fermentation

Article

Effects of Oligosaccharide Fermentation on Canine Gut
Microbiota and Fermentation Metabolites in an In Vitro Fecal
Fermentation Model

Yu Zhang t, Zhuang Ding ¥, Xiaoyu Chen, Min Wen, Qingpeng Wang and Zhengping Wang *
8 8 g Yy gpeng g gping g

check for
updates

Citation: Zhang, Y.; Ding, Z.; Chen,
X.; Wen, M.; Wang, Q.; Wang, Z.
Effects of Oligosaccharide
Fermentation on Canine Gut
Microbiota and Fermentation
Metabolites in an In Vitro Fecal
Fermentation Model. Fermentation
2023, 9,722. https://doi.org/
10.3390/ fermentation9080722

Academic Editor: Mengzhi Wang

Received: 1 July 2023
Revised: 28 July 2023
Accepted: 30 July 2023
Published: 1 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Institute of Biopharmaceutical Research, Liaocheng University, Liaocheng 252059, China;
zy13709810452@163.com (Y.Z.); dingzhuang@lcu.edu.cn (Z.D.); cxiaoyu0414@163.com (X.C.);
wenmin@lcu.edu.cn (M.W.); lywqp@126.com (Q.W.)

* Correspondence: wangzhengping@Icu.edu.cn; Tel.: +86-635-8239136

* These authors contributed equally to this work.

Abstract: Owing to the well-established application of prebiotics in human food products, there is a
growing interest in their potential as dietary supplements for gut microbiota composition and im-
provement of the digestive health of dogs. However, targeted studies with dogs as research subjects
are still limited. In the present study, an in vitro simulated gut microbiota fermentation system using
canine feces from a healthy Border Collie breed was used to investigate the prebiotic effects of five
different oligosaccharides and compare their regulatory effects on the gut microbiota structure and
the resultant metabolites. Due to the addition of oligosaccharides, the fermented samples had lower
pH and higher bacterial proliferation. The oligosaccharide-fermentation selectively boosted Lacto-
bacillus spp., Streptococcus spp., Enterococcus spp., Bacteroides spp., and hindered Escherichia-Shigella
spp., Paeniclostridium, spp., and Bacteroides spp. Each oligosaccharide showed distinct characteristics
and preferences for regulating gut microbiota structure and abundance. Furthermore, the addition
of oligosaccharides increased the production of short-chain fatty acids, particularly butyric acid.
This study provides a preliminary basis for the rapid and rational selection of prebiotic oligosaccha-
rides as canine dietary supplements and further explores the function of oligosaccharides and their
combinations in canine health.

Keywords: canine gut microbiota; prebiotic oligosaccharides; fecal fermentation; short-chain fatty
acids

1. Introduction

Domestic dogs are among the most popular companion animals worldwide. Over
180 million dogs live in households in Europe and the US, and the population is increasing,
especially in Asia and Latin America (data from FinancesOnline). Companion dogs are
considered family members and establish strong emotional connections with their owners.
Therefore, the health and longevity of companion dogs have attracted increasing attention in
recent decades [1]. The canine gastrointestinal tract harbors a large and complex microbiota.
This microbial ecosystem plays critical roles in nutrient digestion, bioconversion and
utilization, resistance to pathogen colonization, and immune modulation. The regulation
of gut microbiota composition and metabolism is regarded as an effective strategy for
maintaining canine health and preventing diseases [2].

Prebiotics are substrates selectively fermented by the host gut microbiota, thereby
providing health benefits to the host. Several studies have shown that supplementing
prebiotics into dog feed can potentially have beneficial effects on the health of compan-
ion dogs [3,4]. These oligosaccharides, including fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GOS), mannan oligosaccharides (MOS), and the emerging raffinose (RFN),
have been proposed as the most common archetypes of prebiotics and are widely used in
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human food products and supplements to promote favorable gut microbial balance and
enhance wellness [5]. Because of ethical restrictions, entry criteria, and relatively high
costs, there are only a few studies regarding the effects of oligosaccharide consumption
on canine gut microbiota composition and metabolism [6]. Most previous studies have fo-
cused on FOS as a dog feed supplement and determined its positive functions in promoting
beneficial microbial growth, inhibiting undesirable bacterial reproduction, and increasing
short-chain fatty acid (SCFA) concentrations [7,8]. Recently, Kee et al. found that soybean
oligosaccharides have a significant capacity to stimulate butyrate production in a canine
in vitro fermentation model [4]. However, limited studies have been conducted on the
diverse prebiotic effects of various oligosaccharides as potential dietary supplements for
enhancement of canine gastrointestinal health.

To better understand the application prospects of oligosaccharide prebiotics as canine
feed supplements, this study focused on five oligosaccharides, FOS, GOS, MOS, REN, and
polydextrose (PD), and compared their effects on gut microbiota derived from the Border
Collie breed. The effects of these oligosaccharides on pH changes, SCFA production, gut
microbiota composition, and abundance modulation were investigated using an in vitro
fermentation model with canine fecal inoculum.

2. Materials and Methods
2.1. Materials

FOS (>98% purity) and PD (>90% purity) were purchased from Baolingbao Biotech
(Yucheng, China). GOS (>90% purity) and MOS (>90% purity) were purchased from New
Francisco (Yunfu, China) and Chengdu iMOS Co., Ltd. (Chengdu, China), respectively. RFN
(>98% purity) was purchased from Ever Brilliance Biotech (Tongjiao, China). Acetic, propi-
onic, butyric, and lactic acid were obtained from Macklin Biochemical
(Shanghai, China). The ultrapure water used in all the experiments was purchased from Wa-
haha Co., Ltd. (Hangzhou, China). Chromatography grade acetonitrile and methanol were
purchased from Fisher Scientific (Waltham, MA, USA). All other chemicals and reagents
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Canine Feces Collection and Inoculum Preparation

Feces were collected from the Pet Nutrition Research Center of the Gambol Pet
Group (Liaocheng, China) according to the guidelines of the Animal Ethics Commit-
tee of Liaocheng University. Three healthy adult Border Collies were selected as donors
and were fed a standard commercial dog diet (Table 1) for 30 days before fecal sample
donation. These dogs had not received antibiotics or probiotic/prebiotic supplements in
the past three months. Fresh fecal samples were collected in sterile bags and placed in an
anaerobic jar with an AnaeroPack (Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan). They
were immediately processed in an LAI-3 anaerobic workstation (LongYue Instrument Co.,
Ltd., Shanghai, China) filled with anaerobic mixed gas (AMG, 90% N3, 5% COy, and 5%
Hpy) in the laboratory. An equal amount of feces from each donor (10 g) was mixed and
diluted (1:9 w/v) with 0.1 M sterile phosphate-buffered saline (PBS, pH = 7.4) containing
cysteine hydrochloride (0.5 g), which was deoxygenated with filtered AMG for 15 min.
The supernatant of the fecal slurry was obtained as fecal inoculum by centrifugation at
300x g for 5 min at 4 °C. The resulting fecal inoculum was sealed in serum bottles at 38.5 °C
before use.

2.3. In Vitro Fermentation

In vitro fermentation was performed in an LAI-3 anaerobic workstation according
to the procedure reported by Tian et al. [9], with slight modifications. The basal fermen-
tation medium was prepared with the following formulation [10,11]: 2.0 g/L peptone,
2.0 g/L yeast extract, 2.0 g/LNaHCOs3, 0.1 g/L NaCl, 40 mg/L K;HPOy, 40 mg/L KHpPOy,
10 mg/L MgSO4-7H,0, 10 mg/L CaCl,-6H,0O, 0.5 g/L cysteine hydrochloride, 0.5 g/L
bile salts, 25 mg/L hemin, 2 mL/L Tween 80, 10 uL/L vitamin K1, 1.0 mg/L resazurin,
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and the pH adjusted to 6.8. After being autoclaved at 121 °C for 15 min, the medium was
deoxygenated using filtered AMG for 15 min.

Table 1. Analyzed nutrient composition of the commercial diet 1fed to dogs before feces collection.

Nutrient Diet

Dry matter, % 90.2

Crude protein, % of dry matter 26.0

Acid hydrolyzed ether extract, % of dry matter 11.0
Total dietary fiber, % of dry matter 5.0

Ash, % of dry matter 10.0

1 Ingredients: frozen beef, chicken meal, beef bone meal, potato meal, tapioca meal, sweet potato meal, chicken
oil, fish oil, soybean oil, yeast powder, beet meal, glucosamine hydrochloride, natural lutein, chondroitin sulfate,
calcium hydrogen phosphate, sodium chloride, manganese sulfate, zinc sulfate, ferrous sulfate, copper sulfate,
calcium iodate, sodium selenite, vitamin A acetate surface, vitamin D3, DL-alpha-tocopherol acetate, vitamin
K3, vitamin By, vitamin By, vitamin B, vitamin Bjp, D-calcium pantothenate, nicotinamide, folic acid, D-biotin,
choline chloride, L-lysine, DL-methionine, glycerin.

Oligosaccharides (0.2 g) were dissolved in a small amount of the fermentation medium
and then filter sterilized through 0.22 pm size filters. The filtered solutions were mixed with
fresh medium to reach 9.8 mL and then inoculated with 0.2 mL canine fecal supernatant.
The mixed cultures were incubated at 39 °C for 24 h under anaerobic conditions [8]. A
culture without oligosaccharides was used as the blank group. After 24 h incubation, the
fermented cultures were stored at —80 °C for subsequent experiments. Each fermentation
formulation was conducted in triplicate.

2.4. pH and Ultraviolet (V) Measure

The pH of the fermentation culture was determined using a SevenCompact pH meter
with an Expect Pro-ISM probe (Mettler Toledo, Columbus, OH, USA). The bacterial growth
was evaluated by measuring its optical density at 600 nm (OD 600) using an ultraviolet-
visible spectrophotometer (U-3900H, Hitachi, Tokyo, Japan). The fermented media (1 mL)
were centrifuged at 10,000x g for 10 min at 4 °C and the supernatants were removed
carefully. The bacterial precipitate was resuspended in 16 mL of PBS to obtain the OD 600.

2.5. Microbial Analysis

After 24 h of fermentation, the fermented culture was oscillated thoroughly to disperse
the bacterial cells. Then, 1 mL of the mixed culture was centrifuged at 12,000 x g for 10 min
at 4 °C. The sediment was retained and immediately frozen in liquid nitrogen. Genomic
DNA from each fermentation trial was extracted using a magnetic soil and stool DNA
kit (DP712; TianGen, Beijing, China). The V3-V4 regions of the 16S rRNA genes were
amplified using the 341F/806R primer pair and Phusion® high-fidelity PCR master mix
(New England Biolabs, Ipswich, MA, USA). The amplicon mixtures were purified using
a universal DNA purification kit (DP214; TianGen, China). A sequencing library was
constructed using the Next Ultra II FS DNA PCR-free Library Prep Kit (New England
Biolabs) and quantified using a Qubit 3.0 fluorometer (Invitrogen, Carlsbad, CA, USA). The
quantified library was pooled and sequenced by the Novogene Institute (Beijing, China)
on an Illumina platform. Species annotation was performed using QIIME2 software with
the Silva database. All results were analyzed based on sequenced reads and operational
taxonomic units (OTUs).

2.6. SCFAs and Lactic Acid Quantitative Analysis

Quantitative analysis of SCFAs in the fermented culture was performed using a Trace
1300 gas chromatographic (GC) system equipped with a flame ionization detector (Thermo
Fisher Scientific, Waltham, MA, USA), as described by Ma et al. [12]. The fermented
sample (500 pL) was acidified by adding an equal volume of 0.1 M hydrochloric acid,
which contained 0.01 M 2-ethyl butyric acid as an internal standard. The mixture was
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centrifuged at 10,000 g for 10 min at 4 °C and the supernatant (1 uL) was injected into
the GC system. The injection port temperature was 200 °C, the split ratio was 10:1, and the
mobile phase was nitrogen gas at a 2 mL/min flow rate. The component separation was
carried out through an Agilent DB-624 column (30 m x 0.32 mm X 1.8 um). The initial
column temperature was held at 50 °C for 2 min, then raised to 200 °C at 5 °C/min, and
finally held at 200 °C for 1 min. The standard curve was established using 1.0-50.0 mM
standard solutions of acetic acid, 0.1-5.0 mM solutions of propionic acid, and butyric acid.

Quantitative analysis of lactic acid was performed using a lactic acid concentration
assay kit (BC2230; Solarbio, Beijing, China) according to the manufacturer’s instruc-
tions, based on visible spectrophotometry. The U-3900H spectrophotometer (Hitachi,
Tokyo, Japan) was used for absorbance determination and the 1.0-50.0 mM range of the
standard curve was established.

2.7. Statistical Analysis

All experiments were conducted in triplicate. Data are presented as means =+ standard
deviation (SD). Numerical data were compared using -tests in Prism software (Version 7.0,
GraphPad, San Diego, CA, USA), and microbiological data were analyzed using statistical
R software (version 4.0.3). Statistical significance was determined at a p-value < 0.05.

3. Results and Discussion
3.1. pH and Total Bacterial Growth

The pH change and total bacterial count of each fermented medium were measured
after 24 h of fermentation to obtain an overview of the fermentation process (Figure 1).
Although the pH in the canine small intestinal and colon may fluctuate owing to differences
in the colonizing microbiota and physiological status [13], multiple studies have reported a
near-neutral pH because of the buffering capacity of pancreatic juice and bile [1]. Thus, pH
6.8 was always chosen in the simulated canine intestinal fermentation system in vitro [1].
As shown in Figure 1A, the presence of the oligosaccharides did not induce a change in
the pH of the fermentation media before fermentation, which remained at approximately
6.8. After 24 h of fermentation, the pH of the blank sample decreased slightly from 6.8 to
6.6, whereas the fermentation media containing the oligosaccharides showed a significant
decrease in pH. The pH values of the media containing FOS, GOS, MOS, and RFN decreased
to approximately 4, whereas the sample containing PD had a higher pH of 6.5. The canine
gut microbiota can utilize the oligosaccharides and produce beneficial acidic metabolites
(e.g., SCFAs) that lower the pH [14]. Furthermore, acidification of the gut environment
has several beneficial effects such as inhibiting pathogen overgrowth and promoting the
growth of beneficial bacteria such as Lactobacillus and Bifidobacterium [15].
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Figure 1. Changes in pH (A) and OD600 values (B) of in vitro fermented samples by canine fecal
microbiota. Blank represents the blank group (not supplemented with oligosaccharides); FOS, GOS,
MOS, PDX, and RFN represent the relevant oligosaccharide supplement groups. The different
lowercase letters indicate a significant difference (p < 0.05) among different groups.
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The proliferation of total bacterial flora in media containing different oligosaccharides
was estimated by measuring the OD600 values (Figure 1B). Before fermentation, the OD600
values of the inoculated media were approximately 0.07. After 24 h of fermentation, the
OD600 values of all media significantly increased. Compared with the blank sample,
the media containing the oligosaccharides showed a 1.29- to 1.60- fold OD600 increase,
indicating that the oligosaccharides favored bacterial reproduction.

3.2. Gut Microbial Diversity

Bacterial 16S rRNA pyrosequencing of fermented samples was performed to explore
the effects of different oligosaccharides on the diversity and composition of the gut micro-
biota. The rarefaction and Shannon curves reflected changes in the operational taxonomic
units (OTUs) and Shannon indices with an increase in the number of extracted sequences.
As shown in Figure 2A,B, rarefaction curves flattened as sequencing depth and sample size
increased, suggesting that credible sequencing information had been obtained. Meanwhile,
the Shannon indices of all samples reached a stable plateau, suggesting that the volume of
sequencing information was sufficient to analyze the gut microbial diversity.
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Figure 2. Effects of different oligosaccharide interventions on canine gut microbiota diversity. (A) Rar-
efaction curves; (B) Shannon curves; (C) Chaol indices; (D) Shannon indices; (E) PCoA of microbiota
at OTU level. Blank represents the blank group (not supplemented with oligosaccharides); FOS, GOS,
MOS, PDX, and RFN represent the relevant oligosaccharide supplement groups.

The x-diversity of fermented samples from the different treatment groups is displayed
as Chaol (Figure 2C) and Shannon indices (Figure 2D). The indices revealed that the
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microbiota diversity of the samples fermented with oligosaccharides decreased in the
blank group. A decrease in diversity caused by carbohydrate prebiotics, including FOS
and carrageenan oligosaccharides, has been observed in previous studies [16-18]. This
phenomenon may be because the oligosaccharides could be utilized by different microbiota
and transformed to generate functional metabolites, such as SCFAs, triggering competition
for dominant microbiota and reducing microbiota diversity.

Principal coordinate analysis (PCoA) based on the weighted UniFrac distance was
used to evaluate the 3-diversity of the bacterial communities in each sample [18]. As shown
in Figure 2E, 94.37% of the total variance could be explained by the three axes, each having
contributed 81.58, 7.99, and 4.79% of the variation. The PCoA results showed that, except
for the PDX group, the other four oligosaccharide intervention groups were close to each
other and further along the blank group, whereas the distance between the PDX and blank
groups was relatively small. The results indicated that oligosaccharide incorporation had
different effects on canine gut microbiota, and that four of these oligosaccharides induced a
more significant change in microbial composition relative to the blank [19].

3.3. Microbial Composition

The regulatory effect of different oligosaccharides on the taxonomic composition of the
microbiota after fermentation was evaluated at the phylum and genus levels (Figure 3A,B).
The majority of microbiota within all fermented groups were identified as belonging to
the following phyla: Firmicutes (renamed to Bacillota [20]), Proteobacteria (renamed Pseu-
domonadota), Bacteroidetes, Actinobacteria, and Fusobacteria, which is consistent with previous
reports of canine gut microbiota composition [1,21]. Overall, compared to the blank group,
the relative abundance of Firmicutes significantly increased in all oligosaccharide groups,
whereas that of Bacteroidetes and Actinomycetes significantly decreased. Furthermore, the
relative abundance of Proteobacteria significantly decreased in the oligosaccharide groups,
except for the PDX group, which showed no obvious changes in the proportion of Pro-
teobacteria. Several studies have demonstrated that increasing the prebiotic carbohydrates
and vegetable fiber content in dog feeds leads to an increase in the relative abundance
of Firmicutes and a decrease in Proteobacteria, which is perceived to be beneficial for ca-
nine intestinal health [22]. A decrease in some bacterial taxa within Firmicutes (genera
Ruminococcus and Megamonas) has been associated with canine inflammatory bowel dis-
ease [22]. Salas-Mani et al. [23] reported that higher Firmicutes and lower Proteobacteria
abundance were correlated with weight control and obesity prevention in dogs. However,
Sanchez et al. [24] found a decrease in the ratio of Firmicutes/Bacteroidetes (F/B) appearing
in the fecal microbiota of obese dogs who underwent a weight loss program. The same
phenomenon was observed in studies on the human gut microbiota, where it was suggested
that a microbiome with a higher F/B ratio favors the energy harvest and storage of the
host, thus increasing the risk of obesity [18]. Our results indicate that oligosaccharide
intervention may change host energy metabolism by regulating the composition of the
intestinal microbiota. In addition, Proteobacteria have been associated with canine obesity,
as has been suggested in humans [25].

The microbiota composition of the fermented samples showed clear differences at the
genus level (Figure 3B). The gut microbiota of the blank group was mainly composed of
Lactobacillus, Escherichia-Shigella, Streptococcus, Enterococcus, Paeniclostridium, Bacteroides,
Weissella, Clostridium, Bacillus, and Parabacteroides, whose relative abundances were over
1% in at least one group. Compared to the blank group, the relative abundances of Lacto-
bacillus, Streptococcus, and Enterococcus in the oligosaccharide groups improved to varying
degrees, accompanied by decreases in those of Escherichia-Shigella, Paeniclostridium, and
Bacteroides. Differences at the genus level between each oligosaccharide group and the
blank group are shown in Figure 4. Intervention with FOS and GOS significantly increased
the relative abundance of Lactobacillus and Streptococcus (p < 0.05) and reduced that of
Escherichia-Shigella, Bacteroides, and Clostridium_sensu_stricto_1 (p < 0.05). Lactobacillus is
a well-known probiotic in the human and animal intestines and produces characteristic
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metabolites to fortify the intestinal barrier, thus inhibiting colonization by harmful bacteria,
and preventing various gastrointestinal disorders [26,27]. Additionally, Lactobacillus confers
benefits to the host immunity and enteric nervous systems [28,29]. The maximum effect was
seen on Streptococcus in the MOS group, with an increase in its relative abundance from 1.1%
in the blank to 45.9%. Meanwhile, the PDX group exhibited higher levels of Enterococcus
with a relative abundance of 12.9%, compared to the blank group (3.2%). Some Enterococcus
and Streptococcus spp. (e.g., E. faecium and S. salivarius subsp. thermophilus) have been used
to treat various canine gastrointestinal disorders such as diarrhea [30], bowel inflamma-
tion [31] and chronic enteropathies [32]. However, Garcia-Mazcorro et al. [26] found that,
for the probiotic supplement of these bacteria, it is typically difficult to obtain a decent
colonization in the gut due to the competition from the already established microbiota.
These results revealed that oligosaccharide supplementation may be highly feasible for
promoting specific bacterial growth. The RFN provided a moderate regulation in microbial
composition, with the promotion of Streptococcus and inhibition for Escherichia-Shigella and
Clostridium_sensu_stricto_1. It is noteworthy that, among all the oligosaccharide groups,
the PDX group alone did not exhibit an inhibitory effect on Escherichia-Shigella. On similar
lines Beloshapka et al. [33] found that polydextrose consumption by dogs did not affect the
abundance of Escherichia, lactobacilli, and bifidobacteria. Escherichia-Shigella includes many
potentially pathogenic strains (e.g., E. coli, S. flexneri, and S. dysenteriae), and their decrease
benefits host health and disease remission [6].
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Figure 3. Responses of the gut microbiota composition to different oligosaccharide interventions
at the phylum (A) and genus (B) levels. Blank represents the blank group (not supplemented
with oligosaccharides); FOS, GOS, MOS, PDX, and RFN represent the relevant oligosaccharide
supplement groups.
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Figure 4. Differential abundance analysis of microbiota between the oligosaccharide intervention
and blank groups based on t-test. (A-E) represent the results of different oligosaccharide inter-
ventions: FOS (A), GOS (B), MOS (C), PDX (D), and RFN (E). Blank represents the blank group
(not supplemented with oligosaccharides); FOS, GOS, MOS, PDX, and REN represent the relevant
oligosaccharide supplement groups.

3.4. Linear Discriminant Analysis (LDA)

To reveal the specific bacterial taxa that were significantly influenced by different
oligosaccharides during fermentation, LDA and LDA effect size (LEfSe) analyses were
performed on the operational taxonomic unit (OUTs) results. As shown in Figure 5A,
13 OUTs from four fermentation groups displayed a marked predominance compared
to the other fermentation groups because of their higher LDA scores (log10, >4). The
results showed that MOS supplementation was more efficient in increasing the abundance
of the genus Streptococcus and that the order Lactobacillales was especially increased by
GOS supplementation. In addition, the relative abundance of the phylum Proteobacteria
was particularly enriched in the PXD group, where the main contributor was the genus
Escherichia-shigella. In the blank group, four OUTs were significantly enriched, including the
phylum Proteobacteria and three genera Dorea, Fontibacillus, and Romboutsia belonging to the
phylum Firmicutes. This indicated that oligosaccharide addition reduced the abundance of
these bacteria. Recent studies have suggested that both Dorea and Romboutsia are harmful
to the gut microbiota because of their adverse effects on host weight and serum cholesterol
levels [34,35]. The corresponding evolutionary cladogram is shown in Figure 5B. The
specifically enriched bacteria between the GOS and MOS groups had a closer evolutionary
relationship, while those of the PXD and blank groups partially overlapped.
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Figure 5. Differential abundance analysis of microbiota among six different groups based on linear
discriminant analysis effect size (LEfSe). (A): LDA score (4.0 or greater in microbiota communities);
(B): Cladogram generated from LEfSe analysis. (The different colors represent different groups; circles
of different color and colored regions represent taxon with significantly high relative abundance in
the corresponding groups).

3.5. Influences on SCFA Production

SCFAs, particularly acetic, propionic, and butyric acids, are important metabolites of
various carbohydrates fermented by the anaerobic gut microbiota. SCFAs are easily ab-
sorbed through the digestive tract and exert various beneficial effects on the host health [36].
Therefore, SCFA concentrations during fecal fermentation were determined to assess the
potential effects of oligosaccharides on the canine gut microenvironment (Figure 6). Acetic
acid is the most abundant SCFAs and is mainly produced by Firmicutes, including Lacto-
bacillus and Bifidobacterium [37]. In this study, media containing RFN showed the highest
acetic acid concentration after 24 h of fermentation. Higher concentrations of acetic acid
not only favor an increase in ghrelin levels and nutrient intake [38] but also inhibit fat
synthesis [39]. Unexpectedly, the incorporation of each oligosaccharide caused a steady
and significant decrease in propionic acid production compared to that in the blank group.
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Propionic acid can be produced by putrefactive bacteria, such as Bacteroidetes, Firmicutes,
and Propionibacterium species [40], and is considered to promote cholesterol metabolism,
reduce lipid storage, and act as an anti-inflammatory [41]. This result differed from that
of most previous studies that reported a positive effect of oligosaccharides on propionic
acid production [40]. Biagi et al. [42] also found that using chicory (enriched with FOS)
as a medium supplement led to reduced propionic acid production during in vitro canine
fecal fermentation. Butyric acid is considered the most important SCFA in animal health
and provides various health benefits by promoting intestinal mucosal protein production,
improving intestinal defense barriers, alleviating oxidative stress injury, and inhibiting
colonic carcinogenesis and chronic inflammation [43]. After fermentation, the butyric
acid concentration was highest in the media containing RFN (0.63 + 0.07 mM), followed
by GOS (0.52 £ 0.03 mM) and PDX (0.31 £ 0.04 mM), and lowest in the blank group
(0.15 = 0.03 mM). Butyric acid production is closely related to galactose and galacturonic
acid metabolism [44], which provides a rational explanation for the high butyric acid
production observed in the RFN and GOS groups. In addition, similar to our findings for
PDX, Bai et al. [45] reported that 3-glucan caused butyric acid production during in vitro
fermentation, which is consistent with our results.
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Figure 6. Production of short-chain fatty acids (SCFAs) and lactic acid after in vitro canine fecal
microbiota fermentation. (A-D) represent the effects on acetic acid (A), propionic acid (B), butyric
acid (C), and lactic acid (D). The different lowercase letters indicate a significant difference (p < 0.05)
among different groups.

Lactic acid is also one of the predominant fermentation products of the gut micro-
biota and plays a positive role in regulating the intestinal pH environment, suppressing
harmful microflora, and so on. Moreover, some restricted bacteria utilize lactic acid to
produce propionate and butyrate [36]. In this study, the lactic acid content was noticeably
increased after treatment with the oligosaccharides (p < 0.05) compared to that in the blank
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group (2.6 = 0.1 mM). This result could be attributed to its excellent ability to promote the
proliferation of several lactic acid-producing bacteria, such as Lactobacillus, Streptococcus,
and Enterococcus spp., belonging to the family Lactobacillales (phylum Firmicutes). The
media containing GOS and MOS gave higher lactic acid concentrations with 25.3 &= 4.2 and
22.4 + 1.7 mM, respectively. Notably, GOS and MOS groups showed lower acetate produc-
tion. Several studies have demonstrated that relatively higher lactate and a lower acetate
yield can allow more ATP generation to improve the competitiveness of Bifidobacterium
within the microbiota community [37]. Overall, the results of SCFAs production caused by
prebiotics showed some variance compared with previous reports. This may be due to the
compositional specificity and complexity of the gut microbiota from different hosts. This
finding also suggests that it is imperative to conduct more targeted research on canine gut
microbiota and their responses to feed ingredients.

4. Conclusions

The aim of this study was to evaluate and compare the effects of five different oligosac-
charides on canine gut microbiota and metabolic environment. During in vitro fecal fer-
mentation, the presence of all the tested oligosaccharides significantly decreased the en-
vironmental pH and promoted overall bacterial growth. Oligosaccharide intervention
significantly changed the composition of the gut microbiota and the regulation of different
oligosaccharides revealed distinct characteristics. FOS and GOS supplements promoted
the relative abundance of the probiotic Lactobacillus and inhibited the dysbiotic Escherichia-
Shigella. MOS and PDX are more suitable for promoting Streptococcus and Enterococcus
growth, respectively. Furthermore, RFN exhibited clear advantages in the production
of health-promoting SCFAs, particularly acetic and butyric acids. Our results indicate
that each oligosaccharide has a unique effect on the canine gut microbiota. It should be
noted that canine gut microbial ecosystems may exhibit significant individual variation
due to differences in physiological states, geographic areas, and dietary habits. Thus, the
prebiotic effect of oligosaccharides should be further validated through animal feeding
studies, specifically focusing on dogs with health conditions. Additionally, this suggests
that a combination of several prebiotic ingredients with different kinetic and end-product
characteristics can be used to design dog diets to maximize health gains.
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