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Abstract 

Environmental factors like diet and antibiotics modulate the gut microbiota in early life. During weaning, gut microbiota progres- 
si v el y di v ersifies thr ough exposur e to non-digestib le carbohydrates (NDCs) fr om diet, while antibiotic perturbations might disrupt 
this process. Supplementing an infant’s diet with prebiotic NDCs may mitigate the adverse effects of antibiotics on gut microbiota 
de velopment. This study e valuated the influence of supplementation with 2-fucosyllactose (2 ′ -FL), galacto-oligosaccharides (GOS), 
or isomalto/malto-polysaccharides containing 87% of α(1 → 6) linkages (IMMP-87), on the recovery of antibiotic-perturbed microbiota. 
The TIM-2 in vitro colon model inoculated with fecal microbiota of 9-month-old infants was used to simulate the colon of weaning 
infants exposed to the antibiotics amoxicillin/clavulanate or azithromycin. Both antibiotics induced changes in microbiota compo- 
sition, with no signs of r ecov er y in azithr omycin-tr eated micr obiota within 72 h. Mor eov er, antibiotic exposur e affected micr obiota 
activity, indicated by a low valerate production, and azithromycin treatment was associated with increased succinate production. 
The IMMP-87 supplementation promoted the compositional recovery of amoxicillin/clavulanate-perturbed microbiota, associated 

with the r ecov er y of Ruminococcus, Ruminococcus gauvreauii group, and Holdemanella . NDC supplementation did not influence composi- 
tional r ecov er y of azithr omycin-tr eated micr obiota. Irr especti v e of antibiotic exposur e , supplementation with 2 ′ -FL, GOS , or IMMP-87 
enhanced microbiota activity by increasing short-chain fatty acids production (acetate , propionate , and butyr ate). 

Ke yw ords: amoxicillin/clavulanate; azithromycin; 2 ′ -FL; GOS; IMMP; gut bacteria 
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Introduction 

The microbial communities in the infant gut de v elop under strong 
selectiv e pr essur es, among others intr oduced by diet-deriv ed nu- 
trients. In particular, the gut microbiota of infants in the weaning 
period is exposed to solid foods, which mostly contain complex 
carbohydrates, including pectin from fruits and starches from in- 
fant cereal. Significant amounts of starch are likely to enter the 
infant colon during weaning, due to the lack of chewing and im- 
matur e pancr eatic am ylase (Ed w ar ds and P arr ett 2003 ). The ex- 
cretion of starch in feces has been observed in children up to 
three years of age (Parret et al. 2000 ). Moreover, the milk in- 
take during the weaning period exposes the gut environment to 
non-digestible carbohydrates (NDCs), including prebiotics, such 

as human milk oligosacc harides fr om br east milk or galacto- 
Recei v ed 27 October 2024; revised 2 February 2025; accepted 19 Mar c h 2025 
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ligosacc harides (GOS) fr om GOS-supplemented infant form ula 
Gibson et al. 2017 ). 

When a child receives orally administered antibiotics, a frac- 
ion of the antibiotic may enter the gut and perturb gut micro-
iota de v elopment. Penicillins (in particular amoxicillin alone or

n combination with cla vulanate , a β-lactamase inhibitor) and
acr olides (e.g. clarithr omycin or azithr omycin) ar e among the
ost commonl y pr escribed antibiotics in c hildr en (Clav enna and

onati 2011 ). These antibiotics are used to treat children older
han six months for common infections, such as acute otitis me-
ia (Le Saux et al. 2016 ). The gut microbiota of infants appears
o be more susceptible to perturbation by amoxicillin than the
ut microbiota of children older than 2 years (Korpela et al. 2016 ,
orpela et al. 2017 ). As for macr olide tr eatment, pr e vious studies
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n c hildr en hav e observ ed that or al azithr omycin r educed micr o-
iota alpha diversity and induced a shift in fecal microbiota com-
osition (Doan et al. 2017 , Parker et al. 2017 , Wei et al. 2018 ). 

Se v er al a ppr oac hes hav e been pr oposed to counter act the im-
act of antibiotics on the gut microbiota, including NDC supple-
entation in the diet to selectiv el y enric h desir ed micr obes (Fas-

arella et al. 2021 ). The supplementation with GOS in a follow-on
ormula w as w ell tolerated b y infants at w eaning and sho w ed pos-
tive effects on the growth of bifidobacteria (Fanaro et al. 2009 ).
imilar to GOS, the supplementation with 2-fucosyllactose (2 ′ -FL)
n an in vitro gut model sho w ed positive effects on the composition
nd activity of fecal micr obiota fr om weaning infants and toddlers
Van den Abbeele et al. 2019 , Lindner et al. 2023 ). Besides these
stablished pr ebiotics, starc h-deriv ed NDCs could be pr omising
s dietary supplements during the weaning period. For exam-
le, the supplementation with isomalto/malto-pol ysacc harides

IMMP) has been shown to stimulate the growth of bifidobacteria
nd lactobacilli in an in vitro study using adult fecal microbiota
Gu et al. 2018 ). Ther efor e, we conducted this study to e v aluate
he influence of differ ent NDCs, namel y 2 ′ -FL, GOS, or IMMP, on the
ut microbiota of weaning infants in the presence of the common
ntibiotics amoxicillin/clavulanate or azithr omycin. P articularl y,
icrobial composition and activity were compared between un-

erturbed and perturbed microbiota to evaluate whether specific
DCs could affect micr obiota r ecov ery and mitigate any adverse
ffects of antibiotics. 

aterials and methods 

ntibiotics and NDCs 

mo xicillin/clavulanate (amo xicillin trihydrate: potassium
la vulanate , 4:1; Sigma–Aldrich, Saint Louis, MO, USA), a broad-
pectrum penicillin antibiotic, and azithr omycin dihydr ate
TCI Eur ope N.V, Zwijndr ec ht, Belgium), a broad-spectrum

acr olide antibiotic, wer e used in this study. NDCs tested
n this study included purified Vivinal ® GOS and Aequival ®

 

′ -fucosylactose (2 ′ -FL) that wer e both pr ovided b y F ries-
andCampina Ingredients (Amersfoort, the Netherlands), and
somalto/malto-pol ysacc harides (IMMP-87) that was provided by
v ebe (Gr oningen, the Netherlands). Aequiv al ® 2 ′ -FL powder is a
igh-purity human milk oligosaccharide product (94% 2 ′ -FL on
 dry matter basis). Purified Vivinal ® GOS contains 91.7% GOS
n a dry matter basis. IMMP-87 is a linear glucose polymer with
n av er a ge molecular weight of 10 kDa, containing 87% α(1 → 6)
inkages and 13% α(1 → 4) linkages. 

ecal sample collection and prepar a tion 

ecal samples were collected at nine months postpartum from
ix v a ginall y deliv er ed full-term infants, who wer e not exposed
o antibiotics and participated in the Baby Carbs study (Endika et
l. 2024 ). All six infants r eceiv ed both milk and solid food in their
iet at this age . T he type of solid food consumed by the infants

ncluded br eads, c heese, baby cer eals, fruits, v egetables, peanuts,
sh, and meat products. Infant fecal samples were collected by
articipants, and k e pt r efriger ated under anoxic conditions for a
aximum of 72 h, after which the fecal samples were processed

n the lab as pr e viousl y described (Endika et al. 2023 ). Briefly, fecal
amples w ere w eighed inside an anaer obic c hamber (Bactr on300-
, Sheldon Manufacturing, OR, USA; 96% N 2 , 4% H 2 ) and diluted
n a sterile anoxic solution of pH 6.5 (Tritium Mikrobiologie B.V.,
indhoven, the Netherlands) containing 2.5 g/L KH 2 PO 4 , 4.5 g/L
aCl, 0.005 g/L FeSO 4 .7H 2 O, 0.05 g/L ox bile, 0.04 g/L cysteine-HCl,
nd gl ycer ol (final concentr ation of 10%, v/v). The fecal slurries
25% w/v) were mixed using a vortex, filtered through a sterile
ie v e, and then aliquoted into sterile 10 ml vials (La-Pha-P ac k,
angerwehe , Germany). T he vials were sealed with a sterile butyl
ubber stopper with a crimp cap. The sealed fecal slurries were
aken out from the anaerobic chamber and immediately snap-
rozen in liquid nitrogen prior to storage at −80 ◦C. 

per a tion of the in vitro model of the colon 

TIM-2) 
rozen infant fecal slurries were thawed in a water bath at 37 ◦C
or 30 min and were opened inside an anaer obic c hamber (80%
 2 , 10% CO 2 , 10% H 2 ). In order to ac hie v e a sufficient volume of

ecal material to inoculate each TIM-2 run with a standardized
tarting microbiota, the fecal slurries from six healthy 9-month-
ld infants were pooled. The infant fecal slurries were selected
or pooling based on their similarity in microbiota composition,
s ascertained through 16S ribosomal RN A (rRN A) gene amplicon
equencing (see below for details). The infant fecal slurries from
he infants were characterized by the presence of Faecalibacterium
nd Blautia , which are typically associated with weaning micro-
iota. The microbiota composition of individual fecal slurries is
rovided in Fig. 1 . 

The lumen compartment of TIM-2 was filled with dialysis liq-
id (pH 6.0), and the TIM-2 unit was flushed with nitrogen as pre-
iously described (Endika et al. 2023 ). Each TIM-2 unit was in-
culated with pooled infant fecal slurry (final concentration of
.5% w/v) and the total volume was maintained at 120 ml. The
emper atur e was maintained at 37 ◦C, and the pH was controlled
etween 6.0 and 6.2 by continuous addition of 2 M NaOH. 

The simulated ileal efflux medium for weaning infants (i-SIEM
), a concentrated feeding medium modified from De Boe v er et

l. (De Boe v er et al. 2001 ), was used to simulate the compounds
 eac hing the colon of infants in the weaning period. The i-SIEM
 consisted of the following components (per l): 24.0 g lactose

Merck, Darmstadt, Germany), 6 g tryptone (Oxoid, Basingstoke,
K), 6 g lactalbumin hydr ol ysate (Merc k), 4.5 g pectin fr om a pple

Mer ck), 6 g star ch from rice (Merck), 0.8 g ox bile (Merck), 15 g
orcine gastric mucin (partially purified type III; Sigma–Aldrich),
.6 g urea (Thermo Fisher Scientific, Waltham, MA, USA), 0.4 g cys-
eine HCl (Merck), 10 ml antifoam B emulsion (Sigma–Aldrich), salt
olution (Tritium Mikrobiologie B.V.) containing 4.5 g, NaCl, 2.5 g
 2 HPO 4 .3H 2 O, 0.45 g CaCl 2 .2H 2 O, 0.005 FeSO 4 .7H 2 O, 0.01 g hemin,
nd 1 ml vitamin solution as mentioned abo ve . Dry heat steril-
zation was used for rice starch powder for 3 h at 150 ◦C. Other
omponents were autoclaved, except urea and vitamins, which
ere filter sterilized using sterile 0.2 μm membrane syringe filters

Adv ance Micr ode vices , Ambala Cantt, India). T he concentrated i-
IEM W was added in the TIM-2 model at a rate of 2.5 ml/h. 

The fecal microbiota w as allo w ed to adapt to the gut model for
6 h without the addition of antibiotics and NDCs. After the adap-
ation period (defined as time point 0), i-SIEM W supplemented
ith or without NDC was administer ed ov er a 72 h period. The
DCs, either 2 ′ -FL, GOS or IMMP-87, were supplemented in the

eeding medium at a concentration of 30 g/l, which corresponds
o a supplementation of 1.8 g/day. 

Figure 1 shows the experimental setup and sampling scheme of
he TIM-2 experiment. A pulse of antibiotic solution was adminis-
ered twice a day at time points 0, 8, 24, and 32 h with a final con-
entration in the model of 25 μg/ml for amoxicillin/clavulanate
r 38 μg/ml for azithromycin. Antibiotic doses of 200 mg of
moxicillin/clavulanate (in two divided doses) and 80 mg of
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Figure 1. Microbiota composition of individual fecal samples used in pooled inocula (a) and schematic overview of the experimental setup and 
sampling scheme of the in vitro TIM-2 colon model (b). Top 15 genera are shown and other genera are grouped as “Other”. The different donor codes 
correspond to the six different infant donors whose fecal samples were used in this study. Lumen compartment samples were taken from the 
sampling port and the dialysis liquid samples were collected from the spent dialysis bottle. A control run without antibiotic and without NDC 

supplementation was also included as a r efer ence. Eac h tr eatment w as run in duplicate (run A and B). Four units of TIM-2 w er e run in par allel. 
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azithromycin per day are the standard pediatric dosage for in- 
fants of this age based on an average weight of 8 kg (Dunne et 
al. 2003 , White et al. 2004 ). The final concentration of antibiotic 
in the colon model was estimated based on the assumption that 
85% of the administered amoxicillin/clavulanate (Le Blay et al.
2009 ) and 37% of the administered azithromycin (Singlas 1995 ) 
was absorbed before reaching the colon. Samples were taken from 

the lumen compartment, for microbiota and metabolite analysis, 
and from the dialysate collection bottle, for metabolite analysis, at 
time points −16, 0, 4, 8, 24, 28, 32, 48, 52, 56, and 72 h. The samples 
at time points 0, 8, 24, and 32 h were collected just prior to antibi- 
otic addition. The lumen compartment samples were centrifuged 

for 5 min at 21 000 g to separate the liquid fraction from the mi- 
crobial biomass. All samples were snap-frozen in liquid nitrogen 

and stored at −80 ◦C until analysis. 

DN A extr action, quantifica tion of total bacteria, 
and microbiota composition analysis 

Total DN A w as extr acted fr om the micr obial pellet by a r e- 
peated bead beating method (Salonen et al. 2010 ), follo w ed b y 
n automated purification step using the Maxwell ® 16 Instru- 
ent (Promega, The Netherlands). Total bacterial 16S rRNA gene 

opies were quantified by quantitative PCR (qPCR) using a CFX384
ouch 

TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
SA), as described pr e viousl y (Endika et al. 2023 ), and using
 ACT1369F/PR OK1492R as primer-pair (Suzuki et al. 2000 ). 

Microbial composition was assessed based on the V4 region of
he 16S rRNA gene that was amplified from the total DNA in du-
licate using barcoded 515F (P ar ada et al. 2016 : 1403–14) and 806R

Apprill et al. 2015 ) primers, as described pr e viousl y (Endika et
l. 2023 ). No-template contr ols wer e included for eac h PCR run,
ot resulting in PCR products when visualized on agarose gels.
ubsequently, an equimolar mix of purified PCR products was 
r epar ed for eac h libr ary and sent for sequencing to Novogene

No vogene , Cambridge , UK). Two mock communities of known
omposition and one no-template contr ol wer e included for each
ibr ary. The r aw sequence data were processed using NG-Tax
.0 with default settings (Ponc hee win et al. 2020 : 1366). Taxo-
omic assignment of each amplicon sequence variant (ASV) was 
erformed based on SILVA database version 138.1 (Quast et al.
012 ). 
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etabolite analysis 

 Carrez clarification step was performed on both liquid fractions
f samples collected from the lumen compartment and sam-
les collected from the spent dialysis bottle to r emov e pr otein
rom the samples, based on the method described by Selak et al.
 2016 ). The concentrations of organic acids, including succinate,
hort-chain fatty acids (SCFAs; acetate , propionate , butyrate , and
 aler ate), and br anc hed-c hain fatty acids (BCFAs; iso-butyr ate and
so-v aler ate) wer e determined by high-performance liquid c hr o-

atogr a phy (Shimadzu LC-2030C Plus, Shimadzu Europa GmbH,
uisbur g, German y), as pr e viousl y described (Endika et al. 2023 ).
he data was processed using Chromeleon 

TM CDS software ver-
ion 7 (Thermo Fisher Scientific). 

The ammonia le v els in the lumen and dialysate samples were
easured in a 96-well microplate (Greiner Bio-One) based on the

alicylate-hypochlorite method described by Bower and Holm-
ansen ( 1980 ), with modification as described pr e viousl y (Endika
t al. 2023 ). The absorbance of samples was read at 650 nm using
 BioTek Epoch 2 microplate spectrophotometer (Agilent, Santa
lara, CA, USA). 

Absolute quantities of each metabolite in the lumen compart-
ent of the TIM-2 model and dialysate bottle were calculated by
 ultipl ying the concentr ation in eac h sample with the measur ed

olumes. At time point 0 the concentration was artificially set at
ero, and the cumulative production of the metabolites after that
as calculated. 

a ta anal ysis 

ata visualization and analysis were performed in R, version 4.2.0.
he absolute abundance of microbial taxa was calculated by mul-
iplying the qPCR count of the total 16S rRNA gene copies with
he r elativ e abundance of taxa, following the a ppr oac h of quan-
itativ e micr obiome pr ofiling (Jian et al. 2020 ). Microbiota compo-
ition at genus le v el was visualized using the microViz package
ersion 0.10.8 (Barnett et al. 2021 ). Taxa that could not be classi-
ed at the genus le v el wer e r enamed to include the lo w est classi-
able rank, e.g. the genus of Enterobacteriaceae_ unclassified. To ex-
lore associations between antibiotic exposure and the absolute
bundances of individual microbial taxa, a simple linear r egr es-
ion model was used to model log2-transformed absolute abun-
ance (after adding a pseudocount of half the minimum abun-
ance to each zero value) of each microbial genus-level taxon at
ach time point, and the resulting coefficients were visualized us-
ng the microViz package. Faith’s phylogenetic diversity was cal-
ulated using the picante pac ka ge v ersion 1.8.2 (K embel et al.
010 ). Non-phylogenetically weighted alpha diversity estimates
ere calculated using the microViz package, and the exponen-

ial of the Shannon index was taken to r epr esent the Shannon
ffecti ve n umber of genera. The alpha diversity metrics were vi-
ualized using the ggpubr pac ka ge v ersion 0.4.0 (Kassambar a and
assambara 2020 ). A two-sample t -test was performed to test the
ifferences in alpha diversity between the treatment groups and
ontr ol gr oup using the rstatix pac ka ge v ersion 0.7.0 (Kassambar a
021 ). 

To assess beta diversity, principal response curve (PRC) analy-
is, a special case of r edundancy anal ysis (RDA) (Oksanen et al.
022 ), was performed on log2-transformed absolute abundances,
llowing the differences between treatments to be inter pr eted in
erms of fold c hanges. PRC anal ysis was performed using the rda
unction in the vegan package version 2.6-4 to test whether NDC
upplementation modifies the time-dependent effects of the an-
ibiotic, and vice versa. We fit a separate PRC model for each com-
ination of antibiotic and NDC tr eatment, using contr ol tr eatment
ithout antibiotic and NDC addition as the r efer ence condition. In

ac h model, the constr aining v ariables included time, antibiotic
reatment, and NDC supplementation, while time was used as a
onditioning v ariable. PRC scor es wer e calculated fr om eac h cor-
 esponding RDA model, and r eplicate v ariability (unconstr ained
DA scores) is displayed in the PRC plots using the PRC pac ka ge
ersion 0.1.1 (ter Braak 2023 ). 

The metabolite data was calculated as cum ulativ e pr oduction
or metabolites detected in both lumen compartment and spent
ialysis liquid, or otherwise presented as detection in lumen com-
artment only in case of the absence of a given metabolite in the
ial ysis liquid. To explor e associations between antibiotic or NDC
reatment and the production of the different metabolites, a sim-
le linear r egr ession model was used to model log2-tr ansformed
oncentr ations of eac h metabolite per time point, and the result-
ng coefficients were visualized. 

esults 

ompositional changes in the microbiota 

xposed to different antibiotics and NDCs 

n order to assess the potential of different NDCs to mitigate
ntibiotic-induced perturbations of infant microbiota develop-
ent at weaning age (i.e. 9 months), we performed TIM-2 ex-

eriments for 12 treatments in duplicate. Dynamics in micro-
iota composition and ov er all abundance were assessed using
6S rRNA gene targeted amplicon sequencing and qPCR. The to-
al bacterial 16S rRNA gene copies varied over time, and between
eplicate runs, for each treatment ( Supplementary Fig. 1 ). There-
or e, qPCR data wer e used to corr ect amplicon-sequence-based
ompositional data to ac hie v e quantitativ e micr obiota composi-
ion profiling based on the absolute abundance of each taxon at
enus le v el at eac h time point, taking into account the estimated
otal bacterial load (Fig. 2 ). 

Upon visual inspection of microbiota profiles (Fig. 2 ), we ob-
erv ed c hanges in fecal micr obiota composition within the colon
odel, whic h wer e dependent on the antibiotic administer ed and

he NDC supplemented in the differ ent tr eatments. When com-
ared to the microbiota profiles observed in treatments with-
ut antibiotics (treatments 1–4 in Fig. 2 ), we observed changes
n the abundance of Holdemanella, Ruminococcus, R. tor ques gr oup
nd R. gauvreauii group in the microbiota of TIM-2 operations
xposed to amoxicillin/clavulanate (treatments 5–8). In micro-
iota of azithromycin-exposed TIM-2 (treatments 9–12), notable
hanges in the abundances of multiple taxa were seen, including
lautia , Eubacterium hallii group, Alistipes and Ruminococcus gnavus
roup, among others. It should be noted that azithromycin af-
ected different Bifidobacterium and Blautia ASVs differ entl y, de-
ending on the specific NDC supplemented in the colon model
 Supplementary Fig. 2 ). 

We further established simple linear r egr ession models (com-
aring means) to identify significant associations between each
ntibiotic (as a binary categorical predictor) and bacterial abun-
ances, per time point, per taxon (Fig. 3 ). Compared to treat-
ents without antibiotics, exposure to amoxicillin/clavulanate
as significantly associated with a lower abundance of Blautia,
egasphaera, Streptococcus, Eubacterium, Holdemanella, Ruminococcus,
. torques group , and R. gauvreauii, at multiple time points, espe-
iall y fr om 8 h onw ar d ( P < 0.05, Fig. 3 a). Exposur e to azithr omycin
ho w ed both negative and positive associations with the abun-
ance of se v er al micr obial taxa, in most cases at m ultiple time

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
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Figure 2. Microbiota composition of each treatment in TIM-2 showing bacterial abundance of the 30 most abundant genera. Samples were grouped by 
the antibiotic exposure and NDC supplementation. Each treatment was performed in duplicate (runs A and B). Samples were sorted by time, within 
eac h tr eatment gr oup. Antibiotics wer e added at time points 0, 8, 24, and 32 h (indicated by red annotations under Pulse), immediately after sampling. 
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points, especiall y fr om 24 h onw ar d (Fig. 3 b). These included as- 
sociations with increased abundances of Blautia, Enterococcus, un- 
classified genera of Enterobacteriaceae , Tyzzerella, R. gnavus group,
E. hallii group, Alistipes , and Parabacteroides , as well as with signifi- 
cantly lo w er abundances of Bifidobacterium, unclassified genera of 
Lac hnospiraceae, Holdemanella, R. tor ques gr oup , Ruminococcus, Eubac- 
terium, R. gauvreauii group , Sutterella, Olsenella, E. eligens group, and 

Lachnospiraceae UCG-004. 

Antibiotic effects on microbial alpha di v ersity 

over time 

To e v aluate the effects of antibiotic exposur es on micr obial alpha 
div ersity, we measur ed phylogenetic ric hness and the exponential 
of Shannon index (Jost 2019 ) in each sample (Fig. 4 ). We did not 
see a significant effect of amoxicillin/clavulanate on either phylo- 
genetic richness or effective Shannon index of the microbiota in 

the models with no NDC supplementation. On the other hand, the 
exposure to azithromycin decreased the phylogenetic richness at 
time point 48 h but did not affect the effective Shannon index of 
the microbiota in the TIM-2 models without NDC supplementa- 
tion. 

A similar pattern was seen in the other treatments, except for 
the colon model supplemented with GOS. The exposure to amox- 
icillin reduced the phylogenetic richness of the microbiota sup- 
plemented with GOS at time point 72 h (Fig. 4 a). Mor eov er, the 
microbiota in GOS supplemented TIM-2 operations was less di- 
verse (lo w er effective Shannon) due to amoxicillin/clavulanate ex- 
posure at time point 0, 24, 52, and 56 h, and azithromycin expo- 
sure at time point 0, 52, 56, and 72 h (Fig. 4 b). This might indicate 
that the effect of the antibiotics tested here on microbial alpha 
diversity was dependent on the type of NDC supplemented. 
DC supplementation modified antibiotic effects 

n microbiota composition 

o e v aluate the effect of antibiotics and specific NDC supplemen-
ation on microbiota composition over time, se v er al PRC anal-
ses were performed. In our initial analyses, described above,
e observed that amoxicillin/clavulanate and azithromycin af- 

ected bacterial taxa differ entl y. Ther efor e, we fit PRC models
epar atel y for eac h differ ent combination of antibiotic and NDC
o ca ptur e the r esponses of the micr obiota to specific antibiotic
erturbations and to e v aluate the influence of different NDCs
er antibiotic , amoxicillin/cla vulanate ( Supplementary Table 1 ) or
zithromycin ( Supplementary Table 2 ). Each PRC model incorpo-
 ated data fr om the colon models with the NDC and the antibiotic
ombined, the NDC alone, and the antibiotic alone, as well as the
ondition without antibiotic or NDC, which was used as the refer-
nce. For each PRC model, a permutation test indicated that only
he first (PRC1) and second PRC axis (PRC2) displayed a significant
art of the treatment variance ( P < 0.05). 

In the presence or absence of amoxicillin/clavulanate expo- 
ur e, we observ ed that NDC supplementation induced changes in
he composition of micr obiota, compar ed to the conditions with-
ut NDC supplementation ( Supplementary Fig. 3 ). Ov er all, the
upplementation with NDCs was associated with a decrease in the
bundance of m ucin-degr ading bacteria, including Akkermansia ,
listipes , and Lachnoclostridium . In turn, the supplementation with
 

′ -FL was associated with an increased fold change in the abun-
ance of E. hallii group, Erysipelatoclostridium and Olsenella . While
he supplementation with GOS was associated with an increase 
n the abundance of unclassified Lac hnospiraceae genus-le v el taxa,
ollinsella , and Olsenella , the supplementation with IMMP-87 was
ssociated with an increased fold change in the abundance of

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
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Figure 3. Top 30 most abundant genera and their associations with exposure to amoxicillin/clavulanate (a) and azithromycin (b). Results of simple 
linear r egr ession models of log2-tr ansformed absolute abundances per time point, per taxon, ar e visualized in the heatma p. Open circles indicate 
statistically significant associations ( P < 0.05). The color of each tile represents the coefficient for the association between each genus and antibiotic. 

O  

s  

a  

b  

a
 

d  

p  

b  

a  

c  

I  

a  

t  

i  

m
 

u  

d  

b  

e  

a  

R  

l  

a  

c

M
o
T  

o  

B  

A  

b  

m  

a
 

o  

a  

(  

t  

o  
lsenella, Collinsella and R. gauvreauii group. Similar patterns were
een in the colon models supplemented with GOS in the presence
nd absence of azithromycin, while microbiota changes induced
y 2 ′ -FL or IMMP-87 were modified in the colon models treated by
zithromycin ( Supplementary Fig. 4 ). 

Furthermore , the amoxicillin/cla vulanate exposure induced
eviation of the microbiota from the unexposed control from time
oint 8 h onw ar d, display ed in PRC2 (Fig. 5 ). The deviation induced
 y amoxicillin/clavulanate w as associated with a decrease in the
bundance of the genera with positive taxon weight and an in-
rease in the abundance of the taxa with negative taxon weight.
nter estingl y, signs of r ecov ery wer e consistentl y observ ed in the
moxicillin-perturbed microbiota supplemented with IMMP-87 by
ime point 72 h. The r ecov ery was associated with an increase
n the abundance of Ruminococcus , R. gauvreauii group, and Holde-
anella from time point 52 h onw ar d ( Supplementary Fig. 5 ). 
In the PRC model on microbiota of azithromycin-exposed and

nexposed TIM-2 conditions, the first axis of the PRC (PRC1)
isplayed a clear deviation in the azithromycin-exposed micro-
iota from time point 8 h onw ar d, with no indication of recov-
ry (Fig. 6 ). Azithromycin exposure was associated with decreased
bundance of the genera with positive taxon weights, including
. tor ques gr oup, Sutterella , and unclassified Lac hnospiraceae genus-

e v el taxa. Mor eov er, azithr omycin tr eatment was associated with
n increase in the abundance of taxa with negative weights, in-
luding E. hallii group, Alistipes , and R. gnavus group. 

eta bolic acti vity of microbiota in the presence 

f different antibiotics and NDCs 

o e v aluate the effects of antibiotics and NDCs on the production
f metabolites, the amounts of succinate, SCFAs, ammonia, and
CFAs during 72 h in TIM-2 operations were determined (Fig. 7 ).
cetate was the major SCFA produced by the microbiota, followed
y butyrate and propionate . Ammonia, BCFAs , and valerate , the
etabolites related to protein fermentation, were also produced,

lbeit in low amounts compared to the SCFAs. 
In the absence of antibiotic exposure, the supplementation

f 2 ′ -FL was associated with a higher production of acetate and
 lo w er pr oduction of iso-v aler ate fr om time point 48 to 72 h
 Supplementary Fig. 6 ). Similar to 2 ′ -FL, the GOS supplementa-
ion sho w ed significant associations with an incr eased pr oduction
f iso-butyrate at multiple time points. We also observed signif-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf028#supplementary-dat
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Figure 4. Antibiotic effect on microbial alpha diversity as measured by Faith’s phylogenetic diversity (a) and effective Shannon at genus level (b). Mean 
values ± SEM are shown . Antibiotics were added at time points 0, 8, 24, and 32 h, immediately after sampling (indicated by red color). Two-sample 
t -tests were used to compare the alpha diversity metrics with and without antibiotic per time point ( ∗P < 0.05 and ∗∗P < 0.01 indicates significant 
differences). 
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Figure 5. PRC summarizing differences in microbiota composition between antibiotic unexposed and those exposed to amoxicillin/cla vulanate , in the 
colon model supplemented with 2 ′ -FL (a), GOS (b), or IMMP-87 (c). Only the second axis (PRC2) of the PRC models is displayed, accounting for 20% (a), 
22% (b), and 22% (c) of the variance in microbiota composition associated with treatment. The analysis was performed on log2-transformed absolute 
abundances of genera and the PRC scores measure fold-changes . T he affinity of a taxon to the PRC2 diagram is shown as taxon weights and taxa with 
absolute weight above 0.5 are displayed. Antibiotics were added at time points 0, 8, 24, and 32 h, immediately after sampling (indicated by red colored 
text). 
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Figure 6. PRC summarizing differences in microbiota composition between antibiotic unexposed treatments and those exposed to azithromycin, in 
the colon model supplemented with 2 ′ -FL (a), GOS (b), or IMMP-87 (c). Only the first axis (PRC1) of PRC model is displayed, accounting for 19% (a), 21% 

(b), and 24% (c) of the variance in microbiota composition associated with treatment. The analysis was performed on log2-transformed absolute 
abundances of genera and the PRC scores measure fold-changes . T he affinity of a taxon to the PRC1 diagram is shown as taxon weights and taxa with 
absolute weight above than 0.5 are displayed. Antibiotics were added at time points 0, 8, 24, and 32 h, immediately after sampling (indicated by red 
colored text). 
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Figure 7. Metabolite production over time in the colon models exposed to amoxicillin/clavulanate and different NDCs. The cum ulativ e pr oduction of 
butyr ate, pr opionate, acetate, and ammonia, along with luminal measurements of succinate, v aler ate, iso-butyr ate, and iso-v aler ate, ar e pr esented. 
Different scales are used for different metabolites as indicated at the y -axes. Antibiotic pulses are indicated by red colored text at time point 0, 8, 24, 
32 h. Two-sample t -tests were used for comparing the means and significant differences are indicated by ∗P < 0.05 and ∗∗P < 0.01. 
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Figure 8. Metabolite production over time in the colon models exposed to azithromycin and different NDCs . T he cumulative production of butyrate, 
propionate , acetate , and ammonia, along with luminal measurements of succinate, v aler ate, iso-butyr ate, and iso-v aler ate, ar e pr esented. Differ ent 
scales are used for different metabolites as indicated at the y -axes. Antibiotic pulses are indicated by red colored text at time point 0, 8, 24, 32 h. 
Two-sample t -tests were used for comparing the means and significant differences are indicated by ∗P < 0.05 and ∗∗P < 0.01. 
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cant associations of GOS or IMMP-87 with a higher production
f butyrate and propionate at multiple time points. In addition,
ncr eased succinate pr oduction was significantl y associated with
OS at time point 72 h and IMMP-87 at 48 and 72 h. 
We observed an increasing trend in iso-butyrate production in

he colon model exposed to amoxicillin/clavulanate without NDC
upplementation (Fig. 7 ). On the other hand, an incr easing tr end in
mmonia production was observed in the azithromycin-exposed
olon model without NDC supplementation, with a significant dif-
erence seen at time point 72 h (Fig. 8 ). In addition, we observed
n increasing trend of succinate production in the azithromycin-
xposed colon model supplemented with 2 ′ -FL, with significant
ifferences seen at time point 28 and 32 h. A similar trend in suc-
inate production was also seen in the IMMP-87 supplemented
odel exposed to azithromycin, with significant differences seen

t time point 48 h. 
It is worth noting that the amount of acetate produced was

igher in the amoxicillin/clavulanate-exposed colon model sup-
lemented with 2 ′ -FL at time point 48 and 56 h or GOS at time
oint 28, 48, 52, and 56 h. Mor eov er, a lo w er v aler ate pr oduc-
ion was observed in the antibiotic-exposed colon model supple-

ented with GOS or IMMP-87 at multiple time points. We also
bserved an increasing trend in iso-valerate production in the
ntibiotic-exposed colon model supplemented with 2 ′ -FL, which
as not produced in the absence of amoxicillin/clavulanate or
zithromycin. 

iscussion 

ntibiotic exposure in early life has been shown to exert adverse
ffects on the composition of the de v eloping gut microbiota, lead-
ng to alterations that could have lifelong consequences. Strate-
ies to promote the r ecov ery of perturbed infant gut microbiota
ollowing antibiotic exposures include the supplementation with
rebiotics . T he capacity of disturbed microbiota to return to un-
erturbed dynamics is defined as resilience (Grimm and Wissel
997 ). Ther efor e, we aimed to investigate the influence of supple-
entation with 2 ′ -FL, GOS, or IMMP-87, on the resilience of micro-

iota composition and activity upon exposure to the antibiotics
moxicillin/clavulanate or azithromycin. 

The exposure to antibiotics induced changes in the compo-
ition and activity of 9-month-old infant feces-derived micro-
iota in the TIM-2 in vitro colon model simulating the weaning
eriod. The effect of NDC supplementation on the r ecov ery of
ntibiotic-perturbed microbiota was evaluated by assessing the
icr obiota differ ences compar ed to the corr esponding unexposed

olon models. 
We hav e pr e viousl y shown in vitro that amoxicillin/clavulanate

ad a strong effect on the feces-derived microbiota from pre-
eaning infants (Endika et al. 2023 ). In line with our findings, both
moxicillin and macr olides, suc h as azithr omycin, wer e pr e vi-
usly found to be strongly associated with compositional changes
f the microbiota in a cohort of infants younger than 1 year of
 ge (Kor pela et al. 2020 ). Ho w e v er, in the pr esent stud y, amo xi-
illin/clavulanate tr eatment onl y affected a fe w bacterial taxa in
he colon model, including different genera within the Ruminococ-
aceae , whic h contr asted with the broader impact of azithromycin
xposur e . In a pr e vious study, the lac k of gut Ruminococcaceae
as significantly associated with antibiotic-associated diarrhea

n adults receiving amoxicillin/clavulanate (Gu et al. 2022 ). The
urvival of other bacteria upon amoxicillin/clavulanate treat-
ent might be explained by the interspecies interactions within

he bacterial community. For example, when resistant bacteria
roduce β-lactamases at levels exceeding the inhibitory effect
f cla vulanate , other surr ounding sensitiv e bacteria can be pr o-
ected due to a reduced environmental concentration of β-lactam
ntibiotics, a phenomenon known as exposur e pr otection (Bottery
t al. 2021 ). 

The supplementation with IMMP-87 sho w ed a positive influ-
nce on the resilience of microbiota composition upon amox-
cillin/clavulanate disturbance by r ecov ering the abundance of
uminococci. It is worth noting that the supplementation with
MMP-87 in the absence of antibiotic led to an ele v ation in the
bundance of Holdemanella which includes butyr ate-pr oducing H.
iformis , whereas a previous in vitro study sho w ed no effect of
MMP on fecal microbiota composition of 2-weeks-old infants
Logtenberg et al. 2021 ). T herefore , the supplementation with
MMP-87, a novel type of soluble dietary fiber made from potato
tarch, might be beneficial during the weaning period, when a
or e matur e micr obiota ca pable of degr ading complex pol ysac-

harides is present in the gut. 
In contrast to what we observed for amoxicillin/cla vulanate ,

he exposure to azithromycin reduced the abundance of several
acterial genera, similar to an in vivo observation among wean-

ng infants in India who r eceiv ed or al azithr omycin (P arker et al.
017 ). In turn, an increased abundance of Blautia was observed
ollowing azithr omycin tr eatment, in line with pr e vious human
ntervention studies in children in an azithr omycin-tr eated gr oup
Doan et al. 2017 , Wei et al. 2018 ). The presence of antibiotic ef-
ux pumps might play a role in the survival of Blautia in the pres-
nce of azithromycin, as the resistance genes mtrA and macB were
dentified in the genome of B. producta DSM 2950 (Liu et al. 2021 ).

e also observed that Alistipes was positively associated with
zithr omycin tr eatment. Inter estingl y, most Alistipes spp. ar e sen-
itive to macrolide antibiotics except for A. obesi, which was iso-
ated from an obese patient, indicating that variation in the level
f resistance to macrolide antibiotics was species/strain-specific
Hugon et al. 2013 , Parker et al. 2020 ). It should be noted that the
nalyses included in this study, i.e. amplicon sequencing of the V4
egion of the 16S rRNA gene, do not provide sufficient resolution
o confidentl y differ entiate between differ ent Alistipes spp., and
hus, future studies addressing this aspect, e.g. through shotgun

eta genome anal yses, should be consider ed. 
We did not see any influence of NDC supplementation on the

 ecov ery of azithr omycin-tr eated micr obiota composition, as the
ntibiotic treatment inhibited the growth of taxa stimulated by
pecific NDCs or the modulatory effects of a given NDC was as-
ociated with the growth of similar taxa enriched by this antibi-
tic. In particular, the supplementation of 2 ′ -FL further promoted
he growth of members of the E. hallii gr oup (r ecentl y r eclassified
s Anaerobutyricum hallii (Shetty et al. 2018 )) one of the bacterial
roups that was also found to be associated with azithromycin
reatment. An. hallii , among the first butyrate producers in early
ife, was pr e viousl y identified to hav e tr ophic inter actions with
ucose-utilizing infant Bifidobacterium spp. that produce acetate,
actate, and 1,2-propanediol (Schwab et al. 2017 ). Moreover, An.
allii can further metabolize 1,2-propanediol to propanol and pro-
ionate (Engels et al. 2016 , Shetty et al. 2018 ). Inter estingl y, we
bserv ed the gr owth of specific Blautia ASVs in the azithromycin-
xposed colon model supplemented with 2 ′ -FL. A pr e vious study
ho w ed that Blautia could use the fucose released from extracel-
ular degradation of 2 ′ -FL (Horigome et al. 2022 ). In addition, the
ormate produced during 2 ′ -FL degradation can also be used by
lautia , owing to its acetogenic activity (Schwab et al. 2017 ). 

Despite the notable changes in microbiota composition due to
zithromycin, the effects of this antibiotic on the metabolic ac-
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tivity of micr obiota, particularl y SCFA pr oduction, wer e modest,
which might be due to the functional redundancy in the microbial 
communities. Regardless of antibiotic exposure, the supplemen- 
tation of 2 ′ -FL or GOS led to increased production of acetate and 

butyrate, in accordance with a previous in vitro study in a fecal fer- 
mentation model simulating the gut of a toddler between 12 and 

18 months old (Lindner et al. 2023 ). In line with another in vitro 
stud y using feces-deri v ed micr obiota fr om adults, the addition of 
IMMP was associated with a significant increase in the le v els of 
SCFAs (propionate and butyrate) and succinate, the latter being a 
precursor of propionate, which was accompanied by the growth of 
members of Bacteroides that utilize the succinate pathway to form 

propionate (Gu et al. 2018 , An et al. 2021 ). 
The exposure to amoxicillin/clavulanate or azithromycin was 

associated with a lo w er ed pr oduction of v aler ate, perha ps due to 
the effect of the antibiotics on Megasphaera, as a pr e vious study 
sho w ed the ability of human gut Megasphaera isolates in produc- 
ing v aler ate (Shetty et al. 2013 ). Besides the r educed le v el of v aler- 
ate, in the colon model supplemented with NDCs, the exposure 
to azithromycin was associated with the accumulation of succi- 
nate, a dir ect pr oduct of carbohydr ate fermentation, whic h might 
be linked to the growth of succinate-producing bacteria, includ- 
ing Alistipes and Blautia , and the absence of succinate-utilizing 
bacteria such as Ruminococcus and Veillonella . Succinate increased 

colonic fluid secretion and the over-accumulation of succinate 
in the colon can induce diarrhea in weanling piglets (Zhou et 
al. 2022 ). On the other hand, NDC supplementation mitigated 

the azithromycin-induced increase in ammonia production, k ee p- 
ing the ammonia le v els pr oduced by the microbiota at their un- 
perturbed le v el. A pr e vious study observ ed that high concentr a- 
tion of ammonia impaired the tight junction barrier by increas- 
ing o xidati v e str ess in intestinal cells (Yok oo et al. 2021 ), indi- 
cating a negative effect of ele v ated ammonia pr oduction on the 
host. 

In this study, we observed that the type of antibiotic constitutes 
an important factor in determining the magnitude of deviations 
from the unperturbed compositional dynamics of microbiota ob- 
served in the control TIM-2 conditions. Compared to the compo- 
sitional changes, the metabolite production of feces-derived mi- 
cr obiota fr om w eaning infants w as mor e r esilient to the c hanges 
induced by the antibiotics. A challenging task for further r esearc h 

will be the measurement of residual antibiotic or NDC concentra- 
tions at specific time points. Another informative line of r esearc h 

would be to carry out the same study using individual feces dona- 
tions, rather than a pooled fecal inoculum, for e v aluating possible 
individual responses to antibiotic disturbance or NDC supplemen- 
tation in short- and long-term observations. 
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