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Evidence from comparative genomic analyses
indicating that Lactobacillus-mediated irritable
bowel syndrome alleviation is mediated by
conjugated linoleic acid synthesis

Yang Liu,a,b Wei Xiao,a,b Leilei Yu,a,b Fengwei Tian, a,b,c Gang Wang,a,b,c,d

Wenwei Lu, a,b,e,d Arjan Narbad,c,f Wei Chen a,b,e,g and Qixiao Zhai *a,b,c

Irritable bowel syndrome (IBS) is a chronic intestinal disorder accompanied by low-grade inflammation,

visceral hypersensitivity, and gut microbiota dysbiosis. Several studies have indicated that Lactobacillus

supplementation can help to alleviate IBS symptoms and that these effects are strain-specific. Therefore,

this study aimed to investigate the key physiological characteristics and functional genes contributing to

the IBS-alleviating effects of Lactobacillus. An IBS model was established by subjecting C57BL/6 mice to

Citrobacter rodentium ingestion and water avoidance stress. Lactobacillus strains with different physio-

logical characteristics were administered to mice intragastrically for 4 weeks (5 × 109 CFU/0.2 mL per

mouse per day). Indicators of colonic inflammation, visceral hypersensitivity, and gut microbiota were also

evaluated. Finally, differences in functional genes between Lactobacillus strains were analyzed by a com-

parative genomic analysis, and the relationships between the physiological characteristics, functional

genes, and IBS-alleviating effects of the strains were quantified using correlation analysis. Among the

eight tested Lactobacillus strains, only Lactobacillus plantarum CCFM8610 significantly inhibited the

expression of IL-1β, IL-6, PAR-2, and mast cell tryptase. L. plantarum CCFM8610 also significantly

increased the intestinal barrier function, inhibited visceral hypersensitivity symptoms, and modulated the

gut microbiota diversity and composition. The correlation analysis of factors associated with the IBS-alle-

viating effects of Lactobacillus revealed the ability to synthesize conjugated linoleic acid as the most

strongly associated physiological characteristic and COG1028-related genes as the most strongly associ-

ated functional genes. In conclusion, these findings can facilitate the rapid screening of Lactobacillus

strains with IBS-alleviating effects and lay a foundation for studies of the related mechanisms.

1. Introduction

Irritable bowel syndrome (IBS) is a disorder characterized by
recurrent abdominal pain associated with bowel movements

and is accompanied by bloating and changes in bowel habits.1

For affected patients, these urgent clinical symptoms are
inconvenient in terms of work efficiency and quality of life and
lead to a desire for a complete resolution of the condition.2

Estimates suggest that IBS patients are willing to give up 10
years of life to cure their clinical symptoms.3 IBS is currently a
worldwide epidemic, with a prevalence of approximately 8.1%
in North America and 9.6% in Asia.4 In the United States, the
medical costs associated with IBS have increased to US$1.66
billion per year.5 In the UK, patients’ mean annual costs
associated with the diagnosis and treatment of IBS symptoms
are £316.20.6 Besides, the quality of life of IBS patients is
greatly affected by their clinical symptoms. Frequent abdomi-
nal pain, bloating, and bad bowel habits make IBS patients
avoid places without bathrooms and reluctant to travel.7 Harsh
food avoidance and severe activity impairment force IBS
patients to be frequently absent from work and social activi-
ties.8 Meanwhile, more than one-third of IBS patients who met
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the IBS Rome III criteria still have not been formally diagnosed
with IBS.9 Therefore, an ideal IBS treatment is needed to allevi-
ate this massive economic pressure and quality of life burden.

Probiotics are often used as dietary ingredients because
they are generally recognized as safe and exhibit characteristics
beneficial to health. Several studies have focused on the effects
and mechanisms by which probiotics alleviate intestinal
diseases.10–12 In IBS animal models, probiotics were proven to
regulate the function of intestinal dendritic cells, protect the
intestinal barrier, inhibit pro-inflammatory cytokine (e.g.,
IL-1β and IL-6) expression, and reduce visceral
hypersensitivity.13–15 Many clinical trials have also indicated
that supplementation with probiotics significantly improves
the quality of life of IBS patients by alleviating bloating and
abdominal pain symptoms and modulating gut microbiota
disorders.16–18 Other studies have shown that the ingestion of
probiotics such as Lactobacillus plantarum 299v, L. acidophilus
LA5, Bifidobacterium animalis BB12, and L. helveticus R0052 did
not improve the clinical symptoms of IBS patients, could not
restore the diversity of gut microbiota, and had no significant
effect on the quality of life and negative emotions.19–22

The above evidence suggests that the ability of probiotics to
alleviate IBS is strain-specific, and this specificity may be attribu-
table to the following reasons. First, the physiological character-
istics of probiotic strains may affect their health-promoting
effects. For example, excellent gastrointestinal tolerance and intes-
tinal cell adhesion could help the strain to survive in the intestine
and exert its probiotic effects.23 Better gastrointestinal tolerance
would also enhance the ability of a probiotic strain to inhibit pro-
inflammatory cytokines.24 Second, the unique metabolites pro-
duced by specific strains may contribute to strain-specific differ-
ences in efficacy. Studies have shown that probiotic strains that
produce ropy exopolysaccharide (EPS) can restore the composition
of the host’s intestinal mucosal barrier and gut microbiota,
whereas strains that do not produce EPS exhibit a lesser capacity
for these effects.25 Probiotic strains with a strong ability to syn-
thesize conjugated linoleic acid (CLA) may have an advantage over
ordinary strains in terms of preventing pathological damage to
the colon.26 Third, previous studies indicated that the variable
expression of functional genes was associated with strain-specific
differences in health-promoting effects in vivo. In the host intes-
tine, the expression of EF-Tu, mapA, and mub directly affects the
gastrointestinal adhesion ability of Lactobacillus.27 Moreover, in
L. plantarum, the cps gene cluster was found to correlate with
immune signal regulation in the host intestine.28

Therefore, this study was designed to verify whether the IBS-
alleviating effects of bacterial probiotics are strain-specific. The
study also explored the key physiological characteristics and func-
tional genes that may affect the IBS-alleviating effects of probiotics.

2. Materials and methods
2.1. Bacterial strains and culture

The following Lactobacillus strains were used in this study:
L. casei M2-03-F02-L4-1-5 (M25), L. casei CCFM30, L. casei

V-CQYB6-170-M3 (VM3), L. casei M2-01-R02-S01 (M2S01),
L. casei V-CQYoY1-157-M2 (VM2), L. plantarum N13,
L. plantarum CCFM382, and L. plantarum CCFM8610. All
strains were provided by the Culture Collections of Food
Microbiology, Jiangnan University (Wuxi, China) and cultured
in MRS broth for 20 h at 37 °C.

2.2. Animal experimental design

The experimental animals used in this study were adult male
specific pathogen-free C57BL/6 mice (bodyweight 22–24 g). All
of the mice were housed in an environment with temperature
of 22–24 °C and humidity control of 40–70%, a 12 h light/dark
cycle, and free access to standard commercial mouse food and
distilled water. The experiments were approved by the Ethics
Committee of Jiangsu Institute of Parasitic Diseases, China
(JlPD-2019037), and were conducted under the guidelines set
by the European Community (Directive 2010/63/EU).

This experiment was conducted as described by Ibeakanma
et al., with modifications.29 One hundred mice were randomly
divided into 10 groups (10 mice per group). The experimental
duration was 30 days. On day 1 of the experiment, mice in the
control group were administered 0.2 mL of sterile saline via
gavage, whereas the remaining mice were administered
Citrobacter rodentium DBS100 (1.2 × 1010 CFU/0.2 mL per
mouse). From day 2 to day 8, all of the mice were injected sub-
cutaneously with 0.5 mL of lactated Ringer’s (LR) solution to
prevent dehydration related to diarrhea.

From day 18 to day 30 of the experiment, all mice were sub-
jected to water avoidance stress (WAS). WAS is considered to be
a chronic psychological stress factor in this model. Repeated
WAS can cause visceral hypersensitivity symptoms in mice,
which manifested as the enhancement of visceral pain in the
gut, that is, the decrease of visceral pain threshold.15 It is a dis-
order of the central and peripheral nervous systems. The WAS
device comprised a bucket with a diameter of 27 cm and a
height of 33 cm. The bottom of the bucket held a drying plat-
form with a diameter of 4 cm and a height of 9 cm. The bucket
was filled with water to a level 1 cm below the platform. Each
mouse was placed on the platform for 1 hour each day. If the
mouse fell into the water, it was dried with a dry towel. Mice in
the control group were placed on the platform for 1 hour in
the absence of water.

In addition to the above treatment, from day 2 to day 29,
the control and model groups were administered sterile saline
(0.2 mL per mouse per day) by gavage. The other groups were
administered a sterile saline suspension of the indicated
Lactobacillus strain (5 × 109 CFU/0.2 mL per mouse per day) by
gavage. The treatment provided to each group is shown in
Table 1.

2.3. Visceral hypersensitivity assignment

In each group, the visceral hypersensitivity of colorectal disten-
tion (CRD) was measured using the abdominal withdrawal
reflex (AWR) according to the method described by Chen
et al.30 The AWR experiment was performed after the mice
fasted for 16 hours. During the test, the mice remained under
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isoflurane anesthesia. The air pressure was increased gradually
to 0.1, 0.2, and 0.3 mL. In order to avoid the subjectivity of
AWR experiment, the blind evaluation was carried out. Two
researchers who did not know the grouping information
scored the colorectal distention responses of the mice in each
group.

2.4. Collection of feces, blood, and tissue samples

At the end of the experiment, fresh feces were collected and
stored at −80 °C. The mice were then sacrificed under isoflur-
ane. Serum was collected from centrifuged blood samples and
stored at −80 °C. A portion of the colon was fixed with parafor-
maldehyde, and the remainder was stored at −80 °C.

2.5. Biochemical analyses of the colon and serum

After tissue collection, 0.1 g of colon tissue was weighed accu-
rately, homogenized in ice-cold sterile saline, and subjected to
centrifugation (3000g, 4 °C, 5 min). The supernatant was col-
lected, and the levels of IL-1β, IL-6, IL-10, and TNF-α in the
colon were determined using the corresponding ELISA kits
(R&D Systems China Co., Ltd, Shanghai, China). The occludin
level in the colon and the corticosterone level in the serum
were measured using ELISA assay kits (SenBeiJia Biological
Technology Ltd, Nanjing, China). The protease-activated recep-
tor 2 (PAR-2) and mast cell tryptase levels in the colon were
determined by using ELISA assay kits (Shanghai Enzyme-
linked Biotechnology Co., Ltd, Shanghai, China).

2.6. Western blotting analysis

The western blotting analysis was conducted as per our pre-
vious research.31 Antibodies specific for occludin (ab167161,
1 : 50 000, Abcam Ltd, Cambridge, MA, USA), PAR-2 (ab180953,
1 : 1000, Abcam Ltd), and β-actin (1 : 1000, Santa Cruz
Biotechnology Co., Dallas, TX, USA) were used for
immunoblotting.

2.7. Fecal DNA extraction, sequencing, and analysis

Fecal bacterial DNA was isolated using the FastDNA® Spin kit
(MP Biomedicals Ltd, Santa Ana, CA, USA). The sequencing of
the gut microbiota was conducted as described by Zhao et al.32

A linear discriminant analysis effect size (LEfSe) analysis was

used to analyze differences in the gut microbiota composition
between the groups.

2.8. Histological evaluation

The colon samples were dehydrated in ethanol, sectioned
(5 µm), embedded in paraffin, and stained with hematoxylin
and eosin. A microscope (BA410E microscope, Motic China
Group Ltd, Xiamen, China) was used to analyze the histo-
pathological damage.

2.9. Comparative genomic analysis

The comparative genomic analysis was conducted as described
by Cen et al.33 The genomes were subjected to BLAST analysis
against annotated proteins in the clusters of orthologous
groups (COGs) protein database (http://www.cog.org) to ident-
ify the differences in functional genes between the
Lactobacillus strains.

2.10. Correlation analysis

The correlation analysis was performed with reference to our
previously published research.31 Pearson correlation coeffi-
cients were used to quantify the correlation between the phys-
iological characteristics, functional genes, and IBS-alleviating
effects of Lactobacillus strains.

2.11. Statistical analysis

All of the data are expressed as means ± standard deviations
(SD). A one-way analysis of variance (ANOVA) was used to
analyze the results, and Tukey’s multiple comparison test was
used subsequently to determine the statistical significance. A
P-value ≤0.05 was considered to indicate statistical
significance.

3. Results
3.1. Effect of Lactobacillus strains on colon histopathological
damage

Compared with mice in the control group, those in the model
group exhibited mild inflammatory injuries in the colon, with
characteristic mild inflammatory cell infiltration (Fig. 1).
These pathological features were also observed in most of the

Table 1 Animal experimental protocol

Groups (no. of mice) Experimental protocol

Control (n = 10) Sterile saline + LR + WAS + sterile saline
Model (n = 10) Citrobacter rodentium + LR + WAS + sterile saline
L. casei M25 (n = 10) Citrobacter rodentium + LR + WAS + L. casei M25
L. casei CCFM30 (n = 10) Citrobacter rodentium + LR + WAS + L. casei CCFM30
L. casei VM3 (n = 10) Citrobacter rodentium + LR + WAS + L. casei VM3
L. casei M2S01 (n = 10) Citrobacter rodentium + LR + WAS + L. casei M2S01
L. casei VM2 (n = 10) Citrobacter rodentium + LR + WAS + L. casei VM2
L. plantarum N13 (n = 10) Citrobacter rodentium + LR + WAS + L. plantarum N13
L. plantarum CCFM382 (n = 10) Citrobacter rodentium + LR + WAS + L. plantarum CCFM382
L. plantarum CCFM8610 (n = 10) Citrobacter rodentium + LR + WAS + L. plantarum CCFM8610

LR, lactated Ringer’s solution; WAS, water avoidance stress.
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Lactobacillus treatment groups. However, no apparent histo-
pathological damage was observed in mice that were treated
with L. plantarum CCFM8610, suggesting that this strain could
potentially alleviate intestinal inflammation.

3.2. Effects of Lactobacillus strains on pro-inflammatory and
anti-inflammatory cytokine expression

The ingestion of Citrobacter rodentium and exposure to
chronic WAS induced immune disturbances in mice, which
were manifested by significant increases in the production of
IL-1β, IL-6, TNF-α, and IL-10 (Fig. 2A–D). The effects of the

Lactobacillus strains on cytokine production varied signifi-
cantly. L. plantarum CCFM8610 treatment led to significant
decreases in the production of the pro-inflammatory IL-6
and TNF-α, which were restored to normal levels (Fig. 2B
and C). This finding further indicated that L. plantarum
CCFM8610 supplementation could inhibit intestinal
inflammation. Of the tested strains, L. casei M2S01 most
strongly promoted the production of the anti-inflammatory
cytokine IL-10 (Fig. 2D). However, there was no significant
difference between the model group and the L. casei
M2S01 group.

Fig. 1 Histopathological analysis of colon tissues (magnification = 40×; scale bar = 200 µm). (A) Control; (B) model; (C) L. casei M25; (D) L. casei
CCFM30; (E) L. casei VM3; (F) L. casei M2S01; (G) L. casei VM2; (H) L. plantarum N13; (I) L. plantarum CCFM382; and (J) L. plantarum CCFM8610.
Arrows indicate inflammatory cell infiltration.
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3.3. Effects of Lactobacillus strains on the intestinal barrier
in the colon

An analysis of the colonic levels of occludin protein revealed
significant changes in the model group (p < 0.05, Fig. 2E–G).
After supplementation with L. plantarum CCFM8610, the
occludin level was restored significantly. Other Lactobacillus
strains did not significantly restore the occludin level.

3.4. Effects of Lactobacillus strains on visceral
hypersensitivity

As shown in Table 1, treatment with Citrobacter rodentium and
chronic WAS led to significant increases in the AWR score in
the model group (p < 0.05, Fig. 3A–C). However, most
Lactobacillus strains did not alleviate the symptoms of visceral
hypersensitivity in mice. Only L. plantarum CCFM8610 was
associated with significant reductions in the AWR scores at gas
pressures of 0.2 and 0.3 mL (p < 0.05), indicating that this
strain effectively alleviated visceral hypersensitivity.

3.5. Effects of Lactobacillus strains on the levels of mast cell
tryptase and PAR-2 in the colon and corticosterone in the
serum

As shown in Fig. 4, the highest levels of mast cell tryptase
(Fig. 4A) and PAR-2 in the colon and corticosterone in the

serum (Fig. 4B–E) were detected in the model group (p < 0.05
for all). However, the levels of all three indicators changed after
the ingestion of Lactobacillus strains. Some Lactobacillus strains
led to increases in the PAR-2 and corticosterone levels, although
these changes were not statistically significant. Of the tested
strains, L. plantarum CCFM8610 significantly decreased the
levels of mast cell tryptase, PAR-2, and corticosterone (p < 0.05
for all, Fig. 4A–E). L. caseiM2S01 also restored the corticosterone
level in the serum (p < 0.05, Fig. 4D).

3.6. Effects of Lactobacillus strains on the gut microbiota
diversity and composition

Compared with the control group, the model group exhibited a
non-significant decrease in gut microbiota diversity (Fig. 5A
and B). The oral administration of different Lactobacillus
strains induced changes in the gut microbiota diversity to
varying degrees. L. plantarum CCFM8610 induced the strongest
beneficial effect. According to the observed OTU index and the
Shannon index, the highest gut microbiota diversity was
observed in the L. plantarum CCFM8610 group, and this level
of diversity was significantly higher than that in the model
group (p < 0.05, Fig. 5A and B). L. plantarum CCFM382 also led
to a significant increase in the observed OTU index.

Fig. 2 Analysis of cytokines and occludin protein in colon tissue. ELISA analyses of (A) IL-1β; (B) IL-6; (C) TNF-α; (D) IL-10; and (E) occludin; (F) the
relative gray value of occludin and β-actin; (G) western blotting analysis of occludin. Letters a–c indicate statistically significant differences (p <
0.05).
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The LEfSe analysis revealed significant differences in the gut
microbiota compositions of different groups (Fig. 5C). Exposure
to Citrobacter rodentium and WAS induced changes in the gut
microbiota in the model group, including a rapid decrease in
the relative abundances of Alistipes, Lachnoclostridium, and
other genera (Fig. 5D). However, supplementation with
L. plantarum CCFM8610 led to significant modulation of the
relative abundances of most genera (Fig. 5E).

3.7. Comparative analysis of functional genes of
Lactobacillus strains

Homologous gene analysis of eight Lactobacillus strains identi-
fied 1321 core genes (Fig. 6A). Further comparison and ana-
lysis of the functional genes detected in Lactobacillus strains

revealed that the L. plantarum CCFM8610 genome contained a
significantly higher number of genes related to 10 primary
functions, including amino acid transport and metabolism,
when compared with the other tested strains (Fig. 6B). The
results of gene annotation via the COG database showed that
L. plantarum CCFM8610 differed significantly from the other
strains in 14 COGs (Fig. 6C). This finding indicates that
L. plantarum CCFM8610 might exhibit different physiological
characteristics and functions relative to other strains.

3.8. Relationship between the IBS-alleviating effects,
physiological characteristics, and genome

Pearson correlation coefficients were used to characterize the
correlation between two indicators in this study. An analysis of

Fig. 3 Comparison of the abdominal withdrawal reflex (AWR) scores of different groups. Air pressures of (A) 0.1 mL; (B) 0.2 mL; and (C) 0.3 mL.
Letters a–c indicate statistically significant differences (p < 0.05).

Fig. 4 Levels of mast cell tryptase and PAR-2 in the colon and corticosterone in the serum. ELISA analyses of (A) mast cell tryptase; (B) PAR-2; and
(C) corticosterone; (D) the relative gray value of PAR-2 and β-actin; (E) western blotting analysis of PAR-2. Letters a–e indicate statistically significant
differences (p < 0.05).
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Fig. 5 Comparison of the gut microbiota diversity and composition between treatment groups. (A) Observed OTU index. (B) Shannon index. (C)
Taxonomic cladogram. LDA scores at the genus level (D) in the control and model groups and (E) the model and L. plantarum CCFM8610 groups.
Letters a–c indicate statistically significant differences (p < 0.05). LDA, linear discriminant analysis.
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correlation related to the in vitro physiological characteristics
of the Lactobacillus strains revealed that the ability to syn-
thesize CLA was most strongly correlated with the IBS-alleviat-
ing effects (Fig. 7A). In total, the ability to synthesize CLA was
shown to correlate with nine indicators of the IBS-alleviating
effects. For example, the levels of IL-6 and PAR-2 were nega-
tively correlated with the ability to synthesize CLA (Pearson
correlation coefficients ≤0.7 for all). Further analysis revealed
a negative correlation between the production of EPS and the
levels of IL-1β and IL-10. The gut microbiota diversity was also

shown to be correlated negatively with the Lactobacillus gene-
ration time.

The analysis of correlation between Lactobacillus func-
tional genes and IBS-alleviating effects revealed strong and
consistent correlation (Fig. 7B). For example, all Lactobacillus
genomes exhibited a negative correlation with IL-6 and a
positive correlation with occludin. Lipid transport and
metabolism, amino acid transport and metabolism, and
nucleotide transport and metabolism were identified as the
most relevant Lactobacillus genomic indicators associated

Fig. 6 Comparative analysis of the genomes of Lactobacillus strains. (A) Venn diagram. (B) Comparison of COG functional categories between
Lactobacillus genomes. (C) Comparison of strain-specific COGs in L. plantarum CCFM8610 vs. other Lactobacillus strains. COG, cluster of ortholo-
gous groups. [C] Energy production and conversion, [D] cell cycle control, cell division and chromosome partitioning, [E] amino acid transport and
metabolism, [F] nucleotide transport and metabolism, [G] carbohydrate transport and metabolism, [H] coenzyme transport and metabolism, [I] lipid
transport and metabolism, [J] translation, ribosomal structure and biogenesis, [K] transcription, [L] replication, recombination and repair, [M] cell
wall/membrane/envelope biogenesis, [N] cell motility, [O] post-translational modification, protein turnover and chaperones, [P] inorganic ion trans-
port and metabolism, [Q] secondary metabolite biosynthesis, transport and catabolism, [T] signal transduction mechanisms, [U] intracellular traffick-
ing, secretion, and vesicular transport, and [V] defense mechanisms.
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with the indicators of intestinal low-grade inflammation
(e.g., pro-inflammatory cytokines and occludin; absolute
Pearson correlation coefficients >0.9 for all) and visceral
hypersensitivity (e.g., PAR-2 expression, mast cell tryptase,
serum corticosterone, and AWR score; Pearson correlation
coefficients ≤0.8 for all). Generally, the correlation between
Lactobacillus genomic indicators and gut microbiota diversity
indicators was weak.

4. Discussion

This study aimed to identify Lactobacillus strains with IBS-alle-
viating effects and analyze their key physiological character-
istics and functional genes with respect to these effects. We
selected eight Lactobacillus strains with different in vitro phys-
iological characteristics31,34 and performed a comparative
genomic analysis. We also explored the IBS-alleviating effects

Fig. 7 Analysis of correlation between the physiological characteristics, functional genes, and IBS-alleviating effects of Lactobacillus strains. (A)
Correlation between physiological characteristics and IBS-alleviating effects. (B) Correlation between functional genes and IBS-alleviating effects.
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of these strains in animal models and evaluated the corre-
lation between the in vitro physiological characteristics, func-
tional genes, and IBS-alleviating effects of the strains.

As noted above, IBS is an intestinal disorder characterized
by abdominal pain and distension and altered defecation
habits. Several studies have indicated that IBS pathogenesis
results from a combination of physiological and psychological
factors.4 In this study, we used a model in which the combi-
nation of Citrobacter rodentium and WAS exposure effectively
simulated the physiological and psychological pathogenesis of
IBS. Notably, the establishment of this model led to mild
symptoms of inflammatory cell infiltration in the colon
(Fig. 1), the increased expression of pro-inflammatory cyto-
kines, and damage to the intestinal barrier function (Fig. 2).
These results are consistent with the clinical symptoms of low-
grade IBS-related inflammation and indicate that low-grade
colonic inflammation was induced in the mice.35,36

In this study, WAS led to significant increases in the AWR
scores of mice (Fig. 3). When we measured several character-
istic indicators of visceral hypersensitivity, we observed a sig-
nificant increase in the concentrations of PAR-2 in the colon
and corticosterone in the blood. We also observed a significant
increase in the release of mast cell tryptase (Fig. 4). These
results suggest that chronic WAS exposure activated mast cells
and the hypothalamic-pituitary-adrenal axis, which activated
PAR-2 and induced continuous intestinal nerve excitation,
eventually leading to visceral hypersensitivity. In addition to
these symptoms of low-grade inflammation and visceral hyper-
sensitivity, we also observed significant changes in the gut
microbiota diversity and composition in the mice. This result
was consistent with the findings from clinical trials of IBS,
indicating that the mice exhibited the clinical IBS-related
symptom of gut microbiota dysbiosis.37

We next investigated the abilities of Lactobacillus strains to
alleviate the symptoms of low-grade inflammation, visceral
hypersensitivity, and gut microbiota dysbiosis in mice, and
observed significant differences between the strains.
Particularly, most strains did not alleviate the symptoms of
IBS. This observation was consistent with the findings from
numerous IBS-related studies, which indicated that not all
Lactobacillus strains can alleviate the clinical symptoms of
IBS.38,39 In fact, the ingestion of Lactobacillus strains such as
L. casei CCFM30 and L. casei VM3 was shown to exacerbate
colonic inflammation in mice. Compared with the model
group, the mice treated with these two Lactobacillus strains
exhibited a broader scope of colonic inflammatory cell infiltra-
tion (Fig. 1). Both strains also significantly increased the pro-
duction of pro-inflammatory cytokines in the colon (Fig. 2).
Similar results have been reported in previous studies of intes-
tinal inflammation and may be attributable to negative inter-
actions between Lactobacillus strains and intestinal
immunity.40,41

In contrast, some strains, including L. casei M2S01,
L. plantarum CCFM382, and L. plantarum CCFM8610, did alle-
viate the symptoms of IBS. However, we did not observe signifi-
cant improvements associated with L. casei M2S01 and

L. plantarum CCFM382 when we evaluated the histological
characteristics and visceral hypersensitivity, suggesting that
the regulatory effects of these two strains are not a key mecha-
nism in the alleviation of IBS. In other words, L. casei M2S01
and L. plantarum CCFM382 do not possess the key physiologi-
cal characteristics or functional genes required to alleviate IBS.

In our analysis, L. plantarum CCFM8610 exhibited the stron-
gest IBS-alleviating effects. Supplementation with L. plantarum
CCFM8610 significantly alleviated the characteristic IBS symp-
toms of low-grade inflammation and visceral hypersensitivity
and modulated the gut microbiota dysbiosis. Previous studies
have identified multiple mechanisms by which probiotics alle-
viate IBS. For example, Escherichia coli Nissle 1917 produces a
secondary metabolite, analgesic peptide, that inhibits calcium
flux and thereby alleviates the visceral pain associated with
IBS.42 Butyric acid-producing probiotic members of the genus
Roseburia can enhance the intestinal barrier function and
inhibit visceral hypersensitivity by increasing the butyric acid
concentration in the intestine.43 Clostridium butyricum can
regulate the numbers and functions of lamina propria dendri-
tic cells and thus alter the intestinal immune response to alle-
viate intestinal inflammation in IBS.13 Given these findings
and the experimental results from the above-mentioned
ineffective strains, we speculated that L. plantarum
CCFM8610 may possess a key physiological characteristic or
functional gene that contributes to its IBS-alleviating mecha-
nisms and effects.

To investigate this key physiological characteristic or func-
tional gene of L. plantarum CCFM8610, we performed a com-
parative genomic analysis and identified significant differ-
ences between this and other strains in terms of functional
genes (Fig. 6). Further analysis of the correlation between the
in vitro physiological characteristics and IBS-alleviating effects
of Lactobacillus identified the ability to synthesize CLA as the
most strongly associated factor. We further analyzed the corre-
lation between functional genes and IBS-alleviating effects and
identified genes related to COG1028 as the most strongly
associated functional genes. COG1028 is associated with lipid
transport and metabolism and is annotated as a member of
the short-chain alcohol dehydrogenase family according to the
National Center for Biotechnology Information (NCBI, http://
www.ncbi.nlm.nih.gov). Short-chain alcohol dehydrogenase is
a multi-component linoleic acid isomerase and is considered
necessary for the ability of L. plantarum to transform CLA.44

Therefore, we believe that L. plantarum CCFM8610 benefits
from an abundance of genes related to COG1028, which can
promote the expression of short-chain alcohol dehydrogenases
and confer an excellent ability to synthesize CLA.

CLA is a long-chain fatty acid with multiple health-promot-
ing functions. Studies have demonstrated that CLA can achieve
the dual physiological effects of inflammation regulation and
immune activation in the gastrointestinal tract.45,46

Mechanistically, these effects appear to rely on the CLA-
mediated activation of peroxisome proliferator-activated recep-
tors, which inhibit the NF-κB signaling pathway.47 Moreover,
animal experiment results demonstrated that CLA could also
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exert anti-inflammatory effects by inhibiting the expression of
pro-inflammatory cytokines, such as IL-6 and COX-2.48

L. plantarum CCFM8610 was previously shown to possess an
excellent CLA synthesis ability.31 In this study, we proved that
L. plantarum CCFM8610 had a significant advantage over the
other tested strains because of the presence of COG1028-
related genes. Our result verifies the excellent CLA synthesis
ability of L. plantarum CCFM8610 at the genetic level.
Similarly, the advantages of L. plantarum CCFM8610 with
respect to genes related to nucleotide transport and metab-
olism and amino acid transport and metabolism can be con-
sidered advantageous in terms of gene transcription and trans-
lation. These genomic characteristics may further promote the
synthesis of enzymes required for CLA transformation.

Based on our results, we speculate that L. plantarum
CCFM8610 may alleviate the clinical symptoms of IBS through
the high-yield production of CLA. Previous studies have indi-
cated that CLA can improve intestinal inflammation by inhibit-
ing the NF-κB signaling pathway activation and pro-inflamma-
tory cytokine expression.47,48 We believe that this mechanism
also explains the ability of L. plantarum CCFM8610 to alleviate
the low-grade inflammation associated with IBS. Our con-
clusion is supported by multiple reports describing the ability
of high-yield CLA probiotic strains to alleviate intestinal
inflammation.49,50

Healthy gut microbiota can improve the intestinal health of
the host and also has specific health benefits on emotional
regulation and immune regulation.51 Other reports have also
proven the regulatory effects of CLA on the gut microbiota.52–54

Dietary supplementation with CLA can significantly increase
the relative abundances of Firmicutes, Bifidobacterium, and
Odoribacter and reduce the relative abundance of Bacteroides.
In other words, the ability of L. plantarum CCFM8610 to regu-
late the gut microbiota may be mediated by CLA.53,54 However,
we have not identified any published studies on the ability of
CLA to alleviate visceral hypersensitivity, and therefore, this
relationship remains uncertain. Nevertheless, CLA has been
reported to have significant inhibitory effects on anxiety and
depression. In rats, the maternal ingestion of CLA could
reduce anxiety by inhibiting lipid peroxidation in the brains of
offspring.55 The oral administration of CLA-rich goat milk pro-
ducts to rat dams was shown to prevent anxiety in their
offspring.56 In depression-related studies, dietary supplemen-
tation with CLA was shown to inhibit compensatory overactiva-
tion of the Nrf2 pathway and thus alleviate depression in
mice.57 This evidence suggests that CLA can alleviate negative
emotions. This functional ability may explain the alleviation of
visceral hypersensitivity symptoms. The brain and gut can
communicate bidirectionally through the brain–gut axis,58

such that stimulation in the gut can cause anxiety, depression,
and other negative emotions in the brain. Conversely, negative
emotions can exacerbate intestinal visceral hypersensitivity
symptoms through the vagus nerve.59 Therefore, we believe
that physiologically, the strong ability of L. plantarum
CCFM8610 to synthesize CLA may contribute to emotional
regulation in mice and alleviate intestinal symptoms of visc-

eral hypersensitivity. Moreover, the low-grade inflammation
associated with IBS is thought to induce peripheral sensitiz-
ation, which accelerates the development of long-term visceral
hypersensitivity.60 Therefore, the alleviating effects of CLA on
low-grade intestinal inflammation may also be a potential
mechanism for the alleviation of visceral hypersensitivity.

We have carried out a clinical trial of L. plantarum
CCFM8610 in alleviating IBS with diarrhea (IBS-D) in the
Tinghu People’s Hospital of Yancheng, Jiangsu, China. The
results showed that dietary supplementation of L. plantarum
CCFM8610 could alleviate the clinical symptoms of IBS-D
patients, improve the quality of life, and modulate gut micro-
biota dysbiosis. It is similar to this animal experiment’s
results, which indicates that L. plantarum CCFM8610 may have
the same mechanism in the animal model and clinical model.
In future experiments, CLA could be administered to mice in
the form of dietary supplements to verify the ability of CLA to
modulate low-grade inflammation, visceral hypersensitivity,
and gut microbiota dysbiosis related to IBS. Moreover, another
clinical trial would further be conducted to verify the under-
lying mechanisms of CLA in IBS.

However, this study did identify the physiological character-
istics and functional genes in Lactobacillus that were most rele-
vant to the IBS-alleviating effects. Future studies should apply
molecular biological methods, such as polymerase chain reac-
tions to identify relevant functional genes and GC-MS to detect
CLA synthesis. These approaches may enable the rapid screen-
ing of Lactobacillus strains with IBS-alleviating effects.

5. Conclusion

In summary, this study aimed to screen Lactobacillus strains
with IBS-alleviating effects and investigate the associated key
physiological characteristics and functional genes. We used an
animal model of IBS to determine the abilities of Lactobacillus
strains to alleviate IBS and analyzed the correlation between
the in vitro physiological characteristics, functional genes, and
IBS-alleviating effects of these strains. We identified
L. plantarum CCFM8610 as a strain with significant abilities to
alleviate the IBS symptoms of low-grade inflammation and
visceral hypersensitivity and modulated the gut microbiota
dysbiosis. Our correlation analysis identified the CLA synthesis
ability and COG1028-related genes as the most relevant physio-
logical characteristic and functional genes, respectively, in this
context. The observed relationships between a high CLA syn-
thesis ability, COG1028-related genes, and IBS-alleviating
effects will contribute to the rapid screening of Lactobacillus
species with IBS-alleviating effects and lay a foundation for
future investigations of the underlying mechanisms.
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