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Abstract 

Gl ycans ar e crucial for infant gut micr obiota dev elopment. Human milk contains pr ebiotic human milk oligosaccharides (HMOs) that 
stimulate gut microbes. Simultaneously, the glycan-rich mucus layer develops and attracts mucin glycan-de gr ading bacteria. As HMOs 
and m ucin ar e de gr aded by homologous enzymes, bacterial glycan-de gr ading a bilities ov erlap. Howev er, less is known about how in- 
fant gut microbial communities form when both types of gl ycans ar e av aila b le . To study this, w e created a synthetic community with 

specialist glycan de gr aders and cross-feeders from the infant gut (BabyBac). We evaluated it in different in vitro conditions includ- 
ing combinations of diet-deri v ed [HMOs, galactooligosaccharides (GOS), and fructooligosaccharides (FOS)] and m ucus gl ycans. Gl ycan 

combinations significantly affected the community composition and metabolic output. The glycan type affected the overall commu- 
nity, with mucin and HMOs being the top drivers of variation. HMOs favoured glycan de gr aders and cross-feeders, whereas mucin 

glycan de gr ader Akkermansia m uciniphila w as outcompeted. Conv ersel y, when m ucin w as pr esent, A. m uciniphila thri v ed. Addition of 
mucin monomers and 2 ′ -FL to GOS/FOS did not reinstate A. muciniphila abundance. This suggests that A. muciniphila cannot compete 
with infant-related bacteria without the complete mucin structure . Over all, our findings suggest that the interplay between dietary 
and mucus glycans creates niche differentiation in the infant gut microbiota. 

Ke yw or ds: human milk oligosacc harides; mucin; infant gut microbiota synthetic comm unity; Akkermansia m uciniphila ; nic he se gre- 
gation; cross-feeding interactions 
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Introduction 

The first months of life form a critical window for the establish- 
ment of the gut microbiota and consequently for infant health.
Man y factors suc h as the birth mode (Bäckhed et al. 2015 , Mar- 
tin et al. 2016 ) and gestational age (Korpela et al. 2018a , Hill et al.
2017 , Aguilar-Lopez et al. 2021 ) affect the composition of the gut 
microbiota in the first days of life, mainly through alternate seed- 
ing routes (Korpela et al. 2018b ). As time passes, both diet-derived 

and host-deriv ed gl ycans play an important role in this process,
as feeding mode is a k e y factor that shapes the infant gut micro- 
biota (Bäckhed et al. 2015 , Martin et al. 2016 ). The de v elopment 
of the gut mucus layer occurs sim ultaneousl y with the establish- 
ment and maturation of the mucosal microbiome (Rokhsefat et 
al. 2016 ). Ther efor e, the de v eloping gl ycan landsca pe of the infant 
gut plays a role in shaping the succession of microbial communi- 
ties that occurs at the infant gut mucus layer. 

A major source of dietary glycans in the first months of 
life is human milk. Human milk oligosaccharides (HMOs) are 
a k e y component of human milk. The y are not digested by 
the infant, and ther efor e r eac h the lo w er gut (Engfer et al.
2000 ). HMOs ar e structur all y div erse gl ycans consisting of glu- 
cose (Glc), galactose (Gal), N -acetylglucosamine (GlcNAc), fucose 
(Fuc), and sialic acid (Neu5Ac) (Wu et al. 2010 , Urashima et 
al. 2017 ). The core structure of HMOs is lactose (Gal- β1,4-Glc),
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hich can be extended with lacto- N -biose (Gal- β1,3-GlcNAc) or
 -acetyllactosamine (Gal- β1,4-GlcNAc). HMO structural profiles 
 ary gr eatl y among mothers and ar e determined by a r ange of fac-
ors including genetics, stage of lactation, and geogr a phic location
Thurl et al. 2017 , Azad et al. 2018 , Soyyilmaz et al. 2021 ). In the
e v eloping infant gut, HMOs function as pr ebiotics, whic h r esults

n stimulation of glycan-degrading microbiota including Bifidobac- 
erium spp. and Bacteroides spp. (De Leoz et al. 2015 , Jost et al. 2015 ).

hen exclusive breastfeeding is not possible, infants are also in-
roduced to infant formula, which contains added glycans like 
alactooligosaccharides (GOS) and fructooligosaccharides (FOS).
hese are added to steer gut microbiota composition to be more
imilar to that of breastfed infants because these glycans stim-
late bifidobacterial growth (Sims and Tannock 2020 ) and lo w er

ecal pH (Bakker-Zierikzee et al. 2005 ), among others. 
In addition to diet-deriv ed gl ycans, the abundance of host-

eriv ed m ucin gl ycans incr eases during infant de v elopment
Wells et al. 2022 ). Mucin glycans form the mucus layer that
hields the intestinal epithelium from contact with the gut mi-
r obiota. Inter estingl y, human milk also contains m ucins, whic h
har e structur al similarities with HMOs (Fig. 1 ), namel y MUC1
nd MUC4 (Liu and Ne wbur g 2013 ). Human intestinal mucin gly-
ans are glycoproteins that are extensively O -glycosylated at ser-
ne (Ser) or threonine (Thr) residues of the core protein. The
 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. Study set-up and conditions. Pr ecultur es of each strain were mixed together in normalized OD:1 to prepare the inoculum for the in vitro 
fermentations . T he community inoculum was first grown in mucin and HMOs (MUCHMO1) in triplicate. After four transfers every 24 h, the culture 
was used to inoculate triplicates of the other conditions (MUC, MUCHMO2, GOSFOS, GOSFOSMUC, and GOSFOSEXTR). The MUCHMO2 culture was 
r e viv ed in mucin and HMO (MUCHMO3) and was used as inoculum for 5HMO1. Each condition (apart from MUCHMO3) was cultured for 120 h, which 
included four transfers every 24 h. Created in BioRender. Microbiology, W. (2024) https:// BioRender.com/ l51lex2 
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l ycan extensions ar e structur all y div erse and consist of Gal, Glc-
 Ac, N -acetylgalactosamine (GalN Ac), Fuc, Neu5Ac, and sulfate

Br oc khausen et al. 2009 ). Certain bacteria such as Akkermansia
uciniphila and Bacteroides thetaiotaomicron can use mucin glycans

s a sole carbon source and inhabit the outer mucus layer (Tail-
ord et al. 2015 ). 

The dietary and gut-derived glycans , a vailable in the infant
ut, hav e structur al similarities. Mucin and HMOs share four
onomers (Gal, GlcNAc, Neu5Ac, and Fuc) and multiple interme-

iate structures . T herefore , some gut bacteria employ similar en-
ymatic machineries to target both glycans, including galactosi-
ases , sialidases , and fucosidases . Bacteria that degrade both gly-
ans include A. muciniphila and Bifidobacterium bifidum , among oth-
rs (Ruas-Madiedo et al. 2008 , Marcobal et al. 2011 , Kostopoulos
t al. 2020 ). Additionally, some of those enzymes are utilized to
egrade other indigestible glycans from complimentary feeding,
uch as beta-galactosidases acting on GOS (Ioannou et al. 2021 ).
he ability to degrade a wide range of glycan structures aids bac-
eria to compete and adapt to the de v eloping infant gut environ-

ent. Ho w e v er, it is not completely understood how the glycan
andscape of the developing gut, from the lumen to the mucosal
ayer, steers the establishment of microbial communities. 

To address this in the context of a complex community, we
esigned BabyBac, a synthetic community of se v en individual
trains. BabyBac includes bacteria that are commonly found in the
ut of infants within the first year of life. All strains included can
egrade dietary glycans and mucin glycans either as specialists
r as generalists, or cross-feed on the products of glycan degra-
ation. We hypothesized that this would create trophic interac-
ions between bacteria that would lead to cooperation or com-
etition within BabyBac. Ther efor e, w e subjected Bab yBac to se-
uential batch fermentations with different combinations of diet-
nd host-deriv ed gl ycans . T he results of our experiments sho w ed
ifferences in terms of microbial composition and metabolite pro-
uction that were driven by the presence and amount of mucin
ut also by the presence of HMOs. With this, we propose that gra-
ients of dietary and m ucin gl ycans, along the mucus layer and
hroughout milk feeding period drive competition and coopera-
ion, and create specific niches for the maturing infant gut micro-
iota. 

aterials and methods 

naerobic fermentations 

edium composition 

tr ains wer e cultiv ated in a bicarbonate-buffer ed anoxic medium
s described before (Plugge 2005 ), and contained per l 0.5 mg re-
azurin, 0.408 g KH 2 PO 4 , 0.534 g Na 2 HPO 4 .2H 2 O, 0.3 g NH 4 Cl, 0.3 g
aCl, and 0.1 g MgCl 2 .6H 2 O, modified by the addition of 1 g/l
east extract. To each l, 1 ml of acidic trace elements (50 mM
Cl, 1 mM H 3 BO 3 , 0.5 mM MnCl 2 , 7.5 mM FeCl 2 , 0.5 mM CoCl 2 ,
.1 mM NiCl 2 , 0.5 mM ZnCl 2 , and 0.1 mM CuCl 2 ) and 1 ml of basic
race elements (10 mM NaOH, 0.1 mM Na 2 SeO 3 , 0.1 mM Na 2 WO 4 ,
nd 0.1 mM Na 2 MoO 4 ) w ere added. The medium w as then dis-
ersed in anoxic vials. Anoxic vials were gas exchanged to a 80/20
 2 /CO 2 headspace pressurized at 1.6–1.7 atm and subsequently
utocla ved. T he reducing agent was 5% (v/v) of a stock solu-
ion containing 80 g/l NaHCO 3 and 10 g/l l -cysteine hydr oc hlo-
ide hydrate. Carbon sources were added as described in the fol-
owing section. The vitamin solution was pr epar ed by combin-
ng 10 ml of a 11 g/l CaCl 2 .2H 2 O solution with 1 ml of our in-
ouse standard vitamin solution (20 mg/l biotin, 200 mg/l nicoti-
amide, 100 mg/l p -aminobenzoic acid, 200 mg/l thiamin HCl,
00 mg/l panthotenic acid, 500 mg/l pyridoxamine HCl, 100 mg/l
 y anocobalamine, and 100 mg/l riboflavin). The resulting solution

https://BioRender.com/l51lex2
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was filter sterilized and 1% (v/v) was added to the medium after 
autoclavation. 

Carbon source conditions 
The 5HMO mix was a kind contribution of Danone Global Re- 
search and Innovation Center, purchased from Chr. Hansen HMO 

GmbH, Rheinbr eitbac h, German y. The mix consists of 52% w/w 

2 ′ -FL, 13% 3-FL, 26% w/w LNT, 4% w/w 3 ′ -SL, and 5% w/w 6 ′ - 
SL (P arsc hat et al. 2021 ). Mucin from porcine stomach type III 
(Sigma-Aldrich, St. Louis, MO, USA) was purified as described pre- 
viously (Belzer et al. 2017 ). GOS and FOS were kindly provided 

by Danone Global Research and Innovation Center. These glycan 

sour ces w er e added to the medium in differ ent compositions (Ta- 
ble 1 ). 

Design of BabyBac 
To study the complex interaction of the gut microbiota with the 
gl ycan landsca pe of the maturing infant gut, we created a syn- 
thetic community (Bab yBac). Bab yBac consisted of se v en bacte- 
rial strains of the infant gut (Table 2 ) that are well-characterized,
highl y pr e v alent and abundant (Collado et al. 2007 , Bäckhed et al.
2015 ). We selected infant gut bacteria with a function of interest: 
BabyBac entailed two trophic levels: glycan degraders and cross- 
feeders. Gl ycan degr aders wer e micr obes that ar e able to degr ade 
HMOs and/or mucin glycans, and we included both specialists and 

generalists . T he glycan degraders in BabyBac were specialist HMO 

degr aders Bifidobacterium inf antis and Phocaeicola vulgatus , special- 
ist mucin glycan degrader A. muciniphila and the HMO and mucin 

gl ycan degr aders B. bifidum and Ruminococcus gnavus . Esc heric hia coli 
and Blautia producta r epr esented cr oss-feeders, whic h ar e unable 
to participate in the primary degradation of HMOs and m ucin gl y- 
cans, but are able to cross-feed on the products of glycan degra- 
dation by others. 

Pr ecultur es 
First, the bacteria wer e pr ecultur ed individuall y in their pr eferr ed 

carbon sources being either 20 mM lactose ( Bifidobacterium spp .,
P. vulgatus , E. coli , and B. producta ), 20 mM glucose ( R. gnavus ), or 
5 g/l crude mucin ( A. muciniphila ). Precultures were incubated in 

the dark at 37 ◦C without shaking for 24 h ( R. gnavus , A. muciniphila ,
E. coli , and B. producta ) or 48 h ( Bifidobacterium spp. and P. vulgatus ).
�OD600nm was used to normalize to OD:1 and combine the cul- 
tures in a community inoculum for condition MUCHMO1. 

Sequential batch fermentation 

After assembly of the community inoculum, 1% (v/v) was added 

to anoxic vials containing both mucin (2.5 g/l) and HMOs (2 g/l) 
in triplicate (MUCHMO1) and incubated at 37 ◦C without shaking 
for 24 h. After 24 h, 1% (v/v) of the culture was transferred to 
fresh medium for a total of four consecutive transfers (t24, t48,
t96, and t120) to adapt the community to the condition and to 
ac hie v e a stable microbial community composition. Next, the in- 
oculum (1% (v/v)) for triplicate (r1, r2, and r3) sequential batch 

conditions MUCHMO2, MUC , GOSFOS , GOSFOSMUC , and GOSFO- 
SEXTR (Table 1 , Fig. 1 ) was taken from t120 of MUCHMO1. To cre- 
ate MUCHMO3, BabyBac was r e viv ed fr om a gl ycer ol stoc k made 
from MUCHMO2 t120. After one transfer (t48), this community 
was used as the inoculum for 5HMO1, which was tr ansferr ed four 
times as described before. At the end point of eac h batc h fer- 
mentation (t24, t48, t72, t96, and t120) samples were taken for 
OD600 measurements and were stored at −20 ◦C for subsequent 
analysis. 
ample analysis 

6S rRNA gene amplicon library preparation and 

equencing 

N A w as isolated from 1 ml culture using the FastDNA™ SPIN
it for Soil (MP Biomedicals, California, USA) according to the
anufacturer’s instructions . T he concentration of extracted ge- 

omic DN A w as quantified using the Qubit™ dsDN A BR Assay Kit
T hermoFisher Scientific , Massachusetts , USA). A triplicate bar- 
oded pol ymer ase c hain r eaction (PCR) was performed to amplify
he V4 region of the 16S rRNA. For each replicate, we used 7 μl
f 5X Phusion HF Buffer (ThermoFisher Scientific), 0.7 μl dNTPs,
.7 μl forw ar d primer (10 μM), 0.7 μl r e v erse primer (10 μM), 0.35 μl
husion Hot Start II High-Fidelity DNA Pol ymer ase (ThermoFisher
cientific), 25.5 μl nuclease free water, and 0.7 μl of DNA or no
emplate . T he cycling pr ogr am consisted of 1 cycle at 98 ◦C for
0 s, 25 cycles at 98 ◦C for 10 s, then at 50 ◦C for 10 s, and at
2 ◦C for 10 s follo w ed b y 1 c ycle at 72 ◦C for 7 min. The 515F-
06R primers [515F: 5 ′ -GTGYCAGCMGCCGCGGTAA-3 ′ , 806R: 5 ′ - 
GA CTA CNV GGGTWTCTAAT-3 ′ (Apprill et al. 2015 , P ar ada et al.
016 )] were barcoded to allow for multiplexing of samples into a
ibr ary. For eac h libr ary, negativ e and positiv e contr ols wer e in-
luded to assess the library preparation and sequencing process.
s negative controls we included a no template sample that was
arried throughout each DNA extraction process (DNA extrac- 
ion negative control) and a no template PCR sample (PCR nega-
iv e contr ol). As positiv e contr ols, w e used tw o different in-house

oc k comm unities, namel y moc k3 and moc k4 (Ramir o-Garcia et
l. 2018 ) that are also embedded in the NG-Tax pipeline. 

The triplicate amplicon PCR pr oducts wer e pooled and purified
ith the CleanNGS beads (CleanNA, Waddinxveen, the Nether- 

ands) without deviation from the manufacturer’s instructions.
00 ng of barcoded PCR pr oducts fr om 70 samples were pooled
o create libraries follo w ed b y a purification as mentioned before.
he libraries were sequenced in HiSeq platform (Illumina, Califor- 
ia, USA). 

uantitative polymerase chain reaction 

NA originating from 1 ml culture was diluted to 1 ng/ μl.
or samples with a concentration < 1 ng/ μl, there was no fur-
her dilution. Universal bacterial primers were used for total 
acterial abundance (1048F: 5 ′ -GTGSTGC AYGGYYGTCGTC A- 
 

′ , 1175R:5 ′ -ACGTCRTCCMCNCCTTCCTC-3 ′ ) (Maeda et al.
003 ) while species-specific primers were used for B. in-
antis (BiINF-1: 5 ′ -TTCC AGTTGATCGC ATGGTC-3 ′ , BiINF-2: 5 ′ -
GAAACCCCA TCTCTGGGA T-3 ′ ) (Matsuki et al. 1999 , Martin et al.
016 ) and B . bifidum (BiBIF-1: 5 ′ -CC AC A TGA TCGCA TGTGA TTG-3 ′ ,
iBIF-2: 5 ′ -CCGAAGGCTTGCTCCCAAA-3 ′ ) (Matsuki et al. 1999 ,
artin et al. 2016 ) quantification. A standard curve was pr epar ed
sing gr adient concentr ations 16S rRNA gene copies r anging

rom 10 1 to 10 8 cell copies/ μl in 10-fold increase . T he 16S rRNA
ene PCR product was retrieved using the 27F-1492R primer pair
n a PCR comprising 10 μl of 5X Phusion HF Buffer (ThermoFisher
cientific), 1 μl dNTPs, 0.5 μl forw ar d primer (10 μM), 0.5 μl
 e v erse primer (10 μM), 0.5 μl Phusion Hot Start II High-Fidelity
NA Pol ymer ase (ThermoFisher Scientific), 36.5 μl nuclease-free 
ater, and 1 μl DNA template . T he cycling pr ogr am consisted of
 cycle at 95 ◦C for 5 min, 35 cycles starting at 95 ◦C for 30 s, then
t 52 ◦C for 20 s, and at 72 ◦C for 30 s and 1 cycle at 72 ◦C for 7 min.
or the total bacteria qPCR, E. coli was used as a template and for
he species-specific qPCR the r espectiv e species 16S rRNA gene
opies. Each sample was run in triplicate and we also included
egative and no template controls. For every reaction, we added
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Table 1. Conditions of this experiment and their r espectiv e carbon source concentrations. 

Condition Carbon source Concentr a tion (g/l) 

MUCHMO1 
MUCHMO2 
MUCHMO3 

5HMO 

Mucin 
2 

2.5 

MUC Mucin 5 

GOSFOS GOS/FOS 4 

GOSFOSMUC GOS/FOS 2 
Mucin 2.5 

GOSFOSEXTR Threonine 1 
GlcNAc 1 

Sialic acid 0.4 
2 ′ -FL 1 

GOS/FOS 1 

5HMO1 5HMO 4 

Table 2. Strains that were included in the BabyBac community and their predicted copy number of 16S rRNA genes. 

Species Strain Predicted 16S copy number 

B. infantis ATCC15697 (JCM 1222/ DSM 20088) 4 (rrnDB, NCBI) 
B. bifidum JCM1254 (DSM 20082) 1 (GTDB, ContEst16S, IMG/JGI) 
P. vulgatus ATCC8482 7 (rrnDB, NCBI) 
R. gnavus ATCC 29 149 5 (rrnDB, NCBI) 
E. coli K-12 substrain MG1655 (DSM 18039) 7 (rrnDB, ContEst16S) 
B. producta JCM1471 (DSM2950) 5 (rrnDB, NCBI) 
A. muciniphila ATCC BAA 835 (DSM 22959) 3 (rrnDB) 
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.25 μl iQ SYBR Green Supermix (Bio-Rad Laboratories, California,
SA), 0.25 μl forw ar d primer (10uM), 0.25 μl r e v erse primer

10uM), 1 μl DNA template (1 ng/ul), and 4.75 μl nuclease-free
 ater. The c ycling pr ogr am for the total bacteria qPCR consisted
f 1 cycle at 95 ◦C for 3 min, 40 cycles starting at 95 ◦C for 15 s,
hen at 52 ◦C for 30 s, and at 72 ◦C for 30 s follo w ed b y a melt
urve. For the species-specific qPCR, the cycling pr ogr am started
ith 1 cycle at 94 ◦C for 5 min, followed by 40 cycles at 94 ◦C for
0 s, then at 55 ◦C for 20 s, and at 72 ◦C for 50 s and finally a melt
urve . T he reactions took place in an iQ Bio-Rad iCycler (Bio-Rad
aboratories) and the results were retrieved and preprocessed
ith CFX Manager™ Software (Bio-Rad Laboratories). 

igh performance liquid chromatography 

iquid metabolites were quantified using high-performance liquid
 hr omatogr a phy (HPLC). Cell-fr ee supernatants wer e obtained by
entrifugation at 21 300 × g for 5 min. Samples that contained
 ucin wer e tr eated with the Carr ez method prior to HPLC (Carr ez

908 , Acker et al. 1967 ). External standar ds w ere selected based on
redicted metabolisms of BabyBac. Included standards were lac-
ate , acetate , propionate , 1,2-pr opanediol, butyr ate , glucose , fruc-
ose , formate , ethanol, and succinate . For each standard, a cal-
br ation curv e was cr eated by running three distinct concentra-
ions. Calibr ation was v alidated by running stoc k samples with
 known concentration. Samples were analysed on a Shimadzu
C_2030 HPLC (K yoto , Japan) equipped with a HI-PLEX H column
Agilent, Santa Clara, CA, USA) at 45 ◦C for 20 min and detected
sing a r efr activ e index detector. 0.01 N sulphuric acid was used
s eluent. Data were analysed with Chromeleon (ThermoFisher
cientific). In Chromeleon, it is possible to discern the peaks
enerated in the chromatogram based on retention time by com-
aring to the retention time of the standards . T he area under the
urv e of eac h peak can then be correlated to the concentration of
 specific compound through the relevant calibration curve. 

a ta anal ysis 

6S amplicon sequencing analysis 
he quality of the raw reads was checked with FastQC (Andrews
010 ). The 150 bp pair ed r eads wer e cluster ed to ASVs and as-
igned to taxonomy using the NG-Tax 2.0 pipeline (Ponc hee win
t al. 2020 ). Default settings wer e c hosen except for a 100 bp r ead
ength and the database SILVA138. ASVs unassigned to genus le v el
er e manuall y assigned by subjecting the forw ar d and r e v erse

ead to BLASTn. B. infantis and B. breve were distinguished us-
ng qPCR inferred relati ve abundances. Relati ve abundances were
ransformed to cell numbers by m ultipl ying with qPCR-inferr ed
otal bacteria 16S rRNA gene copies and subsequent division by
he species 16S RNA gene copy number per cell (Jian et al. 2020 ). 

lycoside h ydr olase pr ediction 

he proteomes of each species in BabyBac were retrieved from
niProt in their isoform and canonical form. Namel y B. inf antis
TCC15697 (UP000001360), B. bifidum (UP000070092), Bacteroides
ulgatus ATCC8482 (UP000002861), E. coli K12 (UP000000625), B. pro-
ucta (UP000515789), A. muciniphila (UP000001031), and R. gnavus
TCC29149 (UP000004410). Prediction of glycoside hydrolase (GH)
as performed against the dbCAN HMM database (version 12)
s proposed by the authors of the dbCAN2 meta server (Zhang
t al. 2018 ). Matching of the proteomes against the dbCAN V12
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database was performed using the -hmmscan function of the hm- 
mer module (version 3.3). The output was further parsed with the 
hmmscan-parser.py tool to avoid duplicate hits. To incr ease pr e- 
diction sensitivity, the parsed output was filtered for e-value < 1e- 
15 and cov er a ge > 0.35. 

Data processing and visualization 

Further analysis took place in R (version 4.2.1; R Development 
Core Team 2008 ) using Rstudio (version 2022.12.0 + 353; RStudio 
Team 2021 ). Bacterial composition data were analysed using the 
pac ka ges ‘phyloseq’ (v ersion 1.42.0; McMurdie and Holmes 2013 ) 
and ‘micr obiome’ (v ersion 1.20.0; Lahti et al. 2020 ). Beta-diversity 
was calculated using the Bray–Curtis dissimilarity, creating a prin- 
cipal coordinates analysis (PCoA) ordination plot. Bray–Curtis sim- 
ilarity (1-Bray–Curtis dissimilarity) was used to assess stable com- 
position based on the vegdist() function of the ‘vegan’ package 
(version 2.6–4; Oksanen et al. 2022 ). Differential abundance per 
species between conditions was performed using the wilcox.test() 
function and subsequent FDR correction using the p.adjust() func- 
tion, both from the ‘stats’ package (version 4.2.1; R Development 
Core Team 2008 ). We further assessed the differential abundance 
of each species with the linda() function of the ‘MicrobiomeStat’ 
pac ka ge (v ersion 1.1; Zhang and Chen 2022 ). Redundancy Anal- 
ysis (RDA) and permutation testing to assess significance (an- 
nov a.cca()) wer e performed with the ‘vegan’ package using mucin,
HMO and GOS/FOS pr esence as explanatory v ariables. For LinDA,
m ucin-adjusted gr ouping as set as fixed effect and r eplicate was 
set as random effect. Spearman correlation coefficient between 

replicates was calculated with the function cor() (‘stats’ pac ka ge,
version 4.2.1) based on r elativ e abundance of corrected 16S rRNA 

genes counts. Any further data analysis and visualization was fa- 
cilitated by pac ka ges ‘dpl yr’ (v ersion 1.1.2; Wic kham et al. 2023 ) 
and ggplot2 (version 3.4.2; Wickham 2016 ). Minor aesthetic pro- 
cessing and combining of figures was performed in Adobe Illus- 
trator (April 2024 release, version 28.5). 

Results 

BabyBac members possess overlapping GH 

profiles for glycan degradation 

We performed GH prediction on the proteomes of the BabyBac 
members (Fig. 2 ). GH families were mapped to categories based on 

their r espectiv e association to degradation of milk or m ucin gl y- 
cans based on our pr e vious work (Ioannou et al. 2021, Berkhout 
et al. 2022 ) ( Tables S1 and S2 , Fig. 2 , Fig. S1 ). This resulted in dis-
tinct GH pr ofiles, suc h as the c har acteristic m ucin gl ycan special- 
ist profile of A. muciniphila , the glycan generalist profile of P. vul- 
gatus , and the low number of r ele v ant GHs that cross-feeder E.
coli possesses . T her efor e, w e hypothesized that Bab yBac commu- 
nity composition would be shaped by substr ate-driv en competi- 
tion and cooperation. 

Gl ycan combina tions determine Bab yBac species 

composition and metabolite production 

To investigate the response of BabyBac to differ ent gl ycans av ail- 
able in the infant gut, we selected four conditions, namely HMOs 
(5HMO), GOS/FOS (GOSFOS), mucins (MUC), and their combina- 
tions (MUCHMO and GOSFOSMUC) as a carbon source. We also 
included mucin monomers and 2 ′ -FL (GOSFOSEXTR) in one of the 
conditions to test whether those would induce similar commu- 
nity dynamics as complete mucin structures (Fig. 1 ). BabyBac was 
tr ansferr ed four times for each of these conditions to adapt and 
tabilize community composition ( Table S3 ). Growing BabyBac in
ach of the conditions led to a reproducible community ( Fig. S2 ).
o assess da y-to-da y comm unity r epr oducibility, we calculated
he Bray–Curtis similarity of each timepoint as compared to the
nal timepoint (t120). This analysis revealed that for most con-
itions the community composition was stable from timepoint 
72 onw ar ds ( Fig. S2 ). Inter estingl y, conditions with m ucin had a

or e r epr oducible Br ay–Curtis similarity between r eplicates. Ad-
itionally, we detected high reproducibility between replicates us- 

ng Spearman correlation coefficient based on corrected 16S rRNA 

ene counts ( Fig. S3 ). 
In the initial condition (MUCHMO1), A. muciniphila , B. bifidum ,

nd P. vulgatus wer e pr ominent gl ycan degr aders (Fig. 3 , Fig. S4 ).
o w e v er, R. gnavus decr eased to low r elativ e abundance and B.

nfantis was not detected. The presence of B. producta and E. coli
uggests that they are able to cross-feed on the products of glycan
egradation. Bab yBac w as then used to study six conditions of gly-
ans: MUCHMO2, MUC , 5HMO1, GOSFOS , GOSFOSMUC , and GOS-
OSEXTR. This led to distinct community compositions. B. bifidum 

as the most consistentl y observ ed gl ycan degr ader of BabyBac
nd r emained pr esent in all conditions until the end of the experi-
ent. Although R. gnavus was reduced to a low r elativ e abundance

uring the initial MUCHMO1 condition, this species remained 

resent in all conditions. Interestingly, it performed best in HMOs
nly (5HMO1). In the MUC condition, A. muciniphila was dominant
ith low r elativ e abundance of other gl ycan degr aders and cr oss-

eeders. Ho w e v er, A. muciniphila was lost in conditions without
 ucin. Conv ersel y , P . vulgatus r eac hed higher r elativ e abundances

s the predominant glycan degrader in the presence of HMOs or
OS/FOS. 
In general, acetate and formate were the dominant SCFAs that

abyBac produced in all conditions ( Table S3 , Fig. S5 ). In GOS-
OS and GOSFOSEXTR, the highest acetate and formate le v els
 > 30 mM) were observed in a community rich in E. coli and B.
roducta . The other metabolites such as propionate , succinate ,
thanol, and 1,2-pr opanediol wer e pr esent in all conditions albeit
n lo w er concentrations ( < 10 mM). Lactate w as onl y observ ed in
ow amounts ( < 2 mM) in GOSFOSMUC and GOSFOSEXTR. 

To better understand how each condition affected the Baby- 
ac species, we statistically assessed the difference in relative 
bundance thr ough FDR-corr ected Wilcoxon testing (Fig. 4 ). A.
uciniphila abundance was significantly higher in conditions con- 

aining m ucin compar ed to the conditions that did not contain
ucin. P. vulgatus , ho w ever, w as lo w er abundant in conditions

hat contain mucin. B. bifidum was significantly lo w er in condi-
ions GOSFOS and GOSFOSMUC compared to the other conditions 
Fig. 4 ). The HMO-degrader, R. gnavus , was significantly higher in
he 5HMO1 condition compared to all other conditions. As for
. producta , it was significantly lower, and almost absent in the
resence of sole mucin as carbon source (MUC) compared to the
ther conditions. E. coli was statistically significantly higher in 

onditions with GOS/FOS (GOSFOS and GOSFOSEXTR) follo w ed 

y 5HMO1 and GOSFOSMUC and being the lowest in the mucin-
ontaining conditions (MUC, MUCHMO1, and MUCHMO2). 

ucin and HMO presence and amount impact 
 ver all community structure 

r om our r esults, it was suggested that the pr ovided gl ycans had
n effect on individual bacterial species and thus community 
tructure . We , thereon, in vestigated the effect on the commu-
ity composition at the final transfer (t120) using beta-diversity,
s PCoA ordination of Bray–Curtis dissimilarity (Fig. 5 ). Axis 1

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
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Figure 2. (A) Predicted glycoside hydrolases (GH) related to mucin, HMO, GOS, and FOS degradation, as well as those with overlapping activities, 
encoded within BabyBac. (B) Ov erla p in structur e and enzymatic degr adation between a hypothetical m ucin gl ycan, HMOs, GOS , and FOS . Ser = serine, 
Thr = threonine, 2 ′ -FL = 2 ′ -fucosyllactose, 3-FL = 3-fucosyllactose, 3 ′ -SL = 3 ′ -sialyllactose, 6 ′ -SL = 6 ′ -sialyllactose, LNT = lacto- N -tetraose, GOS = 

galactooligosaccharides, FOS = fructooligosaccharides, GlcNAc = N -acetylglucosamine, GalNAc = N -acetylgalactosamine, and Neu5Ac = sialic acid. 
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Figure 3. Relative abundances of BabyBac species grown in sequential batch in various conditions with glycans from the infant gut. Values were 
obtained from a combination of 16S rRNA gene amplicon sequencing and qPCR, normalized for 16S rRNA gene copy number. Each timepoint 
r epr esents the endpoint of a 24 h batch fermentation. 
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shows that there is a clear separation between MUC, the mucin- 
containing conditions MUCHMO1, MUCHMO2, and GOSFOSMUC 

and nonmucin conditions 5HMO1, GOSFOS, and GOSFOSEXTR. 
The axis that separates these conditions explains 84.9% of the 
v ariance. Mor eov er, Axis 2 separated the 5HMO condition from the 
rest of the conditions . T hese results show that community struc- 
tur e differ ed and that v ariation could be explained by the pr es- 
ence and amount of mucin and HMOs. 

To verify this, we further stratified our data based on the pres- 
ence and amount of each type of glycan. These were namely 
mucin (MUC = ‘Only mucin’; MUCHMO1, MUCHMO2, and GOS- 
FOSMUC = ‘P artiall y m ucin’; and 5HMO1, GOSFOS and GOSFOS- 
EXTR = ‘No mucin’), HMOs (5HMO1 = ‘Only HMOs’; MUCHHMO1,
MUCHMO2, and GOSFOSEXTR = ‘P artiall y HMOs’; and MUC, GOS- 
OS = ‘No HMOs’), and GOS/FOS (GOSFOS = ‘Only GOSFOS’; GOS-
OSMUC and GOSFOSEXTR = ‘P artiall y GOSFOS’, and 5HMO1,
UCHMO1, MUCHMO2, and MUC = ‘No GOSFOS’). RDA using the

omposition of the two final (t96 and t120) timepoints’ replicates
Fig. 6 A) sho w ed that mucin and HMOs significantly affected the
 ariation in comm unity composition (p mucin = 0.001, p hmo = 0.001),
hile GOS/FOS did not (p gosfos = 0.19). It also demonstrates that

hanges in composition are driven by A. muciniphila , B. bifidum ,
. gnavus , and B. producta . To understand the effect of mucin on
pecies r elativ e abundance, we used LinDA on the aforementioned
 ucin-adjusted str atification. A. muciniphila was highl y associ-

ted with the presence of mucin (Fig. 6 B). Even partial presence
f mucin translated to > 30 log2 fold increase in A. muciniphila rel-
tive abundance. R. gnavus had a significantly lo w er relative abun-
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Figure 4. Statisticall y differ ent r elativ e abundance of species calculated by Wilcoxon testing of t96 and t120 r eplicates between conditions. Values ar e 
shown as P .adjusted, i.e. FDR corrected P -values. Arrows indicate increased ( ∧ ) or decreased ( ∨ ) relative abundance in the condition in the x -axis 
compared to the condition in the y -axis. 

Figure 5. PCoA plot based on Bray–Curtis dissimilarity for t120 replicates, color-coded per condition. 
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Figure 6. (A) RDA plot of the final two timepoints using the species composition as dependent variable and the mucin, HMO, and GOSFOS presence as 
explanatory variables. Samples (sites) are coloured based on condition. (B) Differentially abundant species based on the presence of mucin. 
Significantl y differ ent r esults ar e shown as log2 fold c hange fr om −10 (higher in the condition to the left) to 40 (higher in the condition to the right). 
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dance in conditions, where there was a combination of mucin with 

another glycan source compared to conditions without mucin. B.
bifidum was significantly higher in the ‘Only mucin’ group when 

compared to conditions without mucin. Lastly, the cross-feeder B.
producta had a 2.33 and a 2.93 log2 fold decrease in ‘Only mucin’ 
compared to the absence of mucin or partial presence of mucin,
r espectiv el y. 

The effect of mucin as a carbon source was also observed in the 
metabolic profile of BabyBac. For all conditions containing mucin,
despite the comparable amount of cells ( Table S3 , Fig. S5 ), the to- 
tal concentration of metabolites measured was lower compared to 
the conditions containing no mucin. In terms of r elativ e pr opor- 
tions of metabolites, the conditions with HMOs had the highest 
r elativ e acetate concentr ation, the conditions with GOS/FOS had 

the highest r elativ e concentr ation of formate, and the condition 

with onl y m ucin had the highest r elativ e concentr ation of ethanol 
( Fig. S6 ). 

Mucin monomers and 2 

′ -FL do not recapitulate a 

mucin- or HMO-driven synthetic community 

composition 

In the pr e vious anal ysis, we established that m ucin and HMO 

presence and amount significantly affected community composi- 
ion, and A. muciniphila was a major driver of community changes.
. muciniphila did not grow in the absence of mucin (GOSFOS and
HMO1) despite its ability to utilize HMOs . We , ther efor e, cr eated
 condition including mucin monomers and 2 ′ -FL together with
OSFOS to test whether this would allow A. muciniphila to claim
 niche. Ho w ever, the addition of these components did not lead
o the growth of A. muciniphila (Figs 3 and 4 , Fig. S4 ). A. muciniphila
as, ther efor e, onl y able to grow in the presence of the complete
 ucin gl ycans. When considering the entir e comm unity, addition

f 2 ′ -FL, sialic acid, GlcNAc, and l -threonine reduced the distance
ith the conditions containing mucin and HMOs (Fig. 5 ), but mul-

iple species remained differentially abundant. B. bifidum levels 
er e incr eased in GOSFOSEXTR and resembled those of 5HMO1,
ut E. coli and R. gnavus remained significantly different between 

hese conditions (Figs 3 and 4 , Fig. S4 ). Mor eov er, a part fr om A.
uciniphila , P. vulgatus , and E. coli remained significantly different

Fig. 4 ) between GOSFOSEXTR and mucin-containing conditions 
MUC, MUCHMO1, MUCHMO2, and GOSFOSMUC). 

iscussion 

n this study, we took a closer look at the microbial niche dif-
er entiation driv en by the gl ycan landsca pe in the infant gut

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf069#supplementary-data
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icrobiota. For this, we employed a 7-strain synthetic community
BabyBac) that included bacteria known as important residents of
he infant gut. BabyBac included HMO specialists, mucin special-
sts, gl ycan gener alists, and cr oss-feeders. B. inf antis is a dominant
pecies in the breastfed infant gut due to its ability to consume
MOs (Sela et al. 2008 ) and B. bifidum is a prominent HMO de-
rader that has the unique property that it can apply its extra-
ellular enzymes to degrade mucin (Ruas-Madiedo et al. 2008 ). R.
navus also degrades both HMOs and mucin (Png et al. 2010 , Crost
t al. 2013 , Wu et al. 2020 ), while P. vulgatus is an HMO degrader,
hat does not show high m ucin gl ycan degr adation ca pacity (Png
t al. 2010 , Sato et al. 2020 ). A. muciniphila is a w ell-kno wn mucin
l ycan for a ger that can cross-feed other m ucosal r esidents, but
t has also been found to degrade and grow on HMOs (Belzer et
l. 2017 , Kostopoulos et al. 2020 ). Furthermor e, we included cr oss-
eeders E. coli and B. producta that consume glycans, gases, and

etabolites released by the primary degraders (Chang et al. 2004 ,
se et al. 2018 ). We, ther efor e, designed a synthetic community
here members form clear trophic levels. We hypothesized that

omplex glycans, either dietary or mucin, could be degraded by
pecialists or gener alists, r eleasing simpler gl ycans , metabolites ,
nd gases that could then be consumed by cross-feeders. 

By pr oviding differ ent r atios of dietary and m ucin gl ycans, we
bserved that they affected BabyBac composition and metabo-
ite pr oduction. Thr ough sequential batc h fermentation, BabyBac
c hie v ed a r epr oducible comm unity composition after 72 h in
ost conditions and was highly reproducible between replicates.
 he interpla y of differ ent gl ycans paints a pictur e of nic he differ-
ntiation from mucus to lumen which is driven by competition
or specific glycans. Although the primary degr aders ar e ca pable
f primary degradation of the glycans to some extent in mono-
ulture (Hoskins et al. 1992 , Derrien et al. 2004 , Crost et al. 2013 ,
arrido et al. 2013 , Van Bueren et al. 2017 , Kostopoulos et al. 2020 ,

oannou et al. 2024 ), their potential to dominate in the commu-
ity depended on the presence of other primary degr aders. Cr oss-

eeding interactions sustained BabyBac and affected its composi-
ional and metabolic profile in a carbon-source dependent man-
er. 

B. infantis was outcompeted in the initial phase e v en though it
s an efficient HMO utilizer (Sela et al. 2008 ). This phenomenon
as also observed in a recent study where B. bifidum outcompeted
. inf antis when cocultur ed on HMOs (Ojima et al. 2022 ). This inef-
ciency could be a result of B. infantis ’s intracellular degradation
f HMOs while other HMO and m ucin degr aders hav e extr acellu-
ar glycosidases to degrade HMOs (Sela et al. 2008 , Lawson et al.
019 , Kostopoulos et al. 2020 , Ojima et al. 2022 ). It can also be that
. infantis is able to prevail in the infant gut through other means
f pr essur e, suc h as a lo w er pH (Henrick et al. 2018 ), the utiliza-
ion of urea (You et al. 2023 ), or the stimulating potential of other
ompounds, including lactoferrin (Kim et al. 2004 ). 

A. muciniphila displayed a strong association with the presence
f mucin as a carbon source and dominated over other primary
l ycan degr aders in the MUC condition. Ev en though A. muciniphila
s capable of HMO degradation (Kostopoulos et al. 2020 , Luna et
l. 2022 ), it was r a pidl y outcompeted by other glycan degraders of
abyBac in the absence of mucin in our batch fermentations . T his
uggests that A. muciniphila r elies on degr adation of m ucus to sus-
ain itself in earl y life, r ather than the degradation of HMOs . T he
nability of A. muciniphila to compete with infant gut bacteria for
MOs is confirmed by its low r elativ e abundance in infants, which

ncr eases ov er time during the tr ansition to a matur e gut (Collado
t al. 2007 , Derrien et al. 2008 , Bäckhed et al. 2015 ). T herefore , we
ypothesize that A. muciniphila survives in the infant gut through
tilization of mucus glycans from breast milk and the develop-
ng mucus layer, as opposed to through degradation of HMOs.
upplementation of GOS/FOS conditions with sialic acid, GlcNAc,
 

′ -FL, and the amino acid l -thr eonine, whic h is essential for A.
uciniphila growth, did not enable A. muciniphila to compete with

he other BabyBac members in sequential batch fermentation.
his suggests a highly specific adaptation of A. muciniphila to the
tilization of the complex mucin. This adaptation could, for ex-
mple, be explained by the specific binding of A. muciniphila to N -
cetyllactosamine (LacNAc and Gal β1–4GlcNAc), which is highly
bundant in pig gastric mucin (Berkhout et al. 2024 ) and in human
olonic mucus (Elzinga et al. 2024 ). Ov er all, we pr ovide e vidence
or microbial ecological d ynamics dri ven by the gl ycan landsca pe
rom lumen to mucus. Our results are in line with experiments in

ice models, where a fiber-free diet increases the relative abun-
ance of A. muciniphila (Desai et al. 2016 , Grant et al. 2023 , Kuffa
t al. 2023 , Parrish et al. 2023 , Holmberg et al. 2024 ). These further
ighlight that the ratio of mucin and dietary fiber is crucial for the
egulation of bacterial composition at the mucus-lumen interface.
s r ecentl y shown thr ough the use of a synthetic community in
ice, dietary fiber and the presence of A. muciniphila have direct

ffects on immune modulation, even as parameters of the mater-
al microbiome (Grant et al. 2023 ). In terms of the effect of 2 ′ -FL on
kkermansia spp., evidence is still controversial. 2 ′ -FL supplemen-

ation in an in vitro model using formula fed infant feces led to a
ecrease in Akkermansia spp. (Salli et al. 2019 ), while 2 ′ -FL feeding
o mice increased Akkermansia spp. r elativ e abundance (Ge et al.
024 ). This association needs to be further r esearc hed, especiall y
t str ain le v el, since HMO utilization ca pacities of Akkermansia are
train-dependent (Luna et al. 2022 ). 

Even though R. gnavus is capable of both mucin and HMO degra-
ation (Png et al. 2010 , Crost et al. 2013 , Wu et al. 2020 ), its r elativ e
bundance was positiv el y associated with HMOs and negativ el y
ssociated with the partial presence of mucin. R. gnavus ATCC
9149 is an ample degrader of HMOs, which was also shown when
 

′ -FL was supplied. Furthermore, this strain is capable of 3-FL uti-
ization (Crost et al. 2013 ). Of note, the inoculum for the 5HMO
ondition was MUCHMO3, which had a significantly higher rela-
ive abundance of R. gnavus compared to MUCHMO1, which was
he inoculum for all other conditions. Ho w e v er, its HMO-degr ading
apacity justifies its high relative abundance in 5HMO. On the
ther hand, during growth on only mucin in BabyBac, R. gnavus
as nearly completely suppressed. A probable explanation for

his observation could be that R. gnavus is not able to compete
ith the highly specialized A. muciniphila that dominates in this

ondition, as it is not able to utilize mucin as efficiently (Crost et
l. 2013 ). Inter estingl y, an inv erse r elationship between R. gnavus
nd A. muciniphila is often observed in vivo . Although both species
r e m ucin gl ycan degr aders, A. muciniphila is associated with a
ealthy m ucus layer, wher eas R. gnavus is associated with inflam-
atory bo w el diseases and a range of other disorders (Png et al.

010 , Crost et al. 2013 , Qiu et al. 2022 ). 
In most conditions , cross-feeders B . producta and E. coli were

ble to thrive. Ho w ever, these decreased during growth on only
ucin. The near loss of B. producta in the mucin condition may

e explained by the lack of H 2 production by A. muciniphila dur-
ng m ucin degr adation (Derrien et al. 2004 ). Similar associations
etween Blautia and the fiber–m ucin r atio hav e been r eported in
tudies where donor feces were transplanted in mice (Holmberg
t al. 2024 ). T here , Blautia spp. wer e significantl y lo w er in mice fed
 fiber-fr ee diet, especiall y when donors did not consume a fiber-
ic h diet. Furthermor e, degr adation of m ucin by A. muciniphila
ay produce fewer substrates for cross-feeding compared to HMO
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degradation by Bifidobacterium spp . and Bacteroides spp. The lo w er 
r elativ e abundance of E. coli as a cross-feeder that scavenges the 
pr oducts of m ucin degr adation is in accordance with pr e vious 
coculture studies that show a dominance of A. muciniphila over 
cr oss-feeders during m ucin degr adation (Belzer et al. 2017 , Pic hler 
et al. 2020 ). On the other hand, cocultures with Bifidobacterium spp .
and cr oss-feeders gr owing on human milk carbohydrates show 

a more equal cell ratio or even dominance of the cross-feeder 
(Schwab et al. 2017 , Katoh et al. 2020 , Chia et al. 2021 ). Future 
experiments with cocultures could shed light on the exact by- 
products of HMO or mucin degradation that are utilized by each 

of the cross-feeders. 
Mucin glycans and HMOs share many structural similarities 

in terms of glycan building blocks and glycosidic bonds (Pruss et 
al. 2020 ). As shown in our functional annotation of BabyBac pro- 
teomes, micr obes shar e the potential to access both gl ycan types 
(Ruas-Madiedo et al. 2008 , Marcobal et al. 2011 , Kostopoulos et al.
2020 , Luna et al. 2022 ). These observ ations hav e led to the hypoth- 
esis that HMOs can stimulate proper seeding of the gut mucosal 
layer with beneficial microbes (Koropatkin et al. 2014 , Belzer 2022 ).
This hypothesis is strengthened by the fact that human milk con- 
tains MUC1 and MUC4 (Liu and Ne wbur g 2013 ). Ho w e v er, in our re- 
sults, the compositional and metabolic profile of BabyBac was very 
distinct between the two conditions . T his could signify that there 
is a possible regulation mechanism of the gut microbiota by the 
ratio between HMOs and mucin across the gut canal. Through ‘im- 
perfect’ utilization of HMOs A. muciniphila could be retained in low 

enough numbers in infancy until the mucin layer matures and it is 
able to colonize its pr eferr ed nic he . T her e is e vidence fr om obser- 
vational studies that strengthen this hypothesis. Infants that are 
breastfed for a longer period demonstrate signs of mucin degra- 
dation later than infants breastfed for < 1 month (Midtvedt et al.
1994 ) and HMOs like 3-FL and LNT2 affect the production of MUC2 
as well as that of other proteins that hold mucins together (Cheng 
et al. 2020 ). Additionall y, fr eed m ucin O -gl ycans in feces were as- 
sociated with an incr eased r elativ e abundance of Bacteroidaceae 
and a lo w er r elativ e abundance of Bifidobacteriaceae (Kar av et al.
2018 ). 

Despite differences in terms of composition in BabyBac depen- 
dent on the type of glycan provided, the metabolic profiles were 
more aligned. In all conditions, the main metabolites produced by 
Bab yBac w ere acetate and formate, whereas metabolites in lo w er 
concentr ations included ethanol, pr opionate , succinate , and 1,2- 
propanediol and lactate was observed in a limited number of con- 
ditions. During infant de v elopment, thr ee distinct phases of in- 
fant faecal SCFA profiles are described in the transition to adult- 
like gut microbiota. The first phase is characterized by low acetate 
and high succinate, the second phase by high lactate and formate,
and the final phase by high propionate and butyrate (Tsukuda et 
al. 2021 ). We observed a SCFA profile that is similar to the second 

phase described by Tsukuda et al. ( 2021 ) with high acetate and 

formate and lo w er le v els of succinate and pr opionate. Ho w e v er,
lactate concentration was low in our experiments . T his could be 
an indication of stress in Bifidobacterium spp., as a shift from lac- 
tate production to ethanol production increases ATP yield (Schöp- 
ping et al. 2022 ). In general, conditions containing mucin yielded a 
lo w er total metabolite concentration, although total carbon con- 
tent cannot be calculated due to the heterogeneous and vari- 
able composition, and ther efor e no definitiv e conclusions can be 
drawn. Ho w ever, apparent differences in metabolite concentra- 
tions may be explained by the differences in substrate concen- 
tration between mucin and other glycans. As mucin is a viscous 
substance, it cannot be added in high concentrations. 
This is where one of the limitations of our experiments lies. The
arbon sources used for the different conditions were balanced in
erms of concentration (% w/v) but not in terms of carbon content
nd were not based on actual in vivo ratios in the infant gut. Apart
r om the heter ogeneous natur e of m ucin, GOS and FOS are also
ontaminated with lactose , glucose , and galactose . T he presence
f these r eadil y av ailable sugars might hav e affected our r esults
 y allo wing for the fast gro wing E. coli and the versatile B. producta
o thrive in these conditions . T he increase of E. coli in batch cultiva-
ion has been reported in a recent study with infant fecal inocula
nd could be associated with the nature of the setup, as batch fer-
entations favour fast-growing micr oor ganisms (Rac hm ühl et al.

023 ). Ne v ertheless, the sequential batc h fermentation of BabyBac
llo w ed us to model specific gl ycan-driv en micr obe–micr obe in-
eractions in a stable bacterial community of the infant gut. In this
ontrolled system, the changes in community composition that 
 ere induced b y the presence of specific glycans could be closely
onitored so that ecological interactions could be tr ac ked. How-

 v er, this study does not include a host component, which could
nfluence community composition and behaviour through host–

icr obe inter actions. Furthermor e, fr esh gl ycans wer e supplied
 v ery 24 h, which does not perfectly recapitulate the glycan land-
ca pe in vivo , wher e br eastfeeding and/or form ula feeding hav e a
ertain periodicity, wher eas m ucin is constantl y pr oduced. A lim-
tation of this work is that we did not perform experiments as-
essing growth of individual strains in our medium without car-
on source, which we and others have done in previous studies
 Table S1 ). 

In summary, we created BabyBac, a synthetic community that 
as used to study gut microbiota adaptation to the glycan land-

cape in the infant gut. Glycan types significantly affected com-
unity composition, and the addition of simpler structures did 

ot r eca pitulate the r esults of m ucin and HMOs. We also found
hat specialist mucin degrader A. muciniphila is driven to w ar ds a
iche of mucin glycan degradation, and is unable to compete with
pecialist HMO degraders in the absence of mucin in sequential
atc h cultur es . On the other hand, B . infantis was not able to claim
 niche under our conditions. Experiments in bior eactors, wher e a
onstant lo w er pH is maintained can r eca pitulate the conditions
n the infant gut, which pose an additional pr essur e in microbial
ynamics. Future experiments can also focus on adding spatial or- 
anization by placing mucin on beads or on a membrane in biore-
ctors . T his would further verify the niche differentiation of A.
uciniphila in the infant gut and its restriction to m ucol ysis and
hether attachment is required. It still remains unclarified what 

cological adv anta ge HMO utilization confers to A. muciniphila .
ore work on the engraftment of A. muciniphila and other glycan

egrading bacteria in the gut will be facilitated by the improve-
ent of DNA isolation techniques from mucosal samples. 
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