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ABSTRACT An attenuated vaccine against the
Mycoplasma gallisepticum ts-11 strain has become an
effective prevention and control method against MG
infection. However, the ts-11 strain is usually difficult
to distinguish from the non-ts-11 strain (including field
isolates and other vaccine strains (F and 6/85)). There-
fore, it is critical to establish a rapid and effective
method to distinguish ts-11 strains from non-ts-11
strains. The gene sequences of the ts-11 strain
(CP044225.1) and the non-ts-11 strain (including the
wild-type (CP006916.3), 6/85 (CP044224.1), and F
strains (NC_017503.1) were used to construct a con-
served region containing a single point mutation in the
potC gene in the ts-11 strain, after which a primer
—probe combination method was designed. The primer
—probe method was able to accurately and efficiently
identify the ts-11 and non-ts-11 strains with minimum
detection limits of 2.43 copies/uL and 1.65 copies/uL,

respectively. Moreover, it could simultaneously distin-
guish the ts-11 strain from a non-ts-11 strain, and
amplifications of avian influenza virus, infectious bron-
chitis virus, Newcastle disease virus, fowl adenovirus,
infectious laryngotracheitis virus, infectious bursal dis-
ease virus, chicken anemia virus, Marek’s disease virus,
Mycoplasma synoviae, and Ornithobacter rhinotra-
cheale were negative. The detection of clinical samples
revealed that the established dual-probe fluorescence
quantitative PCR method could be used to screen for
mixed and single infections of the ts-11 strain and non-
ts-11 strains effectively, with lower variation coeffi-
cients for intra- and interbatch repetition. The estab-
lished cycleave dual-probe fluorescence quantitative
PCR method showed good specificity, sensitivity, and
repeatability and provides powerful technical support
for the rapid and efficient differential diagnosis of the
MG ts-11 strain from non-ts-11 strains.
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INTRODUCTION

Approximately 23 kinds of mycoplasmas have been
reported to exist in birds. Among them, the most impor-
tant and common mycoplasmas in chicken include
Mycoplasma gallisepticum (MG) and Mycoplasma syn-
oviae (MS) (Dhondt, et al., 1998; Ross, et al., 2014).
MG is the main pathogen of chronic respiratory disease
(CRD) in chickens and other birds (Wang, et al.,
2022). Due to the significant losses in performance and
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production caused by MG infection in the poultry indus-
try, MG is considered the most important pathogenic
mycoplasma affecting the economic value of poultry
(Mugunthan, et al, 2023). MG infection has been
reported globally and listed in the World Organization
for Animal Health (WOAH).

MG can cause infectious sinusitis in turkeys and was
the causative agent of an epidemic of conjunctivitis in
finches in North America. MG has also been reported to
cause disease in some birds, including American gold-
finches, purple finches, and sparrows, as well as some
ornamental birds, including pheasants, partridges, and
chukar partridges (Mugunthan, et al., 2023). In chick-
ens, MG not only causes CRD but also promote the syn-
ergistic infection with E. coli and low-pathogenicity
avian influenza virus, etc. making the respiratory disease


http://orcid.org/0009-0002-1977-5247
http://orcid.org/0000-0003-4566-0320
https://doi.org/10.1016/j.psj.2024.103907
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:liuchunguo@sinder.cn

2 WANG ET AL.

more severe and chronic (Naylor, et al., 1992). Due to
the high pathogenicity of MG in birds and the substan-
tial economic losses that can be incurred in the poultry
industry, it is crucial to improve the diagnosis and pre-
vention of MG.

The transmission of MG can occur horizontally and
vertically. Horizontal transmission occurs mainly
through droplets, saliva, aerosols carrying MG, and con-
taminated feed and drinking water, while vertical trans-
mission occasionally occurs through embryo. It is
difficult to completely eliminate MG infection in chick-
ens, which leads to the long-term existence and wide-
spread transmission of the infection in chickens, making
the prevention and control of MG infection difficult
(Wu et al., 2019).

Vaccine immunization is the critical strategy for pre-
venting MG infection. At present, the 6/85, ts-11, and F
strains are the major live vaccine strains used worldwide.
The F strain is highly virulent and pathogenic to broilers
and turkeys. Strains 6/85 and ts-11 are very safe and
have a low potential risk of transmission to nearby
unvaccinated chickens (Noormohammadi and Whith-
ear, 2019; Vance, et al., 2008). The ts-11 vaccine was
developed by the Bioproperties Pty., Ltd., Australia
(Whithear, et al., 1990). The optimum growth tempera-
ture for the ts-11 strain is 33°C, and related studies have
shown that vaccine proliferation decreases at 39.5°C,
indicating the strain is sensitive to the temperature. The
ts-11 strain is highly attenuated compared to its parent
strain (80083), which is possibly avirulent to chickens.
Moreover, the lateral transmission of the ts-11 strain
among birds is also low (Alghtani, et al., 2022; Whith-
ear, et al., 1990). The previous studies showed that the
ts-11 vaccine has a protective effect against respiratory
diseases and egg drop caused by MG virulent strains
(Armour and Ferguson-Noel, 2015). In contrast, the F
strain is capable of transmitting and causing respira-
tory symptoms in broilers (Vance, et al., 2008; Rodri-
guez and Kleven, 1980). With the widespread use of
the ts-11 vaccine, distinguishing vaccine strains from
nonvaccine strains has become an urgent need in the
breeding industry. Conventional isolation and culture
of pathogens cannot be used to distinguish between
vaccines and nonvaccine strains effectively. Currently,
there is a lack of direct, fast, sensitive and quantita-
tive methods for evaluating the colonization of ts-11
strains after vaccine immunization in China (Sulyok,
et al., 2019). Therefore, establishing an effective
detection method to distinguish the MG ts-11 strain
from non-ts-11 strains is key for the control of MG
infection.

Cycleave fluorescent PCR has been applied in stud-
ies of animal husbandry, veterinary, and medical dis-
eases such as brucellosis and lung cancer (Fujita, et
al., 2015; Nan, et al., 2016). The cycleave fluorescent
PCR method is different from traditional fluorescent
PCR, which combined with cycling probe technology
improving the specificity. The Cycleave PCR assay
can detect a single nucleotide polymorphism in real
time. This assay utilizes a chimeric RNA-DNA probe

and RNase H to detect the target nucleotide. The
chimeric probe contains an RNA base which can be
cut by RNase H when the probe forms a hybrid with
a complementary DNA sequence. This cleavage
results in the emission of strong fluorescence. If the
RNA portion of the probe or one RNA base does not
match the template, RNase H cannot cleave the
probe’s RNA portion. In the present study, a cycleave
dual-probe fluorescence quantitative PCR (cycleave
qPCR) method was developed to differentiate the
MG ts-11 strain and non-ts-11 strains. Using a hybrid
cycling probe composed of RNA and DNA combined
with RNase H, primers for the mutation site of the
ts-11 strain were designed to identify the ts-11 strain
and non-ts-11 strains more efficiently and accurately.
The primer—probe combination combined with the
cycleave PCR detection method can identify the tar-
get strain within 1 hour, which allows rapid detection
of MG strains and the rapid differential diagnosis of
the ts-11 vaccine strain and non-ts-11 strains.

MATERIAL AND METHODS
Organisms

The common pathogens that infect chickens, infec-
tious bronchitis virus (IBV), and Newcastle disease
virus (NDV), avian influenza virus (AIV), fowl adeno-
virus (FAdV), infectious laryngotracheitis virus
(ILTV), infectious bursal disease virus (IBDV),
chicken anemia virus (CAV), Marek’s disease virus
(MDV), MS and Ornithobacter rhinotracheale
(ORT), used in the present study were isolated and pre-
served by the Group Testing Center of Shandong Sinder
Technology Co., Ltd. All the viruses and MS and ORT
were identified using targeted-specific PCR methods for
each organism.

Primer and Probe Design

Previous research showed that the potC gene could be
as the target gene for differentiating the the ts-11 vac-
cine strain from the field strains (Sulyok, et al., 2019).
The potC gene sequences of the ts-11 strain
(CP044225.1) and representative non-ts-11 strains
(wild-type (CP006916.3), 6/85 (CP044224.1), and F
(NC017503.1) strains) were downloaded from GenBank.
Primers were designed using SnapGene software (ver-
sion 3.1.4), and the conserved region containing a single
point mutation in the potC gene of the ts-11 strain was
targeted. GenScript real-time PCR (TagMan) online
primer design software was used to design the TagMan
probes  (https://www.genscript.com/tools/real-time-
per-tagman-primer-design-tool).  The primers and
probes used were synthesized by TaKaRa Bio, Inc.
(TaKaRa, Dalian, China), and the sequences are shown
in Table 1.
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Table 1. Sequences of the primers and probes.

Primer and probe

Sequences (5'—3')

Product length (bp)

Forward primer
Reverse primer
ts-11 probe
non-ts-11 probe

5-GTGCGGGTGTTAAATAAGAT-3¥
5-TTGCGGTGTGAGTGTC-3
HEX-CArGAAGATTTAG-BHQ1
FAM-TTrGTGAAGCTA-BHQ1

230bp

Nucleic Acid Extraction and Preparation of
Recombinant Plasmids

The nucleic acids from AIV, IBV, NDV, FAdV,
ILTV,IBDV, CAV, MDV, MS, ORT and all swab sam-
ples were extracted with a VNP-32P Automatic Nucleic
Acid Extraction Instrument and a DNA/RNA Extrac-
tion Kit (Vazyme, Nanjing, China) according to the
manufacturer’s instructions and operation manual. The
recombinant plasmids pts-11 and pnon-ts-11 were used
to clone the potC gene of the ts-11 strain or non-ts-11
strains, respectively, by TaKaRa Bio, Inc. (TaKaRa,
Dalian, China).

Cycleave qPCR Reaction Procedure

The cycleave qPCR system was 25 gL and con-
sisted of the following components: 12.5 uL of
Cycleave PCR Mix (2xConc.) (TaKaRa, Dalian,
China), 0.5 uL each of forward primer (10 uM) and
reverse primer (10 uM), 1 uL each of the ts-11 probe
(5 uM) and non-ts-11 probe (5 uM), 2 uL of tem-
plate, and 7.5 uL of sterile water (Supplementary
Table 1). The optimal reaction conditions were as fol-
lows: predenaturation at 95°C for 30 s; 40 cycles of
denaturation at 95°C for 10 s, annealing at 60°C for
30 s, and extension at 72°C for 20 s. Fluorescence sig-
nal detection was performed during extension, and
the results were determined according to the amplifi-
cation curve and Ct value. qPCR was performed
using a Roche LightCycler 480 (Roche Diagnostics,
Mannheim, Germany). The fluorescence signal at 200
RFU was set as the threshold for the cycleave qPCR
assay, and a cycle threshold (Ct) < 36 cycles was
defined as positive for the samples.

Establishment of the Standard Curve

The concentrations of the recombinant plasmids of
pts-11 and pnon-ts-11 were determined by a micro-
spectrophotometer (Allsheng, Hangzhou, China), and
the respective copy numbers were calculated. Then,
the plasmids were subjected to 10-fold serial dilutions
from 10® to 10 in sterile water, which served as the
template for cycleave qPCR. Each dilution was
repeated 3 times to establish a standard curve. The
reaction system and procedure were performed as
mentioned above, and the standard curve parameters,
including efficiency, slope and R?, were calculated
with the software.

Specificity, Sensitivity, and Repeatability
Analyses

For the specificity test, the extracted genomes of AIV,
IBV, NDV, FAdV, ILTV, IBDV, CAV, MDV, MS, and
ORT were used as templates for cycleave qPCR amplifi-
cation. In addition, 10*-fold dilutions of pts-11 and
pnon-ts-11 served as positive controls, and sterile water
served as a negative control.

To detect the sensitivity of cycleave qPCR, the plasmids
were continuously diluted with sterile water (10* to 10"
times), which served as the template for cycleave qPCR
and conventional PCR , and sterile water was used as the
negative control template.

To determine the repeatability and stability of
cycleave qPCR, the pts-11 and pnon-ts-11 plasmids
with 10-fold serial dilutions ranging from 10* to 10° were
selected as the templates for cycleave qPCR; three repli-
cates were used for each sample in the intra- and inter-
batch repeated tests, and negative controls were used
for each test. The interval period was 1 week for the
interbatch repeated tests. The coefficient of variation
(CV) was calculated according to the formula
CV = (SD [Ct value]/overall average [Ct value|) x100.

Detection of Clinical Samples

A total of 300 chicken choanal cleft swabs were col-
lected from 10 large-scale poultry farms in the Shandong,
Heilongjiang, and Guangdong provinces of China in 2022
after 35 d of immunization with the MG ts-11 vaccine by
eye drop. The sample collection from chickens were
approved by the Experimental Animal Management and
Ethics Committee of Shandong Sinder Technology Co.,
Ltd (QXRZ: 2021-007). The established cycleave qPCR
method was used to distinguish the ts-11 strain from the
non-ts-11 strain, and the results were compared with
those of a commercial universal real-time fluorescence
PCR kit (Yingsaite, Qingdao, China) (MG universal test-
ing kit). In addition, clinical samples were collected from
two large farms with similar feeding and management
conditions and different MG vaccine immunization proce-
dures to evaluate the immune efficacy.

RESULTS
Establishment of the Standard Curve

Standard curves were created for the ts-11 vaccine
strain and non-ts-11 strain for the analytical characteri-
zation of the cycleave qPCR. The standard curves for
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Figure 1. Standard curve for the cycleave dual-probe fluorescence quantitative PCR. The standard curves of developed cycleave qPCR were
generated using ten-fold serial dilutions of plasmids of ts-11 vaccine strain (A) from 2.43 x 10% to 1.0 x 10® copies/uL and non-ts-11 strain (B) from

1.65x10° to 1.65x 108 copies /L.

the ts-11 vaccine strain and non-ts-11 strain are shown
in Figure 1. The slopes were -3.303 and -3.410, the R?
values were 0.9993 and 0.9987, and the efficiencies were
100.8% and 98.4%, respectively. As shown in Table 2,
the characteristics of the assay, including R? values, effi-
ciencies, slopes, and Y intercepts have been summarized.

Specificity, Sensitivity, and Repeatability of
the qPCR

Common chicken-originating pathogens, including
ALV, IBV, NDV, FAdV, ILTV, IBDV, CAV, MDV,
MS, and ORT, were selected for testing the specificity of
the developed cycleave qPCR method. The results
showed that none of these pathogens were positive
according to the cycleave qPCR method, which was the
same as the negative control (Figure 2).

The sensitivity of the cycleave qPCR assay was
assessed based on the number of nucleotide copies. The
limit of detection was determined by serial 10-fold dilu-
tion of the plasmids. The sensitivities of the cycleave
gPCR results were 2.43 copies/uL for the ts-11 vaccine
strain (Figure 3A) and 1.65 copies/uL for the non-ts-11
strain (Figure 3B). The sensitivities of the conventional
PCR method were 2.43 x 10° copies/uLs for the ts-11
vaccine strain (Figure 4A) and 1.65x10% copies/uL for
the non-ts-11 strain (Figure 4B). Therefore, the sensitiv-
ity of the established cycleave qPCR method was
1000 times greater than that of the conventional PCR
method.

To evaluate the repeatability and stability of the
cycleave qPCR, intra- and interbatch assays were con-
ducted, with all the cycleave qPCRs performed in tripli-
cate, and the mean values of Ct and CV were calculated.

Table 2. Results of the developed cycleave qPCR standard
curves.

Target Efficiency R? value Slope Y intercept
ts-11 100.8% 0.9993 -3.303 39.66
non-ts-11 98.4% 0.9987 -3.410 41.79

The results showed that the CVs of intrabatch repeat-
ability were 0.32 to 0.82% for the ts-11 strain and 0.91
to 1.13% for the non-ts-11 strain. Additionally, the CVs
of interbatch repeatability were 0.40 to 0.51% for the ts-
11 strain and 0.63 to 0.95% for the non-ts-11 strain
(Table 3).

Detection in Clinical Samples

A total of 300 chicken choanal cleft swabs were col-
lected from the chickens after 35 d of immunization with
the ts-11 strain. The positive rate of the ts-11 strain was
70% (210/300), and the positive rate of the non-ts-11
strain was 20% (60/300). The other 30 tests were nega-
tive, and the concordance rate with commercial real-
time fluorescence PCR (Yingsaite, Qingdao, China)
results was 100%.

Company A was immunized twice with the ts-11 vac-
cine at 25 and 45 d, while company B was only immu-
nized once with the ts-11 vaccine at 21 d. The choanal
cleft swabs were collected at different days postimmuni-
zation, and the immune efficacy were evaluated via the
established cycleave qPCR method. The results showed
that the effect of twice vaccinations (Figure 5A) was
better than that of once vaccination (Figure 5B). This
result provides scientific data support for the establish-
ment of immunization procedures on poultry farms.

DISCUSSION

The vaccine for MG ts-11 was first listed in Australia
in 1988, was promoted more than 20 y ago and has been
used in more than 60 countries worldwide (Ley, et al.,
1997; Muneta, et al., 2008; Noormohammadi and
Whithear, 2019). This vaccine can persistently colonize
the upper respiratory tract; prevent invasion by nonvac-
cine strains; protect joints and oviducts; and improve
egg quality (Vance, et al., 2009; Jacob, et al., 2015).
However, common methods cannot accurately distin-
guish the ts-11 vaccine strain from non-ts-11 strains,
making it difficult to understand the epidemiology of
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Figure 2. Specificity for the cycleave dual-probe fluorescence quantitative PCR. The ts-11 vaccine strain (A) and non-ts-11 strain (B). P: posi-
tive control; A: AIV; B: IBV; C: NDV; D: FAdV; E: ILTV; F: IBDV; G: CAV; H: MDV; I: MS; J: ORT; N: negative control.

MG infection in chickens, especially during outbreaks of
MG infection in live MG ts-11 vaccine-immunized
chicken flocks. The lack of accurate and rapid detection
methods has dramatically limited the ability to distin-
guish between vaccine strains and nonvaccine strains,
evaluate clinical immune efficacy, monitor chicken
health, and prevent and control MG infection.

At present, the diagnosis of MG relies mainly on isola-
tion, antibody detection, and molecular biology detec-
tion (Feberwee, et al., 2022). Isolation and culture are
the gold standards for direct detection of this organism,
but pathogenic MG is a slow-growing and relatively fas-
tidious organism that may take up to 3 weeks to detect.
The PCR method has the advantages of high specificity
and sensitivity, is rapid, simple and relatively inexpen-
sive, and can be used to directly detect organisms with-
out the need for culture (Leurs, et al., 2022).

To distinguish the ts-11 and non-ts-11 strains, scien-
tists have performed many studies. In order to differenti-
ate a series of known MG strains, Raviv et al developed 5

qPCR methods, which could differentiate one of the five
commercial and laboratory vaccine strains (F, ts-11, 6/
85, K5831, K5054) from the challenge strain (Rlow).
However, the applicability of this assay is limited and
cannot be used in more scenarios (Raviv et al., 2008).
The DNA fingerprinting analysis method requires pure
cultures, shows low repeatability, requires lengthy pro-
cedures, and lacks comparable data between laborato-
ries (Hong, et al., 2005; Naziri, et al., 2016; Mateen, et
al., 2021). Melt-curve and agarose gel-based mismatch
amplification mutation assays (MAMAs) were devel-
oped to distinguish MG vaccine strains and field isolates.
However, due to moderate assay sensitivity, clinical
specimens with low DNA loads may yield false-negative
results. (Sulyok, et al., 2019).

Therefore, a simple and rapid detection method with
strong sensitivity and specificity needs to be developed.
Especially for single-base mutations, conventional PCR
cannot distinguish strains or solve the current problem
of identification. In this method, the probe is a cycling
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probe, which is a hybrid probe composed of RNA and
DNA. When used in combination with RNase H, this
approach is highly sensitive and specific. When the

A) 102 10° 10* 105 106 107 10®8 10° N M

2000bp

1000bp
750bp
500bp
250bp
100bp

(B) 102 10 10* 105 106 107 108 10° N M

2000bp

1000bp
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Figure 4. Electropherogram of conventional PCR detection of ts-
11 vaccine strain and non-ts-11 strains. The value of each lane repre-
sents the dilution fold of plasmid of ts-11 vaccine strain (A) and non-ts-
11 strain (B). N: negative control. M: DNA marker.

probe hybridized with the complementary sequence of
the amplified product, RNase H degraded the probe in
the RNA part relieving the quenching inhibition and
promoting fluorescent substance emitting fluorescence
(Yamada, et al., 2021). The volume of expanded and
increased production can be monitored in real time by
measuring the fluorescence intensity. However, the
matched probe or a base with the template would lead
to the unsuccessful slicing of the probe by RNase H.
Thus, this is a highly specific detection method that can
recognize the differences even if there is only one base
change. Compared with traditional fluorescent PCR,
the probe generally consists of approximately twelve
bases, with a close proximity between the fluorescent
reporting group and the quenching group, good quench-
ing effect, low fluorescence background, and a high sig-
nal-to-noise ratio.

The cycleave qPCR method established in the present
study can be used to specifically differentiate ts-11 and
non-ts-11 strains within 1 h and has no cross reactivity
with common poultry diseases such as AIV, IBV, or
NDV. Cycleave qPCR has high sensitivity, with limit of
detection of 2.43 copies/uL for the ts-11 strain and 1.65
copies/uls for the non-ts-11 strain. The intra- and
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Table 3. Reproducibility of the cycleave dual-probe fluorescence quantitative PCR.

Intra-batch

Inter-batch

Concentration Ct values Ct values
Strains (copy/uL) (means £ SD) Ccv (means £ SD) (6)%
ts-11 2.43 x 10° 21.67 £0.15 0.69% 21.54£0.11 0.51%
2.43 x 10° 24.87 £ 0.08 0.32% 24.70 £ 0.10 0.40%
2.43 x 10* 27.96 = 0.23 0.82% 28.04 £0.14 0.50%
non-ts-11 1.65 x 10° 22.08 £0.25 1.13% 22.30£0.14 0.63%
1.65 x 10° 25.58 £ 0.26 1.02% 25.63 £ 0.23 0.90%
1.65 x 10* 28.55 £ 0.26 0.91% 28.39 £0.27 0.95%

interbatch CVs were not more than 1.13%. For clinical
sample detection, cycleave qPCR has 100% consistency
with the commercial universal real-time fluorescence
PCR kit and can be used to evaluate the immune effi-
cacy of the MG ts-11 vaccine in chickens effectively. It
has to clarify that this method can only distinguish ts-11
vaccine strain from non-ts-11 vaccine strain (including
field strains and other vaccine strains (F and 6/85)). If
the discrimination of vaccine strains (including ts-11, F
and 6/85) and wild strains is needed, the combined use
of other methods is recommended.

In summary, a cycleave dual-probe fluorescence quan-
titative PCR method was established in the present

(A) 80- 72.9%
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- - non-ts-11
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; 40— 33.3%
=
g 20
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0 T | — = 1
0 100 200 300 400
Days
(B)
- ts-11 B non-ts-11
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41.7%
;\? 40
e
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0 1
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Figure 5. The positive rates of vaccine strains and wild-type
strains at different days post immunization. The chickens in A com-
pany vaccinated twice MG ts-11 vaccine at 25 and 45 d, respectively
(A). The chickens in B company vaccinated once MG ts-11 vaccine at
21d (B).

study. This method is simple, highly sensitive and spe-
cific, repeatable, and highly efficient. In particular, this
method can detect both the MG-ts-11 strain and non-ts-
11 strains simultaneously. Currently, the ts-11 live vac-
cine is the main MG vaccine type, is widely used in
China, and plays an important role in the clinical prac-
tice of MG prevention and control. The establishment of
cycleave qPCR will greatly promote the application of
the MG ts-11 live vaccine and the prevention and con-
trol of MG infection, as has been demonstrated in clini-
cal practice. In China, the MG eradication plan from
commercial flocks has been put on the agenda at the
national level, and the cycleave qPCR method devel-
oped in this study will play a critical role in the epidemi-
ological surveillance of MG infection.
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