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Abstract
Background  Inflammatory bowel disease (IBD) involves the complex interplay among the mucosal barrier, 
microbiota, immunity and genetic factors. There are currently no satisfactory treatments for IBD. Administration of 
the probiotic Bacillus licheniformis (Bl) can improves colitis by regulating the gut microbiota. The phytohormone 
abscisic acid (ABA) treatment has favorable effects on immunity, as well as on inflammatory diseases like colitis. We 
hypothesized that the expression of an additional cyp gene by the Bl to increase its ABA production would enhance 
its effects.

Results  In this study, we found that a Bl-cyp strain overexpressing the cyp gene secreted more ABA into its 
supernatant than either the parental Bl stain or a Bl-pET82a strain expressing only a vector pET82a when these 
bacteria were grown in Nfb medium for 48 h. The prophylactic administration of the Bl-cyp strain culture more 
effectively attenuated dextran sodium sulfate (DSS)-induced colitis in mice compared to the Bl and Bl-pET28a strains. 
These findings were associated with significantly reduced epithelial barrier damage, as well as increased number of 
goblet cells and expression levels of occludin gene in the colonic epithelial layer, and decreased serum LPS levels in 
the Bl-cyp group. In addition, the administration of Bl-cyp strain effectively regulated the disordered gut microbiota 
by improving their diversity, richness and compositions more than the Bl or Bl-pET82a strain, including the ratio 
of Bacteroidota: Bacillota. It also inhibited the excessive growth of opportunistic pathogen Escherichia just like the 
Bl or Bl-pET82a strain. Moreover, the preventive administration of the Bl-cyp strain to mice following DSS-induced 
colitis enhanced the proportion of Treg cells and suppressed the proportion of Th17 cells in mesenteric lymph 
nodes (MLNs), decreased the levels of pro-inflammatory cytokines TNF-α, IL-6, and IL-22, and increased the level of 
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Background
Inflammatory bowel disease (IBD), including Crohn’s dis-
ease (CD) and ulcerative colitis (UC), is associated with 
an imbalance of immunity, disordered gut microbiota, 
damage to the mucosal barrier and genetic factors [1]. 
IBD is an important disease worldwide, and is associated 
with frequent relapses [2]. Its incidence rate has been 
increasing yearly, and there are currently no satisfactory 
treatments [3].

The gut microbiota is composed of a cluster of microbes 
(mainly bacteria) present in the intestinal tract. These 
bacteria participate in many physiological and biochemi-
cal processes in the host, such as digestion [4], immune 
regulation [5] and short-chain fatty acids (SCFAs) metab-
olism [6]. Therefore, disorders of the microbiota not only 
lead to alterations in the intestinal epithelium, but also 
cause inflammation and contribute to triggering and/or 
aggravating IBD [7, 8]. Probiotics (which can alter the gut 
flora) have been demonstrated to provide positive effects 
against IBD [9].

Bacillus licheniformis (Bl) is a Gram-positive obligate 
aerobe that forms spore. It is a dominant population 
within soil and plant microbiota [10], but is not an inher-
ent population in human and animal gut microbiota [11]. 
It was previously demonstrated that Bl could produce 
high levels of branched SCFAs (isobutyric acid and iso-
valeric acid) in the colon to regulate the gut microbiota 
[12]. Bl has been used as a live bacterial preparation to 
treat mice with colitis induced by dextran sodium sul-
fate (DSS) [13], human patients with subhealth [12], and 
human patients with acute and chronic diarrhea and 
ulcerative colitis [14]. It has proven safety and clinical 
effectiveness [14]. In addition, the Rt4M10 strain of Bl 
isolated from the roots of grapevines has been reported 
to produce abscisic acid (ABA) to diminish plant water 
losses, providing another potential mechanism of action 
underlying the benefits of these bacteria [15].

Abscisic acid (ABA) is a secondary metabolic and ses-
quiterpene product [16], which can function as a signal-
ing molecule in a wide range of organisms, from bacteria 
to human cells, at a very low concentration [17, 18]. The 
best-known roles of ABA, which are synthesized by bac-
teria [15, 19], are in regulating plant growth and stress 
responses, leading to it being widely used in agriculture 
as a phytohormone [20]. In humans and animals, nutri-
ent-derived ABA or treatment with synthetic ABA has 

been shown to produce favorable effects on immunity, 
as well as on inflammatory and metabolic diseases like 
colitis [21, 22]. ABA regulates adhesion molecule expres-
sion through a peroxisome proliferator activated recep-
tor (PPAR) γ-dependent mechanism, resulting in activity 
against experimental  IBD [23]. The PPARγ protein is 
a nuclear receptor expressed in epithelial and immune 
cells that regulates the differentiation of T helper 17 
(Th17) cells and regulatory T (Treg) cells [24]. The dif-
ferentiation of Th17 and Treg cells is also regulated by 
gut microbiota [25]. Th17 and Treg cells are both pres-
ent in the intestinal mucosa, where they inhibit excessive 
immune responses and protect against pathogen invasion 
[26]. Some bacteria (Klebsiella pneumonia and Proteus 
mirabilis) found in the animal gut generate ABA, and the 
ABA content in an organism is very low [18, 27]. How-
ever, little has been reported about the roles of bacteria-
generated ABA plays in the gut.

As indicated above, bacteria such as Bl [13] and fungi 
[28] can produce the ABA under certain conditions. The 
bcaba1 gene encodes a cytochrome P450 monooxygen-
ase and is associated with ABA biosynthesis in a fungus, 
Botrytis cinerea (B.cinerea) [28]. According to GenBank 
data, the sequence of a cyp gene encoding a cytochrome 
(cyp) P450 enzyme in the Bl strain (GenBank accession 
number: NC_006270) is highly homologous to that of the 
bcaba1 gene in B. cinerea.

In this study, we developed a Bl-cyp strain that over-
expresses this cyp gene to enhance its ABA production. 
We then explored whether the Bl-cyp strain could ame-
liorate the symptoms of mice with DSS-induced colitis. 
Our present study provides evidence that the Bl-cyp may 
be useful for the prevention of IBD.

Results
Identification of ABA from the supernatants of the Bl-cyp 
strain grown in Nfb medium
We first quantified the ABA from the supernatants of the 
Bl-cyp strain grown in Nitrogen -free (Nfb) medium. We 
cloned the cyp gene from the Bl ATCC 12,759 strain into 
a pET28a vector, and produced a recombinant pET82a-
cyp in E.coli BL21. Under different induction condition, 
we found that the expression levels of the Cyp protein 
of pET82a-cyp/BL21 was higher than that of control 
pET82a/BL21 or BL21 when the bacteria in logarith-
mic growth phase were incubated at 37  °C for 4  h with 

anti-inflammatory IL-10 in colon tissues, similar to treatment with a high concentration of the ABA standard (ABA-H). 
Notably, the treatment with the Bl-cyp strain more effectively regulated the disordered microbiota than the ABA-H.

Conclusions  The administration of the Bl-cyp strain may provide a novel preventive approach for IBD, and may exert 
its effects by modulating the gut microbiota and host’s immune status.

Keywords  Cyp gene, Abscisic acid, Bacillus licheniformis, Inflammatory bowel disease, Gut microbiota
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0.1 mmoL isopropyl-beta-d- thiogalacto-pyranoside 
(IPTG, Sigma-Aldrich, Germany) (Fig.  1a; Fig. S1-5). 
The transcriptional levels of the cyp gene in the Bl-cyp 
strain were also significantly higher than those in the Bl 
strain (P < 0.001), and the Bl-pET28a (vector-only) strain 
(Fig. 1b; P < 0.001).

Next, we investigated the conditions of ABA secre-
tion into the medium by the Bl strain. In the 50 ppm ion 
traces, an ABA standard was seen at 4.54 min (Fig. 1c), 
and the ABA in the supernatant of the Bl strain grown 
in Nfb medium was detected at 5.12 min (Fig. 1d). It was 
not detected in Luria-Bertani (LB) medium according to 
the typical chromatography (Fig. 1e). We then compared 
the ABA standard with the supernatant of the Bl grown 
in Nfb medium using mass spectrometry. The results 
showed that the ABA in the supernatant was eluted on 
the 50-ppm ion trace at m/z 263 (Fig.  1f ), which was 
the same as the molecular ion from the ABA standard 
(Fig. 1g). Finally, comparison of the ABA concentrations 
in the supernatants of the Bl strain grown in Nfb medium 
with those of the Bl-cyp or Bl-pET28a strain grown in the 
same medium for different times revealed that the con-
centrations of the Bl-cyp strain were higher than those of 
the Bl and Bl-pET28a strains from 48 to 72 h (P < 0.001; 
P < 0.001). The concentrations of ABA from of the Bl, Bl-
pET28a and Bl-cyp strains were 26.5, 26 and 95 µg/mL, 
respectively, at 48 h (Fig. 1h). Thus, these strains could all 
secrete ABA into their culture media when grown on Nfb 
medium for 48  h, but the Bl-cyp produced the highest 
concentration.

Prophylactic administration of the Bl-cyp strain more 
effectively attenuated DSS -induced colitis in mice than the 
Bl or Bl-pET28a strain
Given their production of ABA and the beneficial effects 
of ABA on IBD, we investigated whether the prophylac-
tic administration of the Bl strain culture (in Nfb) could 
reduce DSS-induced colitis in mice (Fig. 2a). As expected, 
the body weights in the control group mice were steady, 
and their disease activity index scores (DAIs; body weight 
loss, rectal bleeding and diarrhea) were zero. Compared 
with the control group, there were body weights loss 
and increased DAIs observed in the other groups begin-
ning the day after DSS was added to the drinking water 
(P < 0.001). However, the weights loss and increase in 
the DAIs of the Bl group were significantly lower than 
those in the DSS and Nfb (blank media) groups (both 
P < 0.001), and there were no significant differences 
between the DSS and Nfb groups (Fig. 2b, c; P = 0.2806, 
P = 0.6222). The colon lengths, which were used to evalu-
ate the severity of inflammation were shorter in the DSS 
group than in the control and Bl groups (P < 0.001 and 
P = 0.006), but were not significantly different from the 
Nfb group (Fig. 2d, e; P = 0.137).

Since some reports suggested that the Bl strain reduced 
the production of pro-inflammatory IL-6 in porcine 
intestinal epithelial cells [29], we observed the histologi-
cal structures and measured the mRNA levels of the IL-6 
gene in the mice with DSS-induced colitis. We found 
that the IL-6 levels in the colon tissue of the DSS group, 
were significantly higher than those in the control and 
Bl groups (P < 0.001; P = 0.003, respectively), but were 
not significantly different from the Nfb group (Fig.  2f; 
P = 0.672). The H&E-stained colon tissues in the DSS and 
Nfb groups revealed the strong erosion of the epithelial 
barrier, damaged of crypts, and apparent infiltration of 
inflammatory cells and ulceration, while normal colon 
structures were observed in the control group (Fig.  2g). 
The colon injury and inflammation in the Bl group 
were significantly reduced compared to the DSS group 
(P = 0.007), while those in the Nfb group were not sig-
nificantly different from those in the DSS group (Fig. 2h; 
P = 0.336). The cumulative scores for each group were 
compared, and the results (Fig. 2h) were consistent with 
those shown in Fig. 2g. On the whole, these results dem-
onstrated that DSS induced acute colitis in the mice, and 
that the prophylactic administration of the culture of the 
Bl strain, but not blank Nfb medium, could suppress the 
symptoms of colitis, and decrease inflammation in the 
colon tissues administered DSS.

Next, we investigated the effect of the Bl-cyp admin-
istration in the mice with DSS-induced colitis. Nota-
bly, the weights loss and increasing DAIs in the Bl-cyp 
group, were significantly lower than those in the Bl 
(P < 0.001; P = 0.0491) and Bl-pET28a groups (Fig.  2b, c; 
both P < 0.001). The colon lengths in the Bl-pET28a and 
Bl groups were significantly shorter than those in the 
Bl-cyp group (Fig.  2d, e; all P < 0.001). The transcrip-
tional levels of the IL-6 gene in the colon tissue of the 
Bl-cyp group were significantly lower than those in the 
Bl-pET28a and Bl groups (Fig. 2f; all P < 0.001). In addi-
tion, the colon injury and inflammation in the Bl-cyp 
group were significantly reduced compared with the Bl-
pET28a and Bl groups (Fig.  2g, h; all P < 0.001). On the 
whole, these results demonstrated that the prophylactic 
administration of the Bl-cyp strain culture more effec-
tively decreased DSS-induced colitis than administration 
of the Bl-pET28a or Bl strain culture.

The Bl-cyp strain more effectively reinforced the epithelial 
barrier than the Bl or Bl-pET28a strain
To assess how these effects were occurring, we first exam-
ined the effects of the Bl administration on the epithelial 
barrier in mice with DSS-induced colitis. The mucus 
layer is on the surface of the epithelial cells in the gut. The 
mucus and and mucins are secreted by goblet cells, and 
enterocytes provide the first defense barrier in the intes-
tinal tract [30]. Lipopolysaccharide (LPS) is an important 
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Fig. 1  Identification of ABA from the supernatant of the Bl or Bl-cyp strain grown on Nfb. a Comparison of the Cyp expression in pET28a-cyp/BL21, BL21, 
and pET28a/BL21 cultured with different concentrations of IPTG in LB at 37 °C for 4 h, as shown by SDS-PAGE. M represents the protein marker, 1–2 rep-
resent the BL21 and pET28a/BL21 cultured with 0.1 mM IPTG in LB; and 3–6 represent pET28a-cyp/BL21 cultured with 0.1, 0.2, 0.3 or 0.4 mM IPTG in LB, 
respectively. b Comparison of the mRNA expression of the cyp gene in the Bl and Bl-pET28a strains with that in the Bl-cyp strain grown in Nfb medium 
based on qRT-PCR. c-d Detection of the ABA from the ABA standard solution (c) and the supernatant of the Bl grown on Nfb (d) or LB medium (e) by 
typical chromatography. The green circles represent the ABA at 4.54 min and at 5.12 min. f-g Detection of ABA from the supernatants of the Bl grown in 
Nfb medium (f) and an ABA standard solution (g) based on typical mass spectrometry. The red circles indicate the ABA on the 50-ppm ion trace at m/z 
263. h Comparison of the ABA concentrations on the supernatants from the Bl-cyp strain with those from the Bl and Bl-pET28a strains grown in Nfb at the 
different times according to ELISA. Data represent the means ± SD, n = 6–8 per group. *P < 0.05, ** P < 0.01; NS, not significant. Statistical significance was 
assessed using a one-way ANOVA, followed by Tukey’s test
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Fig. 2  Prophylactic administration of the Bl-cyp strain more effectively attenuated DSS-induced colitis. a Mice in the control, Bl-pET28a, Bl-cyp, Bl, Nfb 
and DSS groups with experimentally-induced colitis. b The body weights were recorded in the six groups beginning the day after DSS was added to 
the drinking water. c The DAIs were recorded in the six groups beginning the day after DSS was added to the drinking water, with scores based on body 
weight loss, rectal bleeding and diarrhea. d The entire colons in the six groups were harvested on Day 43. The numbers 1–6 represent the colon lengths in 
the control, DSS, Nfb, Bl, Bl-cyp and Bl-pET28a groups, respectively. e Comparison of the colon lengths in the DSS group with those in the control, Bl-cyp, 
Nfb, Bl and Bl-pET28a groups, and comparison of those in the Bl-cyp with those in the Bl and Bl-pET28a groups. f Comparison of the IL-6 mRNA expression 
in the colon tissues of the DSS group with those in the control, Nfb, Bl-pET28a, Bl-cyp and Bl groups, and comparison of those in the Bl-cyp group with 
those in the Bl-pET28a and Bl groups. g Representative pictures of the H&E-stained colon tissues from the six groups (scale bars, 100 μm; magnification, 
100x or 400x). h Comparison of the cumulative histology scores of the colon tissues in the DSS group with those in the control, Nfb, Bl-pET28a, Bl-cyp 
and Bl groups, and comparison of those in the Bl-cyp group with those in the Bl-pET28a and Bl groups. Data represent the means ± SD, n = 6–8 per group, 
*P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant. Statistical significance was assessed using a one-way ANOVA, followed by Tukey’s test
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Fig. 3 (See legend on next page.)
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component of the cell walls in Gram -negative bacteria in 
the gut. The translocation of Gram-negative bacteria past 
the mucus and enterocytes therefore increases the serum 
level of LPS. As such, the LPS levels indicate the degree of 
permeability of the epithelial barrier [31]. A Occludin is a 
critical component of tight junctions in the gut epithelial 
barrier [32]. The LPS levels in the serum, the expression 
of the occludin gene and the numbers of goblet cells in 
the gut epithelium all reflect the extent of the epithelial 
barrier damage in the gut. We observed that the numbers 
of goblet cells in colonic epithelial layer of the DSS group 
were significantly lower than those in the control, Bl and 
Nfb groups (Fig. 3a, b; P < 0.001, P < 0.001, P = 0.015). The 
LPS levels in the sera of the DSS group were significantly 
increased compared to those in the control and Bl groups 
(P < 0.001 and P = 0.003), but not compared to the Nfb 
group (Fig.  3c; P = 0.646). Similarly, the levels of occlu-
din gene expression in the DSS group were significantly 
lower than those in the control and Bl groups (P < 0.001; 
P = 0.039), but not in the Nfb group (Fig.  3d; P = 0.942). 
Therefore, these results show that the administration 
of Bl strain culture reinforced the epithelial barrier and 
attenuated DSS-induced damage, while the Nfb medium 
alone did not.

Next, we examined the effects of the Bl-cyp strain on 
DSS-induced epithelial barrier damage. Compared to 
the Bl-pET28a and Bl groups, the numbers of goblet cells 
in colonic epithelial layer of the Bl-cyp group were sig-
nificantly increased (Fig. 3a, b; all P < 0.001), and the LPS 
levels in the sera were significantly decreased (Fig. 3c; all 
P < 0.001). The levels of occludin gene expression in the 
colon tissues in the Bl-cyp group were significantly higher 
than those in the Bl-pET28a and Bl groups (Fig.  3d; all 
P = 0.039). Thus, the prophylactic administration of the 
Bl-cyp strain culture more efficiently reinforced the epi-
thelial barrier and attenuated DSS-induced damage than 
the Bl or Bl-pET28a strain culture.

The Bl-cyp strain more effectively modulated gut 
microbiota than the Bl or Bl -pET28a strain
Examined the impact of Bl administration on the 
gut microbiota in mice with DSS-induced colitis. 
The α-diversity represents the richness and even-
ness of microbial communities in an ecological system. 

Compared with the DSS group, the α-diversity of micro-
bial communities in the control and Bl groups signifi-
cantly increased (all P < 0.001), but that in the DSS group 
was not significantly different from that in the Nfb group 
based on the amplicon sequence variants (ASVs) level 
of the Sobs index (Fig.  4a; P = 0.773). A barplot analysis 
was performed to assess the microbial compositions at 
the phylum and genus levels, and there were the different 
abundances of the compositions in the six groups (Fig. 4c, 
d). To define the changes in the taxonomic composition 
of the gut microbiota in the Bl group, we performed a lin-
ear discriminant analysis (LDA; scores > 3.6) to identify 
differentially abundant biomarkers from the phylum to 
genus levels between the DSS and Bl groups (Fig. 4b). The 
results showed that the DSS group was more enriched in 
Bacteroides, Enterobacteriaceae and Escherichia than the 
Bl group. Therefore, these results showed that prophylac-
tic administration of the Bl strain culture decreased the 
disorder of DSS-induced gut microbiota and reduced the 
abundances of conditioned pathogens in the gut.

Next, we explored the impact of the Bl-cyp strain on 
the gut microbiota in the mice with DSS-induced colitis. 
Compared with the Bl-cyp group, α-diversity in the Bl-
pET28a and Bl groups were significantly decreased based 
on the ASV levels of the Sobs index (Fig.  4a; P = 0.043; 
P = 0.047, respectively). The β-diversity indicates the rela-
tionships between ecological systems. A principle com-
ponents analysis (PCoA) showed clear separations among 
the gut microbiota in the control, Bl-cyp, Bl-pET28a, Bl, 
Nfb and DSS groups (Fig.  4e; R2 = 0.7594; P = 0.0001). 
These results revealed that the gut microbiota in the Bl-
cyp and control groups were obvious different from those 
in the DSS, Nfb, Bl-pET28a and Bl groups, respectively. 
A barplot analysis showing the thirteen most abundant 
phyla in the six groups are displayed in Fig. 4c. Consis-
tent with the observations described above, Bacteroidota 
(Bacteroidetes) and Bacillota (Firmicutes) were the pre-
dominant phyla in the gut microbiota of all six groups. 
The relative abundances of Bacteroidota and Bacillota 
were respectively 74% and 16% in the control group, 
while their abundances were respectively 33% and 41% 
in the DSS group. In the Bl-cyp group, the abundances 
of Bacteroidota were significantly higher than those in 
the Bl group (P < 0.001), and the abundances of Bacillota 

(See figure on previous page.)
Fig. 3  Prophylactic administration of the Bl-cyp strain more effectively decreased DSS-induced epithelial barrier damage than other treatments. a Rep-
resentative pictures of the goblet cells and epithelial cells in colonic epithelial layer from the control, Bl, Bl-pET28a, Bl-cyp, DSS and Nfb groups after 
immunofluorescence staining (scale bars,100 μm; magnification, 100x or 400x). The epithelial cell markers-EpCAM and CD326 appeared green and the 
goblet cell marker, MUC2 was red, and the cell nuclei stained by DAPI was blue. b Comparison of the proportion of goblet cells to epithelial cells in the DSS 
group with those in the control, Nfb, Bl, Bl-cyp and Bl-pET28a groups, and comparison of the proportion in the Bl-cyp group with those in the Bl-pET28a 
and Bl groups. c Comparison of the serum LPS levels in the DSS group with those in the control, Nfb, Bl, Bl-cyp and Bl-pET28a groups, and comparison of 
those in the Bl-cyp group with those in the Bl-pET28a and Bl groups. d Comparison of the mRNA expression of the occludin gene in the colon tissues of 
the DSS group with those in the control, Nfb, Bl, Bl-cyp and Bl-pET28a groups, and comparison of those in the Bl-cyp group with those in the Bl-pET28a 
and Bl group. Data represent the means ± SD, n = 6–8 per group. * P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant. Statistical significance was assessed 
using a one-way ANOVA, followed by Tukey’s test
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Fig. 4 (See legend on next page.)
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were significantly lower than those in the Bl group 
(P < 0.001), while the abundances of both phyla were not 
significantly different from those in the Bl-pET28a group 
(Fig.  4g, h; P = 0.163; P = 0.146, respectively). Compared 
with the DSS group, the ratio of Bacteroidota: Bacillota 
showed an increasing trend in the Bl-cyp and Bl-pET28a 
groups, but not in the Bl group (Fig. 4f ). The barplot in 
Fig. 4d showed the twenty most abundant genera in the 
six groups. The relative richness of Escherichia was sig-
nificantly lower in all of the treatment groups, but not in 
the Nfb group, compared to the DSS group (all P < 0.001; 
P = 0.103). In addition, the richness in the Bl-cyp group 
was not significantly different from those in the Bl and 
Bl-pET28a groups (Fig.  4i; P = 0.969; P = 0.77, respec-
tively). The relative richness of Bacteroides in the Bl-
cyp group was significantly lower than those in the DSS 
group (P < 0.001), but not in the Bl and Bl-pET28a groups 
(Fig. 4j; P = 0.267 and P = 0.115). Therefore, these results 
indicate that the prophylactic administration of Bl-cyp 
strain enhanced the ratio of Bacteroidota: Bacillota more 
than the Bl strain, and also inhibited the excessive growth 
of opportunistic pathogen Escherichia just like the Bl or 
Bl-pET82a strain. It effectively regulated the disordered 
gut microbiota by improving their diversity, richness and 
compositions more than the Bl or Bl-pET82a strain.

Lastly, we isolated the Bl-pET28a and Bl-cyp strains 
(about 1 × 106 CFU/mg in Nfb with kanamycin) from the 
feces in the Bl-pET28a and Bl-cyp groups to confirm that 
these strains survived in the gut for some time. These 
strains were indeed culturable from feces, and the Bl-
pET28a and Bl-cyp strains were not found in the control, 
Bl, DSS or Nfb group, confirming that the bacteria cul-
tured from feces were indeed from the strains adminis-
tered (Fig. 4k).

Prophylactic administration of the Bl-cyp strain decreased 
the DSS-induced colitis similar to the high concentration of 
ABA standard
Although ABA has been reported to effectively prevent 
IBD [21, 22], we wanted to confirm that it was effec-
tive in our model. We therefore investigated the effects 
of different concentrations of ABA standard in mice 

with DSS-induced colitis (Fig. 5a). The weights loss and 
increased DAIs in the ABA-high concentration (ABA-H) 
and ABA-low concentration (ABA-L) groups were sig-
nificantly lower than those in the DSS group (Fig. 5b, c; 
all P < 0.001). The colon lengths of the mice in the DSS 
group were significantly shorter than those in the ABA-H 
group (P = 0.007), but were not significantly different 
from those in the ABA-L group (Fig.  5d, e; P = 0.325). 
The levels of IL-6 protein expression in the colon tissues 
of the DSS group were significantly higher than those in 
the ABA-H group (P < 0.001), but not in the ABA-L group 
(Fig.  5f; P = 0.051). The ABA-H group exhibited stron-
ger protection of colon structures and less inflammation 
than the ABA-L group (Fig. 5g). The cumulative scores of 
each group were compared, and the results (Fig. 5h) were 
consistent with those shown in Fig.  5g. Therefore, the 
prophylactic administration of the high concentration 
of ABA standard contributed to decreased DSS-induced 
colitis. The low concentration of ABA standard did not 
have a significant effect on the colon inflammation.

Next, we compared the effects of treatment with the Bl-
cyp strain in DSS-induced colitis to treatment with the 
ABA-H standard. The weights loss and increased DAIs 
in the Bl-cyp group were similar to those in the ABA-H 
group (Fig. 5b, c; P = 0.9484, P = 0.9937). The Bl-cyp group 
had longer colon lengths compared to the ABA-H group, 
but the difference was not statistically significant (Fig. 5d, 
e; P = 0.091). The protection of colon structures and 
IL-6 production in the Bl-cyp group were also similar to 
those in the ABA-H group (Fig. 5f, h; P = 0.089; P = 0.589, 
respectively). Therefore, the prophylactic administration 
of the Bl-cyp strain culture decreased DSS-induced coli-
tis similar to the administration of the high concentration 
of ABA standard.

Comparison of the possible mechanisms of the action for 
the prophylactic administration of the Bl-cyp strain and 
the ABA-H standard
Exposure to ABA has been shown to regulate adhesion 
molecule expression through a PPAR-dependent mecha-
nism, and is a regulator of the differentiation of Th17 and 
Treg cells [24]. We therefore compared the Th17/Treg 

(See figure on previous page.)
Fig. 4  Prophylactic administration of the Bl-cyp strain more effectively decreased DSS-induced gut microbiota disorder than other strains. a Comparison 
of the α-diversity of microbial communities in the DSS group with those in the control, Nfb, Bl, Bl-pET28a and Bl-cyp groups, and comparison of those 
in the Bl-cyp group with those in the Bl-pET28a and Bl groups by the Sobs index using a nonparametric test. b The differentially abundant taxa were 
determined from the linear discriminant analysis (LDA) scores (> 3.6) between the DSS (Brown) and Bl (Yellow) groups based on the Wilcoxon signed-rank 
test. The yellow frames represent Bacteroides, Enterobacteriaceae and Escherichia among the enriched taxa in the DSS group. c The relative abundance of 
microbial compositions in the six groups based on the barplot analysis (at the phylum level). d The relative abundance of microbial compositions in the 
six groups according to a barplot analysis (at the genus level). e Comparison of the β-diversity of microbial communities in the six groups was determined 
by a PCoA plot with a PERMANOVA analysis. f The ratios of Bacteroidota: Bacillota in the six groups are shown. g The commensal richness and diversity of 
Bacillota were compared in the six groups using a nonparametric test. h The commensal richness and diversity of Bacteroidota were compared in the six 
groups using a nonparametric test. i The commensal richness and diversity of Escherichia were compared in the six groups using a nonparametric test. j 
The commensal richness and diversity of Bacteroides were compared in the six groups with a nonparametric test. Data represent the means ± SD, n = 3 per 
group. * P < 0.05, ** P < 0.01, ***P < 0.001; NS, not significant. k The numbers of bacteria isolated from the fecal contents of mice with DSS-induced colitis 
that had been gavaged with cultures of the Bl, Bl-pET28a, or Bl-cyp strain, NS (control or DSS group) or medium (Nfb group)
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balance in the ABA-H group with that in the Bl-cyp group 
in mice with DSS-induced colitis. First, we assessed the 
expression levels of pro-inflammatory and anti-inflam-
matory cytokines in the colon tissues. The results in both 
the Bl-cyp and ABA-H groups showed that the expres-
sion levels of Th17-type cytokines, TNF-ɑ (P = 0.005 

and P = 0.002) and IL-6 (P = 0.004 and P = 0.001), and a 
Th22-type cytokine, IL-22 (P = 0.004 and P = 0.002), sig-
nificantly decreased following treatment compared to 
the DSS group. Conversely, the expression of a Treg-type 
cytokine, IL-10 (P = 0.008 and P = 0.003), significantly 
increased compared to the DSS group (Fig. 6a). However, 

Fig. 5  Prophylactic administration of the Bl-cyp and ABA-H improved the colon inflammation in mice with colitis. a The experimental animal models in 
the control, Bl-cyp, ABA-H, ABA-L and DSS groups of mice with DSS-induced colitis. b The mouse body weights were recorded beginning the day after 
DSS was added to the drinking water. c The DAIs were recorded beginning on the day after DSS was added to the drinking water, and were based on the 
body weight loss and rectal bleeding and diarrhea. d The entire colons in the five groups were harvested on Day 43. The numbers 1–5 represent the colon 
lengths in the control, DSS, ABA-L, ABA-H and Bl-cyp groups, respectively. e Comparison of the colon lengths in the DSS group with those in the control, 
Bl-cyp, ABA-H and ABA-L groups, and comparison of those in the Bl-cyp with those in the ABA-H group. f Comparison of the IL-6 protein expression in 
the colon tissues of the DSS group with those in the control, Bl-cyp, ABA-H and ABA-L groups, and comparison of those in the Bl-cyp with those in the 
ABA-H. g Representative pictures of the H&E-stained colon tissues from the five groups were evaluated (scale bars,100 μm; magnification, 100x or 400x). 
h Comparison of the cumulative histology scores of colon tissues from the DSS group with those in the control, Bl-cyp, ABA-H and ABA-L groups, and 
comparison of those in the Bl-cyp with those in the ABA-H group. Data represent the means ± SD, n = 6–8 per group. Statistical significance was assessed 
using a one-way ANOVA, followed by Tukey’s test. *P < 0.05, ** P < 0.01, *** P < 0.001; NS, not significant
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Fig. 6 (See legend on next page.)
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there were no obvious differences between these cyto-
kines in the Bl-cyp and ABA-H groups (Fig. 6a; P = 0.685; 
P = 0.608; P = 0.658; P = 0.681, respectively).

Subsequently, we examined the frequencies of Th17 
cells in mesenteric lymph nodes (MLNs), which induce 
immune hyperresponsiveness and promote inflamma-
tory responses, and the frequencies of Treg cells, which 
play a key role in immune suppression [25]. The results 
showed that the proportion of lymphocytic subset Treg 
( CD45+CD4+CD25+Foxp3+) cells in the DSS group 
was significantly lower than that in the control group 
(Fig. 6b; P < 0.001), while the proportion of lymphocytic 
subset Th17 (CD45+CD4+IL-17+Foxp3-) cells in the DSS 
group was significantly higher than that in the con-
trol group (Fig.  6c; P < 0.001). Compared with the DSS 
group, the proportion of Treg cells were significantly 
decreased (Fig.  6b; all P < 0.001), and that of Th17 cells 
were increased in the Bl-cyp and ABA-H groups (Fig. 6c; 
all P < 0.001). However, there were no obvious differences 
in either the Th17 or Treg cells between the Bl-cyp and 
ABA-H groups (Fig.  6b, c; P = 0.056; P = 0.392, respec-
tively). Therefore, these results suggested that prophylac-
tic administration of both the ABA-H standard and the 
Bl-cyp strain could modulate the proportions of Treg and 
Th17 cells to suppress excessive gut inflammation in mice 
with DSS-induced colitis.

Next, we compared the effects of the administering 
the Bl-cyp strain versus the ABA-H standard on the gut 
microbiota in mice with colitis. The ASV level of the 
Sobs index in the Bl-cyp group was significantly higher 
than those in the ABA-H and DSS groups (P = 0.0413 and 
P = 0.005), but the ASV level in the ABA-H group was not 
significantly different from that in the DSS group (Fig. 6d; 
P = 0.49). The PCoA analysis showed statistically signifi-
cant separations among the gut microbiota in the con-
trol, Bl-cyp, ABA-H and DSS groups (Fig. 6e; R2 = 0.7283, 
P = 0.0009). However, while there was a clear separation 
between the Bl-cyp and DSS groups, but there was not 
a clear difference between the ABA-H and DSS groups. 
The barplots showing the twenty most abundant gen-
era and twelve most abundant phyla in the four groups 
appear in Fig.  6f, g. The results revealed that the gut 

microbiota in the Bl-cyp group were different from those 
in the ABA-H group.

Next, to investigate the differences between the taxo-
nomic compositions of the gut microbiota in the Bl-cyp 
and ABA-H groups, we performed LDA to identify dif-
ferentially abundant biomarkers from the phylum to 
genus levels (indicated by a score > 3.6; Fig.  6h). The 
results showed that Escherichia, Enterobacteriaceae 
and Bacteroides were taxa more enriched in the ABA-H 
group, similar to the composition of gut microbiota in 
the DSS group, which differed from the Bl-cyp group. 
These results suggest that the administration of the Bl-
cyp strain more effectively improved the gut microbiota 
than the ABA-H standard in mice with DSS-induced 
colitis. As such, the administration of the Bl-cyp strain 
could both modulate the immune response and decrease 
DSS-induced disorder of the gut microbiota.

Discussion
The gut is a complicated ecosystem consisting of resi-
dent microbiota, mucus layer, intestinal epithelium and 
immune cells. A well-established experimental models 
involving this complex gut ecosystem is DSS-induced 
colitis in mice [33]. DSS gradually injures intestinal epi-
thelial cells, increasing the intestinal permeability, result-
ing in bacteria and antigens entering the mucous layer 
and activating inflammatory responses. In our study, 
the model with DSS-induced acute colitis was success-
fully established, as evidenced by severe inflammatory 
symptoms, colonic epithelial barrier damage and dys-
biosis of the gut microbiota. This dysbiosis may be due 
to the presence of increased oxygen in the inflamed guts, 
which leads to an increase in the proportion of facultative 
anaerobes and obligate aerobes [34]. Our results dem-
onstrated enrichment in Enterobacteriaceae and Esch-
erichia in the DSS group, which are facultative anaerobes 
and opportunistic pathogens. In addition, our results 
showed that the ratio of Bacteroidota (Bacteroidetes): 
Bacillota (Firmicutes) in the DSS group had a decreas-
ing trend compared with the control group (Fig. 4h). The 
ratio of Bacteroidetes: Firmicutes is widely considered to 
play an important role in maintaining the homeostasis 
of gut microbiota. An increase or decrease in the ratio 

(See figure on previous page.)
Fig. 6  Prophylactic administration of the Bl-cyp and ABA-H modulated immunity and microbiota in mice with colitis. a Concentrations of pro-inflam-
matory cytokines (TNF-a, IL-6, IL-22) and an anti-inflammatory cytokine (IL-10) in the colon tissues of the control, DSS, Bl-cyp and ABA-H groups. b-c The 
proportions of Treg (CD45+CD4+CD25+foxp3+) cells (b) and Th17 (CD45 + CD4 + IL-17 + foxp3-) cells (c) in murine mesenteric lymph nodes (MLNs) in the 
four groups were detected by flow cytometry. Data represent the means ± SD, n = 6–8 per group. Statistical significance was assessed using a one-way 
ANOVA, followed by Tukey’s test. *P < 0.05, ** P < 0.01, *** P < 0.001; NS, not significant. d Comparison of the α-diversity of microbial communities in the 
DSS group with those in the control, ABA-H and Bl-cyp groups by a Sobs index with a nonparametric test. Data represent the means ± SD, n = 3 per group. 
* P < 0.05, ** P < 0.01, ***P < 0.001; NS, not significant. e Comparison of the β-diversity of microbial communities in the four groups by a PCoA plot with a 
PERMANOVA analysis. f-g The relative abundance of microbial compositions in the four groups based on barplot analyses at the phylum (f) and genus 
(g) levels. h The differentially abundant taxa identified from the linear discriminant analysis (LDA) scores (> 3.6) of the ABA-H (Green) and Bl-cyp (Blue) 
groups (from phylum to genus), based on the Wilcoxon signed-rank test. The yellow frames represent enriched taxa (Bacteroides, Enterobacteriaceae and 
Escherichia) in the ABA-H group
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is considered to indicate dysbiosis [35]. Our results also 
indicated that the relative richness of Bacteroides in the 
DSS group significantly increased compared with the 
control group. Bacteroides fragilis overgrowth is also 
known to be associated with the release of carcinogenic 
and pro-inflammatory factors, resulting in IBD  and 
colorectal cancer [36].

The Bl strain is an obligate aerobe that consumes oxy-
gen to regulate the gut microbiota and secretes diges-
tive enzymes to promote the absorption of nutrients, 
and to enhance host immunity [11, 37]. Treatment with 
the Bl strain increases the expression of junction pro-
teins in mice with DSS-induced colitis [13]. Recently, 
some reports suggested that Bl produces high levels of 
isobutyric acid and isovaleric acid in the gut, which are 
branched SCFAs that alleviate the inflammatory response 
to contribute to intestinal epithelial healing [12]. These 
products of the Bl strain increased the expression of the 
occludin gene and improved intestinal barrier function 
[37]. In the present study, the prophylactic administra-
tion of the Bl strain enhanced the expression of occludin 
mRNA and increased number of goblet cells in the gut, 
leading to decreased epithelial barrier damage, which 
was reflected by the lower serum LPS levels. The mucus 
layer protects epithelial cells from harmful factors, and 
is thus considered to reflect a function of the gut barrier 
[30]. Moreover, it has been reported that the administra-
tion of the Bl strain inhibited pathogenic adhesion [29] 
and modulated the gut microbiota in mice with DSS-
induced colitis [13].

The gut microbiota is regarded as a major factor that 
controls the immune response [5]. Our results showed 
that the administration of the Bl and Bl-cyp strains 
could reduce the DSS-induced disorder of the micro-
biota by improving the commensal richness, diversity 
and composition of the microbes. The Bl supplementa-
tion could improve the bacterial composition by inhib-
iting the excessive growth of opportunistic Escherichia. 
The prophylactic administration of the Bl-cyp strain 
more effectively modulated the gut microbiota than 
supplementation with the Bl and Bl-pET28a strains. 
Interestingly, compared with the DSS group, the ratio of 
Bacteroidota: Bacillota showed an increasing trend in the 
Bl-cyp group, and a decreasing trend in the Bl group. The 
Bl strain belongs to the Bacillota, so supplementation 
would be expected to lead to an increase in the Bacillota. 
Therefore, the persistently high ratio in the Bl-cyp group 
was a surprising observation that warrants further evalu-
ation in future studies.

It has been reported that the Bl strain reduced the pro-
duction of pro-inflammatory IL-6 and reactive oxygen 
species by porcine intestinal epithelial cells [29]. In the 
present study, we similarly found that the administration 

of the Bl strain could reduce IL-6 expression in the colon 
tissues, resulting in attenuated inflammation in the gut.

The present study also showed that the Bl-cyp strain 
produced more ABA than the Bl and Bl-pET28a strains. 
Guri et al. suggested that prophylactic administration 
of ABA to mice in their diet for 35 days could modulate 
the T-cell populations and adhesion molecule expres-
sion and reduce leukocyte infiltration and gut inflam-
mation [22]. They also proposed that the prophylactic 
administration could enhance the accumulation Treg+ 
cells to ameliorate UC via a PPAR-dependent mecha-
nism [23]. Treg+ cells play a key role in immune suppres-
sion via IL-10 secretion and are essential to controlling 
the inflammatory responses in IBD [26, 38]. In our study, 
the administration of the Bl-cyp strain had similar effects 
on the immune response as the ABA-H standard, with 
an increased proportion of Treg + cells in MLNs and 
increased levels of IL-10 in the colon tissues, as well as 
a decreased proportion of Th17 cells. Uncontrolled acti-
vation of Th17 cells is closely associated with inflamma-
tion. Thus, the Bl-cyp strain could enhance immunity just 
like the Bl strain, but with more potent efficacy. It should 
be noted that the ABA standard used in this study was a 
mixture of (S)- (+)-ABA and (R)- (-)-ABA. The (S)-(+)-
ABA, which is the natural compound produced by bac-
teria, has higher biological activity [39]. Since the Bl-cyp 
strain was able to be retained in the gut like the probiotic 
Bl strain [10], the application of the Bl-cyp strain could 
inhibit the excessive growth of opportunistic Escherichia.

In our study, we gavaged the mice with bacterial cul-
tures, which had not been washed with phosphate buffer 
saline (PBS). We based the administration of a previous 
report by De Lacerda et al., where mice were gavaged 
with the bacterial cultures of a LLHsp65 strain overex-
pressing mycobacterial heat shock protein from Lacto-
coccus lactis, which attenuated allergic asthma in their 
mouse model [40]. However, the expression of the cyp 
gene is unstable due to the loss of plasmids in the absence 
of the antibiotic, which may have reduced the activity 
in some cases (Fig. S6). In addition, as the Bl-cyp strain 
expressing the cyp in the pET28a-cyp plasmid exhibits 
antibiotic resistance, it is unsuitable for administration to 
humans. A balanced-lethal system was developed as an 
antigen gene carrier in Listeria monocytogenes, where a 
recombinant plasmid not requiring antibiotic selection 
carrying a housekeeping gene was transformed into a 
nutrient-deficient strain [41]. Such an approach could be 
developed for the Bl-cyp strain.

Conclusions
Together, the data from the present study suggest that the 
Bl-cyp strain could decrease the disorder of gut micro-
biota similar to (but more potently than) the Bl strain and 
could modulate the immune response like ABA, resulting 
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in reduced DSS-induced colitis. These findings suggest 
that a Bl-cyp-based approach may represent a new pre-
vention strategy for IBD.

Methods
Bacterial strains, media and plasmids
The Bl strain ATCC 12,759 was purchased from RuiChu 
Company (Nanjing, China). The bacteria strains shown in 
Table 1 were cultivated in LB or Nfb medium. The plas-
mids used in the study are also listed in Table 1.

Cloning the cyp gene
The cyp gene primers in Table 2 were designed based on 
the genomic sequence of Bl strain ATCC14580 (Gen-
Bank accession number: NC_006270.3). A 1221  bp cyp 
fragment was amplified from Bl strain ATCC 12,759 
by PCR and has been sequenced (GenBank accession 
number: 24077840). The cyp fragment was purified and 
ligated into a pET28a vector to produce a recombinant 
plasmid, pET28a-cyp (Fig. S1). The recombinant plasmid 
and control vector (pET28a) were separately transformed 
into E.coli BL21 by the CaCl2 method. The pET28a-cyp/
BL21 and pET28a/BL21 strains were obtained in LB 

plates (containing 100  µg/mL kanamycin). The plasmid 
pET28a-cyp and vector pET28a were separately intro-
duced into the Bl strain ATCC 12,759 by electrotransfor-
mation [42]. The transformants, Bl-cyp and Bl-pET28a, 
were screened on LB (100 µg/mL kanamycin) plates.

Detection of the cyp expression in E. coli BL21 by SDS-PAGE
The pET28a-cyp/BL21 and the controls, pET28a/BL21 
and BL21, were cultured in 5 mL LB (with or without 
100 µg/mL kanamycin, as appropriate) medium at 37 °C 
overnight. After these cultures were transferred into fresh 
LB (with or without 100 µg/mL kanamycin) medium at a 
1:100 ratio and cultivated for 2 h, 0.1, 0.2, 0.3 or 0.4 mM 
IPTG was added, and cultures were incubated at 37, 35, 
33 or 31 ℃ for 4–2 h to induce to expression of the Cyp 
protein as has been described [43]. The cultures were 
then centrifuged at 12,000 g at 4  °C for 15 min, and the 
protein contents in the supernatants were determined 
using a bicinchoninic acid (BCA) protein assay kit (Beyo-
time Biotech Co., Ltd. Shanghai, China). Proteins in the 
supernatants were separated by 12% SDS-PAGE, and the 
gels were stained with Coomassie brilliant blue.

Identification of the ABA in supernatants by liquid 
chromatography-mass spectrometry (LC-MS)
Fresh Bl culture was transferred at 1:100 into 200 mL 
Nfb or LB medium, and was incubated at 37 °C for 48 h. 
After bacterial cultures were centrifuged at 12,000  rpm 
at 4  °C for 20 min, the supernatants were collected and 
sent to the SL Intelligent Analysis Testing Center (Nan-
jing Anteng LAN New Energy Co., LTD, Nanjing, China). 
The UPLC-Q-TOF-MS analysis was done using a Waters 
Xevo G2-XS Q-TOF system coupled to a Waters I-Class 
UPLC system (Waters Corporation, USA) with an elec-
trospray source and spray interface (ESI) mode. Chro-
matographic separation was obtained using a Waters 
Acquity UPLC BEHC 18 column (2.1  mm × 100  mm, 
1.7 μm) at 40℃. The mobile phase was made up of 0.1% 
formic acid in water (solvent A) and acetonitrile (solvent 
B) at a flow rate of 0.3 mL/min. The gradient elution pro-
cedures were as follows: 0–2 min, 90% A, 10% B; 2–8 min, 
90% A, 10% B; 8–11 min, 10% A, 90% B; 11–20 min, 10% 

Table 1  Bacterial strains and plasmids used in the study
Strains or plasmids Description and/or genotype Source
Strains
   Bl Bacillus licheniformis strain ATCC 12,759, wild type, origin, soil RuiChu Company
   Bl-pET28a B. licheniformis strain ATCC 12,759 containing expression plasmid pET28a+; Kanr This study
   Bl-cyp B. licheniformis strain ATCC 12,759 containing expression plasmid pET28a-cyp; Kanr This study
   DH5α E. coil; F-, ф80d/LacZM15, deoR△, recA1, endA, hsdR17, phoA, upE44, λs-, thi-1, gyrA96, relA1 SanYing Company
   BL21 E. coil; F-, lon-11, Δ(ompT-nfrA) 885, Δ(galM-ybhJ)884 This study
Plasmids
   pET28a+ origin, F1 vector, promoter T7, expression plasmid; Kanr Novagen Company
   pET28a-cyp 1221 bp DNA fragment encompassing the cyp cloned into pET28a; Kanr This study

Table 2  Gene names and product sizes for qRT-PCR or PCR
Gene 
name

Primer sequence(5’-3’) Prod-
uct 
size 
(bp)

Meth-
ods

cyp F: TATTGCTTGCCGCCACAGAACC
R: GCGTCTCTGCGATTGCCTGAG

132 qRT-
PCR

16SrRNA F: GTAGTCCACGCTGTAAACGA
R: GAATTAAACCACATGCTCCA

173 qRT-
PCR

cyp F: CCGGAATTCCGGAGCGGAC-
GAAAGGGTGGAAT
R: GGCGAGCTCGCCCTGGCGAAGATCAGT-
GAGGC

1221 PCR

GAPDH F: ACCCAGAAGACTGTGGATGG
R: ACACATTGGGGGTAGGAACA

146 qRT-
PCR

IL-6 F: TTTCCTCTGGTCTTCTGGAG
R: CTGAAGGACTCTGGCTTTGT

92 qRT-
PCR

occludin F: TTGAAAGTCCACCTCCTTACAGA
R: CCGGATAAAAAGAGTACGCTGG

184 qRT-
PCR

F: forward primer, R: reverse primer
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A, 90% B; 20–25 min, 90% A, 10% B; 25–30 min, 90% A; 
10% B. The injection volume was 1 µL.

The mass spectrometry was performed in the posi-
tive mode under a capillary voltage of 2.5  kV. For MS/
MS studies, argon was used as the collision gas for the 
mass experiment, while the cone gas used nitrogen at a 
flow rate at 50 L/h. The desolvation gas flow was 600 L/h, 
and the source temperature was 120℃. Compounds were 
inspected by MS E centroid analysis with 0.5  s scans at 
a 30,000 resolving rate. The mass range was 100 to 1200 
Da. An ABA standard solution (1 mg/mL, Sigma-Aldrich, 
Germany) was prepared as a quantitation control.

Detection of the ABA concentrations in the supernatants 
by ELISA
While the Bl, Bl-pET28a or Bl-cyp strain was growing 
in 200 mL Nfb (with or without 100 µg/mL kanamycin) 
at 37 °C, one milliliter of bacterial culture was taken out 
and centrifuged at different time points (12, 24, 48, 60, 
72, 84–96  h), and the supernatants were collected. An 
ABA standard curve showing the relationship between 
a different concentrations of ABA standard and the cor-
responding spectrophotometric absorbances (OD450) was 
generated. ABA was detected using an ELISA kit (Sailuo-
fei Biotech Co., Ltd., Wuhan, China) as described in the 
manufacturer’s instructions. In brief, ten microliters of 
bacterial supernatant was added to forty microliters of 
diluent and fifty microliters of enzyme-labeled reagent in 
a well of a 96-well plate, then the mixture was incubated 
at 37 °C for 30 min, and one hundred microliters of color-
developing reagent was added to the mixture. The absor-
bance at OD450 was measured for at least two dilutions 
using a microplate reader, and the relative ABA concen-
trations were calculated from the ABA standard curve.

Establishment of mice with DSS-induced colitis
Six-week-old female C578L/6 mice weighing between 18 
and 22 g were used for the study and were obtained from 
the Experimental Animal Center of Yangzhou Univer-
sity. The mouse grouping was designed according to the 
ARRIVE guidelines 2.0 [33, 44]. After 7 d of acclimation 
under specific pathogen-free conditions at the experi-
mental animal center of the Medicine School of South-
east University, mice were randomly divided into control, 
DSS, Nfb, Bl, ABA-H, ABA-L, Bl-pET28a and Bl-cyp 
groups. The mice in the Nfb, Bl, Bl-pET28a and Bl-cyp 
groups were respectively fed with control Nfb medium 
or supernatant from Bl, Bl-pET28a, or Bl-cyp bacteria 
cultured for 48 h in 5 mL Nfb (with or without 100 µg/
mL kanamycin) at 37 °C for 21 d. For those administered 
the supernatants, the cultures were first centrifuged at 
3000 g for 10 min, then the supernatants were separated. 
The mice in the ABA-H, ABA-L, DSS and control groups 
were administered distilled water with or without ABA 

(0.5 for the High (H) group or 0.05 mg/mL for the Low 
(L) group) for 21 d. Then, the mice in the control and 
DSS-only groups received a daily gavage with normal 
saline (NS) for 14 d, while the mice in the other groups 
received daily oral gavage treatments with 200 µL bac-
terial cultures from the Bl, Bl-pET28a or Bl-cyp strain 
(3 × 108 CFU/mL), ABA solution (0.5 or 0.05  mg/mL), 
or Nfb medium for 14 d, followed by daily oral adminis-
tration of 2.5% (w/v) DSS (Aladdin Company, Shanghai, 
China) in distilled water for 7 d. All mice were adminis-
tered distilled water the day before sacrifice.

Sample collection and preservation
During all experiments, the body weight and DAIs in the 
eight groups of mice were recorded after the administra-
tion of 2.5% DSS at the same time every day. The DAIs 
were used to assess the severity of colitis by combining 
body weight loss and fecal diarrhea with blood content in 
the feces [45].

Mice in all groups were anaesthetized and kept uncon-
scious with anesthetic isoflurane using a small animal 
anesthesia machine (RWD Life Science Co., LTD, Shen-
zhen, China) before sacrifice on Day 43. Mice inhaled 
4–5% isoflurane to induce anesthesia, then 1.5-2% isoflu-
rane was used to maintain animal anesthesia, then mice 
were killed by cervical dislocation. Blood was then col-
lected from the retroorbital sinus into a 1.5 mL tube and 
was stored at 4  °C overnight. The plasma was obtained 
after 2000  rpm centrifugation for 15  min and was kept 
at -20  °C. The MLNs were excised, crushed and resus-
pended in sterile NS at 4 °C.

After the colons were excised, their lengths were mea-
sured. Some colon tissues were fixed in 4% paraformalde-
hyde, and approximately 100 mg of fresh colon tissue and 
colonic fecal content from each mouse were preserved 
at -70 °C. The other colonic fecal contents were stored at 
4 °C.

Bacterial isolation from the colonic fecal contents of mice
To assess the colonization of the administered Bl-pET28a 
and Bl-cyp strains, the colon contents from mice were 
resuspended in sterile normal saline (NS), diluted and 
incubated on Nfb (with 100 µg/mL kanamycin) plates at 
37 °C to calculate the bacterial CFUs/mg of colonic fecal 
contents.

RNA isolation and quantitative real-time PCR (qRT-PCR)
After the Bl, Bl-cyp, or Bl-pET28a strains were cultured 
in 1 mL Nfb medium (with or without 100 µg/mL kana-
mycin) at 37  °C for 48  h, the contents were centrifuged 
at 12,000  rpm for 15  min, then the cells pellets were 
treated with TRIzol reagent (TaKaRa, Dalian, China). An 
approximately 100 mg colon tissue specimen from each 
mouse was taken out from the − 70  °C freezer, washed 
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in diethyl pyrocarbonate (DEPC) water and homog-
enized after TRIzol treatment. Total RNA was reverse-
transcribed using a PrimeScript™ RT reagent kit (Takara, 
Dalian, China). Then, qRT-PCR was done using the prim-
ers listed in Table  2 and SYBR Premix Ex Taq (Takara, 
Dalian, China) in an ABI 7300 real-time detection sys-
tem (Applied Bio-systems Company, USA). The rela-
tive mRNA levels of the cyp gene in the Bl-pET28a and 
Bl strains were compared with that in the Bl-cyp strain 
by the 2 -△△CT method [46]. The bacterial 16 S rRNA 
gene was used as a quantitation control. The relative 
mRNA levels of the genes encoding IL-6 and Occludin 
in the colon tissues of mice were determined using the 
GAPDH gene as a control.

Detection the proportions of Treg and Th17 cells by flow 
cytometry analysis
As described in the manufacturer’s instructions (Biole-
gend, USA), the MLNs were placed in a filter (100 mm) 
and ground evenly until lymphocytes were fully dis-
persed. The MLN-derived cells were resuspended in 1 mL 
PBS and centrifuged at 500 g for 4 min, then were incu-
bated with a fixable viability stain (Invitrogen, USA) for 
live cell staining, and Alexa Fluor 700 anti-mouse CD45, 
APC anti-mouse CD4 and PerCp anti-mouse CD25 
(Biolegend, USA) for cell surface staining for 30  min at 
room temperature away from light. Next, the cells were 
permeabilized with Biolegend fixation buffer (Biolegend, 
USA) and incubated with Alexa 488 anti-mouse Foxp3 
and Efluor 450 anti-mouse IL-17 (Biolegend, USA) for 
intracellular staining at room temperature for 45  min. 
Sample staining was assessed using an AttuneTM NxT 
Flow Cytometer (Thermo, USA). The results was ana-
lyzed with FlowJo software (Tree Star Inc., San Carlos, 
USA). Th17 cells were identified as the CD45+ CD4+ IL-
17+Foxp3- population and Treg cells were identified as 
the CD45+CD4+ CD25+ Foxp3+ population.

Detection of inflammatory cytokines in the colon tissues 
by ELISA
Samples of frozen colon tissues were homogenized and 
digested with a protease inhibitor (Solarbio, China). After 
the homogenates were centrifuged at 12,000 rpm at 4 °C 
for 15 min, the protein contents in the supernatants were 
inspected using a BCA protein assay kit (Beyotime Bio-
tech Co., Ltd. Shanghai, China), and the concentrations 
of pro-inflammatory cytokines (TNF-ɑ, IL-6 and IL-22), 
and an anti-inflammatory cytokine (IL-10) in colon tis-
sues were detected in triplicate using an ELISA kit (Table 
S1; Nanjing Lapuda Biotechnology Co., Ltd., Nanjing, 
China).

Histological analysis
Tissue samples were fixed in 4% paraformaldehyde, 
embedded in paraffin and sectioned (5  μm thick). Sec-
tions stained with hematoxylin and eosin (H&E) were 
scored for histopathological analysis on the basis of the 
extent of inflammatory cell infiltration (0–5), ulcer-
ation (0–3), crypt damage (0–4) and edema (0 or 1) [47]. 
Parameters were calculated and summed to obtain total 
scores.

Immunofluorescence staining to count the number of 
goblet cells
As described in the manufacturer’s recommendations 
(ThermoFisher, USA), the main steps for immunofluo-
rescence staining were: Repairing the antigen in sections 
was performed in a water bath at 95  °C for 20 min. The 
sections were permeabilized with 0.2% Triton for 20 min 
at room temperature, and blocked with 10% goat serum 
for 1 h. Then, the sections were incubated with antibodies 
against mouse epithelial cell marker (EpCAM, CD326) 
and goblet cell marker (MUC2) at room temperature 
for 1  h. Ten microliters of histology mounting medium 
including DAPI were dropped on a glass slide. A cover-
slip was used to cover the slide. Images were obtained 
using a confocal laser scanning microscope. The numbers 
of goblet cells and epithelial cells in the six groups were 
randomly measured in five spots per slice. The propor-
tion of goblet cells/epithelial cells in the six groups was 
calculated as previously described by Fang et al. [48].

Limulus amebocyte lysate testing to detect LPS in sera
The sera were collected from mice using limulus amebo-
cyte lysate to detect LPS, as described in the manufactur-
er’s instructions (SunShine, Nanjing, China). A standard 
curve for LPS showing the relationship between a series 
of concentrations of a LPS standard and the correspond-
ing OD450 values was established. The OD450 of serum 
LPS was measured for at least two dilutions in a micro-
plate reader, and its relative concentration was calculated 
using the standard curve.

Fecal bacterial DNA extraction
The colonic fecal contents in mice had been frozen at 
-70  °C. These samples were delivered to BGI Genomics 
Co., Ltd (Shenzhen, China) for analysis. Bacterial DNA 
was extracted from the contents using the QIAGEN stool 
kit on the basis of the manufacturer’s protocols (Qia-
gen, Germany). PCR amplification was used to amplify 
the V3-V4 region of bacterial 16 S ribosomal DNA with 
16  S rRNA gene primers (Table  2) in a 20 µL reaction 
using Phusion Hot Start Flex 2X Master Mix (New Eng-
land Biolabs, USA). The PCR product was extracted with 
AMPure XT Beads (Beckman Coulter Genomics, USA), 
and qualified with Qubit (Invitrogen, USA). The purity 
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and concentration of the DNA product was assessed 
using an Agilent 2100 Bioanalzyer (Asia gene, Shanghai, 
China).

Sequencing and analysis of microbiota
The DNA products were evaluated using an Illumina 
library quantitative kit (Kapa, Biosciences, USA), and 
were sequenced on an Illumina NovaSeq PE250 plat-
form (Personalbio, Shanghai, China). De-multiplexed raw 
sequences were removed from the sequencing primer 
using software cutadapt (v1.9). The short reads (< 100 bp), 
low-quality reads (quality scores < 20), and more than 5% 
N reads were trimmed using fqtrim software (v 0.94). 
Then, paired-end reads were joined to obtain tags using 
FLASH software (v1.2.11). Chimeric sequences were fil-
tered with Vsearch software (v2.3.4). Unique ASVs were 
generated and classified based on the presence of 100% 
sequence similarity using DATA2. The α-diversity and 
β-diversity analyses were performed according to the 
sequence features and abundances of ASVs. We applied 
the Sobs index, PCoA and permutational multivariate 
analysis of variance (PERMANOVA) based on Bray-Cur-
tis distances to perform α-diversity and β-diversity analy-
ses with QIIME2 (http://forum.qiime2.org) [49].

Statistical analysis
Data from at least 3 independent experiments are pre-
sented as the means ± standard deviation (SD) and were 
analyzed with the Graph Pad Prism 8.0 Program (Graph 
Pad Software San Diego, Canada). Data from at least two 
groups were assessed using a one-way analysis of vari-
ance (ANOVA), followed by Tukey’s test. The β-diversity 
analyses (PCoA) were performed with a PERMANOVA 
test. The α-diversity analyses (Sobs) were performed with 
nonparametric tests. The results were considered to be 
significant at probability (P) values less than 0.05.
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