartum tended to be associated with a higher
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Table 2. Baseline characteristics of the KOALA Birth Cohort and the
study population
KOALA Birth Study
Cohort Study population
(n=2834) (n=909)
Determinants
Prevalence of colonization with intestinal bacteria, n (%)
Bifidobacteria - 896 (98.6)
Escherichia coli 802 (88.2)
Clostridium difficile - 230 (25.3)
Bacteroides fragilis group - 738 (81.2)
Lactobacilli - 290 (31.9)

Counts of intestinal bacteria (log;o CFUg™"), median (range)®

Bifidobacteria -
Escherichia coli - 9.30 (5.91-10.79)
Clostridium difficile - 5.40 (2.70-9.57)

10.69 (6.84-11.56)

(

(

Bacteroides fragilis group - 9.40 (5.74-10.36)
(

(

Lactobacilli - 8.66 (7.92-10.73)
Total count - 12.69 (8.47-19.63)
Covariables
Age sampling feces (days), (mean +s.d.) - 31.7+33
Recruitment group conventional 2343 (83%) 618 (68%)
Maternal education®
Low 289 (10%) 60 (7%)
Middle 1060 (38%) 312 (34%)
High 1341 (48%) 508 (56%)
Other 108 (4%) 19 (2%)
Maternal prepregnancy BMI (kg m~?, (mean+sd) 23.6+4.0 23.3+3.6
Maternal smoking during late pregnancy
Yes 200 (7%) 27 (3%)
Gender
Boy 1451 (51%) 454 (50%)
Birth weight, g (mean +s.d.) 3500+512 3562 +467
< 2500 79 (3%) 12 (1%)
2500-4500 2663 (95%) 873 (96%)
>4500 70 (3%) 24 (3%)
Place and mode of delivery
Natural delivery at home 1187 (42%) 432 (48%)
Natural delivery in hospital 924 (33%) 301 (33%)
Artificial delivery at home® 2 (0%)
Artificial delivery in hospital® 223 (8%) 66 (7%)
Cesarean section in hospital 311 (11%) 93 (10%)
Duration of breastfeeding, months (mean+s.d) 4.7+3.0 59+45
Type of infant feeding
Formula feeding from birth 446 (16%) 113 (12%)
Combination of breast and formula feeding in 1185 (42%) 320 (35%)
first 3 months
Breastfeeding as the only milk feeding in first 614 (22%) 241 (26%)
3 months
Breastfeeding as the only milk feeding in first 562 (20%) 235 (26%)
6 months
Dietary factors
Total energy intake, kcal (mean +s.d.) 1466 + 305 1445 + 298
Energy percentage from fat, % (mean +s.d.) 14.6+2.1 14.4+2.1
Energy percentage from protein, % (mean+s.d.) 29.6+4.2 294+43
Energy percentage from carbohydrates, 55.8+5.0 56.1+5.1
% (mean +s.d.)
Fiber, g (mean +s.d.) 15.3+4.0 15.4+4.1

Abbreviations: BMI, body mass index; CFU, colony-forming unit. Numbers
do not always add up to the total because of missing data. *Low: primary
school, preparatory vocational or lower general secondary school, middle:
vocational, higher general secondary or pre-university education, high:
higher vocational or academic education. PIncludes only children who
were colonized with the specific bacteria group or species. “Forceps or

vacuum extraction.

BMI in children up to 10 years of age, in particular among
children in the conventional subcohort and a low-fiber diet. In
line with our results, Bickhed et al.*? showed that host total body
fat content increased after colonization of germ-free mice with
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Table 3. Generalized estimating equation (GEE) results for colonization and counts (log;o CFU g~ ') of the gut microbiota at 1 month of age and BMI
z-score measured repeatedly between 1 and 10 years of age; includes only children with a conventional lifestyle (n =629; 68% from the total study
population)

Crudef (95% Cl) P-value AdjB (95% CI)? P-value AdjB (95% CI)° P-value

Prevalence of colonization with intestinal bacteria, n (%)

Bifidobacteria“ 317 (49%) 0.11 (-0.01 to 0.22)  0.07 0.05 (-0.06 to 0.16) 0.38 0.05 (-0.07 to 0.16) 0.43
Escherichia coli 551 (89%) —-0.04 (-0.23 to 0.15)  0.68 —0.03 (-0.21 to 0.14) 0.73 —0.06 (-0.25 to 0.14) 0.57
Clostridium difficile 154 (25%) —0.05 (-0.19 to 0.08)  0.44 —0.12 (-0.25 to 0.01) 0.08 —0.09 (-0.23 to 0.04) 0.18
B. fragilis group 511 (83%) 0.16 (0.00 to 0.32) 0.049 0.11 (-0.05 to 0.26) 0.17 0.15 (-0.02 to 0.31) 0.08
Lactobacilli 201 (33%) —0.06 (-0.18 to 0.06) 0.34 0.06 (-0.17 to 0.06) 0.31 —0.08 (-0.02 to 0.05) 0.22

Counts of intestinal bacteria (log,, CFU g~ "), median (range)d

Bifidobacteria 10.71 (6.84 to 11.56) 0.03 (-0.04 to 0.10)  0.38 0.00 (-0.06 to 0.07) 0.94 0.00 (-0.07 to 0.07) 0.96
Escherichia coli 9.43 (591 to 10.79) —0.00 (-0.05 to 0.04)  0.93 —0.01 (~0.05 to 0.04) 0.78 0.01 (-0.04 to 0.05) 0.76
Clostridium difficile  5.24 (2.70 to 9.57) —-0.05 (-0.10 to 0.01)  0.13 —0.03 (-0.09 to 0.03) 0.26 —0.04 (-0.10 to 0.02) 0.19
B. fragilis group 9.40 (5.74 to 10.36) 0.01 (-0.04 to 0.05) 0.76 0.02 (-0.02 to 0.07) 0.29 0.01 (-0.03 to 0.06) 0.57
Lactobacilli 8.70 (792 to 10.73) —0.02 (-0.16 t0 0.13)  0.83 0.01 (-0.14 to 0.15) 0.94 —-0.02 (-0.18 to 0.14) 0.81
Total count 12.55 (8.47 to 19.63) 0.05 (-0.04 to 0.15)  0.29 0.05 (-0.04 to 0.14) 0.28 0.02 (-0.07 to 0.12) 0.66

Abbreviations: Adjp, adjusted p; BMI, body mass index; CFU, colony-forming unit; Cl, confidence interval. Numbers in the table may not add up to 629 because
of missing values. *Adjusted for age BMI measurements, infant gender, birth weight, place and mode of delivery, maternal education level, maternal BMI
before pregnancy, duration of breastfeeding, age at collection of fecal sample, type of infant feeding and total bacteria counts. ®PAdditionally adjusted for
nutrition intake at 4 years of age (total energy intake (kcal), energy from fat (%) and energy from protein (%). “Colonization with bifidobacteria in association
with standardized BMI presented as low ( < 10.68 log;o CFU g~ ") versus high (> 10.68 log;o CFU g ') as almost all infants were colonized; uncolonized (n= 13)
were added to the low count group. “Includes only children who were colonized with the specific bacteria group or species.

Table 4 Generalized estimating equation (GEE) results for colonization and counts (log,o CFU g~ ") of the gut microbiota at 1 month of age and BMI
z-score measured repeatedly between 1 and 10 years of age; includes only children with an alternative lifestyle (n=298; 32% from the total study
population)

Crudef3 (95% Cl) P-value AdjB (95% CI)? P-value AdjB (95% CI)° P-value
Prevalence of colonization with intestinal bacteria, n (%)
Bifidobacteria“ 142 (49%) —0.04 (-0.21 to 0.12) 0.62 —0.08 (-0.24 to 0.08) 0.34 —0.13 (-0.29 to 0.04) 0.14
Escherichia coli 251 (86%) 0.09 (-0.12 to 0.30)  0.40 -0.13 (-0.33t0 0.08)  0.22 —0.17 (-0.38 to 0.03) 0.10
Clostridium difficile 76 (26%) 0.01 (-0.17 to 0.20) 0.88 —0.04 (-0.22 to 0.13) 0.63 —0.06 (-0.24 to 0.12) 0.52
B. fragilis group 227 (78%) —0.05 (-0.25 to 0.14)  0.60 —-0.01 (-0.18 to 0.16)  0.89 0.01 (-0.16 to 0.18) 0.94
Lactobacilli 89 (31%) 0.00 (-0.18 to 0.19) 1.00 —0.06 (-0.22 to 0.11) 0.51 —0.04 (-0.21 to 0.13) 0.62

Counts of intestinal bacteria (log,, CFU g~ "), median (range)®
Bifidobacteria 10.66 (6.85 to 11.49) 0.00 (—0.80 to 0.09) 0.93 —0.03 (-0.11 to 0.04) 0.40 —0.05 (-0.13 to 0.02) 0.17
Escherichia coli 9.30 (5.92 to 10.62) —0.02 (—0.08 to 0.04) 0.57 —0.01 (-0.07 to 0.05) 0.70 —0.02 (-0.09 to 0.04) 0.48
Clostridium difficile 5.78 (2.85 to 8.81) —0.01 (-0.07 to 0.06) 0.88 0.04 (-0.03 to 0.11) 0.24 0.07 (—0.00 to 0.14) 0.04
B. fragilis group 9.18 (5.80 to 10.33) —0.07 (—0.14 to 0.00) 0.05 —0.07 (-0.15 to 0.00) 0.05 —0.10 (-0.17 to —0.03) 0.01
Lactobacilli 8.61 (7.95 to 10.33) —0.06 (—0.26 to 0.14) 0.57 -0.12 (-0.33 to 0.10) 0.29 —0.06 (-0.25 to 0.13) 0.55
(= (=

Total count 12.85 (9.13 to 19.04) 0.05 (-0.04 to 0.15)  0.29 0.05 (-0.04 to 0.14)  0.28 0.02 (-0.07 to 0.12) 0.66

Abbreviations: Adjf, adjusted p; BMI, body mass index; CFU, colony-forming unit; Cl, confidence interval. Numbers in the table may not add up to 298 because
of missing values. ?Adjusted for age BMI measurements, infant gender, birth weight, place and mode of delivery, maternal education level, maternal BMI
before pregnancy, duration of breastfeeding, age at collection of fecal sample, type of infant feeding and total bacteria counts. ®PAdditionally adjusted for
nutrition intake at 4 years of age (total energy intake (kcal), energy from fat (%) and energy from protein (%). “Colonization with bifidobacteria in association
with standardized BMI presented as low ( < 10.68 log;o CFU 9_1) versus high (>10.68 log,o CFU g_1) as almost all infants were colonized; uncolonized (n=13)
were added to the low count group. “Includes only children who were colonized with the specific bacteria group or species.

Bacteroides thetaiotaomicron, the most abundant member of the study, White et al.*® showed that presence of Bacteroides spp. in
B. fragilis group in the human gut. These latter results were 30-day-old infants was associated with lower body weight
explained by the ability of B. thetaiotaomicron to ferment plant- z-scores at the age of 6 months in males (n=108), but not in
or host-derived polysaccharides to short-chain fatty acids, in females. However, these studies used traditional culture and a
particular acetate. Acetate can serve as a source of energy for microarray respectively to assess the microbiota composition,
peripheral tissues, and is taken up by the liver and used as a and caution is therefore required when comparing these results
substrate for lipogenesis and gluconeogenesis. Colonized mice with our study. The role of fiber in children colonized with
have higher levels of liver triglycerides that suppress the members of the B. fragilis group is contradictory. Only in children
expression of fasting-induced adipose factor and increase the with a low-fiber diet ( < 15 g per day) colonization with B. fragilis
storage of triglycerides in adipocytes3%3' Our results are  group resulted in a higher BMI. In children with a high-fiber diet,

furthermore in accordance with the observational study by Vael colonization with B. fragilis group did not influence BMI. A

et al,”® who showed a positive association between B. fragilis potential explanation for this loss of association between
group in the feces of 3- and 26-week-old infants, and BMI z-score colonization with the B. fragilis group and BMI in the high-fiber
at preschool age (up to 36 months) (n=138). In contrast to our consumers might be that consuming a high-fiber diet at the age
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Table 5.

Generalized estimating equation (GEE) results for colonization and counts (log;, CFU g~ ") of Bacteroides fragilis group at 1 month of age and
BMI z-score measured repeatedly between 1 and 10 years of age in children with a conventional lifestyle (n=618)

(range)

Crude 3 (95% Cl) P-value Adj B (95% CI)* P-value Adj B (95% cnP P-value

Low-fiber diet (< 15.0 g)

Prevalence of colonization, n (%) 242 (84%) 0.43 (0.26 to 0.60) 0.00 0.36 (0.18 to 0.53) 0.00 0.34 (0.17 to 0.52) 0.00
Counts (log,, CFU g”), median 9.36 (5.74 to 10.36) —0.04 (-0.10 to 0.01) 0.14 -0.04 (-0.10 to 0.01) 0.09 -0.05 (-0.10 to 0.00) 0.05
(range)d

High-fiber diet (>15.0 g)°

Prevalence of colonization, n (%) 179 (81%) -0.07 (-0.31t0 0.17) 0.56 —0.10 (-0.28 to 0.10) 032 —0.10 (-0.31 to 0.09) 0.24
Counts (log,, CFU g’1), median 9.39 (5.77 to 10.27) 0.06 (-0.01 to 0.13) 0.07 0.07 (0.01 to 0.14) 0.02 0.08 (0.01 to 0.14) 0.02

who were colonized with the specific bacteria group or species.

Abbreviations: Adjp, adjusted p; BMI, body mass index; CFU, colony-forming unit; Cl, confidence interval. Stratified for fiber intake (low or high intake).
Numbers in the table may not add up to 618 because of missing values in dietary intake variables. *Adjusted for age BMI measurements, infant gender, birth
weight, place and mode of delivery, maternal education level, maternal BMI before pregnancy, duration of breastfeeding, age at collection of fecal sample,
type of infant feeding and total bacteria counts. PAdditionally adjusted for nutrition intake at 4 years of age (total energy intake (kcal), energy from fat (%) and
energy from protein (%). “Median fiber intake at the age of 4 years is calculated for the total population, including both groups (alternative and conventional).
For the conventional recruitment group and alternative recruitment group, the median fiber intake is 14.31 and 16.47 g, respectively. “Includes only children

of 4 years might compensate for the effect that early B. fragilis
group colonization has on BMI.

Our results for higher counts of B. fragilis group in children who
are colonized are less clear. Higher counts are positively associated
with BMI only in children in the conventional subcohort and a
high-fiber diet, but inversely associated in children with a low-fiber
diet, and in children in the alternative subcohort. A plausible
explanation might be a different composition of B. fragilis group
species between infants in the two different recruitments groups.
The pregnant women recruited through alternative channels
might introduce a different lifestyle for their children, promoting
early colonization with other bacteroides species than in the
conventional subgroup. Indeed, species within the B. fragilis group
might differentially affect weight development as suggested by
Bervoets et al.?* who showed more B. fragilis in obese and more B.
vulgatus in control subjects. Identification of bacteroides at the
species level in future prospective studies is warranted to address
whether a different species distribution actually precedes (over)
weight development during childhood.

We are not aware of any previous human studies that
investigated the interaction between bacteroides and dietary
fiber intake. It is important to note that although we were able to
study this interaction, collection of fecal samples (at 1 month) and
dietary information (at 4 years) did not take place at the same
time, and this is clearly a weakness of this study. Despite the high
instability of the microbiota in infancy, it may be speculated that
the presence of B. fragilis group as pioneer species in the neonatal
gut could be indicative for the subsequent persistence of these
bacteria or other developmental processes toward an adult-like
microbiota. Although dietary information was only collected once,
at the age of 4 years, we used a validated FFQ to determine the
habitual dietary intake. The FFQ reflects the long-term dietary
pattern and gives a much better estimate of habitual dietary
intake than instruments such as food diaries and 24-h recall. In
addition, previous studies showed that dietary patterns stay
relatively stable during childhood.****

Furthermore, we observed that neonatal colonization with
C. difficile was associated with a lower BMI at the age of
103+5 months. As asymptomatic carriage of C. difficile is very
common in the first years of life and a significant effect was only
found in the children in the conventional subcohort, after
adjustment of potential confounders, and merely in the last time
point of BMI measurement (average age of 105 months), caution
in drawing conclusions is required. As we conducted several tests
for the five different bacteria groups/species, a type | error
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because of multiple testing cannot be excluded. Therefore, further
research is required to replicate our findings.

We did not find an association between bifidobacteria and BMI
development. This is in contrast to the results from Kalliomaki
et al,”® who found lower levels of bifidobacteria at 6 and
12 months of age in children with normal weight (n=24)
compared with overweight or obesity (n=25) at 7 years of age.
That study was the first to show an association between intestinal
microbiota composition and development of overweight. In our
study, fecal samples were collected only at age 1 month when
almost all children are colonized with high concentrations of
bifidobacteria, and this might mask a potential effect of
bifidobacteria.

The prospective study design, a large study population,
adjustment for the main determinants of the microbiota
composition in early infancy (for example, place and mode of
delivery, type of infant feeding in the first month) and repeated
measurements of BMI on 7 occasions over a time period of 10
years are major strengths of our study. Nevertheless, the present
study also has some limitations; one drawback is that only five
bacterial groups and genera were measured, although others may
also be involved in weight development in childhood.*® Previous
studies using extensive profiling of the neonatal gut microbiota,
have however shown that the microbiota at this age is still very
simple and dominated by the bacterial groups targeted in the
present study.*® Another drawback of this study was the timing of
fecal sampling collection at 1 month of age. In early infancy, the
gut microbiota composition is relatively unstable and its role in
shaping the microbiota at a later age is to date unknown.*”*® This
study only provides information on the role of the intestinal
microbiota at early infancy. The measured species might actually
indicate presence or absence of other unstudied co-occurring
bacterial genera or species that influence weight development.*
Another limitation relates to the time between collection of the
fecal sampling by the parents and analyzing the samples in the
laboratory that was 1 day for the majority of samples. Even though
the total amount of bacterial DNA, as well as the diversity of the
microbiota, may decrease significantly in such a time period,
the similarities of the fecal samples processed directly and those
processed after 24h remain high.>® This also applies for the
temperature at which the fecal samples are held in the first 24 h
after collection.>®

Finally, in the present study, we made use of parent-reported
body weight and height. Even though the procedure of measuring
weight and height of their child was explained and numerous
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studies have demonstrated that self-reported questionnaires are a
valid method to estimate body weight and height,>'*? it is known
that parents of children with a low BMI tend to overreport body
weight, whereas parents of children with a high BMI tend to
underreport body weight>>** Recently, we reported a similar
underestimation in the KOALA study.®® This implies that the
association we observed between the intestinal microbiota and
BMI may actually have been stronger than reported.

CONCLUSION

Our study indicates that presence of B. fragilis group in early
infancy tended to be associated with a higher BMI later in
childhood. If causal, this may have important public health
implications as children with an elevated BMI are more likely to
remain overweight as adults.>® Even a moderate increase in BMI
over a long period of time has been shown to increase disease
risk.>” Some studies found that a reduction of 0.25 BMI z-scores
results in a small improvement in metabolic markers among obese
adolescents,>® and a reduction of 0.5 BMI z-scores leads to a major
improvement.>® Modification of the composition of the intestinal
microbiota could contribute to the prevention of overweight and
obesity.
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