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f aptamer Apt-236 targeting PvpA
protein in the detection of antibodies against
Mycoplasma gallisepticum†

Ping Fu, ‡a Feng Wang,‡b Yunke Zhang,b Xilan Qiao,b Yuewei Zhang,c

Wenyan Zhou,d Xinbo Yanb and Wenxue Wu*b

Mycoplasma gallisepticum (M. gallisepticum) is the primary agent of chronic respiratory disease causing

important economic losses in the poultry industry. Compared to antibodies, aptamers used to diagnose

M. gallisepticum have many advantages, such as being chemically, animal-free produced and easily

modifiable without affecting their affinity. Herein, a single-stranded DNA (ssDNA) aptamer Apt-236 which

can specifically bind to PvpA protein of M. gallisepticum with a Kd of 1.30 � 0.18 nM was selected

successfully. An indirect blocking ELAA (ib-ELAA) for M. gallisepticum antibodies detection was also

developed using Apt-236, in which M. gallisepticum antibodies would block the binding-position of

aptamers. Therefor positive sera would prevent color development whereas negative sera will allow

a strong color reaction. The ib-ELAA was consistent with other three widely used assays in terms of the

growth and decline of the antibody response to M. gallisepticum, and showed substantial agreement

with the results obtained using a commercial ELISA kit in clinical chicken sera samples. Therefore, the ib-

ELAA developed in this study was a new format for aptamer application and would be an alternative

method for the surveillance of M. gallisepticum.
Introductions

Mycoplasma gallisepticum is the primary agent of chronic
respiratory disease causing important economic losses in the
poultry industry.1 Infection caused by M. gallisepticum has
a wide variety of clinical manifestations, but themost important
disease presentation is chronic respiratory disease in chickens
and infectious sinusitis in turkeys, resulting in reduced meat
and egg production.2 M. gallisepticum infection occurs
frequently in chickens of different ages, especially in the pres-
ence of co-infections, such as laryngotracheitis virus, inuenza A
virus, avian adenovirus and Escherichia coli. Co-infection will
aggravate the development of the disease, causing serious
damage.3–5
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Chronic respiratory disease in chickens caused by M. galli-
septicum can be diagnosed based on clinical and pathological
ndings as well as with other tests/methods, including detec-
tion of specic antibodies [such as serum plate agglutination
(SPA), hemagglutination inhibition (HI) and enzyme-linked
immunosorbent assay (ELISA)],6,7 isolation of M. gallisepticum,
or detection of specic DNA by the polymerase chain reaction
(PCR).8,9 Although these methods have high sensitivity, some
defects still exist. For example, the use of protein antibodies
increases the cost of testing and requires strict reagent storage
and reaction conditions.10 In addition, PCR needs complex
nucleic acid extraction processes and special instruments.

Aptamers (also known as chemical antibodies) are single-
stranded DNA or RNA that binds to a wide range of molecules
with high specicity and affinity.11 Aptamers are isolated during
an in vitro selection process called systematic evolution of
ligands by exponential enrichment (SELEX),which was rst re-
ported in 1990.12 The application of aptamers in ELISA gives rise
to an ELISA-derived assay called enzyme linked aptamer assay
(ELAA).13 ELAA has been reported to be used in several different
congurations, including direct, indirect, and sandwich assays
for detection of the human vascular endothelial growth factor
(VEGF), porcine reproductive and respiratory syndrome virus
type II, ochratoxin A in wine, or dopamine.14,15 Compared to
antibodies, aptamers are smaller in size, can be easily modied,
are cheaper to produce, and can be generated against a wide
array of target molecules.15
This journal is © The Royal Society of Chemistry 2021
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In this study, we developed an indirect blocking ELAA for M.
gallisepticum antibody detection. Series of tests proved that this
ib-ELAA had good sensitivity and specicity, consistent with
other three widely used serological tests.

Materials and methods
Mycoplasma and virus strains

M. gallisepticum BJ44Tstrain (CVCC350, preserved in China
Veterinary Culture Collection Center, Beijing, China) was grown
in pleuropneumonia-like organism (PPLO) medium (BD
Company, Franklin Lakes, NJ, USA) as described earlier.16

Newcastle disease virus (NDV), inuenza A H9N2, and infectious
bronchitis virus (IBV) were cultured separately in chick embryo
and harvested as chick embryo allantoic liquid.

Sera samples

Twenty negative chicken sera samples were collected from SPF
chicken. Twenty positive chicken sera samples were also collected
from chicken naturally infected withM. gallisepticum, from which
M. gallisepticum had been isolated in the nasal swabs using PPLO
medium. Avian inuenza subtype H5, and H7 positive control
sera were purchased from the Harbin National Engineering
Research Center of Veterinary Biologics (Harbin, China). IBV,
Infectious bursal disease (IBDV), NDV, andMycoplasma synoviae (M.
synoviae) positive control sera were purchased from the China
Institute of Veterinary Drug Control (Beijing, China). Various
bacteria and virus species are listed in Table 1.

Three 4–6 weeks-old SPF chicken were immunized with 109

color change unit (CCU) permL inactivatedM. gallisepticum BJ44T
strain (4 doses, at approximately 12 days intervals) supplemented
with Freund's complete or incomplete adjuvant. Chicken sera
samples were collected 11 times from the 6th day aer the rst
immunization, and at approximately 7 day intervals.

Two hundred and thirty clinical chicken sera samples were
randomly collected from chicken farms in China and stored at
�20 �C.

Preparation of recombinant PvpA protein

In order to clone the encoding gene of PvpA protein of M. gal-
lisepticum, a pair of primers was designed based on the gene
sequence (Genbank DQ989519.2) as shown below.
Table 1 Various bacteria and virus species used in this study

Strain Source

Staphylococcus aureus CVCC1885a

Escherichia CVCC3801a

Newcastle disease virus (NDV) Field isolates (La sota)b

Inuenza A H9N2 A3/98c

Mycoplasma synoviae CVCC385a, CVCC2960a

Infectious bronchitis virus (IBV) Field isolatesb

a China Institute of Veterinary Drug Control, Beijing, China. b A gi
from Professor Wang in China Agricultural University, China. c Field
strain isolated from lungs of chicken having clinical symptoms of
H9N2 in China.

This journal is © The Royal Society of Chemistry 2021
MqPvpA-F:

CGGGATCCATGGAGTTAAATAAATTAAAAAAACATAA

MqPvpA-R:

CCGCTCGAGTTAATTTGGTCTTGGACCCATTG

Amplied products were cloned into pEasy-T1 plasmid
(Transgen, Beijing, China), followed by clone conrmation by
sequencing and subcloning in pET-28a vector (Novagen,
Darmstadt, Germany) to yield His-tag rMGA PvpA, and Trans-
etta (DE3) Chemically Competent Cell (Transgen, Beijing,
China) transformation and overexpression by induction with
1 mM IPTG at 37 �C for 6 h. Under native conditions, the
recombinant protein was renatured and puried by nickel
affinity chromatography (Qiagen, NY, USA). The purity and yield
of the recombinant PvpA protein were evaluated by SDS-PAGE
and the Bradford method according to two previously re-
ported standard protocols in our laboratory.17,18

Oligonucleotide synthesis

The oligonucleotide library was synthesized as a single-
stranded 80-mer with the following sequence: 50-GCTGCAA-
TACTCATGGACAG-(N)40-GTCTGGAGTACGACCCTGAA-30,
where the central N40 represents random oligonucleotides
based on equal incorporation of A, G, C, and T in each position.
The PCR primers were as follows:

Forward primer (FP17): 50-GCTGCAATACTCATGGACAG-30

Reverse primer (BP17): 5-TTCAGGGTCGTACTCCAGAC-30

The library and all primers were synthesized and HPLC-
puried was provided by Sangon Inc (Shanghai, China).The
ssDNA pools were denatured by heating at 95 �C for 10 min in
0.1 M phosphate buffer saline PBS (pH 7.4) and then immedi-
ately cooled on ice for 20 min.

Selection of DNA aptamer targeting PvpA protein

Puried PvpA protein was dissolved in 100 ml PBS, and coated
on 96-well micro plates at 4 �C overnight. Then the plates were
washed three times with PBS containing 0.05% Tween20 (PBST)
and incubated with 200 ml 5% bovine serum albumin (BSA) in
PBS for 2 h at 37 �C. They were washed three times again with
PBST, and the initial ssDNA pools (12.7 nmol) were added to the
wells coated by PvpA protein solution and incubated at 37 �C for
45 min. The unbound ssDNA was removed by washing three
times with PBST. 100 ml elution buffer (20 mM Tris–HCl, 4 M
guanidinium isothiocyanate, 1 mM dithiothreitol, pH 8.3) was
added to each well and incubated for 10 min at 80 �C. Aer
extraction with phenol : chloroform : isoamyl alcohol at
25 : 24 : 1, the precipitate was dissolved in 60 ml ddH2O. PvpA-
bound ssDNA was then amplied by the symmetry PCR
method according to a previous report.17 In the second, fourth
and h selection rounds, the anti-SELEX procedure was also
included in the aptamer selection: the well was rstly coated
Anal. Methods, 2021, 13, 3068–3076 | 3069
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with the anti-SELEX material, which was blocked with BSA the
same as the wells coated with PvpA protein. The previous round
ssDNA library was added into the anti-SELEX well and incu-
bated for 30 min at 37 �C; the supernatant solution was
collected and used for the selection of aptamers by which the
ssDNA that could bind to the anti-SELEX material, BSA or the
plate was screened out from the ssDNA library. The selection
parameters for each round are shown in Table 2.
Sequence analysis of the ssDNA pool

Aer ve runs of selection described as above, the puried
symmetric PCR products of the second and h run were high-
throughput sequenced by Atomy Co., Ltd (China). Clustalx
soware was used to analyze the abundance and homology of
the aptamer from two rounds.
Determination of dissociation constants by i-ELAA

The affinities between aptamers and the PvpA protein were
determined by i-ELAA with the following procedure: 96-well
micro plates were coated with PvpA protein, and blocked with
5% BSA. 100 ml denatured bio-aptamers of different concen-
trations (100 nM, 50 nM, 20 nM, 10 nM, 5 nM, 2 nM, 1 nM,
0.5 nM, 0.25 nM, and 0 nM) were added into each well, and
incubated for 45 min at 37 �C. Washing was performed three
times with PBST, 100 ml 1 : 32 000 HRP-SA was added and
incubation was carried out at 37 �C for 45 min. Washing was
performed three times with PBST, 100 ml substrate TMB (Sigma,
U.S.A) was added and incubation was carried out for 10 min at
37 �C. Then 50 ml 2 M sulfuric acid was added to stop the
reaction. The optical densities were read at 450 nm. A calibra-
tion curve was obtained using bio-aptamers with concentra-
tions in the range of 0–100 nM. A saturation curve was obtained
based on these data, and equation Y ¼ BmaxX/(Kd + X) was used
to calculate Kd according to GraphPad Prism 5.0. Y represented
the mean value of OD450 nm, Bmax was the maximal value of
OD450 nm, and X was the concentration of the bio-aptamer.
Table 2 Selection parameters for the PvpA protein

SELEX round
PVPA protein
(mg)

Inc
(m

1 100 45
2 50 45

3 25 30

4 10 30

5 5 20

3070 | Anal. Methods, 2021, 13, 3068–3076
Establishing indirect blocking ELAA (ib-ELAA)

Micro plates (96 wells) were coated with 100 ng per well of PvpA
protein in 0.1 M PBS at 4 �C overnight. The plates were washed
with PBST three times and blocked with 200 ml 5% swine serum
in PBST at 37 �C for 2 h. Next, 50 ml chicken serum and 50 ml 5%
swine serum (50 ml PBS was added into two wells for use as the
buffer control at the same time) were added into the plates; the
plates were incubated at 37 �C for 45 min and washed with PBST
three times. 100 ml 100 nM bio-Apt-236 were added into the
plates and the plates were incubated at 37 �C for 45 min. Plates
were then washed three times with PBST to remove the
unbound material, HRP-SA (1 : 32 000) was added, and incu-
bation was carried out at 37 �C for 45 min. Aer four times of
washing with PBST, 100 ml TMB (Sigma, Aldrich) was added for
visualization. The reaction was stopped aer 10 min at 37 �C by
the addition of 50 ml per well 2 M sulfuric acid. The optical
densities (OD) were read at 450 nm on a micro plate reader. The
percent inhibition (PI) values were determined using the
formula: PI (%) ¼ (1 � OD450 nm of test serum/OD450 nm of
aptamer control) � 100%. A total of 20 negative chicken sera
and 20 positive chicken sera were used to determine the cut-off
value between the positive and negative sera. The cut-off value
was designed as the mean PI of negative sera +2 standard
deviations (SD), which would ensure that 95% of the PI values
for the negative sera fell within this range.
ib-ELAA for detecting M. gallisepticum antibodies in the sera
collected from chicken immunized with M. gallisepticum and
clinical farms

A total of 33 sera samples were collected from 3 chickens at 6,
16, 24, 31, 46, 61, 79, 102, 132, 164, and 192 days aer immu-
nization and detected by ib-ELAA, one commercial ELISA kit
from IDEXX (Canada), homemade ELISA kit and hemaggluti-
nation inhibition assay (HI) established in our laboratory. The
homemade ELISA kit was developed with PvpA as the coated
antigen similar to the previous report,19 and the S/P: [OD450 nm

(sample) � OD450 nm (negative control)]/[OD450 nm (positive
ubating time
in) Anti-SELEX

min —
min 200 mg cell lysates of Transetta

(DE3), and 100 ml 1 : 2 diluted SPF
serum

min 200 mg cell lysates of Mycoplasma
synoviae

min 100 ml 1 : 5 diluted NDV chick
embryo allantoic liquid
(hemagglutination titer: 29)

min 50 ml 1 : 2.5 diluted H9N2 chick
embryo allantoic liquid
(hemagglutination titer: 29) and 50
ml 1 : 1.5 diluted IBV chick embryo
allantoic liquid (hemagglutination
titer: 29)

This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ay00515d


Paper Analytical Methods

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
2:

13
:4

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
control)�OD450 nm (negative control)]$ 0.67 was considered as
positive. The HI assay were performed as described in Kleven's
report,7 and the HI titer $4 was considered as positive. All
animal research was approved by the Beijing Association for
Science and Technology (approval ID SYXK (Beijing) 2007-0023)
and complied with the guidelines of the Beijing Laboratory
Animal Welfare and the Ethics of the Beijing Administration
Committee of Laboratory Animals. All animal studies were also
performed in accordance with the China Agricultural University
Institutional Animal Care and Use Committee guidelines (ID:
SKLAB-B-2010-003) and approved by the Animal Welfare
Committee of China Agricultural University.

A total of 230 chicken sera samples from a chicken farm in
China were also detected by ib-ELAA, and the results were
compared with those obtained using commercial i-ELISA kits
from IDEXX (Canada).
Results and discussion
Expression of PvpA protein in E. coli

In the case of M. gallisepticum infections, PvpA, an integral
membrane surface protein, is a potential diagnostic antigen of
choice since this surface-exposed protein is accessible to the
host immune response.1,20 The species-specic and immuno-
genic properties of the rPvpA336 protein as well as the potential
use of the species-specic diagnostic prototype have clearly
been demonstrated.1,21 Recently, enzymatic rapid immunol-
tration assay prototype (ERIFA) and indirect ELISA based on
recombinant PvpA have been developed for monitoring M.
gallisepticum infections in the eld and under limited labora-
tory conditions.1,19 To clone PvpA gene ofM. gallisepticum strain
BG44T, a pair of primers (MqPvpA-F and MqPvpA-R) was used.
The amplied 1149 bp product was cloned, sequenced, and
then cloned into plasmid PET28 (a+) and transferred into
Transetta (DE3). Luckily, sequence analysis results showed that
M. gallisepticum PvpA gene contained no UGA codons, which is
Fig. 1 (a) PCR identification of PvpA gene: (M1) DM 2000 marker; (1) an
analysis of PvpA protein in E. coli: (M2), prestained protein molecular we
PET28 (a+)-PvpA gene plasmid; (4) an approximately 44 kDa purified Pv

This journal is © The Royal Society of Chemistry 2021
treated as tryptophan according to the mycoplasma genetic
code, but interpreted as stop codon in the E. coli expression
system.17 As expected, approximately a 44 kDa protein band was
analyzed by SDS-PAGE (Fig. 1).
In vitro selection of the ssDNA aptamer for the PvpA protein

In this study, microplates were also selected as the SELEX
matrix as described by Rhodes22 with minor modications.14

The initial library contained 80 nt ssDNA including 40-mer
random nucleotide inserts, which meant the library was a pool
of more than 1012 unique sequences theoretically and provided
enough candidates for the selection of aptamers with higher
affinity and specicity. The concentration of the PvpA protein,
and the incubation time in the subsequent rounds of selection
were decreased gradually to increase the probability of obtain-
ing aptamers with higher affinity; meanwhile, different counter
selection materials were also employed as anti-SELEX from the
second round of selection to remove the nonspecic sequences
to improve specicity (Table 2). As ssDNA generation is an
important step in the aptamer selection procedure,23 two kinds
of PCR were designed as described previously to generate
enough ssDNA for the subsequent selection of aptamers.14

Aer ve rounds of selection, the second and h symmetry
PCR products were high-throughput sequenced. In each round,
more than 500 000 sequences were obtained, and sorted by
abundance. The top 400 sequences were found repeated many
times, as listed in Table S1.† In addition, the enrichment of top
400 sequences was also analyzed by comparing the abundance
between the second and h round (enrichment ¼ abundance
(%)h round/abundance (%)second round). With a larger enrich-
ment value, the specic sequence was better enriched, which
might be specic aptamer to PvpA with good affinity. The
homology of the top 100 sequences with high abundance and
sequences with a high enrichment value were analyzed using
clustal X soware and divided into seven families according to
their homology (Fig. 2). In previous reports, to identify
amplified product of 1149 bp as expected was obtained. (b) SDS-PAGE
ight marker (14–120 kDa); (3) total cell lysates of Transetta (DE3) with
pA protein band with a purity of 95%.

Anal. Methods, 2021, 13, 3068–3076 | 3071
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Fig. 2 The homology analysis of 110 aptamer sequences. Family 1 contained 14 aptamers, family 2 contained 23 aptamers, family 3 contained 21
aptamers, family 4 contained 9 aptamers, family 5 contained 5 aptamers, family 6 contained 33 aptamers, family 7 contained 5 aptamers.
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individual aptamers in SELEX, traditional single-clone Sanger
sequencing of the enriched ssDNA pool is widely employed, by
which up to 100 single aptamers were obtained.24,25 In this
study, we adopted high-throughput sequencing technology re-
ported previously11,25,26 to obtain 1 137 812 sequences in round
two and 1 638 583 sequences in round ve, avoiding the omis-
sion of the optimal aptamer.
Dissociation constants of the PvpA aptamers

According to results of the homology analysis, 20 aptamers
from 7 families were randomly selected, and their dissociation
constants (Kd) were analyzed using dose-dependent i-ELAA as
reported previously by our group.14 Compared to other
methods (e.g. uorescence intensity, uorescence anisotropy/
Table 3 Sequences and dissociation constants of twenty PvpA random

Family Aptamer Random sequnces

1 Apt-2 GGCGTAGCACTGT
Apt-5 GGCGTAGCACTGT
Apt-173 GGCGTAGCACTGT

2 Apt-7 GGAGCAAGGCGAC
Apt-21 GGGACGGAACGGA
Apt-57 GCGAGGAACGAGC
Apt-167 GAGCAAGGCGACC

3 Apt-4 GTGCGAAGCGCCT
Apt-6 GTGCGAAGCGCCT
Apt-236 GTGCGAAGCGCCT

4 Apt-55 CACGAAGGGCTGG
5 Apt-10 GGGAGGCGGGTGG
6 Apt-1 GAGCAGCGCGACT

Apt-3 GAGCAACGCGACT
Apt-8 GAGCAACGCGACT
Apt-9 GAGCAACGCGACT
Apt-53 GAGCAACGCGACT
Apt-133 GAGCAGTGCGACT
Apt-153 GAGCAACGCGACT

7 Apt-54 GACACGGTGCTGC

3072 | Anal. Methods, 2021, 13, 3068–3076
polarization, UV-vis absorption, circular dichroism, surface
plasmon resonance, isothermal titration calorimetry, and
affinity capillary), i-ELAA was convenient, and specic, showed
high-throughout and did not need expensive equipment.11,27

As listed in Table 3, all the 20 aptamers had nanomole per L
level affinities, with Kd values ranging from 0.58 � 0.10 nM to
4.4 � 0.82 nM. As Apt-10 has the strongest binding affinity (Kd

¼ 0.58 � 0.10 nM) with PvpA, and Apt-236 has the highest
enrichment value (¼48.95, listed in Table S1†), both of them
were good candidate aptamers for the following application
studies. Two dimensional stem-loop structures of apt-10 and
apt-236 were predicted using online soware: http://
mfold.rit.albany.edu/28 using 4 �C as a folding temperature,
with 156 nM Na+ concentrations. As shown in Fig. 3, the two
aptamers

(50–30) Kd (nM)

CCCATTCCTGACACTATCGCACAGTCG 0.90 � 0.15
CCCGTTCCTAACACTACCACACAGTCG 1.14 � 0.21
CCCACTCCTGACACTATCGCACAGTCG 0.92 � 0.17
CTGGCCCACAAGCAAACCCACTTCGCC 1.55 � 0.21
CCCTGCCAACACAAGCCGAATGTGCTC 1.77 � 0.39
CTGGACACACATAATACGTCCGTTGGC 0.84 � 0.18
TGGCCCACAAGCAAACCCACTTCGCCG 0.82 � 0.16
GGACTGCACATCCCATTCCTTCTACCG 1.24 � 0.29
GGACTGTACATCCCACTCCCTCTACCG 1.02 � 0.19
GGACTGTACATCCTACTCCCTCTACCG 1.30 � 0.18
CCAGGCTTCAGGGCTATACTCCAGACC 1.07 � 0.14
GTCGTCGGGGTGCGTCGTTCTGTGTGG 0.58 � 0.10
GTCCGAGCCAATCCGCCATCTAGTGGT 1.02 � 0.14
GTCTGAGCCAACCTGACATCTAGTGGT 1.35 � 0.24
GTCTGAACCAATCTGACATCAAGTGGT 1.42 � 0.36
GTCCGAGCCAATCCGCCATCTAGTGGT 1.67 � 0.46
GTCCGGACCAATCTGGCATCTGGTGGT 1.24 � 0.21
GTCCGAGCCAATCCGCCATCTAGTGGT 0.90 � 0.09
GTCTGGACCAATCTGACATCTAGTGGT 4.4 � 0.82
AATACTCATGGACAGGAGCAACGCGAC 2.31 � 0.40

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Characteristics of two dominant candidate DNA aptamers. (a) Dissociation constant (Kd) determined by dose-dependent i-ELAA. Each
data point represents the averaged results of three replicates; (b) secondary structures specific to the PvpA protein.
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aptamers both had several loop or hairpin structures that
represented clearly the accessible single-stranded regions,
which were probably more energetically favorable for target
binding versus an “induced t” in double-stranded stem
regions wherein hydrogen bonds between the nitrogen bases
of the aptamers would be broken.29

Establishing indirect blocking ELAA (ib-ELAA)

Since Drolet reported the rst enzyme-linked aptamer assay
(ELAA) to detect the human vascular endothelial growth factor
on microtiter plates in 1996,13 similar mixed assays have been
Scheme 1 Schematic mechanism of indirect blocking ELAA.

This journal is © The Royal Society of Chemistry 2021
set up on the surface of microbeads, in which aptamers were
used in combination with antibodies or by replacing them
completely.30–32 Different ELAA formats were exploited using
either immobilized or labeled aptamers as capture or detecting
reagents, such as direct ELAA, indirect ELAA, sandwich ELAA,
competition ELAA, ect.32–34 In this study, we established an
indirect blocking ELAA (ib-ELAA) for M. gallisepticum antibody
detection using Apt-236, which led to a better result than Apt-10
(data not shown) in the pre-experiment. In the indirect blocking
assay, immunoglobulins in positive sera blocked the antigenic
epitopes binding to the PvpA aptamer, as depicted
Anal. Methods, 2021, 13, 3068–3076 | 3073
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Fig. 4 ib-ELAA for detection of antibodies against M. gallisepticum. (a) Determination of the cutoff value of percent inhibition. (b) Binding
inhibition of aptamer Apt-236 by various positive sera against pathogens IBV, IBDV, NDV, M. synoviae, H5, H7.
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schematically in Scheme 1. Therefore, positive sera would
prevent color development whereas negative sera will allow
a strong color reaction. In 2014, an indirect competitive ELAA
for M. bovis antibody detection was rstly reported by our
group.14 It was reported that a signicant fraction (1.5%) of the
serum proteins is known to bind strongly to DNA.35 In the
indirect competitive format, the interaction between the ssDNA
aptamer and antigen (PvpA) might been inhabited by serum
proteins. Thus, in this study, we modied the indirect
competitive format into the indirect blocking format, in which
the aptamer would not come into contact with serum protein
directly. Serumwas rst incubated with PvpA, aer washing; the
serum components which did not combine with PvpA were
removed, and then aptamers were added; aptamers would not
come into contact with serum directly. It avoided the interfer-
ence of aptamers by sera components, improving the specicity
and repeatability of the assay signicantly (a cutoff value of
45.4% PI was conrmed for the indirect competitive ELAA in the
pre-experiment; ve negative sera and other antisera of related
Fig. 5 M. gallisepticum antibody detection of the sera samples from 3 im
16, 24, 31, 46, 61, 79, 102, 132, 164, and 192 days after immunization. O

3074 | Anal. Methods, 2021, 13, 3068–3076
pathogens were tested; the results are shown in the ESI
Fig. S1†).

Aer optimization, 20 SPF chicken sera were used to deter-
mine the cutoff value of percent inhibition (PI). These negative
sera had amean percent inhibition value of 4.2% with a standard
deviation (SD) of 7.8%. As shown in Fig. 4a, all positive sera have
PI values higher than 20%. The cutoff value of 20% PI could
clearly distinguish between the negative and positive M. galli-
septicum sera samples. Hence, the cutoff value of percent inhi-
bition was set at 20% (mean + 2SD)36 to determine the status of
sera samples in response to M. gallisepticum antibodies (Fig. 4a).
The specicity of ib-ELAA for the detection of M. gallisepticum
antibodies was also evaluated by cross-reactivity with antisera of
other related pathogens. The percent inhibition values of these
sera were calculated using the same method as described above.
As shown in Fig. 4b, all the antisera of the other related patho-
gens showed PI values lower than 20%, which were considered as
negative. This suggested that our ib-ELAA had no cross-activity
with other antisera of related pathogens.
munized chickens. Sera samples were collected from 3 chickens at 6,
ne point represents the average value of the three chickens.

This journal is © The Royal Society of Chemistry 2021
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Table 4 Comparison of ib-ELAA and IDEXX for detecting M. galli-
septicum antibodies in clinical chicken sera samples

ib-ELAA results

IDEXX i-ELISA results

TotalPositive Negative

Positive 135 9 144
Negative 10 76 86
Total 145 85 230
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Detection of sera antibodies in chickens immunized with M.
gallisepticum using ib-ELAA

To compare different assays for M. gallisepticum antibody
detection, 33 sera samples from three chickens immunized
with inactivated M. gallisepticum BJ44T strain were collected
from 6–192 days. Four assays were used to detect M. galli-
septicum antibodies, including ib-ELAA, ELISA, IDEXX, and HI,
of which the cutoff was 20% (PI), 0.28 (OD450 nm), 0.5 (S/P), and
1 : 4 (HI titer), respectively. As shown in Fig. 5, the growth and
decline of the specic antibodies in the immunized chicken
determined by ib-ELAA were consistent with other three widely
used assays. Approximately aer 25 days of being immunized,
antibodies could be detected by all four assays and lasted up to
192 days, with the antibody titer reaching the peak at 50–75
days.

In addition, 230 clinical chicken sera samples randomly
collected from ve different provinces in China were also used
to validate the effectiveness of ib-ELAA for the detection of M.
gallisepticum antibodies. All the samples were detected by ib-
ELAA and IDEXX i-ELISA in parallel and the results are listed
in Table 4. The positive coincidence rate was 93.10% (135/145),
and the negative coincidence rate is 89.41% (76/85), with
a total coincidence rate of 91.74% (211/230). The kappa value
was the intrinsic efficacy index among the reagents which was
used to assess the degree of agreement between two tests;
agreement between different strategies was interpreted as the
kappa value, and the kappa value of more than 0.75 was
considered as substantial agreement.37 In this study, the
kappa value between ib-ELAA and the commercial ELISA assay
(IDEXX i-ELISA) was 0.82 as analyzed using SPSS v19.0, indi-
cating a high agreement.

As reported by many researchers, competitive/blocking ELI-
SAs have been conrmed to be signicantly sensitive and
specic, showing even a higher sensitivity than i-ELISA.38–42

Here Aptamer Apt-236, instead of monoclonal antibody, was
used to develop a blocking format M. gallisepticum antibody
detection assay, which is chemically, animal-free produced, can
be easily modied without affecting their affinity, and is used
and restored in a variety of conditions.30
Conclusion

An indirect blocking ELAA was successfully used for M. galli-
septicum antibody detection, using a ssDNA aptamer Apt-236
that can specically bind to PvpA protein of M. gallisepticum.
The antibody results from hundreds of sera samples detected by
This journal is © The Royal Society of Chemistry 2021
this ib-ELAA are well consistent with ELISA, HI and the
commercial ELISA assay indicating that ib-ELAA developed here
was a useful method for the antibody surveillance of M. galli-
septicum and helpful to gain a better understanding of the
ecology and epidemiology of M. gallisepticum.
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