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Effects of 2'-fucosyllactose on the composition
and metabolic activity of intestinal microbiota
from piglets after in vitro fermentation
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Abstract

Background: As indigestible carbohydrates, milk oligosaccharides possess various benefits for newborns, mainly through
intestinal microbiota, among which 2'-fucosyllactose (2'-FL) is the most predominant milk oligosaccharide. However,
knowledge about the fermentative characteristics of 2'-FL in the gut remains limited, especially in the small intestine. The
aim of this study is to explore the differential fermentability of 2'-FL by the small and large intestinal microbiota of piglets using
fructo-oligosaccharide (FOS) and lactose as controls in an in vitro batch fermentation experiment. During fermentation, micro-
bial composition was characterized along with gas production and short-chain fatty acid production.

Results: 2'-Fucosyllactose showed differential fermentability in jejunal and colonic fermentation. Compared with the colon,
2'-FL produced less gas in the jejunum than in the FOS and lactose groups (P < 0.05). Meanwhile, 2'-FL exhibited a different
influence on the microbial composition and metabolism in the jejunum and colon compared with FOS and lactose. In the jeju-
num, compared with the FOS and lactose groups, the 2'-FL group showed a higher abundance of Bacteroides, Prevotella, and
Blautia, but a lower abundance of Streptococcus and Lactobacillus (P < 0.05), with a higher level of propionate and a lower level
of lactate during fermentation (P < 0.05). In the colon, compared with the FOS and lactose groups, 2'-FL increased the abun-
dance of Blautia, Faecalibacterium, and Lachnospiraceae FCS020, but decreased the abundance of Prevotella_9, Succinivibrio,
and Megasphaera (P < 0.05) with an increase in acetate production (P < 0.05).

Conclusion: Overall, the results suggested that the small intestinal microbiota had the potential to ferment milk oligosaccha-
rides. Meanwhile, in comparison with FOS and lactose, 2'-FL selectively stimulated the growth of propionate-producing bacte-
ria in the jejunum and acetate-producing bacteria in the colon. These results demonstrated the differences in fermentation
properties of 2'-FL by small and large intestinal microbiota and provided new evidence for the application of 2'-FL in optimizing
gut microbiota.

© 2023 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION

Breast milk is an essential nutritional source for neonates; it contains
various proteins, lipids, and digestible and indigestible carloohy- 1|
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2.38 gL™" in breast milk.>® It has been reported to play a crucial
role in providing benefits to breastfed newborns.” For instance,
2'-FL as a supplement in in vitro fermentation could stimulate
the growth of Bifidobacterium, promote short-chain fatty acids
(SCFAs) and lactate production, and inhibit the growth of
Escherichia coli and Clostridium perfringens® In mice, 2'-FL could
ameliorate chemotherapy-induced intestinal mucositis by
protecting intestinal epithelial cells against apoptosis.” A recent
study has indicated that supplementation with 2'-FL could pro-
mote cognitive and structural brain development in young
piglets.'® Overall, these studies hinted that 2'-FL could be used
to modulate gut microbiota and maintain gut health in pig
production. Generally, 2'-FL cannot be degraded by the enzymes
secreted by the host but can be utilized by the large intestinal
microbiota. To date, most in vitro and in vivo studies have focused
only on the effects of 2'-FL on the composition and metabolism of
large intestinal microbiota.'’"® Interestingly, accumulating evi-
dence suggests that some specific non-digestible carbohydrates
might be partially degraded in the small intestine,'*'® such as
pectin and galactooligosaccharide (GOS). Previous studies have
reported that the abundant microbial population in the fore-
gut'®'” provides a base for the degradation of indigestible carbo-
hydrates. However, small intestinal microbiota sampling is
inconvenient, especially in humans, so knowledge of the capacity
of small intestinal microbiota to ferment 2'-FL is very limited.

Organic acids, including SCFAs and lactate, are the most important
products of microbial carbohydrate fermentation and are beneficial
to intestinal physiological functions.'® For instance, propionate acts
as a precursor for liver gluconeogenesis,'® butyrate provides energy
for the proliferation and differentiation of colonocytes and exerts an
anti-inflammation effect,?® and microbiota-derived lactate acceler-
ates intestinal stem cell-mediated epithelial development in a
Wnt3/p-catenin-dependent manner.?' Short-chain fatty acid concen-
tration is associated with the structures and components of carbohy-
drates and gut microbial variation.?>?*> Abbeele et al. found that the
fermentation of 2'-FL by fecal microbiota in vitro strongly increased
acetate production with the increase in propionate and butyrate
concentrations in comparison with lactose.** However, the acid-
producing characteristics of 2'-FL fermentation by small intestinal
microbiota are still unexplored.

Fiber fermentability is often evaluated using in vitro fermentation
methods due to the advantages of in vitro methods over in vivo
experiments, such as the experimental protocols being relatively
simple, and the variables being easy to control. The present study
therefore aimed to investigate the fermentability of 2'-FL by
the small and large intestinal microbiota and to reveal the effect of
2'-FL fermentation properties on the microbial community and on
metabolism. In this in vitro batch fermentation experiment, fructo-
oligosaccharide (FOS) and lactose, common prebiotics®> were used
as the positive control groups, and jejunal and colonic microbiota
from pigs were used as the inoculum to ferment 2'-FL, respectively.
In addition to the cumulative gas production pH value, the microbial
community and metabolite profiles were monitored during fermen-
tation. These findings provide new insights into differential fermen-
tation characteristics of milk oligosaccharides 2'-FL by the foregut
and hindgut microbiota.

MATERIAL AND METHODS

Substrates

All the substrates used in this study were of commercial-grade
level products. 2'-Fucosyllactose (purity = 90%) was purchased

from Shanghai Sharing Technologies Co., Ltd (Shanghai, China).
Fructo-oligosaccharide was purchased from Beijing Houjia
Biotechnology Co., Ltd (Beijing, China) (purity > 90%; degree of
polymerization: 2-7), consisting of fructose monomers linked to
a terminal glucose residue via a g (2-1) glycosidic bond. Lactose
(purity = 99%) was purchased from Shanghai Yuanye Biotechnol-
ogy Co., Ltd. One gram of FOS, lactose, or 2'-FL was dissolved in
10 mL sterile deionized water, respectively, to prepare the sub-
strate solution. The final concentration was 1% (w/v).

Inoculum and medium preparation

The jejunal and colonic inoculums were prepared from three
healthy weaned pigs (aged 42 days). The pigs were fed with a
corn-soybean type commercial diet and had no antibiotics during
the previous 1 month. After slaughtering, the jejunal and colonic
digesta were immediately collected and stored in a sterile plastic
bag pre-filled with CO, (Aladdin Co. Ltd, Beijing, China), respectively.
After about 10 min, the digesta was transferred to the laboratory.
The sample from each pig was mixed in equal proportions and then
accurately weighed 200 g of the jejunal and colonic digesta by a bal-
ance (Kern PCB Z742836, weighing capacity 6000 g, accuracy: 1.0 g,
precision: +2.0 g), and was then diluted with 0.9 and 1.8 L of sterile
anaerobic saline, respectively. After homogenization, the diluted
mixture was filtered through four layers of sterile gauze (pore size:
150 mesh; Biosharp Co. Ltd, Heze, China) as the jejunal and colonic
inoculum, respectively. All the procedures were conducted within
1h in the anaerobic workstation (GeneScience E500,
Wilmington, USA) under anaerobic conditions.

The fermentation medium was prepared according to the previ-
ously reported methods.2®*” Briefly, the medium consisted of the
basal solution, vitamin solution, bicarbonate buffer, and reducing
agent solution. A liter of the basal solution contained the follow-
ing components: 0.6 g KCl, 0.6 g NaCl, 0.2 g CaCl,-2H,0, 0.5 g
MgS0,4-7H,0, 1.46 g KH,PO,, 3.55 g Na,HPO,, 1.0 g trypticase,
0.54 g NH,Cl, 10 mL trace elements, 10 mL hemin, 1 mL resazurin,
50 mL NaHCO;, 1 mL vitamin phosphate, and 1 g cysteine-HCl.
Anaerobic conditions were maintained by flushing the liquids
with CO,, and the pH value of the medium was adjusted to
6.8 ~ 7.0 with 1 molL™"' NaOH or 1 molL™" HCl solution.

In vitro batch fermentation trial

The fermentation system consisted of 80 mL of the medium,
10 mL inoculum, and 10 mL fiber substrate solution. The mixture
was added to the 200 mL serum bottle fitted with a butyl rubber
stopper and an aluminum crimp seal, and it was then incubated at
37 °Cand shaken at 100 rpm. A blank group without any fiber was
used to control for background fermentation. The FOS and lactose
groups were used as positive controls (n = 4), and the 2'-FL group
was used as the treatment group (n = 4). The gas production at
0,6, 12,24, and 48 h was measured during fermentation following
a method that was previously reported by Li et al.?® Briefly, gas
production was determined using a pressure transducer, which
measured the levels of gas production at the top surface of the
serum bottles with a 50 mL sterile injector. Gas production was
recorded every 6 h, and then the gas was released to bring the
air pressure within the bottle to 0 to facilitate the determination
of gas production at the next time point. The volumes of gas pro-
duction at each time point were added to determine the cumula-
tive gas production. After fermenting for 0, 6, 12, 24, and 48 h,
respectively, the serum bottle was placed on ice to stop fermenta-
tion, then 10 mL fermentation broth was collected by a 20 mL
sterile injector under anaerobic conditions, and the pH value of
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the fermentation broth was measured by a pH meter (Orion Star
A321, ThermoFisher Scientific, Waltham, MA, USA). Finally, the
samples were stored at —80 °C until analysis.

Short-chain fatty acid measurement

The SCFAs were measured according to a method that was
reported previously.>® Briefly, 1 mL of the fermentation broth
sample was mixed with 200 pL of 25% metaphosphoric acid-
crotonic acid and stored at —20 °C overnight. The mixture was
centrifuged at 12 000 x g for 10 min after thawing, and the super-
natant was filtered through an aqueous filter membrane (0.22 pm;
Jinteng, Tianjin, China). Later, the filtered supernatant was
injected into a GC-14B gas chromatograph (Shimadzu Corpora-
tion, Kyoto, Japan) equipped with a Nukol capillary column
(30 m x 0.32 mm x 0.25 pm) (Sigma Co. Ltd, St. Louis, MO, USA).
The run conditions were as follows: Nitrogen was used as carrier
gas at a flow rate of 0.8 mLmin~". The injector temperature was
220 °C; the detector temperature was 210 °C, and the oven tem-
perature was 150 °C.

Lactate measurement

Lactate concentrations were determined using Ultimate 3000
high-performance liquid chromatography (HPLC) (ThermoFisher
Scientific, Waltham, MA, USA) coupled to a UV detector. Briefly,
0.6 mL of 50% metaphosphoric acid was mixed with 0.6 mL fer-
mentation broth and stored at —20 °C overnight. After thawing,
the mixture was centrifuged at 12 000 x g for 15 min. The super-
natant was filtered through an aqueous filter membrane
(0.22 pm) (Jinteng) and injected into HPLC. Chromatographic col-
umn: Zorbax SB-Aq 80 A (4.6 X 150 mm, 5 um) (ThermoFisher Sci-
entificc Waltham, MA, USA); mobile phase A: 20 mM KH,PO,
buffer; mobile phase B: acetonitrile; flow rate: 0.5 mLmin™"; detec-
tion wavelength: 210 nm; injection volume: 20 pL; column tem-
perature: 25 °C.

DNA extraction, MiSeq sequencing, and data processing

The total microbial genomic DNA was extracted from the fermen-
tation broth following the method reported by Dai et al.?’” Briefly,
3 mL fermentation broth was added to a 2 mL sterile tube,
centrifuging at 9000 x g for 5 min at 4 °C, and discarding the
supernatant and collecting bacterial cells. The total genomic
DNA of bacterial cells was extracted using the bead-beating and
phenol-chloroform extraction method as described in a previous
study.®® After phenol-chloroform extraction, DNA was precipi-
tated with 75% ethanol and re-suspended in 50 pL of Tris-HCI/
Ethylene Diamine Tetraacetic acid (EDTA), buffer, and stored at
—80 °C until further processing.

The V3-V4 regions of the 16S rRNA gene were amplified using the
universal primers: 338 Forward: 5'-barcode-ACTCCTACGGGAGG-
CAGCAG-3' and 806 Reverse: 5'-GGACTACHVGGGTWTCTAAT-3,
where ‘barcode’ is an eight-base sequence unique to each sample.*’
The amplicons were purified using a DNA gel extraction kit accord-
ing to the manufacturer's instructions (Thermo Fisher Scientific). The
purified amplicons were pooled in equimolar amounts and paired-
end sequenced (2 x 250) on an lllumina MiSeq platform (Biozeron
Co. Ltd, Shanghai, China) according to standard protocols.>? The
minimum number of sequencing data was 30 000 reads per sample.

The raw sequence data generated from 165 rRNA MiSeq sequenc-
ing were demultiplexed and quality-filtered using QIIME2.3® The
250 bp reads were truncated at any site receiving an average quality
score less than 20 over a 10 bp sliding window, discarding the trun-
cated reads that were shorter than 50 bp. Reads with exact barcode

matching, two nucleotide mismatch in primer matching, or contain-
ing ambiguous characters were removed. Only sequences that over-
lapped longer than 10 bp were assembled according to their
overlap sequence. Reads that could not be assembled were dis-
carded. The high-quality sequences were clustered into operational
taxonomic units (OTUs) with 97% similarity cut-off using UPARSE
(version 7.1, http://drive5.com/uparse/),** and chimeric sequences
were identified and removed using UCHIME>®> The phylogenetic
affiliation of each 16S rRNA gene sequence was analyzed by
Ribosomal Database Project (RDP) Classifier against the silva
(SSU119) 16S rRNA database using a confidence threshold of
70%.® Microbial diversity (including Shannon diversity indices and
ACE richness estimators) and the principal coordinate analysis
(PCoA) based on the Bray-Curtis distance were conducted by
using an online tool, microbiomeAnalyst (https://www.
microbiomeanalyst.ca).>’”

Statistical analysis

The data were analyzed using SPSS Statistics 20.0 software (SPSS
Inc,, Chicago, IL, USA). The differences in the microbial diversity
indexes and bacterial abundance (at the phylum, genus, and
OTU levels) among different groups at the same time point were
analyzed by the Kruskal-Wallis analysis of variance (ANOVA) per-
formed on ranks for non-parametric data with the Benjamini-
Hochberg false discovery rate (FDR) multiple-testing correction.*®
The data for accumulative gas production, pH value, and micro-
bial metabolite concentrations were analyzed by the Bonferroni
post hoc test for parametric data using a one-way ANOVA, and
P < 0.05 was considered statistically significant. Data were
expressed as means =+ standard errors of the mean (SEMs).

RESULTS

Gas production

Cumulative gas production was determined at 0, 6, 12, 24, and
48 h during in vitro fermentation. Compared with the FOS and lac-
tose groups, the cumulative gas production in the 2'-FL group was
the lowest during the whole in vitro fermentation by the jejunal
inoculum (P < 0.05, Fig. 1A), and the cumulative gas was higher
in the lactose group than FOS group at 6 and 12 h of fermentation
(P < 0.05, Fig. 1A). Similar results were observed during in vitro fer-
mentation by the colonic inoculum, and the cumulative gas in the
lactose group was higher than FOS group (P < 0.05, Fig. 1B).
Moreover, the blank group showed the lowest gas production
both in the jejunal and colonic fermentation in vitro (Fig. 1).

pH value and organic acids production

In the jejunal fermentation broth, the pH value of the fermentation
broth in the 2'-FL group was the highest among the three groups
(P < 0.05, Fig. 2A). Meanwhile, the pH value of the fermentation
broth in the FOS group was higher than the lactose group at 6,12,
and 24 h during in vitro fermentation (P < 0.05, Fig. 2A). As for
organic acid production in the jejunal fermentation broth, the ace-
tate, butyrate, total SCFA, and lactate were higher in the lactose
and FOS groups than the in 2'-FL group (P < 0.05, Fig. 2B,D-F), while
propionate was higher in the 2'-FL group than the FOS and lactose
groups (P < 0.05, Fig. 2C) during in vitro fermentation. In the colonic
fermentation broth, the 2'-FL group had the highest pH value at
6 and 12 h of fermentation and the lowest pH value at 48 h among
the three groups except for the blank group (P < 0.05, Fig. 2G). As
for the organic acids production in the colonic fermentation broth,
the acetate, propionate, butyrate, and total SCFA concentrations
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Figure 1. Cumulative gas production during in vitro fermentation. (a) Gas production in the jejunum. (b) Gas production in the colon. The data were
expressed as means + SEMs (n = 4). The different superscript letters (a—c) at the same time point (6, 12, 24, or 48 h) indicated significant differences
among groups except the blank group (P < 0.05). FOS, fructo-oligosaccharides. 2'-FL, 2'-fucosyllactose.

were higher in both FOS and lactose groups than in the 2'-FL group
at 6 and 12 h of fermentation (P < 0.05, Fig. 2H-K). At 24 and 48 h of
fermentation, the 2-FL group had the highest acetate and total
SCFA concentrations among the three groups (P < 0.05, Fig. 2HK);
the FOS group had the highest propionate level compared with
both the lactose group and 2'-FL group (P < 0.05, Fig. 2I); for buty-
rate, the lactose group had the higher level than the FOS group,
and the lowest level was in the 2'-FL group (P < 0.05, Fig. 2J). The lac-
tate concentration in the 2'-FL group was lower than in the FOS and
lactose groups at 6 h of fermentation (P < 0.05, Fig. 2L). Thus, these
results indicated that 2'-FL might be fermented by different jejunal
and colonic bacteria to yield organic acids compared with FOS
and lactose.

Microbial community structure and composition

The changes in the microbial community in the fermentation
broth among the three groups during in vitro fermentation were
determined using the 16S rRNA gene high-throughput sequenc-
ing. After sequencing, a total of 1 568 310 and 1 568 983 reads
were obtained from all the samples from the jejunal and colonic
fermentation broth, respectively. For the jejunal sequencing data,
the numbers of minimum, maximum, and average reads are
29559, 30197, and 30 159 per sample, respectively. For the
colonic sequencing data, the numbers of minimum, maximum
and average reads are 30 133, 30 190, and 30 159 per sample,
respectively. The rarefaction curves of all the samples showed
an approached plateau (Fig. S1), suggesting that the obtained
reads were enough for further analysis. During in vitro jejunal fer-
mentation, the abundance-based coverage estimator (ACE) index
of the microbiota was higher in the 2'-FL group than in the FOS
and lactose groups at 12, 24, and 48 h (P < 0.05, Fig. 3A). Mean-
while, the 2'-FL group had a higher Shannon index than in the
FOS and lactose groups at 6, 12, 24, and 48 h of fermentation
(P < 0.05, Fig. 3B). Moreover, the PCoA based on Bray-Curtis dis-
tance showed a significant cluster between 2'-FL group and the
other groups in microbial composition (Fig. 3C). During in vitro
colonic fermentation, at 12 h, the ACE index of the microbiota
was higher in lactose group than the FOS group (P < 0.05,
Fig. 3D); at 48 h, the 2'-FL and lactose groups showed higher
ACE index of the microbiota compared with the FOS group
(P < 0.05, Fig. 3D). Meanwhile, the 2'-FL group had a higher Shan-
non index than FOS and lactose groups both at 6 and 12 h of fer-
mentation (P < 0.05, Fig. 3E). The PCoA based on Bray-Curtis
distance also showed a significant separation of microbial

communities between the 2'-FL group and the other groups
(Fig. 3F). Overall, these results revealed that, compared with FOS
and lactose, 2'-FL had a differential impact on the jejunal and
colonic microbial structure during in vitro fermentation.

The relative abundances of bacteria at the phylum and genus
levels were analyzed to explore the changes in microbial compo-
sition during in vitro fermentation further. At the phylum level, a
total of five phyla were detected in the jejunal fermentation broth
(Fig. 4A) and six phyla were detected in the colonic fermentation
broth (Fig. 4C). During in vitro jejunal fermentation, Firmicutes and
Proteobacteria were the dominant bacterial groups among the
phyla that were detected (Fig. 4A), with lower abundance of Firmi-
cutes (17.30 + 1.63% at 6 h,28.57 + 3.72% at 12 h, 23.85 + 1.78%
at 24 h, and 22.04 + 4.51% at 48 h of fermentation) and higher
abundance of Proteobacteria (82.54 + 1.61% at 6 h, 70.29
+ 3.48% at 12 h, 55.28 + 3.82% at 24 h, and 30.47 + 2.87% at
48 h of fermentation) in the 2'-FL group compared with lactose
groups (P < 0.05, Fig. 5A). Additionally, the 2'-FL group had a
higher abundance of Bacteroidota (0.66 + 0.14% at 12 h, 11.65
+2.53% at 24 h, and 31.70 + 2.75% at 48 h of fermentation)
and Fusobacteriota (0.06 + 0.03% at 6 h, 0.38 + 0.13% at 12 h,
8.75 + 1.59% at 24 h,and 11.11 + 2.26% at 48 h of fermentation),
and a lower abundance of Actinobacteriota (0.05 + 0.02% at 6 h,
0.08 + 0.02% at 12 h, 0.47 + 0.24% at 24 h, and 4.66 + 2.42% at
48 h of fermentation) in comparison with the FOS and lactose
groups (P < 0.05, Fig. 5A). During in vitro colonic fermentation, Fir-
micutes and Bacteroidota were the two dominant phyla in the
2'-FL group compared with the FOS and lactose groups, account-
ing for 95% of the total sequences (Fig. 4C), with a higher abun-
dance of Firmicutes (43.32 + 5.56% at 6 h, 50.05 + 3.92% at
12 h,and 52.62 + 6.89% at 24 h of fermentation) and lower abun-
dance of Bacteroidota (53.40 + 5.64% at 6 h, 46.11 + 3.63% at
12 h, and 43.61 + 7.53% at 24 h of fermentation) and Proteobac-
teria (1.06 £ 0.11% at 6 h, 1.16 + 0.12% at 12 h, 1.50 + 0.51% at
24 h,and 1.51 + 0.31% at 48 h of fermentation) (P < 0.05, Fig. 5B).

The relative abundance of the top 20 genera in the jejunal and
colonic fermentation broth at the genus level is depicted in
Fig. 4B, D, respectively. During in vitro jejunal fermentation,
Clostridium sensu stricto 1 (21.29%), Streptococcus (18.49%), and
Citrobacter (17.55%) were the predominant genera in the three
groups (Fig. 4B). The differential analysis showed that compared
with the FOS group or lactose group, the 2'-FL group had a higher
relative abundance of Citrobacter (41.34 + 0.81% at 6 h, 37.12
+ 1.41% at 12 h, 2494 + 2.59% at 24 h, and 17.34 + 2.63% at
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Figure 2. The pH value, and SCFA and lactate production during in vitro fermentation: (a) pH of jejunal fermentation broth; (b—e) SCFA concentration in
jejunal fermentation broth; (f) Lactate concentration in jejunal fermentation broth; (g) pH of colonic fermentation broth. (h-k) SCFA concentration in
colonic fermentation broth. (I) Lactate concentration in colonic fermentation broth. The data are expressed as means + SEMs (n = 4). The different super-
script letters (a—c) at the same time point (6, 12, 24, or 48 h) indicated significant differences among groups except the blank group (P < 0.05). SCFA, short-

chain fatty acids. FOS, fructo-oligosaccharides. 2'-FL, 2'-fucosyllactose.

48 h of fermentation), Klebsiella (15.80 + 0.75% at 6 h, 7.71

+ 0.88% at 24 h, and 4.45 + 0.38% at 48 h of fermentation),
Escherichia-Shigella (7.73 + 0.88% at 6 h, 830 + 1.28% at 12 h,
9.83 + 3.65% at 24 h, and 3.67 + 0.48% at 48 h of fermentation),
Fusobacterium (0.06 + 0.04% at 6 h, 0.37 + 0.12% at 12 h, 8.74

+ 1.58% at 24 h, and 11.1 + 2.26% at 48 h of fermentation),
Bacteroides (2.85 + 0.79% at 24 h and 15.95 + 3.35% at 48 h of
fermentation), Prevotella (0.13 + 0.03% at 12 h, 1.93 + 1.20% at
24 h, and 1245 + 2.97% at 48 h of fermentation), and Blautia
(0.06 + 0.03% at 12 h, 0.91 + 0.57% at 24 h, and 8.20 + 1.83% at
48 h of fermentation), but a lower relative abundance of Strepto-
coccus (4.22 + 0.15% at 6 h, 1.52 + 0.66% at 12 h, 1.50 + 0.28%

at 24 h,and 0.59 + 0.16% at 48 h of fermentation) and Lactobacil-
lus (0.35 + 0.17% at 6 h, 0.33 + 0.08% at 24 h, and 0.10 + 0.04%
at 48 h of fermentation) (P < 0.05, Fig. 6A). During in vitro colonic
fermentation, the primary dominant genera in the three groups
were Prevotella_9 (43.59%), Blautia (8.17%), and Prevotella
(7.18%) (Fig. 4D), and Prevotella_9 and Prevotella are reported to
be two different species at the moment.>® Meanwhile, in compar-
ison with the FOS or lactose group, the relative abundance of
Blautia (10.56 + 1.76% at 6 h, 13.87 + 1.82% at 12 h, 19.29
+ 4.69% at 24 h, and 19.89 + 4.06% at 48 h of fermentation), Rose-
buria (5.77 + 0.95% at 6 h,6.68 + 0.74% at 12 h,and 3.58 + 0.89% at
48 h of fermentation), Faecalibacterium (441 + 0.67% at 6 h and
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Figure 3. The microbial community structure in fermentation broth. Alpha diversity: ACE (a) and Shannon index (b) in jejunal fermentation broth. The data are
expressed as means + SEMs (n = 4), *P < 0.05. (c) The principal coordinate analysis (PCoA) of microbiota is based on the Bray—Curtis distance in jejunal fermenta-
tion broth. Circles with solid or dashed lines indicate a significant distinction between the 2'-FL group and the FOS or lactose group using permutational multivariate
analysis of variance (PERMANOVA) (P < 0.05). The alpha diversity: ACE (d) and Shannon index (e) in colonic fermentation broth. The data were expressed as means
+ SEMs (n = 4), *P < 0.05. (f) The PCoA of microbiota based on the Bray-Curtis distance in colonic fermentation broth. Circles with solid or dashed lines indicate a
significant distinction between the 2'-FL group and the FOS or the lactose group using permutational multivariate analysis of variance (PERMANOVA) analysis
(P < 0.05). FOS, fructo-oligosaccharides. 2'-FL, 2-fucosyllactose.
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Figure 5. The significantly changed phyla in the jejunal (a) and colonic
*P < 0.05. FOS, fructo-oligosaccharides. 2'-FL, 2’-fucosyllactose.

496 +£0.56% at 12 h of fermentation), Subdoligranulum (2.26
+ 0.18% at 6 hand 2.76 + 1.23% at 12 h of fermentation), and Lach-
nospiraceae FCS020 group (0.87 + 0.08% at 6 h,1.13 + 0.16%at 12 h,
2.81 + 1.33% at 24 h, and 2.82 + 0.92% at 48 h of fermentation) was
higher, whereas the relative abundance of Prevotella_9 (35.44
+ 6.72% at 6 h, 28.53 + 3.4% at 12 h, and 28.18 + 8.97% at 24 h of
fermentation), Succinivibrio (0.53 + 0.07% at 6 h, 0.69 + 0.08% at
12 h,0.69 + 0.08% at 24 h, and 0.4 + 0.09% at 48 h of fermentation),
Megasphaera (0.68 + 0.09% at 12 h, 0.87 + 0.2% at 24 h, and 0.84
+ 0.52% at 48 h of fermentation), and Streptococcus (0.21 + 0.03%
at6 h, 0.26 + 0.03% at 12 h, 0.23 & 0.1% at 24 h, and 0.25 + 0.06%
at 48 h of fermentation) were lower in the 2'-FL group (P < 0.05,
Fig. 6B).

DISCUSSION

Breast milk containing indigestible carbohydrates, like milk oligo-
saccharides, is considered to be an important source of nutrition
for neonates, providing unique benefits to promote the coloniza-
tion of beneficial bacteria and to improve intestinal health and
host immunity.* 2'-Fucosyllactose is the most abundant fucosyl-
oligosaccharide, comprising more than 30% of the total human
milk oligosaccharides (HMOs).° In this study, lactose and FOS were
used as control groups to evaluate the effects of 2'-FL on the

(b) fermentation broth. The data are expressed as means + SEMs (n = 4),

microbial community and metabolites in the jejunum and colon
of pigs in vitro. The results showed that the gas and SCFA produc-
tion had no distinct increase in the blank group during the fer-
mentation, suggesting that fiber or carbohydrates were the
main substrates to drive the fermentation, and also that the fiber
types may be the primary factors to impact the characteristics of
fermentation. In comparison with lactose and FOS, 2'-FL altered
the microbial composition and metabolism by increasing differ-
ent types of acid-producing bacteria and SCFA selectively in
the jejunum and colon. Moreover, the fermentation efficiency of
2'-FL was lower than lactose and FOS in the jejunum and colon.
For the fermentation of FOS and lactose, they showed similar
results on the microbial composition and metabolism, which
may be attributed to the similar chemical composition and struc-
ture. Overall, these results provided insights into the fermentation
characteristics of 2'-FL by the intestinal microbiota of pigs in vitro.

Cumulative gas production is one of the indicators to evaluate
the substrate fermentation efficiency by bacteria. In the present
study, the cumulative gas produced by 2'-FL fermentation was
lower than lactose and FOS in the jejunum and colon. These find-
ings were consistent with results of the previous study, which
reported that the total gas production of 2'-FL fermentation was
lower than FOS and lactose fermentation by preterm infant fecal
microbiota during the first 4 weeks of life,*' indicating that 2'-FL

J Sci Food Agric 2023 © 2023 Society of
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could not be utilized easily by bacteria in comparison with lactose
and FOS due to different chemical composition and structure among
the three substrates, such as monosaccharide types and glycosidic
bond.*? However, a recent study has reported no significant differ-
ences in gas production among different types of HMOs fermented
by infant fecal inoculum.”® These results indicated that the fermenta-
tion efficiency of HMOs was associated with other factors, such as
microbial composition. It is well known that, in the small intestine
of growing pigs, especially in the jejunum, Lactobacillus is the most
dominant genus, and the number of Bifidobacteria is low. It has been
reported that Bifidobacterium spp. could utilize 2-FL,** and Lactoba-
cillus spp. could directly uptake FOS and lactose,”**® which also
explained these results in gas production. Compared with the jeju-
num, the gas production in the colonic inoculum also increased,
which might be due to the differences in population and species
of bacteria in the small and large intestines, as microbes in the colon
have a higher density and release diverse carbohydrate-active
enzymes to degrade 2'-FL.'%*

Short-chain fatty acids and lactate, the primary microbial
metabolites of carbohydrate fermentation, play a key role in pro-
tecting gut health and are often used to evaluate the prebiotic
properties of fermentation substrates. Acetate, propionate, and
butyrate account for more than 90-95% of total SCFAs,** with a
theoretical molar ratio of 3:1:1 in the gut.*® Generally, FOS and
2'-FL cannot be degraded by the enzymes secreted by the host
and are mainly utilized by the microbiota in the large intestine.
During jejunal fermentation in vitro, a higher propionate concen-
tration was produced in the 2'-FL group, and FOS and lactose
were fermented to produce more acetate and butyrate, respec-
tively. These findings suggest that the small intestinal microbiota
have the capacity to ferment oligosaccharides, and 2'-FL has a
stronger propionate-producing capacity. However, the genera-
tion of these metabolites depends on the carbohydrate types
and microbiota composition.*® Both FOS and lactose positive con-
trols showed a higher level of lactate production, which might be
attributed to the abundance of Lactobacillus and Streptococcus in
the small intestine. Lactobacillus and Streptococcus have been
reported to be the dominant genera in the small intestine, and
they prefer to utilize simple carbohydrates to produce lactate.'®"”

In the present study, 2'-FL produced higher levels of acetate.
Propionate and butyrate were higher in the FOS and lactose
groups, respectively, during colonic fermentation in vitro. The
generation of different types of SCFA is strongly associated with
the monosaccharide types. It is reported that acetate and butyrate
are produced through the fermentation of aldehyde monosac-
charides (such as glucose, galactose, and mannose) whereas pro-
pionate is produced mainly through the fermentation of ketone
monosaccharides (such as fructose, arabinose, and tagatose).”?
This phenomenon could be attributed to the unique monosac-
charide components of different types of oligosaccharides. Our
findings were consistent with a previous study on infants, where
2'-FL and lactose were fermented by infant fecal microbiota to
yield a high proportion of acetate and butyrate, respectively.?*
However, these findings were different from the findings for jeju-
nal fermentation in vitro, probably due to the abundance of more
complex acid-producing bacteria in the large intestine than in the
small intestine.>® In the present study, the acetate level in the 2'-FL
group was low during jejunum fermentation but was high during
colonic fermentation. The conversion of acetate in the jejunum
and colon may be associated with the composition and high den-
sity of bacterial cells in the colon, which contributed to enhancing
the fermentation efficiency of 2'-FL and further promoting acetate

production. The lactate level was also higher in the FOS and lac-
tose groups at the fermentation prophase, but lactate concentra-
tion decreased with the progression of fermentation. Lactate, as
an intermediate, could be converted into propionate and butyrate
by microbes.>' The higher level of propionate and butyrate in the
FOS and lactose groups could therefore be attributed to lactate
conversion by the cross-feeding between the lactate-producing
bacteria and lactate-utilizing bacteria, respectively.>>>* Short-
chain fatty acid provides many benefits for the host, such as sup-
plying an additional energy source for intestinal epithelial cells,
suppressing potential pathogen colonization, stimulating epithe-
lial proliferation, and enhancing tight junction formation.>* Over-
all, these results indicated that milk oligosaccharide 2'-FL could
maintain gut health like other prebiotics.

Carbohydrate substrates can modulate the gut microbiota
structure and composition in a structure-dependent manner.”
In comparison with FOS and lactose, the structure of 2'-FL is com-
plex with two glycosidic bonds (1-4 and «1-2) and three mono-
saccharides (fucose, glucose, and galactose).® Thus, it was
inferred that 2'-FL modulated the microbiota differentially in com-
parison with FOS and lactose. Notably, 2'-FL increased the micro-
biota diversity (ACE and Shannon indices) and altered the
microbial structure during jejunal and colonic fermentation.
The complex carbohydrates could effectively structure gut micro-
bial consortia and maintain diversity by providing more abundant
substrates.>® These results were consistent with a previous study
on humans, reporting that the complex carbohydrate substrate
could promote greater diversity than simple homopolymers and
achieve health benefits by increasing gut microbiota diversity.>®

Furthermore, 2'-FL differentially stimulated the growth of differ-
ent types of bacterial groups in the jejunum and colon in vitro. For
instance, during jejunal fermentation, 2'-FL increased the abun-
dance of Bacteroidetes but decreased the abundance of Firmi-
cutes, which might be due to the increase in Bacteroides and
Prevotella and the decrease in Streptococcus and Lactobacillus.
Bacteroides and Prevotella are the primary complex polysaccha-
ride degraders in the gut and release various carbohydrate-active
enzymes to degrade 2'-FL.>” These bacteria are also considered to
be the main propionate producers in the intestine.>* Streptococ-
cus and Lactobacillus in Firmicutes are the predominant genera
in the small intestine and are driven by a rapid uptake and conver-
sion of simple carbohydrates.'” These bacteria pose different pref-
erences for different oligosaccharides. Some previous studies on
functional genomes have reported that Streptococcus and Lacto-
bacillus could uptake and degrade FOS as the energy source
directly.*> Moreover, Streptococcus and Lactobacillus are recog-
nized as the primary lactate producers, which utilize simple carbo-
hydrates to produce lactate.”®*° In this study, a higher level of
lactate was observed in the FOS and lactose groups. However, in
comparison with FOS and lactose, 2'-FL increased the abundance
of Firmicutes and decreased the abundance of Bacteroidetes dur-
ing colonic fermentation, which was the opposite to the results in
the jejunum. These results could be attributed to the increase of
Blautia and Roseburia in Firmicutes and the decrease of Prevotell_9
in Bacteroidetes in the 2'-FL group. Notably, 2'-FL fermentation
increased the abundance of the genus Blautia in the jejunum, sug-
gesting that Blautia might be a specialized degrader of 2'-FL. It is
reported that fucose from the degradation of 2'-FL by the micro-
biota was released into intestinal tract as substrates mediating
the growth of Blautia.?® From in vitro co-culture assays, Blautia,
and particularly Blautia wexlerae, has been reported to utilize
fucose released from 2'-FL by Bifidobacterium bifidum, which
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possessed extracellular GH95 a-L-fucosidase.® In this study, the
abundance of Megasphaera, a common lactate-utilizing bacteria
in the gut, was increased in the FOS group, which could convert
lactate to propionate through the acrylate pathway.>' A previous
study reported that, under carbon-limited steady-state condi-
tions, lactate was converted to butyrate rather than propionate
by Megasphaera.® In the current study, the higher levels of propi-
onate and butyrate were produced by fermenting FOS and lac-
tose, respectively, and lactate sharply declined after 6 h of
fermentation. Thus, we speculated that the increased Mega-
sphaera might contribute to higher propionate and butyrate in
the FOS and lactose groups, respectively. Overall, 2'-FL could influ-
ence the composition of the bacteria community in the small and
large intestines compared with FOS and lactose. However, the uti-
lization mechanism of 2'-FL by microbes is still unclear due to the
diversity and complexity of the gut microbiota. Hence, the rela-
tionship between specific bacteria and 2'-FL degradation needs
further investigation.

CONCLUSION

In summary, the present study systematically revealed the in vitro
fermentability properties of the milk oligosaccharides 2'-FL by the
jejunal and colonic microbiota from piglets. Compared with FOS
and lactose, 2'-FL showed differential influences on microbial
composition and metabolism in the small and large intestines.
The small intestinal microbes showed a potential ability to fer-
ment 2'-FL with a higher propionate. In contrast, 2'-FL was utilized
by the large intestinal microbes to produce more acetate than
FOS and lactose after 24 and 48 h fermentation. These findings
provided new prospects for modulating microbial community
and SCFA production to exert health benefits on newborns by
administering milk oligosaccharides.
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