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Abstract

Background: Clostridium piliforme (causative agent of Tyzzer disease) infects various
animals, including primates, and hence a threat to animal and human health world-
wide. At present, it is detected using traditional methods, such as path morphology,
polymerase chain reaction and enzyme-linked immunosorbent assay. Therefore, it is
necessary to develop convenient, efficient visual molecular biological methods for
detecting C. piliforme.

Objectives: To establish a method with good specificity, high sensitivity and simple
operation for the detection of C. piliforme.

Methods: In this study, we designed internal and external primers based on the con-
served 23S rRNA region of C. piliforme to develop a biotin-labelled diarrhoea-suffered
loop-mediated isothermal amplification (LAMP) system for detecting of C. piliforme and
assessed the specificity, sensitivity and repeatability of the LAMP system.

Results: The LAMP system did not exhibit cross-reactivity with 24 other common
pathogenic species, indicating that it had good specificity. The minimum concentration
of sensitivity was 1 x 107 ng/uL. Mouse models (Meriones unguiculatus) of Tyzzer dis-
ease were established and a LAMP—Ilateral flow dipstick (LAMP-LFD) was developed
for detecting C. piliforme. The detection rate of C. piliforme was 5.08% in clean-grade
animals and 9.96% in specific-pathogen-free-grade animals from Jiangsu, Zhejiang and
Shanghai. In addition, the detection rates of C. piliforme were 10.1%, 8.6% and 20%,
in animals from Hangzhou, Wenzhou and Shaoxing, respectively. The detection rate of
C. piliforme was higher in experimental animals used in schools than in those used in
companies and research institutes.

Conclusions: The LAMP-LFD method established in this study can be used to detect
C. piliforme in animals handled in laboratory facilities of universities, pharmaceutical

enterprises and research and development institutions.
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1 | INTRODUCTION

Clostridium piliforme (the causative agent of Tyzzer disease) was discov-
ered by Ernest Tyzzer in 1917 (Tyzzer, 1917). It infects various animals
and causes liver and intestinal necrosis, diarrhoea and death (Tyzzer
disease). C. piliforme infection primarily causes asymptomatic or sub-
clinical diseases (Fries, 1979). Animals infected with C. piliforme may
suddenly develop illness owing to immunosuppression, environmental
changes and other factors, resulting in the interruption of experiments
such as tumour transplantation. Therefore, it is one of the pathogens
that should be eliminated in clean-grade laboratory animals. C. piliforme
has been detected in patients with human immunodeficiency virus
infection, suggesting that patients with a compromised immune system
are susceptible to C. piliforme infection (Smith et al., 1996). A serologi-
cal study involving keepers, related personnel and unrelated personnel
who had close contact with laboratory animals reported that the pos-
itive rate of C. piliforme detection was higher in personnel who had
close contact with laboratory animals (85.7%) than in related person-
nel (40.5%) and unrelated personnel (22.0%) (Jufang & Jiaming, 1998).
Therefore, C. piliforme poses a threat to both laboratory animals and
related personnel.

Ganoe et al. (2020) suggested that Tyzzer disease might have con-
tributed to the significant decline in the population of North American
muskrats over the last 50 years. A high detection rate of C. piliforme
has been observed in rodent laboratory animals. Jie et al. (2015),
Jinchun et al. (2017) and Jie et al. (2021) examined pathogen infec-
tions in rats and mice in Beijing, Shanghai and Guangdong Province
during 2009—-2013, 2010—2013 and 2013-2015, respectively. C. pil-
iforme was detected at all time points in the three studies. These
findings suggest that C. piliforme infection is a serious public health
problem affecting the quality of laboratory animals and the health of
the researchers involved.

C. piliforme can be cultured only under in vitro conditions using
chicken embryos and specific cell lines (Navarro & Uzal, 2020). Because
the embryos and cells used are highly inactive under conventional con-
ditions, the preservation and transmission of the strain are difficult.
The biological characteristics, pathogenesis and genetics of C. piliforme
remain elusive; moreover, no recent advancements have been made
in strategies for detecting the pathogen or diagnosing and prevent-
ing Tyzzer disease. At present, C. piliforme is detected via pathological
examination, immunofluorescence assay (IFA), polymerase chain reac-
tion (PCR) and enzyme-linked immunosorbent assay (ELISA) based on
a 196-bp fragment of the 16S rRNA of C. piliforme (Goto & Itoh, 1994).

The Chinese standard GB/T14926.10-2008 for the detection of
C. piliforme in laboratory animals excludes the cortisone excitation
test proposed by the original standard and uses only serological
antibody detection. Histopathological tests are time-consuming and

require experienced personnel, whereas IFA and ELISA frequently
yield false-negative results in window-phase or latently infected ani-
mals. Moreover, it is difficult to purify antigens for ELISA (Yanbo &
Junxia, 2017). These limitations impede the early detection of C. pil-
iforme. Therefore, the above-mentioned methods are not suitable for
diagnosing Tyzzer disease in primary laboratory animal testing and
inspection facilities.

Loop-mediated isothermal amplification (LAMP) is a molecular tech-
nique with high specificity in which a set of four specific primers
binds to six regions of DNA (F3c, Filc, F2c, B2c, Bic and B3c). The
high tolerance of LAMP to enzyme inhibitors allows for onsite assess-
ment of clinical and biological samples without sample enrichment (Das
et al,, 2022). LAMP assays have been successfully used to detect the
pathogens of many infectious diseases, including SARS-CoV-2 (Nuch-
noi et al., 2023; Ooi et al., 2022), porcine epidemic diarrhoea virus and
porcine circovirus type 2 (Areekit et al., 2022), West Nile virus (Tomar
et al.,, 2022), herpesvirus of turkeys (Mescolini et al., 2022), Treponema
pallidum (Becherer et al., 2020), Haemophilus ducreyi (Becherer et al.,
2020), Ascaridia galli (Panich et al., 2023), Toxoplasma gondii (Xue et al.,
2021), Ebola virus (Bonney et al., 2020) and Helicobacter pylori (Hori-
uchi et al., 2019; Panich et al., 2023). However, LAMP may result in
non-specific binding owing to the formation of primer dimers (Garg
et al., 2022). The use of multiple primers increases the risk of primer
dimer formation, which can lead to template-free amplification, pro-
ducing false-positive results (Rolando et al., 2020). Therefore, LAMP
product amplificatio should be validated using specific DNA probes
or restriction endonucleases (Ghaith & Abu Ghazaleh, 2021; Ku et al.,
2022).

Although colourimetric indicators, such as SYBR dye, are highly
sensitive and time-efficient and require simple visual testing of the
product, they can bind to any double-stranded DNA with low levels
of specificity and produce false-positive results (Mamba et al., 2018).
In a study, a novel technique based on LAMP and a lateral flow dip-
stick (LFD) was developed for early detection of C. piliforme. This
technique reduced the risk of false-positive results caused by primer
dimer formation (Tomar et al., 2022). Labelling the primers enables
the visualization of LAMP products in combination with LFD, and the
results can be judged by observing the control and the test lines,
reducing the likelihood of false-positive results caused by the non-
specific binding of amplification products. LAMP products combined
with test strips can achieve rapid, low-cost, miniaturized and easy-to-
operate on-field detection. This combination strategy can overcome
the lack of testing equipment and technical strength and is, therefore,
of great significance for controlling the infection and transmission of C.
piliforme.

In this study, we established a sensitive and rapid method for

detecting C. piliforme. A set of highly specific primers was designed to
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TABLE 1 Bacterial strains used in this study. 2.2 | Collection of bacterial samples and extraction
Bacterial strain Origin of DNA
Salmonella enterica ATCC15611
. C. piliforme DNA was extracted from Meriones unguiculatus. Total bac-
Popoff serovar Choleraesuis ATCC10708 X . . .
) terial DNA was extracted from microorganisms using the TIANamp
Salmonella enterica ATCC13314 Bacteria DNA Kit (TIANGEN, #DP302-02) according to the manufac-
Salmonella enterica subsp. Enterica  ATCC13076 turer’s instructions. The extracted DNA was quantified on a NanoDrop
Escherichia coli ATCC25922 2000 spectrometer (Thermo Fisher Scientific) and stored at —20°C.
Shigella boydii ATCC 9207
Pasteurella pneumotropica ATCC35149
Salmonella enterica subsp. enterica ~ ATCC13036 2.3 | Design of LAMP primers specific for C.
serovar Pullorum pih’for me
Shigella dysenteriae CGMCC1.1869
Salmonella typhimurium CGMCC1.1194 The 23S rRNA gene sequence of C. piliforme was downloaded from
Shigella flexneri CGMCC1.1868 NCBI. The Primer Explorer V5 software was used to design primers
L and probes specific for 23S rRNA. These primer sequences were tested
Bordetella bronchiseptica CMCC58401 . . . . .
using against the basic local alignment search tools, and sequences with
Corynebacterium kutscheri CMCC65013 . . . .
high specificity were selected from each group. Each set of primers and
WAL e Lot Ll probes was composed of forward inner primers (FIPs), reverse inner
Staphylococcus aureus CMCC26112 primers (BIPs), forward outer primers (F3), reverse outer primers (B3),
Pseudomonas aeruginosa Isolate (HMC, Mouse) loop primers (LF) and a probe. And the 5’-end of FIPs was labelled with

Listeria monocytogenes Isolate (ZJU)
Isolate (ZJU, Mouse)
Isolate (NIFDC, Fish)

Isolate (ZJU)

Muribacter muris
Edwardsiella tarda
Streptococcus suis I1

Klebsiella oxytoca Isolate (Zhejiang Vital River

Laboratory Animal Technology

Co., Ltd, Cavia porcellus)
Aeromonas hydrophila Isolate (NIFDC, Fish)

Salmonella paratyphi A Isolate (Hangzhou Red Cross

Hospital, Human)
Isolate (HMC)

Isolate (HMC, Meriones
unguiculatus)

Klebsiella sp.

Clostridium piliforme

Abbreviations: HMC, Hangzhou Medical College; NIFDC, National Insti-
tutes for Food and Drug Control; ZJU, Zhejiang University.

effectively amplify the 23S rRNA gene of C. piliforme (National Center
for Biotechnology Information [NCBI] GeneBank: DQ352811.1, NIH
National Library of Medicine). To the best of our knowledge, this study
is the first to develop LAMP-LFD for detecting C. piliforme.

2 | MATERIALS AND METHODS

2.1 | Bacterial and viral strains
C. piliforme and 24 other pathogenic species were used to evaluate
the specificity of LAMP and LAMP-LFD (Table 1). All strains were cul-
tured in lysogeny broth (LB)/agar, blood agar plate or specific culture
broth/agar (except for C. piliforme) at 37°C.

biotin, whereas the probe was labelled with carboxyfluorescein (FAM).

2.4 | LAMP reaction system

LAMP reaction was performed according to the method developed
by Notomi et al. (2000). The reaction mixture had a final volume of
25 ul, comprising ThermoPol Reaction Buffer (NEB, #B9004S), MgSO4
(NEB, #B1003S), dNTPs (Sangon Biotech, #B500055-0500), external
primers (F3 and B3), internal primers (biotin-FIP and BIP), Bst 2.0 DNA
polymerase (NEB, #M0537S), LAMP fluorescent dye (NEB, #B17005S),
LF, template and diethyl pyrocarbonate (DEPC)-treated water (Sangon
Biotech, #B501005-0500). To prepare the optimal reaction system for
LAMP, the final concentration of dNTPs was set to 1.0, 1.2, 1.4, 1.6,
1.8 and 2.0 mM; the final concentration of Mg2*+ was set to 0-6 mM:
and the internal-to-external primer ratios were set to 2:1, 4:1, 6:1, 8:1,
10:1, 12:1, 14:1 and 16:1. The system was optimized at 58, 60, 62, 64
and 66°C, and loop primers were added to accelerate the reaction. The
reaction mixture was amplified on the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) at 58-66°C for 1 h and terminated at 85°C
for 10 min. The amplified product was analysed via fluorescence signal

acquisition.

2.5 | Assessment of the specificity and
repeatability of LAMP and LAMP-LFD methods

The specificity of LAMP and LAMP-LFD was verified according to
standard protocols. Genomic DNA extracted from the 24 pathogenic
strains was used as the control, the DNA template of C. piliforme was
used as the positive control and DEPC-treated water was used as

the negative control. The samples were analysed on the CFX96 Touch



40f12 TAOET AL.
WILEY

TABLE 2 Sequence and length of loop-mediated isothermal amplification (LAMP) primers.
Name Primer sequence (5’ — 3’) Length
LAMP
F3 GCTCTGCTACTGTATACTGAA 21
B3 ACAATTCGACTATCTCTCATCA 22
FIP CCGCTACTTAGGAAATCGATTTTTCGGGGAACGTTGTGAACTG 43
BIP CGAGCGAAAGGGAAAGAGGCATGGATTTTGCAGTCCTCAA 40
LF CTCTTCCTGTTGCTACTTAGATGTT 25
Probe GCCAAACCATAAAGCGTGC 19
Nested PCR
OP1 CCTAACACATGCAAGTC 17
OP2 GGCATGATGATTTGACG 17
PiliF TGGGATAACATCGAGAAATC 20
PiliR TACGTAGYCTGTCAATGGT 19

Abbreviations: B3, reverse outer primer; BIP, reverse inner primer; F3, forward outer primer; FIP, forward inner primer; LF, loop primer; PCR, polymerase

chain reaction.

Real-Time PCR Detection System and LFD. The template was used at
concentrations of 2.5, 2.5 x 1071, 2.5 x 1072 and 2.5 x 1073 ng/uL
for intra- and intergroup repetitive experiments. For intragroup repet-
itive experiments, four replicates were set for each concentration. For
intergroup repetitive experiments, three replicates were set for each
concentration gradient. The coefficients of variation and mean values

were calculated.

2.6 | Assessment of the sensitivity of LAMP and
LAMP-LFD methods

The positive control template (genomic DNA of C. piliforme) was serially
diluted 10-folded to assess the sensitivity of LAMP and LAMP-LFD.
These dilutions ranged from 1 to 1 x 10~? ng/uL, with DEPC-treated
water being used as the negative control. Each concentration was
tested three times. PCR was performed using external primers (F3 and
B3) as conventional primers. The reaction mixture had a final volume
of 25 uL and consisted of 12.5-uL Premix Taq (Takara, RR902A), 5-pmol
F3 and B3 and 1-ulL template. The PCR conditions were set as follows:
initial denaturation at 94°C for 5 min; denaturation at 94°C for 1 min,
annealing at 55°C for 30 s, extension at 72°C for 30 s for 35 cycles and
final extension at 72°C for 10 min. The PCR products were separated
on 1.5% agarose gels, stained with Yea Red (Yeasen, #10202ES76) and
visualized on the ChemiDoc System (Bio-Rad).

2.7 | Construction of mouse models of C. piliforme
infection

A total of 29 3-week-old male mice (M. unguiculatus) were divided
into experimental and control groups. The experimental group con-
taining 24 mice was divided into 4 groups, whereas the control group

had 5 mice. After 3 days of stabilization, liver tissues infected with

C. piliforme frozen at —80°C were quickly homogenized with sterile
PBS without leaving any evident granules. Mice in the experimental
group were administered 350 ulL of the liver homogenate via gavage,
whereas those in the control group were administered 350 ulL of nor-
mal saline via gavage. The health status of all mice was monitored daily,
and their droppings were collected. On day 8, the mice were sacrificed
under pentobarbital anaesthesia, and their tissues and organs were
collected. Liver tablets were prepared for Giemsa staining, and the col-
lected samples were tested and compared with the set using the nested
PCR method established by Niepceron and Licois (2010). The primer
sequences used for nested PCR are mentioned in Table 2. The reac-
tion mixture had a final volume of 25 uL and consisted of 2.5 ulL of 10x
PCR buffer, 2 uL of 2.5-mM dNTPs, 0.5 uL of 10-mM primers (OP1 and
OP2), 0.15 uL of 5-U/mL rTaq (Takara, ROO1A) and 1 uL of template.
The PCR conditions were set as follows: initial denaturation at 94°C
for 1 min; denaturation at 94°C for 30 s, annealing at 50°C for 30 s and
extension at 72°C for 1 min for 25 cycles. The first-stage amplification
product was diluted 10-fold, and 1 uL was added to enter the second-
stage reaction system, and the primers were used with PiliF and PiliR.
The PCR conditions were set as follows: initial denaturation at 94°C
for 1 min; denaturation at 94°C for 30 s, annealing at 55°C for 30 s
and extension at 72°C for 1 min for 30 cycles. The amplified products
were separated on a 1% agarose gel, and the results were visualized on
a gel-imaging system.

2.8 | Application of established LAMP-LFD for
detecting C. piliforme

We established a LAMP-LFD method for detecting C. piliforme in
mouse liver tissues. DNA was extracted from 399 clean-grade and
in specific-pathogen-free (SPF)-grade mouse liver tissue samples col-
lected from Jiangsu province, Zhejiang province and Shanghai, China,
and amplified using LAMP-LFD to detect C. piliforme.
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Establishment of loop-mediated isothermal amplification (LAMP) reaction system. The green line represents the threshold. (a)

Amplification curve of primer 1; (b) amplification curve of primer 2; (c) the final concentrations of ANTPs were 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 mM,; (d)
the final concentrations of Mg2*+ were 0-6 mM; (e) the inner-to-outer primer ratios were 2:1, 4:1, 6:1, 8:1, 10:1, 12:1, 14:1 and 16:1; (f) numbers
1—4 represent lysogeny broth (LB), LB + loop primer (LF), no LF and LF, respectively.

3 | RESULTS

3.1 | Establishment of the LAMP reaction system
Between the two pairs of primers designed for LAMP, primer 1
had no amplification curve, whereas primer 2 had an amplification
curve (Figure 1a,b). Therefore, primer 2 was used for subsequent
experiments (Table 2). The specific position of the primer and probe
is mentioned in Figure Sla. Located between Blc and B2 primers,
the probe was used for molecular hybridization to detect the biotiny-
lated LAMP products of FAM. The final product was a 196-bp
target fragment. All primers were obtained from Sangon Biotech
Co., Ltd.

Furthermore, each parameter of the reaction system was optimized;
the results showed that the amplification curve initially appeared at
the final dNTP concentration of 1.6 mM (Figure 1c) and the final
Mg?2* concentration of 5 mM (Figure 1d). When the inner-to-outer
primer ratio was 8:1, 10:1, 12:1, 14:1 or 16:1, the amplification curves
appeared almost simultaneously (Figure 1e). Therefore, the inner-to-
outer primer ratio was determined to be 8:1 according to the literature.
Given that the addition of a loop primer can reduce the reaction time,
two loop primers (LF and LB) were designed. The amplification curve
was initially observed when LF was added (Figure 1f) and when the
reaction temperature was set to 62°C (Figure S2a-e). Therefore, the
final reaction mixture was prepared using 2.5-uL ThermoPol reac-
tion buffer, 5--mM MgSQy4, 1.6-mM dNTPs, 5-pmol external primers



TAOET AL.

2 | WILEY

Amplification

T

RFU (1043)

Cycles

(0)12345678919111213
|

el
-l
Vgl i
_xn—~1}
| R 1
1

xin—
et Bl

s

RAVRSSS

L
L

-
I XVA=
|-\

e

FIGURE 2

(b)

Amplification

30 -

25 3

20 ]
& 15 ]
&

10 4

5 ]

04

0
1415 16 17 18 19 20 21 22 23 24 P N
1 3 TH NIRRT T TR A 0 3 1
Ei ij £ S 3 08 B }: }Eg ];
I - | Testline

- - Control line

Specificity and repeatability of the established loop-mediated isothermal amplification (LAMP) and loop-mediated isothermal

amplification—lateral flow dipstick (LAMP-LFD) methods. (a) Real-time fluorescence curves of LAMP; the black curve is the amplification curve of
Clostridium piliforme; (b) repeatability of LAMP; numbers 1—4 represent 2.5, 2.5 x 1071, 2.5 x 1072 and 2.5 x 10~3 ng/uL, respectively; (c) detection
via LAMP-LFD: Numbers 1—24 are Listeria monocytogenes, Salmonella enterica, Shigella dysenteriae, Salmonella typhimurium, Popoff serovar
Choleraesuis, S. enterica, Muribacter muris, Salmonella enterica subsp. enterica, Bordetella bronchiseptica, Edwardsiella tarda, Escherichia coli.
Corynebacterium kutscheri, Streptococcus suis, Klebsiella oxytoca, Klebsiella pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, Aeromonas
hydrophila, Salmonella paratyphi A, Pasteurella pneumotropica, Shigella boydii, Shigella flexneri, Klebsiella sp., Salmonella enterica subsp. enterica serovar

Pullorum. P: C piliforme, N: negative control.

(F3 and B3), 40-pmol internal primers (biotin-FIP and BIP), 8-U Bst
2.0 DNA polymerase (8 U/uL), 0.5 uL LAMP fluorescent dye, 20-pmol
loop primer (LF), 1-uL template and DEPC-treated water. F3 and B3
were used to construct C. piliforme plasmids. The results of PCR and
sequence comparison are shown in Figure Slc,d. As shown in Figure
S1b. A C. piliforme-positive plasmid was successfully constructed.

3.2 | Specificity and repeatability of the
established LAMP and LAMP-LFD methods

We tested the specificity of the established LAMP and LAMP-LFD
methods using genomic DNA extracted from the 24 pathogenic strains
and C. piliforme. Only the genomic DNA extracted from C. piliforme was
amplified in both LAMP and LAMP-LFD, whereas DNA templates from
other strains showed no signal (Figure 2a,c). These results indicated
that the LAMP and LAMP-LFD methods had good specificity. Intra-
group repetitive experiments were performed using the template at
four concentrations (2.5,2.5 x 1071, 2.5 x 1072 and 2.5 x 1073 ng/uL)
(Figure 2b). The coefficients of variation and mean values estimated
in both intra- and intergroup repetitive experiments are mentioned in
Table 3.

3.3 | Sensitivity of LAMP-LFD and PCR in
detecting C. piliforme

The sensitivity of LAMP-LFD was assessed using the genomic DNA
of C. piliforme at different concentrations. The genomic DNA of C.
piliforme was serially diluted 10-fold from 1 to 1 x 107 ng/uL for real-
time LAMP and LAMP-LFD assays. The real-time LAMP signal curve
showed that the detection limit for C. piliforme was 1 x 107 ng/uL
at 70 min (Figure 3a,b). Similar results were observed in LAMP-LFD
(Figure 3c). In addition, the results of PCR results showed that the
lowest concentration detected was 1 x 10> ng/uL (Figure 3d).

3.4 | Testing of infected samples

After the mice in the experimental group were dissected, evident
white lesions were observed in the liver. In addition, a few mice had
a black and congested cecum and exhibited hardening of the cecum
(Figure 4a,b). On the contrary, no evident abnormality was observed in
the livers of mice in the control group (Figure 4c,d). Nested PCR was
also positive for infection samples (Figure 4e). A total of 29 3-week-

old male mice (M. unguiculatus) were divided into experimental and
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TABLE 3 Coefficients of variation and mean values in intra- and intergroup repetitive experiments.
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FIGURE 3 Sensitivity of loop-mediated isothermal amplification—lateral flow dipstick (LAMP-LFD) and polymerase chain reaction (PCR). (a)
Real-time fluorescence curve of sensitivity of loop-mediated isothermal amplification (LAMP) for detecting Clostridium piliforme; numbers 4—9
represent 1x 1073,1x 1074, 1x 1072, 1x 107%, 1 x 10~7 and 1 x 10~8 ng/uL of C. piliforme DNA, respectively; lane N represents negative
control; (b) agarose gel electrophoresis of LAMP products. Lane marker: 2000-bp DNA marker, numbers 1—10 represent 1,1 x 10~1, 1 x 1072,
1x1073,1x1074,1%x107%,1x 107%,1x 1077, 1 x 1078 and 1x10~? ng/uL of C. piliforme DNA, respectively, Lane N: negative control; (c)
detection of C. piliforme via LAMP-LFD. Numbers 4—9 represent 1 x 1073, 1x 1074,1x 1072, 1x 107, 1 x 10~7 and 1 x 10~8 ng/uL of C. piliforme
DNA, respectively, N: negative control; (d) agarose gel electrophoresis of PCR products. Lane marker: 1000-bp DNA marker, numbers 1-9:
represent 1, 1x 1071, 1x 1072,1x 1073, 1 x 10~* ng/uL, 1 x 107>, 1x 1076, 1 x 107 and 1 x 1078 ng/uL of C. piliforme DNA, respectively. Lane

N: negative control.

control groups. The above material and method mention it. Giemsa
staining oil microscopy can find that most filamentous bacteria are
highly suspected of C. piliforme, whereas the control group has no obvi-
ous change (Figure 4f—i). In addition, C. piliforme was detected in mouse
faeces daily. After nucleic acid extraction of infected samples, C. pili-
forme was detected in the experimental group but not in the control
group (Figure 4j).

3.5 | Detection of C. piliforme in clinical samples

We collected 399 clinical samples from 20 centres in Hangzhou,
Ningbo, Jiaxing, Shaoxing, Wenzhou, Jinhua, Nanjing and Shanghai,
including schools, companies and research institutes. Overall, 8.52%
(34/399) of the DNA of C. piliforme was detected in mouse liver tis-
sue via LAMP-LFD. The positive rates of C. piliforme detection in
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Test line

Control line

FIGURE 4 |Infected samples were detected via loop-mediated isothermal amplification—lateral flow dipstick (LAMP-LFD). (a and b) Scattered
white lesions were observed on the livers of mice in the experimental group; the lesions are indicated by black arrows; (c and d) the livers of mice in
the control group were normal; (e) results of nested polymerase chain reaction (PCR) of infected samples; (f and g) results of Giemsa staining of
mouse liver compression tablets in the experimental group. The black arrows indicate bacteria that are highly suspected of being C. piliforme; (h
and i) results of Giemsa staining of mouse liver compression tablets in the control group; (j) number 1, results of pathongen detection in stool
samples via LAMP-LFD on days 1—8 in the experimental group; numbers 2—5, results of LAMP-LFD in the experimental group; number 6, results
of LAMP-LFD in the control group, N: negative control; P: C. piliforme.
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TABLE 4 The mouse samples detected by loop-mediated
isothermal amplification—lateral flow dipstick (LAMP-LFD).

Mouse
Grade Positive sample Total
Clean 6 (5.08%) 118
SPF 28(9.96%) 281
Total 34 (8.52%) 399

Abbreviation: SPF, specific-pathogen-free.

TABLE 5 Results of enzyme-linked immunosorbent assay (ELISA)
and loop-mediated isothermal amplification—lateral flow dipstick
(LAMP-LFD) for detection of Clostridium piliforme in mouse liver and
serum.

Sample (n = 399)

Test methods Positive Negative
LAMP-LFD 34 (8.52%) 365 (91.48%)
ELISA 7 (1.75%) 392(98.25%)

clean- and SPF-grade mice are shown in Table 4. The positive rate of
C. piliforme detection in LAMP-LFD was 8.52%, which was higher than
that observed in ELISA (1.75%) (Table 5). The positive rates of C. pili-
forme detection were 8.6%, 10.1% and 20.0% in Wenzhou, Hangzhou
and Shaoxing, respectively (Figure 5). The detection rate of C. piliforme
was higher in schools than in companies (19/210, 9.0%). However,
C. piliforme was not detected in samples collected from research
institutes.

4 | DISCUSSION

Only a few cases of C. piliforme infection have been reported recently
(Ellero et al., 2021; Ganoe et al., 2020; Jacobson et al., 2022; Rho et al.,
2022), and no advancements have been made in C. piliforme detec-
tion methods. Tyzzer disease caused by the C. piliforme infection has
a high mortality rate because the symptoms usually appear shortly
before animal death and effective drugs are lacking. Consequently,
huge economic losses are incurred by commercial and experimental
animal breeding sites infected with C. piliforme. Therefore, develop-
ing rapid, economic and efficient detection methods and field tests is
important for the early diagnosis, control and treatment of Tyzzer dis-
ease. The diagnosis of C. piliforme infection relies on the general and
histological manifestations of the liver, bowel or myocardial lesions.
In addition, special staining methods can be used; for example, the
combination of silver staining and PCR can improve pathogen detec-
tion rates. Niepceron and Licois (2010) established a nested PCR
method with high sensitivity for the detection of C. piliforme; Tosa et al.
(2019) established a multiplex immunochromatographic method for
rapid and simple detection of multiple pathogens, including C. piliforme.
Rapid, instant and accurate nucleic acid detection is necessary in cer-

Nanjing
0/2(0.00%)
Shanghai
0/10(0.00%)
Jiaxing
0/20(0.00%)
Hangzhou
24/237(10.1%)
Ningbo
0/30(0.00%)

Jinhua
0/10(0.00%)

0.0%-5.0%

5.0%-8.5%
[ 8.5%-12.0%
I >12.0%

FIGURE 5 Detection of C. piliforme in clinical samples. Rate of C.
piliforme detection via loop-mediated isothermal amplification—lateral
flow dipstick (LAMP-LFD) in eight cities.

tain industries; however, some centres are not equipped with complex
instruments, such as a PCR system (Wang et al., 2023; Yan et al., 2023).
LAMP is a highly specific and sensitive detection technique devel-
oped by Notomi et al. (2000). It enables rapid DNA amplification and
involves the use of Bst 2.0 DNA polymerase with chain replacement
activity and a set of four specially designed primers, which can rec-
ognize six different sequences on the target DNA. To date, no study
has reported the use of LAMP for detecting C. piliforme. In this study,
we designed a set of primers specific for the 23S rRNA sequence of C.
piliforme to establish a LAMP-LFD method for detecting the pathogen.
LAMP products are usually identified via gel electrophoresis,
magnesium pyrophosphate turbidity determination and fluorescence-
based assays. Because LAMP involves the use of four or six primers,
the likelihood of primer dimer formation is high, resulting in false-
positive results owing to template-free amplification (Rolando et al.,
2020; Schneider et al., 2019). LFD is used to detect LAMP products
(Mescolini et al., 2022; Tomar et al., 2022). LAMP-LFD is more specific
to the biotin and fluorescein labelling of LAMP products obtained by
molecular probe hybridization and combined with a double sandwich.
In this study, when LAMP products were tested via agarose gel
electrophoresis, the positive samples showed typical amplification
bands with evident boundaries, whereas the negative samples showed
amplification bands without evident boundaries. Although positive
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amplification could be determined, the risk of obtaining false-positive
results was unavoidable. No amplification bands appeared in nega-
tive samples when real-time PCR and LFD were used for detection.
These results indicate that agarose gel electrophoresis may not be an
appropriate technique for detecting LAMP products.

The kinetics of LAMP reaction remain elusive. To date, no study has
quantified the rate of strand displacement synthesis in LAMP reaction
(Dangerfield et al., 2023). Real-time kinetic data of LAMP were used
here to predict the concentration curves of different amplicon sub-
types. This method may provide information for designing downstream
detection strategies (Kaur et al., 2020).

Although loop primers are not essential for LAMP, they can be used
to accelerate amplification (Dangerfield et al., 2023). In this study,
when two loop primers (LF and LB) were used simultaneously, the reac-
tion time was shortened by approximately 15 min. Moreover, when
only one loop primer (LF or LB) was added, the reaction time was
further shortened. In particular, the amplicons were detected within
10 min. Therefore, we speculate that only one loop primer is required
to accelerate amplification.

Effective drugs and vaccines against C. piliforme infection are lack-
ing. Therefore, it is necessary to eliminate the source of infection and
control its spread. The LAMP-LFD method established in this study
does not require complex instruments and can be used in the most
basic settings. The method did not exhibit cross-reactivity with 24
pathogenic bacteria commonly detected in experimental animals, indi-
cating that it had good specificity. The detection limit of LAMP-LFD
reached 1 x 1077 ng/uL, whereas that of PCR was 1 x 10~ ng/uL,
which was substantially higher than that of traditional PCR. After
establishing mouse models of C. piliforme infection, we collected and
tested the faeces of mice daily. The results showed the presence of
C. piliforme in faeces every day. These findings indicate that we can
reduce the harm caused to laboratory animals while collecting whole
blood by using their faeces for detecting C. piliforme. This measure may
improve animal welfare and contribute to the healthy development of
laboratory animals.

For the 399 clinical samples tested in this study, the detection rate
of C. piliforme was substantially higher in LAMP-LFD than in ELISA.
The detection rates of C. piliforme were 10.1%, 8.57% and 20% in
Hangzhou, Wenzhou, and Shaoxing respectively. In addition, the detec-
tion rate was higher in school experimental animals than in companies
and research institutes. These results emphasize that experimental
animals should be cautiously fed and their health status should be reg-
ularly monitored. Efforts should be made to avoid the losses caused by
the outbreak of Tyzzer disease and reduce the risk of drawing erro-
neous conclusions owing to the presence of pathogens in laboratory

animals.

5 | CONCLUSION

In conclusion, the LAMP-LFD method established in this study has
good specificity and high sensitivity for the detection of C. piliforme. The
detection limit of LAMP-LFD is higher than that of PCR. LAMP-LFD

is a rapid method that can be used for detecting C. piliforme in regions
with insufficient equipment.
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