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Glycerol and reuterin-producing GEE

Limosilactobacillus reuteri enhance butyrate
production and inhibit Enterobacteriaceae

in broiler chicken cecal microbiota PolyFermS
model

Paul Tetteh Asare'?", Anna Greppi'T, Annelies Geirnaert!, Alessia Pennacchia', Angela Babst' and
Christophe Lacroix'”

Abstract

Background Administering probiotic strains of Limosilactobacillus reuteri to poultry has been shown to improve
poultry performance and health. Some strains of L. reuteri taxa can produce reuterin, a broad-spectrum antimicrobial
compound from glycerol conversion, with high inhibitory activity against enterobacteria. However, little is known
about the metabolism of glycerol in the complex chicken cecal microbiota nor the effect of glycerol, either alone

or combined with L. reuteri on the microbiota. In this study, we investigated the effect of L. reuteri PTA5_F13, a high-
reuterin-producing chicken strain and glycerol, alone or combined, on broiler chicken cecal microbiota composition
and activity using the continuous PolyFermS model recently developed to mimic chicken cecal fermentation.

Methods Three independent PolyFermS chicken cecal microbiota models were inoculated with immobilized cecal
microbiota from different animals and operated continuously. The effects of two additional levels of glycerol (50

and 100 mM) with or without daily supplementation of chicken-derived L. reuteri PTA5_F13 (107 CFU/mL final con-
centration) were tested in parallel second-stage reactors continuously inoculated with the same microbiota. We
analyzed the complex chicken gut microbiota structure and dynamics upon treatment using 16S rRNA metabarcod-
ing and gPCR. Microbiota metabolites, short-chain and branched-chain fatty acids, and glycerol and reuterin products
were analyzed by HPLC in effluent samples from stabilized reactors.

Results Supplementation with 100 mM glycerol alone and combined with L. reuteri PTA5_F13 resulted in a reproduc-
ible increase in butyrate production in the three modelled microbiota (increases of 18 to 25%). Glycerol alone resulted
also in a reduction of Enterobacteriaceae in two of the three microbiota, but no effect was detected for L. reuteri alone.
When both treatments were combined, all microbiota quantitatively inhibited Enterobacteriaceae, including in the last
model that had very high initial concentrations of Enterobacteriaceae. Furthermore, a significant 1,3-PDO accumula-
tion was measured in the effluent of the combined treatment, confirming the conversion of glycerol via the reuterin
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diversity.

pathway. Glycerol supplementation, independent of L. reuteri addition, did not affect the microbial community

Conclusions Glycerol induced a stable and reproducible butyrogenic activity for all tested microbiota and induced
an inhibitory effect against Enterobacteriaceae that was strengthened when reuterin-producing L. reuteri was spiked
daily. Our in vitro study suggests that co-application of L. reuteri PTA5_F13 and glycerol could be a useful approach
to promote chicken gut health by enhancing metabolism and protection against Enterobacteriaceae.

Keywords Glycerol, Chicken cecal microbiota, In vitro model, L. reuteri, Butyrate, Reuterin

Background

The chicken cecum is a densely populated compart-
ment of the gastrointestinal tract (GIT) that harbors a
complex microbial community dominated by the bacte-
rial phyla Firmicutes, Bacteroidetes and Proteobacteria
[1, 2]. Cecal microbiota supports chicken nutrition by
metabolizing undigestible dietary compounds, produc-
ing metabolites such as short-chain fatty acids (SCFA)
and vitamins, and also protecting against infection
by producing a variety of antimicrobial compounds
[3-5]. However, the chicken GIT still frequently har-
bors pathogens such as Campylobacter jejuni and Sal-
monella enterica that can be transmitted to humans
by handling and consuming improperly cooked meat
[6]. Hence, there is growing interest in developing feed
supplements that can enhance the protective function
of the chicken gut microbiota and prevent invasion
and colonization by enteropathogens [4]. Thus, natural
growth promoters, such as probiotics, prebiotics and
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phytobiotics, are promising alternatives to antibiotics
in poultry production [7, 8].

Limosilactobacillus reuteri (formerly Lactobacillus reu-
teri) is the most abundant Lactobacillaceae species in the
chicken crop and cecum [9, 10]. L. reuteri lacks extracel-
lular polysaccharide-degrading enzymes which reflects
its adaptation to nutrient-rich segments of the upper
intestine of animals [11-13]. Previous works in broiler
chickens showed that supplementing L. reuteri in feed
or by oral gavage decreased the relative abundance of the
Proteobacteria and Enterobacteriaceae families [14, 15].
Different mechanisms have been suggested for the probi-
otic effect of L. reuteri, including stimulating the immune
system, competitive exclusion, and producing antimi-
crobial compounds such as organic acids and reuterin
[15-17].

Reuterin is a multi-compound system produced from
glycerol conversion and consisting of 3-hydroxypropi-
onaldehyde (3-HPA), 3-HPA hydrate, 3-HPA dimer and
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Fig. 1 Glycerol metabolism by reuterin-producing L. reuteri. Anaerobic metabolism of glycerol by reuterin-producing L. reuteri to
3-hydroxypropionaldehyde (3-HPA) and further to 1,3-propanediol (1,3-PDO). In an aqueous environment, 3-HPA is quickly dimerised and hydrated
to form HPA-dimer and HPA-hydrate and also spontaneously dehydrates to acrolein together form the reuterin system. PduQ, 1,3-PDO

dehydrogenase
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acrolein (Fig. 1). Reuterin is a potent broad-spectrum
antimicrobial compound active over a wide pH range
with antimicrobial activity against intestinal bacte-
ria; in particular, reuterin is effective at low concentra-
tions against members of the Enterobacteriaceae family,
including Campylobacter, Salmonella and Escherichia
coli [18-20]. Strains of the gut commensals, including L.
reuteri, Anaerobutyricum hallii, Flavonifractor plautii,
and Blautia obeum, along with members of less favora-
ble genera such as Klebsiella, Enterobacter, Citrobacter
and Salmonella, harbor glycerol/diol dehydratases that
catalyze glycerol conversion to 3-HPA [21, 22]. Chicken
isolates of L. reuteri must possess the glycerol/diol dehy-
dratase PduCDE (EC 4.2.1.30) operon in their genome
to convert glycerol to reuterin [23, 24]. However, for
most producer strains, 3-HPA is immediately reduced to
1,3-propanediol (1,3-PDO), but certain strains of L. reu-
teri can excrete 3-HPA in a low-glucose environment, as
is found in the gut [25]. Further, there is no data on the
synthesis and effects of reuterin in the complex chicken
cecal microbiota. Glycerol is frequently added to animal
feed as an energy source [26] and to improve pellet qual-
ity [27]. Due to its sweet taste and small molecular size,
crude glycerol in the diet has been reported to increase
feed intake and improve body weight gain and feed con-
version efficiency of broiler chickens [28, 29]. However,
little is known about glycerol metabolism in the chicken
gut microbiota and its possible modulatory effect on
microbiota composition and metabolism.

In this study, we investigated the effect of glycerol on
modelled chicken cecal microbiota, independent of host
factors, by using the recently developed and validated
continuous chicken cecal PolyFermS model [30]. We
evaluated colonization of the chicken-derived strain of L.
reuteri PTA5_F13, selected for its high reuterin produc-
tion, and the effects of strain and glycerol, either alone or
combined, on microbiota composition and activity using
16S rRNA metabarcoding and quantitative PCR and
HPLC analysis of effluent samples, respectively.

Results

PolyFermS fermentations

Three continuous PolyFermS fermentations inoculated
with different immobilized chicken cecal microbiota
were carried out to test the effects of glycerol and reu-
terin-producing L. reuteri PTA5_F13 and the combi-
nation thereof. Description baseline data of the three
models (F1A, F2 and F3) that were used to develop and
validate the chicken cecal PolyFermS model were previ-
ously presented in detail [30]. The IRs of the three mod-
els were respectively operated for total times of 13, 70
and 82 days for F1, F2 and F3. The treatment test peri-
ods corresponded to days 8—13, 35—42 and 38-46 of the
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operation of the respective IRs. Briefly, the cecal micro-
biota of the three donors for F1, F2 and F3, respectively,
were all dominated by the bacterial phylum Firmicutes
(89.4%, 95.5 vs 98.2%), followed by Bacteroidetes (4.6%,
3.5% vs 0.2%), Proteobacteria (5.3%, 0.26% vs 2.3%), and
Actinobacteria (0.13%, 0.25% vs 0.70%). After initial sta-
bilization, IRs inoculated with cecal beads had stable
metabolite and microbial composition in their effluents
over the entire operation time. Moreover, reproduc-
ible metabolic profiles were observed in all second-stage
reactors of each model and were representative of the
donor chicken cecum [30]. However, some variations
in microbiota composition were observed among the
second-stage reactors TRs and CR during stabilization
periods of F2 and F3, tentatively explained by the limited
accuracy of pumps feeding all second-stage reactors with
a constant 5% inoculum rate of effluent from IR (corre-
sponding to a very low inoculum flow rate of 8.3 mL/h),
which is heterogeneous and contains particulates.

Impact of glycerol on chicken cecal microbiota metabolites
Metabolites (SCFAs, BCFAs, intermediate products
and 1,3-PDO) were analyzed in the fermentation efflu-
ents using HPLC. During F1, a high reproducibility of
microbiota composition and activity in all CR and TRs
during pretreatment were observed (Fig. S1). Therefore,
TRs could directly be compared to CR during the treat-
ment period for F1 (Table 1). As expected, adding glyc-
erol (50G and 100G) to the TRs significantly increased
total metabolite concentrations by+11.7 mM (p<0.05),
and+49.3 mM (p<0.001), respectively, compared to
CR. Both treatments increased butyrate (p<0.05), from
26.7 mM in CR to 38.5 mM and 46.7 mM for 50G and
100G, respectively. We also measured a significant dose-
dependent decrease of acetate (-12.2 and -16.7 mM for
50G and 100G, respectively) and propionate (- 4.5 and
- 6.4 mM) and accumulation of 1,3-PDO, only when glyc-
erol was added (Table 1 and Fig. S1) compared to CR.
Lactate was not detected and glycerol had no effect on
the intermediate products succinate and valerate.

The high dose of glycerol (100 mM) was repeated in F2
and F3, and data from these treatments were compared
to data from pre-treatment stabilization of the same
reactor (Table 2). Upon addition of glycerol (100G), a
reproducible significant increase (p<0.05) in total SCFA
(+9.4 mM and + 22.3 mM) and butyrate (+23.5 mM
and+38.0 mM), and a significant decrease in acetate
(- 34.8 mM and - 32.8 mM) was measured compared to
the respective pre-treatment for F2 and F3, respectively.
Propionate, succinate, and valerate remained unchanged
during glycerol supplementation, while PDO was only
produced when glycerol was supplemented (+23 mM
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Table 1 Effect of glycerol supplementation on the metabolic activity of chicken cecal microbiota during in vitro F1

Reactors Concentration (mM)+SD
Acetate Butyrate Propionate Succinate Valerate 1,3-PDO Total BCFAs Total metabolites

CR

Treatment 752+0.9 20.7+26 179+03 27+06 35%13 0.0+0.0 13.4+0.1 1394+44
50G

Treatment 63.0+4.8 385+5.2 134+13 1.7£0.2 43+09 19.0+04 10.8+0.2 1511429

Delta -12.2 +11.7 -4.5 -09 +0.8 +19.0 -25 +11.7

P value with CR 0.0128 0.0240 0.0049 0.0745 04453 - 0.0001 0.0187
100G

Treatment 58.5+0.8 46.7+6.0 11.5+£13 54423 52+10 494+0.7 11.8+03 188.7+74

Delta -16.7 +19.9 -6.4 +2.7 +1.7 +49.4 -1.5 +49.3

P value with CR 0.000018 0.0062 0.0013 0.1261 0.1529 - 0.0030 0.0005

Data are means + SD for the last 3 days of each treatment period. Delta corresponds the difference between treatment and control reactor (CR). P value is calculated
for the pairwise comparison of the last 3 days of treatment and CR by unpaired t-test. CR, Control reactor; 50G, 50 mM glycerol; 100G, 100 mM glycerol

and+22.3 mM for F2 and F3, respectively) (Tables 2 and
3 and Figs. S2 and S3).

In conclusion, glycerol supplementation led to large
increases in butyrate production and decreases in ace-
tate production in all three models, along with 1,3-PDO
accumulation.

Impact of glycerol on chicken cecal microbiota
composition
Prior to treatment, total bacteria as measured by qPCR
in the CR of each model were 10.3+0.1, 10.7+0.0 and
11.3+0.0 log gene copies in F1, F2 and F3, respectively
(Tables 4, 5 and 6). Upon glycerol supplementation, total
bacteria remained unchanged in all three models com-
pared to CR for F1 or compared to pre-treatment for F2
and F3 (Figs. S4, S5 and S6); however, glycerol impacted
the concentration of specific bacterial groups tested with
qPCR. Treatment with 50G in F1 resulted in a significant
(p<0.05) decrease of Enterobacteriaceae spp. (- 0.6 log
gene copies), while 100G resulted in a significant increase
in Bacteroidetes (+0.7 log gene copies) compared to CR
(Table 4). These two taxa exhibited microbiota-depend-
ent responses to glycerol when comparing their concen-
tration after treatment with pre-treatment in F2 and F3.
For Bacteroidetes, an increase in F3 (+1.0 log gene cop-
ies) (Table 6) was observed, compared to a small decrease
in F2 (- 0.4 log gene copies) (Table 5). For Enterobacte-
riaceae, 100G resulted in a significant decrease in F2
(-0.7 log gene copies) compared to pre-treatment, but not
in F3, where Enterobacteriaceae was present at high con-
centrations between log 9.2 to log 10.2 during the pre-
treatment period.

The microbial composition profile and diversity were
assessed in all reactors by 16S rRNA metabarcoding.
Community diversity measured by Shannon-index was

similar in all reactors, and between pre-treatment and
treatment within a model and independently of glycerol
addition (Fig. 2).

Few taxa responded to glycerol treatment among the
three modelled microbiota, as measured by DESeq2
analysis. In CR of F1, F2 and F3, one or two taxa signifi-
cantly decreased or increased between pre-treatment
and treatment phases, supporting the stability of the
models (Figs. S7 and S8). In F1, supplementation with
50G and 100G significantly increased Lactobacillus ASVs
(fold change: 17.6), compared to CR. In F2, significant
increases in Anaerobutyricum hallii group ASVs (fold-
change: 4.4 (ASV032) and 4.7 (ASV019)), Faecalibacte-
rium UBA1819 ASV045 (fold-change: 3.0), Enterococcus
ASVs (fold-change: 2.4 (ASV035) and 8.2 (ASV044)) and
Monoglobus ASV067 (fold-change: 2.9) were observed
when supplemented with 100G. In F3, only Enterococ-
cus ASV018 was enriched (fold-change: 7.1) during 100G
treatment.

Overall, supplementation with glycerol alone did not
show large effects on the community diversity and micro-
biota composition, but it did strongly enhanced butyrate
production while inhibiting Enterobacteriaceae in F1
(50G) and F2 (100G).

Impact of L. reuteri alone and in combination with glycerol
on chicken cecal microbiota metabolites

The capacity of Lbr to produce reuterin from glycerol and
its impacts in the modelled chicken cecal microbiota was
tested for 8 days in F2 and F3. Sole addition of Lbr did not
affect the microbiota metabolism compared with the cor-
responding pre-treatment periods, as indicated by stable
concentrations of total metabolites, SCFAs and BCFAs
(Tables 2 and 3). The combination of L. reuteri PTA5_
F13 and 100 mM glycerol (Lbr-100G) resulted in similar
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Table 4 Log 16S rRNA gene copy numbers of specific bacterial groups for the different experimental conditions of modelled cecal

microbiota F1, enumerated by qPCR

Log10 16S rRNA gene copies of taxon/mL (mean +SD)

Total bacteria Firmicutes Ruminococcaceae Lactobacillus- Bacteroidetes Enterobacteriaceae Bifidobacteriaceae
Leuconostoc-
Pediococcus spp.
CR
Treatment 10.3+0.1 10.1+0.1 10.1+0.1 6.6+04 9.1+£0.1 75402 7.7+0.1
50G
Treatment 103£0.1 101+£00  10.1+0.1 69+03 9.2+0.1 6.9+0.1 74+00
Delta with CR +0.03 +0.07 +0.07 +03 +0.1 -0.6 -0.3
P value with CR  0.7776 0.2302 04216 03673 0.3586 0.0158 0.1161
100G
Treatment 104+0.1 10.1+0.1 10.1+0.1 72+0.1 9.8+0.2 78+00 7.0+05
DeltawithCR ~ +0.2 0.0 0.0 +05 +0.7 +03 -06
P value with CR 0.2061 >0.9999 >0.9999 0.1462 0.0031 0.1144 0.0859

Data are means + SD for the last 3 days of each treatment period. Significant differences were calculated as compared to Control reactor (P < 0.05) by unpaired t-test.

CR, Control reactor; 50G, 10 mM glycerol; 100G, 100 mM glycerol

effects to 100G treatment, with significantly increased
butyrate concentrations (+21.3 mM and+40.4 mM in
F2 and F3, respectively) and relative ratios to total SCFA
(+14.1% and+22.9%), and decreased acetate concen-
trations (-15.6 mM and -24 mM) and ratio (-11.0% and
-19.3%), compared to pre-treatment period. Glycerol
had no effect on detected amounts of the intermediate
products succinate and valerate. Furthermore, 1,3-PDO

was only produced in the presence of glycerol (20.4 mM
and 61.4 mM in F2 and F3, respectively), while 3-HPA
remained below the detection limit of 2.0 + 0.7 mM.

Colonization and impact of L. reuteri alone and combined
with glycerol on chicken cecal microbiota composition
Walter et al. previously developed and validated qPCR
primers targeting the glycerol/diol dehydratase gene

Table 5 Log 16S rRNA gene copy numbers of specific bacterial groups for the different experimental conditions of modelled cecal

microbiota F2, enumerated by gqPCR

Log10 16S rRNA gene copies of taxon/mL (mean +SD)

Total bacteria  Firmicutes  Ruminococcaceae  Lactobacillus- Bacteroidetes Enterobacteriaceae Bifidobacteriaceae L. reuteri
Leuconostoc- PTA5_F13
Pediococcus spp.
CR
Pre-treatment 10.7+0.0 99+0.1 9.8+0.0 64+0.1 99+0.1 85+0.3 72+0.1 BDL
Treatment 10.6+0.1 9.8+0.1 9.8+0.1 6.1+£0.0 9.9+0.0 82+0.2 7.2+0.1 BDL
Pvalue 0.116 0.251 0374 <0.001 0.116 0.284 0.230 -
100G
Pre-treatment 10.8+0.1 99+0.1 9.9+0.1 78+0.2 89+0.1 81+0.1 84+0.2 BDL
Treatment 10.8+0.1 10.0+0.0 10.0+0.0 81403 85+0.2 74+0.2 83+0.1 BDL
Pvalue 0.519 0.116 0.116 0.187 0.013 0.003 0.348 -
Lbr
Pre-treatment 109+0.1 9.8+0.0 9.8+0.1 73%03 95+0.2 74+0.1 7.7+02 BDL
Treatment 10.8+0.3 9.9+0.1 9.9+0.0 89+0.1 9.2+0.1 73+0.2 82+0.1 76+0.1
Pvalue 0442 0.007 0.116 <0.001 0.193 0435 0.010 <0.001
Lbr-100G
Pre-treatment 11.0+0.1 9.8+0.0 9.8+0.1 64+0.2 10.0+0.1 8.1+0.1 73+00 BDL
Treatment 111401 9.8+0.1 9.8+0.1 8.9+0.1 9.9+0.1 6.9+0.1 7.2+0.1 7.7+0.1
Pvalue 0.374 0.374 0.230 <0.001 0319 <0.001 0.116 <0.001

Data are means + SD for the last 3 days of each treatment period. P value is calculated for the pairwise comparison of the last 3 days of treatment and pre-treatment
periods within a reactor by unpaired t-test. BDL, below the detection limit (4.8 log gene copies, L. reuteri PTA5_F13). CR, Control reactor; 100G, 100 mM glycerol; Lbr, L.

reuteri PTA5_F13; Lbr-100G, L. reuteri PTA5_F13 and 100 mM glycerol
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Table 6 Log 16S rRNA gene copy numbers of specific bacterial groups for the different experimental conditions of modelled cecal

microbiota F3, enumerated by qPCR

Log10 16S rRNA gene copies of taxon/mL (mean +SD)

Total bacteria  Firmicutes Ruminococcaceae Lactobacillus- Bacteroidetes Enterobacteriaceae  Bifidobacteriaceae L. reuteri
Leuconostoc- PTA5_F13
Pediococcus spp.
CR
Pre-treatment 11.3+0.0 10.5+0.1 10.6+0.1 6.9+0.1 59+02 94+04 49+00 BDL
Treatment 11.2+0.1 104+0.1 10.1+0.1 7.5+0.1 56+0.0 8.7+0.1 4.7+0.1 BDL
Pvalue 0413 0.124 0.005 0.003 0.039 0.007 0.005
100G
Pre-treatment 11.2+0.1 105+0.1 102+0.1 65+0.2 57+0.1 92+00 49+0.1 BDL
Treatment 11.2+0.1 105+0.2 102+0.2 6.2+0.1 6.7+0.1 89+03 49+00 BDL
Pvalue 0.529 0.800 0.937 0.186 0.001 0.235 0.644
Lbr
Pre-treatment  11.1+0.2 105+0.0 102+0.1 6.6+0.5 55+02 94+0.7 48+03 BDL
Treatment 11.1£0.1 104+0.1 10.2+0.0 6.3+0.2 56+0.1 9.8+0.2 50+0.1 51+05
Pvalue 0.923 0.080 0.462 0.369 0.836 0.463 0.349 0.001
Lbr-100G
Pre-treatment  11.2+0.3 10.5+0.2 104+0.1 6.8+0.6 6.0+0.0 10.2+0.3 49+0.1 BDL
Treatment 11.2+0.1 10.6+0.1 103+0.2 80+03 64+0.1 94+03 48+0.1 6.1+0.9
Pvalue 0.825 0.583 0.766 0.052 0.002 0.052 0.644 0.002

Data are means + SD for the last 3 days of each treatment period. P value is calculated for the pairwise comparison of the last 3 days of treatment and pre-treatment
periods within a reactor by unpaired t-test. BDL, below the detection limit (4.8 log gene copies, L. reuteri PTA5_F13). CR, Control reactor; 100G, 100 mM glycerol; Lbr, L.

reuteri PTA5_F13; Lbr-100G, L. reuteri PTA5_F13 and 100 mM glycerol

(pduC), present at one copy per cell in the reuterin-pro-
ducing L. reuteri strains [23]. Hence, these primers to
monitor the colonization of reuterin-producing L. reuteri
PTA5 qPCR analysis [23]. Reuterin-producing L. reuteri
was below detection levels (DL of 4.8 log gene copies) in
CR and TRs reactors during the pretreatment period for
both F2 and F3. Upon daily spiking (final concentration
of 107 cells/mL) for 8 days, stable gene copy numbers of
reuterin-producing L. reuteri of 7.7+ 0.1 and 6.1+0.1 log
gene copies (cells)/mL were measured in spiked test reac-
tors of F2 and F3, respectively (Tables 5 and 6). Lbr treat-
ment was associated with specific quantitative (by qPCR)
compositional changes in the microbiota. In F2, an
increase of Lactobacillus-Leuconostoc-Pediococcus spp.
(+1.6 log gene copies/mL to 8.9 log gene copies/mL) and
Bifidobacteriaceae (+0.5 log gene copies/mL) (Table 5),
while no significant effect was detected during F3 for any
of the tested bacterial groups (Table 6) compared to the
corresponding reactor pre-treatment period.

The microbial community diversity of F2 and F3 as
measured by 165 rRNA metabarcoding and Shannon
index was not affected by Lbr treatment compared to
the pre-treatment period (Fig. 2). In F2, specific bacte-
rial taxa were enriched during Lbr treatment, includ-
ing Clostridium innocuum ASV075 (fold-change: 2.1),
Lactobacillus ASV016 (fold-change: 13.8), Monoglobus

ASV067 (fold-change: 7.4) and Faecalibacterium
UBA1819 ASV045 (fold-change: 3.5) (Fig. S7), while no
taxa were enriched during the same treatment in F3 (Fig.
S8). Further, Escherichia-Shigella ASV021 decreased in
Lbr (fold change: 2.9); the decrease was even stronger
by the combined treatment Lbr-100G (fold change: 4.9)
in F2 (Fig. S7). In both F2 and F3 the combined treat-
ment Lbr-100G induced an increase of Lactobacillus-
Leuconostoc-Pediococcus spp. (+2.5 log gene copies/mL,
P<0.001, and+1.2 log gene copies/mL, P=0.052, in F2
and F3, respectively) and a significant decrease of Entero-
bacteriaceae (-1.2 log gene copies/mL, P<0.001, and -0.8
log gene copies/mL, P=0.052, in F2 and F3, respectively)
compared to the pre-treatment period (Tables 5 and 6).
Similarly, when compared to single treatments, the com-
bined treatment did not change alpha diversity in F2 or
F3 when compared to the pre-treatment period (Fig. 2).
In F2, a significant enrichment of the relative abundance
of Alistipes ASV100 (fold-change: 4.7), Anaerobutyricum
hallii_group ASVs (fold-change: 4.4 (ASV032) and 10.86
(ASV019)), Faecalibacterium UBA1819 ASV045 (fold-
change: 2.1) and Lactobacillus ASV016 (fold-change: 9.1)
was observed with DESeq2 analysis during Lbr-100G
treatment (Fig. S8). However, in F3 no significant enrich-
ment of bacterial taxa was detected during Lbr-100G
treatment.
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Fig. 2 Alpha diversity measured by Shannon index in microbiota from three independent in vitro fermentations under different conditions. F1 (A),
F2 (B) and F3 (C). Values are mean of results + standard deviation of the last 3 days of fermentation. CR, Control reactor; 50G, 50 mM glycerol; 100G,
100 mM glycerol; Lbr, L. reuteri PTA5_F13; Lbr-100G, L. reuteri PTA5_F13 and 100 mM glycerol

Discussion

In this study, we investigated the effect of glycerol and
reuterin-producing L. reuteri supplementation alone
and in combination on modelled chicken gut micro-
biota composition and activity using a newly developed
chicken cecal PolyfermS model inoculated with immobi-
lized microbiota [30]. Our data showed for the first time
a pronounced butyrogenic effect of glycerol associated
with a specific stimulation of butyrate-producing taxa
in the chicken cecal microbiota. Concurrently, a reduc-
tion of Enterobacteriaceae by glycerol was observed
in F1 and F2 models, while the combined treatment
Lbr-100G showed inhibition in all three models. Inter-
estingly, the F3 model showed strong colonization of

Enterobacteriaceae during the pre-treatment period, with
levels in the range of log 9.2 to log 10.2 gene copies/mL,
which were approximately 2 to 3 log higher than in F1
and F2. Enterobacteriaceae are known to be highly sen-
sitive to the antimicrobial effect of reuterin [18, 30] and
it was proposed that acrolein, not 3-HPA, is the active
compound responsible for the main antimicrobial activ-
ity attributed to reuterin [20, 31]. However, reuterin
and acrolein could not be measured in the reactor efflu-
ent, likely due to the high reactivity of both compounds
with amino- or sulfhydryl groups in the medium or with
bacteria [32, 33]. Similar to our study, Cleusix et al. [33]
observed increased numbers of the Lactobacillus-Entero-
coccus group and decreased E. coli, but no robust effect
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on butyrate production upon the addition of 100 mM
glycerol, alone or together with reuterin-producing L.
reuteri of human origin in an adult PolyFermS colonic
model. This was attributed to in situ reuterin production
because 1,3-PDO, a typical product of glycerol fermenta-
tion, was detected.

The addition of glycerol modulated metabolite produc-
tion and SCFA ratios, with a large increase of butyrate at
the expense of acetate in the three modelled chicken cecal
microbiota. Glycerol can be metabolized by various bac-
teria to form acetate, butyrate, lactate, succinate, ethanol,
n-butanol and 2,3-butanediol via the oxidative branch [34,
35]. Alternatively, glycerol can be reduced to 1,3-PDO,
a product that is not found in anaerobic conversions of
other organic substances [36]. Here, we observed a marked
increase in 1,3-PDO when glycerol was supplemented
independently of spiking L. reuteri PTA5_F13, indicating
that 1,3-PDO was produced by other cecal taxa. A number
of intestinal taxa have the ability to convert glycerol into
1,3-PDO, including Klebsiella, Enterobacter, Citrobacter,
Clostridium, and Eubacterium [22, 37-39]. Interestingly,
among the 1,3-PDO producers, A. hallii (renamed from
Eubacterium hallii), Clostridium butyricum and Clostrid-
ium perfringens can also produce butyrate as a by-product
during glycerol fermentation [21, 36].

Butyrate is commonly used as a feed additive in chicken
breeding [34, 40, 41]. Butyrate has a wide range of cellular
functions, including anti-inflammatory effects, promo-
tion of gut tissue development, reinforcement of the epi-
thelium barrier and pathogen control, which may explain
the observed increase in the productive performance of
chicken [42-45]. Hence, endogenous (microbial) produc-
tion of butyrate from glycerol in the cecum may be an effec-
tive approach for promoting in situ butyrate production.

Administering L. reuteri to poultry has been reported to
have beneficial effects on poultry performance and health
[14, 15, 46]. L. reuteri can form biofilms in the chicken
crop, which persists throughout the host’s life [9, 47, 48].
From the crop biofilm, bacteria are constantly shed and
transferred to the lower GIT; thus, L. reuteri is also com-
monly encountered in the cecum and colon of the chicken
[11]. Here, we used daily spiking of chicken-isolated L.
reuteri PTA5_F13 to mimic the continuous shedding
of L. reuteri from the chicken crop. A stable microbiota-
dependent colonization of reuterin-producing strain L.
reuteri PTA5_F13 was demonstrated upon spiking in
the three models, but the treatment alone did not induce
change the microbiota composition and metabolic activity.

Conclusions

Using the continuous chicken cecal microbiota Poly-
FermS model we showed that glycerol induced a stable
and reproducible butyrogenic activity and a reduction of
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Enterobacteriaceae upon glycerol supplementation and L.
reuteri supplementation at very high Enterobacteriaceae
concentrations. Only minor effects on a limited num-
ber of taxa of the chicken microbiota were measured for
individual and combined treatments. We speculate that
the reported benefits of glycerol such as improving body
weight gain and feed conversion efficiency in chickens
may be partly due to stimulating endogenous butyrate
production while preserving the composition and activity
of commensals in the chicken microbiota. Further, in vivo
studies are needed to evaluate the potential use of glyc-
erol in poultry nutrition and inhibition of enteropatho-
genic taxa belonging to Enterobacteriaceae.

Methods

L. reuteri strain and growth conditions

L. reuteri (strain PTA5_F13, in short Lbr; culture col-
lection of the Laboratory of Food Biotechnology, ETH
Zirich, Zurich, Switzerland) was previously isolated
from feces of a healthy chicken and selected for this study
for its high reuterin production [24]. The strain was reac-
tivated from frozen glycerol stock (30% vol/vol, kept at
-80 °C) and routinely cultured under anaerobic condi-
tions supplied by a gas package (AnaeroGen, Thermo
Fisher Diagnostics AG, Pratteln, Switzerland) in anaero-
bic jars for 16 h at 37 °C in de Man, Rogosa and Sharpe
medium (MRS, Biolife, Milan, Italy). For daily spiking of
reactors (TR2 and TR3), L. reuteri cultures (30 mL set
at a concentration of 10° CFU/mL) were harvested by
centrifugation at 3000 X g for 3 min, the supernatant was
discarded, and the bacterial pellet was washed once with
0.1 M phosphate-buffered saline (PBS) and resuspended
in PBS (3 mL) to a concentration of 10 CFU/reactor
upon spiking. Viable cell counts were measured by plat-
ing on MRS agar plates after incubating anaerobically at
37 °C for 24 h.

Nutritive medium for in vitro chicken cecal microbiota
fermentation

The description of baseline data of the three in vitro
fermentation models (F1, F2 and F3) that were used to
develop and validate the chicken cecal PolyFermS model
were previously presented in detail [30]. The mVL-1
nutritive medium was used to cultivate cecal micro-
biota in the PolyFermS chicken model in F1 [30]. This
medium was previously developed to mimic the chicken
cecal microbiota profile and activity, and contains (g/L
in distilled water): beef extract (2.4), yeast extract (5.0),
maltodextrin (2.5), tryptose (10), L-cysteine HCI (0.8),
NacCl (5.0), mucin (2.0), uric acid (0.7), Tween 80 (1 mL),
bile salts (0.4), KH,PO, (0.5), NaHCO, (1.5), KCI (4.5),
MgSO, anhydrous (0.6), CaCl,-2H,O (0.1), MnCl,-4H,O
(0.2), FeSO,-7H,0 (0.005), and hemin (0.05). The mVL-3
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nutritive medium, which is similar in composition to
mVL-1 but enriched with fructooligosaccharides (FOS)
(2.5 g/L) and citrus pectin (2.5 g/L), was used in F2 and
F3 [30]. When required, glycerol (50 or 100 mM) was
added to the nutritive medium. All constituents except
FOS were dissolved in distilled water, and the medium
was adjusted to pH 6.0 using 2.5 M HCI and autoclaved
at 121 °C for 20 min. After sterilizing and cooling to 4 °C,
2.5 g/L of filter-sterilized FOS (Cosucra Group, War-
coing, Belgium) and 1 mL of a filter-sterilized (0.2 pm
pore-size) vitamin solution [49] were added to the
medium. All components were purchased from Sigma-
Aldrich Chemie (Buchs, Switzerland), except bile salts
(Oxoid AG), yeast extract (Merck, Darmstadt, Germany),
NaHCO; (Fisher Scientific, Pittsburgh, USA), NaCl and
KH,PO, (VWR International AG, Dietikon, Switzerland),
MgSO, anhydrous (Acros Organics, Geel, Belgium) and
MnCl,-4H,0 (Fluka, Buchs, Switzerland).

Experimental setup and fermentation procedure

Three independent in vitro chicken cecal fermenta-
tions (F1, F2, and F3) inoculated with immobilized cecal
microbiota from three different donor animals were car-
ried out as depicted in Fig. 3. Details on establishing and
stabilizing the three models operated in conditions mim-
icking the chicken cecum were presented in detail in our
previous paper (specifically: F1A, F2 and F3) [30]. Briefly,
for each fermentation, the microbiota of a freshly-col-
lected cecal sample from a 21-day-old Cobb-500 broiler
chicken was sampled and immobilized in 1-2 mm diam-
eter gellan-xanthan gum gel beads within 2 h of collec-
tion. All steps from collection of cecal content to reactor
inoculation were carried out in anaerobic conditions,
using a gas package and an anaerobic chamber [30].
The cecal microbiota beads (60 mL) were immediately
transferred to a 0.5 L fully controlled bioreactor (Multi-
fors; Infors AG) containing 140 mL mVL-3 medium and
colonized during two consecutive batch fermentations of
20 and 6 h, respectively, before switching to continuous
mode. The model was operated at conditions selected to
mimic the chicken cecum: pH 6.0, stirring at 180 rpm,
41 °C, mean retention time of 24 h, and continuous CO,
headspace flushing. Each model consisted of an inocu-
lum reactor (IR) inoculated with 30% (v/v) cecal micro-
biota-colonized beads with a total fermentation volume
of 200 mL. After an initial stabilization period of 16 to
20 days, the IR effluent was used to continuously inocu-
late (5%, v/v) parallel second-stage reactors with the same
microbiota. Second-stage reactors were additionally sup-
plied with 95% (v/v) sterile fresh nutritive medium and
further stabilized for a period of 3 days (F1) or 6 days
(F2 and F3) before starting treatments. This experi-
mental setup allowed simultaneous testing of different
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treatments applied in three treatment reactors (TRs) and
comparison to an untreated control reactor (CR).

Model F1 was used to test the effects of two concen-
trations of glycerol (final concentration of 50 [50G] and
100 mM [100G]) on microbiota population and metabo-
lite production, whereas models F2 and F3 were used to
test the effect of glycerol (100 mM [100G]) and L. reu-
teri PTA5_F13 (added daily at a final concentration of
10’ CFU/mL [Lbr]) alone or combined (100 mM [Lbr-
100G]) (Fig. 3B). During the treatment period, CR was
fed with medium without glycerol, and supplemented
with 2 mL (equivalent inoculum volume) of 0.1 M PBS
when L. reuteri was tested in TRs (F2 and F3). Each
treatment was performed for 6 or 8 days until stabil-
ity, which was defined by less than 10% variations in the
daily metabolite concentrations, was reached. Reactor
effluents were sampled daily and centrifuged (10 min
at 14°000x g at 4 °C). Bacterial pellet and supernatant
were stored at -80 °C and -20 °C for DNA extraction and
metabolite analysis, respectively.

Metabolite analysis

SCFAs (acetate, propionate, butyrate, valerate), branched-
chain fatty acids (BCFAs: iso-butyrate and iso-valerate),
intermediate metabolites (succinate, formate, lactate),
3-HPA and 1,3 PDO were measured during the last three
days of the pre-treatment and treatment periods by high-
performance liquid chromatography with refractive index
detector (HPLC-IR), as presented previously [30], and
expressed as millimole per liter effluent (mM).

DNA extraction

Total genomic DNA was extracted from the cell pellet of
2 mL of effluent using the FastDNA® SPIN Kit for Soil
(MP Biomedicals, Illkirch Cedex, France) and a final elu-
tion volume of 100 pL, according to the manufacturer’s
instructions. DNA concentrations and quality were
determined by absorbance measured at 260 nm using a
Nanodrop® ND-1000 Spectrophotometer (Wiltec AG,
Littau, Switzerland). Samples were stored at -20 °C before
qPCR and 16S rRNA metabarcoding analysis.

Quantitative PCR analysis

Quantitative PCR (qPCR) analysis was performed using
a Roche LightCycler 480 II (Roche Diagnostics AG, Rot-
kreuz, Switzerland). Specific primers (Table S1) targeting
selected bacterial groups of chicken gut microbiota were
used at a final concentration of 200 nM. Amplification
conditions and quantification were carried out as previ-
ously described [30]. Briefly, the diluted DNA (1 pL) was
used for amplification in duplicate in a 20 pL reaction
solution, containing 10 pL of SensiFAST SYBR No-ROX
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Fig. 3 Experimental set-up of the PolyFermS chicken cecal in vitro models. A Experimental set-up and conditions tested in the PolyFermS
model mimicking the chicken cecal microbiota. Control reactor (CR) and test reactors (TR) were continuously inoculated with 5% fermentation
effluent from the inoculum reactor (IR) and 95% nutritive media. B Experimental conditions for three independent fermentations (F1, F2 and F3)
during the pre-treatment and treatment periods. L. reuteri PTA5_F13 (Lbr) was added daily for 8 days in F2 and F3 to reach a concentration

of 107 CFU/mL. 50G, 50 mM glycerol; 100G 100 mM glycerol

Kit (Bioline, Luckenwalde, Germany) and 200 nM of each
primer. Reactions were denaturalized in LightCycler 480
Multiwell plate 96 (Roche Diagnostics AG) at 95 °C for
3 min, followed by 45 cycles at 95 °C for 5 s and 60 °C
for 30 s. qPCR data were analyzed using the LightCycler®
480 Software 1.5.1.

Microbial profiling with 16S rRNA metabarcoding

16S rRNA amplicon sequencing of bacterial communi-
ties in effluents were conducted using an Illumina Miseq
platform (Genetic Diversity Centre, ETH Zurich). Efflu-
ent samples were amplified and sequenced using univer-
sal primers targeting the V3 (for F1 and F2) or V4 (for
F3) region of the 16S rRNA (Table S1). Preparation of the
sequence library and sequencing steps were conducted as
previously described [30].

Quantitative Insights Into Microbial Ecology 2 (QIIME
2) version 2020.8 was used for analysis of the sequence
data [50]. The sequences were imported into QIIME
2 using a Casava 1.8 single-end demultiplexed format.
DADA2, a pooled-sample chimera filtering method, was
used to denoise the sequences [51]. VSEARCH was used
to identify non-16S rRNA genes, chimeric sequences,

and open reference clustering of amplicon sequence vari-
ants (ASVs) [52]. All ASVs were aligned de novo using
MAFFT and used to construct a phylogenetic tree with
FastTree 2 (via q2phylogeny) [53, 54]. Taxonomy was
assigned to ASVs using a pre-trained scikitlearn naive
Bayes classifier referencing SILVA database (v. 138)
with a 99% identity threshold from 388F/518R (V3) or
515F/806R (V4) region of sequences [55-57]. Feature
tables representing the ASV counts for each sample were
made in the HDF5based biological observation matrix
(BIOM) format version.

Statistical analysis

GraphPad Prism version 8.0 (GraphPad Software, San
Diego, CA) was used to visualize the data. All statis-
tical analyses were performed with IBM SPSS 28.0.0
(IBM SPSS Statistics for Windows, NY, USA), and P
values less than 0.05 were considered significant. qPCR
(logl0 transformed) and HPLC-IR data were expressed
as mean t standard deviation of the last 3 days of each
fermentation period, corresponding to stable metabo-
lite production as indicated above. Statistical analysis
was performed by pairwise comparison between the
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last 3 days of treatment between CR and TRs during the
same period (F1) or between the pre-treatment and treat-
ment periods of the same reactor (F2 and F3) by t-test.
Comparison within a reactor was selected for F2 and F3
to account for differences in metabolite composition,
qPCR data and 16S data observed between reactors dur-
ing the pre-treatment periods [30]. The DESeq2 method
was used to test significant differences in taxa abundance
between the microbiota, using the same type of compari-
son as described above [58].

Abbreviations
gPCR Quantitative polymerase chain reaction
GIT Gastrointestinal tract

SCFA Short-chain fatty acids
3-HPA 3-Hydroxypropionaldehyde
1,3-PDO 1,3-Propanediol
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pduC Glycerol/diol dehydratase

buk Butyrate kinase

PBS Phosphate- buffered Saline
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TR Test reactors

BCFA Branched-chain fatty acids

QIIME2 Quantitative Insights Into Microbial Ecology 2
ASV Amplicon sequence variants

PCA Principal component analysis

NMDS Non-metric multidimensional scaling
16SDNA  16S ribosomal deoxyribonucleic acid
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gPCR: control reactor) (A), 50 mM glycerol (50G) supplementation (B), and
100 mM glycerol (100G) supplementation (C). Figure S5. Daily quantifica-
tion of key bacterial populations in the effluent of control and treatment
reactors during F2 measured by gPCR: control reactor) (A), L. reuteri (Lbr)
supplementation (B) 100 mM glycerol (100G) supplementation (C), and L.
reuteriand 100 mM glycerol (Lbr-100G) supplementation (D). Figure S6.
Daily quantification of key bacterial populations in the effluent of control
and treatment reactors during F3 measured by gPCR: control reactor) (A),
L. reuteri (Lbr) supplementation (B) 100 mM glycerol (100G) supplementation
(0), and L. reuteri and 100 mM glycerol (Lbr-100G) supplementation (D).
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Figure S7. Genus taxa with differential relative abundance in reactor
effluent during treatment compared to pre-treatment (DeSeq?2 analysis)

in modelled cecal microbiota F2. Taxa are ordered according to log2
fold-change. Each ASV affected for a given genus is indicated with a dot.
Dots are coloured according to phylum with the color code in the graph
legend. Only taxa with more than 2 log2 fold-change and which are
significantly differentially abundant (LRT, P < 0.05) are shown. CR, Control
reactor; 100G, 100 mM glycerol; Lbr, L. reuteri PTA5_F13; Lbr-100G, L. reuteri
PTA5_F13 and 100 mM glycerol. Figure S8. Genus taxa with differential
relative abundance in reactor effluent during pre-treatment compared
with treatment (DeSeq?2 analysis) in modelled cecal microbiota F3. Taxa
are ordered according to log2 fold-change. Each ASV affected for a given
genus is indicated with a dot. Dots are coloured according to their phylum
with the color code in the graph legend. Only taxa with at least 2 log2
fold-change and which are significantly differentially abundant (LRT, P <
0.05) are shown. CR, Control reactor; 100G, 100 mM glycerol ; Lbr, L. reuteri
PTA5_F13; Lbr-100G, L. reuteri PTA5_F13 and 100 mM glycerol.
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