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Abstract 

A number of bacterial species are found in high abundance in the faeces of healthy breast-fed infants, an occurrence that is under- 
stood to be, at least in part, due to the ability of these bacteria to metabolize human milk oligosaccharides (HMOs). HMOs are the third 

most abundant component of human milk after lactose and lipids, and represent complex sugars which possess unique structural 
di v ersity and ar e r esistant to infant gastr ointestinal digestion. Thus, these sugars r each the infant distal intestine intact, thereby serv- 
ing as a fermenta b le substrate for specific intestinal microbes, including Firmicutes, Proteobacteria, and especially infant-associated 

Bifidobacterium spp. which help to shape the infant gut microbiome. Bacteria utilising HMOs are equipped with genes associated with 

their de gr adation and a number of carbohydrate-acti v e enzymes known as gl ycoside hydr olase enzymes hav e been identified in the 
infant gut, which supports this hypothesis. The resulting de gr aded HMOs can also be used as growth substrates for other infant gut 
bacteria present in a micr obe-micr obe interaction known as ‘cross-feeding’. This re vie w describes the current knowledge on HMO 

metabolism by particular infant gut-associated bacteria, many of which are currently used as commercial probiotics, including the 
distinct str ate gies employ ed by individual species for HMO utilisation. 

Ke yw ords: human milk oligosaccharides; prebiotics; infant gut microbiota; probiotics; Bifidobacteria; Lactobacillus 
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Introduction 

Human breast milk contains a diverse array of essential macro 
and micronutrients critical for infant health, growth and de v elop- 
ment. In addition to these nutrients, a number of bioactive com- 
pounds and immune factors such as immunoglobulins, growth 

factors , lysozyme , microRNAs , antibacterial peptides , lactoferrin,
and human milk oligosaccharides (HMOs) are present. These com- 
ponents engage in a wide range of biological activities including 
(i) maturation of the gastrointestinal (GI) tract, (ii) immune mod- 
ulation, (iii) energy homeostasis, (iv) pr otection a gainst bacterial 
and viral pathogens (Lemas et al. 2016 ), and (v) gut microbiome 
establishment (Kavanaugh et al. 2013 , Morrin et al. 2019 ). Human 

breast milk is also a source of beneficial bacteria (e.g. bifidobacte- 
ria and lactobacilli) some of which are recognised for their health- 
promoting benefits . T he infant gut microbiome is constantly 
evolving with its human host from birth onw ar ds, with signifi- 
cant changes occurring during the first three years of life (Zhang 
et al. 2022 ). The initial formation and de v elopment of the infant 
microbiome is influenced by a variety of factors such as delivery 
mode , maternal health status , antibiotic usage and genetic fac- 
tors (Linehan et al. 2022 ). Another important factor is the manner 
of infant feeding, this being accomplished either by breast milk,
whic h pr ovides mother-specific HMOs and r eportedl y seeds the in- 
fant gut with HMO-utilising bacteria (Liu et al. 2022 , Zhang et al.
2022 ) and/or formula milk where breast feeding is not possible. 
Recei v ed 21 April 2023; revised 14 September 2023; accepted 3 October 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
HMOs are the third most abundant constituent in human milk
ollowing lactose and lipids, being present at a concentration of
17 g/L in colostrum, ∼13 g/L in transitional milk, and decreasing

o ∼11 g/L in mature milk (Soyyılmaz et al. 2021 ). The oligosac-
haride content of human milk is more diverse and more con-
entrated than the milk of other mammals , with o ver 200 dis-
inct HMO structures identified to date (Petsc hac her and Nidetzky
016 ). HMOs ar e typicall y composed of fiv e monomers, namel y
lucose (Glc), galactose (Gal), N -acetylglucosamine (GlcNAc), fu- 
ose (Fuc) and N -acetylneuraminic acid (NeuAc). Fig. 1 outlines
he structures of select HMOs and HMO components. HMOs can
e linear or br anc hed, with all structur es containing a lactose

Lac) core at the reducing end that can be extended by lacto- N -
iose (LNB) or N -acetyllactosamine (LacNAc), which further clas- 
ifies HMOs as type I or type II, r espectiv el y, with type I pr edomi-
ating in human milk (Ruhaak and Lebrilla 2012 ). Mor eov er, HMOs
an be classified as acidic, neutral or neutral fucosylated, with
cidic HMOs containing sialic acid, while fucosylated HMOs con- 
ain Fuc residues (Urashima et al. 2012 ). Fucosylated HMOs can
ccount for up to 70% of all HMOs in human milk and are de-
ermined by the mother’s secretor and Lewis blood group sta-
us (Bode and Jantsc her-Kr enn 2012 ). Sial ylated HMOs account
or just 10%–15% of total oligosaccharide content in human milk,
Lis-Kuberka and Or czyk-Pawiło wicz 2019 ), unlike bovine milk of
hich 70% of the oligosaccharides present are sialylated (Martin- 
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Figure 1. HMO structures found in human milk. Structures of the core human milk oligosaccharides (HMOs) found in human milk including linkages 
of HMO building blocks and the glycoyl hydrolase enzymes which act to degrade HMOs. Legend for the monosaccharide constituents of HMOs on the 
top and glycosyl hydrolases on the bottom left. HMO and HMO components shown include Lac: lactose; LacNAc: N -acetyllactosamine; LNB: 
lacto- N -biose; LNT: lacto- N -tetraose; LNnT: lacto- N -neotetraose; LNFPI: lacto- N -fucopentaose-I; DFL: difucosyllactose; 2’-FL: 2’ fucosyllactose; 3-FL: 
3-fucosyllactose; 3’-SL: 3’sialyllactose; 6’-SL: 6’sialyllactose. 
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osa et al. 2003 ). HMOs are largely resistant to enzymatic digestion
n the human digestive tract, allowing them to reach the distal GI
r act r elativ el y intact wher e they can be metabolised by r esident
acteria or excreted in faeces (Kunz et al. 2000 ). Some bacteria
hic h hav e been shown to utilise HMOs to v arying degr ees for

rowth include Bifidobacterium and Lactobacillus as well as Akker-
ansia muciniphilia , Bacteroides and certain S taphylococcus species. 
Despite presenting no direct nutritional value , HMOs ha ve been

hown to impart numerous benefits to the neonate which are
ummarised in Fig. 2 . HMOs confer prebiotic effects, meaning
hat they encour a ge gr owth and colonization of certain benefi-
ial or ‘probiotic’ bacteria in the gut. Probiotics are defined by
he FAO/WHO as ‘live micro-organisms which when administered
n adequate amounts confer a health benefit on the host’ (Gib-
on et al. 2017 ). HMO utilisation may lead to increased produc-
ion of favourable metabolites such as short chain fatty acids in-
luding acetate and butyrate. Benefits often associated with ac-
tate production include intestinal and immune system develop-
ent with the latter associated with the release of both anti- and

ro-inflammatory c ytokines b y intestinal cells (Underw ood et al.
014 ). Acetate may also function as a carbon source to support
rowth and metabolism of butyrate-producing microorganisms.
dditional roles associated with HMOs include anti-microbial ac-

ivity against bacterial and viral pathogens through their action
s molecular decoys ther eby pr e v enting attac hment to epithelial
ells (Garrido et al. 2012 , Morrin et al. 2021 ). Decoy activity is based
n the structural resemblance between HMOs and the glycan re-
eptors targeted by pathogens to attach to epithelial cells (Laucir-
ca et al. 2017 ). Furthermore, HMOs can improve barrier function
y promoting increased expression of tight junction proteins to
educe permeability of the intestinal epithelial cell lay er, thereb y
r e v enting gut dysfunction (Chleilat et al. 2020 ). HMOs also mod-
late epithelial cell responses and stimulate immune system de-
 elopment by pr omoting matur ation of dendritic cells, increas-
ng anti-inflammatory cytokines and decreasing the presence of
ro-inflammatory cytokines, thus playing a role in maintaining

mmune system homeostasis (Singh et al. 2022 ). HMOs can also
elp quell an ov er activ e T helper cell 2 (Th2) r esponse, r esulting

n a more balanced T h1/T h2 profile and thereby alleviating a sus-
ained ov err eactiv e imm une r esponse that may otherwise r esult
n the emergence of an allergic state (Rousseaux et al. 2021 ) Cer-
ain HMOs have also been shown to play a role in neurodevel-
pment and cognition, and have been associated with impr ov ed
earning and memory (Willemsen et al. 2023 ). 

Over the past 50 years, substantial efforts have been made by
 arious r esearc h gr oups ar ound the world to unr av el the unique
omposition of human milk. Advances in breast milk r esearc h has
ed to advances in infant milk formulation and applications, re-
ulting in the use of bioactives such as biosynthetically produced
MOs and pr obiotics, pr edominantl y 2’-fucosylactose and Bifi-
obacterium and/or Lactobacillus spp., r espectiv el y. Industrial scale
roduction of HMOs is possible primarily due to the use of ge-
etically modified micro-organisms which can overexpress re-
ombinant enzymes for the production of specific HMO struc-
ures . T hus , many infant formulas (IF) are now enriched with
’-fucosyllactose (2’-FL) and lacto- N -neotetraose (LNnT), two of
he most abundant HMOs found in breast milk, following EU ap-
r ov al for novel food status (Commission Implemented Regula-
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Figure 2. Functions of HMOs in infant health. The role of HMOs in the infant gut. HMOs interact with immune cells and can function in 
immunomodulation by affecting the expression of pro/anti-inflammatory cytokines. HMOs improve intestinal barrier functioning via increasing the 
expression of tight junction proteins in order to decrease intestinal barrier permeability. HMOs exert prebiotic effects stimulating the growth and 
colonization of bifidobacteria and other commmensal bacteria in the gut over pathogenic bacteria leading to the production of favourable metabolites 
such as short chain fatty acids (SCFAs). HMOs also act as anti-virals and anti-microbials by directly binding to viruses and pathogenic bacteria 
pr e v enting them from adhering to intestinal epithelial cells blocking their infective capacity . Finally , HMOs also have a role in infant 
neur ode v elopment and have been linked with improved learning and memory. 
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tion (EU) 2017/2470) (Vandenplas et al. 2018 ). In addition, lacto- N - 
tetraose (LNT), 3-fucosyllactose (3-FL) and 3’-sialyllactose (3’-SL) 
have been granted EU authorisation to be placed on the market 
for safe use in infant formula as of 2023 (Commission Implement- 
ing Regulation (EU) 2023/7, 2023/52 and 2023/113 r espectiv el y 
(Amending Commission Implemented Regulation 2017/2470). 

Many excellent scientific reviews focus on the structure and 

biological functions as well as the concentrations of HMO in hu- 
man milk throughout lactation and the endogenous synthesis of 
HMOs (Singh et al. 2022 , Hu et al. 2023 , Zhu et al. 2023 ). In the 
curr ent r e vie w, we will focus on HMO metabolism and describe 
the current knowledge on HMO-metabolizing abilities of certain 

infant gut-associated bacteria such as Bifidobacterium and Lacto- 
bacillus as well as Akkermansia muciniphilia and Bacteroides species.
The strategies emplo y ed b y individual species which utilise HMOs 
as substrates will be discussed which in turn should shed light on 

the reasons behind the prevalence of certain species over others 
in the infant gut microbiome. 

HMO enzymatic degradation by glycoside 

hydrolase enzymes 

The structure-specific degradation of HMOs requires a complex 
r epertoir e of enzymes known as gl ycoside hydr olases (GHs), whic h 

function to cleave glycosidic bonds between individual HMO 

structures (Fig. 1 ) in order to release constituent monosaccha- 
rides or disaccharides as a prelude to further metabolism (Garrido 
t al. 2013 ). Certain bacteria, particularly bifidobacterial species 
uch as Bifidobacterium longum subsp. infantis and Bifidobacterium 

ifidum , possess an abundance of genes that encode enzymes
nvolved in the metabolism of host glycans such as HMOs (Mi-
ani et al. 2015 ). It should be noted that the presence alone of
enes associated with HMO degradation does not ho w ever guar-
ntee the production of active enzymes which function to degrade
MO structur es. Functional anal ysis of br east-fed infant micr o-
iomes has shown an enrichment of these enzymes and expres-
ion of genes related to HMO degradation (Bäckhed et al. 2015 , Mi-
ani et al. 2015 ). GH enzymes whic h ar e dir ectl y involv ed in HMO

etabolism include fucosidases , sialidases , β-galactosidases , β- 
 -acetylhexosaminidases and lacto- N -biosidases, all of which 

unction to degrade a diverse array of HMO structures includ-
ng sial ylated, neutr al and neutr al fucosylated HMOs . T hese gut

icr obiome-associated enzymes ar e essential for HMO utilisation 

y infant-associated gut bacteria and the location of these en-
ymes can be either intracellular or extracellular depending on 

he particular species. An understanding of the mechanism of 
ction of these enzymes aids in r e v ealing whic h and how HMO
tructur es ar e degr aded (Zhang et al. 2022 ). Table 1 summarises
he various enzyme families required to metabolise HMOs as 
ompiled from a number of well c har acterised infant associated
trains. 

Fucosylated or sialylated HMO structures require removal of 
he sialic acid and fucose substitutions prior to the metabolism 

f the core structure (Ashida et al. 2009 ), which generally re-
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sults in the release of monosaccharides and disaccharides (Ki- 
taoka 2012 , Zhang et al. 2022 ). Enzymes which release Fuc from 

fucosylated HMOs are termed fucosidases and belong to the 
GH29 (EC 3.2.1.51, EC 3.2.1.111 and EC 3.2.1.63) (Carbohydrate 
Active Enzymes Database http:// www.cazy.org/ ) and GH95 fam- 
ilies (EC 3.2.1.51 and EC 3.2.1.63) (Drula et al. 2022 ). These in- 
clude 1,2- α-fucosidase enzymes from the GH95 (EC 3.2.1.63) fam- 
il y, whic h act on α-1,2 linkages, while 1,3/4- α-fucosidase en- 
zymes (EC 3.2.1.111) act on fucosylated HMOs with α-1,3 or 
α-1,4 linkages . T he specificities of these enzymes also differ,
with the 1,2- α-fucosidase acting mainly on 2’-FL and lacto- N - 
fucopentaose I (LNFP I) (Katayama et al. 2004 ), while the 1,3/4- α- 
fucosidase has a pr efer ence for structur es suc h as 3-FL and lacto- 
N -fucopentaose II/lacto- N -fucopentaose III (LNFP II/III) (Ashida 
et al. 2009 ). With regards to sialylated oligosaccharides, sialidase 
enzymes from the GH33 (EC 3.2.1.18) family act on α-2,3 and 

α-2,6 linka ges, suc h as those found in 3’-SL and 6’-sial ylactose 
(6’-SL) r espectiv el y, and ar e r esponsible for the liber ation of 
sialic acid (Neu5Ac) from the core structure (Masi and Stewart 
2022 ). 

Following the r emov al of the Fuc or sialic acid, the core HMO 

structure is now accessible for further degradation (Masi and 

Ste wart 2022 ). This cor e HMO structur e can either be type I or 
type II as mentioned above with type I HMOs containing a Lac 
cor e, whic h can be elongated by lacto- N -biose (Gal β1–3GlcNAc; 
LNB) resulting in LNT, while type II HMOs contain a Lac core 
coupled to an N -acetyllactosamine (LacN Ac; Gal β1–4GlcN Ac) unit 
which together can form lacto- N -neotetraose (LNnT) (Urashima 
et al. 2012 ). Hydr ol ysis of the β1-3 linka ge of LNB in type I HMOs 
and the β1-4 connection of LacNAc in type II HMOs, is catal- 
ysed by β1-3 galactosidase from the GH42 (EC 3.2.1.23) family 
and a β1-4 galactosidase from the GH2 (EC 3.2.1.23) family re- 
spectiv el y, r eleasing Gal and lacto- N -triose II (LNTri II). The re- 
leased LNTri II can then be degraded by β-hexosaminidases/ β- 
1,6- N -acetylglucosaminidases from the GH20 (EC 3.2.1.-) fam- 
ily (Ioannou et al. 2021 ). Lacto- N -biosidase from the GH136 
family can also act on β1-3 linkages in LNT to generate LNB 

and Lac which can be further metabolised (Sakurama et al.
2013 , Masi and Stewart 2022 ). Any remaining Lac present ei- 
ther from the metabolism of HMOs or free Lac from milk can 

then be utilised by β-galactosidases from the GH2 (EC 3.2.1.23) 
and GH42 (EC 3.2.1.23) families which hydrolyse β1-4 linkages 
such as those found in Lac (Ambrogi et al. 2021 , Ioannou et al.
2021 ). 

HMO metabolism by GHs can occur either intr acellularl y 
(Fig. 3 a) or alternativ el y their degr adation can be extr acellu- 
lar (Fig. 3 b). Intracellular HMO utilisation is common in vari- 
ous bifidobacterial species, in particular Bifidobacterium longum 

subsp. infantis , and has also been suggested for certain lacto- 
bacilli. Intr acellular HMO degr adation typicall y involv es tr ans- 
portation of HMOs dir ectl y into a cell by ATP binding cassette 
(ABC) tr ansporters wher e they ar e hydr ol ysed into their con- 
stituent monosaccharides by GHs in the cytoplasm (Kitaoka 2012 ,
Sakanaka et al. 2019b ). The second method which is emplo y ed in 

order to utilise HMO includes an extracellular degradation strat- 
egy whereb y cell-w all anc hor ed, gl ycoside hydr olases act to hy- 
dr ol yse HMOs extr acellularl y r esulting in the formation and sub- 
sequent release of mono and disaccharide sugars which can func- 
tion to promote the growth of other bacteria or be transported in- 
ternally to be metabolised inside the cell (Kitaoka 2012 , Zhang et 
al. 2022 ). The method of HMO degradation which occurs is com- 
pletely dependent on the individual species as will be discussed 

below. 
MO metabolism at species le v el 
MO Metabolism by bifidobacterial species 

ifidobacteria are the predominant breast-fed infant-associated 

acteria capable of metabolising human milk-associated pre- 
iotic components, in particular HMOs. Certain Bifidobacterium 

pecies are well adapted for this function , a point which is illus-
rated by the presence of a number of bifidobacterial species at
oth a high pr e v alence and abundance in the stools of healthy
reast-fed infants (Milani et al. 2017 , James et al. 2019 ). The abil-

ty to metabolise specific HMOs is most often associated with
 select number of Bifidobacterium species, including Bifidobac- 
erium longum subsp. infantis ( B. infantis ), Bifidobacterium bifidum ( B .
ifidum ) , Bifidobacterium breve ( B. breve ) , Bifidobacterium longum ( B.
ongum ), B. catenulatum subsp. kashiwanohense (B . kashiwanohense) 
nd B. catenulatum . Carbohydrate metabolic capabilities differ sig- 
ificantly between Bifidobacterium species with B. infantis and B. bi-
dum often described as a vid HMO consumers , based on their ge-
etically encoded ability to produce glycoside hydrolase enzymes 
 equir ed to catabolise an array of HMO linkages. B . breve and B.
ongum on the other hand are often more limited and restricted
o certain and less complex HMOs such as LNT or LNnT, or HMO-
pecific components such as sialic acid and Fuc through cross-
eeding (Gotoh et al. 2019 , Ioannou et al. 2021 ). Cross-feeding is
n important micr obe-micr obe inter action wher eby carbohydr ate
omponents whic h ar e r eleased as a result of the extracellular
ctivities of bacteria present in the intestine are made available
s substrates for other members of the gut microbiome . T his ac-
i vity has n umer ous benefits including incr eased inter actions be-
ween members of the gut microbiome as well as an increased
r oduction of favour able metabolites (Turr oni et al. 2018 , Smith
t al. 2019 , Zhu et al. 2023 ). 

Bifidobacteria dedicate a ppr oximatel y 13.7% of their genome 
ontent to carbohydrate metabolism (Milani et al. 2014 ). As pre-
iousl y mentioned, ther e ar e two main str ategies whic h ar e em-
lo y ed b y bifidobacteria in or der to degr ade HMO structur es, in-
r acellular and extr acellular degr adation (Fig. 3 ). HMO degr ada-
ion is a species specific ability with B . infantis and B. breve strains
ommonly associated with intracellular degradation whereby 
ligosacc haride tr ansporters ar e emplo y ed in or der to import in-
act HMOs into the cell which are metabolised into their monosac-
haride components . T his substantiall y differs fr om the extr acel-
ular degradation strategy which is most commonly observed for 
. bifidum str ains (Turr oni et al. 2010 ). The str ategy of HMO degr a-
ation used by B. longum strains is dependent on the presence or
bsence of extracellular fucosidase and sialidase enzymes as well 
s the gene ( lnbX ) encoding lacto- N -biosidase enzyme (LnbX) with
trains harbouring lnbX gene utilising extracellular glycosidases 
hile those which are negative for lnbX instead require oligosac- 
 haride tr ansporters to internalise HMOs (Gotoh et al. 2018 ). The
ollowing sections will discuss HMO metabolism by individual Bi- 
dobacterium species. 

ifidobacterium longum subsp. infantis 
ifidobacterium infantis is often considered to be the predominant 
MO utilising species in the infant gut (Sela and Mills 2014 ).
his property is conserved across the entire subspecies, with nu-
erous studies demonstrating the ability of B. infantis strains to

r ow significantl y on a wide r ange of distinct HMOs including 2’-
L, 3-FL, LNT, LNnT, 3’-SL, 6’SL, LNFP-I, and LDFT (lactodifucote-
raose) as the sole carbon source, exceeding the HMO catabolic ca-
acity of other bifidobacterial species, including B. longum subsp.

ongum , B . breve and B . adolescentis isolates (Sela et al. 2008 , Locas-

http://www.cazy.org/
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Figure 3. (A and B) HMO degradation strategies used by infant asociated bacteria. Possible strategies infant associated bacteria utilise for the 
consumption of HMOs. Intracellular HMO degradation (3a) involves the transportation of intact HMOs directly into the cells via the action of 
tr ansporters wher e inside the cells HMOs ar e hydr ol ysed into monosacc haride components by gl ycosyl hydr olases enzymes pr esent in the cytoplasm. 
Extracellular HMO degradation (3b) in contrast employs cell-wall anc hor ed gl ycosyl hydr olase enzymes in order to degr ade HMOs extr acellularl y 
resulting in the formation and release of mono and disaccharide sugars, which can then be transported intracellularly to be metabolised inside the 
cell. The fates of the subsequent monosaccharides is also highlighted in the images. 
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(  
cio et al. 2009 , Cheng et al. 2020b , Ojima et al. 2022 ). While HMO 

metabolism is a conserved phenomenon observed in B. infantis ,
HMO metabolic capabilities can vary significantly between strains 
in terms of pr efer ential utilisation of specific HMO structures as 
shown through variability in growth kinetics amongst B. infan- 
tis strains in many studies (Duar et al. 2020 , Lawson et al. 2020 ,
Walsh et al. 2022 ). B. inf antis str ains possess a 43-kb gene clus- 
ter specific for HMO degradation (Sela et al. 2008 ). This gene clus- 
ter encodes all GH enzymes r equir ed to efficientl y cleav e HMOs 
including 1,2- α-fucosidases belonging to the GH95 family, 1,3/4- 
α-fucosidases from GH29, 2,3/6 sialidases belonging to the GH33 
famil y, β- N -acetylhexosaminidase enzymes fr om the GH20 famil y,
β-galactosidases from the GH2 family and LNT β-galactosidases 
from the GH42 family (Sela et al. 2008 , Garrido et al. 2012 , Kitaoka 
2012 ). Inter estingl y, these enzymes appear to be intracellular due 
to the absence of an N-terminal signal sequence in their primary 
structure (Sela et al. 2008 ). This gene cluster also includes sev- 
er al genes whic h encode sugar tr ansporters involv ed in import- 
ing HMOs intact such as ATP-binding cassette (ABC) transporters,
GNB/LNB pathway transporters as well as solute binding proteins 
(SBPs) (Garrido et al. 2011 ). SBPs have a high affinity for specific 
HMOs or HMO components and have been shown to be exclu- 
siv el y induced during exponential growth on HMOs, with some of 
these proteins shown to bind epithelial surfaces in vitro . This phe- 
nomenon is possibly due to structural similarities between HMOs 
and epithelial glyco-conjugates and the interaction of SBPs with 

epithelial cell surfaces has been shown to enhance the produc- 
tion of anti-inflammatory cytokines and tight junction proteins 
(Chichlowski et al. 2012 ). As mentioned, HMO utilisation by B. in- 
f antis a ppears to be intr acellular. B. inf antis str ains internalize a 
range of HMOs such as LNT, LNnT and LNB, fucosylated HMOs 
including 2’-FL and 3-FL and sialylated HMOs such as 3’-SL and 

6’-SL. These structur es ar e then sequentiall y degr aded for sub- 
sequent metabolism of the generated monosaccharides by exo- 
glycosidases in the cytoplasm (Kitaoka 2012 ). 

Whole genome sequencing of B. infantis ATCC 15697 confirmed 

the presence of a number of genes encoding α-L-fucosidases 
whic h ar e involv ed in hydr ol ysing an arr ay of gl ycosidic linka ges 
found in fucosylated HMOs . T hese genes are located on HMO 

cluster I and three of the corresponding fucosidases belong to 
the GH29 family (Blon_0248, Blon_0426 and Blon_2336) with the 
remaining fucosidases being members of the GH95 (Blon_2335) 
and GH151 families (Blon_0346) (Sela et al. 2008 , Sela et al. 2012 ).
Blon_2335 has been shown to be a particularly efficient α-1,2 fu- 
cosidase which is also consider abl y activ e on α-1,3 and α-1,4 fuco- 
syl linkages. Blon_2336 is more selective and is specific for α1,3/4 
linkages including those present on 3-FL and LNFP III (Sela et 
al. 2012 ). B. inf antis str ains also r eadil y consume sial ylated HMO 

structur es suc h as 3’-SL and 6’-SL with B. infantis ATCC 15697 ex- 
pressing two sialidases belonging to the GH33 famil y whic h ar e 
capable of degrading sialyllactose denoted as NanH1and NanH2 
(Kiyohara et al. 2011 ). NanH2 is an intracellular α-sialidase en- 
zyme whic h r emov es sialic acid fr om α-2,3 and α-2,6 sialyl link- 
ages found in selected HMOs such as disial yllacto- N -tetr aose 
(DSLNT) (Sela et al. 2011 ). 

Ther e ar e two β-galactosidase enzymes whic h work intr acellu- 
larly to metabolise short HMOs in B. infantis strains . T he first β- 
galactosidase in this gene cluster (Bga2A) encoded by Blon_2334,
belongs to the GH2 family and has a preference for Lac, selectively 
hydr ol ysing type II but not type I sugars acting on LNnT prefer- 
entially (Yoshida et al. 2012 ). Studies have shown that B. infantis 
strains possess an additional β-galactosidase (Bga42A) encoded by 
blon_2016 belonging to the GH42 family. This enzyme is thought to 
xclusiv el y utilise short type I HMOs due to its high specificity for
NT, hydr ol ysing LNT up to 40 times more efficiently than LNB, Lac
nd type II HMOs (Asakuma et al. 2011 , Yoshida et al. 2012 ). Free
ac can also be hydr ol ysed by β-galactosidase enzymes (Garrido
t al. 2012 ) into Glc and Gal which then can enter the Leloir and
ructose-6-phosphate (F6P) phosphoketolase (bifid shunt) path- 
a ys . T hese are the major metabolic pathways for D-galactose

atabolism into glucose-1-phosphate and for the phosphor ol ysis
f fructose-6-phsphate using the fructose-6-phosphoketolase en- 
yme (EC 4.1.2.2), r espectiv el y (Ca putto, Leloir and et al. 1949 , de
ries and Stouthamer 1967 , Pokusae v a et al. 2011 ). 

The metabolism of HMOs by B. infantis leads to the production
f host utilisable short chain fatty acids (SCFAs), including acetate 
nd butyrate as well as the organic acid, lactic acid. T hese ma y be
onverted into butyrate by the presence of other gut commensals.
her efor e, HMOs sim ulate bifidobacterial growth and by cross-
eeding, incr ease the pr oduction of butyr ate, an important ener gy
ource for colonocytes (Koh et al. 2016 ). A pathway for the anaero-
ic catabolism of L-fucose via non-phosphorylated intermediates 
as been described for B. infantis ATCC 15697, which results in the

ormation of the propionate precursor 1,2-propanediol (1,2-PD) 
uring growth on fucosyllactose, which can be utilised by cross-
eeding to produce propionic acid. This mechanism has also since
een demonstrated in B . breve , B . kashiwanohense and B . longum
ubsp. suis suggesting a common pathway for the metabolism 

f L-fucose present amongst these species (Bunesova et al. 2016 ,
chwab et al. 2017 , James et al. 2019 ). 

ifidobacterium bifidum 

ifidobacterium bifidum contains all of the glycoside hydrolases 
 equir ed to catabolise an array of HMO linkages, allowing this
pecies to serve as a primary degrader of these complex glycans
Garrido et al. 2013 ). B. bifidum str ains ar e known to use a number
f extracellular, cell wall anchored glycoside hydrolases in order to
etabolise HMOs into their r espectiv e monosacc harides and dis-

ccharides (Kitaoka 2012 ). Studies examining the liberation of LNB
rom HMOs in B. bifidum JCM1254 have shown utilisation of an ex-
racellular enzymatic system, with seven k e y enzymes playing a
ole in metabolism of HMOs (Kitaoka 2012 ). First, two α-fucosidase
nzymes ar e r equir ed to cleav e HMOs, with these acting on fuco-
ylated HMOs such as 2’-FL, 3-FL, LNFP I/II/III and LNDFH I/II in
rder to r e v eal the cor e structur es of the HMOs (Asakuma et al.
011 ). The first of these α-fucosidase enzymes, 1,2- α-fucosidase
AfcA) which belongs to the GH95 famil y, hydr ol yses the fucosyl
nit bound to the second position of the galactosyl residue found
t the non-reducing end of HMOs and is involved in the utilisation
f 2’-FL (Katayama et al. 2004 ). The second α-fucosidase, 1,3/4- α-
ucosidase (AfcB), belongs to the GH29 family and is r equir ed for
ydr ol ysis of the fucosyl unit neighbouring the β-linked galactose
nd releases α-1,3/4 fucosyl residues from substrates such as 3-FL
nd LNFP II/III into the gr owth medium, wher e Fuc can be utilised
y other gut microbes present (Ashida et al. 2009 ). 

Ther e ar e two 2,3/6- α-sialidases belonging to GH33 whic h ar e
nvolved in HMO metabolism in B. bifidum , SiaBBI and SiaBBII (Ki-
aoka 2012 , Nishiyama et al. 2017 ). SiaBBI and SiaBBII enzymes
 emov e sialic acid residues from HMOs, promoting degradation
f sialylated oligosaccharides (Nishiyama et al. 2017 ). These sial-
dases contain an N-terminal signal sequence, a sialidase cat- 
lytic domain and a C-terminal transmembrane region indicating 
hat these are extracellular, membrane anchored enzymes (Kiy- 
hara et al. 2011 ). Another extr acellular enzyme whic h is cru-
ial in the metabolism of HMOs in B. bifidum is lacto- N -biosidase
LnbB) which belongs to the GH20 family. The lnbB gene encodes
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 pr otein whic h contains a signal peptide at the N-terminus and
 membrane anchor at the C-terminus (Wada et al. 2008 ). There
s also a β-galactosidase belonging to the GH2 family known as
bgIII as well as a β- N -acetylglucosaminidase, BbhI which belongs
o the GH20 family which allow B. bifidum to digest type II HMOs
Miwa et al. 2010 ). 

ifidobacterium longum subsp. longum 

ifidobacterium longum has been r epeatedl y shown to predominate
he breast-fed infant gut microbiome (Laursen et al. 2021 ). Sub-
pecies of B . longum include B. longum subsp. infantis , B . longum
ubsp. longum and B . longum subsp. suis (Sakata et al. 2002 ,
attarelli et al. 2008 ). Despite originating from the same species,

hese subspecies differ gr eatl y in their HMO utilisation abilities.
or instance , B . longum subsp. inf antis is a particularl y avid con-
umer of HMOs (see above), while HMO utilisation by B. longum
ubsp. longum strains is typically limited to LNT and LNB (Ward et
l. 2007 , Asakuma et al. 2011 ) and the ability to utilise any other
MO such as 2’-FL, 3-FL, LNnT, and LNFP I/II/III has onl y been r e-
orted for a select number of strains (Gotoh et al. 2018 ). Compar-
tive genomic hybridisation (CGH) analysis has determined the
MO utilisation gene regions such as those which contain fu-
osidases , sialidases , ABC transporters and SBPs , all of which are
eeded for efficient metabolism of HMOs, are conserved across B.

ongum subsp. infantis and B. bifidum strains capable of HMO utilisa-
ion and have diverged and are absent in B. longum subsp. longum
tr ains whic h often do not display significant growth on HMOs
LoCascio et al. 2010 ). This points to a specialisation of specific Bi-
dobacterium species for the utilisation of milk oligosaccharides. 

The inability of many B. longum strains to readily consume spe-
ific HMOs is due to its lack of specific GH enzymes required to
acilitate this metabolism. For example, studies examining HMO

etabolism by B. longum DJO10A found that it lacks fucosidases
elonging to the GH29 and GH95 families, or sialidase members
f the GH33 family which are required for the consumption of
pecific types of fucosylated and sialylated HMOs (Marcobal et
l. 2010 ). This strain does ho w ever possesses genes encoding β-
alactosidase enzymes from the GH2 and GH42 families and is
her efor e ca pable of metabolising some lo w molecular w eight
MOs such as LNT and LNB, consuming LNT from pooled HMOs

Marcobal et al. 2010 ). Garrido et al. examined the growth ability of
7 B. longum strains on pooled HMOs and on individual structures
uch as LNT , LNnT , 2’-FL, 3-FL, 3’-SL and 6’-SL. These HMOs were
sed as the sole carbohydrate source and wer e pr esent at a con-
entr ation of 2%. Gr o wth w as e v aluated by measuring optical den-
ity at a wavelength of 600 nm which is commonly used to deter-
ine cell density in liquid cultures, with 16 of the 17 strains exam-

ned r eac hing an OD600 of 0.2–0.5 following 24 hours gr owth on
MO. In addition, 15 of the 17 strains displayed significant growth
n 2% LNT as the sole carbohydrate source present (Garrido et al.
016 ). B. longum SC596 was shown to possess the capacity to utilise
ucosylated HMOs such as fucosyllactose in addition to LNT and
NnT. The ability to utilise the fucosylated HMOs, 2’-FL and 3-FL
as also reported for B. longum SC568 with a total of 30% of fuco-

ylated HMOs consumed (Garrido et al. 2016 ). This ability is most
ikely due to the presence of a gene cluster region dedicated to the
tilisation of fucosylated HMOs termed the Fucosylated Human
ilk Oligosaccharides utilisation (FHMO) cluster which encodes

he components necessary for the import of fucosylated struc-
ures as well as genes encoding two α-fucosidases. None of the
trains tested in this study had the ability to grow on 2% 3’-SL or
’-SL as the sole carbon source, indicating that B. longum strains
ack sialidases necessary for metabolism of sialylated HMOs (Gar-
ido et al. 2016 ). 

As mentioned abo ve , a no vel gene cluster present in B. longum
trains, dedicated to the metabolism of fucosylated HMOs termed
he FHMO cluster has pr e viousl y been identified to be present in
 small number of B. longum strains (Garrido et al. 2016 ). This
HMO cluster shares significant homology with two ABC trans-
orters present in B. infantis ATCC15697 and part of the HMO clus-
er I which can be found in B. infantis (Sela et al. 2008 ). Fucose

etabolism genes and both α-fucosidases from GH29 and GH95
BLNG_01263 and BLNG_01264) which are necessary for the utili-
ation of fucosylated HMOs are found on this cluster. BLNG_01263
as been shown to pr efer entiall y digest α-1–3/4 fucosyl linkages
hile BLNG_01 264 w as sho wn to digest α-1–2 fucosyl linkages and

ertain α-1–3 linkages such as those in 2’-FL, LDFT and LNFP (Gar-
ido et al. 2016 ). These fucosidases appear to act syner gisticall y,
ith complementary specificities in order to consume various fu-

osylated HMOs. It is unsurprising that B. longum SC596, one of
he few B. longum strains which has been shown to utilise fucosy-
ated HMOs, is known to contain this gene cluster on its genome
Garrido et al. 2016 ). This FHMO cluster appears to be absent in B.
ongum DJO10A as well as B. longum LH12, two strains which while
apable of supporting some growth on HMOs are unable to utilise
ucosylated HMOs highlighting the role of this FHMO cluster in fu-
osylated HMOs metabolism in certain B. longum strains (Lawson
t al. 2020 ). 

In B. longum SC596, two genes encoding intracellular β-
alactosidases have been shown to be expressed, BLNG_00015, be-
onging to the GH2 family and BLNG_01753, belonging to the GH42
amily. BLNG_00015 has a preference for type II HMO linkages
pecificall y β-1–4 linka ges r eleasing Gal fr om Lac and LNnT while
LNG_01753 is specific for type I HMOs such as LNT and lacto-
 -hexaose (LNH). These neutral HMOs are all consumed during

he late exponential phase, after the pr efer ential consumption of
ucosylated HMOs initially by B. longum SC596. These enzymes
r e pr esumed to be intr acellular due to the a ppar ent lac k of a
r ansmembr ane domain or signal peptide sequence (Garrido et al.
016 ). Bifidobacterium longum SC596 is ther efor e ca pable of utilising
eutral HMOs, in a similar manner to B. infantis strains, whereby

ntact HMOs are imported into cells first, follo w ed b y intracellular
egradation via the activity of various intracellular GHs. 

Studies have shown that a gene ( lnbX ), which encodes lacto- N -
iosidase (LnbX), an important extracellular HMO-degrading en-
yme found in B. longum , is often enriched in the stool of exclu-
iv el y br east-fed infants compar ed to exclusiv el y form ula-fed or
ixed-fed infants (Kitaoka et al. 2005 , Yamada et al. 2017 ). This

nbX gene, is similar to the B. bifidum lnbB gene, which encodes the
H20 family enzyme required for the metabolism of LNT, with
oth LnbX and LnbB enzymes highly specific for LNT hydr ol ysis.
he product of the lnbX gene has been shown to be responsible
or the hydr ol ysis of LNT into LNB and Lac (Sakurama et al. 2013 ).

The absence of lnbB and lnbX homologs in other Bifidobacterium
pecies highlights their unique function in LNT metabolism in B.
ongum strains when compared to B. breve and B. infantis . lnbX is
ot ubiquitously found in all B. longum strains but is instead strain-
ependent with less than half of all B. longum genomes sequenced
o date containing this gene (Gotoh et al. 2018 ). Str ains whic h
ontain this lnbX are termed lnbX positive and utilise GNB/LNB-
P for uptake of LNB and GNB/LNB phosphorylase for intracellu-

ar phosphor ol ysis while lnbX negativ e str ains utilise LNT β-1,3-
alactosidase for the intracellular hydrolysis of LNT (Sakanaka
t al. 2019a ). B. longum str ains whic h ar e lnbX deficient hav e lim-
ted ability to assimilate LNT, suggesting lnbX is r equir ed for the
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metabolism of LNT in B. longum (Sakurama et al. 2013 , Yamada et 
al. 2017 ). 

It is clear that HMO utilisation strategies emplo y ed b y B. longum 

ar e v ariable and str ain specific. This phenomenon is similar to 
what is observed in other Bifidobacterium species such as B. bi- 
fidum and B . breve . T he pr efer ential utilisation of certain HMOs 
has been well described and is noted to differ consider abl y be- 
tween Bifidobacterium species and also between strains . T his is ev- 
ident for B. longum as certain str ains onl y utilise LNT and LNB,
while selected strains have developed sophisticated strategies in 

order to metabolise a range of complex structures such as 2’-FL,
3-FL, LNnT, LDFT, and LNFP I/II/III. While B. longum strains do not 
gener all y exhibit a pr efer ence for fucosylated HMOs over neutral 
HMOs, mass spectrometry based glycoprofiling of HMO consump- 
tion using HMOs purified from pooled breast milk has shown that 
one strain B. longum SC596 can have a pr efer ence for fucosylated 

HMOs pr efer entiall y utilising these from HMO pools before neu- 
tral HMOs are consumed (Garrido et al. 2016 ). 

Bifidobacterium breve 
Bifidobacterium breve is one of the species which is most frequently 
isolated from the stool of new-borns, despite limited growth on 

HMOs in vitro (Asakuma et al. 2011 , Thongaram et al. 2017 ). It 
has been demonstrated that B. breve functions as a ‘scavenger’ 
species thr ough cr oss-feeding on HMO-deriv ed monosacc harides 
whic h ar e r eleased as a r esult of extr acellular hydr ol ytic activ- 
ities by other Bifidobacterium strains found in the infant gut (Sela 
and Mills 2010 , Egan et al. 2014a , O’Connell Motherway et al. 2018 ,
Cheng et al. 2020a , Walsh et al. 2022 ). B. breve str ains hav e the 
capacity to utilise certain type I and type II HMOs, ho w e v er, this 
ability appears to be strain dependent and subject to variability 
(Thongaram et al. 2017 ). At least 55 GH genes have been found 

on the B. breve genomes sequenced to date, with se v er al of these 
shown to be involved in the metabolism of HMOs (Belkaid and 

Hand 2014 ). The HMO consumption mechanisms observed in B.
breve ar e br oadl y similar to those found in B. longum subsp. inf an- 
tis whereby oligosaccharides such as LNT, LNnT and LNB are im- 
ported first, and then subjected to intracellular degradation and 

metabolism of their monosaccharide components (James et al. 
2016 , Sakanaka et al. 2019a ). As mentioned, considerable strain- 
de pendent di v ersity in the ability to gr ow on HMOs exists among 
B. breve strains with some strains growing vigorously on pooled 

HMOs, while other strains exhibit limited or poor growth on the 
same HMO mix (Ruiz-Mo y ano et al. 2013 ). The latter cited study 
examined the ability of six selected B. breve strains to consume 
22 differ ent oligosacc harides during gr owth on a HMO pool and 

demonstrated that HMO utilisation varied among these strains 
with a range of 23–42% of the HMOs consumed as quantified us- 
ing nano-HPLC-chip/TOF MS (Ruiz-Mo y ano et al. 2013 ). 

A well c har acterised B. breve str ain, B. breve UCC2003 encodes a 
number of carbohydrate-modifying enzymes enabling this strain 

to utilise certain HMOs or HMO-derived carbohydrates (James 
et al. 2016 ). Genome sequencing of B. breve UCC2003 confirmed 

the presence of an intracellular β- N -acetylhexosaminidase from 

the GH20 family, denoted nahA, which can liberate GlcNAc from 

lacto- N -triose II (LNTri II) (James et al. 2016 ). Bifidobacterium breve 
str ains hav e also been shown to express β-galactosidase enzymes 
which function to hydrolyse type II HMOs, and can liberate Gal 
from LNT and LNnT (Asakuma et al. 2011 ). A β-galactosidase 
from the GH42 family is also present on the genome of B. breve 
UCC2003 (encoded by Bbr_0529) designated lntA, which functions 
in the metabolism of GNB/LNB (James et al. 2016 ). A second β- 
galactosidase from the GH2 family designated lacZ2 (Bbr_0010) is 
ble to hydr ol yse LNnT, r eleasing Gal and LNT ri II. This LNT ri II is
hen hydr ol ysed by nahA , liber ating Lac and GlcNAc, with the Lac
hen further broken down by β-galactosidase enzymes releasing 
lc and Gal (O’Connell Motherway et al. 2013 , James et al. 2016 ).
br_1587, denoted lnbP , encodes a homolog of LNBP from the 1,3-
-galactosyl- N -acetylhexosamine phosphorylase family (GH112) 

Xiao et al. 2010 ), which is predicted to function in the cleavage
nd phosphorylation of LNB as well as its entry into the GNB/LNB
athway (Nishimoto and Kitaoka 2007 ). This lnbP gene is found

n the Bbr_1585–1590 cluster along with genes which encode a
DP-glucose-4-epimer ase, a phosphotr ansfer ase famil y pr otein,

wo permease proteins and a solute-binding protein which are 
ll hypothesised to function in the metabolism of GNB/LNB by
CC2003 (James et al. 2016 ). 
Bifidobacterium breve is thought to selectiv el y utilise certain

MOs such as LNT, LNnT and LNB, but assimilation of other HMOs
s limited, variable and strain dependent (Asakuma et al. 2011 ,
ela 2011 , Kitaoka 2012 , Walsh et al. 2022 ). While it is not true
or the majority, some B. breve strains are capable of degrading
’-FL and 3-FL (Ruiz-Mo y ano et al. 2013 , Bunesova et al. 2016 ).
he majority of B. breve str ains ar e known to contain an intracel-

ular 1,2- α-fucosidase from the GH95 famil y, while onl y selected
trains contain a second GH29 1,4- α-fucosidase enzyme. Growth 

f B. breve on fucosylated HMOs such as 2’-FL and 3-FL is strain-
ependent despite the presence of a putative fucosidase-encoding 
ene . T her efor e, it a ppears that the presence of this second GH29,
,4- α-fucosidase determines the ability of certain B. breve strains
o utilise 2’-FL. Studies examining the growth of B. breve strains on
% 2’-FL found that strains which were lacking the gene encod-
ng this second GH29 enzyme, failed to grow on 2’-FL as the sole
arbon sour ce (Ruiz-Mo y ano et al. 2013 ). Strains of B. breve which
ossess this second α-fucosidase-encoding gene displayed signifi- 
ant growth on 2’-FL as well as some limited growth on 3-FL as the
ole carbon sources present (Ruiz-Moyano et al. 2013 ). It should be
oted ho w e v er that some str ains whic h do possess this additional
,4- α-fucosidase-encoding gene are unable to grow on 2’-FL. The
uthors suggest that this may be due to a lack of gene induction
r an inability to import the 2’-FL substrate (Ruiz-Mo y ano et al.
013 ). 

Growth on both 3’-SL and 6’-SL is uncommon in B. breve strains
nd was only observed in one of the 24 strains examined in a com-
r ehensiv e study e v aluating gr o wth on these HMOs b y measuring
ptical density at 600 nm 

(Ruiz-Mo y ano et al. 2013 ). Limited ability
f one particular B . breve strain, B. breve M-16 V to utilise both 3’-SL
nd 6’-SL from a pool representing HMOs found in secretor breast
ilk has r ecentl y ho w e v er been observ ed (Walsh et al. 2022 ). The

bility of B. breve strains to utilise sialic acid ho w ever is well doc-
mented and can involve the GH33 family exo-sialidase which al-

ows bacteria to utilise host mucins to liberate sialic acids (Egan
t al. 2014b , Lawson et al. 2020 ). Many B. breve strains are reported
o possess the gene encoding this α-sialidase (Ruiz-Mo y ano et al.
013 ). B. breve strains as mentioned, can ho w ever function as a

scavenger’ species in the infant gut with extracellular sialidases 
eing the main source of cross-feeding interactions between Bifi- 
obacterium strains. An example of this, is how B. breve UCC2003
uccessfully utilises sialic acid which is released by the sialidase
ctivity of B. longum PRL2010 grown on 3’-SL (Egan et al. 2014b ). 

Other forms of mutualism are involved in the growth of B.
reve strains in the gut of breast-fed infants (Sela and Mills 2010 ).
his is likely due to the accumulation of LNB which can be con-
umed by other infant associated Bifidobacterium strains (Asakuma 
t al. 2011 ). LNB is known to selectiv el y stim ulate gr owth of four
ifidobacterium species most commonly associated with the in- 
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ant gut, namely B. bifidum , B. infantis , B. longum and B. breve .
NB assimilation r equir es the presence and activity of an ABC
r ansporter (GNB/LNB tr ansporter) and a cytoplasmic phospho-
ylase (GNB/LNB phosphorylase) both of which are required for
NB metabolism. These proteins in the majority of cases are pro-
uced by the infant-associated strains of B . bifidum , B . infantis , B .

ongum and B. breve only (Xiao et al. 2010 ). The conservation of the
NB/LNB pathway in the four Bifidobacterium species most com-
only associated with the infant gut (LoCascio et al. 2010 ) as well

s the predominance of type I HMOs, suggest that it is quite likely
hat bifidobacteria have co-evolved along with their human hosts
Sela et al. 2008 ). 

ifidobacterium catenulatum subsp. kashiwanohense 
ifidobacterium kashiwanohense has been isolated from the stool
f both healthy and anaemic infants, and is known to partially
etabolise HMOs (James et al. 2019 ). While it is considered to be

n infant gut-associated species , B . kashiwanohense is much less
r equentl y identified when compared to the strains mentioned
bove with only a limited number characterised (Morita et al.
015 , Vazquez-Gutierrez et al. 2015 ). To date, little is understood
bout the ability of B. kashiwanohense to utilise HMOs, ho w e v er, it
as been shown to internalise and intr acellularl y hydr ol yse low
olecular weight, fucosylated HMOs, via the action of GHs, some

f which are discussed below (Bunesova et al. 2016 ). This mecha-
ism of utilisation of fucosylated HMOs is similar to that observed

n B. infantis . It has also been suggested that B. kashiwanohense
ay grow on HMOs via cross-feeding activities of other HMO-

tilising Bifidobacterium species present in the gut (Bunesova et al.
016 ). 

Bifidobacterium kashiwanohense APCKJ1, identified from the stool
f a breast-fed infant, has the ability to consume fucosyllactose
James et al. 2019 ). This strain utilises fucosidase-encoding genes
um A1 and fum A2 along with transporter-encoding genes, fum S,
um T1 and fum T2 in the internalisation and hydr ol ysis of 2’-FL and
-FL. It has also been shown that growth of B. kashiwanohense on
oth 2’-FL and 3-FL, results in an accumulation of lactate and ac-
tate in the growth medium (James et al. 2019 ), two end products
f Lac and fucosyllactose metabolism in bifidobacteria (Under-
ood et al. 2014 ). B. kashiwanohense APCKJ1 was grown on 1% 2’-FL
nd 3-FL resulting in production of the organic acid 1,2- propane-
iol (1,2-PD) a suggested end-product of L-fucose metabolism

Matsuki et al. 2016 , James et al. 2019 ). Furthermore, k e y genes
nvolved in L-fucose consumption as well as a putative pathway
or the utilisation of L-fucose in B. kashiwanohense APCKJ1 when
r own on 2’-FL hav e r ecentl y been described whic h ar e involv ed
n converting L-fucose to L-2-k eto-3-deo xyfuconate (James et al.
019 ). 

The presence of the FL transporter-1 and/or FL transporter-2 in
ifidobacteria is an important factor in the ability of bifidobacte-
ia to assimilate fucosylated HMOs while the SBP homolog gene
f FL transporter-2 has been positively associated with the abun-
ance of bifidobacteria in the gut of breast-fed infants (Garrido
t al. 2016 ). Homologs of these FL transporters found in B. longum
nd B. breve have been identified in strains of B. kashiwanohense
James et al. 2019 ). The internalisation of fucosyllactose by B.
ashiwanohense as well as hydrolysis b y tw o α-fucosidase enzymes
rom the GH29 and GH95 families have also been c har acterised
Bunesova et al. 2016 , James et al. 2019 ). The presence of genes
ncoding these fucosidases in certain str ains corr elates with the
bserved ability of such strains to consume fucosylated oligosac-
harides, and while this ability has only been identified in the B.
ashiw anohense str ains with publicl y av ailable genomes, it is pos-
ible that this ability is a common feature of HMO metabolism
n B. kashiwanohense (Morita et al. 2015 , Vazquez-Gutierrez et al.
015 ). To date, the ability of B. kashiwanohense to utilise LNT , LNnT ,
’-SL or 6’-SL to any significant degree has not been reported for
he small number of B. kashiwanohense genomes c har acterised.
. kashiw anohense instead pr efer entiall y consumes 2’-FL and 3-FL
rom pooled HMO (Bunesova et al. 2016 ). The presence of a gene
luster BBKW_1838–1840 in B. kashiwanohense JCM 15439 has been
dentified and allows this strain to consume both LDFT and LNFP I
n addition to the pr e viousl y r ecognised 2’-FL and 3-FL (Sakanaka
t al. 2019b ). 

The adaptation and ability to readily consume HMOs is an
mportant factor in the establishment of B . breve , B . longum , B .
nfantis and B. longum in the breast-fed infant gut microbiome.

hile B. kashiwanohense is not yet recognised as a common infant-
ssociated species, the presence of gene clusters containing lac
nd fum loci r epr esenting a possible HMO island which is explic-
tly dedicated to the metabolism of fucosylated HMO, provides an
dv anta ge for B. kashiw anohense establishment in the breast-fed
nfant gut. T his , as well as its reported ability to utilise certain
MOs such as 2’-FL and 3-FL and both LDFT and LNFP I does cer-

ainly point to w ar ds an adaption to the infant gut environment
Sakanaka et al. 2019b ). Ho w e v er, B. kashiw anohense does not seem
o metabolise many of the other common HMOs found in breast

ilk such as LNT , LNnT , 3’-SL and 6’-SL (Bunesova et al. 2016 ). This
erhaps explains its difficulty in becoming a dominant species
hen compared to B . breve , B . bifidum , B . infantis and B . longum in

he breast-fed infant gut microbiome. 

ifidobacterium pseudocatenulatum 

enome sequencing of B. pseudocatenulatum, a fr equentl y iden-
ified infant gut associated species which has various claimed
ealth benefits including the ability to bind m uta genic ar omatic
mines and reduce cholesterol levels, has revealed the presence
f specific genomic clusters whic h ar e involv ed in HMO utilisa-
ion. The ability of B. pseudocatenulatum to utilise LNB has been
ocumented by Xiao et al. with 33 of 61 strains examined capable
f growth on this substrate (Xiao et al. 2010 ). B. pseudocatenulatum
H11 identified from the faeces of a healthy breast-fed infant has
een shown to grow in the presence of the core HMO structure
NT (Lawson et al. 2020 ). This study also identified the presence
f genes encoding fucosidases from the GH95 family which are in-
olved in fucosylated HMO metabolism in a number of additional
trains identified from infant faeces. Most recently the ability of B.
seudocatenulatum to grow on 2% pooled HMOs as the sole carbohy-
rate source was examined with a number of B. pseudocatenulatum
trains of infant origin shown to grow well on HMOs with many of
he strains tested showing a consistent pattern of LNT and LNnT
tilisation (Shani et al. 2022 ). The results of the study also in-
icated that fucosylated HMO utilisation was dependent on the
resence or absence of genes encoding specific α-fucosidases from
he GH29 and GH95 families . B . pseudocatenulatum strains SC585,
P80, MP86, JCM 7040, and DSM 20438 have also been shown to
tilise an array of fucosylated purified HMOs including 2’-FL, 3-FL
nd LDFT, with strain MP80 also utilising LNFP I/III. Fucosylated
MO utilisation by these strains is facilitated by a gene cluster
hich encodes an ABC-type transporter and two α-fucosidases

rom the GH95 family. The highest growth levels on fucosylated
MOs wer e observ ed for str ain MP80 whic h uniquel y contains a

econd GH enzyme from the GH29 family as well as a Fuc mu-
arotase homologous to those observed in B. infantis ATCC 15697
Shani et al. 2022 ). 
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HMO metabolism by Lactobacillus species 

While the majority of information available on the utilisation of 
HMOs is in relation to Bifidobacterium species, it has recently been 

shown that certain Lactobacillus species can metabolise particular 
HMOs to support their growth (Thongaram et al. 2017 , Salli et al.
2021 ). The majority of information on HMO metabolism by lac- 
tobacilli is limited to strains of the phylogenetically related Lacti- 
caseibacillus casei - paracasei-rhamnosus group (Rodríguez-Díaz et al. 
2011 ). Three α-L-fucosidase enzymes involved in the metabolism 

of fucosylated HMOs have been characterised in lactobacilli, how- 
e v er, these ar e r estricted to a select number of species. Sialidase 
enzymes involved in the metabolism of sialylated HMOs have not 
yet been described for this species (Rodríguez-Díaz et al. 2011 ).
The α-L-fucosidases identified in L. casei have been shown to act on 

short, fucosylated oligosaccharides and the lack of an N-terminal 
signal sequence in their deduced primary structure suggests these 
enzymes are intracellular, perhaps taking up oligosaccharides and 

hydr ol ysing them inside the cell in a manner similar to that 
observ ed for man y Bifidobacterium species (Rodríguez-Díaz et al.
2012 ). It has also been suggested that lactobacilli may utilise a 
‘scav enger’ str ategy similar to B. breve and B. longum whereby they 
may utilise short host-derived glycans released by the hydrolytic 
activities of other members of the gut microbiota (Zúñiga et al.
2018 ). The following sections will discuss studies which have in- 
vestigated HMO metabolism in Lactobacillus species. 

Lacticaseibacillus casei 
Lacticaseibacillus casei, formerly Lactobacillus casei ( L. casei ) is a 
species associated with infant stool and probiotic supplements 
with strain specific immunomodulatory, anti-proliferative and 

pr o-a poptotic pr operties (Abedin-Do et al. 2015 ). While knowledge 
on HMO metabolism capabilities of this species is limited, it has 
been reported that certain strains can, though to varying degrees,
ferment specific HMOs to support their growth. Genome sequence 
analysis of L. casei BL23 has shown the presence of three genes 
encoding putative α-L-fucosidases of the GH29 family. These were 
identified as LCABL_20 390, which was previously annotated as 
α-L-fucosidase A ( alf A), LCABL_28 270 ( alf B) and LCABL_29 340 
( alf C) (Rodríguez-Díaz et al. 2011 ) all of which have been shown 

to act pr efer entiall y on short fucosylated oligosaccharides . T he 
low le v el of observ ed sequence homology between these enzymes 
(21% identity), suggests they have varying substrate specificities.
AlfA releases α-1,6-linked Fuc residues from certain oligosaccha- 
rides while AlfB and AlfC have high activity on α-1,3 and α-1,6 
bonds in fucosyl-GlcNAc, r espectiv el y (Rodríguez-Díaz et al. 2011 ).
The excretion of Fuc into the supernatant as well as the lack of 
an N-terminal signal sequence suggest that these α-L-fucosidases 
ar e intr acellular enzymes whic h perha ps take up fucosylated 

oligosaccharides and hydrolyse the structures inside the cell, sim- 
ilar to the α-L-fucosidases found in many Bifidobacterium species 
(Rodríguez-Díaz et al. 2012 ). These findings indicate that L. casei 
strains may utilise a scavenger strategy similar to that of B. breve 
in order to utilise small-mass host-derived glycans which are pos- 
sibl y r eleased by the hydr ol ytic activities of other members of the 
gut microbiota (Zúñiga et al. 2018 ). 

Growth of L. casei BL23 on GNB, LNB and LNT was examined us- 
ing MRS media supplemented with these carbohydrate sources 
(4 mM concentr ation). This str ain w as sho wn to ferment GNB,
LNB, and N -acetylgalactosamine in order to support its growth 

(r eac hing OD6 00nm 

v alues of between 0.6–1.0) but not LNT (Bidart 
et al. 2014 ). The phospho- β-galactosidase GnbG, of BL23 from the 
GH35 family was found to hydrolyse GNB and LNB, and to release 
al from LNT and also to hydr ol yse Gal β1–6GlcNAc. Both GNB
nd LNB were transported and hydrolysed by the phosphotrans- 
erase system PTS Gnb prior to hydrolysation by the phospho- β-
alactosidase GnbG into N -acetylhexosamine and Gal-6P (Bidart 
t al. 2014 ). Growth of L. casei BL23 in the presence of lacto- N -
riose (LNTri) as the sole carbon source has also been examined
y monitoring its growth in MRS basal medium supplemented 

ith LNTri as well as 3’- N -acetylglucosaminyl-mannose and 3’- N -
cetylgalactosaminyl-galactose as the sole carbohydrate sources.
his strain was found to gro w w ell on 2 mM LNTri generat-

ng GlcNAc and Lac (Bidart et al. 2016 ). Upstream of the gene
luster gnbREFGBCDA, two genes, bnaG and manA are located.
 he bnaG (LC ABL_02 870) gene belongs to the GH20 family and
hows high specificity for β-1,3-glycosidic linkages especially N - 
cetylhexosaminyl β-1,3-linked sugars. BnaG is thought to be an 

xtracellular enzyme due to the presence of an N-terminal signal
eptide for secretion as well as a predicted C-terminal sortase- 
ependent cell-wall anchoring domain (Muñoz-Provencio et al.
012 ). This enzyme hydr ol yses LNTri into GlcNAc and Lac from
utside the cell follo w ed b y transportation into the cells b y a PTS
r a PTS-independent permease (Bidart et al. 2016 ). 

Lacticaseibacillus casei BL23 also metabolises the type II HMO 

omponent LacNAc for growth with the well c har acterised lac
peron ( lacTEGF ) known to play a role in this metabolism. Utili-
ation of LacNAc is dependent on lacE and lacF , which encode the
actose-specific PTS Lac enzyme II component CB (EIICB) and en- 
yme II component A (EIIA) domains, r espectiv el y, and lacG whic h
ncodes a phospho- β-galactosidase necessary for the hydr ol ysis
f the intracellular phosphorylated Lac and LacNAc (Bidart et al.
018 ). The ability of L. casei Lc-11 and L. casei DSM 20011 to sustain
rowth on 1% difucosyllactose (DFL), and Fuc was also examined
ith both strains found to be incapable of utilising either DFL or
uc (Salli et al. 2021 ). Lacticaseibacillus casei Lc-11 has r ecentl y been
ho wn b y Salli et al. to support a minor le v el of gr owth on the fu-
osylated oligosaccharide 3-FL (Salli et al. 2021 ), The presence of
-L-fucosidases as well as catabolic pathways for the metabolism 

f GNB , LNB , LNT II and LacNAc and mor e r ecentl y an observ ed
bility to utilise 3-FL indicate that L. casei can utilise a variety of
MOs in breastmilk (Zúñiga et al. 2020 ). 

acticaseibacillus rhamnosus 
eports on HMO metabolism by Lacticaseibacillus rhamnosus, for- 
erly Lactobacillus rhamnosus ( L. rhamnosus) are rather limited with

ust a few documented studies. Whole genome sequencing of L.
hamnosus ATCC 53103 ( L. rhamnosus GG) has r e v ealed the pr es-
nce of genes predicted to encode α-L-fucosidases (AlfA, AlfB and
lfC from the GH29 family) (Morita et al. 2009 , Rodríguez-Díaz
t al. 2011 ). Genome sequencing of L. rhamnosus HN001 also indi-
ated the presence of α-L-fucosidase-encoding genes (Rodríguez- 
íaz et al. 2012 ). The presence of the latter is rare in L. rhamnosus ,
nd in lactobacilli in general, with L. casei the only other Lacto-
acillus species to date known to encode α-L-fucosidases which 

r e ca pable of hydr ol ysing fucosylated HMOs in vitro (Rodríguez-
íaz et al. 2011 ). Many L. rhamnosus strains have been reported to
tilise Fuc including L. rhamnosus strains GG and HN001 both of
hic h gr o w w ell on 1% Fuc as the sole carbohydrate sour ce and
oth of which encode genes involved in this Fuc metabolism that
r e well c har acterised (Thongar am et al. 2017 , Salli et al. 2021 ).
his feature ho w ever is strain-specific and not conserved across
he species with other L. rhamnosus strains shown to be incapable
f utilising Fuc for growth (Salli et al. 2021 ). 

The bnaG gene is not conserved in the phylogenetically related
. rhamnosus species unlike L. casei and L. paracasei whic h partl y ac-
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ounts for the inability of most L. rhamnosus strains to metabolise
he HMO LNTri. Ho w e v er, one particular str ain of L. rhamnosus ,
N001 despite the absence of the bnaG gene, has been shown to
tilise the trisaccharide LNTri II as a carbon source for growth.
his illustrates that despite the lack of the bnaG gene, certain L.
hamnosus strains can grow on LNTri II suggesting that in addi-
ion to the bnaG gene, there are additional enzymes present in
actobacilli which are important in the metabolism of this HMO
Bidart et al. 2016 ). Additional studies have also examined the
bility of a number of L. rhamnosus strains to utilise HMO struc-
ures with L. rhamnosus GG found to be unable to grow on me-
ia supplemented with 1% 2’-FL, 3-FL or DFL as the sole carbo-
ydrate sources . T hree other L. rhamnosus strains examined in
his study (Lrha_TS (DSM 20021), Lhra_HN001 and Lrha Lr-32) dis-
layed rather modest growth on 1% 3-FL (Salli et al. 2021 ). The
uthors suggested that this inter strain variation among L. rham-
osus to utilise HMOs may be due to differences in Lac utilisation
apabilities (Salli et al. 2021 ). 

actiplantibacillus plantarum 

actiplantibacillus plantarum formerly Lactobacillus plantarum ( L.
lantarum ) is a commonly used probiotic species which inhab-
ts the GI tract and is often isolated from infant stool (Lebeer et
l. 2008 ). L. plantarum strains have been shown to utilise various
arbohydrate sources for growth including fructooligosaccharides
FOS) and galactooligosaccharides (GOS), and the utilisation of
MOs and HMO-derived carbohydrate components has been sug-
ested. While L. plantarum does possess genes that ar e pr edicted
o encode enzymes capable of HMO hydr ol ysis suc h as GH2 and
H42 β-galactosidases, growth on HMOs howe v er, is not often ob-
erv ed. Certain str ains of L. plantarum such as LP-66 have been
hown to successfully utilise 1% GlcNAc as a carbohydrate source
Thongaram et al. 2017 , Zúñiga et al. 2018 ). This str ain efficientl y
tilises 85% of this structure after 24 hours incubation (Schwab
nd Gänzle 2011 ). L. plantarum strain LP-66 exhibits limited growth
n LNnT as the sole carbohydrate source (reaching OD600 reach-
ng OD 600nm 

values of between 0.25 and 0.6), but can utilise free
ialic acid for growth reaching OD values of between 1.0 and 1.4
Schwab and Gänzle 2011 , Thongaram et al. 2017 ). Indeed, L. plan-
arum strains are known to possess certain genes which are ca-
able of free sialic acid metabolism (Almagro-Moreno and Boyd
009 ). So-called nan clusters are gene clusters which are involved
n sialic acid catabolism and such clusters have previously been
escribed in L. plantarum strains (Zúñiga et al. 2018 ). 

acticaseibacillus paracasei 
acticaseibacillus paracasei formerly Lactobacillus paracasei ( L. paraca-
ei ) is also a species often used as a probiotic and commonly iso-
ated from the infant gut environment. Its carbohydrate metabolic
a pabilities ar e v aried and inter str ain differ ences ar e commonl y
bserved as is the case for most Lactobacillus species. To date how-
 v er, little r esearc h has been focused on the ability of L. paraca-
ei strains to utilise HMOs (Watson et al. 2013 ). Thongaram et al.
av e r ecentl y shown that L. paracasei LCV-1 can utilise GlcNAc to
upport growth as the sole carbohydrate source (Thongaram et al.
017 ). Lacticaseibacillus paracasei LCV-1 was cultured in MRS media
ontaining 1% Lac , Fuc , GlcNAc , 2’-FL, 3-FL, 3’-SL, 6’-SL or LNnT.
r owth le v els wer e assessed by measuring OD 600nm 

v alues, whic h
 e v ealed that L. paracasei LCV-1 gr e w well on GlcNAc as the sole
arbohydr ate source pr esent r eac hing OD 600nm 

v alues of between
.4 and 1.8. This strain demonstrated no capacity for utilisation
f the other HMO structures present such as 2’-FL, 3-FL, 3’-SL,
’-SL, and LNnT when tested at the same concentration (Thon-
aram et al. 2017 ). Lacticaseibacillus paracasei Lpc-37 has r ecentl y
een shown to be capable of moderate growth on the fucosylated
MO 3-FL, but there are no further reports confirming this ability

o date (Salli et al. 2021 ). 

actobacillus acidophilus 
actobacillus acidophilus strains are known to possess genes en-
oding enzymes involved in hydrolysing certain HMOs, yet seem
o gener all y inca pable of gr owth on HMOs with growth being
 ery str ain-dependent (Sc hwab and Gänzle 2011 ). One suc h str ain
hich exhibits moderate growth on particular HMOs is L. aci-

ophilus NCFM (Marcobal et al. 2010 ). Genome analysis of L. aci-
ophilus NCFM confirmed the presence of a lar ge r epertoir e of
enes whic h ar e pr edicted to be involv ed in carbohydr ate util-
sation such as 20 PTS and five ABC transporters . T hese trans-
orters often share a genetic locus with glycosidases and tran-
criptional regulators, allowing for localised transcriptional con-
rol. While the exact roles of these genes remain largely un-
nown for NCFM, it is possible that some of these genes are in-
olved in HMO metabolism (Altermann et al. 2005 ). Specifically,
. acidophilus NCFM has been shown to utilise the neutral, type
I HMO LNnT, with growth of between 0.6 and 1.0 measured us-
ng OD 600nm 

on 1% LNnT as the sole carbohydrate source present
Thongaram et al. 2017 ). The utilisation of LNnT involves an ex-
racellular β-galactosidase ( lac L, LBA1467) which cleaves the ter-

inal Gal molecule of LNnT for growth, while leaving the result-
ng trisaccharide LNTri II in the medium undigested. This abil-
ty to utilise LNnT is dependent on lacL activity, with inactiva-
ion of lacL resulting in abolished growth of L. acidophilus NCFM
n LNnT (Thongaram et al. 2017 ). While L. acidophilus NCFM was
hown to be capable of utilising LNnT, this strain is incapable
f metabolising other HMOs such as 2’-FL, 3-FL, 3’-SL and 6’-
L. The ability to utilise LNnT has also been observed for L. aci-
ophilus LA-5 which grows on LNnT as a sole carbohydrate source,
ut does not appear to utilise other HMOs (Thongaram et al.
017 ). 

Lactobacillus acidophilus NCFM, L. acidophilus LA-5 and L. aci-
ophilus LA-14 are known to encode β-galactosidases belonging
o the GH2 and GH42 families (Schwab et al. 2010 ). The presence
nd activity of β-galactosidases from GH2 and GH42 as discussed
arlier, (Marcobal et al. 2010 ) imply that L. acidophilus may also be
apable of metabolising certain HMOs (Goh Klaenhammer 2015 ).
actobacillus acidophilus NRRL B-4495 is capable of utilising purified
MOs pooled from human milk in order to support growth with
ang et al . examining the ability of L. acidophilus to utilise spe-

ific carbohydrate sources such as Glc , HMOs , GOS, xylooligosac-
haride (XOS) and 2’-FL for growth (Wang et al. 2016 ). Follow-
ng 48 hour incubation with each of these carbohydrates as the
ole carbohydrate source at 2%, L. acidophilus NRRL B-4495 was
ound to consume HMOs from pooled HMO (26 ± 2%) and also

oder atel y consume the individual HMO 2’-FL (35 ± 3%) which
as additionally tested as the sole carbohydrate source present.
rom the pooled HMOs, NRRL B-4495 was found to consume HMOs
DFT (29 ± 3%), LNT (19 ± 2%), LNFP (18 ± 2%) and LNDFH
21 ± 4%) to varying degrees (Wang et al. 2016 ). HMO fermenta-
ion by L. acidophilus strains results in the production of organic
cids such as lactic acid and butyric acid with trace amounts of
r opionic and v aleric acid also pr esent (Wang et al. 2016 ). The
bility of L. acidophilus to utilise HMOs or HMO-derived monosac-
harides has also been described for L. acidophilus FUA3191 which
as been shown to successfully utilise HMOs including 2’-FL, 3-FL,
NT, and 6’-SL as measured by HPEAC-PAD (Schwab and Gänzle
011 ). 
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Potential of next gener a tion pr obiotics to 

utilise HMOs 

Tr aditionall y, pr obiotic str ains hav e been isolated fr om the hu- 
man gut and fermented foods. As the function and commercial 
use of bifidobacteria and lactobacilli have become well estab- 
lished, ne wl y identified gut commensals with purported health 

benefits, such as Akkermansia muciniphila , Bacteroides spp., Faecal- 
ibacterium prausnitzii , Ruminococcus bromii , and Roseburia species,
hav e emer ged. Notabl y, the abundance of man y of these bacte- 
ria is inv ersel y corr elated to se v er al disease states (Zhou and Zhi 
2016 , Xu et al. 2021 , Bahena-Román et al. 2022 ). These next gener- 
ation pr obiotics hav e been identified using ne w tools suc h as next 
generation sequencing techniques and bioinformatics, which has 
aided in the isolation of these commensal bacterial species given 

their commercialization potential. Recent r esearc h has begun to 
explore methods to selectively enhance their growth in situ with 

a limited number of studies (described below) investigating their 
potential to utilise HMOs. 

Akkermansia muciniphila 

Akkermansia muciniphila ( A. muciniphila ) is a Gr am-negativ e, m ucin- 
degr ading anaer obe fr om the phylum Verrucomicrobia whic h r ep- 
resents between 3% and 5% of the gut microbiota in healthy indi- 
viduals (Belzer and de Vos 2012 ). Administration of A. muciniphila 
has been shown to demonstrate benefits comparable with current 
probiotics and studies have shown that A. muciniphila is associ- 
ated with se v er al health benefits including reduction of the risk 
of obesity and type II diabetes and impr ov ed intestinal barrier in- 
tegrity (Derrien et al. 2004 , Cheng and Xie 2021 ). Further to this, in 

adults a decreased abundance of A. muciniphila in the gut micro- 
biota is associated with metabolic dysfunctions (Dao et al. 2016 ),
hypertension, ulcer ativ e colitis and inflammatory bo w el disease 
(Rajili ́c-Stojanovi ́c et al. 2013 ). Meanwhile, in infants reduced A.
muciniphila colonization has been shown to negativ el y corr elate 
with a compromised immune system and atopic dermatitis (Lee 
et al. 2018 ). For these reasons A. muciniphila has been considered 

as a promising candidate next generation probiotic (Cheng and 

Xie 2021 ). While mucin is the preferred growth substrate for this 
species, it has r ecentl y been shown that a limited subset of Akker- 
mansia strains may utilise HMOs for growth (Kostopoulos et al.
2020 ). One strain of Akkermansia muciniphila , Muc T has been found 

to grow on human milk and utilise HMOs by employing a selection 

of gl ycoside hydr olase enzymes including those fr om GH2, GH20,
GH29, GH33, GH35 and GH95 families (Kostopoulos et al. 2020 ).
Incubation of A. muciniphila in human milk resulted in the pro- 
duction of considerable amounts of acetate, propionate and suc- 
cinate and the release of Glc and Gal as a result of utilisation of 
Lac and HMOs from breast milk. HPLC analysis was used to inves- 
tigate the utilisation individual structures including 2’-FL, 3-FL, 
DFL, LNT, LNFP, 6’-SL and 3’-SL. HPLC pr ofiles demonstr ated that 
A. muciniphila consumed > 95% of 2’-FL and 3’-SL present when 

incubated in 10% human milk (Kostopoulos et al. 2020 ). Follow- 
ing this, the ability of A. muciniphila to grow on 10% either 2’-FL 
or 3’-SL as the sole carbohydrate source was investigated with 

both carbohydrate sources supporting growth (as measured us- 
ing OD 600nm 

). Growth on 2’-FL also resulted in the production of 
1,2-PD, a suggested end product of Fuc metabolism as mentioned 

abo ve . 
In a recent study by Luna et al. growth of Akkermansia strains 

on five individual HMO structures (2’-FL, 3-FL, LNnT, 6’-SL, and 

LNT) was examined using a basal medium supplemented with the 
HMOs in a bac kgr ound of m ucin, mimic king the carbon sources 
resent in the infant gut environment (Luna et al. 2022 ). One
train in particular, CSUN-19 exhibited considerable growth on 

he HMOs tested versus the media containing no HMOs as mea-
ured by OD 600nm 

. In order to confirm utilisation, HMO concen-
r ations wer e measur ed befor e and after 48 hours incubation r e-
ealing that strain CSUN-19 utilised 64% of HMOs present, while
. muciniphila Muc T utilised > 93% of available HMOs (Luna et al.
022 ). HMO utilisation by Akkermansia is thought to be mediated
y the use of extracellular GHs present which cleave HMOs into
heir constituent monosaccharide or disaccharide components 
Luna et al. 2022 ). It has been suggested that the close structural
imilarities between mucin and HMOs may explain the ability of
hese bacteria to utilise both glycan types as Akkermansia possess
n array of GHs for the effective metabolism of mucin includ-
ng α-fucosidases, β-galactosidases and β-acetylhexosaminidases 
Kostopoulos et al. 2020 ). Indeed, the presence of A. muciniphila in
he infant gut may be in part due to its array of gl ycan-degr ading

achinery including enzymes involved in mucin and HMO degra- 
ation, which aid in the metabolism of a br oad r ange of HMOs and
heir constituents (Kostopoulos et al. 2020 ). 

acteroides 
acteroides are common constituents of the gut microbiota and 

re known for their ability to utilise a range of oligosaccharides,
ol ysacc harides and host-deriv ed gl ycans, especiall y m ucin (Mar-
obal and Sonnenburg 2012 ). A number of Bacteroides species such
s Bacteroides thetaiotaomicron have been suggested as potential 
ext generation probiotics (Tan et al. 2019 ) due to their poten-
ial for positive health outcomes such as reducing obesity and
nsulin resistance as well as reduction of intestinal inflamma- 
ion (Sears et al. 2008 , Zuo et al. 2011 ). Members of the genus
acteroides have been shown to use milk gl ycans suc h as HMOs
s fermentable carbohydrate sources for growth (Marcobal et al.
010 ). When grown on HMOs, expression of specific gene clusters
 eferr ed to as pol ysacc haride utilisation loci (PULs) whic h ar e in-
olved in mucin consumption are induced. It may again be that
ue to the structural similarities between mucins and HMOs, Bac-
eroides can degrade HMOs using parallel metabolic strategies. Bac- 
eroides species first bind complex oligosaccharides on the cell sur-
ace befor e hydr ol ysing whic h enables tr ansit thr ough the outer

embrane into the periplasm follo w ed b y their degradation. (Mar-
obal et al. 2011 ). 

Bacteroides thetaiotaomicron has been shown to utilise HMOs,
r owing efficientl y on minimal medium (MRS containing no glu-
ose) supplemented with 1.5% pooled HMOs as the sole carbo- 
ydrate source and consumes a broad range of HMO structures

Marcobal et al. 2011 ). The ability of Bacteroides to utilise HMOs was
lso r ecentl y examined with Bacteroides dorei and Bacteroides vulga-
us shown to grow on purified HMOs including 2’-FL, DFL, 3’-SL,
’-SL, LNT and LNnT as sole carbohydrate sources. As is the case
or most HMO utilising species in the infant gut, str ain-to-str ain
ariation was evident across multiple strains of the same species
Kijner et al. 2022 ). B . dorei underwent an extensive metabolic
esponse to the presence of HMOs, upregulating many shared 

Hs but not those whic h ar e dir ectl y known to degr ade HMOs.
. dorei utilised the HMOs tested for growth as the sole carbohy-
r ate source pr esent r eac hing an OD 600nm 

of 0.6–1 after 24 hours
rowth on 2’-FL, DFL, 3’-SL, 6’-SL, LNT, or LNnT (Kijner et al. 2022 ).
. fragilis (Bfra_TS), B. vulgatus (Bvul_TS) and B. thetaiotaomicron 
Bthe_TS) type str ains hav e also been shown to gr o w w ell on 1%
’-FL, 3-FL, and DFL as the sole carbohydrates present (Salli et al.
021 ). 
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oseburia 

lostridiales from the Roseburia-Eubacterium group are typically
ssociated with the adult human gut microbiome, yet are also
 core member of the infant gut microbiome (Vital et al. 2017 ).
he abundance of these bacteria is often decreased in patients
ith metabolic, inflammatory and cardiovascular diseases with

ts benefits often associated with the production of butyrate which
xerts man y imm uno-modulatory effects as well as r educing the
isk of cancer, ather oscler osis and enteric colitis (Bultman 2018 ).
or these reasons, Roseburia species have emerged as potential
ext gener ation pr obiotics. Roseburia hominis and Roseburia inulin-

vorans have been observed to grow on HMOs from breast milk.
r owth anal ysis on purified individual HMOs r e v ealed the ability
f R. hominis to grow on LNT, LNB, and GNB, while R. inulinivorans
tilised LNB and GNB as well as sialic acid (Pichler et al. 2020 ). 

oncluding remarks and future 

erspectives 

t is important to r e vie w the curr ent understanding of the gr owth
bilities of particular gut bacteria and individual bacterial species
n HMO for a number of reasons. Highlighting the species and
tr ain le v el inter actions that could support pr obiotic de v elop-
ent is essential especially for non-breast-fed infants of which

igh rates of infection has been associated when compared to
MO consuming breast-fed infants . T he individual species dis-
ussed here represent some of the most widely used probiotics
n the market. The health benefits of probiotics are often strain-
pecific, and the use of each probiotic strain should include accu-
ate identification of the strain through genetic and phenotypic
nalyses . T he functionality of probiotics should be disclosed in
itro and in vivo so that they can be used as legal functional in-
redients. Examining the ability of the collective infant gut mi-
robiome to utilise HMO still requires technological and bioinfor-
atic advancements although some studies are emerging that are

eginning to address this need (Chleilat et al. 2020 ). With more
MOs becoming a vailable , it is possible to supplement formulas
ith blends of HMOs to formula-fed infants again emphasising

he importance of understanding the growth abilities of individ-
al species to utilise individual HMO. 

Apart from particular species of the genera Bifidobacterium , Lac-
obacillus , Bacteroides and Akkermansia , r elativ el y fe w other gut bac-
eria are known to metabolise HMOs. Members of the gut mi-
r obiota whic h catabolise HMOs do so using an arsenal of spe-
ific glycoside hydrolases such as α-fucosidases, α-sialidases, β-
alactosidases, β-acetylhexosaminidases and lacto- N -biosidases.
he HMO utilisation capacity of infant-associated species has
een most extensiv el y studied in Bifidobacterium , particularl y in
igh HMO utilising species such as B. infantis and B. bifidum as
ell as B. longum and B. breve . In comparison, ther e ar e con-

ider able ga ps in our knowledge r egar ding HMO utilisation b y
ther species. Recent advances in genome sequencing technol-
gy have substantially aided in the identification of putative gly-
an transporters and glycoside hydrolases which are generally
ssociated with HMO metabolism. Ho w e v er, further r esearc h is
 equir ed to determine the exact functions of these transporters
nd enzymes in many commensal bacteria. It is possible that
any bacterial species thrive on the by-products and metabo-

ites whic h ar e r eleased b y HMO metabolism b y certain commen-
als present namely Bifidobacterium. This potential ‘cross-feeding’
as numerous benefits such as generating positive metabolic co-
ependencies and interactions between members of the infant
ut microbiota leading to a network which forms the basis of
he mature gut microbiota with important positive health im-
lications for later life. To fully understand the complex pro-
ess of HMO utilisation strategies emplo y ed b y infant associ-
ted bacterial species, it is perhaps the use of multi ‘omics’ tech-
ologies such as genomics , metabolomics , proteomics and meta-
r anscriptomics whic h may pr ov e the most efficient in the future.

Combining the health-promoting properties of HMO with live
icr oor ganisms can r esult in next gener ation synbiotics or ‘HMO-

iotics’. Similar to the probiotic and prebiotic fields, the future of
uch synbiotics will be influenced by the de v elopment of nov el
trains and the manufacture of preferred HMO substrates, in-
ormed by and targeted to specific microbiome niches in the
astr o-intestinal tr act of individuals. Suc h combinations hav e po-
ential for supplementation in man y pr oducts aimed at individ-
als at different life stages or those suffering or susceptible to
arious disease states where lo w er numbers of health-promoting
acteria such as bifidobacteria are evident. Examples include in-
ant milk formula or as food supplements for infants and tod-
lers with the aim of improving the discrepancy of Bifidobacterium
ell numbers found between breast-fed and formula-fed infants.
uch compositions may also have potential in products aimed at
enefiting the elderl y, imm unocompr omised indi viduals, indi vid-
als on antibiotics or indeed as a means for treating or preventing
iseases associated with lo w er numbers of commensal bacteria
uch as inflammatory bo w el diseases (Crohn’s disease, irritable
o w el syndr ome, ulcer ativ e colitis), periodontal disease, rheuma-
oid arthritis, ather oscler osis, aller gy, m ulti-or gan failur e, asthma,
nd allergic diseases (Slingerland et al. 2017 ). 
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