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Abstract
As a primary cause of food contamination and human diseases, Salmonella Typhimurium can easily form a biofilm that is
difficult to remove from food surfaces, and often causes significant invisible threats to food safety. Although berberine has been
widely used as an anti-infective drug in traditional medicine, some basic principles underlying its mechanism, especially the
interaction between berberine and type I fimbriae genes, has not been verified yet. In this study, two strains of major fimbrial gene
mutants (ΔfimA andΔfimH) were constructed to demonstrate the possible action of berberine on type I fimbriae genes. The broth
microdilution method was used to determine the antibacterial activity of berberine against selected strains (WT, ΔfimA, and
ΔfimH). Cell agglutination experiments revealed that the number of S. Typhimurium type I fimbriae reduced after berberine
treatment, which was consistent with transmission electron microscopy results. Quantitative real-time PCR experiments also
confirmed that berberine reduced fimA gene expression, indicating a certain interaction between berberine and fimA gene.
Furthermore, confocal laser scanning microscopy imaging of biofilm clearly revealed that berberine prevents biofilm formation
by reducing the number of type I fimbriae. Overall, it is well speculated for us that berberine could be an excellent combating-
biofilm drug in clinical microbiology and food preservation.

Key points
• Reduce the number of fimbriae.
• Berberine targeting fimA.
• Effective biofilm inhibitor.
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Introduction

With food safety becoming an issue of increasing importance,
people have begun to focus on food safety and health (Andino
and Hanning 2015). Food spoilage caused by foodborne bac-
terial contamination has been identified as a key problem in
food safety (Eran et al. 2020). Salmonella Typhimurium be-
longs to the genus Salmonella; it is a Gram-negative,
Enterobacteriaceae bacterium, determined to be responsible
for majority of human food poisoning cases worldwide. It

often causes serious illnesses, including gastroenteritis, septi-
cemia, and some suppurative infections, thus posing serious
challenges to food safety and public health (Kuehn 2019).
According to reports, approximately 40,000 cases of salmo-
nellosis are reported every year in the USA. As no milder
cases have been reported, the actual number may be 30 times
or more than what has been reported (Fàbrega and Vila 2013).
S. Typhimurium is considered to be highly infectious due to
its complex virulence factors. Adhesion and invasion on the
host are the prerequisite for its pathogenicity, which are also a
prerequisite for bacterial infection. The initial adhesion and
invasion are often accomplished by the movement mediated
by flagella and fimbria (Ledeboer et al. 2006). Among these
structures, the bacterium depends on its body surface fimbria
and its adhesion to complete the initial colonization and adhe-
sion (Zeng et al. 2017). Therefore, bacterial fimbriae have
been verified to play a vital role in infection and pathogenesis,
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among which type I fimbriae, the major fimbriae of S.
Typhimurium, are the most widely examined. The majority
of these fimbriae are composed of structural protein subunits
that are short rod-like structures existing on the surface of
bacteria and are manipulated and encoded in fim gene clusters
(Korhonen et al. 1980). It has been reported to be expressed in
all Salmonella serotypes detected under static conditions
(Wang et al. 2012). fimA is the major protein subunit of type
I fimbria, which forms its main component and exerts an ef-
fect on host orientation (Meng et al. 2019). fimH is located at
the top of the fimbria and determines the specific adhesion of
different serotypes I fimbria to host cells (Uchiya et al. 2019).
Moreover, type I fimbriae may be directly related to the for-
mation of biofilm.

S. Typhimurium often colonizes the host’s intestinal tract
through adhesion and invasion, forming a dense biofilm to
enhance its pathogenicity (Zeng et al. 2017). The biofilm is
a special structure formed by bacteria colonizing on biological
or nonbiological surfaces to resist the external environment
(Flemming et al. 2016). The biofilm formation prolongs the
duration of contaminating the food and, at the same time,
increases the hidden threat to food safety. Currently, tradition-
al sterilization methods have several issues in combating bac-
teria and their biofilms (Wolfmeier et al. 2018). In other
words, antibiotics have emerged as the most important ap-
proach to fight bacteria. Nevertheless, in the past few years,
antibiotic abuse has led to the emergence of several resistant
super bacteria (Kuehn 2019; Stapels et al. 2018). These resis-
tant bacteria can withstand the effects of traditional antibiotics
such as penicillin, azithromycin, tetracycline, chlorine, and
rifamycin (Michael and Schwarz 2016). Only a few antibiotics
such as vancomycin have a killing effect on them. Therefore,
exploring for new and novel effective antibacterial agents has
become an urgent task for us. In recent years, natural active
products have attracted much attention due to their strong
antimicrobial effects and fewer side effects. In this context, a
recent research has demonstrated berberine to possess more
medicinal value as a traditional Chinese medicine ingredient
(Habtemariam 2020). I t has been identif ied as a
benzylisoquinoline alkaloid that exists as an active ingredient
in several medicinal plants and possesses a variety of pharma-
cological properties. Earlier research has reported that berber-
ine has excellent effects such as anti-Plasmodium, antidiarrhe-
al, and anti-trachoma activities (Kumar et al. 2015).
Furthermore, some clinical and preclinical studies have dem-
onstrated that berberine can improve several disorders, includ-
ing metabolic, neurological, and cardiac diseases
(Imenshahidi and Hosseinzadeh 2016; Liu et al. 2020). At
the same time, it also possesses good antibacterial activity.
Therefore, berberine can be considered as a dual-use biologi-
cally active substance with an irreplaceable role in the preven-
tion of food poisoning (Aswathanarayan and Vittal 2018; Chu
et al. 2014; Liu et al. 2015). Considering food safety

becoming an issue of increasing importance, berberine use
may become more widespread in the future.

In recent years, with the continuous deepening of research,
an increasing number of antibacterial mechanisms of berber-
ine have been elucidated (Shi et al. 2018). Its multitarget
mechanism against organisms includes inhibiting the activity
of tonic isomerase, thereby affecting the synthesis of DNA
and the function of the FtsZ cell division protein (Boberek
et al. 2010). A previous study reported that berberine has an
inhibitory effect on Escherichia coli pili in urinary tract infec-
tions (Sun et al. 1988). Chaperone–usher pili are the most
common type of fimbriae produced by Gram-negative bacte-
ria. They included type I and P pili, which exhibit several
similarities in their biogenesis and structure (Proft and Baker
2008). Therefore, based on the above-described information,
we speculated that berberine can also affect type I fimbriae. To
verify this speculation, we conduct this work to explore the
interaction of berberine as a biologically active substance with
S. Typhimurium type I fimbriae, elucidate the antibacterial
mechanism of berberine on biofilm, and provide a novel per-
spective for food preservation and infection prevention.

Materials and methods

Reagents

Berberine (HPLC ≥ 98%, CAS 633–65-8) was purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). It was dis-
solved in dimethyl sulfoxide (DMSO) to prepare a 2 mg/mL
mother liquor. The final concentration of DMSO in the sample
and that in its control treatment solution used in the experi-
ment was 10% (v/v) each. It has no effect on S. Typhimurium.

Bacterial strains and growth conditions

S. Typhimurium wild-type (WT) strain CMCC50115 is iden-
tified as a S. Typhimurium LT2 derivative. All strains and
plasmids used in this research are described in Table 1. The
strains used in the experiment were stored at −80 °C. Bacteria
were cultured in Luria–Bertani (LB) agar or LB broth at
37 °C. The biofilm was then cultured in 1% tryptone media
(10 g/L NaCl, 15 g/L agar, 5 g/L yeast extract, and 10 g/L
tryptone) at 28 °C.

Construction of mutants

Bacterial mutants were constructed through allelic replace-
ment and homologous recombination (Datsenko and
Wanner 2000). A chloramphenicol fragment with two FRT
sites was amplified by polymerase chain reaction (PCR) using
pKD3 as a vector. After digestion, it was electroporated into
bacteria carrying pKD46. The first recombinant strain was

1564 Appl Microbiol Biotechnol (2021) 105:1563–1573



obtained by screening positive clones on a chloramphenicol
agar plate. Next, the plasmid pCP20 was electroporated into
the first recombinant strain, and the second recombinant strain
was obtained by screening positive clones on ampicillin agar
plates (42 °C, 24 h) and confirmed by sequencing analysis.

Determination of minimum inhibitory concentration

The minimum inhibitory concentrations (MICs) of berberine
against Salmonella strains were determined via the broth di-
lution method. After adding 100 μL of the bacterial suspen-
sion at a concentration of approximately 106 CFU/mL to each
well of a 96-well plate, 100 μL of berberine (at concentrations
of 2000, 1000, 900, 500, 300, or 0 μg/mL) was added to each
well. As a negative control, 10% DMSO LB broth was used.
The 96-well plate was then incubated at 37 °C for 24 h, after
which the effect of berberine on different test bacteria was
examined.

Killing curve of berberine

The bacterial suspension was diluted to 106 CFU/mL using
LB broth. Equal volumes of LB broth containing different
concentrations of berberine were added to individual wells
in order to achieve final berberine concentrations of 0.9,
0.45, 0.225, 0.1125, or 0.05625 mg/mL. LB broth containing
10%DMSOwas then used as a negative control. The samples
were further cultured at 37 °C for 24 h, and the OD600 nmwas
monitored every 1 h.

Guinea pig erythrocyte hemagglutination test

Salmonella and its mutants were cultivated overnight in LB
broth. These overnight cultures were diluted at 1:100 in 5 mL
of LB. To express more fimbriae, the strains were cultivated
thrice, each for 48 h. Then, the bacteria were diluted in LB

medium to OD600 = 0.8. Next, 1 mL of the bacterial suspen-
sion was taken, washed three times, and resuspended in PBS.
A 3% red blood cell solution (v/v) was prepared in PBS. The
hemagglutination assay was then performed.

Transmission electron microscopy analysis

The fimbrial morphologywas visualized by transmission elec-
tron microscopy (TEM) with negative staining. A single col-
ony was picked and inoculated into fresh LB medium, and the
OD600 value of the bacteria was adjusted to approximately
0.3. The cells were washed with deionized water and resus-
pended in sterile water. Next, 5 μL of the bacterial solution
was added dropwise to a copper mesh with a carbon film and
dried at room temperature. Using 1% phosphotungstic acid
(pH 7.4) for negative staining for 30 s, the excess solution
was blotted with filter paper and observed by electron micros-
copy (TecnaiG2 F20, FEI, America).

Total RNA isolation and quantitative real-time PCR

The determination method is as described previously (Yang
et al. 2019). To determine the effect of berberine on the tran-
scription of fimbriae-related genes, S. Typhimurium
CMCC50115 was cultured in LB broth containing different
concentrations of berberine at 37 °C for 24 h. Total RNA was
extracted using the Tiangen RNAprep Pure Cell/Bacteria Kit
(Tiangen, Beijing, China), according to the manufacturer’s
instructions. The Takara PrimeScript™ RT Reagent Kit
(Takara, Kyoto, Japan) was used to reverse-transcribe the
RNA into cDNA, according to the manufacturer’s instruc-
tions. The obtained cDNA samples were stored at −20 °C until
further use. The primer sequences used for qPCR are listed in
Table 2. The qPCR assays (10 μL) with SYBR® Premix Ex
Taq™II (Takara) were performed using the IQ™5 system
(Bio-Rad).

Table 1 Strains and plasmids
used in this study Strain(s) or plasmid Description Source or reference

E. coli strains

DH5α A chemically competent cell strain for
molecular cloning

Lab stock

S. Typhimurium strains

Wild-type A Salmonella Typhimurium CMCC
50115 strain

Lab stock

ΔfimA A fimA deleted strain This study

ΔfimH A fimH deleted strain This study

Plasmids

pKD3 FRT-cat-FRT, oriR6K; Ampr Cmr Takara

pKD46 λRed recombinase expression, Ampr Takara

pCP20 Flp recombinase expression, Ampr Takara
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Biofilm formation and quantification assay

Biofilm formation was observed as described previously with
some modifications (Baugh et al. 2012). Bacteria were cul-
tured overnight in LB medium without NaCl and diluted to
106 CFU/mL. Then, 200 μL of the bacterial suspension was
added to each well of a 96-well plate and cultured at 28 °C for
24, 48, and 72 h, respectively. The total amount of biofilm
biomass was quantified by crystal violet. The medium was
removed in each well and was later washed with deionized
water three times to avoid the interference of suspended bac-
teria on the biofilm. The biofilm was then fixed with formal-
dehyde for 10 min, and 0.5% crystal violet was added to stain
the biofilm for 15 min. The excess crystal violet was blotted
and washed three times, the remaining crystal violet was dis-
solved in 200 μL of 33% glacial acetic acid per well, and then
the OD595 value was measured using an ELISA reader
(Thermo Scientific Labsystems 354). All experiments were
repeated three times at different time points.

Confocal laser scanning microscopy imaging of
biofilm

The test bacteria were cultured overnight at 28 °C on a shaker
and then suspended in a 50 mL NaCl-free LB Erlenmeyer
flask to maintain the final concentration of 107 CFU/mL. A
sterile glass slide was then placed in the Erlenmeyer flask,
followed by incubation for 24, 48, and 72 h at 28 °C. After
completing the culture, the glass slide was placed in a clean

Petri dish and rinsed with deionized water three times to re-
move excess medium. Then, the slide was stained with
100 μg/mL, green fluorescence, labeled bacterial cells, and
Alexa Fluor 647 (50 μg/mL, red fluorescence, labeled EPS)
solution in the dark at room temperature for 30 min. Confocal
microscopic images were obtained using a Leica DMi8 mi-
croscope with a × 40 objective lens. The confocal microscope
was operated at excitation/emission wavelengths of Alexa
Fluor 647 and SYTO 9 of 650/668 and 480/500 nm, respec-
tively. Stacked images were obtained by scanning the biofilm
along the Z-axis at intervals of 0.5 μm.

Results

MICs

As has been depicted in Fig. 1, the MICs of berberine against
WT and mutant strains (ΔfimA andΔfimH) were evaluated in
the concentration range of 0.3–2 mg/mL. The MIC of berber-
ine on WT and ΔfimH was found to be 0.9 mg/mL, whereas
the MIC for ΔfimA was 1 mg/mL. We selected 0.9 mg/mL
concentration of berberine as the MIC for subsequent
experiments.

Killing curve of berberine

The 24 h growth curves of WT, fimbrial mutant ΔfimA, and
ΔfimH were separately determined. As shown in Fig. 2a, the

Table 2 Primers used in this study

Primer name Sequences (5′-3′) Description

fimA–F1 TATGTCGATAATAATTCAAACGGAGCCGACAGGATGCCGAAA
CCGGGTGTGTGTAATTCGTGTAGGCTGGAGCTGCTTC

Construction of isogenic fimA mutant

fimA–R1 TTATCCCCGATAGCCTCTTCCGTTGAGGCGCCTCCCTTCCCTGG
CGTTCCCTGACGGGACATATGAATATCCTCCTTAG

fimA–F2 GGTTACCGTAATCCCTCGTC Confirmed isogenic fimA mutant
Construction of isogenic fimH mutant
Confirmed isogenic fimH mutant

fimA–R2 GCAAATTCTGGCTTTCTGTG

fimH–F1 ATAGCCTGAAGCAGGCGATTACGATAGCCAGCGCAACCTGTATC
CGTCCGGCGTCATAAGTGTAGGCTGGAGCTGCTTC

fimH–R1 GGGCTGAACAAAACACAACCGATAGCGATGAAAACGCGCCGAAG
GATCATTATGCCTCCCATATGAATATCCTCCTTAG

fimH–F2 GGCGGAGGATAGCCTGAA

fimH–R2 CGGTAGCCTTTAGCCTAA

pKD46-F AAAGCCGCAGAGCAGAAGGT
pKD46-R CCCGCTCAATCACGACATAA

fimA-RT-F TGCCTTTCTCCATCGTCC
fimA-RT-R TGCGGTAGTGCTATTGTCC

fimH-RT-F ATCCCTCGCCAGACAATG
fimH-RT-R
Gyrb-RT-F
Gyrb-RT-R

TCGCCGAAATCAAACTCC
TACGCTGCTGTTGACCTTCTT
GCTCCATACGACCAATCATTTT
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growth curves of the mutant and WT strains were basically
similar. TheWT and mutant strains were treated with different
concentrations (1/32, 1/16, 1/8, 1/4, and 1/2, and 1 MIC) of

berberine, and the untreated group was used as the control. As
shown in Fig. 2b, c, and d, 1/32 and 1/16 MIC of berberine
showed no significant difference in the growth of bacterial

Fig. 1 The MIC of berberine on different strains. a Inhibition of different concentrations of berberine on WT, ΔfimA, and ΔfimH. b Quantify the
minimum inhibitory concentration of berberine on WT, ΔfimA, and ΔfimH. Bars indicate means ± the standard deviation. *P < 0. 05, **P < 0.005

Fig. 2 a Twenty-four-hour growth curve of WT and mutant (ΔfimA,
ΔfimH). b Effects of different sub-inhibitory concentrations of berberine
on WT. c Effects of different sub-inhibitory concentrations of berberine

on mutants (ΔfimA). d Effects of different sub-inhibitory concentrations
of berberine on mutants (ΔfimH). Error bars represent the standard devi-
ations of three replicate experiments
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population. Therefore, 1/16 MIC of berberine was selected as
the subinhibitory concentration to test the effect of berberine
on the fimbrial genes.

TEM analysis

TEM was used to further verify the microscopic morpholog-
ical changes of WT and its mutants. As presented in Fig. 3a–f,
a large number of fimbriae have been determined to exist on
the surface of WT. However, neither ΔfimA nor ΔfimH ob-
served the production of type I fimbriae. It was confirmed that
the deletion of fimA or fimH gene would obstruct the ability to
produce type I fimbriae. Compared with untreated WT, the
strains treated with 1/16 MIC of berberine showed a reduced
number of type I fimbriae on their surface (Fig. 3g, h).

Guinea pig erythrocyte hemagglutination test for
type 1 fimbriae

Type I fimbria present on the surface of S. Typhimurium has
been determined to contain lectin that is sensitive to mannose
and can agglutinate the red blood cells of guinea pigs. Results
showed thatWThas an agglutination effect on the red blood cells
of guinea pigs, whereas the fimbrial mutantsΔfimA andΔfimH
could not agglutinate. Agglutination experiment was then per-
formed simultaneously after treating the WT strains with 1/16
MIC of berberine, which showed that the agglutination effect and
the number of type I fimbriae in the experimental group treated
with berberinewere reduced comparedwith theWT, as shown in
Table 3.

Quantitative real-time PCR

Total RNA was prepared, and quantitative real-time PCR was
performed in order to determine the expression of the fimbrial

subunit gene fimA and the fimbrial adhesin gene fimH. The
expression ofGrby gene was used as control. First, the expres-
sion profile of a single gene was standardized according to the
Grby gene expression and was then later compared with the
expression levels of fimA and fimH in WT treated with differ-
ent subinhibitory concentrations of berberine. As depicted in
Fig. 4a, the fimA gene is not expressed in theΔfimA strain, and
the expression level of fimH is determined to be 0.81. In the
ΔfimH strain, the expression level of fimH was 0, and the
expression level of the fimA gene was only 0.51. As the con-
centration of berberine increases, the expression of fimA gene
decreases in a concentration-dependent manner, and the ex-
pression of fimH gene increases in a concentration-dependent
manner (Fig. 4b, c).

Biofilm formation and quantification assay

The biofilm formation processes of WT, ΔfimA, and ΔfimH
were observed by crystal violet staining after culturing at
28 °C for 24, 48, and 72 h, and their absorbance were mea-
sured at OD595 nm, respectively. As depicted in Fig. 5, the
number of biofilm has positively correlated with time. The
biofilm formation rates of ΔfimA and ΔfimH were judged
based on that of WT at different time periods. The biofilm
formation rates of ΔfimA and ΔfimH at 24 and 48 h were
81.12%, 77.7%, and 54.22% and 56.58%, 99.59%, and
99.74%, respectively.

The biofilms of WT, ΔfimA, and ΔfimH were further ob-
served after culturing at 28 °C for 48 h (Fig. 6a), with the value
of WT being considered as the standard. The biofilm forma-
tion rates of ΔfimA and ΔfimH were 54.22% and 56.58%,
respectively. The formed biofilms of WT, ΔfimA, and
ΔfimH strains after treatment with 1/16 MIC of berberine
were inhibited to varying degrees of 66.29%, 7.58%, and
26.59%, respectively, compared with the control group.

Fig. 3 Transmission electron microscope (TEM) images ofWT (a, b),ΔfimA (c, d), andΔfimH (e, f). Transmission electron microscopy (TEM) ofWT
treated with 1/16MIC berberine (g, h)
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CLSM imaging of biofilm

Confocal laser scanning microscopy (CLSM) was used to
further characterize the biofilm formation ability of the differ-
ent bacterial strains. As shown in Fig. 6b, the biofilm thick-
ness reflects the ability of biofilm formation. In six sets of
groups (WT, ΔfimA, ΔfimH, 1/16 MIC WT, 1/16 MIC
ΔfimA, and 1/16 MIC ΔfimH), the thicknesses of the biofilm
were 21.52, 11.32, 11.09, 6.07, 10.47, and 7.81 μm, respec-
tively. This result was consistent with that obtained by crystal
violet staining. The WT strain treated with 1/16 MIC of ber-
berine showed inhibition of biofilm formation, but it had no

significant effect on the biofilm formation ability of ΔfimA
treated with 1/16 MIC of berberine.

Discussion

Berberine has been widely used as an anti-infective drug in
traditional medicine. Its antibacterial activity has been con-
firmed against a variety of bacteria, including Streptococcus
and Actinomyces (Chen et al. 2016). Although several studies
have been conducted to explore the possible antibacterial ac-
tion mechanism of berberine, there is no research describing

Table 3 Phenotypic expression
of type I fimbriae in
S. Typhimurium

Strain Description Phenotypic expression of
type I fimbriaea1a

S. Typhimurium strains

WT A Salmonella Typhimurium CMCC 50115 strain + + +

ΔfimA A fimA deleted strain –

ΔfimH A fimH deleted strain –

1/2MIC WT WT was treated with 1/2MIC berberine +

1/2MIC ΔfimA ΔfimA was treated with 1/2MIC berberine –

1/2MIC ΔfimH ΔfimH was treated with 1/2MIC berberine –

a Phenotypic expression of type I fimbriae was determined using a mannose-sensitive yeast agglutination test and
guinea pig erythrocyte hemagglutination test

Fig. 4 a Expression of fimA and
fimH in WT, ΔfimA, and ΔfimH.
Expression of fimA (b) and fimH
(c) in WT treated with different
sub-inhibitory concentrations of
berberine for 24 h. Bars indicate
means ± the standard deviation.
*P < 0. 05, **P < 0.005
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Fig. 5 aΔfimA,ΔfimH, and WT
were grown for 24 h, 48 h, and
72 h in the borosilicate tubules. b
Quantify the biofilm ofWT, fimA,
and fimH at 24 h, 48 h, and 72 h.
Data are averages of three
replicates (n = 3). Error bars
represent the standard deviation.
The data were analyzed using
Student’s two-tailed t test.
*P < 0.05

Fig. 6 a Forty-eight-hour crystal violet stained S. Typhimurium biofilm
was formed on the wells of a 96-well polystyrene plate. The first well has
medium alone (Media), followed by WT, 1/16MIC berberine-treated
WT, ΔfimA, 1/16MIC berberine-treated ΔfimA, ΔfimH, and 1/16MIC
berberine-treatedΔfimH. bWT, 1/16MIC berberine-treated WT,ΔfimA,
1/16MIC berberine-treated ΔfimA, ΔfimH, and 1/16MIC berberine-
treated ΔfimH were grown for 48 h on the glass, stained with SYTO 9

and Con-Alexa Fluor, and 3D images were acquired by CLSM, scale bar:
10 μm. c The bacteria of biofilm thickness in strains WT, 1/16MIC
berberine-treated WT, ΔfimA, 1/16MIC berberine-treated ΔfimA,
ΔfimH, and 1/16MIC berberine-treated ΔfimH are respectively indicat-
ed. Data are averages of three replicates (n = 3). Error bars represent the
standard deviation. The data were analyzed using Student’s two-tailed t
test. *P < 0. 05, **P < 0.005
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its inhibitory effect on S. Typhimurium type I fimbriae. The
structure of type I fimbriae of S. Typhimurium is as conserva-
tive as in E. coli (Hospenthal et al. 2017). The aggregation of
S. Typhimurium type I fimbriae is dependent on the transcrip-
tion and assembly of fim gene clusters (Proft and Baker 2008).
The primary body of S. Typhimurium type I fimbriae has been
determined to be composed of fimA and fmH. fimA constitutes
the major component of the fimbrial structure, and fimH is the
adhesin located at the top of the fimbria. Therefore, using the
two primary structures of fimbriae, we used homologous re-
combination in this study to construct the fimbrial gene mu-
tants ΔfimA and ΔfimH in order to examine their function.
Next, we investigated the MIC of berberine on the bacteria.
Results revealed an MIC of 1 mg/mL on ΔfimA, which was
greater than the MIC of 0.9 mg/mL onWT andΔfimH strains
(Fig. 1). Hence, we speculated that the fimA gene could be one
of the action sites of berberine against the bacteria.

Berberine has been confirmed to be a natural active sub-
stance with multiple targets (Karaosmanoglu et al. 2013). We
constructed the time-killing curve of berberine concentration
gradient to explore its killing effect on the bacterial strains
(WT,ΔfimA, andΔfimH) (Fig. 2b–d), and the results demon-
strated that 1/16 and 1/32 MIC of berberine had no quantita-
tive effect on the bacteria, which confirmed that the bacteria
can still grow normally at this concentration. Therefore, 1/16
MIC of berberine was selected as the subinhibitory concentra-
tion to treat the bacteria. Previous research has demonstrated
that both fimA and fimH are required for the aggregation of
type I fimbriae of S. Typhimurium and that the complete fim-
brial structure cannot be successfully assembled in the ab-
sence of fimA or fimH (Zeiner et al. 2012). We then confirmed
that finding by TEM, which demonstrated a large number of
actinomorphous, short rod-like fimbriae on the surface of WT
strain that contrasted clearly with the flagella on the body.
However, the absence of the genes of fimA and fimH resulted
in a nonfimbriate phenotype with no fimbriae detected by
direct observation by electron microscopy (Fig. 3). S.
Typhimurium type I fimbriae are sensitive to mannose due
to its adhesin fimH, which can mediate the presence, aggrega-
tion, and adhesion of bacteria on the intestinal tract (Uchiya
et al. 2019).

A previous study also demonstrated that type I fimbriae can
adhere to Saccharomyces cerevisiae and guinea pig red blood
cells with mannose residues (Wang et al. 2012). The aggluti-
nation test using yeast or guinea pig red blood cells can be
used to characterize the number of type I fimbriae on the
surface of S. Typhimurium (Korhonen 1979; Kuan and Yeh
2019). Our results showed that the mutantsΔfimA andΔfimH
appeared to have lost their ability to agglutinate guinea pig red
blood cells (Table 3). Because of the absence of fimbriae on
their body surface, guinea pig red blood cells cannot bind to
bacteria. The agglutination ability of WT strain treated with 1/
16MIC of berberine was only half of that of the untreatedWT

strain, which again confirmed that berberine can inhibit fim-
brial aggregation and reduce their number.

To further examine the relationship between berberine and
fimA gene at the genetic level, we evaluated the relative ex-
pression levels of fimA and fimH genes of WT strain after
treating with different concentrations of berberine (Fig. 4).
In ΔfimA, the gene expression of fimH was 0.811, which
was inhibited to a certain extent. In ΔfimH, the expression
of fimA gene was only 0.512 (Fig. 4a). This is consistent with
a previously reported result (Zeiner et al. 2012). The expres-
sion of fimA gene in WT strain decreased in a concentration-
dependent manner with increasing concentrations of berber-
ine. The expression of fimA gene was suppressed with berber-
ine treatment (Fig. 4b). Simultaneously, the same experiment
was performed on fimH, and it was observed that berberine
has exerted a promoting effect on the expression of fimH gene.
With the increase in berberine concentration, the expression of
fimH gene was also increased (Fig. 4c). The biogenesis of type
I fimbriae in S. Typhimurium is companion-guided and gen-
erally starts from the adhesin site at the top of the fimbriae.
Therefore, we speculated that berberine affects the expression
of fimA gene. The decrease in fimA gene expression stimulates
the overexpression of fimH gene at the top of the fimbria. This
is consistent with the experimental results. Through fluores-
cence quantitative PCR, we again confirmed the targeted in-
hibition of berberine on fimA gene.

Fimbriae are essential for host identification, colonization,
and biofilm formation during bacterial infection (Steenackers
et al. 2012). Comparedwith planktonic bacteria, bacterial cells
in biofilms are considered to be more resistant to most anti-
bacterial agents and host defenses (Koo et al. 2017).
Therefore, efficiently removing the biofilm is becoming more
difficult. However, the development of biofilms is a dynamic
process, which is primarily divided into three stages as fol-
lows: attachment, maturation, and dispersion (Roy et al. 2018;
Wolfmeier et al. 2018). Regarding the biofilm formation
mechanism of bacteria, fimbria-mediated adhesion is general-
ly considered to be the first step to achieve initial contact,
formation of microcolonies, invasion, and chronic infection
(Flemming et al. 2016). Through the crystal violet staining,
the ability to form biofilm of WT, ΔfimA, and ΔfimH at dif-
ferent times (24 h, 48 h, 72 h) were explored. The results
showed that at 24 h, the biofilm formation rates of ΔfimA
and ΔfimH that were compared to WT were 81.12% and
77.7%. At 48 h, the biofilm formation rates of ΔfimA and
ΔfimH were only 54.22% and 56.58% relative to WT (Fig.
5). Deletion of fimA and fimH genes has reduced the biofilm
formation ability of the strain, reaching the lowest rate at 48 h.
Then, after maturation and accumulation of biofilm, the
amount of biofilm of these bacteria did not exhibit an obvious
difference. It is speculated that the fimbria-mediated adhesion
played a vital role in the early and middle stages of the for-
mation of the biofilm. Upon further maturation, the bacterial
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stack becomes dense, during which the fimbriae may exhibit a
weaker effect on contributing to the development of the
biofilm.

Type I fimbriae are required for establishing the initial at-
tachment to cells (Lukaszczyk et al. 2019). Therefore, S.
Typhimurium type I fimbriae are a good target against its
biofilm formation. Based on previous experimental results,
we speculated that type I fimbriae could be inhibited by ber-
berine (Aswathanarayan and Vittal 2018). To further confirm
the antibacterial ability of berberine on biofilm, we explored
the relationship between biofilms in different treatment groups
at 48 h (Fig. 6a). This was again characterized by CLSM (Fig.
6b, c). After treating the WT strain with 1/16 MIC of berber-
ine, the thickness of the biofilm was only 6.07 μm, indicating
that a low berberine concentration can prevent the biofilm
formation. Comparing ΔfimA (without berberine treatment)
with ΔfimA treated by berberine, we observed that the lack
of fimA gene made berberine to lose its antibacterial ability on
the biofilm. However, for ΔfimH, its biofilm can still be
inhibited by berberine. It can be inferred that berberine affects
S. Typhimurium type I fimA gene, thereby inhibiting the pro-
duction of biofilms. This is consistent with our previous
conclusions.

In summary, berberine affects the expression of fimA gene
of type I fimbriae, reduces the number of type I fimbriae, and
thence decreases the activity and adhesion of bacteria. This
property renders type I fimbriae to lose their major function
and further prevent bacterial aggregation to decrease biofilm
formation. Therefore, berberine can be considered as an effec-
tive natural drug against S. Typhimurium and its biofilm.
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