










total microbiota was associated with the highest abundances of
total bifidobacteria (Fig. 2).

B. longum subsp. longum and B. longum subsp. infantis could
be differentiated on the basis of relative CT values with PCR prim-
ers targeting subspecies as shown in Fig. 3. Use of the method with
stool DNA from babies in the study showed that when B. longum
was present, it was usually B. longum subsp. longum. B. longum
subsp. infantis was rarely detected (in only two breast milk-, one
goat milk-, and zero cow milk-fed infants).

Similarity comparisons of microbiotas. Alpha-diversity (rare-

faction) analysis showed that fecal microbiota compositions were
less diverse in breast milk-fed children than in formula-fed babies
(Fig. 4A). Beta-diversity (UniFrac) distances revealed that the
microbiotas of goat milk-fed babies were more similar to those of
breast milk-fed infants than were those of cow milk-fed infants
(Fig. 4B).

Comparisons of bacterial families. Comparisons of the abun-
dances of bacterial families comprising the fecal microbiotas
showed that differences occurred between breast milk-fed and
formula-fed babies (Table 5). In particular, Lachnospiraceae and

FIG 3 Differentiation between B. longum subsp. longum and B. longum subsp. infantis using qPCR. Amplification curves (for clarity of reproduction, data
generated by ABI software were used to prepare Prism graphs) for target 16S rRNA sequences. (A) DNA template from B. longum subsp. longum ATCC 15707T;
(B) DNA template from B. longum subsp. infantis DSM 20088T; (C and D) templates from B. longum subsp. longum and infantis tested in the presence of stool
DNA from an infant without bifidobacteria; (E) mixed templates (1:1 ratio); (F) the mixed templates in the presence of stool DNA. Note that the results in panels
A and C, B and D, and E and F are highly similar, indicating that the presence of fecal DNA does not alter the amplification kinetics.
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Erysipelotrichaceae were less abundant in breast milk-fed infant
microbiotas, whereas Bacteroidaceae were more abundant. Clus-
tering of Bacteroidaceae with breast milk-fed infant microbiotas
was also apparent in biplot diagrams (Fig. 5). Bacteroides vulgatus,
Bacteroides fragilis, and Bacteroides thetaiotaomicron were the
most abundant species (Table 6). The coabundance of Bifidobac-
teriaceae and Bacteroidaceae in the microbiota of breast milk-fed
babies is probably due to the availability of HMO. Bacteroides
thetaiotaomicron and Bacteroides fragilis have been shown to in-
duce the same genes during HMO utilization that they use to
harvest host mucus glycans which are structurally similar to HMO
(22).

Beta-diversity analysis showed that Lachnospiraceae composi-
tions of the feces of goat milk-fed babies were more similar to
those of breast milk-fed infants than were those of cow milk-fed
infants (Fig. 6). This was the consequence of the simpler compo-
sition of the Lachnospiraceae population in the feces of goat milk-
fed infants than that in the feces of cow milk-fed infants (Table 7).
Breast milk- and goat milk-fed babies had predominantly Rumi-
nococcus gnavus, whereas a diversity of other species was detected
in cow milk-fed babies.

Species of the family Erysipelotrichaceae were present rarely
and at low levels in breast milk-fed babies (Table 5). Several spe-
cies were represented in both the cow milk- and goat milk-fed
babies, but Clostridium ramosum (goat, 10.84% [standard error of
the mean (SEM), 3.28%]; cow, 4.71% [SEM, 2.19%]) and Clos-

tridium innocuum (goat, 2.78% [SEM, 0.87%]; cow, 2.96% [SEM,
1.09%]) were the most common.

Microbiota composition in the absence of Bifidobacteri-
aceae. Some babies in each dietary group had microbiotas that
lacked or had very low abundances of Bifidobacteriaceae. Analysis
of the compositions of these microbiotas showed that when Bifi-
dobacteriaceae abundance was low, Lachnospiraceae abundances
tended to be greater in babies in all three dietary groups (Fig. 7).
There was also a tendency for Erysipelotrichaceae abundances to be
greater in formula-fed babies with low bifidobacterial abun-
dances, being much more evident in the case of goat milk-fed
babies.

DISCUSSION

Our hypothesis that there might be differences in microbiota
compositions of babies fed goat rather than cow milk formula
was supported. Beta-diversity analysis of total microbiotas and
Lachnospiraceae populations revealed that they were more similar
in breast milk/goat milk comparisons than in breast milk/cow
milk comparisons. The basis for this similarity appeared to be the
predominance of Ruminococcus gnavus among the Lachno-
spiraceae in the breast milk/goat milk-fed microbiotas, with only
very low abundances of other types. Lachnospiraceae do not seem
to have been studied in any detail in relation to their ecological
roles in the human bowel. They are among the key players in
biohydrogenation (unsaturated to saturated fatty acids) in the ru-
men (23). Their greater abundance in the microbiotas of formula-
fed babies may reflect the accompanying lower abundance of
Bifidobacteriaceae, or to the vegetable or ruminant lipids present
in the different formulas. Some babies in all dietary groups did not
harbor Bifidobacteriaceae at all or had very low abundances of
these bacteria. These infants tended to have greater proportions of
Lachnospiraceae, suggesting that an interaction, possibly metabol-
ically competitive, exists between these groups.

The predominance of Bifidobacteriaceae among the bacterial
inhabitants of the infant bowel during the first months of life has
been noted especially with breast milk-fed infants (11, 18, 24, 25).
Even so, Bifidobacteriaceae formed a large proportion (on average

TABLE 5 Comparison of abundances of 16S rRNA gene sequences
originating in the 13 most highly represented families (30 infants per
group)

Bacterial family

Mean % abundance (SEM)

Breast Goat Cow

Bifidobacteriaceaea,b 61.36 (6.28) 46.19 (5.86) 40.99 (5.16)
Lachnospiraceaea,b 4.22 (2.65) 12.53 (2.85) 22.11 (4.52)
Erysipelotrichaceaea,b 0.21 (0.15) 13.63 (2.9) 7.99 (2.34)
Enterobacteriaceae 8.22 (2.40) 5.12 (1.33) 4.42 (1.14)
Coriobacteriaceae 6.10 (2.67) 5.38 (1.76) 4.59 (2.20)
Streptococcaceaea 4.12 (2.81) 4.49 (2.01) 4.04 (1.46)
Clostridiaceaea 2.67 (1.33) 1.69 (0.73) 6.23 (2.80)
Enterococcaceaea,b 0.88 (0.38) 4.99 (1.04) 3.80 (0.83)
Bacteroidaceaea,b 4.93 (1.99) 0.35 (0.31) 0.03 (0.02)
Lactobacillaceaea,b 1.75 (0.69) 0.89 (0.77) 0.07 (0.03)
Veillonellaceae 1.59 (0.81) 0.42 (0.16) 0.26 (0.12)
Peptostreptococcaceaea,b 0.19 (0.10) 0.65 (0.21) 0.94 (0.56)
Ruminococcaceae 0.35 (0.24) 0.08 (0.04) 0.64 (0.42)
a Breast versus cow, P � 0.05.
b Breast versus goat, P � 0.05.

FIG 4 Similarity comparisons. (A) Alpha-diversity as measured by OTU ac-
cumulation with respect to sequence accumulation for the three dietary
groups. Dashed lines indicate 95% confidence intervals. (B) Beta-diversity
measures shown as unweighted UniFrac distances. Dietary groups were com-
pared with themselves and with other diets. Mean values with SEM are shown.
Significance values (P, Kruskal-Wallis) are also shown. Data from 30 infants
per group were compared.
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about 43%) of the total microbiota of goat and cow milk formula-
fed infants. There is clearly scope to investigate the growth kinetics
of bifidobacteria in the absence of HMO. These studies might
focus on residual lactose, glycoproteins, or glycolipids in milk
reaching the large bowel of infants (26, 27).

FIG 5 Biplot representation of principle coordinates of unweighted, pairwise UniFrac distances showing clustering of bacterial groups with stool samples. Stools
from breast milk-fed infants, blue spheres; goat milk formula-fed infants, green spheres; cow milk formula-fed infants, red spheres. Taxon positions (gray
spheres) are weighted (relative abundance) averages of the coordinates of all samples. Note association of Bacteroidaceae with breast milk-fed infant stool. Data
from 30 infants per group were analyzed.

TABLE 6 Abundances of the most commonly represented Bacteroides
species in feces of infants (30 infants per group)

Species

Mean % abundance (SEM)a

Breast Goat Cow

B. vulgatus 1.98 (1.70) 0.07 (0.06) 0.00 (0.00)
B. fragilis 1.73 (0.71) 0.19 (0.18) 0.00 (0.00)
B. thetaiotaomicron 0.45 (0.38) 0.04 (0.04) 0.00 (0.00)
Bacteroides dorei 0.17 (0.14) 0.00 (0.00) 0.00 (0.00)
Bacteroides sp. Smarlab 3301643 0.15 (0.11) 0.00 (0.00) 0.00 (0.00)
Bacteriodes uniformis 0.14 (0.07) 0.00 (0.00) 0.00 (0.00)
Bifidobacterium stercoris 0.09 (0.09) 0.00 (0.00) 0.00 (0.00)
Bacteroides ovatus 0.05 (0.03) 0.00 (0.00) 0.00 (0.00)
Bacteroides acidofaciens 0.01 (0.01) 0.00 (0.00) 0.00 (0.00)
Bacteroides faecis 0.00 (0.00) 0.02 (0.02) 0.02 (0.02)
a Normalized to total sequences.

FIG 6 Similarity comparisons. Beta-diversity measures shown as unweighted,
pairwise UniFrac distances applied to sequences originating in members of the
family Lachnospiraceae, showing comparisons of dietary groups with them-
selves and with other groups. Mean values and SEM are shown. Significance
values (P, Kruskal-Wallis) are also shown. Data from 30 infants per group were
compared.
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Bifidobacterial species compositions were similar between for-
mula milk- and breast milk-fed babies in that B. longum predom-
inated in all groups, usually accompanied by B. breve and B. bifi-
dum. The physiological basis for this coabundance of particular
species is apparently not known nor has the reason for greater
abundance of B. breve in the stool of breast milk-fed babies been
explained. The association between highest abundance of total
bifidobacteria with appreciable B. bifidum populations in the
stools of breast milk-fed babies was noteworthy. No such associ-
ation was detected in formula-fed babies, indicating that HMO
may have a role in determining the association.

Pyrosequencing and qPCR measurements of bifidobacteria
were highly correlated, indicating the suitability of the latter tech-
nique in future focused studies. Importantly, qPCR also provided
a means of differentiating between B. longum subsp. longum and
B. longum subsp. infantis. Application of the method to stool DNA
showed that B. longum subsp. infantis was seldom present, even in
stools collected from breast milk-fed babies. Other reports have
described a paucity of B. longum subsp. infantis in the stool of
infants born in New Zealand, United Kingdom, and Italy but its
abundance in stool of African (Ghana), Indian, and Japanese ba-
bies (28–30). Data from the United Kingdom is, however, contra-
dictory (31) but could depend on the identification method used.
Differentiation of the two subspecies has not always been made in
studies of bifidobacterial diversity (32). B. longum subsp. infantis
is probably the most intensively studied of the bifidobacteria with
respect to biochemistry (33), but it may be an endangered species
in western countries. Further international prevalence studies us-
ing a single validated identification method are desirable. This is
because differential responses by dendritic cells to B. longum
subsp. infantis compared to other bifidobacterial species have
been reported (30). It can be speculated that the metabolic activity
of the microbiota might also be different in the absence or pres-
ence of B. longum subsp. infantis, because this species is particu-
larly well adapted among the bifidobacteria to the utilization of
HMO (33).

Overall, the new information that we have obtained about the

composition of the fecal microbiota when goat milk formula is
used in infant nutrition points to a need to understand bifidobac-
terial and lachnospiral growth in the absence of HMO. Such re-
search is likely to reveal the trophic levels underpinning the com-
munity structure that we report for goat milk formula-fed babies.

TABLE 7 Comparison of abundances of 16S rRNA genes originating
from Lachnospiraceae (30 infants per group)

Species

Mean % abundance (SEM)

Breast Goat Cow

Ruminococcus gnavusa,b 4.10 (2.67) 9.77 (2.95) 8.04 (3.11)
Blautia productaa,b 0.00 (0.00) 0.12 (0.10) 3.40 (1.49)
Blautia glucerasea 0.00 (0.00) 0.34 (0.34) 2.27 (1.87)
Ruminococcus obeum 0.00 (0.00) 0.03 (0.03) 2.44 (2.44)
Robinsoniella peoriensisa,c 0.00 (0.00) 0.00 (0.00) 1.65 (0.57)
Lachnospiraceaea,b,c,d 0.10 (0.06) 0.43 (0.09) 0.83 (0.15)
Lachnospiraceae incertae sedisa,b 0.04 (0.02) 0.75 (0.29) 0.38 (0.12)
Anaerostipesd 0.04 (0.03) 0.12 (0.07) 0.60 (0.47)
Ruminococcus torques 0.00 (0.00) 0.00 (0.00) 0.63 (0.57)
Ruminococcus sp. WAL 17306 0.00 (0.00) 0.00 (0.00) 0.55 (0.43)
Ruminococcus sp. CO12 0.00 (0.00) 0.14 (0.13) 0.31 (0.31)
Eubacterium fissicatena 0.00 (0.00) 0.00 (0.00) 0.19 (0.14)
Roseburiad 0.00 (0.00) 0.15 (0.15) 0.00 (0.00)
Ruminococcus sp. K-1 0.00 (0.00) 0.00 (0.00) 0.12 (0.12)
a Breast versus cow, P � 0.05.
b Breast versus goat, P � 0.05.
c Cow versus goat, P � 0.05.
d Taxonomic information not available to species level.

FIG 7 Relative abundances of nine bacterial families in infant stools where
sequences representing Bifidobacteriaceae were less than 10% relative abun-
dance (green bars) or greater than 10% relative abundance (red bars) in breast
milk-fed (A), cow milk formula-fed (B), and goat milk formula-fed (C) in-
fants. Means and SEM are shown. Data from 30 infants per group were
compared.
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