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ABSTRACT

Infant formula feeding, compared with human milk, has been associated with development of
a distinct infant gut microbiome, but no previous study has examined effects of formula with
added sugars. This work examined differences in gut microbiota among 91 Hispanic infants who
consumed human milk [at breast (BB) vs. pumped in bottle (BP)] and 2 kinds of infant formula
[(traditional lactose-based (TF) vs. lactose-reduced with added sugar (ASF)]. At 1 and 6 months, infant
stool was collected to characterize gut microbiota. At 6 months, mothers completed 24-hour dietary
recalls and questionnaires to determine infant consumption of human milk (BB vs. BP) or formula (TF
vs. ASF). Linear regression models were used to determine associations of milk consumption type and
microbial features at 6 months. Infants in the formula groups exhibited a significantly more ‘mature’
microbiome than infants in the human milk groups with the most pronounced differences observed
between the ASF vs. BB groups. In the ASF group, we observed reduced log-normalized abundance of
Bifidobacteriaceae (TF-BB Mean Difference = —0.71, ASF-BB Mean Difference = —1.10), and increased
abundance of Lachnospiraceae (TF-BB Mean Difference = +0.89, ASF-BB Mean Difference = +1.20). We
also observed a higher Community Phenotype Index of propionate, most likely produced by
Lachnospiraceae, in the ASF group (TF-BB Mean Difference = +0.27, ASF-BB Mean
Difference = +0.36). This study provides the first evidence that consumption of infant formula with
added sugar may have a stronger association than birth delivery mode, infant caloric intake, and
maternal BMI on the infant’s microbiome at 6 months of age.
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Introduction sugars in formula on the development of the infant
gut microbiota has not been previously examined.
Formulas with added sugar are labeled as “gentle”
and marketed to improve colic or “fussiness” in
infants by removal of lactose.”'® However, these “gen-
tle” formulas are distinct from other traditional for-
mulas because they contain lower concentrations of
lactose (and therefore galactose as well), often dis-
placed by added sugar in the form of corn syrup
solids. Infants who are exposed to lactose-reduced
formula with added sugar can conceivably have an
altered gut microbiome, as has been revealed in ani-
mal studies that examined the microbiome of juvenile
rodents.'’ To our knowledge, no human studies have
examined the influence of lactose-reduced formula

Factors that impact the composition of the infant
gut microbiome include delivery mode," gestational
age,” genetics,” antibiotic use, maternal diet,®
and infant feeding type (e.g., human milk vs.
formula).”® While more recent studies suggest
that infant feeding practices may be the largest
driver of gut microbial development, earlier studies
have compared human milk feeding versus formula
feeding in general without considering the effects of
infant formulas that contain added sugars.

Despite well-known differences in the gut micro-
biota between human milk-fed and formula-fed
infants, the impact of early introduction of added
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with added sugar on gut microbiota of infants.
Therefore, the primary aim of this work was to exam-
ine differences in gut microbiota of infants that con-
sumed: (1) human milk directly from breast and no
formula; (2) pumped human milk delivered to the
infant from a bottle and no formula; (3) traditional
lactose-based formula; and (4) lactose-reduced for-
mula with added sugar.

Results
General characteristics of infant cohort

This study included data from 91 Hispanic infants
from the Los Angeles area. Infants were grouped by
milk consumption type at 6 months of age: those
who consumed human milk directly from breast
and no formula (BB, n = 14), those who consumed
pumped human milk and no formula (BP; n = 19),
those who consumed a traditional formula (TF;
30) and those who consumed a lactose-
reduced formula with added corn syrup solids for-
mula (ASF; n = 29). Information regarding macro-
nutrient composition and average macronutrient
intake of infants by feeding type are provided in
Supplemental Table 1. Briefly, the lactose-reduced
formula with added sugar contains more glucose
and maltose, has a higher glycemic index, and con-
tains more added sugar (as measured by available
carbohydrates) vs. traditional lactose-based for-
mula and human milk. Table 1 provides
a summary of participants’ demographics, anthro-
pometrics, body composition at 6 months of age by
feeding type. Statistically significant differences
between feeding-type groups were observed for
mother’s BMI so this was included as a covariate
in the analysis (Table 1).

n =

Differences in diversity of gut microbiota at
6 months of infant age

At 6 months of age, there was no statistically signifi-
cant difference in alpha diversity between milk con-
sumption type as measured by Shannon’s index,
Simpson’s index, richness, evenness, and total
sequence reads per samples (Table 2). To examine
the beta diversity of the infants’ microbiome, we
applied multidimensional scaling of the ASVs using
DEICODE "* and examined the first three axes which

explained ~100% of the variation. At 6 months of
infant age, there was a significant difference in the
beta diversity in the gut microbiota between human
milk and formula (R* = 0.11, p value = 0.002) but not
between the two formula types (R*> = 0.033,
p value = 0.1518) or between the two modes of breast
delivery (R* = 0.00378, p value = 0.92). Milk consump-
tion type had a larger effect (Beta = 0.11, p value = 0.02)
on the composition of the microbiome than birth
delivery mode, maternal BMI and infant caloric intake
(Figure 1).

Differences in abundances of gut microbiota at
6 months of infant age

We identified microbes that were differentially
enriched or depleted in the four infant feeding
groups. Using LEfSe discriminant analysis, we
observed taxonomic groups in which pairwise differ-
ences in the milk consumption groups were discri-
minant among the groups (Figure 2). We further
examined the differences in abundances of each
microbe using linear regression models adjusting
for covariates (Supplemental Table 2-5). In particu-
lar, we found that relative to human milk (BB and
BP), infants who consumed formula (TF and ASF)
had a lower relative abundance of the f
amily Bifidobacteriaceae (TF-BB Mean
Difference = —-0.71, HSD p value > 0.05; ASF-BB
Mean Difference = —1.10, HSD p value = 0.002; TF-
BP Mean Difference = —0.49, HSD p value > 0.05;
ASF-BP  Mean Difference = -0.83, HSD
p value = 0.01). The depletion of Bifidobacteriaceae
relative to the human milk groups was greater in the
ASF than the depletion when compared to the TF
group. Also, we found that formula-fed infants had
significantly increased abundances of ASV's assigned
to the family Lachnospiraceae (TF-BB Mean
Difference = +0.89, HSD p value = 0.001; ASF-BB
Mean Difference = +1.20, HSD p value = 3.3 x 1075
TF-BP Mean Difference = -0.23, HSD p value > 0.05,
ASF-BP  Mean Difference = +0.58, HSD
p value = 0.03). This relative enrichment was greater
in ASF than TF. We also found that when compared
to the group consuming traditional formula (TF),
there was a significant increase in the family
Acidaminococcaceae in the group of infants consum-
ing lactose-reduced formula with added corn syrup
solids (ASF-TF Difference = +0.71, HSD



Table 1. General characteristics of 6-month old infants by milk consumption.
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BB (n = 14) BP (n=19) TF (n = 30) ASF (n = 28) P-value A
General Characteristics
Sex (F/M)B 6/8 12/7 12/18 17/11 0.26
Age (days) 181 (5.6) 183 (5.7) 188 (9.9) 185 (8.3) 0.04
Body Composition
Weight (kg) 7.8 (0.78) 8(0.72) 8.1 (0.61) 7.9 (0.84) 0.6
Length (cm) 67 (2.4) 67 (2.2) 67 (1.6) 66 (2.2) 0.90
BMI z-score 0.21 (1.4) 0.65 (0.87) 0.68 (0.89) 0.59 (0.93) 0.52
Weight-for-length z-score 0.3 (1.5) 0.74 (0.87) 0.76 (0.88) 0.69 (0.91) 0.53
Weight z-score 0.18 (0.97) 0.53 (0.7) 0.39 (0.64) 0.39 (0.74) 0.61
Length z-score 0.039 (1.2) 0.084 (0.93) —-0.21 (0.7) —0.11 (0.99) 0.71
Tricep Skinfold (mm) 85(1.3) 83 (24) 9 (2.6) 9.1 (24) 0.62
Subscapular Skinfold (mm) 7.9 (1.8) 79 (2.7) 7.9 (2) 8(2) 1.00
Suprailiac Skinfold (mm) 6(2) 6.3 (2.3) 6.2 (2.7) 5.9 (1.5) 0.93
Midthigh Skinfold (mm) 19 (3.8) 21 (3.2) 20 (3.7) 21 (4.1) 0.36
Abdominal Circumference (cm) 41 (2.4) 42 (2.6) 42 (3.1) 41 (2.7) 0.36
Infant Rate of Growth from Birth
Difference in weight-for-age z-score —0.17 (0.97) 0.64 (0.76) 0.087 (0.98) 0.19 (1) 0.09
Difference in BMI-for-age z-score 0.38 (1.7) 1.1 (1.1) 0.5(1.2) 0.65 (1.2) 0.38
Difference in weight-for-length z-score 0.82 (1.7) 1.3 (1.5) 0.71 (1.5) 0.86 (1.3) 0.60
Maternal Factors
Age (years) 30 (6) 29 (6.2) 28 (5.5) 31 (6.6) 0.32
BMI 26 (5.4) 30 (4.9 32 (5.4) 31(5.3) 0.006
Pre-pregnancy BMI 24 (5) 28 (5.3) 30(5.3) 28 (5.7) 0.03
Mode of Delivery (VaginaI/C—section)B 11/3 18/1 23/7 19/9 0.19
Macronutrient Intake
Solid Introduction (Yes/No)® 9/5 16/3 27/3 24/4 0.19
Total Caloric Intake (kCal) 689 (166) 680 (180) 673 (111) 667 (139) 0.97

Ap-values from an ANOVA testing for differences in means by milk consumption type (or from Chi-square test for differences in frequency by milk consumption

type if variable is categorical).

Data is expressed as Mean (SD) or ®frequency by milk consumption type if variable is categorical.

BB = Human milk directly from breast only (No formula)

BP = Human milk from a bottle (No formula)

TF = Traditional formula

ASF = Lactose-reduced formula with added corn syrup solids

p value = 0.03) (Table 3, Figure 3). These findings
were independent of infant’s sex, age in days, infant
weight and abundance of the respective gut microbe
at 1 month and also independent of mother’s age,
current BMI, prepregnancy BMI, and delivery mode.

Differences in predicted metabolic functions and
phenotypes at 6 months

Finally, to examine differences in the functional
potential of gut bacteria by milk consumption type,
we applied the phenotype profiling approach using
the obtained taxa relative abundances to quantify the
fractional representation of predicted metabolic fea-
tures (phenotypes) in the analyzed microbiome sam-
ples. In this analysis, we extended the approach
previously described for B vitamins'>'* toward
a tentative prediction of requirements and utilization
capabilities for major nutrients (amino acid and car-
bohydrates) as well as a potential to produce major
short chain fatty acids (SCFAs). The details of our
computational approach, which is based on in silico

pathway reconstruction'>"” and is fundamentally

similar to a broadly utilized analysis of pathway abun-
dance (as implemented via combination of PICRUSt
and MinPath'®'® (are outlined in Methods, and the
results are summarized in Supplemental Table 6. We
have identified significant differences among the dis-
tinct milk consumption groups in predicted metabolic
capabilities of their respective microbial communities
pertaining to a subset of 25 metabolites spanning: (i)
utilization of 19 mono- and oligosaccharides (ii) bio-
synthesis of cysteine, threonine and B12; (iii) lysine
and methionine degradation; and (iv) propionate pro-
duction (Table 4).

Among such discriminating metabolic capabil-
ities quantified by Community Phenotype Indices
(CPI, on the scale from 0 to 100% fractional repre-
sentation) is lactose utilization showing a two-fold
elevated CPI value in breastfed groups (BB and BP)
compared to formula-fed groups (TF and ASF).
The predicted utilization capabilities for glucuro-
nides, gluconate, beta-arabinosides, and raffinose,
were also elevated two- to five-fold in both human
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Table 3. Taxonomic families determined to be significantly different among milk consumption type groups.

Pairwise Group Differences

BB(n=14) BP(n=20) TF(n=30) ASF(n=27) 3
Mean Mean Mean Mean Mean Difference
Taxonomic family (SD) (SD) (SD) (SD) P-value BP-BB  BB-TF BP-TF ASF-BB ASF-BP  ASF-TF
Ruminococcaceae 0.23(0.61) 0.77(1.2) 2.1 (1.1) 24 (1) 28x107% 082 2.2¥¥xxX ] FERX 2.3%x¥¥x ] 5¥xxx 0,17
{unclassified}

Lachnospiraceae 2(1) 2.5 (1) 2.9 (0.6) 32(045) 25x107  0.66* 0.89** 023 1.2%%%%  (,58% 0.34
Peptostreptococcaceae 0.56 (0.69) 0.91 (1) 1.3 (0.64) 16(0.51) 17x10* 0.15 0.72* 0.57* 0.95%**  (0.8%* 0.23
Enterobacteriaceae 3.7(0.53) 33(0.74) 3.2(0.44) 3 (0.65) 26x107° —0.52% —059** —0.07 —0.71*** -0.19 -0.12
Bifidobacteriaceae 3.7 (0.63) 3.6 (0.6) 3.2 (0.81) 2.8 (1.1) 29x107° —022 -0.71 —0.49 —1.1%* -0.83* -0.34
Lactobacillaceae 0.99 (0.8) 1.4(0.83) 045(065 06(07) 35x10° 033 —065%* —0.99*** —047 —0.8%* 0.19
Acidaminococcaceae 0.17 (0.64) 0.19 (0.61) 0.23(0.67) 097 (1.4) 5.0x 1073 022 0.26 0.04 0.97* 0.75* 0.71*
Erysipelotrichaceae 0.62 (1) 0.63 (0.91) 1.3(0.9) 1.6 (0.7) 73x107° 0074 081* 0.74* 0.95* 0.88* 0.14
Micrococcaceae 0.66 (0.72) 0.34(0.62) 0.27 (0.58) 0.12 (0.36) 0.015 -0.39 -0.57** -0.19 -0.59** —-0.2 —0.012
Atopobiaceae 0.67 (0.94) 0.3(0.74) 0.16(0.5) 0.25 (0.63) 0.028 -0.61* —0.62* —0.00085 -0.47 0.14 0.15
Coriobacteriaceae 0.55 (0.93) 0.57 (0.91) 13 (1) 0.81 (0.91) 0.036 —-0.041 079 0.83* 0.22 0.26 —0.57

* =P <005 % =P <0.01; ** = P < 0.001; *** = P < 00001

BB = Human milk directly from breast only (No formula)

BP = Human milk from a bottle (No formula)

TF = Traditional Formula

ASF = Lactose-reduced formula with added corn syrup solids

SD = Standard Deviation

formula (which contains partially hydolyzed milk  the family Acidaminococcaceae, the genus

and whey protein concentrate solids) would have
an increased abundance of microbes belonging to
the Lachnospiraceae family.

A depletion of microbes belonging to
Bifidobacteriaceae (a member of the phylum
Actinobacteria) was observed in infants who con-
sumed any formula, with greater decreases in ASF
group. The gut microbiome of infants who consume
human milk need to contain members of
Bifidobacteriaceae, since specifically the species
B. longum subsp. infantis is able to fully metabolize
human milk oligosaccharides, one of the most abun-
dant components of human milk.*® Also, we
observed that CPI for lactose utilization, which is
the most abundant milk sugar, was significantly
higher in breastfed groups (BB and BP) compared
to formula-fed groups (TF and ASF). Lactose utiliza-
tion is one of the most common catabolic phenotype
among Bifidobacterium spp., which could explain
the increased predicted lactose utilization in the
two groups consuming human milk and no formula.

In addition to the aforementioned microbes that
were significantly different between groups of
infants, we found that abundance of
Acidaminococcaceae was higher in infants consum-
ing lactose-reduced formula with added sugar com-
pared to those who consume traditional formula.
Currently, research examining the impact of diet on
Acidaminococcaceae is sparse, with only a few stu-
dies in humans and in animal models. A member of

Phascolarctobacterium, has been shown to be
directly associated with the consumption of
a Western diet, characterized by high fat and high
carbohydrate content.*®, Phascolarctobacterium
has also been shown to be significantly higher in
humans over the age of one compared to those less
than one year old*’

The importance of this study is bolstered by
the inclusion of gut microbiota data at 1 month
of age for use as baseline data, a timepoint in
which a subset of the infants who are in the ASF
and TF groups are exclusively breastfed.
Controlling for microbiota at 1 month allowed
for baseline shifts in the microbiome of the
infants to be accounted for when examining
differences by milk consumption type in the
6-month  microbiome.  Furthermore, the
I-month timepoint data was useful in demon-
strating that these differences emerge with the
introduction of infant formula. Additionally, we
are able to distinguish between infants who con-
sume human milk either directly from breast or
from the bottle. This further division of the
human milk consuming group allowed us to
more confidently associate differential microbes
with human milk as distinct from the act of
breastfeeding. Our findings correspond with pre-
vious work that has shown infant outcomes dif-
fer in breastfed infants versus infants who
consume human milk in a bottle.*®*
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Figure 1. Multidimensional scaling (MDS) of 16S rRNA gene sequences colored by milk consumption type at 6 months. There is
statistically significant separation between formula-fed infants and breastfed infants for both MDS axis 1 and axis 2, p values computed
by independent ANOVA tests of each axis (a). Milk consumption type has a larger effect on the first MDS axis than delivery mode and
infant weight (b). The phylum Proteobacteria has the highest mean relative abundance in the breast-fed (BB) group while
Bacteroidetes has the highest mean relative abundance in the two formula groups (TF and ASF) (c). The family Enterobacteriaceae
has the highest mean relative abundance in the BB group while Bacteroidaceae has the highest mean relative abundance in TF and ASF

groups (d).
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Figure 2. Linear discriminant analysis shows the microbial taxonomic groups that are enriched and depleted in infants consuming
formula versus infants whose sole milk source is human milk. When comparing the gut microbiome of infants in the who consume
expressed human milk in a bottle (BP) to infants who consume traditional formula (TF) (a), differences are apparent, but more
differences result from the comparison of the gut microbiomes of infants whose only source of milk is through breastfeeding (BB) to
those in the TF group (b). Even more microbes are revealed to be discriminant when we compare BP group and group consuming
lactose-reduced formula with added-sugar (ASF) (c) and the BB group and ASF (d).

A limitation of the study is that the exact amount
and type of milk consumed was not directly mea-
sured; however, formula type was assessed using
maternal 24-hour dietary recalls. While it is likely
that the type of formula consumed according to the
dietary recall is indeed the primary formula type for
the infant, we cannot be certain that the formula
type consumed at the time of recall was consumed
for a long time period. Also, while we were able to
characterize the metabolic functions and pheno-
types of the gut microbiome in this group of
infants, this characterization is a prediction based
on mapping of 16S data to the curated collection of
metabolic phenotypes. It is important to note that
this applied approach has a number of important

limitations originating from both: (i) limited accu-
racy of phenotype projection from curated refer-
ence collection over 16S phylogenetic profiles; and
(ii) the unknown extent of a predicted metabolic
potential realization under specific conditions in
the niche, a subject of complex regulation. Such
functional predictions can be further refined by
a combination with other -omics measurements
and provide a starting point for focused experimen-
tal validation.”® This study provides new evidence
that infants consuming lactose-reduced formula
high in glucose have a more mature microbiome
than infants consuming traditional formula and
human milk. Future studies are necessary to deter-
mine the long-term effects on the developing infant
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Figure 3. Log-normalized relative abundances of taxonomic families that are significantly different among the milk consumption types.
At 6 months, microbes belonging to Bifidobacteriaceae are enriched in breastfed infants compared to formula fed infants with the
infants who consume lactose-reduced formula with added corn syrup solids (ASF) having the lowest abundance (a). Enterobacteriaceae
was also enriched in breastfed infants compared to formula fed infants but it was also significantly lower in the group who consume
some human milk from a bottle (b). Further, microbes belonging to the families Lachnospiraceae are enriched in formula fed infants
compared to breastfed infants with the infants in the ASF group having the highest abundance (c). Acidaminococcaceae was
significantly higher in the infants who consume lactose-reduced formula with added corn syrup solids (ASF) (d).

gut microbiome and on the growth and develop-
ment of infants who consume the lactose-reduced
formula for an extended period of time.

Methods
Participants

This research examined data from 91 Hispanic
infant-mother pairs enrolled in our ongoing pro-
spective study (known as Mother’s Milk funded
through DK110793) with the aim of determining
the impact of breastfeeding and dietary sugar intake
during the first two years of life on adiposity, possibly
mediated by alterations in the developing gut

microbiome. The inclusion and exclusion criteria
for the Mother’s Milk study were previously reported
in detail in Berger et al.”" Fecal samples to character-
ize the infants’ gut microbiome were collected at
1 month (to control for individual differences in
microbiome) and 6 months of age, at which times
infants’ length and weight were also measured.
Mothers of the children completed several surveys
to assess medical history and feeding behavior at
1 month and 6 months postpartum. Adjustment
covariates extracted from these results included
mother age at birth, pre-pregnancy BMI, mode of
delivery, and mother current BMI as well as infant
sex, age (days), and weight. To assess milk consump-
tion type at 6 months of age, 24-hour diet recalls
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Figure 4. CPIs of predicted functions that are significantly different among the four milk consumption types. Gut microbial profiles
derived from 16S rRNA sequencing of stool samples from 6 month old infants were used to predict functional phenotypes of the gut
microbes. There were significant differences in carbohydrate utilization (a), short-chain fatty acid (SCFA) production (b), amino acid
biosynthesis and degradation (C and D) and vitamin biosynthesis (e).

were performed in duplicate (first in person, second
by telephone) for the infants by interviewing the
mothers using the “multiple-pass” method and ana-
lyzed using the Nutrition Data System for Research
software version 2014, developed by the Nutrition
Coordinating Center, University of Minnesota.
These dietary recalls allowed us to determine the
milk consumption type and the frequency of milk
consumption. Infants were divided into four groups
based on feeding mode and type: (1) human milk
directly from breast and no formula; (2) pumped
human milk delivered from a bottle and no formula;
(3) traditional lactose-based formula; and (4) lac-
tose-reduced formula with added sugar as corn
syrup solids.

Ethics

Written parental consent for inclusion in these
studies were obtained prior to any testing pro-
cedure for participants under 18 years of age.
The University of Southern California and
Children’s Hospital Los Angeles Institutional
Review Board approved that these studies were
conducted in accordance with the Declaration of
Helsinki.

Stool collection and DNA extraction/sequencing

Stool samples were collected using OMNIgene
GUT collection kits (DNA Genotek, Ottawa, ON,
CAN). Samples were stored at -80°C. 16S rRNA
amplicon sequencing was used to characterize the
microbiota. We prepared sample slurries according
to the methods used by Flores et al.>> and subse-
quently extracted DNA using the PowerSoil-htp 96
well soil DNA isolation kit (Mo Bio Laboratories,
cat. no. 12955-4) as recommended by the Earth
Microbiome Project.”> Sequencing methods can
be found in the Supplemental Material.

16S data processing

Sequence reads were demultiplexed with deML
(https://grenaud.github.io/deML/). We used default
parameters in DADA2**®? (https://benjjneb.github.
io/dada2/), available from QIIME2 software package
for sequence read filtering, denoising, paired-read
merging, removal of chimeras and obtaining of ampli-
con sequence variants (ASVs) with abundances. We
assigned taxonomy to the obtained ASV sequences by
blast with Ribosomal Database Project (RDP, version
11.5)°> and NCBI 16S rRNA gene combined databases
using multitaxonomy approach (MTA). Further
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details of MTA approach can be found in the
Supplemental Material. To calculate beta-diversity of
the obtained ASVs, we used DEICODE, an Aitchison
distance matrix that is robust to sparsity.'> ASV's were
also collapsed into a total of 366 taxonomic groups
(kingdom: n = 3; phylum: n = 13; class: n = 27; order:
n = 40; family: n = 89; genus: n = 194; and species:
n = 349). The raw 16S rRNA gene sequence reads used
for this study are available on the NCBI Short Read
Archive associated with the NCBI BioProject
PRJNA589488.

Prediction of metabolic functions and phenotypes

Functional gene assignments and metabolic recon-
structions were performed using the SEED database
and Web tools that allow subsystem-based analysis
of ~6,000 bacterial genomes, including a subset of
2,660 reference human gut microbial genomes
representing 690 species.’® The collection of
curated metabolic subsystems includes (i) bio-
synthesis of essential nutrients (vitamins, amino
acids), (ii) uptake and fermentation of carbohy-
drates including mono-, oligo-saccharides, sugar
acids and alcohols, (iii) degradation of amino
acids, and (iv) production of short chain fatty
acids (SCFAs). Details on how 16S rRNA sequence
reads were used to determine metabolic phenotypes
from the metabolic reconstruction can be found in
the Supplemental Methods. For each phenotype, we
obtained a Community Phenotype Index (CPI)
which represent a fractional representation (on
a scale 0-100%) of microbial cells with
a metabolic phenotype.

Statistical analysis

To examine differences in diversity of gut microbiota,
we conducted a perMANOVA (permutation multi-
variate analysis of variance) of beta diversities using
10,000 permutations. Pairwise linear discriminant
analysis was used to determine taxa that are differen-
tially abundant based on milk consumption types
using the LEfSe algorithm on the Galaxy web
application®*”  with the default parameters.
Further, taxa that were considered to be differentially
abundant between the ASF and BB groups were exam-
ined using linear regression models to determine if
differences in abundances were statistically significant.

GUT MICROBES (&) 1813534-11

Equation (1) was used to determine differences in
microbial features (log-normalized® relative abun-
dance of taxonomic groups and CPI of predicted
metabolic phenotypes) by infant’s milk consumption
type.

(1) microbialFeature; ¢ monm = milk consump-
tion type + mother age + maternal pre-pregnancy
BMI+ delivery mode (vaginal/c-section) + maternal
BMI + infant sex + infant age in days + infant
weight + microbialFeature; ; month +€

The p-value from an ANOVA comparing these
models to a reduced model that excludes “milk
consumption type” as a dependent variable was
used to determine significance of milk consump-
tion type in the model. For microbiota found to be
significantly associated with milk consumption
type, the pairwise differences in the four milk con-
sumption type groups were examined using the
Tukey’s Honestly Significant Difference (HSD)
test as a post-hoc analysis. Confidence intervals
(95%) for false discovery rates were calculated
using the fdrci R package®® with 1,000 permuta-
tions. Tests in which both p value was less than
0.05 and upper level of confidence interval for false
discovery rate was less than 0.25 were considered to
be statistically significant. All statistical analyses
were performed in the R statistical computing
language® (version 3.6.0) and figures were gener-
ated using the ggplot2 R package.*' The code gen-
erated to conduct these statistical analyses can be
found on GitHub using the link https://github.
com/rbarner/infantMilkConsumption.
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