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Abstract: Gut microbiota has strong connections with health. Regulating and enhancing gut mi-
crobiota and increasing the population of beneficial microorganisms constitutes a new approach to
increasing the efficiency of health status. Although it has been shown that Lactococcus can adjust
gut microbiota and be beneficial for the host, little is known about whether strains of Lactococcus
petauri can improve the gut microbiota. This study focused on the influence of Lactococcus petauri
CF11 on the gut microbiome composition and the levels of short-chain fatty acids (SCFAs) in vivo
in healthy Sprague Dawley rats. The present results showed that strain CF11 was able to induce
a higher amount of fecal acetic acid and propionic acid and enhance species richness. Moreover,
strain CF11 improved the gut microbiota community structure. In the experimental group, the genera
Oscillospira, Coprococcus, and Ruminococcus, which are reported to be able to produce SCFAs, are
significantly increased when compared with the control group (p < 0.05). Finally, the functions
of genes revealed that 180 pathways were upregulated or downregulated in comparison with the
control group. Among them, the top-five clearly enriched pathways regarding metabolism included
porphyrin and chlorophyll metabolism; C5-Branched dibasic acid metabolism; valine, leucine, and
isoleucine biosynthesis; phenylalanine, tyrosine, and tryptophan biosynthesis; and ascorbate and
aldarate metabolism. Our data suggest that the SCFAs-producing strain CF11 is a potential probiotic.

Keywords: Lactococcus petauri; SCFA-producing bacteria; improve; gut microbiota; 16S rRNA high-
throughput sequencing; in vivo

1. Introduction

Gut microbiota is a complicated ecosystem that develops in close parallel with the
whole body and depends on the host’s physiological environment [1]. The human gut
microbiota has a microbial-cell-to-human-cell ratio of approximately 1:1. Along with its
by-products, it has been proven to be fundamental to the host’s health and metabolism [2].
More and more evidence has emphasized that intestinal microbes play a very important
role in metabolism, nutrition, immune, and other physiological functions, which contribute
to the survival and thriving of humanity [3,4]. There are three major groups of microbiotas
in the human gut, namely beneficial bacteria (probiotics), neutral bacteria, and pathogens.
Normally, they maintain a mutually beneficial relationship with the host. Once this home-
ostasis is disrupted, gut microbial dysbacteriosis may lead to many kinds of diseases [5,6].
The beneficial regulation or alteration of intestinal flora can alleviate many chronic and
metabolic diseases. Thus, the intestinal microbiome, as a potential treatment target, is
becoming a new research hotspot [7].
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Probiotics have strong clinically demonstrated effects and can induce various health
benefits in a great number of ways, both as a treatment and as a supplement to maintain
fitness. Short-chain fatty acids (SCFAs), mostly including acetate, propionate, and butyrate,
are of benefit to the health and well-being of humans, if sufficient quantities are available.
SCFAs (also known as volatile fatty acids) produced in microbial metabolic processes have
been confirmed to have positive effects on the energy metabolism of mammals. Over and
above glucose, these SCFAs are also utilized as a metabolic fuel in mammals. SCFAs have
been described as an “umbrella” against cancer. It is of great importance to search for and
develop bacterial inhabitants that restore or stimulate the amounts of SCFA producers in the
intestine, which can be a promising way to apply probiotics to ameliorating various human
diseases [7]. Therefore, specific probiotic strains can be used to treat maladaptive intestinal
flora. These reports have led to the widespread use of probiotic supplements over the past
decade, expanding the consumer market for probiotics. Clostridium tyrobutyricum, a gut
bacteria producing the SCFA butyrate and upregulating tight-junction proteins, has been
shown to improve the integrity of the blood–brain barrier in germ-free mice [8]. However,
probiotics have often been given to animal models of disease states or human subjects,
and relatively limited studies investigate the role of probiotics in healthy environments [9].
SCFAs are mostly produced by indigestible carbohydrates (such as resistant starches,
dietary fiber, and oligosaccharides) fermented by anaerobic bacteria in different ways,
while a small amount comes from protein degradation and amino acid fermentation [2].
The increase in SCFAs in feces was not consistent with the ability to produce SCFAs in vitro.
Therefore, the total amount and proportion of SCFAs are different when using different
fermentation substrates, which may be caused by the different carbon sources in the diets
of SD rats.

Lactococcus petauri (L. petauri) is a species of the genus Lactococcus. As members of
streptococci, the species of this genus were famous for producing lactic acid in the past [10].
They are not pathogenic for humans, especially Lactococcus lactis and Lactococcus garvieae (L.
garvieae), which are capable of producing antimicrobial substances [11]. They are considered
an antagonist in place of traditional chemicals to inhibit pathogenic bacteria such as S.
aureus [12]. Moreover, it has been claimed that Lactococcus garvieae is a member of natural
microorganisms in many different kinds of dairy products made from raw milk [13,14]. L.
petauri was reported as a new species of the Lactococcus genus in 2017 for the first time and
was confirmed as the closest relative of L. garvieae [15]. As a representative of a novel species,
L. petauri 159469T was isolated from a facial abscess in a kind of marsupial named the sugar
glider in the USA. In another study, a new strain of L. petauri, L. petauri strain LG_SAV_20,
was described as a causative agent of Lactococcosis, which was isolated from a rainbow
trout suffering from Lactococcosis [16]. There are no studies on L. Petauri isolated from
healthy human fecal, considered to be a potential probiotic that ferments carbohydrates to
produce SCFAs.

L. petauri CF11 produced high levels of acetic acid, propionate acid, and butyric acid,
perhaps representing a strong candidate probiotic strain. In previous work, we have
performed complete genome sequencing of L. petauri CF11. In this study, Sprague Dawley
rats were used as a healthy host model to investigate the effect of L. petauri CF11 in altering
the gut microbiota in vivo by using 16S rRNA gene high-throughput sequencing. We
further analyze this strain’s effect in the functional profiling of microbial communities.

2. Materials and Methods
Animals and Strain

All the procedures of animal care and animal experiments were conducted according
to the Guide for the Care and Use of Laboratory Animals edited by the laboratory animal
center of Southern Medical University. The protocol was approved by the Southern Medical
University Ethics Review Board (Ethics no, L2018198). In this study, Sprague Dawley (SD)
rats (11–12 weeks old) were used and required to experience a 1-week acclimation before
conducting the experiments. In this model, rats (n = 8) with similar body weights were
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randomly divided into 2 groups: An experimental group (4 rats) given CF11 suspension
(OD600 = 1.0) every day and a control group (4 rats) given the same volume of PBS (phos-
phate buffer saline). All rats were arranged to go through a twelve-hour light/dark cycle
under a temperature of 22–24 ◦C [17]. Strain CF11 was obtained from the department of
environmental health of southern medical university. It was first isolated from the gut
of healthy humans. Feces collected from healthy persons were suspended in PBS buffer
and coated evenly on MRS solid medium, then placed in anaerobic cultivation at 37 ◦C
for 24–48 h. After separation and purification, the single colony that grew fastest was
named CF11. Then DNA of CF11 was extracted and the complete genome sequencing
was also implemented. The nucleotide sequence can be accessed in the GenBank with the
numbers MH986337.

3. Fecal Sample Collection and DNA Extraction

We collected the fresh fecal samples of rats individually and had them frozen and
stored at −80 ◦C until the next experiments. After the thawing of fecal samples, DNA was
extracted using 100 µL of the TE buffer solution (1 M Tris-HCl: Tris alkali 6.06 g was added
to ultra-pure water; 0.5 M EDTA: EDTA-Na2 9.306 g was dissolved in ultra-pure water, and
NaOH was adjusted to pH 8.0 with a constant volume of 50 mL; TE buffer: 1 mL of Tris-HCl
and 0.2 mL of 0.5 M EDTA were mixed, then ultrapure water added to 100 mL), and the
solution was mixed for 10 s in Vortex mixer. Then, 3 µL lysozyme (10 mg/mL dissolve
with TE buffer) was added, and 37 ◦C baths were conducted for 30 min. Furthermore,
300 µL n-dodecyl creatine sodium was added (Dissolve with TE buffer), mixed for 10 s
with an oscillator, and placed in a 60 ◦C metal bath for 30 min. After removal, 400 µL Tris
saturated phenol was added and mixed for 10 s by oscillation. After being centrifugated at
14,000 rpm under 4 ◦C for 12 min, the supernatant was quickly collected and transferred
to a new aseptic 1.5 mL Eppendorf tube, which was mixed with 400 µL of chloroform for
10 s using an oscillator. Then, it was centrifuged at 14,000 rpm for 8 min at a temperature
of 4 ◦C. After centrifugation, the supernatant was quickly collected and transferred to a
new 1.5 mL Eppendorf tube. Then, 400 µL of isopropanol and 40 µL, 3 M sodium acetate
(pH5.8) were added. The supernatant was carefully decanted after 8-min centrifugation at
14,000 rpm. Then, 500 µL70% ethanol was added, followed by centrifugation at 14000 rpm
for 8 min, and the supernatant was abandoned. After drying, the TE buffer was added to
dissolve the solution.

4. Real-Time qPCR

ABI 7500 Fast Real-Time PCR system was utilized to perform the quantification of
DNA. The species-specific primers are CAU12F, 5′-ACTCGTGCTATCCTT-3′ and CAU15R,
5′-TGGGTACTCCCAACTTCC-3′. The process was continued in a total volume of 20 µL
comprising 1 µL of each template DNA, 0.5 µL of upstream primers and 0.5 µL of down-
stream primers, 8 µL of nuclease-free water, and 10 µL of 2 × SYBR Green master mix
(Takara Bio Inc., Dalian, China). The reaction started with an initial denaturation step of
3 min under 95 ◦C, then a degeneration step of 40 cycles at 95 ◦C for 10 s, followed by 56 ◦C
for 60 s and 72 ◦C lasting 30 s, with a final extension step of 5 min at a temperature of 72 ◦C.
After PCR amplification, the dissociation curve was generated by continuously collecting
the fluorescence signals at each step at 0.2 ◦C/ s with a decreased temperature, from 95 to
55 ◦C [18]. To construct the standard curve in RT analysis, the genomic DNA from the 16S
rRNA gene of CF11 was diluted 10×gradient gradually, with 1.0 × 101–1.0 × 106 copies
finally obtained from the PCR products. All quantifications were performed three times,
and the maximum variation was guaranteed to be less than 0.5 Ct. Mean Ct was utilized
for the calculation. Thus, these samples were given a value in correspondence with the
detection limit of the RT PCR assay. Log10 values of per gram wet-weight feces were used
to express bacterial counts.
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5. 16S rRNA High-Throughput Sequencing

The V4 region of the 16S rRNA gene was amplified using barcoded V4 primers
514F (5-GTGCCAGCMGCCGCGGTAA-3) and 805R (5-GGACTACHVGGGTWTCTAAT-
3). The protocol was derived from Chen and modified slightly. The PCR reaction was
conducted in a system with a total volume of 25 µL, including 2 µL of the DNA template,
0.25 µL of Taq DNA polymerase (5U µL−1, TaKaRa, Shiga, Janpa), 2 µL of the dNTPs
mix (2.5 mM, TaKaRa), 1.5 µL of MgCl2 (25 mM, TaKaRa), 2.5 µL of 10×Buffer (TaKaRa),
15.75 µL ddH2O, 0.5 µL of the forward primer (10 µM, Sangon Biotech, Shanghai, China),
and 0.5 µL of the reverse primer (10 µM, Sangon Biotech). The PCR procedure began
with a 2 min DNA heat denaturation under 94 ◦C, then 25 cycles under 94 ◦C for 30 s,
followed by 52 ◦C for 30 s, 72 ◦C for 45 s, and eventually, 72 ◦C for 5 min. Then the
sequencing was performed according to the Illumina Hiseq PE250 sequencing strategy
from Guangdong Magigene Biotechnology Co., Ltd., China [19]. After electrophoresis on
1.0% agarose, the detection of single bands was used to validate the integrality of PCR
products. The content of bacterial metagenome was predicted by the microbial composition
of the 16S rRNA gene, and inferences relevant to functions were acquired from the Kyoto
Encyclopedia of Gene and Genomes (KEGG) catalog, via the online PICRUSt algorithm on
http://huttenhower.sph.harvard.edu/galaxy (14 March 2022) or the software regarding
PICRUSt genome prediction obtained from http://picrust.github.io/picrust/ (14 March
2022). There were a total of 262 KEGG functional pathways, among which pathways with p
> 0.05 were thrown away, leaving 180 KEGG pathways for analysis [20].

6. Determination of SCFAs in Feces

One gram of feces was collected from SD rats individually, then was mixed with 0.2 mL
of 50% H2SO4 and 1 mL of ether in a 1.5 mL sterile Eppendorf tube for 30 s, at shaking
of 250 r·min−1 for 45 min, then 3000 r·min−1 at 4 ◦C for 5 min. Another 1.5 mL sterile
Eppendorf tube was prepared to contain the transferred supernatant fluid. Then we added
anhydrous CaCl2 after dehydration, performed supernatant (about 50–100 µL) filtering
in the bottle, and added 800 µL of the ether constant volume to 1 mL with the internal
standard 2-ethyl butyrate (10 mg/mL) at 5 µL; the sample could then be measured. The
calibration curve standards were structured for acetate, propionate, isobutyrate, butyrate,
isovalerate, valerate, and hexanoic with concentrations of 10, 20, 40, 60, 80, and 100 µg/mL,
which were used to quantify the samples.

7. SCFAs Analysis

The Agilent gas chromatography-mass spectrometry system (5977B GC/MSD) with the
mass selective detector and matching part no. 19091f-433, with an HP-FFAP 30 m × 0.25 mm
× 0.25 µm chromatographic column, were purchased from the Agilent company, and helium
was used as the carrier gas. The ionic source was EI, with a temperature of 230 ◦C. The airflow
velocity and the column flow both remained at 1.0 mL/min, along with the column shunt
ratio of 30:1. Using temperature programming, the initial temperature was set to 90 ◦C, the
column temperature lasted 1 min, the temperature rose at a rate of about 15 ◦C·min−1 to
120 ◦C and remained for 0.5 min, then the temperature rose at a rate of about 15 ◦C·min−1 to
150 ◦C for the last 0.5 min, and finally, at 15 ◦C·min−1 the rate rose to 180 ◦C, which lasted
1 min. The total running time was 9 min, and after the operating temperature reached 230 ◦C,
a 1 µL sample under test sample quantity was maintained for 0.5 min, with an acquisition type
of SIM. We collected the GC-MS spectra and compared the standard spectra of compounds
in the database, and the peak of the similarity was greater than 90% of the specimens, the
peak, and the molecular ion peaks of different short-chain fatty acids, according to the ratio of
qualitative to quantitative software ion mass charge as a quantitative ion, using the highest
peak as a qualitative example to determine the ion. According to the standard curve of each
acid, the contents of seven kinds of SCFAs in the sample were calculated.

http://huttenhower.sph.harvard.edu/galaxy
http://picrust.github.io/picrust/
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8. PICRUSt Analysis

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt) on the principle of the bacterial genome measured the length of the 16s rRNA
sequence and was able to deduce their common ancestor of gene function, construct the
whole spectrum of bacteria domain gene function prediction, and finally, obtain the flora
composition of the sequencing “map” to the database, to forecast the flora function. As the
best instrument for metagenome functional prediction of a microbial community, PICRUSt
uses KEGG (Kyoto Encyclopedia of Genes and Genomes), COG (Clusters of Orthologs
Groups), and Orthology (KO) [21]. Some scholars have predicted the potential function
of the microbial community using PICRUSt [22,23], which might lay a foundation for
developing and utilizing microbial resources.

9. Statistical Analysis

All data were expressed as means and standard deviations. Operational Taxonomic
Units (OTUs) with abundances higher than 1% proceeded to subsequent steps of the
analysis. QIIME was used to compute the taxonomy assignment and diversity analyses
to compare the richness of bacterial species between groups. Several indices, with the
Shannon index, Observed_OTUs index, PD_whole_tree index, and chao1 included, were
used to describe the alpha-diversity of the samples. Based on weighted and unweighted
Unifrac distance matrices, beta-diversity was generated to represent the differences in
the microbial community structures among samples. The Kruskal–Wallis test, Dunn’s
posthoc analysis, and the Wilcoxon rank-sum test were utilized to calculate statistical
differences between different groups. An unpaired t-test was employed to compare the
SCFAs among groups. SigmaPlot (version12.0; http://sigmaplot.com or http://www.
systat.com (14 March 2022) was used to conduct all statistical analyses. Unless otherwise
specified, statistical significance was believed to exist with a two-sided p-value <0.05.

10. Results
Increased in the Fecal Levels of Acetic Acid and Propionic Acids

To detect the potential impact of CF11 on the gut microbiome and their ability to pro-
duce SCFAs, we tested SCFA levels in the feces of SD rats. The average content of acetic, pro-
pionic, and butyric acids per gram of feces was 7.45± 0.84, 2.61± 0.54, and 1.45 ± 0.49 mM
in the T (experimental) group and 4.67 ± 0.75, 1.07 ± 0.21, and 0.48 ± 0.09 mM in the C
(control) group, respectively. CF11 significantly augmented the population of SCFAs in
feces (Figure 1A). The increase in SCFAs can affect human health in several ways, including
energy metabolism and antioxidant damage in the body. Furthermore, the population of L.
petauri CF11 in the feces of SD rats was determined using qPCR. In each gram of wet stool,
the population of CF11 Log10 16s RNA gene copies was 4.01± 0.04 (CT value: 25.92 ± 0.12)
in the control group and 6.85 ± 0.06 (CT value:16.56 ± 0.19) in the experimental group
(Figure 1B). It was indicated that the experimental group had a significantly higher con-
tent of CF11 in feces of SD rats after CF11 intervention, compared with the control group
(p < 0.001).Processes 2022, 10, x FOR PEER REVIEW 6 of 13 
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were given the same volume of PBS (phosphate buffer saline) every day. Each group n = 4;
* p value < 0.05; *** p value < 0.001.

11. Gut Microbial Community in Two Groups

Our study revealed that the experimental group had prominently higher diversity
values and richness estimates in comparison with the control group (Figure 2A). Ob-
served_OTUs, PD_whole_tree, and Shannon index values have p values of 0.014, 0.029,
and 0.021, respectively. The results signified that CF11 interference had an obvious effect
on improving the abundance and diversity of intestinal flora. We performed principal
component analysis (PCA) of the Unifrac distance by QIIME, and clustering results of the
two groups were obtained (Figure 3B). Each point in the figure represented a sample, and
two groups of samples were divided into two clusters at the Weighted_Unifrac distance,
suggesting that there were differences between the experimental group and the control
group. Changes in the composition and increased diversity of the intestinal flora may
directly or indirectly cause the altered production and metabolism of SCFAs.
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changes in bacteria family after CF11 intervention for 21 days. (C: C7, C8, C9, and C11 control
group, day 21; T: T7, T9, T10, and T12, experimental group, day 21). (B) Heatmap of the percentage
abundance of microbial taxa found in the fecal microbial communities of 8 samples.

In light of the taxonomy profiles at the phylum level, it was shown how, in the ex-
perimental group, Bacteroidetes, Firmicutes, and Proteobacteria dominated the intestinal
bacteria community with an average of 42.3%, 48.1%, and 7.8%, respectively, while in the
control group, it was dominated by Bacteroidetes, Firmicutes, and Proteobacteria with
means of 40.9%, 52.7%, and 3.7%. In contrast, Proteobacteria decreased by 4.1% and Firmi-
cutes increased by 4.6% (Table 1). There were continuous changes toward the increased
Bacteroidetes and Proteobacteria, but oppositely, the Phylum Firmicutes decreased between
the control and experimental groups, revealing how CF11 influenced the gut microbiota.
Major changes in the bacteria family occurred after 21 days of the CF11 intervention, and
the percentages of Lactobacillaceae, Streptococcaceae, Ruminococcaceae, and Desulfovibri-
onaceae were significantly different (Figure 3A). The Ward method was used to analyze
heatmap clustering of the two groups of fecal flora structures. The present results indi-
cated that Oscillospira, Coprococcus, Ruminococcus, Desulfovibrio, and Dorea significantly
increased, while Lactobacillus, Butyricimonas, and Sneathia decreased in the experimental
group (Figure 3B).

Table 1. Relative abundance of the major phyla in the experimental group and control group.

Phylum C (Control
Group) % Std T (Experimental

Group) % Std

Bacteriodetes 40.9 0.12 42.3 0.09
Firmicutes 52.7 0.12 48.1 0.07

Proteobacteria 3.7 0.02 7.8 0.03
others 2.7 0.01 1.8 0.01

12. Genes Related to SCFA Generation

We used the PICRUSt algorithm to explore the function of the microbiome with the
inferred metagenomes. Among the tested 262 KEGG pathways, there were differences in
the abundance of 180 pathways between the experimental group and the control group with
p < 0.05; these included pathways relating to cell growth and death, cell motility, transport,
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and catabolism, signaling molecules and interaction, replication and repair, transcription,
cancers, infectious diseases, metabolic diseases, amino acid metabolism, carbohydrate
metabolism, energy metabolism, and so on. Interestingly, in the experimental group,
pathways associated with infectious diseases and the biosynthesis of other secondary
metabolites were depleted, while lipid and energy metabolism was enriched. Many of
these pathways were involved in the bacterial genus altered in CF11 gavages in Sprague
Dawley rats (Figure 4A). For example, the experimental group that underwent the CF11
intervention may positively be associated with fatty acid biosynthesis and Citrate cycle
(TCA cycle) pathways. Furthermore, the top-five clearly enriched pathways regarding
metabolism included porphyrin and chlorophyll metabolism; C5-Branched dibasic acid
metabolism; valine, leucine, and isoleucine biosynthesis; phenylalanine, tyrosine, and
tryptophan biosynthesis; and ascorbate and aldarate metabolism (Figure 4B). The above
results show that CF11 can cause secondary changes in the metabolic status of the body by
altering the composition of the intestinal flora, thus affecting the disease and health status
of the body.
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Figure 4. Gene functional pathways and metabolic pathways related to CF11 intervention.
(A) Bacterial taxa associated with CF11 intervention are related to several gene functional path-
ways. Bacterial gene functions were predicted from 16S rRNA gene-based microbial compositions
using the PICRUSt algorithm to make inferences from KEGG-annotated databases. KEGG pathway
counts were normalized for DESeq2 size factors and adjusted for the dataset using the ‘remove Batch
Effect’ function. Only KEGG pathways relating to diseases, amino acid metabolism, carbohydrate
metabolism, energy metabolism, lipid metabolism, metabolism of other amino acids, xenobiotics
biodegradation and metabolism, and immune system are included in the heatmap; full lists of genera
and KEGG pathways associated with smoking can be found in tables. (B) Significantly enriched
pathways regarding metabolism; control group, the fold-change would be set to 1. (C) Enriched
pathways related to pyruvate fermentation and SCFAs. Amino acid fermentation pathways in light
blue, carbohydrate fermentation to pyruvate via glycolysis is shown in green. Dotted lines indicate
that several intermediate steps are involved.
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13. Discussion

Microbial production of SCFAs is regarded to benefit the host, for the reason that
these compounds prevent pathogens and lower cholesterol synthesis [24], stimulate a
cellular immune response [25], provide muscle energy to enhance contraction [26], and
serve as an umbrella to protect the colon against cancer development [27]. In C57BL/6 J
mice, several original human probiotics, such as the Lactobacillus and Enterococcus strains,
can significantly increase propionate and butyrate, and the production of acetate and
propionate remarkably increased during fecal slurry fermentation compared with the
intervention without probiotics [7]. Different carbohydrates were selected as substrates for
fermentation, resulting in different acid production capacities. It was found that rhamnose
had the greatest capacity of producing propionic acid, and α-and β-glucans gave rise to
higher butyrate production [28]. In this study, the content of acetic acid and propionic acid
in the feces of the experimental group was significantly higher than that of the control
group. The result indicated that CF11 may modulate metabolic activity and improve the
production of SCFAs in the gut, which is beneficial to the host.

As a result of the difference in fecal levels of acetic acid and propionic acid, certain
shifts of the gut microbial community were observed in the experimental group. Interest-
ingly, we found enhanced Oscillospira, Coprococcus, Ruminococcus, Lactobacillaceae, and
Streptococcaceae in rats, among which Oscillospira, Coprococcus, and Ruminococcus can
produce short-chain fatty acids [29,30]. Lactobacillaceae comprises well-known probiotic
bacteria that are considered safe and well suited for the intestinal environment [31]. Lacto-
bacillaceae is regarded as a machine in humans and animals that continuously generates
energy by way of increasing SCFAs, especially acetate, propionate, and butyrate in the large
intestine [32]. Streptococcaceae has been reported to possess the capacity of producing
acetic acid [33]. Increased Bacteroidetes were also found in the experimental group. It
has been previously confirmed that bacteria from Bacteroidetes can fermentate fiber into
acetates and propionates with high efficiency in the gut [34–36]. Thus, our study suggested
that CF11 treatment can improve the abundance of some SCFA producers. One possible
reason is that some metabolites from CF11 could be used by those producers. Another
one is that the intervention of CF11 changed the intestinal environment of rats, making it
more suitable for the growth of SCFA producers. Detailed mechanisms should be further
investigated in future studies.

PICRUSt provides an expedient method for the prediction of the function of metagenomes
with a reference genome database. It helps researchers to delve into the predicted functional
potential of the studied microbiome and form function-based assumptions that lay a solid
foundation for future research. It has been emphasized that microbial communities are of
great importance in human disease, the biosynthesis and degradation of natural products,
and other metabolism processes [3]. In our study, PICRUSt was utilized to predict the pop-
ulation and abundances of functional genes of microbial communities in SD rats with a
CF11 intervention, and a few appealing genes were found related to (1) human diseases,
(2) amino acid metabolism, (3) carbohydrate metabolism, (4) energy metabolism, (5) lipid
metabolism, (6) the metabolism of other amino acids, (7) xenobiotics biodegradation and
metabolism, and (8) the immune system. We also ascertained that in the course of the TCA
cycle, carbohydrate metabolism, fatty acid biosynthesis and metabolism, and amino acid
metabolism, there are many enriched pathways associated with SCFAs (mainly acetate and
propionate acids) [29,33,37,38]. Based on our pathway enrichment analysis, we can conclude
that amino acid fermentation and carbohydrate glycolysis fermentation could strengthen
pyruvate metabolism and biosynthesis, which might enhance the production of acetyl-CoA
and improve the conversion from acetyl-CoA to acetic acid. This process may be strengthened
through the enriched pathway of “acetate generation from acetyl-CoA I”, and then enrich the
pathway of succinate and propanediol to produce propionate (Figure 4C). Then, the acceler-
ated conversion from pyruvate to acetic acid or propionic acid would make the concentration
of these two SCFAs much higher in the intestines of rats [39]. Considering that the enriched
genera of rats’ gut microbiota had a close relationship with SCFAs production, this dramatic
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increase in metabolic potential in the production of SCFAs may be due to changes in the
microbial community.

In animal studies, some L. garvieae strains can bring about Lactococcosis in marine
or freshwater fish [40], mastitis in cows [41,42], and pneumonia in pigs [43]. In human
studies, Lactococcus spp. has been isolated from healthy people, and many researchers have
confirmed that Lactococcus spp. is probiotic [44,45]. Lactococcus spp. are commonly used to
manufacture varieties of cheeses and fermented dairy products in the dairy industry [14,46].
Ref. [22] identified that Lactococcus garvieae A1 isolated from the soil is a probiotic bacterium.
In previous studies, Lactococcus petauri strains were isolated from an abscess of a sugar
glider (Goodman et al., 2017) and a rainbow trout suffering from Lactococcosis [16]. However,
no studies have investigated L. petauri isolated from the gut microbiota of healthy people
and confirmed its beneficial function and ability to alter gut microbiota. In our study,
CF11 could enhance microbial diversity and the production of SCFAs. In line with the
WHO/FAO, a probiotic is a kind of living microorganism that is good for the host when
presented in sufficient amounts [47]. In this sense, Lactococcus petauri CF11 could be a
potential probiotic.

14. Conclusions

The present study suggests that L. petauri CF11 significantly modifies the composition
of rats’ gut microbial community by enhancing SCFA producers, which also leads to
increased production of total SCFAs, acetic acids, and propionic acids. The PICRUSt
analysis further confirmed the vital role of the gut microbiota in SCFA synthesis and
metabolism. We can conclude from these results that L. petauri CF11 is a potential probiotic.
Further study should be performed to investigate whether L. petauri CF11 is safe for the host.
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