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ABSTRACT Mycoplasma synoviae (MS) is an impor-
tant pathogen in laying hens and causes serious eco-
nomic losses in poultry production. Rapid, accurate and
specific detection is important for the prevention and
control of MS. Argonaute from Pyrococcus furiosus
(PfAgo) is emerging as a nucleic acid detector that
works via “dual-step” sequence-specific cleavage. In this
study, an MS detection method combining recombinase
polymerase amplification (RPA) and PfAgo was estab-
lished. Through elaborate design and screening of RPA
primers and PfAgo gDNA and condition optimization,
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amplification and detection procedures can be com-
pleted within 40 min, whereas the results were super-
ficially interpreted under UV and blue light. The
sensitivity for MS detection was 2 copies/mL, and the
specificity results showed no cross reaction with other
pathogens. For the detection of 31 clinical samples,
the results of this method and qPCR were completely
consistent. This method provides a reliable and con-
venient method for the on-site detection of MS that
is easy to operate without complex instruments and
equipment.
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INTRODUCTION

Mycoplasma synoviae (MS) infection remains a seri-
ous problem in poultry farming and can cause arthritis,
tendinitis, air sacculitis, and eggshell apex abnormali-
ties, which are responsible for substantial economic
losses in poultry breeding (Kleven and Ferguson-Noel,
2008). Furthermore, MS is often coinfected with Escher-
ichia coli, infectious bronchitis virus (IBV), Newcastle
disease virus (NDV), and Mycoplasma gallisepticum
(MG); moreover, it aggravates clinical symptoms and
elicits difficulties in the diagnosis of the disease (Land-
man and Feberwee, 2004; Sid et al., 2015). Voluntary
control and eradication programs for MS have been
implemented in the United States and the United King-
dom (Landman, 2014; Kaboudi K, 2019). Rapid, accu-
rate, and sensitive detection methods are important for
the clinical control and eradication of MS infections.

The isolation and identification of pathogens is the
gold standard for the diagnosis of MS infection (Kleven,
2008). However, the isolation of MS is difficult and time-
consuming. Serological methods have the advantage of
being fast and easy to operate but cannot timely and
accurately reflect MS infection (Kleven, 1975; Luciano
et al., 2011). With the development of molecular biol-
ogy, PCR and quantitative polymerase chain reaction
(qPCR) methods have been established for the detec-
tion of MS, usually with high sensitivity and specificity
(Lauerman et al., 1993; Bashashati and Sabouri, 2022).
These methods are not convenient to use in limited feed-
ing conditions because of the need for cumbersome preci-
sion thermal cycler equipment. Additionally, isothermal
amplification technology has rapidly developed in recent
years, including recombinase polymerase amplification
(RPA) and loop-mediated isothermal amplification
(LAMP) (Kursa et al., 2015; Xia et al., 2022). The
methods can be completed under constant temperature;
however, the specificity is poor, and false-negatives or
false-positives are easily generated. Currently, nuclease-
based rapid detection methods have been established,
such as Cas nucleases from CRISPR systems (Li et al.,
2018; Zhou et al., 2018), Argonaute (Ago) proteins and
endonuclease IV, which have been applied to nucleic
acid detection (Xiao et al., 2012; Xiao et al., 2013; He et
al., 2019; Chen et al., 2023). Nucleic acid targets can
generate signals by activating nucleases and are highly
specific; moreover, isothermal amplification is combined
to improve sensitivity and operability.
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Ago from Pyrococcus furiosus (pfAgo) and Thermus
thermophilus (TtAgo) are most commonly applied for
nucleic acid detection (Song et al., 2020; Xun et al.,
2021b). pfAgo has the activity of targeted cleavage at
95°C. When the guide DNA (gDNA), which is 5ʹ-phos-
phorylated ssDNA, recognizes the complementary tar-
get, it activates the PfAgo nuclease, whereby it
specifically cleaves the target between the 10th and 11th
nucleotide bases from the 5ʹ to 3ʹ ends of the aligned
gDNA. Correspondingly, cleavage produces another
ssDNA fragment with 50-phosphorylation that can be
used as a second gDNA to guide PfAgo for secondary
cutting (Xun et al., 2021b). Ago-based detection meth-
ods cut targets in a sequence-specific manner with multi-
turnover activity. In addition, a “dual-step” of specific
sequence cleavage is required for detection, which can be
used for nucleic acid-specific and multiplex detection
(Wang et al., 2021b; Ye et al., 2022). In this study, we
combined isothermal amplification of RPA and target
identification of ago nucleases to establish a rapid detec-
tion method for MS. The method was completed within
40 min with high sensitivity and specificity, thus provid-
ing a reliable and convenient method for the detection of
clinical MS.
MATERIALS AND METHODS

Bacterial Strains and Clinical Samples

The M. synoviae strain (WVU1853) was provided by
Foshan University (Foshan, China); additionally, MS-H
(commercial live attenuated vaccine strain), Staphylo-
coccus aureus (ATCC 29213), E. coli (ATCC 25922),
Salmonella (ATCC 14028), Klebsiella pneumoniae
(ATCC 13883), the M. gallisepticum S6 strain and the
M. gallinaceum strain were maintained in our labora-
tory. Clinical samples were collected from a chicken
farm in Guangdong Province, and throat and choanal
cleft swab samples of chickens were collected with cotton
swabs and placed in PBS.
DNA Extraction

There were 2 methods used to extract the whole
genome of bacteria: the boiling method and the kit-
based method. The preserved strains were resuscitated,
and genomic DNA was extracted from bacterial cultures
with a HiPure Bacterial DNA Kit (Magen, Guangzhou,
China). DNA extraction of swab samples was performed
according to a previously published method with some
modifications (Bozorgmehrifard et al., 2018). The col-
lected samples were centrifuged at 14,000 £ g for 10
min; afterward, the supernatant was removed, and the
precipitate was suspended in 25 mL of ddH2O. The con-
tents of the tube were boiled for 10 min at 100°C in a
heating block, followed by an ice bath for 10 min and
subsequent centrifugation at 14,000 £ g for 10 min. The
supernatant was transferred to a new tube as a template.
The extracted nucleic acids were stored at �20°C for
subsequent tests.
Preparation of Recombinant Plasmids

The whole genome of MS was downloaded from
NCBI, and the sequences were aligned with SnapGene
software (California, CA). Conserved heat shock ATP-
dependent protease was selected as the detection target.
The 784 bp fragment was amplified via PCR by using
the primers in Table S1, cloned into the pMD-19T vec-
tor (Takara, Beijing, China) after purification with a gel
purification kit (Vazyme, Nanjing, China) and subse-
quently transformed into E. coli DH 5a competent cells
(Genesand, Beijing, China). Tsingke Biotech (Beijing,
China) sequenced the recombinant plasmid pMD-19T-
ATP for confirmation. Plasmids were extracted with a
HiPure Plasmid Micro Kit (Magen), and the concentra-
tion was measured by using a NanoDrop ND-2000 spec-
trophotometer (NanoDrop Technologies, DE). The copy
number of pMD-19T-ATP was calculated via the follow-
ing formula: copies/mL = (6.02 £ 1023) £ (ng/
mL £ 10�9)/(length of DNA £ 660).
Design of RPA Primer

To obtain the best amplification efficiency of RPA-
based preamplification, according to the RPA primer
design principles, the size of the amplified fragment
ranged between 120-200 bp, and the length of the primer
was between 25-35 bp. A total of 3 forward and 3 reverse
primers were designed by using Primer Premier 5.0
(PREMIER Biosoft) according to the heat shock ATP-
dependent protease genes (Table 1), and 9 sets of pri-
mers were combined in pairs for RPA primer selection.
All of the oligonucleotides in this study were synthesized
by Tsingke Biotech.
Design and Screening of gDNA

A 59 bp stretch of ssDNA was synthesized in the middle
of the PRA amplified sequence, and 8 complementary
gDNA were designed every 4 bases. gDNAs were prepared
by phosphorylating the synthesized 16 bp ssDNA using
T4 polynucleotide kinase (New England Biolabs, Ipswich,
MA). The 25 mL PfAgo cleavage ssDNA reaction con-
tained 2.5 mL of 10 £ reaction buffer (150 mM Tris/HCl,
1 M NaCl, pH 8.0), 0.2 mM PfAgo (JiaoHong Biotech,
Shanghai, China), 0.8 mM ssDNA, 0.6 mM gDNA and 2
mM MnCl2; additionally, ddH2O was added to 25 mL.
After 1 h of incubation at 95°C, the product was combined
with a 2 £ loading buffer (Sangon, Shanghai, China) mix-
ture and subsequently analyzed with 16% urea-denaturing
PAGE in 1 £ Tris�borate�ethylenediaminetetraacetic
acid (TBE).
RPA-PfAgo Assay

Recombinase polymerase amplification was performed
according to the manufacturer’s instructions for the
DNA Rapid Amplification Kit (Amp-future; Weifang,
China). Briefly, a 50 mL reaction mixture containing
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29.4 mL of A buffer, 2 mL of each primer (10 mM), 9.1 mL
of ddH2O, 5 mL of template, and 2.5 mL of B buffer was
added to a lyophilized powder tube. The mixture was
vortexed after a brief centrifugation, and the reaction
was performed at 39°C for 30 min. Afterward, 3 mL of
the amplified product was added to 20 mL of PfAgo reac-
tion mixture supplemented with 0.64 mM PfAgo,
126 nM gDNA, 2.5 mM MgSO4, 0.5 mM molecular bea-
con, 2 mL of 10 £ reaction buffer and ddH2O brought up
to 20 mL. The reaction was performed in a CFX Connect
Real-Time PCR Detection System (California, CA) at
95°C for 30 min, and the FAM fluorescence signal was
collected once every 30 sec. When the reaction was com-
plete, the tube was photographed by using a smartphone
under blue light or analyzed via an Imaging System
(Azure Biosystem, California, CA) after an exposure
time for observation.
RPA-PfAgo Sensitivity and Specificity Tests

To investigate the sensitivity of the RPA-PfAgo reac-
tion, 10-fold serial dilutions of the pMD-19T-ATP plas-
mid standard (ranging from 2 £ 108 to 2 £ 100 copies/
mL, after which the dilution was doubled to 1 copy/mL)
were used as templates for the RPA reaction, whereas
ddH2O was used as a negative control. The amplified
products were used for further detection of fluorescence
for PfAgo cleavage. To confirm the specificity, nucleic
acids from S. aureus, E. coli, Salmonella, K. pneumoniae
(KPn), MG, and M. gallinaceum (MGC) were
extracted, and MS and MS-H were used as positive con-
trols for specific detection. After quantifying the fluores-
cence, images of the tubes were collected under UV and
blue light.
qPCR Reaction

qPCR primers in Table S1 were designed by using the
online tool primer 3 (https://bioinfo.ut.ee/primer3/),
and dilutions of the plasmids were used as templates to
test the sensitivity. The primers in the references were
used to test the clinical samples (OIE, 2008). qPCR
reactions were performed with 2 £ Taq Pro Universal
SYBR qPCR Master Mix (Vazyme); the reaction mix-
ture contained 5 mL master mix, 0.2 mL primer (10
mM), 1 mL template, and the addition of ddH2O to 10
mL. The reaction program was set up as follows: 95°C
predenaturation for 3 min, followed by 40 cycles of 95°C
for 10 sec and 60°C for 30 sec; moreover, fluorescence
was quantified at 60°C. Samples with a cycle threshold
(Ct) less than 35.0 were considered to be positive.
Validation With Clinical Samples

To further verify the feasibility of RPA-PfAgo in
detecting MS in field samples, the collected clinical sam-
ples were extracted by using the thermal lysis method
for nucleic acid detection via the RPA-PfAgo assay, and
qPCR was simultaneously used for validation. The
consistency between the 2 methods was compared and
analyzed.
Statistics and Analysis

The figures were drawn by using GraphPad Prism and
Adobe Illustrator 2020. Data were analyzed with Graph-
Pad Prism version 5.0 software (GraphPad Software
Inc., San Diego, CA) using 1-way analysis of variance
(ANOVA). Values are indicated as the means §
SEMs. These values were significantly different com-
pared to the control group. N = 3 technical replicates,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
RESULTS

Mechanism of the RPA-PfAgo Detection
Method

Figure 1A shows the complete process of detecting MS
via the RPA-PfAgo method. RPA performs exponential
amplification of part of the heat shock ATP-dependent
protease gene sequence when MS is present in the sam-
ple. The cleavage activity of PfAgo targeted amplifica-
tion products is obtained under the guidance of gDNA,
which is complementary paired with the sequence to
cleave at a specific position. The 5ʹ phosphorylated
ssDNA from the initial cleavage as secondary gDNA can
guide PfAgo for secondary cleavage. Moreover, the cut-
ting substrate is a signal-producing molecular beacon
with a hairpin structure, and the FAM fluorescence and
BHQ1 quenching groups are modified at both ends. Sec-
ondary gDNA released by the first cleavage is comple-
mentary to the sequence of the circular portion, which
directs PfAgo to cut the molecular beacon and release
the FAM fluorophore (Figure 1B). The fluorescence sig-
nal can be detected via a fluorescence detector or
observed under UV light and blue light.
RPA Primer Screening

To achieve efficient cleavage of PfAgo, it is necessary
to screen RPA primers for efficient amplification. Three
forward and 3 reverse primers were designed and com-
bined in pairs, thus resulting in a total of 9 combinations
for MS RPA primer screening. Figure 2 shows that the
band amplified by F3R1 is brighter than the other bands
from other primers and is also free of stray bands; more-
over, the fragment size was 134 bp. This set of primers
was selected for RPA amplification of MS.
gDNA Screening

In RPA-PfAgo detection, gDNA is essential to guide
PfAgo to specifically recognize and cleave the target
sequences, and the sequence of the molecular beacon is
also determined by the first cleavage. In the amplified
sequence of primer F3R1, a 59 bp ssDNA was synthe-
sized as the target, and a total of 8 complementary

https://bioinfo.ut.ee/primer3/


Figure 1. Schematic of the RPA-PfAgo assay in the detection of MS. (A) The specific process of MS detection by using the RPA-PfAgo method.
(B) PfAgo “dual-step” cleavage under the guidance of gDNA. The PfAgo nuclease is shown as a brown mass. Abbreviations: FAM, fluorophore; P,
phosphorylation; Q, BHQ1 quencher.
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16 bp gDNA were designed every 4 bases with 5ʹ-phos-
phorylation (Figure S1). As shown in Figure 3A, g4, g5,
and g6 almost completely cut the ssDNA (Figure 3A),
thus showing good guidance for PfAgo cleavage of
ssDNA; finally, g4 was selected.

To compare the cleavage efficiency of different combi-
nations of gDNA, 2 gDNA were designed (g4-1 and g4-
2). PfAgo reactions containing 1 gDNA (g4), 2 gDNAs
(g4 and g4-1), or 3 gDNAs (g4, g4-1, and g4-2) were
added to cut the RPA amplification products. The fluo-
rescence signal results showed that the fluorescence of
the 3 gDNAs was higher than 1 gDNA and 2 gDNAs
(Figure 3B).
Optimization of the RPA-PfAgo Reaction

To determine the volume of RPA amplified product in
the PfAgo cleavage reaction, 1-6 mL of product was
added. The results showed that an inappropriate volume
Figure 2. Primer screening via RPA. The amplification products of
the 9 primer combinations were analyzed on agarose gels.
of RPA product was not conducive to PfAgo cleavage
(Figure S2), moreover, when RPA product was added to
3 mL and 4 mL, the cleavage efficiency was higher and
do not appear to be particularly different, a smaller
RPA dose of 3 mL was selected for testing.
PfAgo can utilize divalent cations to cleave the target

mediated by gDNA. In this study, Mn2+ and Mg2+ were
separately added to the PfAgo reaction and compared.
The concentrations of Mn2+ and Mg2+ were initially sep-
arately optimized. Different concentrations of Mn2+

(0.0625, 0.125, 0.25, 0.5, and 1 mM) and Mg2+ (2.5, 5,
7.5, and 10 mM) were tested, and the endpoint signals
demonstrated that 2.5 mM was the best concentration
(Figure 4A). However, the concentration of Mg2+ from
2.5 mM to 10 mM showed little difference (Figure 4B).
Moreover, it can be observed from the fluorescence
curves that the sample with Mg2+ reaches a plateau at
10 min, whereas Mn2+ still did not reach a plateau at
30 min (Figure 4C). Therefore, 2.5 mM Mg2+ was used
for the PfAgo reaction.
The concentrations of PfAgo and gDNA in the RPA-

PfAgo reaction were optimized. Six concentrations of
PfAgo ranging from 0 to 2.56 mm were tested. Figure 5B
shows that the efficiency of the reaction was significantly
improved with the increased of PfAgo but decreased
when the concentration reached 2.56 mm. The highest
cleavage efficiency was achieved when the concentration
of PfAgo was 0.64 mm and 1.28 mm by observing the
fluorescence signal; furthermore, 0.64 mm was selected
for the subsequent tests (Figure 5A). Five concentra-
tions of gDNA were selected, and the fluorescence signal
was similar (between 31.5 and 252 nM) (Figure 5C),



Figure 3. gDNA screening. (A) Eight gDNA guide PfAgo cleavage ssDNA were analyzed on PAGE gels. (B) Fluorescence intensity of RPA-
PfAgo under the guidance of 0, 1, 2, and 3 gDNAs, respectively.

RPA COMBINED PFAGO DETECTION OFMS 5
whereas the fluorescence curve demonstrated the time to
reach the plateau shortened as the gDNA concentration
increased (Figure 5D). When the concentration was
126 nM, it was not changed; therefore, 126 nM gDNA
was selected as the optimal concentration.
Sensitivity and Specificity of the RPA-PfAgo
Method

To evaluate the sensitivity of the established RPA-
PfAgo method, the recombinant plasmid pMD-19T-
ATP at different dilution concentrations of 2 £ 106 to
1 £ 100 copies/mL was used as a template for detection.
Figure 4. Screening of RPA-PfAgo divalent cations. (A and B) Optimi
curves of Mn2+ and Mg2+.
As shown in Figure 6A, the detection limit of the RPA-
PfAgo method was 2 copies/mL, which was 100 times
higher than that of qPCR (Figure S3). When the tube
was observed under UV or blue light, the sensitivity was
2 copies/mL (Figure 6B).
To evaluate the specificity of the RPA-PfAgo method,

common clinical pathogens such as S. aureus, E. coli,
Salmonella, KPn, MG, and MGC were used for the
detection of specificity. Significant fluorescence signals
could be observed in MS and MS-H (Figure 6C), and
there was no cross-reaction with other pathogens, which
indicated that the established method had high specific-
ity. The same result was obtained by observing the reac-
tion tubes under UV or blue light (Figure 6D).
zation of different concentrations of Mn2+ and Mg2+. (C) Fluorescence



Figure 5. Optimization of the components for the RPA-PfAgo reaction. (A and C) Identification of the optimum concentrations of PfAgo and
gDNA. (B and D) Fluorescence curves of different concentrations of PfAgo and gDNA.
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Examination of Clinical Samples

To evaluate whether RPA-PfAgo can be used to accu-
rately detect clinical samples, 31 swab samples were
simultaneously collected and detected via the optimized
RPA-PfAgo and qPCR methods. A total of 21 positive
samples and 10 negative samples were detected by using
RPA-PfAgo (Figure 7A), and the captured image results
under UV and blue light coincided with the fluorescence
results (Figure 7C). The results were completely consis-
tent via qPCR verification (Figure 7B). Furthermore, it
is worth noting that the CT values of clinical samples
such as 4 and 8 were less than but close to 35, whereas
RPA- PfAgo was eventually effectively detected, thus
Figure 6. Sensitivity and specificity of the RPA-PfAgo reaction. (A and
were captured under UV light and blue light. (C and D) Specificity evaluati
UV light and blue light. NTC: no template control. Error bars represent SEM
indicating the high sensitivity of the method in detecting
MS.
DISCUSSION

In 1954, Olson et al. (1954) and Wills (1954) first
reported MS as an unidentified organism that causes
synovitis in chickens. However, it was not until 1960
that the etiology of the disease was recognized. MS can
be horizontally and vertically spread; additionally, all
varieties and ages can be infected, and chicks are more
susceptible than adults. The surface antigen of MS is
prone to mutate, which leads to its escape from host
B) End-point fluorescence values of RPA-PfAgo sensitivity; the images
on of RPA-PfAgo detection MS; the pictures were photographed under
; n = 3, ****P < 0.0001.



Figure 7. Clinical sample validation with RPA-PfAgo and qPCR. (A) A total of 31 clinical samples were detected by using RPA-PfAgo. (B)
The clinical samples were tested via qPCR. (C) UV and blue light images of the sample were photographed. NTC: no template control. Error bars
represent SEM; n = 3, ****P < 0.0001.
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immune recognition. Due to the lack of a cell wall, there
is an inherent resistance to antibiotics acting on the cell
wall, and the overuse of antibiotic treatments will easily
lead to the emergence of antimicrobial resistance, which
elicits challenges to controlling the spread of MS (Land-
man, 2014). Currently, the commonly used serological
methods have low sensitivity and poor specificity. PCR-
based molecular biological methods require more expen-
sive instruments and equipment and skilled operators,
among other conditions. Therefore, there is an urgent
need to exploit an accurate and rapid nucleic acid-based
MS detection method that is conveniently used in the
field.

PfAgo is a nuclease with multiturnover activity that
has begun to come into focus in recent years. The
method of PfAgo combined with LAMP, RPA, and
ligase chain reaction to detect COVID-19 has been
established, and it has been shown that PfAgo can elimi-
nate false-positives generated by isothermal amplifica-
tion (Wang et al., 2021b; Xun et al., 2021a; Zhao et al.,
2022). In the detection method based on PfAgo, gDNA
is specific to the amplification product, and the cleavage
product is specific to the molecular beacon. This step-
by-step cleavage feature further ensures specificity
(Enghiad and Zhao, 2017; Fu et al., 2019). In addition,
gDNA is flexible and does not require specific motifs
(such as the PAM motif required by Cas nuclease) for
activation (Li et al., 2023). With short gDNA as the
guide, compared with RNA, the cost is lower, and it is
not easily degradable; additionally, it is easy to preserve.
When the substrates modified by different fluorophores
are simultaneously present in a reaction, they are
cleaved by PfAgo under the guidance of specific gDNA
to produce fluorescent signals, which can be applied to
simultaneously detect multiple targets.
The commonly used targets are the hemagglutinin-

encoding gene vlhA, 16S rRNA gene, intergenic spacer
region, or 23S rRNA gene in MS detection (Garcia et al.,
1996; Hong et al., 2004; Ramírez et al., 2006; Sprygin et
al., 2010). However, via sequence alignment and refer-
ence to related articles (Yang et al., 2019), more con-
served heat shock ATP-dependent protease genes serve
as the detection targets. The specificity tests showed
that only MS and MS-H were detected by using RPA-
PfAgo, with no cross reactions with other common
pathogens. Furthermore, the primer design was reason-
able, and the method had strong specificity.
PfAgo can use divalent cations (such as Mn2+ and

Co2+) to cleave the target mediated by gDNA, Mn2+

was the most commonly used metal ion and proved to be
better than Co2+ (Swarts et al., 2015; He et al., 2019). In
this study, we found that Mg2+ can also be utilized by
PfAgo to improve the reaction efficiency through experi-
ments compared with Mn2+, and the reaction time of
PfAgo was shortened from 30 to 10 min. It has been
reported that the cleavage efficiency of different num-
bers of gDNA also varies (He et al., 2019; Wang et al.,
2021a). In the SPOT system, the cleavage efficiency of
the detection reaction containing 3 gDNAs was
improved, and the fluorescence value was 2-3 times
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higher than that of 2 gDNAs (Xun et al., 2021a).
Through carefully designed and screened gDNA and by
comparing different combinations of gDNAs, 3 gDNAs
were finally selected.

Through the optimization of the reaction conditions,
RPA products can be directly used as templates for the
PfAgo reaction, and nucleic acid detection can be com-
pleted in 40 min. The entire operation only requires a
constant temperature heater and blue light instrument.
Yang et al. (2023) and Zhao et al. (2022) established the
RPA-PfAgo detection method which required the purifi-
cation of RPA products; moreover, the PfAgo reaction
required 30 min. In comparison, the operation and detec-
tion times were further simplified in this study.
CONCLUSION

In summary, we have established a novel method that
combines RPA with PfAgo for the detection of MS. The
sensitivity of RPA-PfAgo is 2 copies/mL, and it does not
cross-react with other pathogens. Additionally, simple
operation and no need for precision instruments, which
is helpful for the clinical detection of MS. This method is
complementary to detection research based on PfAgo
and is expected to be extended to food safety, pathogeny
detection, antibiotic resistance detection, and other
fields.
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