A Comparison of Two Probiotic Strains of Biﬁdobacteria
in Premature Infants
Mark A. Underwood, MD, MAS1,2, Karen M. Kalanetra, PhD2,3, Nicholas A. Bokulich, MS2,3, Zachery T. Lewis, BS2,3,
Majid Mirmiran, MD, PhD1, Daniel J. Tancredi, PhD1, and David A. Mills, PhD2,3
Objective To determine the impact of 2 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, 12 premature infants receiving formula feedings were
assigned randomly to receive either Bifidobacterium longum ssp infantis or Bifidobacterium animalis ssp lactis in
increasing doses during a 5-week period. In the second, 9 premature infants receiving their mother’s milk received
each of the two bifidobacteria for 2 weeks separated by a 1-week washout 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 infantis (Binf) than those receiving B lactis (Blac). This difference was most marked at a dose of 1.4 !
109 colony-forming units twice daily (P < .05). Bacterial diversity improved over dose/time in those infants receiving
Binf. Among the human milk-fed infants, greater increases in fecal bifidobacteria and decreases in g-Proteobacteria
followed the administration of Binf than Blac. The B longum group (which includes Binf but not Blac) was the dominant bifidobacteria among the human milk-fed infants, regardless of the probiotic administered.
Conclusions Binf was more effective at colonizing the fecal microbiota than Blac in both formula-fed and human
milk-fed premature infants. The combination of human milk plus Binf resulted in the greatest fecal levels of
bifidobacteria. (J Pediatr 2013;163:1585-91).

N

ecrotizing 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 US, 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. The routine administration of probiotics to premature infants has not been recommended because of 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 2 strains of bifidobacteria, Bifidobacterium longum ssp infantis (American Type Culture Collection strain 15697) and Bifidobacterium animalis ssp
lactis (University of California, Davis [UC Davis] strain 316), in premature infants. These 2 strains were chosen for their genetic diversity. The B infantis (Binf) strain has encoded in its genome the enzymes necessary to digest and use the human milk oligosaccharides (HMOs). 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 lactis (Blac) strain is a member of a species that is popularly used as a probiotic and able to consume lactose. However, Blac does not contain the enzymes necessary to digest 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
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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 (ie, the Binf strain would have
no advantage in the absence of human milk), and that infants
receiving human milk plus Binf (H+Binf) would have more
fecal bifidobacteria, fewer g-Proteobacteria, and greater
diversity than the other groups of premature infants.

Methods
This 2-trial study was approved by the Institutional Review
Board at the UC Davis and performed at the UC Davis Children’s Hospital in Sacramento, California, from June 2009 to
July 2012. Written informed consent was obtained from the
infants’ parents. In the first trial, 12 formula-fed premature
infants (birth weight <1500 g, gestational age <33 weeks)
were assigned randomly to receive increasing doses of either
Binf (ie, formula plus Binf [F+Binf]) or Blac (ie, formula plus
Blac [F+Blac]) for 5 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). The
study group was not blinded, although specimens were
labeled with randomly generated numbers to blind the
laboratory analysis. In the second trial, an additional 9
premature infants (birth weight <1500 g, gestational age
<33 weeks) receiving their mother’s own milk were
assigned randomly to receive Binf (4 ! 109 organisms twice
daily) for 2 weeks followed by a 1-week washout (WO)
period (no probiotics) and then Blac (same dose) for 2
weeks (Group H+Binf/Blac) or the alternative (Blac first
and then Binf, Group H+Blac/Binf).
To avoid the challenges of using over-the-counter probiotic
products (eg, unknown composition and viability7) the 2
strains of bifidobacteria were grown by a food-grade commercial facility (Culture Systems, Inc, Mishawaka, Indiana) specifically for this study and stored at "80# C. Purity and number of
viable bacteria per gram of both probiotics were confirmed by
the investigators every 6 months by culture. The probiotic
doses were prepared each day by the UC Davis investigational
pharmacy by dissolving the freeze-dried powder in water and
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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 5 weeks. Specimens
from the human milk-fed infants were collected at baseline,
after the first course of probiotics, after the WO period,
and after the second course of probiotics. The stool specimens were collected from a soiled diaper, placed in a sterile
container, refrigerated overnight, then diluted 1:1 with
phosphate-buffered saline (PBS), homogenized, transported
on dry ice, and stored at "80# C.
Details regarding DNA extraction, analysis of the fecal
microbiota by terminal restriction fragment-length polymorphism (TRFLP) and quantitative polymerase chain reaction
(qPCR), and statistical analysis of microbial composition and
diversity with references are presented in the supplementary
methods document (Appendix and Table II; available at
www.jpeds.com).

Results
Descriptive statistics for the four groups are summarized in
Table III. 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 Blac (H+Blac). Clinical details for
individual patients are presented in Table IV (available at
www.jpeds.com).
The 2 approaches to analysis of the microbiota are complementary. TRFLP provides broad semiquantitative information
about the percentage of the total bacterial population in a given
group (in this case class/genus and phylum), and qPCR provides more precise quantification of total bacteria and group
based on the primers chosen (in this case genus Bifidobacterium). For the percentage of bifidobacteria in this study, the
correlation between TRFLP and qPCR was strong in the first
trial (R2 = 31%) but weaker in the second trial (R2 = 9.8%).
Formula-Fed Infants: Dose-Escalation Trial
Figure 2, A (available at www.jpeds.com) is the Bray-Curtis
principal component analysis (PCoA) of the TRFLP data

Table III. Demographics
Sex (F)
Birth weight, mean (SD)
Gestational age at birth, mean (SD)
Corrected gestational age at first dose, mean (SD)
Cesarean delivery, no.
Apgar score at 1 min, median (range)
Apgar score at 5 min, median (range)
Hispanic
Black
Multiples
Days of antibiotics (at or before onset of study), mean (SD)
Days of antibiotics (during study period)
Number of infants with NEC during study period
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F+Binf (n = 6)

F+Blac (n = 6)

H+Binf/Blac (n = 4)

H+Blac/Binf (n = 5)

5
805 (238)
25 (2)
31 (3)
5
7 (1-8)
7 (5-9)
1
2
1 surviving twin
16 (14)
4 (4)
0

2
847 (305)
26 (2)
31 (1)
6
5 (1-7)
7 (2-8)
1
0
1 set of twins
16 (16)
4 (9)
0

1
1016 (316)
27 (3)
31 (3)
3
4 (1-8)
6 (3-9)
2
0
0
8 (7)
0
0

2
812 (162)
26 (2)
30 (2)
4
5 (4-5)
8 (7-9)
0
0
2 surviving twins
12 (8)
2 (2)
1

Underwood et al

ORIGINAL ARTICLES

December 2013
demonstrating no large scale shifts in either group. Figure 3,
A presents changes in the TRFLP data at the class/order level
for the 2 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 Gramnegative 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 g-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
(Bacilli-specific 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
Lactobacilli were absent, Enterococci increased over time
and became 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.
Relative abundance of bifidobacteria declined with
increasing dosage over time/dose in the F+Blac group (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% CI 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 = .054). The 2
groups did not differ in the weekly change in the relative
abundances of g-Proteobacteria (F+Binf vs F+Blac aOR
1.12 for weekly change parameter, 95% CI 0.71-1.77).
qPCR 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 after 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 qPCR data for each infant over time.
Human Milk-Fed Infants: Cross-Over Trial
The PCoA plot for these 2 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 greater during the
administration of Binf than Blac (relative aOR 11.8, 95% CI
10.9-12.8). Of all interventions in the 2 studies, the largest
proportion of bifidobacteria was seen in infants receiving
H+Binf. Within-period decreases in the relative abundances
of g-Proteobacteria were more pronounced during Binf
administration than during Blac administration: Binf vs

Figure 3. Universal Bacteria 16S-TRFLP analysis. Each color represents the mean percentage of the noted bacterial genus or
order present in the specimen for each group at each time point. A, Formula-fed infants and B, human milk-fed infants. Ba,
baseline specimen.
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Figure 7. qPCR analysis of mean total bacteria (white bars) and mean Bifidobacteria (gray bars) for each group at each time
point. The number in each bar represents the percentage of total bacteria that are Bifidobacteria. The Y-axis for total bacteria is a
logarithmic scale and represents copies 16S rRNA gene per gram of stool. A, Infants receiving formula in the dose-escalation
trial. B, Infants receiving human milk in the cross-over trial.

Blac ratio (95% CI) of within-period change in odds of
g-Proteobacteria = 0.277 (0.270-0.284).
The qPCR 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 greatest total numbers of
bifidobacteria and percentages of bifidobacteria were seen
following 2 weeks of Binf. The within-period increase in
the relative abundance of bifidobacteria was significantly
greater for Binf than for Blac (relative aOR 5.99, 95% CI
4.37-8.20, P < .001).
Diversity of the Fecal Microbiota
Mean Shannon diversity scores for the 6 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), and 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 = .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 = .04). The between-group comparison in microbial
diversity favored the F+Binf group but was not statistically
significant (relative rate ratio 1.09, 95% CI 0.97-1.23). In the
cross-over trial, the between-group increase in microbial
diversity with treatment was greater during administration of
Binf than Blac, consistent with the dose-response trial, but did
not reach statistical significance (Binf vs Blac relative rate
ratio 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, >100-fold decreases in patients 29 and 37). Patients 8
and 29 showed a concomitant decrease in bifidobacteria
despite continued probiotic administration.
1588

Correlation of Administered Strain and Excreted
Strain
Figure 10 (available at www.jpeds.com) summarizes the
bifidobacteria-specific TRFLP (Bif-TRFLP) (pie charts)
combined with PCR data (bar charts) for selected specimens
in each infant group. The B longum group detects the
administered probiotic Binf plus other B longum subtypes,
and the B animalis group detects the administered probiotic
Blac plus other B animalis subtypes. Among formula-fed
infants, the B animalis group was much more prevalent in
infants who were administered Blac but did not increase in
percent abundance over time; instead, increasing percentages
of B longum group over time are seen. The B longum group
was the dominant member of the genus Bifidobacterium in
all formula-fed infants who received Binf.
Among breast-fed infants, the B longum group was the prevalent bifidobacterium, a trend that 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 despite continued administration of Blac.

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 likely because of 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 who develop NEC differs
from that of premature infants who do not develop NEC in
that a bloom of g-Proteobacteria has been demonstrated
Underwood et al
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Figure 9. Geometric mean Shannon diversity scores with
95% CIs. A, Formula-fed infants (dose escalation). B, Human
milk-fed infants (cross-over).

just before the onset of NEC.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 Binf, a strain of bifidobacteria that consumes
HMOs 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 Blac (a nonfermenter of HMOs
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 Binf
showed an increase in total bifidobacteria and microbial diversity compared with those receiving formula plus Blac. Furthermore colonization with Blac was transient and decreased even as
the dose was increased. In the infants receiving their mother’s
own milk, the administration of Binf led to consistently greater
total bifidobacteria, percentages of bifidobacteria, and (perhaps
most importantly) lower total g-Proteobacteria than Blac.
The dominance of Binf in the feces of breast-fed infants,
even during periods of administration of Blac, is puzzling.

This may reflect cross-contamination within the neonatal
intensive care unit or within the pharmacy as has been
reported previously19 or may represent the genetic advantage
of Binf (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 compounds that inhibit a wide range
of both Gram-positive and Gram-negative bacteria20 and
production of exopolysaccharide.21 Whether either of these
mechanisms benefit this strain of Binf is unclear.
Dose-response studies of probiotics have been performed
in adults22 but not in premature infants. In our study, the
dose in the formula-fed infants was increased 3-fold each
week to include the range of doses published at the time
the study was begun (an 81-fold dose increase during the 5
weeks of the study). The human milk-fed infants received
the greatest dose from the dose-escalation study in the
cross-over study. Healthy term breast-fed infants often
have high percentages of fecal bifidobacteria,23 which is
uncommon in premature infants.11 It is possible that even
the greatest 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 (eg, patients 8, 28, 29, 5, 17, 31, and 36)
and others in which 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 ! 109 colony-forming units (cfu) twice daily
for Binf. Increasing the dose for Blac >5 ! 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 g-Proteobacteria; this effect was not seen in the formula-fed infants but
was prominent in the infants receiving H+Binf.
The effect of antibiotic treatment in several of these premature infants was dramatic with decreases in total bacteria by
qPCR after treatment; changes in g-Proteobacteria and bifidobacteria with antibiotics were not consistent. In mice, antibiotic treatment alters the composition of the microbiota
(increases g-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 longum group even though they did not
receive this organism. It is unclear whether this B longum
population arose indigenously or was the specific Binf strain
administered in this study. Surprisingly, the fecal microbiota
did not show much similarity between the 2 twins suggesting
that other factors influence the intestinal microbiota.
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These 2 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 the infants’ lives to provide the probiotic during
the earliest stages of colonization and to have altered the microbiota before the peak age of NEC occurrence. This was not
possible because most of the premature infants initially received
mixed feedings (human milk when available and formula if
not). A longer WO period may also have been valuable, given
the continued increase in percentage of bifidobacteria seen during the WO period in all the infants receiving Binf 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.
Probiotic administration to premature infants appears to
be effective for the prevention of NEC but is not yet the standard of care in the US. In these phase 1 trials, we used probiotics with known purity and composition. The probiotic
products were well tolerated. In formula-fed infants, the
administration of Binf increased the relative abundance of
fecal bifidobacteria compared with the Blac group and
increased microbial diversity over time/dose. In the Blac
group, colonization with the administered organism was
not sustained. Neither group had a decrease in fecal g-Proteobacteria. No clear dose response was noted, though increasing
the dose >1.4 ! 109 cfu twice daily increased fecal bifidobacteria in just 2 of the 12 infants. In the human milk-fed infants,
supplementation with Binf was associated with a decrease in
g-Proteobacteria and a marked increase in bifidobacteria. The
B longum 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 Binf was most effective of all interventions
studied at “normalizing” the fecal microbiota. n
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50 Years Ago in THE JOURNAL OF PEDIATRICS
Iron Metabolism in Premature Infants: I. Absorption and Utilization of Iron
as Measured by Isotope Studies
Gorten MK, Hepner R, Workman JB. J Pediatr 1963;63:1063-1071

T

he modern era of neonatology began with mechanical ventilation of infants in the early 1970s, yet premature
infants survived long before and were perceived as nutritionally at risk. In the 1960s, investigators recognized
that preterm infants were at risk for postnatal iron deficiency due to low fetal endowment and rapid postnatal growth.
Techniques using radioisotopes to assess gastrointestinal iron absorption and red cell distribution were available.
The 14 medically uncomplicated preterm subjects of the study by Gorten et al represented a wide range of birth
weights. One-half received iron-fortified formula that provided approximately 2 mg of ferrous sulfate/kg body weight
daily. The remainder received low-iron formula, which provided 0.2 mg of iron/kg body weight daily. A classic iron
balance approach assessed absorption and distribution.
The results were remarkable in their prescience. They foreshadowed studies in the subsequent decades1-3 that used
nonradioactive stable isotopes (57Fe and 58Fe) to define iron absorption rates (31.5% in Gorten et al vs 30%-40% in
subsequent studies), rates of iron incorporation into red cells (15.3% in Gorten et al vs 5%-12% subsequently), and
factors influencing absorption (endowment and growth rate) in preterm infants. Iron dosing had little effect on
absorption, but growth rate had a profound effect regardless of dietary iron. This dichotomy is rarely appreciated
in the modern era. Most thinking is driven by supply side (ie, iron dosing) rather than demand side (eg, growth)
economics. It is time to reconsider the role of growth rate in determining the iron needs of the preterm infant.
Michael K. Georgieff, MD
Division of Neonatology
Amplatz Children’s Hospital
University of Minnesota
Minneapolis, Minnesota
http://dx.doi.org/10.1016/j.jpeds.2013.06.014
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Appendix
DNA Extraction
Bacterial genomic DNA was extracted from stool samples as
previously described with a few modifications.1 In summary,
a frozen stool/PBS mixture was thawed and centrifuged. The
fecal pellet was rinsed twice with PBS then resuspended in
200 mL of lysis buffer with freshly added 40 mg/mL lysozyme
then incubated at 37# C for 30 min. Buffer ASL (QIAGEN,
Valencia, California) 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, Ohio) for
2 min at 6.5 m/s. The homogenate was incubated for 5 min
at 95# C, vortexed, and centrifuged at 13 000g for 1 min to pellet stool particles. DNA in the supernatant was purified with
the QIAGEN Stool Mini Kit.
qPCR Analysis of the Fecal Microbiota
SYBR green and TaqMan real-time qPCR assays were performed on a 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, California) with primers specific for
universal eubacteria and bifidobacteria (Table II; available
at www.jpeds.com) as previously described.2,3 All reactions
were performed in triplicate with a nontemplate control.
TRFLP Analysis of the Fecal Microbiota
PCR amplification was performed in triplicate and the products combined before purification with conditions as
described.4,5 Bac-TRFLP and Bif-TRFLP were performed as
previously outlined.6,7 PCR products were analyzed by electrophoresis and purified using the QIAquick PCR Purification
Kit (QIAGEN). All 16S-TRFLP amplicons were digested using
the enzymes AluI, MspI, HaeIII, and HhaI. Bac-TRFLP amplicons were digested using the enzymes MseI, Hpy188I, and
Hpy188III. Bif-TRFLP amplicons were digested in AluI and
HaeIII only. Next, 1.5 mL 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 by the
use of published program scripts and analysis protocols
(http://www.r-project.org/).8 For Bif-TRFLP analysis, fragment sizes were compared with an in-house empirical database of terminal restriction fragment sizes constructed from
a library of pure strains.7 Results were calculated as a percentage of the total postfiltering peak area from the electropherograms, excluding primer-dimer and smaller peaks. Taxonomic
assignments of operational taxonomic units were based on
comparison with an in silico digest database generated by
the virtual digest tool from MiCA9 of good-quality 16S ribosomal RNA (rRNA) gene sequences compiled by the Ribosomal Database Project Release.10,11
Statistical Analyses of Microbial Composition
Using QIIME software,12 we visualized multidimensional
summary measures of the microbial composition analyzed
by 16S-TRFLP in a reduced number of dimensions via a
1591.e1
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3-dimensional PCoA plot. In this plot, greater betweensample 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 (SAS Institute, Cary, North Carolina).13 In the first
trial, for each outcome, adjusted dose-response effects for
each group were estimated and compared by fitting groupspecific slopes (for a 1-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 Binf vs Blac, 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 (Binf vs Blac) adjusted difference in withinperiod 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
Binf and Blac. The indicator for Binf was coded 1 for the second measurement in a Binf period and 0 other wise with the
same pattern for Blac. 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 CIs
were calculated using a small sample adjustment to the sandwich estimator.14 Taxon-specific relative abundances (eg,
percentage bifidobacteria) were modeled using Beta regression, an extension of logistic regression for continuous outcomes on the interval (0,1).15
Statistical Analyses of Microbial Diversity
Shannon diversity16 is the exponential of the Shannon entropy and, in this setting, has a theoretical range from 1
(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
6 taxon-specific relative abundances were modeled with Poisson regression. Because the distribution of the qPCR 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 qPCR and by TRFLP, the coefficient of
determination (R-square) was estimated using the linear
regression procedure for clustered survey data (PROC SURVEYREG).
Underwood et al
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Figure 1. Growth of Binf and Blac in culture media containing
HMOs as the sole carbon source. OD, optical density.
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Figure 2. PCoA of 16S-TRFLP data. Principal coordinates were calculated on the basis of the Bray-Curtis distance of MspI
digest TRFLP profiles of all infants at all time points. A, All specimens from the dose escalation trial (orange circles, baseline
specimens; red squares, F+Binf; blue triangles, F+Blac). B, All specimens from the crossover trial (orange triangles, baseline;
purple circles, WO; green triangles, H+Binf; blue squares, H+Blac).

Figure 4. Bacterial 16S-TRFLP analysis. Each color represents the mean percentage of the noted bacterial phylum present in
the specimen for each group at each time point. A, Formula-fed infants and B, human milk-fed infants.
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Figure 5. Individual 16S-TRFLP analysis for each patient and each time point. A, Infants receiving formula in the dose escalation
trial. B, Infants receiving human milk in the cross-over trial.
A Comparison of Two Probiotic Strains of Bifidobacteria in Premature Infants

1591.e4

THE JOURNAL OF PEDIATRICS

$

www.jpeds.com

Vol. 163, No. 6

Figure 6. Bacilli-TRFLP. Each color represents the percentage of Bacilli (Bacillales and Lactobacillales) of the noted bacterial
species or genus in the specimen.
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Figure 8. Individual qPCR analysis of mean total bacteria and mean Bifidobacteria for each patient at each time point. A, Infants
receiving formula in the dose-escalation trial. B, Infants receiving human milk in the cross-over trial. The number in each bar
represents the percentage of Bifidobacteria in that specimen. *No Bifidobacteria detected (limit of detection 1 ! 104 copies 16S
rRNA gene per gram of stool). + DNA not available for this specimen. Note that the Y-axis is a logarithmic scale and represents
copies 16S rRNA gene per g stool. Black arrows represent antibiotics given in the week before this specimen. White arrows
represent TMP-SMX given in the week before this specimen. TMP-SMX, trimethoprim-sulfamethoxazole.
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Figure 10. qPCR analysis of total bacteria and Bifidobacteria and Bif-TRFLP (pie charts) for selected specimens in each group.
The Y-axis for total bacteria is a logarithmic scale and represents copies 16S rRNA gene per gram of stool. The pie charts
represent percentages of total Bifidobacteria not percentages of total bacteria.
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Table I. Dosage schedule for the formula-fed infants
(number of cfu administered twice daily)
Probiotic
Binf
Blac

Week 1
7

5 ! 10
5 ! 107

Week 2

Week 3
8

1.5 ! 10
1.5 ! 108

Week 4
8

4.5 ! 10
4.5 ! 108

Week 5
9

1.4 ! 10
1.4 ! 109

4.2 ! 109
4.2 ! 109

Table II. Primer sequences
Universal qPCR

Forward

Uni334F

50 -ACTCCTACGGGAGGCAGCAGT-30

Universal qPCR
Bifidobacteria qPCR
Bifidobacteria qPCR
Taqman probe
PCR for TRFLP
PCR for TRFLP
PCR for Bac-TRFLP
PCR for Bac-TRFLP
PCR for Bif-TRFLP
PCR for Bif-TRFLP

Reverse
Forward
Reverse

Uni514R
Bif F
Bif R
Bif P
Uni331F-FAM
1492R
NLAB2F
WLAB1R
NBIF389
NBIF1018REV

50 -ATTACCGCGGCTGCTGGC-30
50 -GCGTGCTTAACACATGCAAGTC-30
50 -CACCCGTTTCCAGGAGCTATT-30
50 -[6-FAM]TCACGCATTACTCACCCGTTCGCC[BHQ1]-30
50 -[5FAM]-TCCTACGGGAGGCAGCAGT-30
50 -GGTTACCTTGTTACGACTT-30
50 [5HEX]-GGCGGCGTGCCTAATACATGCAAGT-30
50 -TCGCTTTACGCCCAATAAATCCGGA-30
50 [HEX]-GCCTTCGGGTTGTAAAC-30
50 -GACCATGCACCACCTGTG-30

Forward
Reverse
Forward
Reverse
Forward
Reverse

FAM, fluorescein amidite; BHQ, black hole quencher; HEX, hexachloro-flourescein.
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Table IV. Clinical details by patient and group
Group

Patient

History

F+Binf

8

F+Binf

29

F+Binf
F+Blac

37
7

H+Binf/Blac
H+Blac/Binf
H+Blac/Binf
H+Blac/Binf

44
45
47
48

Escherichia 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.
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).
Treated with 7 days antibiotics for Staphylococcus aureus pneumonia during week 1 with the probiotic dose continued throughout.
Received azidothymidine from birth until 6 weeks of age followed by TMP-SMX each Monday, Wednesday, and Friday for another 3 weeks
due to maternal HIV positivity. The period of participation for this infant was during the 3 weeks of TMP-SMX (7 “antibiotic days” were
counted for each week of TMP-SMX administration).
Completed a 2-day course of antibiotics on the day of enrollment
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)
Received 7 days of antibiotics during week 1 of the study (probiotics continued)
Received 3 days of antibiotics during week 2 of the study (probiotics continued)

TMP-SMX, trimethoprim-sulfamethoxazole.
*For this patient only, ileostomy output samples rather than feces were analyzed.
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