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Abstract

Objective—To determine the impact of two probiotic bifidobacteria on the fecal microbiota of
premature infants fed either human milk or formula.

Study design—In the first of two phase 1 clinical trials, twelve premature infants receiving
formula feedings were randomly assigned to receive either Bifidobacterium longum ssp infantis or
Bifidobacterium animalis ssp lactis in increasing doses over a five week period. In the second,
nine premature infants receiving their mother’s milk received each of the two bifidobacteria for
two weeks separated by a one week wash out period. Serial stool specimens from each infant were
analyzed by terminal restriction fragment length polymorphism and quantitative polymerase chain
reaction for bacterial composition.

Results—Among the formula-fed infants, there was a greater increase in fecal bifidobacteria
among infants receiving B. /nfantis than those receiving B. /actis. This difference was most
marked at a dose of 1.4 x 10° cfu twice daily (p < 0.05). Bacterial diversity improved over dose/
time in those infants receiving B. infantis. Among the human milk-fed infants, greater increases in
fecal bifidobacteria and decreases in y-Proteobacteria followed administration of B. infantisthan
B. lactis. The B. longum group (which includes B. infantis but not B. /actis) was the dominant
bifidobacteria among the human milk-fed infants, regardless of the probiotic administered.

Conclusions—B. infantis was more effective at colonizing the fecal microbiota than B. /actisin
both formula-fed and human milk-fed premature infants. The combination of human milk plus B.
infantis resulted in the highest fecal levels of bifidobacteria.

Keywords

Bifidobacterium infantis; Bifidobacterium lactis; necrotizing enterocolitis; late-onset sepsis;
intestinal colonization

© 2013 Mosby, Inc. All rights reserved.

Corresponding Author: Mark A. Underwood, Ticon 2 Room 237, 2615 Stockton Blvd, Sacramento, CA, 95817 USA, phone 916
734-2783, FAX 916 703-5061, mark.underwood@ucdmec.ucdavis.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors declare no conflicts of interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Underwood et al.

Methods

Page 2

Necrotizing enterocolitis (NEC) is a common and devastating disease of premature infants.
Multiple clinical trials have demonstrated a decrease in the risk of NEC with the oral
administration of probiotic microorganisms.[1] [2] Probiotics are dietary supplements
containing live bacteria that are intended to improve intestinal health. In the U.S., the Food
and Drug Administration considers probiotics in the category of supplements “generally
regarded as safe,” but has not approved administration to treat or prevent disease. Routine
administration of probiotics to premature infants has not been recommended due to concerns
about safety, efficacy, and many unanswered questions such as optimal dosage, optimal
organism or combination of organisms, and the purity, composition, and oversight of
available probiotic products. [3] To begin to address some of these questions, we performed
an open dose-escalation trial and a cross-over trial of two strains of bifidobacteria, B.
longum subsp. infantis (American Type Culture Collection strain 15697) and B. animalis
subsp. /actis (UC Davis strain 316), in premature infants. These two strains were chosen for
their genetic diversity. The B. infantis strain has encoded in its genome the enzymes
necessary to digest and utilize the oligosaccharides in human milk (ie, this strain has evolved
the capacity to thrive in the presence of oligosaccharides produced specifically by the
mother to shape the intestinal microbiota of her infant). [4, 5] The B. /actis strain is a
member of a species that is popularly used as a probiotic and able to consume lactose.
However, B /actis does not contain the enzymes necessary to digest human milk
oligosaccharides (HMOs) in its genome and, in fact, is unable to thrive in an environment in
which HMOs are the sole carbon source (Figure 1; available at www.jpeds.com).[6] Our
primary outcome was changes in composition and diversity of the intestinal microbiota with
changes in dosage and types of probiotics in infants receiving either formula or mother’s
own milk. We hypothesized that both strains would be detectable in the feces of premature
infants in a dose-dependent manner, that both bifidobacterial strains would colonize the
formula-fed infants similarly (i.e. that the B. infantis strain would have no advantage in the
absence of human milk), and that infants receiving human milk plus B. infantis would have
more fecal bifidobacteria, fewer y-Proteobacteria, and greater diversity than the other groups
of premature infants.

This two-trial study was approved by the Institutional Review Board at UC Davis, and
performed at the UC Davis Children’s Hospital in Sacramento CA from June 2009 to July
2012. Written informed consent was obtained from the parents. In the first trial, 12 formula-
fed premature infants (birth weight < 1500 grams, gestational age < 33 weeks) were
randomly assigned to receive increasing doses of either B. infantis (Group F+Binf) or B.
lactis (Group F+Blac) for five weeks. The dosage schedule was based on the range of
published doses in this population at the time of study design (Table I; available at
www.jpeds.com). Study group was not blinded, though specimens were labeled with
randomly generated numbers to blind laboratory analysis. In the second trial, an additional 9
premature infants (birth weight < 1500 grams, gestational age < 33 weeks) receiving their
mother’s own milk were randomly assigned to receive B. infantis (4 x 10° organisms twice
daily) for two weeks followed by a one week washout period (no probiotics) and then B.
lactis (same dose) for two weeks (Group H+Binf/Blac) or the alternative (B. /actis first and
then B. infantis, Group H+Blac/Binf).

To avoid the challenges of using over-the-counter probiotic products (e.g. unknown
composition and viability [7]) the two strains of bifidobacteria were grown by a food-grade
commercial facility (Culture Systems, Inc., Mishawaka, IN) specifically for this study and
stored at —80° C. Purity and number of v iable bacteria per gram of both probiotics were
confirmed by the investigators every six months by culture. The probiotic doses were
prepared each day by the U.C. Davis investigational pharmacy by dissolving the freeze dried
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powder in water and administered twice daily through a feeding tube if present or directly
into the infant’s mouth if there was no feeding tube.

Stool specimens were collected from the formula-fed infants at baseline and then weekly for
five weeks. Specimens from the human milk-fed infants were collected at baseline,
following the first probiotic course, following the washout period, and following the second
probiotic course. The stool specimens were collected from a soiled diaper, placed in a sterile
container, refrigerated overnight, then diluted 1:1 with phosphate buffer solution (PBS),
homogenized, transported on dry ice, and stored at —80° C.

Details regarding DNA extraction, analysis of the fecal microbiota by TRFLP and qPCR,
and statistical analysis of microbial composition and diversity with references are presented
in the supplementary methods document (Appendix; available at www.jpeds.com).

Descriptive statistics for the four groups are summarized in Table I11. There were no side
effects attributed to probiotic administration in any of the infants. There was one case of
NEC during the period of study participation (Stage 2A based on established criteria)[8] in
patient 45 who received human milk plus B. /actis. Clinical details for individual patients are
presented in Table 1V (available at www.jpeds.com).

The two approaches to analysis of the microbiota are complementary. TRFLP provides
broad semi-quantitative information about the percentage of the total bacterial population in
a given group (in this case class/genus and phylum), and gPCR provides more precise
quantification of total bacteria and group based on the primers chosen (in this case genus
Bifidobacterium). For percentage bifidobacteria in this study, correlation between TRFLP
and qPCR was good in the first trial (R2 = 31%) but less strong in the second trial (R2 =
9.8%)

infants: dose escalation trial

Figure 2, A (available at www.jpeds.com) is the Bray-Curtis principal component analysis
(PCoA) of the TRFLP data demonstrating no large scale shifts in either group. Figure 3, A
presents changes in the TRFLP data at the class/order level for the two groups over time/
dosage change. Figure 4, A (available at www.jpeds.com) presents the same data at the
phylum level. Bifidobacteria are members of the phylum Actinobacteria; the Gram-positive
organisms that infect neonates are predominantly Firmicutes and the Gram-negative
organisms that infect neonates are predominantly Proteobacteria. Figure 5, A (available at
www.jpeds.com) contains the TRFLP data for each individual patient. The adult fecal
microbiota at the phylum level is dominated by Bacteroidetes and Firmicutes with
alterations at this level associated with several disease processes. In these premature infants,
Bacteroidetes were absent and large numbers of Gram negative y-Proteobacteria were
present as is common in premature infants.[9]

To further characterize the bacteria of the class Bacilli (orders Lactobacillales and
Bacillales), a focused TRFLP (Bac-TRFLP)[10] was performed on a limited number of
samples as summarized in Figure 6 (available at www.jpeds.com). Although the sample size
is too small to allow statistical analysis, in each group Lactobacilliwere absent, Enterococci
increased over time and become the dominant component of this class, and the
Staphylococci decreased with time. This pattern is similar to a previous report.[11] Whether
treatment with probiotics influenced these changes is not clear from this limited analysis.

J Pedliatr. Author manuscript; available in PMC 2014 December 01.
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Relative abundance of bifidobacteria declined with increasing dosage over time/dose in the
F+Blac group (adjusted odds ratio (AOR) of bifidobacteria among all bacterial species per
weekly change = 0.69, 95% CI: 0.47 — 0.996), and showed a statistically nonsignificant
trend towards increase in the F+Binf group (AOR=1.15, 95% CI1 0.79 — 1.69). The
comparison in change in relative abundance of bifidobacteria over time/dose in the F+Binf
group over the F+Blac group was close to significant (relative AOR=1.68, 95% CI 0.99 —
2.85, p = 0.054). The two groups did not differ in the weekly change in the relative
abundances of y-Proteobacteria (F+Binf vs F+Blac AOR for weekly change parameter=
1.12,95% CI: 0.71 - 1.77).

gPCR analyses with bifidobacteria-specific and universal primers more precisely quantify
numbers of bifidobacteria and percentages of bifidobacteria. Figure 7, A presents the
combined data from each group over time and dose. In the F+Binf group there appears to be
a dose response with maximal percentage of bifidobacteria following dose 4. In the F+Blac
group there was an increase in bifidobacteria with maximal percentage following dose 1 and
no obvious dose response. Figure 8, A (available at www.jpeds.com) contains the gPCR data
for each infant over time.

Human milk-fed infants: cross-over trial

The PCoA plot for these two groups is presented in Figure 2, B with the TRFLP data by
groups in Figures 3, B and 4, B and individual data in Figure 5, B. The relative within-
period increase in bifidobacteria was much higher during administration of B. infantis than
B. lactis (relative AOR=11.8, 95% CI: 10.9 — 12.8). Of all interventions in the two studies,
the largest proportion of bifidobacteria was seen in infants receiving human milk plus B.
infantis. Within-period decreases in the relative abundances of y-Proteobacteria were more
pronounced during B. infantis administration than during B. /actis administration: B. infantis
V. B. lactis ratio (95% CI) of within-period change in odds of y-Proteobacteria= 0.277
(0.270 - 0.284).

The gPCR analyses by group over time are presented in Figure 7, B with the individual data
in Figure 8, B. In both human milk groups the highest total numbers of bifidobacteria and
percentages of bifidobacteria were seen following two weeks of B. infantis. The within-
period increase in the relative abundance of bifidobacteria was significantly greater for B.
infantis than for B. lactis (relative AOR =5.99, 95% ClI: 4.37 — 8.20, p < 0.001).

Diversity of the fecal microbiota

Mean Shannon diversity scores for the six taxa [geometric mean score (cluster-adjusted 95%
CI)] were lower in the formula-fed infants than the infants receiving human milk (Figure 9):
F+Binf 2.9 (2.6, 3.3), F+Blac 3.1 (2.5, 3.7), H+Binf/Blac 4.1 (3.8, 4.5), H+Blac/Binf 4.3
(3.7, 4.9). In Poisson regression analyses, Shannon diversity scores did not change over
time/dose in the F+Blac group (weekly increase in diversity score 1.03 fold, 95% CI: 0.995
—1.06, p=0.09), however increased diversity over time/dose was seen in the F+Binf group
(weekly increase 1.12 fold (95% CI 1.01-1.25, p=0.04). The between-group comparison in
microbial diversity favored the F+Binf group, but was not statistically significant (Relative
rate Ratio (RRR)=1.09, 95% ClI: 0.97 — 1.23). In the cross-over trial, the between-group
increase in microbial diversity with treatment was greater during administration of B.
infantisthan B. /actis consistent with the dose-response trial, but did not reach statistical
significance (B. infantisvs. B lactisRRR = 1.27, 95% CI: 0.57 — 2.81)

Antibiotic administration and the fecal microbiota

During the study, many of the infants received antibiotics (Figure 8), often with dramatic
decreases in total bacteria (eg, greater than 100 fold decreases in patients 29 and 37).

J Pedliatr. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Underwood et al.

Page 5

Patients 8 and 29 showed a concomitant decrease in bifidobacteria in spite of continued
probiotic administration.

Correlation of administered strain and excreted strain

Figure 10 (available at www.jpeds.com) summarizes the bifidobacteria specific TRFLP (pie
charts) combined with PCR data (bar charts) for selected specimens in each infant group.
The B. longum group detects the administered probiotic B. infantis plus other B. longum
subtypes and the B. animalis group detects the administered probiotic B. /actis plus other B.
animalis subtypes. Among formula-fed infants, the B. animalis group was much more
prevalent in infants who were administered B. /actis, but did not increase in percent
abundance over time, rather increasing percentages of B. /ongum group over time are seen.
The B. longum group was the dominant member of the genus Bifidobacterium in all
formula-fed infants who received B. infantis.

Among breast-fed infants, the B. fongum group was the prevalent bifidobacterium, a trend
which strengthened over time regardless of the order of administration of the probiotics. The
B. animalis group seemed unable to persistently colonize the breast-fed infants in spite of
continued administration of B. /actis.

Discussion

The importance of the microbiome in pediatric disease has recently been reviewed.[12]
Many threads of evidence suggest that the composition of the intestinal microbiota is an
important risk factor for the development of NEC in premature infants. First, the intestinal
microbiota of premature infants differs significantly from that of term infants. [13] This is
likely due to multiple factors including early and repeated exposure to antibiotics,
immaturity of the intestinal innate immune system, prolonged hospital stays, differences in
feeding regimens, and lack of time with and proximity to family members. Second, the
intestinal microbiota of premature infants that develop NEC differs from that of premature
infants that do not develop NEC with a bloom of y- Proteobacteria just prior to NEC onset.
[14, 15] Third, the risk of developing NEC in premature infants increases with the number
of days the infant receives empiric antibiotics. [16-18]

One proposed mechanism by which probiotic bacteria protect premature infants against
NEC is alteration in the composition of the intestinal microbiota. We set out to determine
whether B. infantis, a strain of bifidobacteria that consumes human milk oligosaccharides
and has therefore been evolutionarily selected to colonize the intestine of the breast-fed term
infant, is a better colonizer of the premature gut than B. /actis (a non-fermenter of human
milk oligosaccharides commonly found in many commercial yogurt products) and whether a
dose response for colonization exists. In this small sample, the infants receiving formula
plus the probiotic B. infantis showed an increase in total bifidobacteria and microbial
diversity compared with those receiving formula plus B. /actis. Furthermore colonization
with B. /actis was transient and decreased even as the dose was increased. In the infants
receiving their mother’s own milk, administration of B. infantis led to consistently higher
total bifidobacteria, percentages of bifidobacteria, and (perhaps most importantly) lower
total y-Proteobacteriathan B. lactis.

The dominance of B. infantisin the feces of breast-fed infants, even during periods of
administration of B. /actis, is puzzling. This may reflect cross-contamination within the
NICU or within the pharmacy as has been reported previously[19] or may represent the
genetic advantage of B. infantis (ability to deconstruct and consume HMOS) in the human
milk-fed premature infant. Other mechanisms by which bifidobacteria establish themselves
as dominant organisms in the intestinal microbiota include production of antimicrobial
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compounds that inhibit a wide range of both Gram-positive and Gramnegative bacteria[20]
and production of exopolysaccharide.[21] Whether either of these mechanisms benefit this
strain of B. infantisis unclear.

Dose-response studies of probiotics have been performed in adults,[22] but not in premature
infants. In our study, the dose in the formula-fed infants was increased three fold each week
to include the range of doses published at the time the study was begun (an 81 fold dose
increase over the 5 weeks of the study). The human milk-fed infants received the highest
dose from the dose-escalation study in the cross-over study. Healthy term breast-fed infants
often have high percentages of fecal bifidobacteria,[23] whereas this is uncommon in
premature infants.[11] It is possible that even the highest dose administered in this study
(almost 1010 per day) was not sufficient to imitate the fecal flora of a term infant; it is also
possible that other factors related to premature birth preclude that possibility. There were
several infants with a rapid increase in fecal bifidobacteria with the first probiotic dose (e.g.
patients 8, 28, 29, 5, 17, 31, and 36) and others where a clear increase in bifidobacteria was
not seen (patients 12 and 35). Genetic or other factors likely influence “responsiveness” to
probiotics. In this study the difference between formula-fed groups was maximal at a dose of
1.4 x 109 cfu twice daily for B. infantis. Increasing the dose for B. /actis above 5 x 107 cfu
twice daily did not increase percentage of bifidobacteria, total bacteria, or bacterial diversity.
We hypothesized that administration of probiotic bifidobacteria would decrease fetal y-
Proteobacteria; this effect was not seen in the formula-fed infants, but was prominent in the
infants receiving human milk plus B. infantis.

The effect of antibiotic treatment in several of these premature infants was dramatic with
decreases in total bacteria by qPCR following treatment; changes in y-Proteobacteria and
bifidobacteria with antibiotics were not consistent. In mice, antibiotic treatment alters the
composition of the microbiota (increases y-Proteobacteria and decreases Firmicutes) with
only minimal decreases in total bacteria, but dramatically increases susceptibility to
infection.[24]

The dizygotic twins in group F+Blac (patients 35 and 36) had similar clinical courses and
diets, received similar antibiotics, and were cared for in the same room and by the same
nurses. Both showed an initial increase in the administered probiotic (week 1 in Figure 4),
but eventually became colonized with B. /ongum group even though they did not receive
this organism. It is unclear if this B. longum population arose indigenously or was the
specific B. infantis strain used in this study. Surprisingly, the fecal microbiota did not show
much similarity between the two twins suggesting that other factors influence the intestinal
microbiota.

These two small studies have significant shortcomings. It would have been ideal to perform
dose escalation trials and cross-over trials in both the formula-fed and human milk-fed
groups. It would also have been ideal to begin the trial within the first few days of life in
order to provide the probiotic during the earliest stages of colonization and to have altered
the microbiota prior to the peak age of NEC occurrence. This was not possible as most of
the premature infants received mixed feedings (human milk when available and formula if
not) initially. A longer washout period may also have been valuable given the continued
increase in percentage of bifidobacteria seen during the washout period in all the infants
receiving B. infantis first. The sample size does not allow adjustment for confounders such
as antibiotic administration, delivery mode, onset of feeding, and skin-to-skin time. In
addition, we studied specific strains of bifidobacteria for which we had previously
determined the bacterial genome. Although this presents a scientific advantage, the
accompanying disadvantage is that these strains are not commercially available and that
closely related commercial strains may differ in their ability to colonize the premature gut.

J Pedliatr. Author manuscript; available in PMC 2014 December 01.
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Probiotic administration to premature infants appears to be effective for the prevention of
NEC, but is not yet the standard of care in the U.S. In these “phase 1" trials we used
probiotics with known purity and composition. The probiotic products were well tolerated.
In formula-fed infants, administration of B. infantis increased relative abundance of fecal
bifidobacteria compared with the B. /actis group, and increased microbial diversity over
time/dose. In the B. /actis group, colonization with the administered organism was not
sustained. Neither group had a decrease in fecal y- Proteobacteria. No clear dose response
was noted, though increasing the dose above 1.4 x 109 cfu twice daily increased fecal
bifidobacteria in just 2 of the 12 infants. In the human milk-fed infants, supplementation
with B. infantis was associated with a decrease in y-Proteobacteria, and a marked increase in
bifidobacteria. The B. Jongum group was dominant across the great majority breast-fed
infants at all time points, regardless of timing or species of probiotic administration. The
combination of human milk and B. infantis was most effective of all interventions studied at
“normalizing” the fecal microbiota.
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DNA extraction

Bacterial genomic DNA was extracted from stool samples as previously described with a
few modifications.[1] Briefly, frozen stool:PBS mixture was thawed and centrifuged. The
fecal pellet was rinsed twice with PBS then resuspended in 200 pl lysis buffer with freshly
added 40 mg/ml lysozyme then incubated at 37°C for 30 min. Buffer ASL (Qiagen,
Valencia, CA) was added to equal 2.0 ml; the sample was vortexed and then homogenized
by bead-beating in a FastPrep-24 Instrument (MP Biomedicals, Solon, OH) for 2 min at 6.5
m/sec. The homogenate was incubated for 5 min at 95°C, vortexed, and centrifu ged at
13,000 x g for 1 min to pellet stool particles. DNA in the supernatant was purified with the
Qiagen Stool Mini Kit.

gPCR analysis of the fecal microbiota

SYBR green and TagMan quantitative real time PCR (qPCR) assays were performed on a
7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA) with primers
specific for universal eubacteria and bifidobacteria (Table I1; available at www.jpeds.com)
as previously described.[2, 3] All reactions were carried out in triplicate with a nontemplate
control.

TRFLP analysis of the fecal microbiota

Statistical

PCR amplification was performed in triplicate and the products combined prior to
purification with conditions as described. [4] [5] Bacilli-specific TRFLP (Bac-TRFLP) and
Bifidobacteria-specific TRFLP (Bif-TRFLP) were performed as previously outlined.[6, 7]
PCR products were analyzed by electrophoresis and purified using the QlAquick PCR
Purification Kit (Qiagen, Valencia, CA). All 16S-TRFLP amplicons were digested using the
enzymes Alul, Mspl, Haelll, and Hhal. Bac-TRFLP amplicons were digested using the
enzymes Msel, Hpy188l, and Hpy188lIl. Bif-TRFLP amplicons were digested in Alul and
Haelll only. Next, 1.5 pl of the digestion mixture was used for fragment analysis and traces
were visualized with the program Peak Scanner v1.0 (Applied Biosystems). Peak filtration
and clustering analyses were performed with R software, using published program scripts
and analysis protocols.[8] For Bif-TRFLP analysis fragment sizes were compared with an
in-house empirical database of TRF sizes constructed from a library of pure strains.[7]
Results were calculated as a percentage of the total post-filtering peak area from the
electropherograms, excluding primer-dimer and smaller peaks. Taxonomic assignments of
operational taxonomic units were based on comparison with an /n sifico digest database
generated by the virtual digest tool from MiCA[9] of good-quality 16S rRNA gene
sequences compiled by the Ribosomal Database Project Release.[10, 11]

analyses of microbial composition

Using QIIME software, multidimensional summary measures of the microbial composition
analyzed by 16S-TRFLP were visualized in a reduced number of dimensions via a 3-
dimensional principal coordinate analysis (PCoA) plot .[12] In this plot, greater between-
sample dissimilarity in microbial community structure is reflected in greater distances
between the plotted points corresponding to those samples.

For each trial, longitudinal trajectories of the patient’s weekly 16S-TRFLP bacterial
composition and diversity measures were modeled with mixed-effects extensions of
generalized linear models, using PROC GLIMMIX in SAS/Stat software [13] In the first
trial, for each outcome, adjusted dose-response effects for each group were estimated and
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compared by fitting group-specific slopes (for a one-week change) as a fixed effect in
models that also included terms for gestational age at first dose, for study group (a binary
variable for B. infantisvs. B. lactis, to adjust for between-group differences at study
baseline), and recent (past 6 day) antibiotic exposure, as well as random intercepts for each
infant. For the relative abundance of bifidobacteria outcome, week 0 values departed from
the linear dose-response pattern observed in subsequent weeks. Hence, for this outcome, an
additional term was added to the model to account for this discrepancy. In effect, the
between-group comparison of slopes for this outcome was based on the week 1 to week 5
data. In the second trial, for each outcome, the between-group (B. infantisvs. B. lactis)
adjusted difference in within-period mean changes were estimated by fitting a model with
fixed effects for each subject-period combination and two separate within-subject, within-
period indicators for B. infantisand B. /actis. The indicator for B. infantis (B. animalis) was
coded 1 for the second measurement in a B.infantis (B. animalis) period and 0 otherwise.
The coefficients for these indicators were then compared with each other to estimate the
between-probiotic difference in within-period mean changes. To protect inferences against
slight departures from model assumptions, robust standard errors and confidence intervals
were calculated using a small sample adjustment to the sandwich estimator.[14] Taxon-
specific relative abundances (e.g. percentage bifidobacteria) were modeled using Beta
regression, an extension of logistic regression for continuous outcomes on the interval (0,1).
[15]

analyses of microbial diversity

Shannon diversity [16] is the exponential of the Shannon entropy and, in this setting, has a
theoretical range from 1 (i.e. no diversity because one of the taxa has 100% relative
abundance) to 6 (maximum diversity because each of the six taxa is equally abundant).
Weekly Shannon diversity scores for the six taxon-specific relative abundances were
modeled using Poisson regression. Because the distribution of the gPCR outcomes in the
first trial did not satisfy regression modeling assumptions, nonparametric methods were used
for between-group comparisons for each dosage level. For assessing the agreement between
relative abundance measures of bifidobacteria by gPCR and by TRFLP, the coefficient of
determination (R-square) was estimated using the linear regression procedure for clustered
survey data (PROC SURVEYREG).
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Figure 1.
Growth of B. infantis and B. /actis in culture media containing human milk oligosaccharides
as the sole carbon source.
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Principal Coordinate Analysis (PCoA) of 16S-TRFLP data. Principal components were
calculated based on Bray-Curtis distance of Mspl digest TRFLP profiles of all infants at all

timepoints. A presents all specimens from the dose escalation trial (orange = baseline

specimens, red = F+Binf, blue = F+Blac). B presents all specimens from the crossover trial
(orange = baseline, purple = washout, green = H+Binf, blue = H+Blac).
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noted bacterial genus or order present in the specimen for each group at each time point. Ba
= baseline specimen, F = formula, H = human milk, Bi = B. infantis, Bl = B lactis.
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gPCR analysis of mean total bacteria (white bars) and mean Bifidobacteria (gray bars) for
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bacteria that are Bifidobacteria. The Y axis for total bacteria is a logarithmic scale and

represents copies 16S rRNA gene per g stool. A Infants receiving formula in the dose
escalation trial. B Infants receiving human milk in the cross-over trial. Ba = baseline, WO =
washout.
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trial. B Infants receiving human milk in the cross-over trial. The number in each bar
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Primer sequences

Table 2

Universal gPCR Forward | Uni334F 5’- ACTCCTACGGGAGGCAGCAGT-3’

Universal gPCR Reverse | Uni514R 5’- ATTACCGCGGCTGCTGGC-3’

Bifidobacteria gPCR | Forward | BifF 5’- GCGTGCTTAACACATGCAAGTC-3’
Bifidobacteria gPCR | Reverse | BifR 5’- CACCCGTTTCCAGGAGCTATT-3’

Tagman probe Bif P 5’- [6-FAM]TCACGCATTACTCACCCGTTCGCC[BHQ1]-3’
PCR for TRFLP Forward | Uni331F-FAM | 5’-[SFAM]-TCCTACGGGAGGCAGCAGT-3’

PCR for TRFLP Reverse | 1492R 5-GGTTACCTTGTTACGACTT-3"

PCR for Bac-TRFLP | Forward | NLAB2F 5’[BHEX]-GGCGGCGTGCCTAATACATGCAAGT-3’
PCR for Bac-TRFLP | Reverse | WLABIR 5-TCGCTTTACGCCCAATAAATCCGGA-3’

PCR for Bif-TRFLP Forward | NBIF389 5'[HEX]-GCCTTCGGGTTGTAAAC-3'

PCR for Bif-TRFLP Reverse | NBIF1018REV | 5-GACCATGCACCACCTGTG-3'
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Table 3
Demogr aphics Formula plus Formula plus Human milk, Human milk,
Bifidobacterium | Bifidobacterium B.infantis B. lactisthen
longum subsp. animalissubsp. | then B. lactis B. infantis
infantis (n=6) lactis (n=6) (n=4) (n=5)
Sex (F) 5 2 1 2
Birth weight, mean (SD) 805 (238) 847 (305) 1016 (316) 812 (162)
Gestational age at birth, mean (SD) 25(2) 26 (2) 27 (3) 26 (2)
Corrected gestational age at first dose, mean(SD) 31(3) 31(1) 31(3) 30(2)
Cesarean section (number) 5 6 3 4
Apgar score at 1 min, median (range) 7 (1-8) 5 (1-7) 4 (1-8) 5 (4-5)
Apgar score at 5 min, median (range) 7(5-9) 7(2-8) 6(3-9) 8 (7-9)
Hispanic 1 1 2 0
Black 2 0 0 0
Multiples 1 surviving twin 1 set of twins 0 2 surviving twins
Days of antibiotics (at or before onset of study), mean (SD) 16 (14) 16 (16) 8(7) 12 (8)
Days of antibiotics (during study period) 4(4) 4(9) 0 2(2)
Number of infants with NEC during study period 0 0 0 1
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Table 4

Clinical details by patient and group

Group Patient | History

F+Binf 8 E. coli meningitis at day of life 10 treated with 21 days of antibiotics, Stage 3 NEC at 6 weeks of age requiring
bowel resection and ileostomy. Enrolled in this trial at 2 months of age. *During the study had three additional brief
courses of antibiotics (2 days during week 1, 3 days during week 2, and 4 days during week 4) while awaiting
culture results. Probiotic continued throughout. Dose 3 was continued for an extra week.

F+Binf 29 Received 13 days of antibiotics for staphylococcal sepsis/pneumonia during weeks 3 and 4 with the probiotic
continued throughout (dose 3 was continued during this time).

F+Binf 37 Treated with 7 days antibiotics for S. aureus pneumonia during week 1 with the probiotic dose continued
throughout.

F+Blac 7 Received azidothymidine from birth until 6 weeks of age followed by trimethoprim-sulfamethoxazole (TMP-SMX)
each Monday, Wednesday and Friday for another three weeks due to maternal HIV positivity. The period of
participation for this infant was during the three weeks of TMP-SMX (seven “antibiotic days” were counted for
each week of TMP-SMX administration).

H+Binf/Blac | 44 Completed a 2 day course of antibiotics on the day of enrollment

H+Blac/Binf | 45 Received 10 days of antibiotics for NEC during the first 2 weeks of the study (probiotics were held for the 10 day
period of treatment)

H+Blac/Binf | 47 Received 7 days of antibiotics during week 1 of the study (probiotics continued)

H+Blac/Binf | 48 Received 3 days of antibiotics during week 2 of the study (probiotics continued)

*
For this patient only, ileostomy output samples rather than feces were analyzed.
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