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ABSTRACT

Background: The prenatal maternal microbiome, including the gut microbiota, has been sug-
gested to influence the incidence of allergies in offspring. Moreover, epidermal barrier dysfunction
in early infancy has been attributed to the development of subsequent allergies. We hypothesized
that the prenatal microbiome may affect the gut microbiota, acting as an initial trigger to alter
immune development in the foetus. The maternal microbial composition may be linked to the
prevalence of dermatitis in early infancy (DEI) of the offspring, leading to subsequent allergic
symptoms.

Methods: This study was conducted as part of the Chiba Study of Mother and Child Health (C-
MACH) birth cohort that was initiated in 2013; 434 healthy pregnant women at < 13 weeks of
gestation were recruited. DEI was assessed for up to 4 months after birth, and allergic symptoms
were determined in 10-month-old infants using questionnaires. Other information related to the
maternal microbiome was obtained from questionnaires filled out during pregnancy. Stool sam-
ples were collected from pregnant women at 12 (n ¼ 59) and 32 weeks (n ¼ 58) of gestation,
which were used for gut microbiota analysis using barcoded 16S rRNA gene sequencing.

Results: Symptoms of allergy, especially of inherited allergies, show a higher prevalence at 10
months after birth in the DEI group. DEI occurrence was negatively correlated with family size and
cat ownership. The diversity of Proteobacteria at 12 weeks of gestation and the relative abundance
of Actinobacteria at 32 weeks of gestation in maternal feces were lower at both time points of
gestation in the DEI group. In addition, the diversity of Proteobacteria in prenatal feces was
negatively correlated with family size at 12 weeks, and with dog ownership at both gestational
time points.

Conclusions: The composition of the maternal microbiome may influence the risk of allergies in
offspring, even before birth. Furthermore, the diversity of Proteobacteria and the relative
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abundance of Actinobacteria in maternal feces were negatively associated with DEI, which may be
associated with the risk of allergy development in infancy. This early trigger may be a good pre-
dictor of allergy development during infancy and childhood.

Keywords: Birth cohort, Dermatitis in early infancy, Prenatal gut microbiota, Proteobacteria,

Actinobacteria
BACKGROUND microbial environment in early life is essential for
Dermatitis, which includes infantile eczema,
neonatal acne, seborrheic dermatitis, and inter-
trigo, is commonly encountered in neonates, and
epidermal barrier dysfunction in infancy has been
shown to be a primary causative mechanism of
subsequent allergic symptoms.1 Thus,
determining the presence or absence of
dermatitis in early infancy (DEI) can be an
effective method to predict the risk of
subsequent allergies. The so-called “allergic
march” represents the natural history of atopic
manifestations, characterized by a typical
sequence of progression of allergic symptoms in
infancy from atopic dermatitis (AD) and food al-
lergy (FA) to asthma and rhinitis.2 Recent
epidemiological studies suggest that exposure to
food antigens through the skin contributes to
allergic sensitization.3 Children with eczema and
epidermal barrier dysfunction have a higher risk
of developing FA.4,5 Moreover, these children
tend to have immune responses skewed towards
type 2 T helper cells (Th2).6 Thus, DEI can
represent an early manifestation of allergies in
infancy, presumably owing to an immunological
alteration that occurs before birth,7 leading to
subsequent AD and wheezing7 and proceeding
along the allergic march throughout
development.8

The increasing prevalence of allergies world-
wide over the past few decades has been pro-
posed to be related to a decrease in microbial
exposure during pregnancy owing to several life-
style and environmental changes, including
reduced exposure to livestock and/or the
increased use of antibiotics.9 Indeed, microbial
exposure in early life, notably during the prenatal
period, appears to be especially important to
reduce the risk of asthma and allergic
disease.10,11 A balanced and diverse human
proper immune development, both in terms of
protective anti-microbial and regulatory immune
responses to environmental antigens as well as
regulating the response to prevent excessive re-
actions as manifested by atopy and asthma.
Exposure to the maternal microbiota during
pregnancy was discovered to exert distinct effects
on regulatory T (Treg) cells, the type 1 T helper
(Th1)/Th2 cell ratio, and FOXP3 demethylation in
offspring,12 as well as influencing the expression of
innate immune receptors at birth.13

The maternal gut microbiota during pregnancy
may also play a key role in mediating the suscep-
tibility of allergic disease in the offspring. The pri-
mary source of commensal microbiota in the infant
gut is the maternal vaginal microbiota and, to a
lesser extent, the gut microbiota, which the infant
comes into contact with during vaginal delivery.14

Variations in the composition of the microbiota
have been observed in allergic infants,15 and a
high intestinal microbial diversity during the first
month of life has been reported to be a more
important factor to decrease the risk of
subsequent AD than the prevalence of specific
bacterial taxa.16,17 The short-chain fatty acids
produced by the activities of the commensal
microbiota, especially butyrate, have been shown
to induce the differentiation of colonic Treg
cells.18,19 Moreover, the maternal microbiome
may directly influence the developing fetal
immune system.20 Indeed, researchers have
hypothesized that during pregnancy, microbial
DNA and/or cell wall components are
transported to the placenta and amniotic fluid,
where the molecules contribute to the
development of the fetal immune system.21

However, the specific effect of the maternal gut
microbiota on the offspring's susceptibility to
allergic disease has only been investigated to-
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date in intervention studies, such as those
assessing probiotic and dietary
supplementation.22 Importantly, no human
studies have found an association between the
composition of the maternal microbiome during
pregnancy and the offspring's risk of allergic
disease.20

Thus, we hypothesized that the prenatal micro-
biome may affect the gut microbiota and alter the
immune development of the fetus, which may
trigger the development of DEI and subsequent
allergic symptoms. To test this hypothesis, we
analyzed the association between the maternal
microbiome, with a focus on the gut microbiota,
and the cumulative prevalence of DEI (CP-DEI),
using data from the Chiba study of Mother and
Child Health (C-MACH) birth cohort.23
METHODS

Study design

Given that the prevention of DEI may be an
effective strategy for decreasing the risk of subse-
quent allergies, this study focused on the onset of
DEI. This was a case cohort study (case: DEI posi-
tive; control: DEI negative) conducted as a part of
the C-MACH, a birth cohort study initiated in 2013
in the Chiba and Saitama Prefectures near Tokyo,
Japan. Details of the enrollment procedure have
been previously described.23 In brief, 434 healthy
pregnant women at < 13 weeks of gestation were
recruited to the C-MACH to investigate the genetic
and environmental factors associated with child
health using multiomics strategies. During the
course of the study, 68 participants withdrew
their consent, resulting in a final cohort of 366
mothers.

The study protocol was approved by the ethical
boards of the Biomedical Research Ethics Com-
mittee of the Graduate School of Medicine, Chiba
University (Updated ID 989: application date
September 20, 2019), and written informed con-
sent was obtained from all participants of this
study.
Questionnaires and medical records

Given that fetal immune system development
begins during the first trimester,24 we analyzed
the effect of environmental factors at both 12
(first trimester) and 32 weeks (third trimester) of
gestation. Self-reported questionnaires were
completed at 12 and 32 weeks of gestation, and
then at 1, 4, and 10 months after birth by each
mother. The progravid body mass index (BMI)
was calculated by measuring the height and
weight before gestation based on answers in the
questionnaires at 12 weeks of gestation; infor-
mation on gestational age, maternal allergies,
and family size was also obtained from the
questionnaires at 12 weeks. Information
regarding pet ownership and antibiotic use dur-
ing pregnancy was obtained from the question-
naires at both 12 and 32 weeks.

The participants also answered the self-
administered Brief-type Diet History Question-
naire (BDHQ)25 at 12 and 32 weeks of gestation.
Given that the microbiome composition is
affected by dietary fat and fiber contents,26 the
information on total fiber and total fat intake was
obtained from the BDHQs at both 12 and 32
weeks of gestation. Furthermore, researchers
have demonstrated that there is likely a benefit
to using probiotics during pregnancy resulting
primarily in the prevention of eczema.27 Thus,
fermented food intake, measured as the sum of
pickle, natto, soy sauce, and miso-paste intake,
was also evaluated from the BDHQs at both 12 and
32 weeks of gestation, as fermented foods
frequently contain probiotic strains.

Information about the sex, delivery mode, birth
height, birth weight, head circumference, birth
month, and gestational age were obtained from
the medical records at birth.

Among the 366 participants, some were
removed from the final analysis owing to missing
maternal or infant information. These numbers
varied across time points and questions; therefore,
the sample size used for each analysis is indicated
in the respective table columns.
Determination of atopic manifestations

Allergic mothers were defined as those who
answered “yes” to thequestion: “Have youever been
diagnosedwith allergydiseasebyaphysician?” at 12
weeks of gestation. CP-DEI was defined when the
answer was “yes” to the question: “Has your baby
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had bumps on the face, head, around the ears, and
neck in the last fourmonths (rash)?” at 4months after
birth. Given that the focus of this study was cuta-
neous barrier dysfunction in early infancy, DEI
included multiple skin disorders encountered dur-
ing early infancy, such as infantile eczema, neonatal
acne, seborrheic dermatitis, and intertrigo.

FA was defined when the answer was “yes” or
“suspected” to the question: “Has your baby been
diagnosed with a food allergy by a physician?” at
10 months after birth.Wheezing was considered to
be present when the answer was “yes” to the
question: “Has your baby made wheezing sounds
while breathing?” at 10 months and it occurred
with symptoms at least 3 times.

AD was defined according to a modified Inter-
national Study of Asthma and Allergies in Child-
hood (ISAAC) questionnaire.28 The ISAAC
questionnaire was designed to estimate allergies
in children between the ages of 13-14 and 6-7
years; therefore, we modified the questionnaire
for infants according to the Japanese guidelines
for AD.29 Specifically, if the answer was “yes” to
the question: “Currently, does your baby have
eczema, accompanied by itching, that keeps
appearing and vanishing and has persisted for
more than 2 months?” at 10 months, then AD
was considered. In this case, “itching” refers to
the baby's itching behavior, for instance, scraping
the head. AD was only confirmed when an itchy
rash detected at any time affected specific sites
according to positive responses to the following
question: “Where is the itching site on your
baby? Hollow of the elbow, hollow of the knee,
around the ankle, around the neck, around the
eyes, around the ears, cheek, forearm, or lateral
side of the lower limbs”.
Measurement of umbilical cord blood thymus and
activation-regulated chemokines

Umbilical cordblood (CB) sampleswere collected
from all participants who delivered in the 3 hospitals
participating in the C-MACH. The serum was sepa-
rated from each blood sample by centrifugation
within 24 hours of sample collection, and stored
at �80 �C until analysis. The TARC/CCL17 levels
were measured using a chemiluminescent immu-
noassay kit (Sysmex Corp., Kobe, Japan) according
to the manufacturer's guidelines.
Maternal stool samples

Stool samples were collected from maternal
participants who agreed to the analysis of their
feces in a hospital associated with the C-MACH at
12 (n ¼ 59) and 32 weeks (n ¼ 58) of gestation for
gut microbiota analysis. The samples were stored
at �80 �C until DNA extraction. Among these
participants, one was excluded from the analysis
because of the use of antibiotics during preg-
nancy. Other exclusions owing to missing data
included 2 mothers from the maternal analysis of
the association of gut microbiota diversity with al-
lergies. Five infants because of missing delivery
mode data and all the caesarean-delivered infants
(n ¼ 5) were excluded from the correlative analysis
between gut microbiota diversity and relative
abundance at 12 weeks of gestation and CP-DEI or
AD and/or FA at 10 months post-birth. Moreover, 6
and 15 infants were excluded owing to missing
information from the analysis between gut micro-
biota diversity and relative abundance at 12 weeks
of gestation and CP-DEI and AD and/or FA at 10
months. An infant was excluded because of
missing delivery mode data, and the caesarean-
delivered infants (n ¼ 7) were excluded from the
analysis between gut microbiota diversity and
relative abundance at 32 weeks of gestation and
DEI or AD and/or FA at 10 months. Moreover, 3
and 14 infants were excluded from the infantile
analysis at 32 weeks of gestation because of
missing information on DEI and/or allergy 10
months after birth, respectively.
DNA extraction from the stools

Fecal DNA extraction was performed according
to a previous report with minor modifications.30

Approximately 5 g of feces was blended with
30 mL of methanol (Honeywell, Muskegon, MI,
USA) and filtered with a 100-mm mesh filter to
remove food residue after vigorous vortexing.
The filtrate was centrifuged at 15,000�g for
10 min at 4 �C, and the supernatant was used for
metabolomics analysis. DNA of the fecal
microbiome was extracted from the pellet.

The pellets (50 mg) were suspended in 450 mL
of TE10. To each suspension, 7.5 mg lysozyme was
added (FUJIFILM Wako-Junyaku Co., Osaka,
Japan) and incubated at 37 �C for 1 hour. Subse-
quently, 1100 units of purified achromopeptidase
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(FUJIFILM Wako-Junyaku, Co.) was added to the
mixture and further incubated at 37 �C for 30 mi-
nutes. The suspension was added to 10% (wt/vol)
sodium dodecyl sulphate with 0.6 mg of protein-
ase K (Merck KGaA, Darmstadt Germany) and
incubated at 55 �C for 1 hour.31 After
centrifugation, the bacterial DNA was extracted
using a phenol:chloroform:isoamyl alcohol
(25:24:1) solution (Nacalai Tesque, Kyoto Japan).
The DNA was precipitated by adding ethanol
and sodium acetate. RNase treatment and
polyethylene glycol precipitation were
performed. Finally, the DNA was cleaned using a
PCR clean-up system (Promega Co., Madison, WI,
USA).
16S rRNA gene sequencing

The V1-2 variable region (27F–338R) was
sequenced on an Illumina MiSeq system. Use of
this variable region for 16S rRNA gene sequencing
has been previously demonstrated.30 The 16S
rRNA V1–V2 amplicon was amplified using KAPA
HiFi Hot Start Ready Mix (2 � ) (TaKaRa Bio Inc.,
Shiga Japan) with the following universal
bacterial 16S rRNA gene primers: forward,
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
AGRGTTTGATYMTGGCTCAG; and reverse, GTCT
CGTGGGCTCGGAGATGTGTATAAGAGACAGATT
ACCGCGGCTGCTGG. The first reaction mixture
contained 6 pmol of each primer, 12.5 ng of
microbial DNA, 12.5 mL of 2 � KAPA HiFi Hot
Start Ready Mix, and sterilized water to reach a
final volume of 30 mL. The PCR conditions were
as follows: 95 �C for 2 minutes, and then 20
cycles at 95 �C for 30 seconds, 55 �C for
30 seconds, and 72 �C for 1 minute, followed by
72 �C for 3 minutes. The PCR product was
purified using AMPure XP (Beckman Coulter, Inc.,
CA, USA) and confirmed using electrophoresis
on 3% (w/v) agarose gels.

Dual indices and Illumina sequencing adapters
were attached to the PCR products using the Nex-
tera XT Index Kit. After purification of the amplicon
using AMPure XP beads, the samples were quanti-
fied using the Quant-iT PicoGreen dsDNA Assay Kit
(Life Technologies Japan, Ltd., Tokyo Japan).

Mixed samples were prepared by pooling
approximately equal amounts of PCR amplicons
from each sample. The pooled library was
analyzed using an Agilent High Sensitivity DNA Kit
on an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Foster City, CA, USA). Real-time quantita-
tive PCR was performed on the pooled library
using the KAPA Library Quantification Kit for Illu-
mina following the manufacturer's protocols.
Based on the quantification results, the sample
library was denatured and diluted. A sample li-
brary with 20% denatured PhiX spike-in was
sequenced on an Illumina MiSeq using a 500-
cycle kit.

Taxonomic assignments and estimation of the
relative abundance from the sequencing data were
performed using the analysis pipeline of the QIIME
software package.32 Chimera checking was
performed using UCHIME.33 Operational
taxonomic units (OTUs) were defined as 97%
similarity. The OTU was assigned a taxon based
on comparison with the Greengenes database
using RDPclassifier.34,35 The proportion of
identified taxa in each sample was summarized
and the bacterial diversity was calculated. Recent
studies have revealed that the human gut
microbiota primarily consists of 4 dominant phyla,
namely, the Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria, and their total
proportion exceeds 95% of the population.36,37

Thus, we focused our analysis on these four phyla.
Statistical analysis

Data were considered statistically significant if
the two-sided P-value was <0.05. All analyses were
performed using R v3.4.1. (R Core Team (2017). R:
A language and environment for statistical
computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-
project.org/) and SAS for Windows v9.4 (SAS
Institute Inc., Cary, NC, USA).

The changes in the prevalence of subsequent
allergic symptoms with DEI were determined using
Fisher's exact test. The changes in CP-DEI with anti-
biotic use during pregnancy, sex, delivery mode,
and birth season were determined using Fisher's
exact test.Variations inmaternal age, progravid BMI,
birth size, andgestational agewith respect toCP-DEI
were evaluated using the Wilcoxon rank sum test.
The correlation of CP-DEI with allergy-related factors
during pregnancy was assessed using logistic
regression analysis. Correlation of the mother's and
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offspring's atopic manifestations with the Shannon
diversity index (SDI) of the four phyla and one genus
in the prenatal fecal microbiota was assessed using
the Wilcoxon rank sum test. In addition, the relative
abundance of the four phyla and one genus in the
prenatal fecal microbiota compared to CP-DEI was
determined using the Wilcoxon rank sum test. The
correlation between the SDI and relative abundance
of Proteobacteria in the prenatal fecal microbiota
with allergy-related factors was evaluated using
multiple regression analysis. The normality of the
distribution of the dependent variableswas checked
using the Shapiro-Wilk normality test, and the data
were converted to natural logarithms prior to multi-
ple regression analysis if the variables were not
normally distributed.

We also performed a sensitivity analysis to
confirm the robustness of our results and a multiple
DEI-positive (n ¼

Maternal age (years) 32.4 (31.8–33.0) (u
n ¼ 3)

Progravid BMI 21.0 (20.7–21.3) (u
n ¼ 4)

Maternal allergy (positive/
negative)

142/98 (unknown

Antibiotics use during
pregnancy

4 (unknown n ¼

Sex of neonates (male/female) 128/112 (unknow

Delivery mode (spontaneous/
caesarean)

199/26 (unknown

Birth height (cm) 49.6 (49.3–49.9) (u
n ¼ 2)

Birth weight (g) 3115.4 (3070.2–3
(unknown n ¼

Head circumference (cm) 33.6 (33.4–33.8) (u
n ¼ 2)

Birth season (Sep to Feb/Mar
to Aug)

187/50 (unknown

Gestational age (weeks) 39.2 (39.1–39.3) (u
n ¼ 4)

Table 1. Demographic data (mean (95% CI)) and information of the new
dermatitis in early infancy. b. Calculated using Fisher's exact test. c. Calculated u
bold. d. Blanks correspond to no utilization of medication
imputation analysis. In brief, missing data were
imputed using multivariate imputation by chained
equations (MICEs) estimated from sequential multi-
variable models with conditional specifications.
RESULTS

Characteristics of maternal and newborn
populations

Overall, 73% of all infants had DEI by 4 months
of age, which was slightly higher than the 60%
reported by Shibuya et al., using the same method,
in Japanese infants up to 3 months of age.8

Besides gestational age, there were no
statistically significant differences in the
characteristics of maternal and infant populations
with and without DEI (Table 1). There were also
no significant differences in maternal age,
240) DEI-negative (n ¼ 87) P
value

nknown 32.9 (31.9–33.9) (unknown
n ¼ 5)

0.40c

nknown 21.5 (20.8–22.2) (unknown
n ¼ 5)

0.23c

n ¼ 0d) 51/36 (unknown n ¼ 0d) 1.02b

0d) 2 (unknown n ¼ 0d) 0.66b

n n ¼ 0) 43/44 (unknown n ¼ 0) 0.51b

n ¼ 15) 68/12 (unknown n ¼ 7) 0.43b

nknown 49.4 (49.0–49.8) (unknown
n ¼ 1)

0.15c

160.6)
3)

3100.0 (3013.0–3187.0)
(unknown n ¼ 1)

0.71c

nknown 33.5 (33.2–33.8) (unknown
n ¼ 1)

0.42c

n ¼ 3) 64/20 (unknown n ¼ 3) 0.65b

nknown 38.9 (38.6–39.2) (unknown
n ¼ 0)

0.03c

borns and their mothers.a a. Abbreviations: BMI, body mass index; DEI,
sing Wilcoxon's rank-sum test; statistically significant (P � 0.05) values are in
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progravid BMI, maternal allergy, and antibiotic use
during pregnancy between the mothers whose
infants did and did not have DEI. With respect to
the newborns’ characteristics, there were no
significant differences in sex, delivery mode, birth
height or weight, head circumference, and birth
season between groups with and without DEI.
Thus, considering these basic characteristics, no
specific risk factor for DEI was identified.
However, the gestational age of the DEI group
was significantly higher than that of the no DEI
group (Wilcoxon rank sum test, P ¼ 0.03; Table 1).

DEI predisposes infants to allergic symptoms at
10 months

There was a higher prevalence of AD, other
allergic symptoms such as FA and wheezing, and
any symptom detected at 10 months after birth in
the DEI group than in the no DEI group. However,
significant differences were observed in AD, FA
and any symptom in the offspring of allergic
mothers (Table 2).

CP-DEI is correlated with CB CCL17 level, family
size, and cat ownership

After adjusting the model according to maternal
allergy, the CB CCL17 level remained an inde-
pendent factor that significantly correlated to CP-
Allergic symptoms at 10
months

DEI-positive
(n ¼ 201)

Maternal allergy positive n ¼ 123

AD 44 (35.8%)

FA 24 (19.5%)

Wheeze 5 (4.0%)

Any allergic symptom 56 (45.5%)

Maternal allergy negative n ¼ 78

AD 19 (24.4%)

FA 5 (6.4%)

Wheeze 4 (5.1%)

Any allergic symptom 25 (32.1%)

Table 2. Association between CP-DEI and prevalence of allergic symp
prevalence of dermatitis in early infancy; AD, atopic dermatitis; FA, food allergy.
(P � 0.05) values are in bold
DEI, whereas family size and cat ownership dur-
ing pregnancy were inversely correlated to CP-DEI
(Table 3). Dog ownership, total fiber intake
adjusted by total fat intake, or fermented food
intake adjusted by total energy intake did not
correlate with CP-DEI.

Overall bacterial community structure

For all fecal samples, bacterial profiles were
dominated by Firmicutes (66.18% in 12 weeks;
64.71% in 32 weeks), Bacteroidetes (16.39% in 12
weeks; 17.54% in 32 weeks), Actinobacteria
(14.97% in 12 weeks; 16.32% in 32 weeks), and
Proteobacteria (1.27% in 12 weeks; 1.13% in 32
weeks; Fig. 1). The total abundance of the 4
dominant phyla was 98.81% and 99.8% at 12 and
32 weeks of gestation, respectively.

Diversity of maternal fecal Proteobacteria
decreased in the DEI group

For comparison of maternal fecal microbiota
during pregnancy between mothers and offspring
with and without atopic manifestations, we
compared the SDI of four dominant phyla and one
significant genus in the prenatal fecal microbiota.
As shown in Table 4, the SDI of Proteobacteria
decreased in the DEI group compared to the no
DEI group at 12 weeks of gestation, although the
DEI-negative
(n ¼ 75) P-valueb OR (95% CI)

n ¼ 48

4 (8.3%) 0.37eL3 4.27 (1.44–17.24)

0 (0.0%) 0.15eL3 - (�)

1 (2.1%) 1.00 1.94 (0.21–94.15)

5 (10.4%) 1.21eL3 4.35 (1.61–14.76)

n ¼ 27

1 (3.7%) 0.04 6.51 (0.94–
282.90)

1 (3.7%) 1.00 1.72 (0.18–84.82)

1 (3.7%) 1.00 1.38 (0.13–70.66)

2 (7.4%) 0.04 4.29 (0.96–39.77)

toms at 10 months of age.a a. Abbreviations: CP-DEI, cumulative
b. P-values were calculated using Fisher's exact test. Statistically significant



Allergy-related factors OR (95% CI) P-value

Maternal environment (12 weeks of gestation)

family size (number)b 0.65 (0.48–0.89) 0.01

dog ownershipc (yes) 2.28 (0.68–7.67) 0.18

cat ownershipc (yes) 0.42 (0.18–1.00) 0.05

total fiber intake/total fat intake 6.28 (0.13–309.30) 0.36

fermented foodd intake/total energy intake (g/kcal) 3.30 (0.01–1143.04) 0.69

CB CCL17 level (100 pg/mL) 1.00 (1.00–1.00) 0.02

Maternal environment (32 weeks of gestation)

family size (number)b 0.69 (0.52–0.92) 0.01

dog ownershipc (yes) 2.33 (0.70–7.78) 0.17

cat ownershipc (yes) 0.44 (0.19–1.00) 0.05

total fiber intake/total fat intake 1.06 (0.03–41.16) 0.97

fermented foodd intake/total energy intake (g/kcal) 3.50 (0.01–1286.43) 0.68

CB CCL17 level (100 pg/mL) 1.00 (1.00–1.00) 0.01

Table 3. Association between allergy-related factors at 12 and 32 weeks of gestation and CB CCL17 and CP-DEI.a a. All parameters were
calculated using logistic regression analysis adjusted by maternal allergy; statistically significant (P � 0.05) values are in bold. Sample sizes were as follows: 214
(DEI-positive) and 70 (DEI-negative) at 12 weeks of gestation, and 217 (DEI-positive) and 73 (DEI-negative) at 32 weeks of gestation. Abbreviations: CP-DEI,
cumulative prevalence of dermatitis in early infancy. b. Family size was considered to be the same at 12 and 32 weeks of gestation. c. Blanks correspond to no
pets. d. Fermented foods were summed as the intake of pickles, natto, soy-sauce, and miso-paste
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difference was not statistically significant
(Wilcoxon rank sum test, P ¼ 0.07; Table 4-1).
However, a significant decrease was observed at
32 weeks of gestation (P ¼ 0.04; Table 4-2).
Inversely, the total diversity of the DEI group at
12 weeks of gestation was increased compared
with that of the no DEI group, although the
difference was not statistically significant
(P ¼ 0.05; Table 4-1). No other change was
observed in the prenatal fecal microbiota related
to maternal allergy, or with AD and/or FA of the
offspring at 10 months after birth. Missing data
did not affect the sensitivity analyses.

Relative abundance of Actinobacteria and
Bifidobacterium decreased in the DEI group

We determined the relative abundance of 4
dominant phyla and 1 significant genus in the
prenatal fecal microbiota. As shown in Fig. 2, the
mean relative abundance of Actinobacteria was
significantly decreased in the DEI group at 12
(Wilcoxon rank sum test P ¼ 0.02) and 32 weeks
(P ¼ 0.09) of gestation. Moreover, there was a
significant decrease in the genus Bifidobacterium
in the DEI group at 12 weeks (P ¼ 0.02). In
addition, the mean relative abundance of
Proteobacteria increased in the DEI group at 12
weeks of gestation, although the difference was
not statistically significant (P ¼ 0.06). Missing data
did not affect the sensitivity analyses.

Family size and dog ownership during pregnancy
is negatively associated with Proteobacteria
diversity in the maternal fecal microbiota

The SDI of Proteobacteria in the maternal feces
during pregnancy was negatively correlated with
family size at 12 weeks and dog ownership at 12
and 32 weeks of gestation (Multiple regression
analysis, P < 0.05; Table 5). Thus, family size and
dog ownership did not contribute to the overall
increase in the diversity of Proteobacteria in
maternal feces. No correlation between
Proteobacteria diversity and cat ownership was
observed at either time point.

https://doi.org/10.1016/j.waojou.2019.100065


Fig. 1 Relative abundance of bacterial communities at phylum level in maternal feces during pregnancy. Relative abundances of the 11
most abundant phyla are shown at 12 (A) and 32 (B) weeks of gestation. The remaining phyla are grouped together into “others.” The gut
microbiota of mothers whose offspring were delivered by caesarean section are indicated by red stars, whereas purple stars indicate that
the mother used antibiotics during pregnancy
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Moreover, there was no association between the
relative abundance of Proteobacteria in prenatal
faeces with family size (P ¼ 0.78 at 12 weeks,
P ¼ 0.65 at 32 weeks), dog ownership (P ¼ 0.08 at
12 weeks, P ¼ 0.88 at 32 weeks), or cat ownership
(P ¼ 0.93 at 12 weeks, P ¼ 0.86 at 32 weeks).
Missing data did not affect the sensitivity analyses.
DISCUSSION

DEI may be the initial trigger that leads to sub-
sequent allergies in infancy, especially in the
offspring of allergic mothers. In line with previous
reports,7,8 the present study found that DEI within
4 months of birth predisposed infants to not only



12 weeks of gestation Positive Negative P valueb

median IQR n median IQR n

Maternal allergy

Total 3.73 3.44–3.90 n ¼ 35 3.79 3.64–4.03 n ¼ 21 0.25

Firmicutes 3.50 3.25–3.74 3.53 3.23–3.91 0.59

Proteobacteria 1.32 1.01–1.54 1.08 0.94–1.36 0.13

Actinobacteria 1.57 1.10–1.73 1.58 1.30–1.77 0.85

Bacteroidetes 1.90 1.68–2.25 2.03 1.81–2.27 0.71

Bacteroides sp. 1.53 1.23–1.68 1.46 1.26–1.69 0.81

CP-DEI

Total 3.78 3.63–3.97 n ¼ 32 3.58 3.30–3.78 n ¼ 10 0.05

Firmicutes 3.59 3.28–3.84 3.41 3.22–3.64 0.14

Proteobacteria 1.14 0.94–1.42 1.50 1.21–1.60 0.07

Actinobacteria 1.59 1.29–1.73 1.65 0.97–1.75 0.94

Bacteroidetes 1.99 1.74–2.33 2.00 1.69–2.25 0.92

Bacteroides sp. 1.51 1.23–1.69 1.60 1.40–1.80 0.37

AD and/or FA at 10 months

Total 3.65 3.40–3.86 n ¼ 9 3.80 3.63–3.99 n ¼ 24 0.56

Firmicutes 3.68 3.37–3.91 3.56 3.31–3.79 0.56

Proteobacteria 1.22 1.14–1.41 1.25 1.03–1.56 0.80

Actinobacteria 1.70 1.47–1.77 1.61 1.26–1.79 0.65

Bacteroidetes 1.74 1.52–2.49 2.04 1.80–2.33 0.54

Bacteroides sp. 1.41 1.09–1.65 1.56 1.40–1.70 0.25

Table 4-1. SDIs of 4 phyla and a significant genus in the maternal fecal microbiota at 12 weeks of gestation.a a. Data represent the maternal and
offspring's atopic manifestations, separately. Abbreviations: SDI, Shannon diversity index; CP-DEI, cumulative prevalence of dermatitis in early infancy.
b. Calculated using Wilcoxon rank sum test
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AD but also FA by 10 months of age. A recent
study further revealed that epidermal barrier
dysfunction in infancy is likely a causative
mechanism of subsequent allergic symptoms.1

DEIs are a form of epidermal barrier dysfunction
with several causes, including non-allergic predis-
position, and our results clearly support DEI as a
strong risk factor for subsequent allergies, espe-
cially in the offspring of allergic mothers.

Our results further suggest that the diversity, but
not relative abundance, of Proteobacteria species
in the maternal intestine during pregnancy may
play an important role in reducing the risk of DEI.
We found a lower diversity of Proteobacteria at
both early and late pregnancy stages in maternal
feces in the DEI group compared with that of the
no DEI group. Proteobacteria comprises Gram-
negative bacteria and several pathogens such as
those of the genera Escherichia, Salmonella, and
Vibrio. The direct presentation of maternal intesti-
nal microbes to the fetus may be critical for the
maturation of the fetal immune system, the healthy
development of which may prevent a hyper-

https://doi.org/10.1016/j.waojou.2019.100065


32 weeks of gestation Positive Negative P valueb

median IQR n median IQR n

Maternal allergy

Total 3.71 3.45–3.92 n ¼ 35 3.64 3.53–3.98 n ¼ 20 0.83

Firmicutes 3.43 3.26–3.69 3.54 3.28–3.90 0.42

Proteobacteria 1.18 1.01–1.36 1.13 0.88–1.52 0.86

Actinobacteria 1.39 1.10–1.74 1.51 1.27–1.77 0.37

Bacteroidetes 1.93 1.51–2.23 1.96 1.73–2.27 0.50

Bacteroides sp. 1.46 1.31–1.64 1.40 1.25–1.61 0.57

CP-DEI

Total 3.68 3.45–3.91 n ¼ 36 3.57 3.47–3.86 n ¼ 10 0.72

Firmicutes 3.43 3.19–3.72 3.39 3.29–3.64 1.00

Proteobacteria 1.06 0.85–1.20 1.31 1.12–1.47 0.04

Actinobacteria 1.44 1.19–1.72 1.60 1.11–1.76 0.67

Bacteroidetes 1.89 1.51–2.22 2.05 1.71–2.32 0.54

Bacteroides sp. 1.45 1.25–1.64 1.52 1.32–1.74 0.63

AD and/or FA at 10 months

Total 3.70 3.41–3.92 n ¼ 10 3.77 3.56–3.97 n ¼ 25 0.55

Firmicutes 3.48 3.36–3.81 3.58 3.33–3.89 0.63

Proteobacteria 1.06 0.72–1.24 1.15 0.98–1.32 0.40

Actinobacteria 1.43 1.27–1.65 1.52 1.20–1.79 0.44

Bacteroidetes 1.82 1.49–2.27 1.98 1.64–2.24 0.63

Bacteroides sp. 1.27 1.17–1.54 1.49 1.30–1.67 0.21

Table 4-2. SDIs of 4 phyla and a significant genus in the maternal fecal microbiota at 32 weeks of gestationa a. Data represent the maternal and
offspring’s atopic manifestations, separately. Abbreviations: SDI, Shannon diversity index; CP-DEI, cumulative prevalence of dermatitis in early infancy.
b. Calculated using Wilcoxon rank-sum test; statistically significant (P � 0.05) values are in bold.
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responsive innate immune phenotype.20 In
contrast, as abundant pathogens cause acute
inflammation, the relative abundance of
Proteobacteria may not be related to the
prevalence of DEI.

Moreover, the abundance of the phylum Acti-
nobacteria and of the genus Bifidobacterium dur-
ing pregnancy appears to be associated with the
prevalence of DEI. Bifidobacterium has been re-
ported to be less prevalent in the stools of Japa-
nese juveniles (aged less than 20 years) with AD
compared to healthy controls.38 Thus, the
abundant direct presentation of Bifidobacterium
species in the maternal intestine may play an
important role in the prevention of DEI.

We further show that the CB CCL17 levels were
positively correlated with the prevalence of DEI,
indicating that the cause of DEI in newborns was
likely related to a factor occurring before birth. This
is in line with the suggestion of Matsumoto et al.,7

who suggested that DEI development may be
related to the immunological background.



Fig. 2 Mean relative abundance of 4 phyla and a genus in the maternal fecal microbiota. The mean relative abundance of the phyla
Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes, as well as the genus Bifidobacterium are shown for both the DEI positive
(blue) and negative (orange) groups. P values were calculated using the Wilcoxon rank-sum test. Statistically significant (P � 0.05) values are
in bold
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The negative correlation of exposure to a large
family and/or cats during pregnancy with DEI does
not appear to be related to the diversity of microbes
in thematernal intestine. In our study, family size and
Maternal allergic-related
environmental factors b value

12 weeks of gestation
n ¼ 56

Family size (number) �0.14

dog ownership (yes)b �0.99

cat ownership (yes)b 0.06

32 weeks of gestation
n ¼ 55

Family size (number) 0.02

dog ownership (yes)b �0.59

cat ownership (yes)b 0.25

Table 5. Association between SDIs of Proteobacteria in maternal feces a
were calculated using multiple regression analyses; the SDIs of Proteobacteria w
Statistically significant values are in bold (P � 0.05). Three mothers were excluded
data. Abbreviations: SDI, Shannon diversity index. b. Blanks correspond to no pe
cat ownership were negatively correlated with CP-
DEI, which is in line with the findings of previous
studies.13,39,40 However, family size and cat
ownership did not correlate with increased diversity
95% CI
P value

lower upper

�0.26 �0.03 0.02

�1.42 �0.57 2.1eL5

�0.52 0.64 0.83

�0.09 0.14 0.69

�1.03 �0.15 0.01

�0.25 0.74 0.33

nd maternal allergy-related environmental factors.a a. b and P values
ere converted to the natural logarithm prior to multiple regression analysis.
, 1 for using antibiotics during pregnancy and 2 owing to missing family size
ts
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or abundance of Proteobacteria species in maternal
faeces. Thus, the mechanism by which the presence
of more family members or cats prevents DEI
during pregnancy likely involves factors beyond the
maternal gut microbiota, such as influence on the
respiratory system or maternal mental health status;
however, further studies are needed to elucidate
the detailed mechanisms. Moreover, it will be
interesting to further explore the specific factors
that contribute to the increase in the diversity of
Proteobacteria species in maternal feces.
STUDY LIMITATIONS

It is important to note that there were some lim-
itations to this study. This study was performed only
with Japanese women, and it involved a relatively
small sample size, especially for analysis of the gut
microbiota, which may explain the lack of statistical
rigor when accounting for multiple testing. Suitable
sample size was not evaluated prior to stool
collection by power analysis, as C-MACH is a pilot
study. Moreover, we did not acquire data related to
the gut microbiota, immune status, or sensitization
towards inhalants or food among infants, which
would reveal the association between the prenatal
microbial environment and prevalence of allergies
in the offspring. Furthermore, AD was diagnosed
using a modified ISAAC questionnaire for infants,
which has not been validated by other methods.
Thus, this method of estimating AD prevalence is
also a study limitation. Although we had informa-
tion on fermented food intake, there were no spe-
cific questions related to yogurt intake, thus we
could not assess the effects of yogurt on allergy
development. Given that yogurt is a significant
source of probiotics, including Bifidobacterium
species, this information is important when consid-
ering the effect of fermented food intake during
pregnancy has on allergies in the offspring.
CONCLUSIONS

We demonstrate that the diversity of Proteobac-
teria and relative abundance of Actinobacteria were
reduced in maternal feces during pregnancy in
cases of DEI, and that DEI is associated with the risk
of subsequent allergy development in infancy,
especially in those at risk of inherited allergies. This
early trigger can be a good predictor of subse-
quent allergies and allergic march through infancy
and childhood. Moreover, we found a negative
correlation between family size and cat ownership
with the prevalence of DEI, suggesting that these
factors could prevent the development of allergic
symptoms in infancy. However, this negative corre-
lation is not related to the diversity of microbes in
the maternal intestine, suggesting an alternate
mechanism that is worthy of further study. Never-
theless, this is the first study to link the maternal
microbiome composition with risk of allergic dis-
ease in the offspring, even before birth.
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