
Human Milk Oligosaccharides Promote the Growth of Staphylococci

K. M. Hunt,a,b J. Preuss,c C. Nissan,c C. A. Davlin,a J. E. Williams,a,d B. Shafii,e A. D. Richardson,f M. K. McGuire,d L. Bode,c and
M. A. McGuirea,b

Department of Animal and Veterinary Sciences, University of Idaho, Moscow, Idaho, USAa; Institute for Bioinformatics and Evolutionary Studies, University of Idaho,
Moscow, Idaho, USAb; Division of Neonatology and Division of Gastroenterology and Nutrition, Department of Pediatrics, University of California, San Diego, La Jolla,
California, USAc; School of Biological Sciences, Washington State University, Pullman, Washington, USAd; Statistical Programs, University of Idaho, Moscow, Idaho, USAe;
and Sanford-Burnham Medical Research Institute, La Jolla, California, USAf

Human milk oligosaccharides (HMO), which constitute a major component of human milk, promote the growth of particular
bacterial species in the infant’s gastrointestinal tract. We hypothesized that HMO also interact with the bacterial communities
present in human milk. To test this hypothesis, two experiments were conducted. First, milk samples were collected from
healthy women (n � 16); culture-independent analysis of the bacterial communities was performed, HMO content was analyzed,
and the relation between these factors was investigated. A positive correlation was observed between the relative abundance of
Staphylococcus and total HMO content (r � 0.66). In a follow-up study, we conducted a series of in vitro growth curve experi-
ments utilizing Staphylococcus aureus or Staphylococcus epidermidis and HMO isolated from human milk. HMO exhibited
stimulatory effects on bacterial growth under various nutritional conditions. Analysis of culture supernatants from these experi-
ments revealed that HMO did not measurably disappear from the culture medium, indicating that the growth-enhancing effects
were not a result of bacterial metabolism of the HMO. Instead, stimulation of growth caused greater utilization of amino acids in
minimal medium. Collectively, the data provide evidence that HMO may promote the growth of Staphylococcus species in the
lactating mammary gland.

Human milk oligosaccharides (HMO) are complex glycans
highly abundant (�5 to 15 g/liter) in human milk (5, 6, 24).

Representing a diverse collection of structures, almost 150 distinct
forms of HMO have been identified (42, 43). Based upon their
structures, HMO can be classified as simple (sialylated or fucosy-
lated lactose compounds made of three sugar units) or complex
(composed of differentially sialylated or fucosylated repeats of
lacto-N-biose or N-acetyllactosamine linked to a lactose motif).
Interestingly, HMO patterns are highly unique to individual
women, and their concentrations vary over the course of lactation,
with levels peaking in colostrum and lower concentrations in ma-
ture milk (8, 12, 15, 39).

From an evolutionary standpoint, it is logical that because the
mammary gland exerts a substantial amount of energy to produce
these compounds, HMO likely promote the fitness of the off-
spring even though the infant is largely unable to metabolize them
(1, 14, 16). Research from several groups suggests the possibility
that HMO are capable of interacting with an infant’s gastrointes-
tinal microbiota to promote his or her health (10, 27, 30, 35, 38).
Indeed, some of the first studies in this area noted the capacity of
HMO to promote growth of Bifidobacterium bifidum, a species
overrepresented in the gastrointestinal tract of the breast-fed, but
not formula-fed, infant (17, 29, 40). Over 50 years later, research
has confirmed that the genetic capacity to metabolize these com-
pounds is conserved among bifidobacteria species common in the
infant’s gastrointestinal tract (38). These findings suggest that
HMO may serve a prebiotic function in selectively promoting the
presence of certain types of gastrointestinal bacteria.

Several recent reports have confirmed that human milk con-
tains bacterial communities (19, 28, 32). For instance, we have
described a relatively complex milk microbiome with several bac-
terial genera collectively representing �5% of the overall micro-
bial community (19). We also reported that the composition of
human milk bacterial communities is somewhat stable within a

woman over time. Considering the aforementioned effects of
HMO on the bacterial communities of the infant’s gastrointestinal
microbiota, we hypothesized that HMO may influence the milk
microbiome. Fueling this hypothesis was the observation that
both HMO profiles and milk bacterial communities are personal-
ized to the woman who produces the milk, suggesting a potential
connection between HMO and bacterial community patterns in
human milk. To test our hypothesis, we analyzed and related the
bacterial communities and HMO content of milk produced by 16
healthy women. We then conducted a series of in vitro experi-
ments to gain a more detailed understanding of our in vivo obser-
vations.

MATERIALS AND METHODS
Subjects and experimental design of in vivo study. Human milk was
obtained from 16 healthy, lactating women and analyzed for its bacterial
content as described previously (19). Briefly, DNA was extracted from
each sample, and PCRs with bar-coded primers were carried out to am-
plify the V1-V2 segment of the 16S rRNA gene. Pyrosequencing of the
amplicons was performed with the Roche 454 FLX platform, and quality
control measures were employed to remove sequences of questionable
quality. Sequences were then assigned phylogeny at the genus level using
the Ribosomal Database Project Bayesian classifier (41). One sample from
each woman was selected for analysis for HMO content as described be-
low. All procedures for this portion of the study were approved by the
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University of Idaho and the Washington State University Institutional
Review Boards.

HMO purification for in vitro studies. To obtain sufficient amounts
of HMO for the in vitro studies, additional milk was obtained from 16
healthy volunteers, different from the subjects described above, who were
recruited at the University of California San Diego Medical Center, San
Diego, CA, after approval by the University’s Institutional Review Board.
The milk samples from these volunteers were pooled, and oligosaccha-
rides were isolated and purified as previously described (20, 21). The lipid
layer was removed after centrifugation, and proteins were precipitated
from the aqueous phase by addition of ice-cold ethanol and subsequent
centrifugation. Ethanol was removed from the HMO-containing super-
natant by roto-evaporation. Lactose and salts were removed by gel filtra-
tion chromatography over a Bio-Rad P2 column (100 cm by 16 mm;
Bio-Rad, Hercules, CA) using a semiautomated fast protein liquid chro-
matography (FPLC) system. Endotoxins were removed by affinity chro-
matography over polymyxin B gravity columns (Thermo Scientific, Rock-
ford, IL).

HMO analysis of milk samples and culture supernatants. HMO were
analyzed as previously described (20, 21). Briefly, raffinose was added to
40 �l of milk or culture supernatant to serve as an internal standard
through sample processing and analysis. Lipids and proteins were re-
moved from the samples by centrifugation and chloroform-methanol ex-
traction. Lactose was removed by overnight incubation on lactase-immo-
bilized beads (Invitrogen, Carlsbad, CA) at 37°C. Residual peptides and
salt were removed over Sep-Pak C18 cartridges followed by porous graph-
itized carbon (PGC) cartridges. The reducing ends of the dried oligosac-
charides were labeled with the fluorescent tag 2-aminobenzamide (2AB)
for 2 h at 65°C. Free 2AB label was separated from the 2AB-labeled oligo-
saccharides using silica gel cartridges. 2AB-labeled oligosaccharides were
analyzed by high-performance liquid chromatography (HPLC) on an
amide-80 column (4.6-mm internal diameter by 25 cm; particle size, 5
�m; Tosoh Bioscience, Tokyo, Japan) with a 50 mM ammonium formate-
acetonitrile buffer system. Separation was performed at 25°C and moni-
tored with a fluorescence detector at 360-nm excitation and 425-nm emis-
sion. Peak annotation was based on standard retention times and mass
spectrometric (MS) analysis on a Thermo LCQ Duo Ion trap mass spec-
trometer equipped with a nano-electrospray ionization (ESI) source. To-
tal concentration of HMO was calculated as the sum of most common
oligosaccharides, including 2=-fucosyllactose, 3=-fucosyllactose, 3=-sia-
lyllactose, lacto-N-tetraose, lacto-N-neotetraose, lacto-N-fucopentaose I,
lacto-N-fucopentaose II, and lacto-N-fucopentaose III, which collectively
represent approximately 80% of all HMO in each sample.

To account for the effects of evaporation on the HMO concentrations
of culture supernatants collected after incubation with bacteria, controls
were run without the addition of bacteria to the medium. HMO values
were then normalized for evaporation loss using these controls.

Isolation of Staphylococcus strains from human milk. Milk samples
were plated on sheep’s blood agar and incubated for 24 h at 37°C. Indi-
vidual colonies were selected for overnight growth in tryptic soy broth
(TSB), and the subsequent cultures were streaked on mannitol salt agar
(MSA) to determine if any of the cultures were Staphylococcus. Isolates
that grew successfully on MSA were then selected for sequencing of the
16S gene to confirm their identities using previously described methods
(45). One strain each of Staphylococcus epidermidis and Staphylococcus
aureus was selected for use in the series of in vitro experiments described
next.

Growth curve culture conditions. To fully elucidate the effects of
HMO on Staphylococcus growth, experiments were carried out in a variety
of nutritional media, including TSB (EMD chemicals, Gibbstown, NJ),
glucose-free Dulbecco’s modified Eagle Medium (DMEM; Mediatech,
Manassas, VA), a carbohydrate-free modification of a previously de-
scribed defined medium for Staphylococcus growth (11), (see Table S1 in
the supplemental material), and Similac 60/40 infant formula (Abbott
Nutrition, Columbus, OH). Carbohydrate treatments (HMO, glucose,

and lactose) were prepared by adding the component of interest (10 g/li-
ter) to the culture medium before sterile filtration. All experiments were
initiated by spiking cultures with �104 CFU/ml to approximate the con-
centration of bacteria found in human milk (2, 9). Cultures were aerobi-
cally incubated at 37°C with agitation at 250 rpm. At multiple time points,
serial dilutions of each replicate were performed before plating and incu-
bation of the appropriate dilutions to enumerate CFU/ml. Experiments
were conducted twice in triplicate (n � 6).

Amino acid analysis. Polar metabolites were extracted from culture
medium samples using cold methanol extraction (44). Culture medium
(100 �l) was mixed with 500 �l of cold 50% methanol containing 100 �M
L-norvaline as an internal standard. Samples were vortexed, and 300 �l of
chloroform was added. The samples were then vortexed for 15 s and
placed on ice for 45 s; this vortex and cooling step was repeated five times.
Samples were then centrifuged for 5 min at 14,000 � g at 4°C. A total of
400 �l of the top layer (methanol extract) was dried overnight, as was 0.05
to 25 nmol of a standard. After the addition of 50 �l of pure pyridine
(Sigma-Aldrich) and 50 �l of N-tert-butyldimethylsilyl-N-methylfluo-
ride-acetamide (PBDMS; Sigma-Aldrich), dried samples and standards
were derivatized at 80°C for 60 min. Samples were vortexed several times
during the heating process to dissolve the pellet. Finally, samples were
centrifuged at 13,000 � g for 10 min, and the supernatant was transferred
to glass vials for analysis by gas chromatography-mass spectrometry (GC-
MS) as previously described (37). A Shimadzu QP2010 Plus GC-MS was
utilized at an injection temperature of 250°C with an injection split ratio
of 1/10 and an injection volume of 1 to 2 �l. GC oven temperature began
at 130°C for 4 min, increasing to 230°C at 4°C/min and to 280°C at 20°C/
min, with a final hold at this temperature for 2 min. GC flow rate with
helium carrier gas was 50 cm/s over a 15-m by 0.25-mm by 0.25-�m
SHRXI-5ms Shimadzu column. The mass spectrometer scanned an m/z
range of 50 to 600, with �1 kV detector sensitivity (modified as neces-
sary).

Statistical analysis. R statistical software (33) was utilized for the fol-
lowing statistical tests. The Pearson correlation coefficient was calculated
to test the associations between the relative abundance of the 15 most
prevalent bacterial genera and HMO content in the milk samples collected
in the in vivo portion of this study. An analysis of variance was performed
on culture pH values measured at the termination of the growth curves.
Tukey’s honestly significant difference (HSD) test was then used to deter-
mine which treatments had elicited statistically different alterations in pH
at the termination of the growth curves. One-sided t tests were performed
to determine if the concentrations of individual HMO as well as individ-
ual amino acids after incubation with bacteria were significantly decreased
from their starting values.

Results from the bacterial growth curves were fitted to separate math-
ematical models to estimate growth parameters using generalized nonlin-
ear regression algorithms. Because growth dynamics varied greatly de-
pending on the culture medium employed, data were analyzed
independently for each growth medium. After testing several types of
growth models, we determined that the Weibull model (34) was the most
appropriate. Thus, the following growth model was used: Y � C � (D �
C) � exp[B � (log(t) � log(I))]. In this equation Y is bacterial growth (log
CFU/ml), t is time (in hours), C is the bacterial concentration at the
initiation of the experiment (t � 0), D is the maximum growth value
achieved, B is the rate of growth, and I is the time of the inflection point
when the growth rate began to decrease.

For growth of the S. epidermidis isolate in the carbohydrate-free de-
fined medium, the model fit was adjusted to constrain the value of D
(maximum bacterial growth achieved) to a log CFU value of 10. This
approach was selected because when the experiment was terminated at 24
h, growth had not reached a maximum in three of the six treatments.
Consequently, the model was not able to predict an appropriate estimate
for D. The constraint was set at 10 because in the trials performed with this
isolate, the maximum log CFU observed was consistently near this value.
Furthermore, with this constraint in place, the model fit was adequate.
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The residuals for each model were assessed for normality and random
distribution to ensure adequacy of fit.

The experiments carried out with TSB as the growth medium were also
analyzed with the Weibull model. For the growth of the S. aureus isolate,
the model fit was good, as determined by examining the residuals as de-
scribed previously. Although the fit for the growth of the S. epidermidis
isolate was not perfect, it was nonetheless deemed sufficient; the residuals
were organized in an alternating pattern, relatively small in magnitude,
and complied with the assumption of normality.

The segmented exponential regression model was the best fit to de-
scribe the growth of the isolates in infant formula, and the following
growth model was employed: L � log(1 � C/M)/�B, where Y � C for t �
L; otherwise Y � M � [1 � exp(�B � t)]. In this equation Y is bacterial
growth (log CFU/ml), L is lag phase before the initiation of exponential
growth, t is time (in hours), C is the bacterial concentration at the initia-
tion of the experiment (t � 0), M is the maximum growth value achieved,
and B is the growth rate.

A full model dummy-variable regression procedure was employed for
both isolates in each growth medium to perform preplanned contrasts to
evaluate the effects of the carbohydrate treatments on the equality of es-
timated lines, growth rates, and maximum growth values. Significance
was declared at a P value of �0.05. Analyses of growth curve data were
carried out using the NLMIXED procedure of SAS (SAS Institute, Inc.,
Cary, NC).

RESULTS

A culture-independent analysis of the bacterial communities in
the milk samples collected for the in vivo portion of this study
revealed that the most abundant genera present were Streptococcus
(25% � 6%, mean � standard error of the mean [SEM]), Staph-
ylococcus (18% � 6%), Serratia (8% � 2%), and Corynebacterium
(4% � 2%). The total HMO content (7.7 � 0.7 g/liter) was posi-
tively related (r � 0.66, P � 0.01) to the relative abundance of
Staphylococcus. No relation was observed, however, between total
HMO and any other highly abundant bacterial genera.

As described previously, to investigate the correlation between
Staphylococcus and HMO, selective media were utilized to isolate
bacterial strains from human milk, and one strain each of S. aureus
and S. epidermidis obtained was selected for use in all experiments.
Bacterial growth curves were then completed in a variety of media
with or without HMO to elaborate the effects of these complex
glycans on Staphylococcus growth. In each experiment carbohy-
drate treatments were formulated at a concentration of 10 g/liter
to emulate the reported concentration of HMO in mature human
milk. The first series of experiments utilized a carbohydrate-free
formulation of a defined medium for Staphylococcus aureus
growth (11) (see Table S1 in the supplemental material). Treat-
ments included a negative control with no carbohydrate added,
medium supplemented with HMO, medium supplemented with
glucose or lactose, and medium supplemented with both HMO
and glucose (HMO�G) or HMO and lactose (HMO�L). Com-
parison of the regression lines generated in this series of experi-
ments demonstrated that the growth of both isolates was en-
hanced (P � 0.0001) by the HMO treatment compared to growth
of the negative control (Table 1 and Fig. 1A). Additionally, in both
isolates, the HMO�G and HMO�L treatments resulted in en-
hanced growth compared to treatments of only glucose or lactose.

In the second set of in vitro experiments, TSB (a nutritionally
rich medium containing 2.5 g/liter glucose) was employed. The
treatment effect of HMO addition reached statistical significance
only in the S. aureus isolate (P � 0.0001), but the magnitude of the
effect was less than that observed in the carbohydrate-free me-

dium (Table 1 and Fig. 1B). In the S. epidermidis isolate no treat-
ment effect was observed.

To create culture conditions that more closely emulated the
nutritional conditions in the lactating mammary gland, a third
series of growth curves was carried out using HMO-free infant
formula (Similac 60/40; Abbott Nutrition) as a growth medium.
This particular infant formula was selected because, like human
milk, it contains almost no glucose. Rather, this formula contains
lactose as a carbohydrate source. Addition of HMO elicited an
alteration of growth in both isolates, as evidenced by the lack of
coincidence of lines in the regression model (Table 1 and Fig. 2).
Specifically, HMO enhanced growth by increasing the rate and
maximum growth achieved by the cultures (see Table S4 in the
supplemental material).

To determine if the effects of HMO on bacterial growth were
associated with catabolism of HMO, culture supernatants were
collected before the experiments and when growth had reached
stationary phase, late in the growth curves. No measurable de-
crease in HMO concentration from either isolate’s supernatants
was observed between time zero and stationary phase (Fig. 3 and
Table 2). Consequently, because no disappearance of substrate
was observed, the HMO-associated enhancement of bacterial
growth was not due to catabolism of HMO.

To gain more insight into the effects of HMO on bacterial
metabolism, pH was assessed at each time point during the growth
curves performed in the carbohydrate-free medium (Fig. 4). In
cultures of both isolates, the HMO�G treatment resulted in a
drastic drop in pH, whereas the glucose-only treatment was asso-
ciated with a less pronounced reduction. Likewise, in cultures of
the S. epidermidis isolate, the HMO�L treatment caused a sub-
stantial decrease in pH, and the lactose-only treatment caused a
less drastic reduction. However, in cultures of the S. aureus isolate,
the HMO�L and lactose-only treatments elicited only mild de-
creases in pH. Most importantly, the HMO treatment in both
isolates resulted in very little alteration in the culture pH.

To investigate the effects of HMO on bacterial catabolism of
amino acids, cultures were grown in glucose-free DMEM (Medi-
atech) composed of amino acids and salts to facilitate HPLC anal-
ysis of culture supernatants. Treatment effects of HMO on growth
in this medium were similar to those observed in the carbohy-
drate-free medium (data not shown). Supernatants were collected
at the start of incubation and again at stationary phase (18 h for S.
aureus and 20 h for S. epidermidis) to compare the concentrations
of amino acids in the cultures before and after growth. In both
isolates, the HMO treatment resulted in the depletion of several
amino acids (Fig. 5), suggesting that the enhanced bacterial

TABLE 1 Contrasts of regression lines among treatments

Medium Contrasted pair

P value

S. epidermidis S. aureus

Carbohydrate-free HMO�glucose vs glucose �0.0001 �0.0001
HMO�lactose vs lactose �0.0001 �0.0001
HMO vs negative control �0.0001 �0.0001

TSB HMO�glucose vs glucose 0.33 �0.0001
HMO vs negative control 0.26 �0.0001

Formula HMO vs negative control �0.0001 �0.0001
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growth observed was accompanied by increased amino acid me-
tabolism and not catabolism of HMO.

DISCUSSION

Numerous reports have detailed the effects of HMO on the growth
of certain types of bacteria associated with the infant’s gastroin-
testinal tract and, in particular, members of the genus Bifidobac-
terium (10, 27, 30, 35, 38). This is the first report, however, that
investigates the effects of HMO on the bacteria in the lactating
mammary gland and, consequently, provides novel evidence of a
connection between HMO and the bacterial profile of a woman’s
milk. The positive correlation observed between Staphylococcus
relative abundance and HMO content in human milk was rela-
tively strong and highly significant. Furthermore, there was no
evidence of a similar correlation between HMO and any of the
other prevalent bacterial genera. No correlation was observed be-
tween HMO and Bifidobacterium because very few members of
this genus were observed in the milk samples (19). Other investi-
gators have identified bifidobacteria in milk samples (9), but in
our samples it was not present. The subsequent in vitro analysis
supported the in vivo observations as HMO stimulated the growth
“profile” of Staphylococcus in a variety of media, which is similar to

HMO stimulation of the growth of bifidobacteria in previous
studies (3, 26).

It is of particular interest to note that the effects of HMO on
bacterial growth varied depending on the nutritional composition
of the growth medium. Addition of HMO to cultures grown in the
nutritionally rich TSB elicited less pronounced (S. aureus) or non-
existent (S. epidermidis) effects in comparison with those observed
in the carbohydrate-free medium. When TSB was used, the treat-
ment effects may have been somewhat ameliorated because cul-
tures were already growing to their maximum potential due to the
nutritionally rich nature of the growth medium. This reduced
effect is noteworthy because it illustrates the importance of choos-
ing culture conditions that are relevant to physiological situations.

Therefore, to emulate nutritional conditions in the lactating
mammary gland more closely, experiments were performed with
HMO-free infant formula. Ideally, these experiments would be
conducted using human milk as the growth medium as this ap-
proach would account for the bioactive compounds (e.g., secre-
tory IgA, lactoferrin, and lysozyme) contained in milk that poten-
tially influence bacterial growth in the mammary gland. However,
removal of HMO from human milk to provide an appropriate
negative control is technically difficult. Hence, infant formula rep-

FIG 1 (A) One strain of S. epidermidis and one of S. aureus isolated from human milk were grown in a carbohydrate-free medium. The effects of various
carbohydrate sources on growth were tested by adding them to the medium at a concentration of 10 g/liter. The growth of both isolates with HMO added was
enhanced in comparison with the negative control (P � 0.0001, n � 6). (B) When the same strains were grown in TSB, HMO addition did not affect the growth
of the S. epidermidis isolate (P � 0.26, n � 3) but altered the growth of the S. aureus isolate (P � 0.0001, n � 3) although the differences were subtle and occurred
mainly in the first 4 h of growth.
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resents the most suitable alternative. Importantly, the addition of
HMO to cultures grown under these nutritionally similar condi-
tions resulted in enhanced bacterial growth in terms of rate and
maximum growth achieved. This provides more evidence that

HMO stimulate the growth of Staphylococcus in the lactating
mammary gland.

The HMO-based augmentation of the growth of both Staphy-
lococcus isolates occurred without any change in the HMO content
of culture supernatants. This suggests that the bacteria did not
metabolize the HMO. In contrast, previously published studies
demonstrated that HMO-based promotion of bifidobacteria
growth was accompanied by bacterial catabolism of HMO (3, 26).
In the previous work, the authors investigated the genomes of the
HMO-utilizing strains and determined that they contained sev-
eral genes coding for glycoside hydrolases that might have been
important to HMO degradation, such as 	-galactosidase, 
-N-
acetylgalactosaminidase, 
-hexosaminidase, 	-L-fucosidase, siali-
dase, 
-galactosidase, and 	1,2-L-fucosidase (26). The experi-
ments in the present study were performed using Staphylococcus
strains isolated directly from human milk samples. This approach

FIG 2 Staphylococcus isolates were grown in HMO-free infant formula with or
without HMO (10 g/liter). The growth of both isolates was enhanced by HMO
(P � 0.0001, n � 6).

FIG 3 Representative HPLC-fluorescence chromatogram of HMO in culture supernatant of the S. aureus isolate at t � 0 (A) and t � 30 (B). No alteration in
HMO content was observed in supernatants from either the S. epidermidis or the S. aureus isolate. The numbered peaks represent the following oligosaccharides:
0, raffinose (internal standard); 1, 2=-fucosyllactose (2=FL); 2, 3=-sialyllactose (3=SL); 3, lacto-N-tetraose (LNT); 4, lacto-N-fucopentaose 1 (LNFP1); 5, lacto-N-
fucopentaose 2 (LNFP2); 6, sialyl-lacto-N-tetraose b; 7, sialyl-lacto-N-tetraose c; 8, lacto-N-difuco-hexaose; 9, disialyl-lacto-N-tetraose; 10, fucosyl-lacto-N-
hexaose; 11, difucosyl-lacto-N-hexaose; 12, fucosyl-disialyl-lacto-N-hexaose.

TABLE 2 HMO concentrations in culture supernatant of the S.
epidermidis and S. aureus isolates at t � 0 h and t � 30 h

HMOa

HMO concn(�g/ml) atb:

t � 0 h

t � 30 h

S. epidermidis S. aureus

Total 10.9 � 103 (10.7 � 0.3) � 103 (11.4 � 0.1) � 103

2=FL 2,550 2,460 � 73 2,526 � 60
3=SL 313 325 � 9 331 � 8
LNT 2,208 2,246 � 70 2,309 � 40
LNnT 318 313 � 13 316 � 9
LNFP I 2,721 2,740 � 78 2905 � 19
LNFP II 635 661 � 15 696 � 8
LSTb 172 187 � 7 191 � 6
LSTc 370 359 � 10 383 � 2
a Abbreviations: 2=FL, 2=-fucosyllactose; 3=FL, 3=-sialyllactose; LNT, lacto-N-tetraose;
LNFP I, lacto-N-fucopentaose 1; LNFP II, lacto-N-fucopentaose 2; LSTb, sialyl-lacto-
N-tetraose b; LSTc, sialyl-lacto-N-tetraose c.
b None of the HMO fractions measured decreased after incubation with bacteria. The
values for t � 0 represent both isolates.
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was taken due to the possibility that the genetic components asso-
ciated with any response to HMO may be unique to isolates that
have adapted to the mammary environment. One limitation of
this approach is that the genetic makeup of the isolates employed
is unknown, so at present we cannot draw any conclusions about
the genetic basis of HMO-associated enhancement of Staphylococ-
cus growth. However, examination of the enzyme-coding genes in
the Staphylococcus genomes available on the Carbohydrate-Active
enZYmes (CAZy) database (7) revealed that none of the 27 S.
aureus or 2 S. epidermidis genomes contained any of the afore-
mentioned glycosidic enzymes. Interestingly, the genomes of
other Staphylococcus species, including Staphylococcus carnosus,
Staphylococcus haemolyticus, Staphylococcus lugdunensis, Staphylo-
coccus pseudintermedius, and Staphylococcus saprophyticus, con-
tained at least one copy of the potentially HMO-degrading en-
zymes. Nonetheless, S. aureus and S. epidermidis were the species
tested in the present study, so the observed lack of genetic basis for
the HMO-specific glycoside hydrolases in isolates of these species
may provide more evidence that the effects of HMO are due to a
mechanism independent of bacterial metabolism of these glycans.

Furthermore, cultures grown in HMO-supplemented medium
demonstrated very little pH alteration after several hours of
growth. A drop in culture pH is generally indicative of carbohy-
drate catabolism and the buildup of the acidic intermediates asso-
ciated with glycolysis. The intensified decrease in pH associated
with the HMO�G treatment in both isolates and the HMO�L
treatment in the S. epidermidis isolate is logical because the addi-

tion of HMO enhanced the bacterial growth rate, likely leading to
greater utilization of glucose or lactose. Nonetheless, in the treat-
ment with only HMO added, very little (if any) pH alteration was
observed. These observations provide further evidence that the
HMO-associated enhancement of bacterial growth was not a re-
sult of HMO catabolism.

Recent work employing a biosensor-based assay demonstrated
that a strain of Staphylococcus may interact with 2=-fucosyllactose
(25), which is one of the most abundant oligosaccharides in milk.
These findings presented novel information that at least some
strains of Staphylococcus may be able to bind to specific HMO.
Interestingly, in the present study a positive correlation was ob-
served between Staphylococcus and 2=-fucosyllactose in vivo (data
not shown). Our in vitro data suggest that the stimulatory effects
of HMO on Staphylococcus growth were not associated with me-
tabolism of the HMO, so it is possible that the observed effects
were connected to this type of specific binding event. Further-
more, if HMO binding were occurring, it might be connected to
the activation of a growth-promoting signaling cascade.

FIG 4 The pH of the culture supernatants from Staphylococcus isolates grown
in the carbohydrate-free medium with various carbohydrate treatments (10
g/liter) was measured over time. Letters indicate significant treatment differ-
ences (P � 0.05) at the termination of the growth curves.

FIG 5 Relative change in amino acid concentration in culture supernatants of
the S. epidermidis (A) and S. aureus (B) strains at t � 18 h and t � 20 h,
respectively, compared to t � 0. Bars represent means and SEM of three inde-
pendent experiments for cultures without carbohydrate source, with glucose
as the sole carbohydrate source, or with HMO as the sole carbohydrate source.
�, significant decrease (P � 0.05).
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Staphylococcus is a genus that profoundly influences lactation-
associated health outcomes as it encompasses several pathogenic
species implicated in lactational mastitis (13, 31). Affecting up to
30% of lactating women (4), mastitis is defined as inflammation of
the breast that is associated with redness, swelling, and painful
lactation that may be accompanied by fever or flu-like symptoms.
Considering the pain that is associated with these symptoms, it is
not surprising that women who have mastitis are more likely to
abandon their efforts to breast-feed, thereby depriving the moth-
er-infant dyad of the numerous health benefits associated with
lactation and breast-feeding (36). It is therefore noteworthy that,
under nutritional conditions similar to those in the lactating
mammary gland, HMO stimulated growth of both Staphylococcus
isolates. Although the mechanism has yet to be elucidated, this
interaction may be an important factor in the development of
mastitis and, subsequently, the likelihood of a woman successfully
breast-feeding her infant.

Indeed, S. aureus and S. epidermidis are both common mastitis
pathogens, yet in several studies examining the bacterial commu-
nities of milk produced by women free from mastitis, the presence
of both of these species has been reported (18, 22, 28). It is there-
fore of great interest to understand why these species are seem-
ingly harmless commensal organisms at some times and patho-
gens at others. Considering the striking interpersonal variation in
HMO content and the positive effects of HMO on Staphylococcus
growth reported here, we suggest the possibility that a woman’s
HMO profile may be one factor that influences the growth of
Staphylococcus species involved in lactational mastitis.

A cocktail of heterogeneous compounds, HMO vary drastically
in size, charge, and conformation (5, 6, 23, 24). After observing the
in vitro correlation between HMO and Staphylococcus in milk, we
chose to perform our experiments with HMO purified from
pooled donor milk collected from several individuals. We took
this approach so our experiments would include a large variety of
structures because it was unknown which type of compound
would influence Staphylococcus growth in vitro. However, consid-
ering the diversity of structures that are contained in HMO, it is
possible that not all HMO were responsible for the observed ef-
fects. Rather, it is more likely that bioactivity is limited to a specific
structure, or set of structures, with a particular charge, size, or
conformational characteristic. This concept was recently demon-
strated in work with a neonatal rat model of necrotizing entero-
colitis (NEC) (20). The authors initially determined that admin-
istration of whole HMO to formula-fed pups decreased the
incidence of NEC-like symptoms to a level similar to that observed
in pups fed with mother’s milk. Further investigation found that,
of the numerous structures that compose HMO, the protective
effects were exclusive to one specific glycan: disialyllacto-N-te-
traose. It is possible that a similar scenario is responsible for the
effects of HMO on Staphylococcus growth reported here. Conse-
quently, further work is needed to determine the exact structures
required to elicit the effects described in this study.

In conclusion, this study provides novel evidence that HMO
act to stimulate growth of S. aureus and S. epidermidis in vitro,
confirming the positive relation detected in human milk. Growth
of S. aureus and S. epidermidis occurred without metabolism of
HMO, suggesting that HMO act as growth stimulants. Therefore,
the effects of HMO on human health during lactation may not be
limited to the infant, but, rather, their influence may also extend
to the mammary health of the lactating mother. These data suggest

that HMO may interact with the bacterial communities of a moth-
er’s mammary gland before ever being introduced to the nursing
infant and provoke the question as to how this interaction influ-
ences the success of lactation.
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