PROBIOTIC METABOLISM OF HUMAN MILK OLIGOSACCHARIDES (HMOs)
AND PREBIOTICS

BY

TAKSAWAN THONGARAM

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Food Science and Human Nutrition
with a concentration in Food Science
in the Graduate College of the
University of lllinois at Urbang&Champaign, 2014

Urbana, lllinois

Doctoral Committee:

ProfessoSharonM. Donovan Chair

Associate Professddichael J. Miller Director of Research
Assistant Professofong-Su Jin

Associate Professor Kelly Swanson



ABSTRACT

PROBIOTIC METABOLISM OFHUMAN MILK OLIGOSACCHARIDES (HMOs)
AND PREBIOTICS

Taksawan Thongaram
Department of Food Science and Human Nutrition
University of lllinois at Urbang&Champaign, 2014
Michael J. Miller, Adviser

Human milk contains a high concentration of complex oligosaccharides (HMOSs) that
are beleved to confer physiological benefits to infants such as immunomodulation and
prevention of pathogen attachment. In addition, it has been postulated that HMOs serve as
prebiotics by promoting the growth of bifidobacteria in the infgagtrointestinairad (GIT).
In this study, lhe first aim was to investigatbe probiotic metabolism of HMOs and HMO
precursors. @wth parameters were determined by inoculating glugosen cultures into
basaldeMan Rogosa Sharpe (MR@Jo added glucose) with 1#arbohydrate (+0.5 g/l-L
cysteine for bifidobacteria) and measuring growth over 48 h. Cultures were grown in
microtiter plateswhich were incubated under 90%,¥% CQ and 5% H at 37C. Results
indicated that: (1N-acetytD-glucosamine (GIcNAc) wasidely used by the lactobacilli, but
B. breveATCC15700 was the only bifidobacteria strain that could utilize this carbohydrate,
(2) none of the bifidobacteria and very few lactobacilli could utilize either fraedse L.
rhamnosussG andL. rhamnosu®R20) or sialic acidl{. plantarumLPZ6), (3) none of the
lactobacilli could ferment the HMO8 & i al y|l | -8t ) (s &d B d-8L) ps @06 (6
Fucosyl |l-Bc)Y oseddic®8 vyl |-BLY, yed ®& lagtoBagilli demonstrated
moderate groth with LNNnT, (4) amongst the bifidobacteria strains, dBlyinfantisATCC

15697 anB. infantisM-63 were able to fermeBt-S L ,-S 16 6F 2 6 a fd, (5BwhenB.

infantisM&4 3 was g r &lymo swlictadid aG@dmulated in the growth media, but



when it was-Fgtheddofthe hc®d8e | i b-Bluremaieedinthe om 206

media and (6B. infantis B. breve L. acidophilus L. plantarumandL. reuteriwere able to
ferment Lacto-N-neotetraoseL(NnT), which was confirmed byigh Performance Liquid
ChromatographyHPLC) analysis. Thus,there are differences utilization profilesof milk
oligosaccharides among lactobacilli and bifidobacteria strains, information that may aid in

the development of future synbiotic formulations.

The secon@im was toinvestigate the consumption of LNNT by selected lactobacilli
and bifidobacteriaWe found that LNNT was a growth factor foB. infantis B. breve L.
acidophilus L. plantarum and L. reuteri In this study, HPLC and Thin Layer
Chromatography TLC) results confirmed that amongst the tested strdinscidophilus
NCFM was found to be the most efficient lactobacillus strain to utilize LNn&ddition, we
characterized the consumption of LNnTLinacidophilusNCFM and further investigated a
b-galactosidase gene involved in LNNT utilizationlbyacidophilusNCFM. b-galactosidase
lacL gene knockout inL. acidophilus NCFM and subsequent carbohydrate utilization
analysis demonstrated that LNnT was unable to bbkzedi by the knockout strain,
conf i r mi-gatactosidasgdcL gene is required for LNNnT utilization. Additionally,
growth curves of théacL knockout strain showed a reduced growdke and alonger lag
phaseon lactoses u g g e st i n-galadtogdaselaclt dere plays a significant roie

LNNnT and lactosetilization inL. acidophilusNCFM.

In the third aim, the consumption @falactooligosaccharide&s0S by lactobacilli
was investigated by compag with selected bifidobacteria in order to determine the

metabolism of GOS, utilization patterns and potential of probiotic and prebiotic



combinationsMatrix-assisted laser desorption/ionization tiofelight (MALDI -TOF) and

TLC analysis of cell-free supernatants taken during growth of five probiotic bacteria
suggested differences in the utilizationPu r i mGOB(EOSP). L. rhamnosuDR20
andB. lactisBb-12 preferentially utilized disaccharidashile L. fermentumandB. infantis
utilized mostly di and trisaccharides over largdegree of polymerizationDP) GOS.
Among the tested strains, orlly acidophilusNCFM showed extracellular and intracellular
b-galactosidase activitylnterestingly, L. acidophilus NCFM showed a preference to
consume GOS withDP 26 and released galactose very efficiently from GOSL.
acidophilusNCFM lacL gene knockout and subsequent carbohydrate utilization analysis
demonstrated that GO®as not utilized by the knockout strainconf i r mi mg t ha
galactosidasdacL gene is required for GOS utilizatioQur results suggest that tha
galactosidastcL geneis involved in GOS consumption by acidophilusNCFM, revealing
thatthe role of functional laclb-galactosidase is important for the metabolism of lactose and

complex carbohydrates for the survival of intestinal lactobacilli in Gl tract.
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CHAPTER 1

OVERVIEW

1.1INTRODUCTION

Human milk oligosaccharides (HMOs) represent the third most abundant component
in human milkand have aegree of polymerization (DPB (Newburg and Neubauer, 1995).
However, due to previous difficulties and limitations in characterization of complex
oligosaccharide structures and the lack of available individual substtktes known about
their metabolism anditilization pathwayin relevant micoorganisms Oligosaccharides in
human milk possess natural prebiotic function exerta protective rolén breastfed infants
(Stevens et 812009; Use of prebiotic oligosaccharides in infant formula has been shown to
be effective for formulded infants to develop the intestinal microbidket is similar to
breastfed infants.

Prebiotics are defined deod ingredients that fit to the three following criteria: 1)
resistance to gastric acidity, to hydrolysis by mammalian enzymes, and to gastrointestinal
absorption; 2) fermentation by intestinal microbiota; and 3) selective stimulation of the
growth and/oractivity of those intestinal bacteria that contribute to health andheeil
(Roberfroid, 2007), in particular bifidobacteria. For this last reason, the world market for
prebiotics has grown rapidly in the last three decades (Figvoaa et aJ 201J), focusing
on the production of compounds with established prebiotic effedBOS(
fructooligosaccharides(FOS) inulin, and lactulose), as well as development and
commercialization of other dietary carbohydrates including resistant starch (Bird, et al

2010), xylooligosaccharides (Jaskari et #D98), glucooligosaccharides (Djouzi et 4B95;



Sarbani et al 2011), polydextrose (Herfel et.aP011), lactosucrose (Ohkusa et 4P95),
pectin derivedGullon et al, 2011) or soybean oligosaccharide®pkins et al 1998)

Lactobacilli belong to a group of Grapositive facultative anaerobic or
microaerophilic bacteria which are commonly found the human GIT. These
microorganisms are considered to be beneficial bacteria and help maintain a Gé€althy
adults L. acidophilusNCFM is a lactic acid bacterium that has the ability to survive in the
GIT (Sanders and Klaenhammer, 2001; Sui t28102), adhere to human epithelial céfls
vitro (Sanders and Klaenhammer, 2001; Greene and Klaenharhf88), modify fecal
flora (Sui et al 2002), modulate the host immune response and prevent microbial
gastroenteritis (Varcoe et.a2003). AdditionallyL. acidophilusNCFM has the ability to use
nondigestible oligosaccharides, which may also congibutt o t he organi smo6

compete in the humaalT.

1.2RESEARCH OBJECTIVES

The overall objective of thisdissertation research was to characterize the
consumption of HMOs, HMO precursors, and prebiotics by selected lactobacilli and
bifidobacteria andurther investigée a genenvolved in HMO and prebiotic GOS utilization.

Three specific aims were pursued.

1.3 SPECIFICAIMS
Specific Aim 1 investigated the probiotic metabolism of human milk
oligosaccharides (HMOs) and HMO precursors. In this studyidentifiedprobiotics that

can ferment HMOs and determined the growth characteristics of probiotics cultured on



sialylatal and fucosyl at e dSLHMNJb 6¢ dnd@m eH)endtdialylaied 6

nonfucosylated HMO (LNnT)and HMO precursors as reported in Chapter 3

Specific Aim 2 investigated the consumption of LNnT by selected lactobacilli and
bifidobacteria. In order to understand the utilization of LNnT, a time course of LNnT
degradation inL. acidophilus was characterized using High Performance Liquid
Chromatography (HPLC) anthin Layer Chromatography (TLC). In addition, datatlb@b-
galactosidase gen@lacL) involved in LNNnT utilization byL. acidophilus NCFM are

summarized in Chapter 4

Specific Aim 3 determined the effect of GOS on the growth of probiotic
bifidobacteria ad lactobacilli. Data oPurimune GOS consumption profile amibysis of
matrix-assisted laser desorption/ionization tiofeéflight (MALDI-TOF) and thin layer
chromatography(TLC) as well asb-galactosidase activityb-galactosidase genf@acl)

involved inGOS utilization byL. acidophilusNCFM are reported in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

2.1PROBIOTICS

A. Probiotics: Selection Criteria, Functions and Benefits

According to the Food and Agriculture Organization of the United Nationghend
Worl d Health Organization, the term fAprobio
when administered in sufficient amounts will have beneficial effects on the host health
(FAO/WHO, 2002). Recent comparative studies demonstrated that the joobiod their
health benefits are strain specific (Douillard et a013). The diverse health benefits of
probiotic bacteria may be due to various mechanisms of action andsgteaific properties
of probiotics (Nagpal et al2012).

A number of criteia are used to select for probiotic strains. An effective probiotic
must be nofpathogenicandexert a beneficial effect on the h@std be able to be produced
industrially.  Additional potential propeées relevant to probiotic actiyit include the
following: i) capable of surviving passage thgbuthe GIT ii) compete along with a highly
diverse and competitive environment presented by the human gut microflora (Bezkorovainy,
2001),iii) adhere to the intestinal epithelial cell lining (Guarned &chaafama, 1998))
produce antimicrobial substances towards pathogens, v) remain viable during storage and
use,andvii) be isolated from the same species as its intended use (Collin and Gibson, 1999).
The functions ofjut microbesasprobioticshavebeen proposed, which rely on their ability to
i) survive in theGIT, ii) adhere to mucosal surfaces , and iii) metabolize available energy

sources from noxligestible dietary compounds (Qin et, &010). The health beneficial



effects of probiotic bactea includei) improvement of intestinal health by regulation of
microbiota, ii) stimulation and development of the immune system, iii) reduction of
symptoms of lactose intolerance, andpwventionof certain other diseassesch as allergies
(Ozdemir et h, 2010 and colon cancer (Uccello et,8012)

B. Microorganisms Considered as RPobiotics

The key organisms used for probiotics application worldwide belong to- well
characterized strains dfactobacillusand Bifidobacteriumwhich are available fohuman
and animal use to reduce the risk of gastrointestinal infections or treat such infections
(Salminen et al 2005). Two other main species playing an important role in the food
industry and dairy products aBtreptococcus thermophilasdLactococcudactis. Some of
the most important representative probiotic strains are listddle 2.1 (Kechagia et al
2013) The most effective probiotic strains for human use have proved to be of human origin
(Dunne et al 2011). The consumption of probiotiGm to directly supplement the intestinal
microbiota with live beneficial organisms.

Lactobacilli and bifidobacteria are common members of the human intestinal
microbiota, and are nonpathogenic, nontoxigenic, nonputrefactive, saccharolytic organisms
(Crittenden,2004). The probiotic potential of the intestinal and dairy species of lactobacilli
and bifidobacteria was first researched over a hundred years ago. The link between
lactobacilli and human health was first proposed in the late 1800s by Metchnikoff, who
devoted he last decasl of his life to this researclactobacillusspecies are members of
lactic acid bacteria (LAB)LAB are Grarmpositive, catalaseegative bacterial species that
producelactic acid as a primary metabolic end product. A number of lactobaaié been

well characterized and used as probiotics includingcidophilus This bacterium was first



isolated by Moro in 1900 from infant fecels. acidophilusNCFM is perhaps the most
commonL. acidophilusprobiotic used commercially and has the abiid@survive in theGIT
(Sanders and Klaenhammer, 2001; &ual, 2002), adhere to human epithelial catis/itro
(Sanders and Klaenhammer, 20Gtgene and Klaenhammer, 1994), modify fecal flora (Sui
et al, 2002), modulate the host immune response @medent microbial gastroenteritis
(Varcoe et al 2003).

Several genome sequences of microbial species isolated from the Rli&ave
been published including several LAB (Pridmore et 2004 Klaenhammer et gl 2002)

The complete genome sequenceLofacidophilusNCFM encodes a large variety of genes
related to carbohydrate utilization, including 20 phosphepgnivate sugatransferase
systems (PTS) and five ABC families of transportaogentially involved in thaiptake and
metabolism of a variety of carbohydrates (Altermann et28l05).1t has been shown that a
variety of L. acidophilus strains are able to utlize several polysaccharides and
oligosaccharides (Kaplan et,a2000; Van Laere et .al2000).Additionally, L. acidophilus
NCFM has the ability to utilize nondigestible oligosaccharides suckGS and GOS
(Barrangouet al, 2003) The predicted glycoside hydrolasegencoded by its genome
differentiate lactobacilli and bifidobacteria from most other bacteria that are typically found
throughout the mammaliagBIT (Génzle and Follador, 2012; Altermann ef 2005).

A Bifidobacteriumwas first isolated and described from breasfed infantover a
century ago and associated with a healthy intestinal tract due to numerical dominance in
breastfed infants and relation with reduced diarrhea symptoms compared to-fbdttle
infants (Newburg,2005. The traditional use of bifidobacteria in fermeatdairy products

and the Generally Recognized as Safe (GRAS) status of certain strains attest to their safety



(Picard et al 2005). Whereas the function of bifidobacteria still remains somewhat
enigmatic, clinical trials have led to their wide applicataaming at improving hodtealth,
especially in fermented dairy products. They are also the target of prefmotaining
products, typically oligosaccharides selectively fermented by bifidobacterial species.
Although foods containing probiotic bifidobacteria and bifidogenic iptets are widely
consumed, there is only fragmentary information about the physiology, ecology, and genetics
of Bifidobacteriumgroup members within the human host as well as on many isolated
Bifidobacteriumstrains marketed as probiotics.

C. Probiotic for Infant N utrition

Probiotic supplementation in infant formulas has shown that some strains may persist
in the infant gut (Bennet et al992; Millar et al, 1993) and lower stool pH (Langhendries et
al., 1995). Supplementation with caseisp. strainGG (LactobacillusGG) fermented milk
product or freeze dried powder, 125 g *f® colony forming units CFU) twice daily
(Isolauri et al, 1991) and withBifidobacterium bifidun(1.9x1¢ CFU/g powdered formula)
and Streptococcus thermophil§6.1x1¢ CFU/g powdered formulajSaavedra et g11994)
hasbeen successfuh preventing rotavirus diarga in infants. The LGG strain has also been
well researched for its probiotic effects in rehgcatopic eczema (Majamaa afmblauri,
1997 Kalliomé&ki et al, 2003).

1 Comparison of Intestinal Microbiota of BreastFed and Formula-Fed Infants

The GIT of newborn is basically geninee with the colonization of intestinal
microbiota begins immediately after birtimtestinal colonization by microorganisms has a
pronounced impactrothe maturation of the infanmtestinal immune system and the gut

microbiota is influenced by the feeding of the human inféhe first bacteribcolonizers are



facultative Grarmpositive cocci, enterobacteria and lactobacillin breastfed infants,
bifidobacteria constitute from 680% of the infant gut microbiotélp et al, 2007. In
contrast, formulded infants have a more complex microbiota with bifidobacteria,
bacteroides, lactobacilli, clostridia and streptococci (Stark and1l982; Benno et 311984,

Harmsen et al 2000).

2.2PREBIOTICS

A. Prebiotics: Classification Criteria and Benefits

Prebiotics have been defined as quigestible dietary ingredients, usually
oligosaccharides that selectively stimulate the growttaativity of a limited number of
intestinal bacteria which results in providing a health benefit to the host (Gibson and
Roberfroid, 1995). Due to the definition of prebiotics, the criteria for classification of food
ingredients as prebiotics have been psmul which are i) resistance to gastric acidity,
hydrolysis by human enzymes and gastrointestinal absorption; ii) fermentation by intestinal
microbiota; and iii) selective stimulation of the growth and/or metabolic activity of beneficial
bacteria in GIT Roberfroid, 2007). Currently, the research on prebiotics aedntost
common commercially available prebiotics that fulfiibse criteria include inulin, FQ&nd
GOS(Rastal, 2010).

The development of the microbiota is affected by various external antérnal
factors. Diet is one of the external factors that influence the development of the intestinal
microbiota. Human milk oligosaccharides (HMOs) are likely to be one of the factors that
influence the development of microbiota in brefest infants and protect infants from

microbial infections or other diseases. In an attempt to simulate the effect of breast feeding in



formulafed infants, oligosaccharides have been supplemented in iffantula as
prebiotics. The prebiotic effects of these oligosaccharides have been evaluated by many
clinical studies. Application of various techniques to the analysis of intestinal microbiota has
led to the better understanding of the structure and dawelot of infant intestinal
microbiota and a reevaluation of the effects of prebiotics in infant formula.

B. Prebiotics in Infant Nutrition

The oligosaccharides in human milk are considered to possess natural prebiotic
function and appear to play a protive role in the brea$ed infants. Use of prebiotic
oligosaccharides in infant formula has been shown to be effective for the fdadufdants
to develop the intestinal microbiota which is similar to bréadtinfants. These stragges
will be discussed belowl'he supplementation of infant formula wiitB g/100 ml GOS/FOS
in a 9 to 1 raticstimulates the number of fecal bifidobacteri&. infantis B. breveand B.
longum After a 6week intervention perigdhe results showed a significantrease in the
total amount of fecal bifidobacteria (54.8¢9.8% to 73.4%+ 4.0%) in infants receiving the
prebiotic formula,with a diversity ofBifidobacteriumspecies similar to breatd infants
(Haarman and KnoR005 Roberfroid,2007).

Feedinginfant formula supplemented with GOS and long chain FOS (IcFOS) (1:9)
significantly increased the number of bifidobacteria accompanied by a reduction of
pathogens in both preterm infants and term infaBtelm et al 2002;Kolida et al, 2002;

Knol et al, 2009. Previous studies have showhat supplementing preterm formula with a
mixture of GOS and FOS at a concentration of 10 g/l stimulates the growth of bifidobacteria
in theintestine and results in stooharacteristics similar to those found in pret infants

fed human milk(Boehm et al., 2002)Bifidobacteria in the group fed the oligosaccharide



supplemented formula increased to the upper range of bifidobacteria counts in the reference
group. The difference between the supplemented modsupplemented groups was highly
significant (p = 0.0008).

The GOSFOS supplement caused the microbial diversity to closely resemble the
microbiota of breasfed infants, also at the level of the differaifidobacteriumspecies.
Differences in perceage of bifidolacteria between the GOS/FOS (59.2% (SEM 7.7)}, Bb
12 (52.7% (SEM &)) and the standard (B26 (SEM 6.4)) groups were not statistically
significant at 16 weeks. Feeding infants GOS/FOS formula resulted in a similar effect on
mefmbolic activty of the intestinal microbiotaas in breasted infants BakkerZierikzee
2005). Moreover,Haarman and Knol conducted a study that showed a significant increase in
the total amount of fecal bifidobacteria (54.899.8% to 73.4%+ 4.0%) in infantgeceiving
the prebiotic formula g standard formula supplemented with galacénd fructe
oligosaccharides, OSRyith a diversity ofBifidobacteriumspecis similar to breasted
infants (Haarman and Knol, 2005

C. Prebiotic Galactooligosaccharide (GOS)

GOS havea GRASstatus in the United States, a Adavel Food status in the EU,
and are regarded as foods for specific health use (FOSHU) in Japan, (Tzortzis and Vulevic
2009) due to the fact that GOS are components of human milk and traditional yogeathand
be produced from ingested lactose by the resident intestinal baGtemamercialGOS are
typically produced by enzymatic synthesis/transgalactosylation of lactose to yield a mixed
length galactosylated product with a degree of polymerizgid®) rarging from 2 to 6
(Figure 2.1). The ol i go megalactoside bnkages allodOs tb bé usedas

prebiotic supplementsiotably for stimulation ofactobacilli and bifidobacterim particular.

10



D. Human Milk O ligosaccharides (HMOSs)

Human milk is considered as the gold standard of infant nutrition, with commercially
available infant formula designed to mimic its unique compositiowever there is a need to
provide safe and effective alternative forms of nutrition to infants whamtceoeive breast milk.
Breastfeeding has several protective mechanisms and positive effects on the infant that are not
replicated by components in infant formula, such as disease prevémtiading painful ear
infections, upper and lower respiratorynagénts, allergies, intestinal disorders, colds, viruses,
and increased vaccination response (Dorea, 2008)ng infants need adequate levels of
nutrition to support the development of th&iT and immune systems. Manipulating the
composition of formula, by adding functional ingredients could improve the development of the
immune andsIT in formula fed neonates.

1 Human Milk Oligosaccharide Composition

HMOs are the third most abundant component of human milk warehtypically
found at 515 g/l in mature milk (Kunz et gl 2000; Bode, 2009Zivkovic et al, 201J)
(Figure 2.2). The monosaccharide building blocks of HMOs arglixose, BgalactoseN-
acetytD-glucosamine (GIcNAc), Hfucose and sialic acidApproximately 200 different
oligosaccharide compositions have been identified in human milk (Bode, 2009). The
composition of mature human and bovine milk is compar@abie 2.2

Lactose forms the reducirands of the HMOs and lactose can be fucosylated
on the nonr eeu caindinkages do farm 2udddyllactose (2FL) and 3!
fucosyllactose (3FL), respectively. Lactose can also be sialylated on the nonreducing end in
U2 and/-6 liokagesU® form 3sialyllactose (3SL) and 6'sialyllactose (6SL),
respectively. More complex HMOs can peoducel by different combinations of the five
monosaccharides listed above. HMOs are synthesized by the glycosyltransétshseed

11



transfer & monosaccharides from sugar nucleotides to elongating carbohydrate structures.
Lactose is used as the basis for the synthesis of larger and more complex structures. These
larger structures are synthesized by fucosyltransferases, which only certain waveen h
HMOs vary among individuals because they are associated with the same genes that
determine Lewis blood type and secretor status (Vivergealet 1990). Reported
concentration®f individual HMOs in human milk are shown Trable 2.3 The structures of

major oligosaccharides in human milk are showmable 2.4 Oligosaccharides are resistant

to digestion and, thus, remain intact until reaching the large intestine, which allows them to
have many functions throughout the intestinal tract.

Several benefial activities have been attributed to HMOs including
immunomodulation of the host (Kuntz ak, 2008; Kuntz etal., 2009) and prevention of
pathogen attachment (Bode, 2009). In addition, it has been postulated that the bifidogenic
nature of human milks due to prebiotic activities of HMO®B¢de and Jantsché&renn
2012 Sela and Mills, 2010). HMOs appear to be resistant to host hydrolases in the small
intestine and reach the large intestine largely intBogfer et al., 2000 Recently, there
have leenreports of selected bifidobacteria strains, specificBlfyjdobacterium infantis
being able tderment HMOs (Ward edl., 2006; LoCascio edl., 2007; Marcobal eal., 2010;
Zivkovic etal., 2017).

1 Type 1 and Type 2 Human Milk Aigosaccharides

HMOs have been structurally classified into 13 core structureblé 2.5 with all
possessing a lactose unit at the reducing end (Urashimg 0&2; Amano et gl 2009;
Kobata, 2010). An additional categorization of HMOs is based on the disaccharidethait

nonreducing end into type 1 and type an human milk, type 1 oligosaccharides are
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predominant and type 2 oligosaccharides are less abuidtauka, 2012). IlN-glycans,O-

glycans, and glycolipids structuréd\-acetytD-glucosamine (GIcNAc) resisks can be

modi fi ed by -3lmkagectd abmie a type 1 oblijosaccharide composed of a
disaccharide called ndg-acetyllactosamineRigure 2.3). In humans, expression of type 1
oligosaccharide is mostly restrictedthe epithelia of theGIT. Type 1 oligosaccharide can be

modified by glycosyltransferases that transfer sugars to terminal galactose or subterminal
GIcNAc, generating sialylated and fucosylated structurBise synthesis of type 1
oligosaccharide and expression of the correspondingd galactosiransferases are

regulated incertain mammaliantissues. The addi ti on oe4flinkagga Witnct os e
Gl cNAc creates a type 2 oligosacchari-de, w
4GIcNAc, called N-acetyllactosamine (LacNAc, LN)F{gure 2.3). Similar to type 1
oligosaccharides, the terminal galactose can be further modified by the transfer of an
additional Gl cNAc resi due, whlinkade, thuniformingr n r e
two LacNAc units.

Recent studies on theructures of oligosaccharides in human milk or colostrum have
determined that type 1 oligosaccharides such as LNT, LNFP I, or LNDFH | are more
abundant, as a group, than type 2 oligosaccharides such as LNnT or LNFP Il (Urashima et
al., 2012; Thurl et a) 2010). Of these two typeh)e most abundant oligosaccharid&g%)

(Figure 2.2) in HMOs are LNT [LacteN-tetraoseGal 8H Gl ¢c NAx G &HAGIF 1
and LNNnT [LacteN-neotetracseGa |l 4B Gl ¢ NAx G &A)GIE INinonuevo et al
2006 Wu et al, 2010; Zivkovic et al.201]) . The difference between these two structures is

the linkage between a terminal galactose &hdcetytD-glucosamine (Aldredge et .al

13



2013). Where LNNT contains a termir#-4 linkage, LNT contains a terminkll-3linkage

(Table 2.9.

2.3.CARBOHYDRATE UTILIZATION

A. Carbohydrate Utilization by Lactic Acid B acteria

Undigested carbohydrates are a primary source of energy for intestinal microbes
residing in the large intestine. Nondigestible oligosaccharides @NDB@nsist primarily of
plant carbohydrates that are resistant to enzymatic degradation and are not absorbed in the
upperGIT. Such dietary compounds eventually reach #ngd intestineAs a result, ND®
have the ability teselectively modulate theomposition of theritestinal microflora (Sui et
al., 2002). NDG, such as raffinose arfdlOS have been shown to selectively promote the
growth of probiotic species and are consideregbjotic compounds (Benno et ,al987;
Gibson et al 1995). Although considerable attention has been devoted to studying
modulation of the intestinal flora by prebiotics, the molecular mechanisms involved in uptake
and metabolism of those compounds by desirable intestinal microbes remains mostly
uncharacterized.

Lactic acid bacteria can use a variety of nutrients. Specifically, the genomes of
lactobacilli and streptococci encode specialized saccharolytic machinery that reflects the
nutrient availability in their respéive environments (Ajdic et al2002; Klaenhammegt al,

2005; Kleerebezem et .al2003, Pridmore et al.2004). In particular, the saccharolytic
potential ofL. acidophiludikely reflects its ability to efficiently use energy sources available
in the intestinal environment. Although theacidophilusNCFM genome encodes numerous

putative genes potentially involved in the uptake and metabolism of @tywaof
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carbohydrates (Altermaret al, 2005), little information is available regarding thgpecific
biological functions and expression profiles.

B. Metabolism of Human Milk Oligosaccharides (HMOs)

9 Utilization of Type 1 and Type 2 Qigosaccharide

Several studies have investigated the ability of bifidobacteria to assimilate type 1 and
type 2HMOs (Yoshida et al 2012; Miwa et aJ 2010; Wada et al2008) Figure 2.4)which
will be described below. However, the fermentation of type ltymel2 oligosaccharides by
lactobacilli has not been characterized.

9 Utilization of Lacto-N-tetraose (Type 1 8ucture)

The metabolic pathway AfNT in bifidobactera was previously identified (Wada et
al.,2008). n this pathway, L N T3GIcN#c (lactotl-biase lyIANB)d i nt o
and lactose by extracellular ladtbbiosidase Figure 2.4A). LactoN-biose | is then
incorporated into bifidobacterial cells through a specific ATP binding cassette (ABC)
transporter (Suzuki et.aR008; Wada et al2007) and metabolized by intracellular enzymes.
Consequently LNB-I selectively promoted the growth of sal bifidobacteriain vitro
(Kiyohara et al., 2009). In addition, Wadaand colleaguesvere able to find Lactd-
biosidase activity in several bifidobacteria but were unable to find this activity in any other
enteric bacteria tested including clostridlzacteroides and lactobacilli that were tested
(Wadaet al, 2008.

1 Utilization of Lacto-N-neotetraose (Type ZStructure)

Miwa and colleagues dent i fi ed a gene -galattosalase ang e x t r
e X t r ac eNratetylhexasamibidase froB. bifidum JCM1254 (Miwa et al, 2010)

(Figure 2.4B). LNnT was sequentially fermented extracellularly by these enzymestfi®m
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nonreducing endin contrast to the metabolic pathway specific for LNNT in bifidobacteria,
in lactobacilli the pathway has not yet beewestigated. In fact, we were unable to find any
publications that have identifiefl-N-acetylhexosaminidasactivity in lactobacilli. Our
bioinformatic analysis haglentified candidates for this gene in tlgenomes of a few
lactobacilli. Thus, studyingthe occurrace of enzyme releasing LNTm lactobacilli is
important, not only for a better understandinfgttee LNnT/LNTri pathway, but also for
elucidating the degradation pathway of HMOs with a type 2 structure.

C. HMO Consumption by Bifidobacteria

Some of the health benefits attributed to bifidobacteria can be explained by their
unique sugar metabolism. Due to strain heterogeneity and taxonomic confusion (Mattarelli et
al., 2008) within the genera, it is very difficult to generalize the mechanisiHMD
catabolism across bifidobacteria. The most common iifante bifidobacteriaB. bifidum
B. longumsubsp.infantis andB. breve possess different modes for consumption of HMO
(Figure 2.5). B. longumsubsp.infantis import lower moleculasweight HMO via specific
soluble binding proteins and transporters, followed by intracellular catabolism by a
complement of glycosidases before entry of the monosaccharides into central metabolic
pathways.While B. bifidum exports fucosidases and ladtebiosidase dr extracellular
hydrolysis to removeLNB from the HMO structure, internalizes the free LNB, and
catabolizes it intracellularlyB. breveconsumes the various monomer constituents of HMO,
imports them as monosaccharides, followed by intracellular catabgi$vkovic et al,
2011). These different strategies suggest a possible mechanism for niche partitioning among

the different bifidobacteria species within the developing in@&itmicrobiota.

16



D. Metabolism of Prebiotic GOS by Lactobacilli and Bifidobacteria

Stimulation of Bifidobacterium and Lactobacillus species by prebiotic
oligosaccharides, including GOS, is well documented by observationgstMoro et al
2002; Vulevicet al, 2008; Davis et al 2010; Drakoularakou et.a?010). Howeer, only
few studies have confirmed the lactobacilli enrichment by GOS on the strain level. Bacterial
consumption of GOS requires transport molecules and specific glycosyl hydrolases that can
release galactose to be used in central metabolic pathways. t@@porterwas first
identifiedin theLactobacillusgenus suggesting that the lactose permdas§ (s capable of
transporting oligosaccharides such as GOS with a DP2&f and modified disaccharides
(lactitol) (Andersen et al.2011) Additionally, lacSwas reported as the sole transporter for
lactose, GOS and lactitol in. acidophilusNCFM. Analysis of the adjacent geneslatS
showed three core gendacS lacR andb-galactosidase of either GH&AEZ or lacLM) or
GHA42 (acA) family.

Garrido and colleaguesharacterized consumptiaf Purimune GOS irB. infantis
isolates from infant feces and investigated the mechanisms involved in GOS degradation and
metabolism inB. infantisATCC 15697.They observed that aB. infantisisolates can grow
on GOS with DP up to 3, and some isolaseésweda significant consumption of larger GOS.

B. infantis ATCC 15697 has five genes encodibeggalactosidases, and three of them
(Blon_0268, Blon_2334 and Blon_2416) were induced during bacterial growth on GOS. In
addition, Blon_2016 showed significant activity against several galactosyl linkages and
releasing galactose from GOS which contdiis3, b1-4 andbl-6 galactosyl linkages.

Overall these studies provide the evidence for GOS consumption and also tefiresen
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physiological differences in the metabolism of prebiotics that may &akkerent impact on

the host (Garrido et al., 2013).

18



2.4TABLES AND FIGURES

Table 2.1Microorganisms considered as probiotics (adapted from Kechagia 20H3)

Microorganisms considered as probiotics

Lactobacillusspecies Bifidobacteriumspecies Other lactic acid bacteria  Non-lactic acid bacteria

. acidophilus
. casei

. crispatus

. gallinarum
. gasseri

. johnsonii

. paracasei

. plantarum

. reuteri

. Thamnosus

rrr - - - - - -

B.
. animalis
. bifidum

. breve

. infantis

. lactis

. lonngum

W wWwWwww

adolescentis

Enterococcus faecalis Bacillus cereuwar. toyoi

E. faecium Escherichiacolstrainnissle
Lactococcus lactis Propionibacterium freudenreichi
Leuconostoc mesenteroide: Saccharomyces cerevisiae
Pediococcus acidilactici S. boulardii

Sporolactobacillus inulinus
Streptococcus thermophilus
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Table 2.2Comparison of macronutrients and oligosaccharides in human and baikne

Human Bovine
Protein (g/l) 8 32
Fat (g/l) 412 37
Lactose (g/l) 707 48
Oligosaccharides (g/) 5-15° 0.05
Number of identified oligosaccharides 10044 ~40°
% Fucosylated 50-80°%f ~19%6°
% Sialated 10-20"¢ ~7096

4Datafrom Hale and Hartmann (20Q7)

®Data compiéd from the fdbwing references: Coppa et £1999), Kunz et al. (1999).

Newburg et al. (200Q0Davidson et al. (2004), Bao et al. (2007) and Gabrielli ¢2ai.1).

“Data from Gopal and Gil(2000).

9Data canplied from the following referenceBlinonuevo et al(2006 and Wu et al(2010)

and reviewed in Kobatg010.

®Data from Tao et a{2008 2009).

Depending on the womanés Se/Le blood group s
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Table 2.3Major composition and content of oligosaccharides in human milk

Human milk oligosaccharides (HMOs Average (g/l) Concentration (g/l)

Citation

2-Fucosyllactose (ZL) 2.7 2.44.9 Musumeci et aJ 2006
2.60 Thurl et al, 2010
2.43 Chaturvedi et al 2001
2.03 Asakuma et al 2008
1.88 Newburg et al 2004
3-Fucosyllactose (FL) 0.5 0.86 Chaturvedi et al 2001
0.79 Thurl et al, 2010
0.28 Newburg et al 2004
0.25 Asakuma et al 2008
3-Sialyllactose (3SL) 0.2 0.1-0.3 Kunz et al, 2000
0.1-0.3 Martin-Sosa et aJ 2003
0.27 Thurl et al, 2010
0.07 Bao et al, 2007
6-Sialyllactose (6SL) 0.5 1.22 Thurl et al, 2010
0.30.5 Kunz et al, 2000
0.20.3 Martin-Sosa et aJ 2003
0.29 Bao et al, 2007
Lacto-N-neotetraose (LNNT) 0.3 0.45 Asakuma et al 2008
0.30 Newburg et al 2004
0.25 Thurl et al, 2010
0.17 Chaturvedi et al 2001
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Table 2.4Structure of major oligosaccharides in human milk (adapted Aloiredge et al 2013

Oligosaccharide Structure Mass
o2
2'-FL gﬁ_“‘ Fuc(a1-2)Gal(B1 -4)Glc 490.190
a3
3'-FL pa Gal(p1-4)Gle(al-3)Fuc 490.190
3'-SL . C B4 . Neu5Ac(a2-3)Gal(f1 -4)Glc 635.227
6'-SL b.:C B4 . NeuSAc(a2-6)Gal(p1 -4)Glc 635.227
B4
LNnT Or; - Gal(p1-4)GIcNAc (f1-3)Gal(p1 -4)Gle 709.264

O Galactose; .N-acetylglucosamine (GIcNACc); .Glucose; VFucose; ’Sialic acid (Neu5Ac)

3 & L :-FuRodyllactose’3 & L : -FuBodyllactose3-& L: 36 Si 46l& L :I-Sfyfaatosee ;
®LNNT: LactoN-neotetraoséLNT: Lacto-N-tetraose
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Table 2.5The 13 core structures muman milk oligosaccharid¢drashima et al 2012)

Structures Name
Gal(p1-4)Glc Lactose
Gal(B1-3)GIcNAc(B1-3)Gal(B1-4)Glc Lacto-N-tetraose
Gal(p1-4)GlcNAc(B1-3)Gal(p1-4)Glc Lacto-N-neotetraose

Gal(B1-4)GIcNAc(B1-6)\ Gal(B1-4)G]
Gal(ﬁ1-3)G[cNAc(pl-3y p1- . Lacto-N-hexaose

Gal(B1-4)GlcNAc(B1-6)\

Gal(p1-4)Glc Lacto-N-neohexaose
Gal(B1-4)GleNAc(B1-3Y
Gal(B1-3)GlcNAc(B1-3)Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)Gle para-Lacto-N-hexaose
Gal(B1-4)GIcNAc(p1-3)Gal(p1-4)GIcNAc(p1-3)Gal(B1-4)Glc para-Lacto-N-neohexaose

Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)GIcNAc(B1-6)

Gal(B1-3)GIcNAC(B1-3y Gal(p1-4)Glc Lacto-N-octaose

Gal(B1-3)GlcNAc(B1-3)Gal(B1-4)GIcNAc(B1-6)\

Gal(B1-4)GIcNAc ([51-3)/Gal(m'4)6lc Lacto-N-neooctaose

Gal(B1-3)GleNAc(B1-3)Gal(B1-4)GIcNAc(B1-6)\

Gal(B1-3)GIcNAC(B 1_?’)/Gal(ﬁ 1-4)Glc iso-Lacto-N-octaose

Gal(B1-3)GlcNAc(p1-3)Gal(B1-4)GlcNAc(B1-3)Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)Glc  para-Lacto-N-octaose

Gal(B1-4)GIcNAc(B1-6)\

Gal(B1-4)GIcNAc(B1-6
Gal(p1-3)GIeNAp1-3y DL DOINACPL-O)y

GELAGINABL3Y Lacto-N-decaose

CalpL-HGINAPL-ON -\ o1 4)GIcNAC(B1-6)
5 N Gal(B1-4)Gl Lacto-N-neodecaose
Gal(B1-4)GlcNAc(B1-3) Gal(p1-3)G|cNAc(p1.3)’G (B1-4)Gle
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Table 2.6Type 1 and type 2 oligosaccharides (adapted fogoashima et al 2012)

Oligosaccharides Name Structure

Type 1 Oligosaccharides LNT? Gal( 1-3)GIcNAc( 1-3)Gal{ 1-4)Glc
LNFP |P Fuc( 1-2)Gal{ 1-3)GIcNAc( 1-3)Gal{ 1-4)Glc
LNFP 11° Gal b Fud] GL c NAx GCHNCIO
LNDFH 1 ¢ FucUGaB)Y Bad] Gl c NAX GCHMGCIO

Type 2 Oligosaccharides LNNnT © Gal( 1-4)GIcNAc( 1-3)Gal{ 1-4)Glc
LNFP 111 Gal 4bh 1 FBo (] G1 cN)Sa{(1d)Glc

3LNT: Lacto-N-tetraose;°LNFP I: Lacto-N-fucopentaose f LNFP II: Lacto-N-fucopentaosé; “ LNDFH I’
Lacto-N-difucohexaose FLNNnT: LactoN-neotetraose;,LNFP IiI: Lacto-N-fucopentaose lIl.
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Table 2.7 Mode of sugar fermentation lractobacillusspecies (Barrangou et a2012)

Homofermentative Facultative Heterofermentative Obligatory Heterofermentative

L. acidophilus L. casei L. brevis
L. delbrueckii L. curvatus L. bunchneri
L. helveticas L. plantarum L. fermentum
L. salivarius L. sakei L. reuteri

L. pontis
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Lactose

0
. CH OH
B-Galactosidase o o OH
> Q HO OoH 4 HO o]
HO ° HO OH
n H OH
GOS Glucose

Figure 2.1 Co mme r cgalactooligfsaccharides (GOJre typically produced by
enzymatic synthesis/transgalactosylation of lactose to yield a fiergth galactosylated

product with a degree of polymerizati(@P) ranging from 2 to 6.

26



1585.6
5% 1877.7
4%

1731.6
2096.7
Proteins 8% 3:/,,

o 1 0?4 4
Llipids’ 8g/l
40.g/1°

Other

9,
13665 G

1%

MSMFLNnH  856.3
1%
LNFP | 709.3

1220.4
20%

LNFP 11 17% MFLNH |
LNFPIl  LNT ity R
LNFP V P
L IFLNH |
IFLNH Il

Figure 2.2Human milk composition (adapted frafivkovic et al, 2011) MSMFLNnH:
Monosialyl, monofucosyllacttN-neohexaosd;NFP |: Lacto-N-fucopentaose LNFP II:
Lacto-N-fucopentaosd; LNFP Ill: Lacto-N-fucopentaosél; LNFP V: Lacto-N-
fucopentaos®/; LNT: Lacto-N-tetraose.NnT: Lacto-N-neotetraosdyIFLNHI:
MonofucosyllacteN-hexaose IMFLNHIIl: MonofucosyllacteN-hexaose HIMFpLNH IV:
Monofucosylparalacto-N-hexaosdV; IFLNH I: isomer 1 fucosyparalacteN-hexaose;
IFLNH 111, isomer 3 fucosylparalacteN-hexaose.
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o |
LNnT (Type2) B3 :|

B3
8 N-Acety- UDP-. v UoPQO) g4 LN
wPO 'actmmfne B1-3G!cNAcT p1-4GalT
B1-4GalT Lac Lac
Precursor to
typelor B3 LN

uoP-O Iactosamme UDP—. N _UDPO g4

it
Uit i aGINACT p1-4GalT

type2 chains 7 N
1-3GalT
d Neo-N-acetyl B B2
LN

Lac Lac
LNT (Typel)
Q : Galactose
M - N-acetylglucosamine (GlcNAc)

Lac : Lactose

Figure 2.3 Modification of type 1 and type 2 oligosaccharidd®rminal N-acetytD-

glucosamineGIcNAC) residues are usually galactosylateth d i f i ¢ a-dGabresidues/
(top) occur s

i n al |l ma mmal i an ti ssueis.

gal act os vyl t4rGaan sTf) e raansde y(aEENAC qN-atetyllactoSamine) dnit
type

t er med
react.i

on

S

23Gal fesidaasgoftoa)ris restficted tb certain tissues. This
-Tagal azr ¢ o s phGamlasl fyeldsdatee Gah b 1

3GIcNAc (neeN-acetyllactosamine) unit termed type 1. Typandtype 2 oligosaccharides
can be further modified by subsequent glycosylation reactions-NRabetyllactosamine
chain initiation is also showrLN, N-acetyllactosamine unit.ac, Lactose;LNT, Lacto-N-
tetraoseLNNT, Lacto-N-neotetraosgadapted from Stanley and Cummings, 2008).
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( A) Lacto-N-biosidase

pa
O— b
B3

LNT (Type I)

(:E;Il om J
LNB Lac

. Glucose
O Galactose

. N-acetylglucosamine (GIcNAc)

Figure 2.4Pathway of the extracellular enzymatic hydrolysis of LNT (A) and LNnT (B) by
B. bifidum Lac, LactoselLNT, Lacto-N-tetraosel.NnT, LactoN-neotetraosd;NB, LactoN-

(B) B-galactosidase (Bbg ll)
p4
B3
p4
LNnT (Type II)

/ \ B-N-acetylhexosaminidase (Bbhl)
O B4
B3

Gal LNTri

/ \B-galactosidase (Bbg IN1)

O

GlcNAcC Lac

biose I; LNTri, LacteN-triose (adapted from Kitaoka et al., 2012).
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B. lonqgum subsp. infantis

A A Glc
]
P B 5
oall oall o Gal
L 4 L J
e o GlcNAc
Intracellular glycosidases
A Fuc

Intracellular milk
oligosaccharide
utilization

Extracellular milk

oligosaccharide g ¢\ cosidase L moe
i

hydrolysis
Lacteo-N-biosidase
om o \

Intracellular LNBP

<] = =]
om o
o
B m B
B. bifidum E. breve

]

Figure 2.5 Strainspecific strategies fdruman milk oligosaccharidesport and catabolism
by bifidobacteriaGlc, Glucose; Gal, Galactose; GIcNAtacetytD-glucosamine; Fud,-
FucosgAdapted from Zivkovic et al2011).
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CHAPTER 3
PROBIOTIC METABOLISM OF

HUMAN MILK OLIGOSACCHARIDES (HMOs)

3.1ABSTRACT

Human milk contains a high concentration of complex oligosaccharides (HMOSs) that
are believed to confer physiological benefits to infants such as immunomodulation and
prevention of pathogen attachment. In addition, it has been postulated that HMOs serve as
prebiotics by promoting the growth of bifidobacteria in the infgagtrointestinal tract (GIT)
In this study, growth parameters were determined by inoculating ghgecosa cultures into
basaldeMan Rogosa Sharp®RS) (no added glucose) with 1% carbohydrate (+0.5 g/l L
cysteine for bifidobacteria) and measuring growth over 48 h. Cultures were grown in
microtiter plates which were incubated under 90%53% CQ and 5% H at 37C. Results
indicated that: (1N-acetytD-glucosamine (GIcNAc) was widely used by the lactobacilli, but
B. breveATCC15700 was the only bifidobacteria strain that could utilize this carbohydrate,
(2) none of the bifidobacteria and very few lactobacilli could utilize either freedse L.
rhanmosusGG andL. rhamnosu®R20) or sialic acidl{. plantarumLPZ6), (3)none of the
lactobacilli could ferment the HMOS'-Sialyllactose 8 &L), 6-Sialyllactose § &L), 2 -0
Fucosyllactoseg(2 L) and 3 F-ucosyllactose3 &-L), yet four lactobacilli demonstrated
moderate growth withLacto-N-neotetraoseL(NnT), (4) amongst the bifidobacteria strains,
only B. infantisATCC 15697 an®. infantisM-6 3 wer e abl e t o -Fler ment
a n d-FL3(6) whenB. infantisM4&3 wasg r o wn -8l hohsiali8 &cid accumulated in

the growth medi a, builL, Mboefthe Ztu cwoasse d ri doverr aw ietdr
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FL remained in the media and (B) infantis B. breve L. acidophilus L. plantarumandL.
reuteri were able to ferent LNnT, which was confirmed bhigh performance liquid
chromatographyHPLC) analysis. Our results demonstratdtiat there aralifferences in
metabolisms of milk oligosaccharidesmong lactobacilli and bifidobacteria strains,

information that may aid ithe development of future synbiotic formulations.

3.2INTRODUCTION

Human milk contains all of the essential nutrients required for the growth and
development of infants. The third most abundant component of human milk is human milk
oligosaccharides (HMOs) which are typically found dtbg/L in mature milk (Bode, 2009).
HMOs consist of linear and branched polymers of glucose, galaGt$¢Ac, L-fucose and
sialic acid. Approximately 200 different oligosaccharides have been identified in human
milk (Bode, 2009). Several beneficial activities have been attributedvi@Hincluding
immunomodulation of the host (Kuntz ak, 2009; Kuntz etal., 2008) and prevention of
pathogen attachment (Bode, 2009). In addition, it has been postulated that the bifidogenic
nature of human milk is due to prebiotic activities of HMOsl§Sand Mills, 2010). HMOs
appear to be resistant to host hydrolases in the small intestine and likely reach the large
intestine largely intact. Recently, there have been reports of selected bifidobacteria strains,
specifically Bifidobacterium infantis being able to ferment HMOs (Zivkovic at., 2010;
Marcobal efal., 2010; Ward eal., 2006; LoCascio &dl., 2007).

Herein, probiotic fermentation parameters were determined for purified HMOs, HMO
precursors and prebiotics. Sesynthetic carbohydretfree media, SMRS (lactobacilli) and

sSMRS supplemented with 0.5g#1{vol) L-cysteine (bifidobacteria), support minimal growth
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of the probiotics without the addition of carbohydrate. Consequently, the ability to ferment a
carbohydrate can be determinby calculating the growth parameters of the probiotic in
SMRS plus the selected carbohydrate. Maximaptical density at 600 nn{ODeoo),
aDeoo, Specific growth rate, doubling time and lag time were calculated from anaerobic
growth curves for each probiotic after the addition of carbohydrate to the basal media. Our
results identify numerous strain differences amongst the tested probioticswihiald the

development of future synbiotic infant formulas.

3.3MATERIALS AND METHODS
Bacterial Cultures

All lactobacilli strains were initially inoculated from frozen stocks and gronMiRS
broth (Difco, Detroit, MIl, USA) and incubated at 37°C for 24 h in an anaerobic chamber
(90% N, 5% CQ and 5% H; Coy Laboratory Products, Grass Lake, MI, USA).
Subsequently, the cultures were passed twice on assattietic MRS medium (Barrangou
et al., 2003) which was supplemented with 1%t(vol) filter-sterilized glucose as the sole
carbohydrate source. After the second pass, cultures were prepared to use as inoculums for
growth assays described below. For bifidobacteria strains, the same peoseduollowed
except all media were supplemented with 0.0596vl) L-cysteine. All bacterial strains
used for this study are listed Table 3.1 In total, 12 lactobacilli and 12 bifidobacteria
strains were tested.
Bacterial Growth Assays

After the £cond pass in SMRS supplemented with glucose, the cultures were washed

2X with 10 ml of sterile SMRS lacking carbohydrate, resuspended in 10 ml of sterile SMRS
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lacking carbohydrate and then used as a 1% inoculum for the growth study. Carbohydrates
used fo this study Table 3.2 were sterilized with a 0.22 micron filter and used at a 1% final
concentration. Cell growth was performed in 280f SMRS (supplemented with 0.05%
(wt/vol) L-cysteine for bifidobacteria) covered with BDof mineral oil in a Bioscreed00
well honeycombplate (Growth Curves USA, Piscataway, NJ, USA). Cell growth was
monitored by measurin@Dsoo. The Bioscreen C machine placed in a Coy anaerobic
chamber was operated in discontinuous mode, with absorbeeddiags performed in 30 min
intervals, and preceded by 30s shaking intervals at maximum speed. Controls consisted of
inoculated medium lacking carbohydrate and uninoculated medium was used as a blank. On
the microtitre plate, the carbohydrates were dididnto two separate groups: group A
(HMO precursors: glucose, galactose, lactose, GIcNAfcbse, fructose and sialic acid)
and group B ( HWMOSsS b 6! 12udd-lo3sdelacto-Bl-GeotetraoseL(NNT).
All plates included a positive contraontaining glucose and negative control lacking
carbohydrate.
Kinetic A nalysisof Bacterial Growth

The ODyy data for each carbohydrate was corrected by subtracting thg GfRhe
basal media (SMRS) from the sample plate for each probiotic. Maxi@Dgy was
determined by inspection df h e correct edODgg¢ veasy dtermideal thwa .
subtracting the initial correcte@Dggp (timepoint 0) from the maximum correct€dDgoo
Maximum specific growth ratar(nax), lag time (tlag) and doubling time (td) weedculated
using algorithms written iMatlab (Matlab, The Mathworks Ing Natick, MA, USA) only for
sampl es t h aotgreateatdan @25 &p@ddicnmax was determined by measuring

the slope of 1 and 2 hour intervals of the growth curve and reporting the maximum specific
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growth rate. For growth curves with steep-fdtases, a 1 hour interval is appropriate. For
growth curves with shallow leghasesa 2 hour interval is appropriate. Doubling time was
calculated using the specific growth rate for both intervals. The lag time is calculated by
using the poinslope form (yyl=m(x-x1) with the maximum specific growth rate as the
slope. Samples were givn in biologically independent triplicates and the resulting growth
kinetic data were expressed as the mean of these repl{ggesndix A). For the growth
curve plots, Olgy and time was first plotted for the bacteria grown on medium lacking
carbohydrate (sMRS).For all other carbohydrates, the g data was corrected by
subtracting the OEo of SMRS.
HMO F ermentation

Co-culture studies

To examine the potential for metabolic crdssding forB. longum subsp. infantid-
63whichisabletaut i | -B £ e oBL@&Lgdwth substrates yet could ni@rment sialic
acid or L-f u c o s e :SL, thé& following five treatment groups were used: Blinfantis
M-63;, (2) L. plantarum LP-66; (3) B. infantis M-63 and L. plantarum LP-66; (4)
uni nocul at ed me-8L, andn(5)B. onfantiaM-68iamd §. pl@ntarumLP-66
| a c k tSh.Jhe 3o6ubation was done in 3 ml of SMRS supplemented with 0.0%80l)
L-cysteineand 1% yt/vol) -S16 f or 7 -FL, the folléwing tre&troels were used:
(1) B. infantisM-63and ( 2) uni nocul at eFd. Im¢hid icasanthec ont a i
incubation was done in 256 of SMRS supplemented with 0.05%vt(vol) L-cysteine and

1% (wt/vol) -FALdor 48 h.
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Analytical methods

For the analysis of HMO consumption, the post fermentationsrB50@ere taken at
the indicated times and centrifuged at 12,000 for 5 min at room temperatureand the
resulting supernatants were immediately store@@fC until further analysiC hange-s i n
S L, -FL2add LNNnT concentrations after fermentation were determoyddPLC (Agilent
Technologies 1200 Series) equipped with a refractive index detector using a Rezex ROA
Organic Acid H (8%) column (Phenomenex Inc.). The column was elutigdl %005 N of

H.SO,atafow rate of OC(Maemal2Di) n at 50

3.4RESULTS
HMO Precursor Fermentation

All bifidobacteria tested grew very little in the basal media (SMRS supplemented with
0.5 g/l vt/vol) L-cysteine) whereas they all gravell in glucosgTable 3.3. In general, the
bifidobacteria which could not ferment galactose also had reduced growth on lactose. None
of the bifidobacteria could fermentfucose or sialic acid, two key constituents of HMOs
and mucin. Onl\B. breveATCC 15700 could ferment GIcNAc, a key component of HMOs
and mucin. Lastly, the majority of bifidobacteria could ferment fructose.

Similar to bifidobacteria, all lactobacilli grew minimally in the basal media (SMRS)
whereas they all grew well in gluco§Eable 3.4. All lactobacilli could ferment galactose
except forL. acidophilusNCFM. All lactobacilli, exceptL. rhamnosussG andL. jensenii
ATCC 25258 could ferment lactose. Only rhamnosu$sG andL. rhamnosu$R20 could
ferment L-fucose and onlt. plantarumLP-66 could ferment sialic acid. All lactobacilli

could ferment GIcNAgexcept forL. reuteri
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HMO F ermentation

As predicted based on the literature (LoCasci@let2010; Sela and Mills, 2010;

Ward etal., 2006 and Zivkovic edl., 2010), onlyB. infantisSATCC 15697andB. infantisM-
63 coul d-SfLe fSribedirt2 6% &FH (Tablé 3.9. In all casesB. infantisM-63
grew better tham. infantisATCC 15697. On the more complex LNnB, breveATCC

15700 and the twB. infantisstrains grew well but nd. breveM-16V.

No | actobacilli c 0 ug Ld, -Sd6i,0d- i2i16fa irFd.aHBwEvey, f er me
four lactobacilli were able to ferment LNNT includihgacidophilusNCFM, L. acidophilus
La-5, L. plantarumLP-66 andL. reuteri (Table 3.6. Based on the literature, it was not
surprising to see #iLn iSnbaolF 20 e rrd evitBtfetobaodliin - o f 3
However, it is surprising to identify four lactobacilli that could ferment LNnT.

3 &L and 2 &L Fermentation

One interesting observation is ti&tinfantisc a n  f e 1Srhe ratFd Bu®c6uld
not ferment sialic acid or -fucose. Our hypothesis was that sialic acid anrfiidose
accumulates in the media whén infantisi s g r o wbnL ocanAFd 3régpéctively. If
sialic acid accumulates in the growth media, therplantarumLP-66 should be able to
ferment the newly available sialic acid.

Compared with other bifidobacterial strains testBd,infantis strains M63 and
ATCC 15697 had the highestg r o wt h-SLpwith & @0Dgy, of 0.736 and 0.361,
respectively. Confirming our bacterial growth kinetic analysis, HPLC analydis ioffantis
M-63 consumption showedh at t he ¢ o St enty dacraasas ¢~ii0%pwhen3 0
infantisM-63 is present. However, no sialic acid accumulates in the growth media indicating

that theB. infantisM-63 cells can utilize the sialic acid once it is inside the ¢etire 3.1).
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Si mi | aSL, Btindanti8M-63 achieved excellent growt o +FL VAtid aseODgpp 1.267
and corresponding t o aFL soncgntratidni(~84%i). Howdvergclr e a s e
fucose does accumulate in the growth media wheimfantisM-63f e r me-RgL (Bigurg 6
3.2.

Unlike the other HMOs tested, a wider range of bacteneeared to ferment LNNT in
our growth kinetic analysis. In agreement with the growth data, theBtwiofantisstrains
reduced the LNNT concentration the mdst infantis M-63 91% consumptionand B.
infantis ATCC15697 89% consumption respectively fobwed byB. breveATCC15700
(76% consumptionand therB. bifidum(23% consumption(Figure 3.3).

For lactobacilli,L. acidophilusNCFM consumed ~95% of the LNnT in the growth
media. Interestingly, the product released from hydrolysis of LNNnT appears to b&ldacto
triose (LNTri), which is in agreement with HPLC analysis (&#wpter 4). LNTri did
accumulate in the culture supernatom L. acidophilusNCFM, representing hydrolysis of
LNNnT substrate.L. reuteri and L. rhamnosusexhibited more LNnT consumptior..
acidophilusNCFM andL. acidophilusLa-5 had similar LNNnT consumption but much less

LNTri accumulated.

3.5DISCUSSION AND CONCLUSION

This work suggested that there are significant differences amongst the tested strains
regarding their ability to ferment HMO precursors and HMOs. Of the 12 lactobacilli and 12
bifidobaderia strains tested, only oneactobacillis strain (L. plantarum LP-66) could
ferment sialic acid and only two lactobacillL.(rhamnosusGG ATCC 53103 and..

rhamnosusDR20) could ferment Hfucose. No lactobacilli could fermestalylated and
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fucosylatedHMOs. 3&®& L, -SI6 ,6-F 2 6 a nKL yeB four lactobacilli demonstrated
moderate growth with LNnT. In addition, the LNnT concentration significantly decreased
when fermented bly. acidophilusNCFM.

Amongst bifidobacteria, onl. longumsubsp.infantis ATCC 15697 andB. longum
subspinfantisM-63wer e abl e -$lo,-S & &Fnikdat 03 BHhénB. longum
subsp.infantis M-63wa s g r o w45L, moi chahge B &Gialic acid concentratioras
detected in the supernatahgweverwh en it wa s -Flg LAnocoseacaumulated 2 6
in the culture supernatant.B. breveATCC 15700,B. longumsubsp.infantis ATCC 15697
and B. longumsubsp.infantis M-63 were able to ferment LNnT which was confirmed by

HPLC analysis.

Previous studiebave demonstrated that human milk is a complex mixture of non
digestible oligosaccharides that help maintain healthy gut microflora in infants. Only
bifidobacteria andacteroideshave been shown to be able to utilize HMOs (Marceball
2010). RecentlB. bifidum B. breve B. infantisandB. longumwere characterizefbr their
capabilities for utilizing HM@. Among the bifidobacteria strainB, longumsubsp.infantis
andB. bifidumwere shown to consume the HMOs most efficienfljhese common infant
borne bifidobacteria possess different modes for consumption of HBIdengumsubsp.
infantislikely imports the lower molecular weight oligosaccharides whBildifidumexports
fucosidases and lactd-biosidase for extracellular hydgaslis. In contrast,B. breveand B.
longumsubsplongumgrow on these oligosaccharides to lesser extent, \Bhidgimalisand

B. adolescentiare incapable of degrading HMOs (LoCascio et al. 2009).

The analyses of growth and consumption of sialylated and fucosylated HMOs

presented in this work have shown that dalyinfantiswas able to tilize these HMOs. Our
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results areconsistent witha previous study described by Sela et al. (2008) riyadrtedthat
B. infantisATCC 15697 isolated from infant feces possélss gene cluster responsible for
transport and utilization of nedigestible HMOs, which may explain why this
Bifidobacteriumpredominates in the bre&sd infant GIT.

Until recently microbial interactions with milk sialyloligosaccharides (MSOs) have
been solely characterized in terms of innate immune fundtiomever, peviousstudy by
Almagro-Moreno and Boyd (2009) investigated the distribution, gene order, and molecular
evolutionof the cluster involved in sialic acid degradatioarA, nanE, andnarkK) among
bacteria. The showed thathe Nan cluster igresent in sombacteriarelevant to the gutin
addition, N-acetylneuraminate lyase (NanA) is the key enzyme in sialic acabaam
NanA was present in four bacterial groups-Proteobacteria, Planctomyces,
Verrucomicrobia and Bacteroidete&3ela et al (2011) reported that metabolism of sialylated
HMOs can be an important factor for efficiency in HMO consumption. To utilize MBOs,
longumsubsp.infantis ATCC 15697 uses a sialidase that cleaas5 andaZ2-3 linkages.
NanH2, encoded within MO catabolic cluster is active on sialylated labtdetraose
(SLNT). In this study,our HMO precursor results showed that oblyplantarumLP-66
strain could ferment sialic acid. These data are consistent with the study by Alhargnao
and Boyd (2009) thdt. plantarumis one of gut commensal microorganisthat havethe
Nan cluster. Our s u b s e g u e n-SL feynentatign, byB 3idfantis M-63 dhowed no
accumulation of sialic acid in the growth media suggesting tha.tirdantisM-63 cells can
utilize the sialic acid once it is inside the d@llgure 3.4). This result is consistent with the
proteomic analysis oB. longumsubsp infantis ATCC15697 suggesting thaB. infantis

strainpossessea-sialidase.Interestingly, he expression of aa-sialidase (Blor2348) was

40



exclusive to the HMO proteom@im et al, 2012) Additionally, Zivkovic et al (2011)
reported thaB. infantisimports lower moleculaweight HMO via specific soluble binding
proteins and transporters, followed by intracellular catabolism by a complement of
glycosidases before entry of the monosaccharides into central metabolic pathways.

Sela et al (2012) reported®. infantis ATCC 15697 fucosidases dedicated to
fucosylated HMO metabolism. Previous research conducteB.anfantis ATCC 15697
metabolism alsageported that several small mass, fucosylated oligosaccharides are clearly
preferred (LoCascio et al, 200EpCascio et al, 2009). AdditionallyB. longumsubsp.
infantis VIII -240 was previously characterized as havegtrongal-2 fucolytic activity
encoded by Blon_2333_#&rson et al, 1988)This gene was first identified afcA in B.
bifidum (Katayama T, et al. 200agae M, et al. 200Ashida H, et al. 2009 B. longum
subspinfantis B. breveDSM20213andB. pseudocatenulatumMSM20438genomes include
afcAhomologs.Of thefour afcA bifidobacteria only B. bifidumsecretes itafcA.In order to
utilize fucosylated HMOsB. infantisATCC 15697 chromosome encodes five fucosidase
genesAll five fucosidasesre likely found in the cytosol, further distinguishiBglongum
subsp.infantis from B. bifidumfor the oligosaccharide transpoHowever, the analysis of
ATCC 15697 genome did not reveal the genes of the fucose utilization pathway (Sela et al,
2012).Inthisstudywe demonstr at ed t hFh appdaredceto bé asgociaetiat i o |
with the accumulation of Hucose in the culture supernatant By infantisM-63 (Figure
3.2). The possibility that M63 does noutilize L-fucose but cleaves thi$-iMO precursor

from oligosaccharidesould beto access to metabolizablgortion of the moleculéFigure

3.5).
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Unfortunately, our fucosyl ated HMO- resul i
F L a fd H@wvéver, genome analysis of R&ctobacillusspecies revealed that only the
L. caseiL. rhamnosusgroup encodes putativa-L-fucosidases (Morita et al, 2009n
addition,RodriguezDiaz et al (2012) first reported of physiological characterization @f-an
L-fucosidase in lactic acid bacteria ane thtilization of Fuea-1,3-GIcNAc as a carbon
source for bacterialhreea-L-fucosidase, AlfA, AlfB, and AIfC fronmL. caseiBL23 were
characterized.

Previous studies byoCascio et al (2007have showrthat B. breve ATCC15700
consimed only a portion of a&ingle nonfucosylated/nonsialylated HMO species, LNNT.
Although LNNT is an abundamiMO in breast milk, the amount consumed Bylongum
subsp.longumand B. breverepresents only a small portion of tbeerall HMO pool.B.
breveATCC15700 was not abk® consume the bulk of HMO structures, but did grow on all
of the monomer constituents of HMO (Ward et al. 2007), suggesting a passisdéeeding
capacity in theGIT via liberatedmonosaccharide$n addition, Yoshida et al, 2012 showed
thatB. longumsubsp.infantisu s e s t w o -galactbsidasesdonselectively degrade the
type-1l and type2 HMOs. Miwa et al (2010) clarified that LNNnT was sequentially degraded
from its nonreducing terminus by extracellular egtycosidases and identified the genes
encoding onega&lxdctaceil d ad @ r a dleacetylherosaeiitasea c e | | L
from B. bifidumJCM1254.The degradation of LNNT bB. bifidumJCM 1254 was shown to
be the cooper agaldcteseasawith ancextracelltilar, anenfbrbne u NNk b
acetylnexosaminidase. This was sufficient to hydrolyze LNnT into galactose and\iacto
triose (LNTri) (Miwa et al, 2010). LNnT was shown to be resistant to digestion by

Bacteroides Eubacterium Clostridium and Enterococcusndicating that LNnTmay be a
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specific prebiotic for bifidobacteria (Miwa et al. 2010)n this study, our LNNnT results
indicated thatL. acidophilus NCFM could degrade LNnT and such degradation is
accompanied by the liberation of LNT{Chapter 5). A future challenge is toatermine the
mode of LNNnT degradation by lactobacilli and genes that may have an important role in
probiotic unctionality.

In summary this present work we reportedetin vitro growth behavior of dferent
lactobacilli and bifidobacteria strains on glated anducosylated HMOsLNNnT, and HMO
precursorsHMOs are an abundant component of diets in bifegisinfants.The bacterial
metabolism of HMO results indicated strain specific capabiliaesfferential metabolism of
complex milk oligosaccharidedDifferential gowth of severalbacteria species on the

complex oligosaccharide substrate supports the principle that the prebiotic effect of human

mi |l k directs bacteri asimcomommuni ty and assigns
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3.6 TABLES AND FIGURES

Table 3.1 Microorganisms used itiis study

Bacterial strain Source
Lactobacilli

Lactobacillus  Gasseri ATCC 33323
Lactobacillus  Acidophilus NCFM
Lactobacillus  Rhamnosus GG; ATCC 53103
Lactobacillus  Johnsonii ATCC 11506
Lactobacillus  Jensenii ATCC 25258
Lactobacillus  Johnsonii ACD-1/La1 (Cargill)
Lactobacillus  Plantarum LP-66 (Cargill)
Lactobacillus  Paracasei LCV-1 (Cargill)
Lactobacillus  Acidophilus La-5 (Chr. Hansen)
Lactobacillus  Fermentum CECT 5716
Lactobacillus  Rhamnosus DR20
Lactobacillus  Reuteri Commercial isolate

Bifidobacteria

Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium
Bifidobacterium

adolescentis
Infantis
animalis subsp. lactis

animalis subsp.animalis

Bifidum
Breve
Bifidum
Lactis
Longum
Infantis
Breve
Lactis

ATCC 15703
S12; ATCC 15697
DSM 10140
ATCC 25527
ATCC 29521
ATCC 15700
ATCC 11617

Bf-6 (Cargill)
BB536 (Morinaga)
M-63 (Morinaga)
M-16V (Morinaga)
Bb-12 (Chr. Hansen)
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Table 3.2 List of carbohydrates used in this study
Carbohydrate Structure DpP? Manufacturer or supplier
D-Glucose UD-Glc 1 Fisher Scientific
D(+)-Galactose b-D-Gal 1 Acros-Organics
Lactose Gal 46t 2 Fisher Scientific
L-(-)Fucose 1 SigmaAldrich
D-Fructose 1 SigmaAldrich
Sialic acid Neu5Ac 1 Calbiochem
N-acetytD-glucosamine GIcNAc 1 SigmaAldrich
3 -&Gialyllactose Neu5Ac(R-3)Galp1-4)Glc 3 V-labs; SL302 Lot# HGDX 7461-1
6 -&ialyllactose Neu5Ac((R-6)Galpl-4)Glc 3 V-Labs; SL 306 Lot#HGDX21631
2 -Frucosyllactose Fuc{) Ga#)Gld 1 3 V-labs; Lot# DX103
3 Fucosyllactose Gal 4b Fu-8)Glt1 3 V-labs; Lot# DX807
Lacto-N-neotetraose Gal 4bh Gl c NAXGHNGIO 1 4 Abbott Nutrition

@Degree of polymerization
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Table 3.3 Utilization of human milk oligosaccharidarecursordy bifidobacteria

B. adolescentis ATCC 15703

B. infantis ATCC 15697 ---- i - -

B. lactis DSM 10140

e
B. animalis ATCC 25527 e s - ; _ ) )
B. bifidum ATCC 29521 T .

+ --- : -

B. breve ATCC 15700

e
o

B. lactis Bf-6
B. longum BB-536

+ - -
D e e

B. breve M-16V

8. lacti Bb-12 s - Em e - - -
a-,AODm =1.81.4 - , AODggq =1.4-1.0 - ,AODggy =1.0-0.6  + , AODggp =0.6-0.25 - , AODgg =0.25-0.0

P GIcNAc, N-acetytD-glucosamine
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Table 3.4 Utilization of human milk oligosaccharide precursors by lactobacilli

L. gasseri ATCC 33323
L. acidophilus NCFM
L. rhamnosus GG ATCC 53103
L. johnsonii ATCC 11506

L. jensenii ATCC 25258

L. johnsonii ACD-1/La-1

L. plantarum LP-66

L. paracasei LCV-1

L. acidophilus La-5

L. fermentum CECT 5716

L. rhamnosus DR20

L. reuteri¢

a
- , AODggp =1.8-1.4 - , AODgg =1.4-1.0 - , AODggp =1.0-0.6  + , AODggp =0.6-0.25 - , AODgpo =0.25-0.0

GIcNAc, N-acetytD-glucosamine.

“Strain solated from the commercial product



Table 3.5 Utilization of human milk oligosaccharideby bifidobacteria

. adolescentis ATCC 15703
. infantis ATCC 15697 + +
. lactis DSM 10140 - - - - -
. animalis ATCC 25527 - = - - -
. bifidum ATCC 29521 - = - - -
. breve ATCC 15700 - - : - -
. bifidum ATCC 11617 - = - - -
. lactis Bf-6 - - - - -
. longum BB-536 - - - - i
B. infantis M-63 -+« e
B. breve M-16V - - - - -
B. lactis Bb-12 - - - - -

a
- , AODgqp =1.8-1.4 - , AODgg =1.4-1.0 - , AODggp =1.0-0.6 + , AODggo =0.6-0.25 - , AODgyo =0.25-0.0

3-SL,3 &ialyllactosep-SL, -Sabyllactose2-F L , -FuRoéyllactose; & L , -FuBo8yllactoseLNNnT, LactoN-neotetraose.

T I 0 I W T ®® T
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Table 36 Utilization of human milk oligosaccharides by lactobacilli

L. gasseri ATCC 33323

L. acidophilus NCFM - = = -
L. rhamnosus GG ATCC 53103 - - - - -
L. johnsonii ATCC 11506 - - = - -
L. jensenii ATCC 25258 - - - - .
L. johnsonii ACD-1/La-1 - - - - B}

L. plantarum LP-66 - - - - +

L. paracaseiLCV-1 - = - - ;

L. acidophilus La-5 - - - - -

L. fermentum CECT 5716 - = - - -
L. rhamnosus DR20 = - - - i

L. reuteri® - - - . +

a
- , AODggp =1.8-1.4 - , AODggg =1.4-1.0 - ,AODg, =1.0-0.6 + , AODgy =0.6-0.25 - , AODgy =0.25-0.0

P Strainisolated from commercial product.
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Figure 3.1 3 &ialyllactose ( 30L ) consumpti on profi iSes. HP

consumption byB. infantisM-63, L. plantarumLP-66 and their cocultures in SMRS+0.5 g/l
L-cysteine supplemented with 10 g/l 8f&ialyllactose 8 &L) at 37°C for 72 h in an
anaer obi ¢ -ScLh aonbresu mp3td on is represensSled as
between the start and the end of ferment i on ( A) .-SL (pk02000d)@nd sialicn 3 6
acid (p=0.4953)concentrations after incubation are represented by concentratiol#tgl)

with different letters are significantly differe(®). Data represent average values from three
independent expenents and error bars indicate standard deviations.
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