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ABSTRACT

National guidelines suggest that pregnant women consume 2-3 servings of fish weekly and often focus exclusively on limiting mercury exposure.

We examined if meeting this recommendation in the third trimester of pregnancy was associated with differences in infant fecal microbiota

composition and diversity. We used multinomial regression to analyze data from 114 infant-mother dyads. Applying 16S rRNA gene sequencing,

we identified 3 infant fecal microbiota profiles: Bifidobacterium dominant, Enterobacter dominant, and Escherichia dominant. We found that 20%

of mothers met the recommended fish consumption, and those infants whose mothers met the recommendation were more likely to have a
Bifidobacterium-dominant profile than an Escherichia-dominant profile (RR ratio: 4.61; 95% Cl: 1.40, 15.15; P = 0.01). In multivariable models, the
significant association persisted (P < 0.05). Our findings support the need to expand recommendations focusing on the beneficial effects of fish

consumption on the infant fecal microbiota profile.
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Introduction

Emerging evidence suggests that infant and childhood fecal micro-
biota are associated with the pathogenesis of several disease states,
including obesity, diabetes, respiratory infections, and asthma (1, 2).
The infant microbiome is affected both prenatally and postnatally by
developmental and environmental factors including delivery mode,
breast or formula feeding, and medication use, as well as maternal
environment and diet (3, 4). However, studies investigating the ef-
fects on the infant microbiome of maternal diet during pregnancy are
limited (5).

Fish is an essential food for women during pregnancy, as a primary
dietary source of w3 PUFAs, including DHA and EPA, which are neces-
sary for fetal neurodevelopment (6-8). However, concerns about mer-

cury seem to be a factor discouraging higher fish consumption. There
are several international and national guidelines on fish consumption
during pregnancy and their most often relate to mercury content target-
ing reduced exposure, rather than the high nutritional quality (9). The
FDA and the Environmental Protection Agency have recommended
that pregnant women consume 2-3 servings of fish with low levels of
mercury per week, which has been linked to improved child health out-
comes, including improved growth and cognition (6, 7, 10). Despite the
clinical and research importance of fish consumption, little is known
about the relation between meeting this dietary recommendation and
its impact on infant fecal microbiota profiles. To address the knowledge
gap, we aimed to examine the association between mothers who meet
the recommended maternal fish consumption during pregnancy and in-
fant microbiota composition.
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Methods

We analyzed the data of 114 infants with fecal samples at Mas-
sachusetts General Hospital collected from November 2013 through
April 2014. These children were healthy age-matched controls in a larger
multicenter, prospective, observational cohort study called the MARC-
43 (43th Multicenter Airway Research Collaboration, also known as the
CHIME study) and coordinated by the Emergency Medicine Network
(2). Study design, participants, and methodology of the larger cohort
were previously reported, including monetary compensation for study
participation (11-13). Inclusion criteria included age <1 y, gestational
age >34 wk at birth, and identification of a primary care resource de-
fined as a provider of coordinated, comprehensive, longitudinal care
over a 12-mo period. Exclusion criteria included presence of comor-
bidities (heart-lung disease, immunodeficiency, immunosuppression,
or chronic gastrointestinal disorder), fever, respiratory or gastrointesti-
nal illness, or antibiotic treatment within the 7 d prior to enrollment
(11-13). All study procedures were approved by the institutional re-
view board at Massachusetts General Hospital, and written informed
consent was obtained for all study participants from the parent or legal
guardian.

We conducted structured surveys and medical record reviews at
enrollment to capture maternal and child demographics, prenatal
history, nutritional characteristics during pregnancy, postnatal med-
ical history (e.g., mode of birth, gestational age, systemic antibiotic
use), and environmental characteristics (e.g., daycare attendance) in
infancy.

The primary exposure was whether or not the biological mother
met the national recommendations for fish consumption in the third
trimester of 2 to 3 servings of fish per week [4 ounce (oz)servings] (6).
Fish consumption was examined by asking the mother at enrollment:
“How many servings of fish (excluding shellfish and breaded fish pieces)
did you usually eat?” during the third trimester of pregnancy. Those
mothers eating at least 2 or more servings per week were defined as
meeting the recommendation.

The primary outcome was infant fecal microbiota composition. Par-
ents collected infant fecal samples at home using a standardized proto-
col and were instructed to refrigerate fecal matter—containing diapers
(11, 14). Within 24 h, stool was returned to study staff, divided into
aliquots, and stored at — 80°C. Samples were processed and underwent
16S rRNA gene sequencing at the Alkek Center for Metagenomics and
Microbiome Research at Baylor College of Medicine (14). Briefly, bacte-
rial genomic DNA was extracted using a MO BIO PowerMag DNA iso-
lation kit (Mo Bio Laboratories), amplified by PCR, and sequenced with
the MiSeq platform (Illumina) using a 2 x 250-bp paired-end proto-
col. Sequencing read pairs were demultiplexed and merged using USE-
ARCH v7.0.1090 (15). Gene sequences were clustered into operational
taxonomic units (OTUs) at a similarity cutoff value of 97% using the
UPARSE algorithm; taxonomies were determined by mapping OTUs to
the SILVA database; and abundances were recovered by mapping the
demultiplexed reads to the UPARSE OTUs.

Standard quality control practices were utilized including posi-
tive and nontemplate controls (extraction chemistries) during extrac-
tion and PCR amplification. Acceptance criteria included alignment of
>99% of alignment of the sequence reads of the positive control to the
expected bacterial genome, and <500 raw sequence reads in the non-

template controls. In the current study, no amplicons were observed in
the nontemplate controls and <500 reads were recovered after sequenc-
ing. All 114 fecal samples had sufficient sequence depth to obtain high
degrees of sequence coverage (rarefaction cutoff, 1470 reads per sam-
ple). Sequence data are available through controlled access at NIH Imm-
Port (accession number, SDY1182).

We performed the microbiota analyses at the genus level because the
bacterial DNA sequences in our sample were dominated by 1 OTU per
genus (14). Microbiota composition was described by « diversity, more
specifically the Shannon’s diversity index (16). Bray-Curtis distances
and the gap statistic were used to characterize the fecal microbiota pro-
files and the number of clusters, respectively. Microbiota data were visu-
alized by nonmetric multidimensional scaling (NMDS), which utilized
the Bray distance matrices (17). P values were adjusted for multiple test-
ing using the Benjamini-Hochberg false-discovery rate procedure with
a g-value threshold of 0.05 (18).

Associations between meeting the recommended maternal fish con-
sumption and infant microbiota profiles were examined by using multi-
nomial regression models. The adjusted models included predeter-
mined confounders that may impact microbiota composition (3, 5).
Covariates included the following: infant age (at stool collection), in-
fant sex, maternal supplementation with vitamin D and fish oil, delivery
mode, infant lifetime history of systemic antibiotic use, mode of feeding
(breastfed compared with formula fed), and daycare attendance. Given
our sample size, we included <2 covariates per multinomial model. All
models were assessed using diagnostics for assumptions of homogeneity
of variance. We found no outliers that influenced significance in the full
models. We conducted statistical analyses using R version 3.3. Statistical
significance was determined by 2-tailed P < 0.05.

Results

Participant characteristics

Opverall, the median age of infants was 3.8 mo (IQR: 2.0-4.9), 45% were
female, and 53% were non-Hispanic white. Demographic characteris-
tics did not differ significantly between the 2 fish-consumption groups
(all P > 0.05), except for the infant microbiota profiles (Supplemental
Table 1).

Fish consumption and infant fecal microbiota

Unsupervised clustering of fecal microbiota identified 3 distinct micro-
biota profiles (Figure 1): I) Bifidobacterium-dominant profile (43%), 2)
Enterobacter-dominant profile (20%), and 3) Escherichia-dominant pro-
file (37%). The Bifidobacterium-dominant profile had highest bacterial
richness and « diversity (both P < 0.001; Table 1).

In the unadjusted model, infants whose mothers met the rec-
ommended maternal fish consumption were more likely to have a
Bifidobacterium-dominant profile than an Escherichia-dominant pro-
file, corresponding to an RR ratio of 4.61 (95% CI: 1.40, 15.15; P = 0.01;
Supplemental Table 2). In multivariable models adjusted for a different
set of confounders, the significant associations persisted (all P < 0.05;
Supplemental Table 2). For example, in the model adjusted for infant age
and breastfeeding status, infants whose mothers met the recommended
maternal fish consumption were more likely to have a Bifidobacterium-
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FIGURE 1 Nonmetric multidimensional scaling plot of infant fecal microbiota profiles. To show the differences in fecal microbiota among
114 infants, an NMDS plot based on the Bray-Curtis distance between all subjects was generated by using the R package phyloseq. Each
dot represents the overall bacterial community in each infant. Colors indicate 3 microbiota profiles: Bifidobacterium-dominant profile
(green), Enterobacter-dominant profile (red), and Escherichia-dominant profile (blue). The NMDS stress value is 0.19. The NMDS plot
revealed that subjects cluster together according to their microbiota profile. NMDS, nonmetric multidimensional scaling.

dominant profile, with a corresponding RR ratio of 4.98 (95% CI: 1.49,
16.66; P = 0.009).

Discussion

In this prospective cohort study, we found a significant association
between meeting the recommended maternal fish consumption and
a higher likelihood of a Bifidobacterium-dominant microbiota profile
in their offspring. This association persisted after adjustment for con-
founders. While there have been multiple studies that focus on the rela-
tions of mode of delivery, feeding, and exposure to antibiotics with the
infant microbiome, no cohort study, to our knowledge, has examined
the association of maternal third-trimester fish consumption with their
infant’s microbiota profile. Our observations support re-evaluation and
expansion of current dietary recommendations during pregnancy.

CURRENT DEVELOPMENTS IN NUTRITION

Current recommendations for fish consumption during pregnancy
vary greatly in content and complexity at national and international
levels. Most often these recommendations focus on limiting mercury
intake rather than the beneficial effects of fish consumption. Epidemi-
ological studies have demonstrated that fish intake during pregnancy
is associated with benefits for maternal and child health outcomes, in-
cluding increased gestational length; improved cognitive, visual, motor,
cardiac, and immune development for the infant; and improved mater-
nal mood (19-22). To our knowledge, there has been 1 reported study
to date examining the effects of maternal fish consumption during preg-
nancy on the fecal microbiota of infants (5). In this relatively small non-
blinded trial from the UK, formula-fed, but not breastfed, infants of
mothers assigned to the higher-salmon consumption group (two 150-
gram (g) portions of salmon per week from 20 weeks of pregnancy to
delivery) had lower proportions of Atopobium. No changes in Bifidobac-
terium were detected. The differences in the results of this study in rela-
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TABLE 1 Richness, a diversity, and relative genera abundance by infant fecal microbiota profile’

Bifidobacterium-dominant

Enterobacter-dominant

Escherichia-dominant

profile profile profile P value
Indices n=49 n=23 n=42
Richness
Number of genera 17 (12-22) 11 (9-15) 14 (10-20) 0.001
a diversity
Shannon index 1.60 + 0.51 1.15+0.34 1.29 £ 0.51 <0.001
Relative abundance of 10 most common genera
Bifidobacterium 0.36 + 0.22 0.09 + 0.12 0.08 + 0.09 0.002*
Enterobacter 0.07 £ 0.11 0.58 + 0.15 0.07 £ 0.12 0.002*
Escherichia 0.14 £ 0.14 0.01 £+ 0.03 0.44 + 0.28 0.002*
Bacteroides 0.03 £+ 0.05 0.09 £+ 0.16 0.20 + 0.26 0.002*
Veillonella 0.08 £ 0.15 0.09 + 0.11 0.03 + 0.05 0.29*
Lachnoclostridium 0.04 + 0.10 0.01 + 0.04 0.02 + 0.04 0.53*
Clostridium sensustricto 1 0.01 + 0.02 0.04 + 0.05 0.03 + 0.09 0.54*
Streptococcus 0.03 = 0.05 0.03 + 0.07 0.02 = 0.04 0.75*
Enterococcus 0.02 + 0.04 0.03 + 0.05 0.02 + 0.04 0.83*
Haemophilus 0.03 £+ 0.09 0.01 £ 0.02 0.01 £+ 0.03 0.60*

"Values are medians (IQRs) or means = SDs unless otherwise indicated. *Benjamini-Hochberg adjusted P value accounting for multiple comparisons.

tion to our findings might be attributable to differences in study design
and setting. More specifically, Urwin et al. reported an intervention in
mothers in the UK (n = 123), from 20 wk of pregnancy to birth, with
no baseline stool microbiota evaluation before the intervention (5). In
comparison, the study we report here is a cross-sectional analysis of an
observational cohort of 114 mothers and infants within the United
States. Additionally, the physiological complexity of pregnancy coupled
with inter-individual variability may help explain the observed differ-
ences. Any of these factors, or a combination thereof, may have con-
tributed to the differences in findings.

While findings from interventional studies examining the effects of
maternal fish oil supplementation on child outcomes are equivocal (23),
arecent randomized controlled trial demonstrated a reduced risk of per-
sistent wheeze or asthma in the first 5 y of life among children whose
mothers received supplementation in the third trimester of pregnancy
(24). These health benefits are thought to be attributed to @3 PUFAs
found in fish. Recent studies have shown that w3 PUFAs can change
the intestinal microbiota composition by increasing the abundance of
Bifidobacterium, a prominent genus in the stool of infants prior to the
introduction of solids (4). Studies have shown that a lower abundance of
Bifidobacterium is associated with atopic diseases, irritable bowel syn-
drome, inflammatory bowel disease, and celiac disease (25). Addition-
ally, Bifidobacterium probiotic use is associated with preventing necro-
tizing enterocolitis in preterm infants with very low birth weight (26),
children with antibiotic-associated diarrhea, and children with wheez-
ing illness (27). Many studies have outlined the role of the gut micro-
biome in health with bifidobacteria playing a critical role (28, 29). Var-
ious disease pathologies, including but not limited to enteric diseases,
are associated with shifts in the proportion and diversity of bifidobacte-
ria (30). These characteristics may contribute to microbiome instability
and greater susceptibility to external factors. These diseases represent
opportunities for the application of probiotic-based therapies derived

from infant microbiome studies such as ours and provide focus for fu-
ture interventions (29).

Our study, to our knowledge, is the first examination of the associ-
ation of maternal dietary fish intake and infant microbiome composi-
tion, the investigation of which is necessary to help guide current and
future recommendations. However, some limitations must be consid-
ered in the interpretation of our findings. First, the use of a self-report
measure for maternal fish consumption may be subject to recall and
social desirability bias. However, there are various international stud-
ies that have investigated dietary intake in pregnant women before and
during pregnancy and demonstrated the validity of self-report measures
in this population (31, 32). Second, our sample size of 114 mother-
infant dyads may be considered small, which did not allow us to ad-
just concurrently for all potential confounders. However, the signifi-
cant association persisted after we adjusted our data for a different set
of clinically relevant confounders. Third, the fecal microbiota was mea-
sured in early infancy at a single timepoint, yet fecal microbiome data
quality was quite robust. Future efforts include examining the tempo-
ral change in the microbiota, as we are currently following the cohort
to 6 y of age with fecal collections at multiple timepoints, and utiliza-
tion of metagenomics, metatranscriptomics, and metabolomics to gain
a more complete understanding of the functionalities of the fecal mi-
crobiome and how these are related to long-term health outcomes in
children (33).

In conclusion, in this prospective cohort of healthy infants, meet-
ing the national recommendations for fish consumption in the third
trimester was associated with a higher likelihood of a Bifidobacterium-
dominant fecal microbiota profile in the infant. Increased understand-
ing of the impact of maternal diet on the infant microbiome and child
health may lead to the development of dietary strategies to promote
long-term child health outcomes and better definition of maternal di-
etary intake recommendations during pregnancy.

CURRENT DEVELOPMENTS IN NUTRITION
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