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This investigation assessed the potential of isolating novel probiotics from mothers and their infants. A subset of 21
isolates among 126 unique bacteria from breast milk and infant stools from 15 mother-infant pairs were examined for
simulated GI transit survival, adherence to Caco-2 cells, bacteriocin production, and lack of antibiotic resistance. Of the
21 selected isolates a Lactobacillus crispatus isolate and 3 Lactobacillus gasseri isolates demonstrated good profiles of
in vitro GI transit tolerance and Caco-2 cell adherence. Bacteriocin production was observed only by L. gasseri and
Enterococcus faecalis isolates. Antibiotic resistance was widespread, although not universal, among isolates from infants.
Highly similar isolates (� 97% similarity by barcode match) of Bifidobacterium longum subsp. infantis (1 match),
Lactobacillus fermentum (2 matches), Lactobacillus gasseri (6 matches), and Enterococcus faecalis (1 match) were isolated
from 5 infant–mother pairs. Antibiotic resistance profiles between these isolate matches were similar, except in one
case where the L. gasseri isolate from the infant exhibited resistance to erythromycin and tetracycline, not observed in
matching mother isolate. In a second case, L. gasseri isolates differed in resistance to ampicillin, chloramphenicol and
vancomycin between the mother and infant. In this study, gram positive bacteria isolated from mothers’ breast milk as
well as their infants exhibited diversity in GI transit survival and acid inhibition of pathogens, but demonstrated limited
ability to produce bacteriocins. Mothers and their infants offer the potential for identification of probiotics; however,
even in the early stages of development, healthy infants contain isolates with antibiotic resistance.

Introduction

The human microbiome is a vast system of microbial commu-
nities that inhabit various niches within the human body and
play an essential role in human physiology and health. Constitu-
ents of the GI microbiota help establish mucosal barrier function
and absorb nutrients , produce metabolites, contribute to xenobi-
otic metabolism, support the immune system and prevent patho-
gen colonization (reviewed in1,2).

Colonization of the infant gut is thought to begin during birth
as the infant is exposed to the mother’s vaginal and fecal micro-
biota.3 It is further modulated by exposure to colostrum and
breast milk,4,5 by the introduction of formula and other foods,
and by exposure to skin6 and environmental microbes.7 This
early development plays a critical role in gut barrier formation
and immune system maturation.8 Alterations in this process may
affect the risk of disease in later life.9,10

Commensal constituents of the GI microbiota have been
investigated as probiotics, live microbes that can be beneficial to

the health when administered in adequate amounts. Early
research focused on gastrointestinal health, such as reducing the
duration of rotavirus-associated acute infantile diarrhea,11 miti-
gating the risk of antibiotic-associated diarrhea in children, 12

and alleviating symptoms of irritable bowel syndrome.13-16 More
recently, evidence has emerged for therapeutic potential in a
wider range of conditions, such as mitigating the risks of
eczema,17,18 atopic dermatitis,19 obesity and metabolic syn-
drome,20,21 and female urogenital infections.22-24

It has further been suggested that probiotics should not contain
antibiotic resistance35 as the establishment of the GI microbiota dur-
ing infancy plays a critical role in long-term health.25,26 The micro-
biota from mothers and their infants, especially those organisms
transmitted from mother to child, are likely a repository of potential
probiotics. This study reports on the characteristics of unique bacte-
rial isolates from breast milk and infant fecal microbiota sampled
from 15 mother-infant pairs and screened for potential properties
that may impact their use as probiotics, such as antibiotic resistance,
resistance to gastric acids, bacteriocin production, and adherence to
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intestinal epithelial cells (Caco-2). These are common tools utilized
in the assessment of probiotic technologies.

Results

Identification of unique bacterial isolates from mother-
infant pairs

A total of 60 breast milk samples and 30 infant fecal samples
were obtained from 15 healthy mothers and their breast-fed
infants over the course of 2 consecutive days. Isolation of bacte-
rial colonies on selective agar was followed by 16S sequencing to
identify genus and species, and Barcode genome typing to iden-
tify distinctive isolates. An isolate was declared distinct if its
genome barcode banding pattern matched no other isolate or any
ATCC strains from the Diversilab strain typing database. A
“match” was called when there was approximately 97% or greater
similarity between 2 isolates in genome barcode typing (Fig. 1).
The breast milk and fecal samples yielded 126 distinct bacterial
isolates representing the genera Bifidobacterium, Lactobacillus,
Corynebacterium, Propionibactrium, Rothia, Enterococcus, Staphy-
lococcus, and Streptococcus (Table 1).

In five mother-infant pairs (A-E), one or more distinct iso-
lates were conserved between both breast milk and fecal sam-
ples, indicating transmission between mother and baby

(Table 2). Four of these 5 mother-infant pairs (A, C, D, and
E) exhibited matching isolates of Lactobacillus gasseri. In two
of the 5 mother-infant pairs, isolate matches were isolated on
consecutive days of sampling, although those from each day
were distinct. Pair A yielded distinct isolates of both L. gasseri
and L. fermentum each day; pair C yielded a distinct isolate
-match of L. gasseri isolates at each sampling. Matching iso-
lates of Lactobacillus fermentum, Bifidobacterium breve, and
Enterococcus faecalis were also represented among the mother-
infant pairs. These mother-infant pair isolates were distinct
and none were found in common between nonrelated
mother-infant pairs.

Antimicrobial susceptibility of isolates
One hundred and 14 (114) distinct isolates displayed

acceptable growth in liquid medium and were further charac-
terized for susceptibility to 9 antimicrobials (Table 2). Of 55
isolates from infant stools, 71% (nD39) exhibited resistance
to one or more antibiotics based on the minimum inhibitory
concentration breakpoints (MIC) established by the European
Food Safety Association (Table 2). The Enterococcus faecalis
isolates all displayed resistance to one or more antibiotics.
For example, 2 E. faecalis isolates from a 1-month old infant
were resistant to chloramphenicol, clindamycin, erythromy-
cin, gentamicin, and tetracycline and a third isolate from the

same infant was resistant to these
antibiotics as well as to vanco-
mycin and quinupri/dalfopri.
Most Lactobacillus isolates from
infant stools were resistant to
one to 3 antibiotics tested. By
contrast, bifidobacteria isolates
from infants had comparatively
lower frequencies of antibiotic
resistance: unique isolates of Bifi-
dobacterium breve collected from
the same 1-month old infant
were resistant to tetracycline; 2
unique isolates of Bifidobacte-
rium longum subsp infantis
(breve) from a 2-month old
infant were resistant to erythro-
mycin; 3 other unique isolates of
bifidobacteria collected from
individual infants were suscepti-
ble to all antibiotics tested.

Breast milk also yielded isolates
of E. faecalis, Lactobacillus species,
and Bifidobacterium. Fifty-seven
(57) of the 59 unique bacterial
strains from breast milk character-
ized were resistant to one or more
of the antibiotics assessed. Distinc-
tive isolates of bifidobacteria
(B. boum) from breast milk were
resistant to tetracycline; other

Figure 1. Example of bacterial barcodes and isolate matching for Lactobacillus isolates from infant-mother
pairs. Isolate IDs labeled with 126 are from infant stool and those labeled 124 are from the mother’s breast
milk.

342 Volume 6 Issue 6Gut Microbes



distinct bacterial isolates found in breast milk were resistant
to between 3 and 7 antibiotics. Novel isolates of commensal
skin bacteria, such as Propionibacterium species, staphylococci
and streptococci, were more numerous in the breast milk
samples

GI transit tolerance in simulated bile, gastric juice, and
intestinal juice

The potential for a subset of 13 Lactobacillus and Enterococcus
isolates with minimal antibiotic resistance were evaluated for the
capacity to survive GI tract conditions by in vitro susceptibility
to 0.3% bile, simulated gastric juice (saline containing pepsin at
pH 2) and simulated intestinal juice (saline containing bile and
pancreatin at pH 8) (Table 3). None of the isolates tested were
resistant to both simulated gastric juice and simulated intestinal
juice. The most tolerant of simulated in vitro GI conditions were
isolates 330 L1 (L. crispatus), 297 R1 (L. fermentum), and 289
LT2 (a mother-infant isolate match of L. fermentum). These iso-
lates survived low pH conditions for about 30 minutes and were
resistant to more alkaline simulated intestinal conditions for
approximately 2 hours (Table 3). In general, the L. rhamnosus
isolates survived intestinal conditions comparatively well, but
were rapidly inactivated by low pH. Among them, isolate 321 L3
(L. rhamnosus) had the best survival profile. By contrast, L. gasseri
isolates tolerated gastric acid comparatively well, but grew poorly
in 0.3 % bile and did not survive in vitro simulated intestinal
conditions. Enterococcus isolates were comparatively tolerant of
bile and intestinal conditions, but did not survive low pH.

Adherence to Caco-2 intestinal cells
Twenty one isolates of bifidobacteria, lactobacilli and entero-

cocci were tested for adherence to Caco-2 intestinal epithelial
cells relative to a reference strain from the species (Table 4). Bifi-
dobacteria showed low adherence relative to standard (20-60%).
Adherence of E. casseliflavus isolates exceeded the standard and
E. faecalis 141 R4 reached 80% of standard (data not shown).
Lactobacillus adherence results are shown in Figure 2. Adherence
of isolates 330 L1 (L. crispatus) and 153 LT1 (L. rhamnosus) were
comparable to the standard. Adherence of Lactobacillus gasseri
isolates 312 LT4 and 147 LT2 exceeded the standard.

Bacteriocin production
Antimicrobial and bacteriocin activity was assessed on a subset

of 21 isolates against E.coli 0157:H7 (human isolate), Shigella
boydii, Salmonella Typhimurium, Campylobacter jejuni, Listeria
monocytogenes 184 and 187, Streptococcus mutans, Streptococcus
pyogenes, Vancomycin-Resistant Enterococcus faecalis (VRE) and
Methicillin Resistant S. aureus (MRSA) by the direct spot overlay
assay, using proteases, sodium hydroxide, and catalase to distin-
guish possible inhibitory mechanisms (production of a protein/
peptide bacteriocin, acid, or hydrogen peroxide) (Table 4). The
majority of the isolates tested showed significant inhibition due
to acid production (Fig. 3). Protease- sensitive bacteriocin pro-
duction was found in only 2 strains: L. gasseri 291 R3 (against
L. delbruecki) and E. faecalis 141 R4 (against VRE enterococcus)
(Fig. 3, Panels A & D). None of the Lactobacillus isolates dem-
onstrated confirmed bacteriocin activity against Listeria monocyto-
genes, E. coli, Salmonella Typhimurium and MRSA the common
pathogens used to assess bacteriocin production in probiotics.
Bifidobacteria and L. fermentum isolates did not exhibit antimi-
crobial activity against indicator pathogens (data not shown);
however, in the future it would be important to expand the list of

Table 1. Unique bacterial isolates by genus and species isolated from breast
milk and infant stool samples obtained from 15 mothers and their infants
aged 1, 2 or 3 months (n= 5 per infant age group)

Bacterial genus
and species

Source No of
unique
isolates

Comments

Bifidobacterium boum Fecal 2
Milk 2 From same individual

Bifidobacterium breve Fecal 5 From same infant (age 1 month)
Bifidobacterium longum Fecal 5 From 3 infants (ages 1 and 2

months)
Bifidobacterium longum

subsp. infantis*
Fecal 6 From 4 infants (ages 1, 2, 3

months). One isolate match
with mother.

Milk 1 Matched that of her 3-month old
infant

Bifidobacterium longum
subsp longum

Fecal 2

Bifidobacterium scardovii Fecal 2
Lactobacillus crispatus Fecal 2 From same infant
Lactobacillus fermentum Fecal 1 Matched isolate from mother
Lactobacillus gasseri Fecal 10 From 5 infants

Milk 8 From 4 mothers. One isolate from
each of 3 mothers matched a
isolate from her infant

Lactobacillus paracasei Fecal 2 From same infant
Lactobacillus rhamnosus Fecal 10 From 4 infants
Enterococcus

casseliflavus
Fecal 3 From same infant

Milk 1
Enteroccocus faecalis Fecal 9 One isolate matched in mother

and infant
Milk 2 From same individual. One match

in mother and infant
Corynebacterium

variabile
Milk 1

Proprionibacterium acnes Fecal 1
Milk 3 From 2 individuals

Propionibacterium
avidum

Fecal 1

Milk 1
Rothia mucilaginosa Milk 1
Staphylococcus

epidermidis
Milk 10 4 from a single mother

Streptococcus gordoniI Milk 1
Streptococcus mitis Milk 14
Streptococcus oralis Milk 1
Streptococcus

parasanguinis
Milk 4 From 3 individuals

Streptococcus salivarius Milk 13 From 9 individuals
Streptococcus

vestibularis
Milk 2

Total number of unique
isolates

126

aBold shaded rows denote mother-infant isolate matches among isolates.
bIsolated from separate individuals unless otherwise noted. C:\broker\TFJ-
US\KGMI\KGMI_A_1103425\KGMI_A_1103425\KGMI_A_1103425.
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pathogens to include a more comprehensive list those associated
with pediatric infections. L. gasseri isolates 291 R3 and 312 LT4
as well as L. crispatus 330 L1 exhibited acid-based inhibition
against multiple pathogens (shown in Figure 3 , Panel C, for E.
coli 0157:H7).

Comparative assessment
Of the unique isolates evaluated, isolates 330 L1 from infant

stool (L. crispatus) and breast milk isolate 163 L1 (L. gasseri)
showed the greatest range of desirable probiotic properties
(Table 4). Isolate 330 L1 exhibited some acid tolerance, relatively
good survival under simulated intestinal conditions, greater
adherence to Caco-2 cells than the standard, and demonstrated
acid inhibition against potential pathogens such as Listeria, and
E. coli 0157:H7. Isolate 163 L1 displayed limited acid tolerance
and fair survival under simulated intestinal conditions; its adher-
ence level was lower than that of the standard. Isolates 147 LT2
(a mother-infant isolate match) and fecal isolate 312 LT4, both
L. gasseri isolates, exhibited strong adherence to Caco-2 cells.
Generally, L. gasseri isolates exhibited relatively poor survival
under simulated in vitro intestinal conditions.

Discussion

Establishment of the GI tract microbiota in the infant is
thought to be critical to developing homeostasis and maintaining
health and breast milk is recognized as the single most important
postnatal factor in microbiome, metabolome, and immunologi-
cal programming.27 In this investigation, we isolated and charac-
terized unique bacterial isolates present in the fecal stools from
breast-fed infants aged 1, 2 and 3 months, and in breast milk
from their mothers. As the intestinal microbiota is likely to be a
rich source of probiotics, we hypothesized that microbes found
in the stool of young infants, especially if transferred from

mother to child, might ultimately prove beneficial for screening
as potential probiotic cultures. Isolates from breast milk and
infant stools were screened for antibiotic resistance and subsets
were evaluated in vitro for simulated GI transit survival, adher-
ence to Caco-2 cells, and bacteriocin production, all of which are
characteristics that are important aspects of any potential
probiotic.

Lactobacilli, bifidobacteria, and enterococci were the most
common genera found among the unique isolates in the stools of
breast-fed infants. This is consistent with the fact that lactobacilli,
enterobacteria, and coliforms are the first microbes to colonize
the infant gut after birth,28 and that breast milk, which contains
significant amounts of lactic acid bacteria and bifidobacteria, is a
source of commensal bacteria to the infant gut.29,30 In this inves-
tigation, B. longum, B. infantis and B. breve, were the most
common bifidobacteria in infant feces.31,32 L. gasseri and
L. rhamnosus, common intestinal biota, were significantly repre-
sented among unique isolates from infants. In addition to bifido-
bacteria, lactobacilli, and enterococci, commensal skin bacteria
such as propionibacteria, staphylococci, and streptococci were
significantly represented among isolates from breast milk.

Five mother-infant pairs shared matching isolates (� 97%
homology between bacterial barcodes). These matches included
one isolate of Bifidobacterium longum subsp infantis (breve), 2 iso-
lates of L. fermentum, 6 isolates of L. gasseri, and one isolate of
E. faecalis. Twenty one (21) isolates, including some that
matched between mother-infant pairs, were assessed in vitro for
tolerance to GI conditions and evaluated for Caco-2 adherence,
and bacteriocin production. Isolate 330 L1, a L. crispatus from
infant stool, had the most promising profile with respect to all 3
properties; notably, it demonstrated acid inhibition against the
food-borne pathogens Listeria and E. coli 0157:H7. Three L. gas-
seri isolates also were of potential interest. Isolate 163 L1 from
breast milk significantly inhibited Salmonella and E. coli, but its
adherence was not as strong as the reference strain. Isolate 147

Table 3. Survival of selected unique bacterial isolate from infant stool and breast milk in simulated bile, gastric juice and intestinal juicea

Simulated bile Simulated gastric juice Simulated intestinal juice

OD 600 % survival % survival

Isolate/ID Source 5 hr 10 hr 24 hr Overall 0 0.5 hr 1 hr 2 hr Overall 0 1 hr 2 hr 4 hr Overall

L. crispatus 330 L1 Fecal 0.2 0.6 1.2 CC 100 92 0.8 0 C 100 70 40 10 C
L. fermentum 289 LT2 Isolate match 0.3 0.65 0.9 CC 100 103 0 0 C 100 95 95 34 CC
L. fermentum 297 R1 Fecal 0.2 0.4 0.6 C 100 187 25 0 C 100 78 106 86 CC
L. gasseri 163 R1 Milk 0.2 0.3 0.3 C 100 109 93 27 CC 100 55 27 2.3 C
L. gasseri 147 LT2 Fecal 0 0 0.1 — 100 101 40 30 CC 100 32 1 0.3 —
L. gasseri 291 R3 Isolate match 0 0 0.3 — 100 99 81 17 CC 100 7 2 0.2 —
L. gasseri 312 LT4 Isolate match 0.06 0.15 0.05 — 100 78 67 11 CC 100 2 1 0.4 —
L. gasseri 163 L1 Milk 0.15 0.3 0.35 C 100 100 0 0 C 100 60 35 3 C
L. rhamnosus 141 L1 Fecal 0.1 0.6 1.1 C 100 0.2 0 0 — 100 80 74 63 C
L. rhamnosus 156 L1 Fecal 0.1 0.2 0.7 C 100 6 0 0 — 100 180 120 140 CC
L. rhamnosus 153 LT1 Fecal 0.05 0.1 0.8 C 100 0.2 0 0 — 100 120 95 40 CC
L. rhamnosus 321 L3 Fecal 0.06 0.1 0.65 C 100 75 0 0 C 100 105 70 100 CC
E. casseliflavus 153 R3 Fecal 0.5 0.3 0.2 C 100 0.1 0.1 0 — 100 54 74 40 CC
E. casseliflavus 153 R4 Fecal 0.09 0.35 0.3 C 100 0 0 0 — 100 135 90 85 CC
E. faecalis 141 R4 Isolate match 0.3 0.5 0.8 CC 100 1 0 0 — 100 117 100 97 CC

aSimulated bile: MRSC 0.3% oxgall; simulated gastric juice: NaCl C and pepsin (pH 2); simulated intestinal juice: NaCl C oxgall C pancreatin (pH 8)
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LT2, an infant-mother isolate
match, and isolate 312 LT4, from
infant stool, both were strongly
adherent to Caco-2 cells but did
not survive simulated intestinal
conditions. Interestingly, L. crisp-
atus and L. gasseri isolates were
well represented in a study of bac-
teriocin producing isolates from
intestinal microbiota of 266 Irish
people over age 65, but those
reportedly were inactive against
Listeria monocytogenes, Listeria
innocua, or S. aureus.33

Isolates of interest may also
exhibit other desirable properties
such as immunostimulating effects.
Strains of B. infantis, for example,
have been demonstrated to pro-
mote intestinal health. 34 Isolate
157 B1 (a mother-infant isolate
match of B. longum subsp infantis)
and fecal isolates 297 R1 and 289
LT2 (L. fermentum isolates that dis-
played good intestinal transit toler-
ance) could be examined for
beneficial metabolic activity (e.g.
b-galactosidase cleavage to assist
lactose digestion, bile acid cleavage
to reduce cholesterol synthesis) or
for immunological effects (e.g.,
dendritic cell activation).

Surprisingly, a significant pro-
portion of isolates from infant
stools were resistant to one or
more than 9 clinically relevant
antibiotics, as characterized by
MIC values that exceeded the
breakpoints recommended by
EFSA.35 This is not likely to have
resulted from postnatal exposure
to antibiotics. The greatest degree
of multidrug resistance was dis-
played by isolate 396 R1, a L. gasseri from a 3-month old infant,
which was resistant to chloramphenicol, clindamycin, erythromy-
cin, gentamycin, tetracycline, and vancomycin. Among isolates
that displayed potential probiotic properties, L. crispatus isolate
330 L1, from a 3-month old infant, was resistant to clindamycin
and tetracycline; L. gasseri isolate 147 LT2, an infant-mother iso-
late match, was resistant to chloramphenicol and clindamycin;
L. gasseri 312 LT4, from a 2-month old infant, was resistant to
clindamycin and displayed MICs at the breakpoints for chloram-
phenicol and vancomycin; and isolate 163 L1, an L. gasseri isolate
from breast milk, was resistant to vancomycin. Isolate 159 B1,
the B. infantis longum isolate-match from a mother and her
3-month old infant, was sensitive to all 9 antibiotics evaluated.

Other investigators have found high levels of antibiotic resis-
tance in infant fecal microbiota.36 In a study of Greek infants,
enterococci exhibited high frequencies of resistance to rifampicin,
tetracycline, erythromycin and vancomycin, and multi-resistant
strains were prevalent.37 Among fecal lactobacilli isolated from
breast- and formula-fed infants, high frequencies of resistance to
vancomycin were observed;38 investigators have found vancomy-
cin resistance to be intrinsic to some species of lactobacilli, nota-
bly L. rhamnosus.39,40

Parents’ intestinal and skin microbiota are a likely reservoir of
antibiotic resistance. Microbiota from the mother’s gastrointesti-
nal tract are transmitted to the newborn, which raises the possi-
bility that infants may be colonized by antibiotic-resistant

Figure 2. Caco-2 adherence of selected isolates of L. crispatus and L. rhamnosus (Panel A) and L. gasseri (Panel
B) from infant stool and breast milk from infant-mother pairs. Reference strains: L. rhamnosus NCK 431 and
L. gasseri NCK 99.

www.tandfonline.com 347Gut Microbes



bacteria in early infancy. For example, transfer of bifidobacteria
from mother to infant has been confirmed at the strain level in
pre-delivery stool samples from the mother and in infant feces
from 0 (meconium) through 90 days after birth, a time frame
that overlaps the age range of infants in our study.3 In the evalua-
tion of bifidobacteria transfer alluded to above, 11 strains from 8
mother-infant pairs were monophyletic for mothers’ and infants’
feces and 2 monophyletic strains were transferred from mother
to infant in breast milk. Besides transfer from the mother’s milk
and GI tract, transfer of skin microbiota from parents to the
infant gut also occurs early in life. A study of 50 Swedish families
found that the presence of S. aureus in infant stool was highly
correlated with S. aureus carriage on parental skin, and 90% of S.
aureus in the stool of 3-day-old infants were identical to parental
skin strains.6

An interesting finding was that matching isolates in 2 mother
infant pairs exhibited different antibiotic resistance profiles. In
one instance, an isolate of L. gasseri from a 3-month old infant
exhibited tetracycline and erythromycin resistance not present in
the matching isolate from its mother. Other investigators have

identified tetracycline resistance
in the gut microbiota of a single,
healthy mother-infant pair in
which the infant was exclusively
breast-fed for 5 months.41 This
resistance was encoded by differ-
ent genes and microorganisms in
mother and infant; moreover, the
microbiota from the child yielded
a novel composite transposon
bearing both tetracycline and
erythromycin resistance genes,
suggesting horizontal transfer via
a mobile genetic element and
raising the possibility of gene
transfer among distantly related
bacteria co-inhabiting the GI
tract of the same individual.41 An
initial safety screen of potential
probiotic candidates may exclude
isolates that harbor transferable
resistance genes as well as exclud-
ing isolates with putative viru-
lence factors.

In summary, this study identi-
fied 126 unique bacterial isolates
among mother-infant pairs; 10
isolate matches were collected
from 5 of the pairs. Twenty-one
isolates were further characterized
for putative probiotic properties.
A Lactobacillus crispatus isolate
and 3 Lactobacillus gasseri isolates
demonstrated desirable profiles of
comparatively good in vitro GI
tolerance conditions and intesti-

nal cell adherence. Some isolates produced large inhibitory zones
against pathogens but those zones were largely due to acid pro-
duction which has been shown to inhibit pathogen growth.42 A
broader assessment of health modulating properties may uncover
additional isolates which may be of interest. Antibiotic resistance
was common, though not universal, among isolates from infants
and was unlikely to have resulted from environmental exposures
of the bacteria prior to colonization of the infant. Further work is
necessary to fully characterize the probiotic potential of these
unique gram positive bacteria from mother-infant pairs.

Methods

Sample collection and ethics statement
This was single-center study with 15 young, healthy breast-fed

infants and their mothers performed over the course of 3 succes-
sive days. The objectives were to identify and characterize novel
bacterial isolates from breast milk and infant stool in terms of

Figure 3. Bacteriocin screening. Only those isolates, pathogens and indicator combinations for which a zone
of inhibition was observed are shown. All other combinations of isolate and pathogens did not result in a
zone of inhibition in this spot-overlay detection method. Panels A & B: L. gasseri 291R3 produces a protease
(Proteinase K (K) and Pepsin (P)) sensitive bacteriocin against the indicator L. delbeueckii 235, as indicated in
Panel A. However, 291 R3’s zone of inhibition against E. coli 0157:H7 is NOT sensitive to proteases. (Panel B).
Further investigation was required to rule out acid production or an unusual bacteriocin structure. Panel C:
Treatments: N- 10 N NaOH (3 mL) E- catalase (3 mL 10 mg/mL) Placing catalase in the zones had NO EFFECT;
this ruled out hydrogen peroxide antimicrobial activity. But, placing 3 mL of 10 N NaOH inside the Zones of
Inhibition (ZOI), diminished the antimicrobial activity by neutralizing the acid. Therefore, we conclude that
the antimicrobial ZOIs against E. coli 0157:H7 are due to acid production. Panel D: The only isolate that produ-
ces a bacteriocin against a pathogen is E. faecalis 141 R4. This isolate produces a bacteriocin against Vancomy-
cin Resistant Enterococcus (VRE) and is sensitive to Proteinase K, but not Pepsin (P).
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potential probiotic properties and to screen for antibiotic
resistance.

The study population comprised 3 groups of mother-infant
pairs (nD5 pairs per group) that included infants of 1 month, 2
month, and 3 months of age, respectively. Mothers and infants
were in good health (self-reported). Subjects were excluded if the
mother or infant had a gastrointestinal disorder or had taken
antibiotics in the previous 14 days; if the infant had been ill in
the previous 4 days; or if the mother consumed yogurt with
active cultures or took oral probiotics. After enrollment, self-
obtained breast milk samples (4 oz. from each breast) and fecal
samples from the first diaper change of the day were collected on
the next 2 successive days. Infant subjects were identified by a
3-digit code, with the first digit corresponding to the infant’s age
in months. Mothers were identified by 4-digit code in which the
first 3 digits were identical to the identification code of her infant.
Samples were placed in labeled collection bags and stored at
-80�C prior to analysis. The study was approved by an Investiga-
tional Review Board and performed in compliance with the US
Code of Federal regulations on Good Clinical Practices (21 CFR
10.90, 50, 56 and 812) and the World Medical Association Dec-
laration of Helsinki (1996 amendment). All participants signed
informed consent prior to study enrollment.

Bacterial isolate collection
Samples collected were shipped on dry ice to North Carolina

State University (NCSU, TRK where isolation and initial identi-
fication of bacteria was completed. Isolation agar media used
included MRS (deMan, Rogosa, and Sharpe) - code R; LBS
(Lactobacillus selective medium) - code L; LBS C Tomato Juice
(Lactobacillus selective medium plus tomato juice) – code LT;
and BSM (Bifidobacterium selective medium: MRS C 0.05% cys-
teine C 0.005% murpirocin) - code B. For identification, mor-
phologically unique colonies were chosen from the agar media,
re-streaked for isolation, grown in broth and viewed under a
phase contrast microscope. Colonies were identified by a sample
number, the agar used in isolation (R, L, LT, or B), and the num-
ber of colonies isolated on a specific agar plate (1-7 maximum).
As an example, isolate 141 L1, derived from an infant fecal sam-
ple, grew on LBS agar and was the first colony chosen on that
plate. Glycerin stocks were made from isolates and stored frozen
at -80oC for subsequent analyses.

Colonies from the isolation step were further identified by
sequencing of the 16S rRNA gene from a 500 bp amplicon using
16S primers.43 The sequence obtained was then taken through
the BLAST database for identification. Most identification was
to the genus level. For corroboration, further identification of
glycerin stocks was performed in Cincinnati (KK and DC)
by16S 500 bp MicroSeq PCR/Sequencing kits (Life Technolo-
gies, #4370489 and #4346480) on a 3130xl Genetic Analyzer
(Life Technologies, Carlsbad, CA).

Genotyping of isolates
All isolates were genotyped for the purpose of comparison, and

to move forward with testing distinct isolates only. For isolates
recovered from both the mothers’ breast milk and the infants’ fecal

samples, the DiversiLab system (bioM�erieux, Durham NC) was
utilized to identify similarity indices for matches between mother-
infant pairs. Isolates were grown on the appropriate agar media
(MRS or RC Reinforced Clostridial) and DNA extracted using
the Mo-Bio UltraClean Microbial DNA Isolation Kit Protocol
(MoBio #12224-250, Carlsbad CA). DNA was quantified using
the Nanodrop 1000 spectrophotometer (Thermo-Scientific, Wal-
tham, MA) and normalized to 25 ng/mL using1x Tris-EDTA.
Master Mix from the Diversilab Kit (bioM�erieux, #410963: Bifi-
dobacterium, #410982 Lactobacillus, # 410969 Enterococcus)
was added to a 96-well plate (23 ml per well) followed by 2 ml of
the normalized DNA (25 ng/ml). The plate was sealed and placed
onto a 9700 fast thermal cycler (Life Technologies, Carlsbad, CA)
with the appropriate thermal cycling program according to the kit
used. The PCR product was then added to the DiversiLab system
chip along with the Diversilab DNA reagents and supplies (bio-
M�erieux, # 270670) according to kit protocol. The chip was ana-
lyzed using the Diversilab software version 3.4 and highly similar
matches were called if � 97% homology was seen between the
barcodes of 2 or more isolates. If no barcode match to any other
isolate was found, the isolate was declared distinct and potentially
unique. A subset of distinct isolates progressed to antimicrobial
susceptibility testing, in vitro assessment of GI transit tolerance,
bacteriocin production and adherence to Caco-2 cells.

Antimicrobial susceptibility testing
The minimum inhibitory concentration (MIC) in mg/mL for

distinct isolates was determined quantitatively using the E-test
strips with a predefined antibiotic gradient (bioM�erieux, Marcy-
l’�Etoile, France). Antibiotic strips tested include Ampicillin (bio-
M�erieux # 501558), Chloramphenicol (bioM�erieux #507558),
Clindamycin (bioM�erieux #509558), Erythromycin (bioM�erieux
#510558) Gentamicin (bioM�erieux #512558), Streptomycin
(bioM�erieux #526848), Tetracycline (bioM�erieux #522558),
Vancomycin (bioM�erieux #525558), and Quinupri/Dalfopri
(bioM�erieux #528758). Antimicrobial strip concentrations
ranged from 0.016 to 256 mg/ml for all antibiotics except Strep-
tomycin which had a range of 0.064 to1024 mg/ml and Quinu-
pri/Dalfopri which had a range of 0.002 to 32 mg/ml.

Distinct isolates from mothers and infants were grown from
glycerin stocks anaerobically or aerobically on MRSA, RCA, or
TSA (Tryptic Soy Agar) plates for 48-72 hours, depending on
the isolate. Cultures were adjusted to 1 £ 108 CFU/mL in dilu-
ent. For the agar test plates, a 90% Iso-Sensitest broth (Thermo
Scientific, #CM0473B), 10% (MRSB, RCB or TSB), 0.3g/L-
cysteine (Sigma-Aldrich, #30089 C 15g Bacto Agar (BD,
#214030) medium was used. Sterile, Polyester tipped swabs
(Puritan #25-806 1PD, Guilford, ME) were dipped into the bac-
terial isolate solution and streaked on an entire agar plate with a
fresh tip 3 times, rotating the plate 60� each time and allowing
excess moisture to absorb into the agar plate before applying the
E-test strips. The E-test strips were placed onto the agar plate
with sterile forceps and bubbles removed by gently pushing on
the strip with the forceps. Inverted plates were incubated anaero-
bically or aerobically, depending on the isolate, at 35C2�C until
a distinct lawn of organisms appeared, typically 24-48 hours.
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The MIC was read where the zone of inhibition merged with the
strip and compared to EFSA guidelines for resistance cut-off val-
ues according to genus.35

In vitro assays for tolerance to bile and simulated gastric and
intestinal juice

The in vitro methodology developed by Charteris et al. was used,
which mimics conditions encountered during in vivo human upper
gastrointestinal transit. 44 In brief, cells (1% inoculum) were grown
overnight inMRS, spun down and washed 3 times in sterile distilled
water. The tolerance of isolates was determined by exposing washed
cell suspensions at 37�C to either (1) MRS C 0.3% oxgall (Difco),
monitoring aliquots at OD600 over time; or (2) a simulated gastric
juice (pH 2¢0), a sterile solution of sodium chloride (0¢5% w/v) con-
taining pepsin (0¢3% w/v); and (3) simulated small intestinal juice
(pH 8¢0), a sterile solution of sodium chloride (0¢5% w/v) and Difco
Bovine Oxgall ( 0.3%) containing pancreatin USP (1 g L¡1), moni-
toring changes in total viable count periodically.

Bacteriocin production assay
The spot-overlay detection method was used to test isolates for

activity against E.coli 0157:H7 (human isolate), Shigella boydii,
Salmonella Typhimurium, Campylobacter jejuni, Listeria monocy-
togenes 184 and 187, Streptococcus mutans, Streptococcus pyogenes,
Vancomycin-Resistant Enterococcus faecalis (VRE) and Methicil-
lin Resistant S. aureus (MRSA). Lactobacillus delbrueckii 235 was
used as target/indicator bacteria. Test (isolate) organisms (5 mL)
were spotted onto MRS or BHI plates; the applied culture was
allowed to absorb onto agar and the plates incubated for 24-48
hr. until a disc of growth appeared. The indicator (pathogen) iso-
late (10-100 mL depending on turbidity of the overnight culture)
was added to a tube of optimum growth medium-overlay agar
(0.75%, 10 mL), gently inverted to mix, and then immediately
poured over the producer plate. Agar was allowed to solidify and
plates were re-incubated under appropriate conditions to allow
for optimal indicator/pathogen growth. Zones of inhibition were
noted. Producer strains that demonstrated an inhibition zone
were retested, applying various proteases within the zone of inhi-
bition on the plate. Proteases inactivate bacteriocins of a peptide
or protein nature, thereby eliminating inhibition zone formation.
Isolates were also tested for antimicrobial activity by production
of acid and hydrogen peroxide using NaOH and catalase, respec-
tively, in place of proteases.

Adherence assays
Adherence Assays were conducted as previously described. 45

Caco-2 cells were grown in MEM with 10% FBS and antibiotics
(Penicillin, Streptomycin and Amphotericin B). Each well of a
12-well plate was seeded with 6.5 £ 104 cells and grown for
21 days in order to differentiate for the adherence assay. Cells
were washed with PBS followed by addition of antibiotic-free
medium, then incubated (37⁰C, 5% CO2). Isolates of interest (1
£ 108 cells) were added to each well (in triplicate) and allowed
to adhere for 1 hour at 37oC (5% CO2). Following a rinse with
PBS, adherent cells were quantified by plating on MRS. Percent
adherence was reported relative to the appropriate reference
strains, which were L gasseri ADH (NCK 99); L. rhamnosus GG
(NCK 431); Enterococcus faecalis (NCK337); and Bifidobacterium
lactis (NCK 1573

Statistical Analyses
For the adherence to Caco-2 assays were run in triplicate in

the same experiment and averaged and Standard Deviations
determined (Excel Microsoft). For MIC determinations, each
isolate was examined in duplicate on different days and averaged.
For survival in simulated GI environments, each isolate was
tested in 3 independent observations and the means and standard
deviations were calculated. Error bars represent the Standard
Deviation of the Mean (Excel Microsoft).
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