
Zhao et al. BMC Veterinary Research          (2024) 20:522  
https://doi.org/10.1186/s12917-024-04374-4

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

BMC Veterinary Research

Mycoplasma synoviae elongation factor 
thermo stable is an adhesion-associated protein 
that enters cells by endocytosis and stimulates 
DF-1 cell proliferation
Yunhai Zhao1, Haiyun Ma1, Qing Wang1, Xiaoxiao He1, Xiaoyong Xing1, Xiaochun Wu1, Guomei Quan1 and 
Shijun Bao1* 

Abstract 

Mycoplasma synoviae is an important avian pathogen that causes respiratory infections and arthritis symptoms 
in chickens and turkeys, resulting in significant economic damage to the poultry farming industry worldwide. Cell 
adhesion is a vital stage of Mycoplasma infection, and the proteins associated with this process play an important 
role in its pathogenesis. Elongation factor thermo stable (EF-Ts) is an important factor in prokaryotic biosynthesis 
that serves as a guanosine exchange factor for elongation factor thermo unstable (EF-Tu). To date, little is known 
about the role of EF-Ts in Mycoplasma infection. In this study, we identified EF-Ts as an immunogenic protein in M. 
synoviae through liquid chromatography with tandem mass spectrometry (LC–MS/MS) screening. We constructed 
an E. coli recombinant expression vector and prepared a highly efficient rabbit antiserum. Immunoblot analysis 
and suspension immunofluorescence revealed that the EF-Ts is located in both the cell membrane and cytoplasm. 
The prepared rabbit EF-Ts antiserum exhibited complement-dependent Mycoplasma-killing activity and inhib-
ited the adhesion of rEF-Ts and M. synoviae to DF-1 cells. An in-vitro binding assay showed that EF-Ts could bind 
to fibronectin (Fn) and chicken plasminogen (cPlg) in a dose-dependent manner. In addition, EF-Ts could internalize 
into cells through lipid rafts and clathrin-dependent endocytosis and induce DF-1 cell proliferation. In conclusion, 
our studies demonstrated that MS EF-Ts is a potentially immunogenic, novel adhesion protein that acts as a critical 
virulence factor in M. synoviae adhesion to host cells during infection. These studies further deepen our understand-
ing of the pathogenic mechanism of M. synoviae.
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Introduction
Mycoplasma synoviae (M. synoviae, MS) infects chickens 
and turkeys, causing respiratory, arthritis, and reproduc-
tive tract-related diseases that reduce carcass quality and 

egg production in sick poultry [1]. Mycoplasma infections 
weaken the immune system and can aggravate respiratory 
disease or systemic symptoms during coinfection with 
Newcastle disease virus, avian influenza virus, infectious 
bronchitis virus, and infectious bursal virus [2, 3]. M. syn-
oviae infection was first reported in the United States in 
1954 and has since been detected in Canada, the United 
Kingdom, Norway, Germany, and France [4]. In the 
Netherlands, a decline in the prevalence of Mycoplasma 
gallisepticum was observed, while the seroprevalence 

*Correspondence:
Shijun Bao
bsjdy@126.com
1 College of Veterinary Medicine, Gansu Agricultural University, Lanzhou, 
Gansu 730070, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12917-024-04374-4&domain=pdf


Page 2 of 14Zhao et al. BMC Veterinary Research          (2024) 20:522 

of M. synoviae in laying flocks exceeded 70%. Addition-
ally, evidence indicated that M. synoviae was becoming a 
more significant source of infection in poultry, supersed-
ing Mycoplasma gallisepticum [5]. Although M. synoviae 
rarely causes direct mortality, it results in significant eco-
nomic damage to the poultry farming industry [6]. For 
example, in poultry farms throughout Quebec, Canada, 
more than 50% of the flocks sampled were positive for M. 
synoviae [7]. In addition, in a serological survey of east-
ern Spain, M. synoviae seropositivity in laying hens and 
broilers was 95% and 74%, with infection prevalence rates 
of 95% and 35%, respectively [8]. In China, overall M. syn-
oviae positivity rates reached 50% from 2010–2015, with 
the affected area gradually extending inland from more 
humid regions, revealing a nationwide epidemic [9, 10]. 
Therefore, M. synoviae infection has become a serious 
problem for the poultry industry worldwide. Research 
into the pathogenic mechanisms and virulence factors of 
M. synoviae will contribute to the development of diag-
nostic reagents, vaccines, and therapeutic drugs.

Adhesion is the first step in colonization during patho-
gen infection; therefore, bacterial adhesins can be consid-
ered promising vaccine candidates [11]. As Mycoplasma 
lack cell walls, membrane surface lipoproteins play an 
important role in the adhesion and invasion of host cells 
and are critical for activating the host immune response; 
thus, these proteins are potential vaccine candidates [11, 
12]. Despite the screening of several M. synoviae immu-
nogenic adhesion-associated proteins in recent years, 
including α-Eno [13], NADH [14], DLD [15], PDHA [16], 
PDHB [16], P35 [17], P78 [18], VlhA [19], and EF-Tu [19], 
significant challenges persist in designing an effective 
M. synoviae vaccine. Membrane proteins are key Myco-
plasma proteins and are integral to various microbial 
activities. Recent studies have demonstrated that multi-
epitope subunit vaccines constructed with immunogenic 
membrane proteins significantly enhance protection 
against M. synoviae [20, 21]. Therefore, the identifica-
tion and screening of M. synoviae immunogenic pro-
teins is beneficial for vaccine development and infection 
prevention.

Elongation factor thermo stable (EF-Ts) is a prokary-
otic translation elongation factor vital to prokaryotic 
biosynthesis processes [22]. EF-Ts is potentially a mul-
tifunctional protein that significantly impacts bacterial 
pathogenicity and drug resistance and has been identi-
fied as immunogenic in numerous pathogens, includ-
ing Pasteurella multocida, Helicobacter pylori Antigens, 
and Vibrio parahaemolyticus [23–25]. EF-Ts have been 
discussed in numerous studies on the identification of 
immunogenic proteins in various Mycoplasma spe-
cies and is a known secreted protein in Mycoplasma 
bovis and Mycoplasma mycoides subsp. [26]. Although 

the immunogenicity and ability of EF-Ts to induce host 
immune responses have been explored in some patho-
gens, the function and role of EF-Ts in the adhesion and 
invasion of M. synoviae are unknown.

In this study, we investigated the pathogenesis and 
conditions of M. synoviae infection by examining the 
role played by M. synoviae proteins during Mycoplasma 
adhesion, invasion, and internalization. We identified the 
immunogenicity of EF-Ts in M. synoviae by liquid chro-
matography with tandem mass spectrometry (LC–MS/
MS) (supplemental file 2) and illustrated the novel func-
tion of EF-Ts in the adhesion and invasion of host cells, 
indicating that EF-Ts is a promising target for the devel-
opment of therapies and vaccines.

Materials and methods
Bacterial strains, cell lines, plasmids, and cultivation
M. synoviae strain WVU1853 was obtained from the 
China Veterinary Conservation Centre (CVCC, Bei-
jing, China) and cultured in Mycoplasma medium base 
(Haibo, Qingdao, China) supplemented with 0.01% 
NAD (Roche, Shanghai, China), 1% L-cysteine (Solar-
bio, Beijing, China), 80,000 units of penicillin, and 
10% swine serum (Minhai, Lanzhou, China) at 37 °C 
in 5% atmospheric  CO2. DF-1, a continuous cell line of 
chicken embryo fibroblasts, was obtained from Procell 
(Wuhan, China) and cultured in Dulbecco’s Modified 
Eagle Medium (DMEM; Gibco, NY, USA). The cultured 
DF-1 was then supplemented with 10% fetal bovine 
serum (FBS; Biological Industries, Israel) at 37 °C in 5% 
atmospheric  CO2. Escherichia coli (E. coli) strains DH5α 
and BL21 (DE3) were cultured in Luria–Bertani (LB) 
broth or on solid media with 1.5% agarose, both of which 
were supplemented with 30 μg/mL kanamycin. pET-28a 
( +) expression vectors were obtained from Novagen 
(Germany).

Cloning, expression, and purification of EF‑Ts
The M. synoviae strain WVU1853 was collected at the 
logarithmic growth stage, and the whole genome was 
extracted with a bacterial genomic DNA extraction kit 
(Tiangen, Beijing, China). According to the GenBank 
database (GenBank accession no. CP011096.1, M. syno-
viae ATCC 25204), there are two tryptophan (TGA) 
codons in the CDS of M. synoviae EF-Ts that play a 
role in terminating expression in E. coli. Therefore, in 
this study, we designed three pairs of specific prim-
ers (Table  1), amplified the full-length sequence of M. 
synoviae EF-Ts by overlapping PCR to mutate the TGA 
point to TGG, and added the BamHI and XhoI restric-
tion enzyme cleavage sites at both ends. The optimized 
M. synoviae EF-Ts gene was cloned and inserted into 
the pET-28a ( +) expression vector and transfected into 
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E. coli BL21 (DE3) cells by heat excitation. The expres-
sion of recombinant M. synoviae EF-Ts was induced by 
isopropyl-β-D-thiogalactopyranoside (IPTG; Solarbio, 
Beijing, China) at a final concentration of 1 mM at 16 °C 
overnight, and the fusion proteins were obtained by Ni–
NTA His-Tag purification Agarose (HY-K0210, MCE). 
The purified proteins were assayed for protein quantity 
using the BCA Protein Assay Kit (Beyotime, Shanghai, 
China), and the recombinant proteins were identified by 
10% SDS‒PAGE with Coomassie blue staining.

EF‑TS polyclonal antiserum preparation 
and immunogenicity characterization
Polyclonal antibodies against M. synoviae EF-Ts pro-
tein were obtained by immunization of one-month-old 
New Zealand White rabbits with purified recombinant 
EF-Ts protein. Purified rEF-Ts proteins were emulsified 
with complete (first immunization; 800 µg of protein) or 
incomplete (second to fourth immunizations; 400 µg of 
protein) Fuchs adjuvant (1:1, v/v). The second immuniza-
tion was performed two weeks after the first immuniza-
tion; subsequent immunizations were given at one-week 
intervals for four immunizations total. The serum was 
collected 3 days after the fourth immunization and ana-
lyzed by enzyme-linked immunosorbent assay (ELISA) to 
determine the antibody titer. Briefly, 96-well plates were 
coated with 5 μg/mL rEF-Ts protein for 2 h at 37 °C. After 
blocking with 5% skim milk, rEF-Ts antisera and preim-
mune serum were added to the wells in serial dilutions 
and incubated for 1 h at 37 °C, followed by incubation 
with a 1:5,000 dilution of goat anti-rabbit IgG-HRP. After 
termination of 3,3´,5,5´-tetramethylbenzidine (TMB) 
color development with  H2SO4, the optical density (OD) 
was read at 450 nm, and the maximum dilution titer 
satisfying the criterion (OD positive/OD negative > 2.1) 
was recorded as the antibody titer. The specificity of the 
resulting polyclonal antibodies was verified using west-
ern blotting. In accordance with the aforementioned 
methodology, M. synoviae particles were combined with 

an adjuvant, and rabbits were immunized in order to 
obtain M. synoviae 1853 antiserum.

Analysis of complement‑dependent killing of M. synoviae
Complement-dependent killing of M. synoviae was 
assessed as previously described with slight modifica-
tions [15]. Briefly, 2 ml of M.synoviae in the logarithmic 
growth phase in broth was collected, and the precipi-
tate was obtained by centrifugation at 8,000 r/min for 
10 min and resuspended in 1 ml of sterile PBS. The M. 
synoviae-immunized rabbit sera, rEF-Ts-immunized rab-
bit sera, and non-immunized rabbit sera were inactivated 
at 56 °C for 30 min. Sixty microliters of each inactivated 
serum sample was mixed with 180 µl of resuspended 
bacterial solution, then incubated at 37 °C for 30 min, 
supplemented with 60 µl of complement (freeze-dried 
complement, BerseeTech, Beijing, China; complement 
activity: ≥ 100 U/ branch), and mixed well. After 1 h of 
incubation, a tenfold dilution was prepared, and three 
gradients, namely,  10−3,  10−4, and  10−5, were used to 
coat 60 mm solid media plates (100 µl/well). Each gradi-
ent was used for three parallel replicates. Colonies were 
counted after incubation at 37 °C in 5% atmospheric  CO2 
for 3–5 days. Anti-M. synoviae serum, anti-rEF-Ts serum, 
nonimmunized serum, and blank control (60 µl of PBS 
instead of serum) were used for the experiment, and the 
experiment was repeated 3 times. The bactericidal rate 
was calculated according to the following formula: [(CFU 
from nonimmunized serum treatment—CFU from anti-
serum treatment)/CFU from nonimmunized serum 
treatment) × 100%].

EF‑Ts localization analysis of M. synoviae
One hundred milliliters of M. synoviae cultured to the 
logarithmic growth stage was collected and resuspended 
in 1 ml of 1 × PBS. PMSF solution at a final concentration 
of 1 mmol/L and Triton X-114 at a final concentration 
of 1% were added to the Mycoplasma suspension. After 
incubation on a shaking table at 4 °C for 2 h (with 100 
μl of the suspension collected as whole bacterial protein), 
the supernatant was collected by centrifugation and incu-
bated in a water bath at 37 °C for 10 min, followed by cen-
trifugation at 12,000 r/min at 4 °C for 10 min. The upper 
aqueous and lower oil phases were separated, formalde-
hyde/chloroform (4/1) was added to the precipitated pro-
teins, the mixture was centrifuged at 10,000 r/min for 10 
min, and an equal volume of 8 M urea was added to dis-
solve the proteins. The mixture was then stored at –20 °C 
after quantification using the BCA Protein Assay Kit. The 
distribution of the M. synoviae EF-Ts protein was deter-
mined using western blotting and ELISA.

Table 1 Primers used in this study

a Limitations of the endonuclease BamHI and XhoI checkpoints GGA TCC  and CTC 
GAG  are shown in underlined italics
b Nucleotide point mutation site

Primer Sequence (5’‑3’) Localization

EF-Ts-F1 GGA GGA TCC aATG TCA CAA AAC AAA CTA GAAT 1–132

EF-Ts-R1 GCG CTC GAG aTTA TTT TGT CAT TGA AGC AACT 

EF-Ts-F2 GCA ATT AAATG GbTTA AAA GAA AAC 109–696

EF-Ts-R2 GTT TTC TTT TAA CbCAT TTA ATTGC 

EF-Ts-F3 TCA GGA TGGbCTT GAC 682–879

EF-Ts-R3 GTC AAG CbCAT CCT GA
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Suspension immunofluorescence assay
The presence or absence of EF-Ts in the cell membrane 
was determined using the suspension immunofluores-
cence technique as previously described, with modifica-
tions [15]. Two milliliters of logarithmic growth phase 
M. synoviae strain WVU1853 was collected by centrifu-
gation and fixed with 4% paraformaldehyde for 15 min, 
after which it was subsequently blocked with 5% skim 
milk solution at room temperature for 1 h. After incu-
bation with rabbit anti-EF-Ts or preimmune serum 
(1:200) for 1.5 h at 37 °C, the cells were incubated with 
goat anti-rabbit IgG H&L/FITC secondary antibody 
(bs-0295G-FITC, Bioss, China) for 1 h and washed with 
1 × PBST (made by adding a final concentration of 0.1% 
Tween-20 to 1 × PBS). The M. synoviae were spread onto 
glass slides, and the samples were examined using a Zeiss 
Observer A1 inverted fluorescence microscope (Zeiss, 
Oberkochen, Germany).

Analysis of EF‑Ts binding to DF‑1 cells
Membrane proteins were extracted from DF-1 cells using 
a Membrane Protein Extraction Kit (Solarbio, Beijing, 
China). ELISA was performed as previously described 
[14]: 500 ng of cell membrane proteins were encapsulated 
in each well of the ELISA plate, which was blocked using 
5% skim milk. rEF-Ts and anti-rEF-Ts serum pretreated 
with rEF-Ts were added to the wells. Rabbit anti-rEF-Ts 
serum was used as the primary antibody, and goat anti-
rabbit IgG H&L/HRP (bs-0295G-HRP) was used as the 
secondary antibody.

Cell immunofluorescence was used to determine pro-
tein adhesion as previously described [14]. DF-1 cells 
were incubated overnight in 12-well plates, the original 
medium was removed, and the cells were washed with 
PBS, fixed with 4% paraformaldehyde for 15 min at room 
temperature, and blocked with 5% BSA. The plates were 
incubated with 10 µg of rEF-Ts or BSA at 37 °C for 2 h. 
Anti-EF-T serum was used as the primary antibody, goat 
anti-rabbit IgG H&L/FITC was used as the secondary 
antibody, DiI was used to mark the cell membranes, and 
DIPA was used to mark the nucleus. Following washing, 
the cells were observed using a Leica Deltavision Ultra 
Acquire Ultra microscope.

Adhesion inhibition analysis of anti‑EF‑Ts serum
The adhesion inhibition assay was performed as previ-
ously described with slight modifications. The rEF-Ts 
and M. synoviae were pretreated with rabbit anti-rEF-Ts 
serum or nonimmunized rabbit serum (1:50) for 1 h at 37 
°C and added to the cells. After 2 h of incubation, wash-
ing, and fixation, the cells were stained with antibodies 
and observed under a Leica Deltavision Ultra Acquire 
Ultra microscope.

The ability of rabbit anti-rEF-Ts serum to inhibit M. 
synoviae adhesion was examined by colony counting 
assay as previously described with some modifications 
[27]. Briefly, M. synoviae was pretreated with rabbit anti-
rEF-Ts serum, rabbit anti-M. synoviae serum, or nonim-
munized rabbit serum for 1 h at 37 °C. DF-1 cells from 
each group were incubated with M. synoviae treated with 
antiserum at a multiplicity of infection (MOI) of 500 for 2 
h at 37 °C. Nonadherent Mycoplasma were then removed 
by washing three times with sterile PBS. The cells were 
lysed in 1 ml of pure water and resuspended in serial 
tenfold dilutions. One hundred microliters of each dilu-
tion were spread on a Mycoplasma agar plate for colony 
counting. Three independent experiments were per-
formed in triplicate.

EF‑Ts binding to chicken Plg (cPlg) and human Fn (hFn)
The binding activities of EF-Ts to cPlg and hFn were 
determined by ELISA and dot blot analysis [28]. For the 
dot blot analysis, cPlg and hFn (5.0–0.3125 μg) were 
added dropwise in serial twofold dilutions to nitrocel-
lulose filter membranes (NCs), with BSA as the negative 
control. The NC membranes were dried at 37 °C for 2 h, 
after which the NC membranes were blocked with 5% 
skim milk for 1 h at room temperature. The NC mem-
branes were subsequently incubated with 10 μg of rEF-
Ts overnight at 4 °C. The membranes were washed with 
PBST, rabbit anti-rEF-T serum was used as the primary 
antibody, and goat anti-rabbit IgG H&L/HRP was used as 
the secondary antibody. Finally, membrane signals were 
detected using enhanced chemiluminescence (ECL) as 
described above.

For the ELISA, 96-well enzyme-labeled plates were 
coated with cPlg or hFn (1 μg/well) at 4 °C and incu-
bated overnight. After blocking with 5% skim milk, seri-
ally diluted EF-Ts or BSA were bound to the plates at 37 
°C for 2 h. The samples were washed with PBST, and the 
absorbance was measured at 450 nm using rabbit anti-
rEF-Ts serum as the primary antibody and goat anti-rab-
bit IgG H&L/HRP antibody as the secondary.

rEF‑Ts endocytosis pathway studies
For the colocalization studies, 20 μg of rEF-T protein 
was incubated with DF-1 cells at 37 °C for 2 h, after 
which anti-rEF-T serum, Cav-1 monoclonal antibody 
(66,067–1-Ig, Proteintech), and CLTC monoclonal anti-
body (66,487–1-Ig, Proteintech) were used as primary 
antibodies, and goat anti-mouse IgG H&L/Cy3 antibody 
(bs-0296G-Cy3, Bioss, China) and goat anti-rabbit IgG 
H&L/FITC antibody were used as secondary antibodies. 
The co-localization of rEF-Ts with caveolin and clath-
rin was examined using laser confocal microscopy. The 
endocytosis inhibition assay was modified as previously 
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described to detect the endocytosis pathway of rEF-Ts 
using two specific inhibitors [29, 30]. Pitstop-2 (HY-
115604, MCE) is an inhibitor of clathrin protein-medi-
ated endocytosis, and simvastatin (HY-17502, MCE) is 
an inhibitor of caveolin protein pathway-mediated endo-
cytosis. DF-1 cells were treated with 25 μM simvastatin 
or 20 μM Pitstop-2 for 30 min and incubated with rEF-T 
proteins for 2 h at 37 °C and 5% CO2. The cytoskeleton 
was labeled with Actin-Tracker Red-555 (Beyotime, 
Shanghai, China) and analyzed using a Leica Deltavision 
Ultra Acquire Ultra microscope.

Cell Counting Kit‑8 (CCK‑8) analysis
DF-1 cell proliferation was assayed using CCK-8 (Beyo-
time, Shanghai, China), and the results were analyzed 
according to the manufacturer’s instructions. DF-1 cells 
(4 ×  103) were inoculated into 96-well plates and cultured 
overnight. The medium was changed to DMEM supple-
mented with 2% FBS, different concentrations of rEF-Ts 
protein were added to the wells, and the cells were incu-
bated for 24 h, 48 h, or 72 h. Then, CCK-8 solution (10 μl) 
was added to each well, the plates were incubated for 2 h, 
and the OD was detected at 450 nm.

Treatment of laboratory animals
The New Zealand white rabbits utilized in the experiment 
were humanely euthanized through anesthetic bloodlet-
ting. An intravenous injection of sodium pentobarbital 
(100–200 mg/kg) was first administered to induce deep 
anesthesia, after which an incision was made in the aorta, 
resulting in bleeding that led to cardiac arrest.

Statistical analysis
All statistical analyses were performed using Graph-
Pad Prism version 9.0. Student’s t-test or ANOVA was 
used for multiple comparisons. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. ns, no significant difference 
(p ≥ 0.05).

Results
Immunogenicity analysis of rEF‑Ts
Excellent immunogenicity and reactogenicity are key in 
screening possible M. synoviae candidate antigens for 
vaccine development. The rEF-Ts protein with a His-tag 
was successfully expressed in E. coli BL21 (DE3), and the 
protein was purified and separated by 10% SDS‒PAGE. 
However, a stray band at 42KDa was found to be pre-
sent regardless of elution, corresponding to the E. coli 
EF-Tu protein. A single band was obtained by denatur-
ing rEF-Ts according to a previously published method 
[31]. (Fig. 1A). Purified rEF-Ts could bind specifically to 
the rEF-Ts rabbit antiserum but did not react with non-
immunized rabbit serum (Fig.  1B). Thus, rEF-Ts can 

stimulate host-specific antibody production. To confirm 
whether EF-Ts can be used as a broad-spectrum vaccine 
against M. synoviae, we performed western blot analyses 
on eight clinical isolates with rabbit antiserum rEF-Ts. 
EF-Ts (37 kDa) was detected in all the isolates, indicat-
ing that EF-Ts is highly conserved in different M. syno-
viae isolates and can be stably expressed (Fig. 1C). These 
results suggest that EF-Ts is highly immunogenic and a 
candidate vaccine for M.synoviae.

Surface localization of M. synoviae EF‑Ts
To determine the distribution of EF-Ts in M. synoviae, 
we extracted M. synoviae cell membrane and cytoplas-
mic proteins and measured them in anti-rEF-Ts serum 
(Fig. 2A and B). The presence of EF-Ts in the cell mem-
brane was further demonstrated by suspension immuno-
fluorescence detection (Fig. 2C).

Complement‑dependent Mycoplasma killing assay
The bactericidal rate was calculated by colony counting 
in the complement-killing Mycoplasma test. The com-
plement-mediated Mycoplasma killing rate activated by 
anti-M. synoviae serum was 70.5%, whereas that activated 
by the rEF-Ts multi-antiserum was 33.75% (Table 2). This 
finding indicates that rEF-Ts antiserum activates comple-
ment and has Mycoplasma-killing activity.

Adhesion of rEF‑Ts to DF‑1 cells
The interaction between rEF-Ts and DF-1 cells was ana-
lyzed by immunofluorescence and ELISA. Immunofluo-
rescence analysis (Fig.  3C and D) revealed that rEF-Ts 
could adhere to the surface of DF-1 cells and that this 
effect could be inhibited by incubation with the rabbit 
antiserum rEF-Ts, as shown. The binding of rEF-Ts to 
cell membrane proteins was detected by ELISA to quan-
titatively analyze adhesion. Unlike the controls, 0.8–100 
μg/mL rEF-Ts bound to DF-1 cell membrane proteins 
in a dose-dependent manner (Fig. 3A). This binding was 
specifically inhibited by anti-EF-Ts serum in a concen-
tration-dependent manner (Fig.  3B). These results sug-
gest that EF-Ts on the Mycoplasma surface directly bind 
to the DF-1 cell membrane, revealing EF-Ts as a novel 
Mycoplasma adhesion-associated protein.

Inhibition of M. synovial adhesion by rEF‑Ts
The inhibition of M. synoviae adhesion to host cells by 
the rEF-Ts antiserum was determined by immunofluo-
rescence (Fig. 4) and CFU counting (Table 2). In contrast 
to that observed with the treatment with nonimmunized 
rabbit serum, M. synoviae adherence to DF-1 cells was 
significantly reduced after incubation with the rEF-Ts 
antiserum. Mycoplasma adherence to DF-1 cells was 
significantly reduced after incubation with the rEF-T 
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antiserum, as shown in Fig. 4 and Table 3. These results 
further demonstrate that EF-Ts play an important role in 
Mycoplasma adhesion to host cells.

The ability of rEF‑Ts to bind cPlg and hFn
The ability of rEF-Ts to bind to plasminogen and 
fibronectin was verified by dot blotting and ELISA, with 
BSA serving as a negative control, to explore the sub-
strates for the adhesion of M. synoviae EF-Ts to the host 
cells. Binding assays showed that rEF-Ts could bind to 
plasminogen and fibronectin in a dose-dependent man-
ner, and no binding of BSA was observed (Fig. 5).

rEF‑Ts internalization pathway in DF‑1 cells
The pathway involved in the internalization of DF-1 by 
rEF-Ts was investigated using a Leica Deltavision Ultra 
Acquire Ultra microscope. After the rEF-Ts were coin-
cubated with DF-1, obvious fluorescence signals colo-
calizing with caveolin and clathrin were observed in the 
cells (Fig.  6). After treatment with the corresponding 
inhibitors, the fluorescence signal of rEF-Ts in the cells 
significantly decreased, indicating that the internaliza-
tion of rEF-Ts by DF-1 cells is mediated by clathrin and 
caveolin (Fig. 7).

Fig. 1 Immunogenic analysis of EF-Ts in M. synoviae. A SDS‒PAGE analysis of recombinant EF-Ts proteins. Protein molecular weight marker (M). 
Lysates of E. coli BL21 (DE3) containing pET-28a ( +) empty vector (Lan1), whole-cell lysates of recombinant bacteria (Lan2), whole bacterial lysate 
supernatant (Lan3), whole bacterial lysate precipitation (Lan4), purified rEF-Ts protein not treated with 8 M urea (Lan5-6), and purified rEF-Ts protein 
treated with 8 M urea (Lan7-8) were obtained. B Rabbit anti-EF-Ts serum specificity analysis. The rEF-Ts was transferred to the NC membrane, 
and western blotting was performed with anti-EF-Ts serum (1:2 000) and nonimmunized serum (1:2 000). C The immunogenicity of EF-Ts in different 
M. synoviae strains. Whole bacterial proteins from M. synoviae strain WVU1853 and eight other wild-type isolates were transferred to NC membranes, 
incubated with a 1:2,000 dilution of anti-EF-Ts serum, and then detected with a 1:5,000 dilution of HRP-conjugated goat anti-rabbit antibody
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rEF‑Ts stimulate cell proliferation
The role of the rEF-Ts protein after internalization by 
DF-1 cells was next verified. DF-1 cells were incubated 

with different concentrations of the rEF-Ts protein, and a 
CCK-8 kit was used to detect changes in DF-1 cell viabil-
ity. A rEF-Ts protein concentration greater than 20 µg/ml 
stimulated cell proliferation (Fig. 8A and B). In addition, 
when M. synoviae was added to DF-1 cells together with 
rEF-Ts, the reduction in cell viability caused by M. syno-
viae infection was more pronounced than that caused by 
M.synoviae treatment alone (Fig. 8C). However, the spe-
cific mechanism involved requires further investigation.

Discussion
An in-depth and systematic understanding of the inter-
actions between M. synoviae and host cells is essential 
for studying the infection mechanism of M. synoviae and 
developing potent vaccines and drugs. The adhesion and 
colonization of host cells by Mycoplasma is a key step in 
infection. However, Mycoplasma species do not contain 

Fig. 2 Surface localization of EF-Ts in M. synoviae. A The distribution of EF-Ts in M. synoviae was detected by immunoblotting; 180-kDa 
protein marker (M). Western blotting of the total protein (Lan1), cell membrane fraction (Lan2), and cytoplasmic fraction (Lan3) of M. synoviae 
was performed using anti-EF-Ts serum. B Detection of EF-Ts in M. synoviae by ELISA. Equal concentrations of cell membrane and cytoplasmic 
proteins were encapsulated in enzyme-labeled plates and incubated with anti-EF-Ts serum for 1 h, followed by incubation with an HRP-coupled 
goat-anti-rabbit secondary antibody and color development with tetramethylbenzidine. The absorbance values at 450 nm were read 
after termination with  H2SO4 (****p < 0.0001). C Suspension immunofluorescence analysis. M. synoviae was treated with anti-MS serum, anti-EF-Ts 
serum, and preimmune serum, then incubated with a FITC-conjugated goat-anti-rabbit secondary antibody and observed under a fluorescence 
microscope

Table 2 Mycoplasmacidal rates of anti-EF-Ts serum

a Results were obtained through three replicate experiments
b Significant difference compared to nonimmunized rabbit serum according to 
Student’s t-test (***P < 0.001)

Experiment groups Mean CFU ± SD
(×  103)

Mycoplasmacidal 
rates
(%)

Rabbit Anti-rEF-Ts serum 265 ± 8.73a 33.75 ***b

Rabbit anti-M. synoviae serum 118 ± 11.38a 70.50 ***b

Nonimmunized rabbit serum 400 ± 17.33a —

PBS 397 ± 16.21a —
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the classical bacterial toxins present in other bacteria; 
therefore, the virulence molecules used by M. synoviae 
for adhesion, invasion, and immune evasion are not fully 
defined [11].

In this study, we screened immunogenic membrane 
proteins of M. synoviae by LC–MS/MS and other 
approaches, revealing that EF-Ts is a virulence factor of 

M. synoviae and may be a secreted protein. There are 
three main elongation factor types in prokaryotes: 
elongation factor thermo unstable (EF-Tu), EF-Ts, and 
elongation factor G (EF-G) [22]. EF-Ts is a guanylate 
exchange factor for EF-Tu that catalyzes the conversion 
of GDP complexed with EF-Tu to GTP and the reforma-
tion of a dimer of EF-Tu and EF-Ts (EF-T) [32, 33]. EF-Tu 

Fig. 3 Binding of M. synoviae EF-Ts to DF-1 cell membranes. A rEF-Ts bind to DF-1 cell membrane proteins in a dose-dependent manner. 
Different concentrations of rEF-Ts proteins (0.08 μg–10 μg) were added to a multi-well coated with DF-1 cell membrane protein (0.5 μg). Anti-EF-T 
serum was used as the primary antibody, an HRP-coupled goat-anti-rabbit antibody was used as the secondary antibody, and the bound rEF-Ts 
was detected by incubation with tetramethylbenzidine for 10 min, after which the OD was read at 450 nm. Bovine serum albumin was used 
as the negative control. B Anti-EF-T serum inhibited the binding of rEF-Ts to DF-1 cell membrane proteins. rEF-Ts (5 μg) were preincubated 
with different anti-EF-Ts serum concentrations for 1 h and then added to wells coated with DF-1 cell membrane protein (0.5 μg). Preimmune serum 
was used as the negative control. C Immunofluorescence detection of the effects of rEF-Ts on DF-1 cell adhesion and the inhibition of adhesion 
induced by anti-EF-Ts serum. The rEF-Ts was pretreated with anti-EF-Ts serum and bound to DF-1 cells for 2 h. After 4% paraformaldehyde fixation, 
the rEF-Ts was detected with a FITC-labeled goat anti-rabbit secondary antibody. The cells were observed with a laser confocal microscope. 
Blue indicates nuclei (DAPI), red indicates cell membrane staining (Dil), and green indicates rEF-Ts. D Adhesion of the rEF-Ts protein to DF-1 
cells was assessed using ImageJ software by the fluorescence intensity (FI) ratios of FITC (green) to DAPI (blue). The values are expressed 
as the mean ± SD of three independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001)
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has been identified as an important virulence factor in 
several Mycoplasma species and an immunogenic pro-
tein in M. synoviae [19, 34, 35]. In the process of inves-
tigating the prokaryotic expression of rEF-Ts, it was 
found that eluting the recombinant protein with different 
concentrations of imidazole made it difficult to obtain 
a single target band; instead, two distinct bands were 
observed, located at 35 KDa and 45 KDa. A literature 
search led to the development of the hypothesis that the 
protein band at 45 KDa corresponded to the elongation 
factor Tu protein in the E. coli expression system [31]. 
The elongation factor Ts tends to form a stable complex, 
EF-Tu.Ts, with the elongation factor Tu from the E. coli 
expression system during prokaryotic expression [31, 36, 
37]. The EF-Tu.Ts complex is highly stable and cannot 
be dissociated, even in the presence of high concentra-
tions of guanine nucleotides. The EF-Tu.Ts complex was 
denatured and dissociated using 8 M urea, after which 

it was purified using Ni–NTA His-Tag purification aga-
rose. Ultimately, a single 37 KDa band was obtained. 
Subsequently, we showed by western blot and immuno-
fluorescence analyses that EF-Ts is located on the sur-
face of M. synoviae cell membranes and is immunogenic, 
stimulating an immune response in host cells. Numerous 
studies have demonstrated that EF-Ts is an important 
virulence factor associated with immune response induc-
tion and drug resistance. The expression profile of EF-Ts 
is elevated in tylosin-resistant Streptococcus suis [38], and 
EF-Ts has been predicted to be involved in drug resist-
ance in Mycoplasma bovis [39] and the early immune 
response in Helicobacter pylori [24]. EF-Ts was found to 
be expressed in different M. synoviae isolates with abun-
dant antigenic epitopes; therefore, EF-Ts can be used to 
screen M.synoviae subunit vaccines.

Several studies have shown that Mycoplasma adhesion 
to host cells is a prerequisite for subsequent infection, 
and that loss of adhesion capacity caused by mutations 
leads to loss of Mycoplasma infectivity, while the resto-
ration of adhesion capacity is often accompanied by the 
recovery of infectivity and virulence [11, 40, 41]. Myco-
plasma cell adhesion is a complex process involving mul-
tiple factors. In addition to the major adhesion proteins, 
several "moonlighting proteins" also participate in the 
adhesion process of Mycoplasma to host cells [11]. Previ-
ous studies have shown that M. synoviae can adhere to 
and invade many types of chicken cells [42, 43]. In this 
study, we performed cellular immunofluorescence visual-
ization and ELISA binding assays to confirm that rEF-Ts 

Fig. 4 Antiserum inhibits the adhesion of M. synoviae to DF-1 cells. A M. synoviae was pretreated with anti-EF-Ts serum and anti-M. synoviae serum 
and then incubated with DF-1 cells for 2 h. The cells were observed by laser confocal microscopy. Green represents CFDA-SE-labeled M. synoviae, 
red represents cell membrane staining (Dil), and blue represents cell nuclear staining (DAPI). B Antiserum inhibits the adhesion of M. synoviae 
to DF-1 cells, as assessed using ImageJ software. The values are expressed as the mean ± SD of three independent experiments (* p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001)

Table 3 CFU counts in different treatment groups

a Results were obtained through three replicate experiments
b Significant difference compared to nonimmunized rabbit serum according to 
Student’s t-test (***P < 0.001)

Experiment groups Mean CFU ± SD
(×  104)

Adhesion 
inhibition 
rate
(%)

Rabbit Anti-rEF-Ts serum 99.6 ± 2.73a 84.94***b

Rabbit anti-M. synoviae serum 209.7 ± 6.24a 74.75***b

Nonimmunized rabbit serum 830.6 ± 15.83a —
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could adhere to the surface of DF-1 cells and were inhib-
ited by the antiserum. In addition, pretreating DF-1 cells 
with M. synoviae and serum containing rEF-Ts inhibited 
adhesion and invasion. In conclusion, these studies sug-
gest that EF-Ts are involved in the infection of host cells 
by M.synoviae.

The extracellular matrix (ECM) is an important com-
ponent of cellular life activities and is involved in building 
structural scaffolds, regulating physiological processes, 
cell signaling, and solute migration between tissues and 
cellular barriers [44]. The ECM is widely distributed and 
constitutes an important barrier to bacterial and cancer 
cell migration; it is also a target for adhesion and invasion 
by various microorganisms [45]. Currently, it is known 
that various pathogens bind to the ECM via proteins, 
mediating the adhesion and colonization of host cells. For 
example, Leptospira OmpL47 and LigB are broad-spec-
trum adhesins that bind to collagen, laminin, fibronec-
tin, elastin, fibrinogen, and others [46]. Fibronectin, an 
important component of the ECM, is a 440 kDa glyco-
protein with multiple structural domains. Staphylococcus 
aureus and Campylobacter jejuni binding to fibronectin 
creates favorable conditions for cell adhesion and inva-
sion [47, 48]. Plasminogen is an important part of the 
fibrinolytic system. Activated by a plasminogen activator, 
plasminogen produces a highly efficient serine protease 
that can hydrolyze fibrin and various ECM components. 
Numerous invasive pathogens can capture plasminogen 

and bind to plasminogen receptors (PlgRs) on their sur-
faces, activating the fibrinolytic system, degrading the 
ECM system, and facilitating its adhesion and coloniza-
tion, leading to tissue dissemination [18, 30, 49]. Exam-
ples include LppA and LppB in Mycoplasma bovis and 
GAPDH and enolase in Mycoplasma hyorhinis, which 
act as PlgRs to bind and activate plasminogen, enabling 
the pathogen to degrade the host ECM [28, 30, 50, 51]. 
This mechanism potentially represents how Mycoplasma 
breaks through the tissue barrier in the host and causes 
persistent infection in the animal organism. In this study, 
we found that rEF-Ts can bind Plg and Fn in a dose-
dependent manner, suggesting that EF-Ts is potentially a 
PlgR with important roles in the adhesion and invasion of 
host cells by M. synoviae.

Studies have shown that M. synoviae can invade non-
phagocytic cells in  vitro [43]. Many pathogens invade 
host cells through clathrin- or caveolin-mediated 
pathways. For instance, Edwardsiella tarda invades 
cells through clathrin- and caveolin-mediated path-
ways [52], Ureaplasma parvum and Mycoplasma bovis 
are internalized through clathrin-mediated pathways 
[53, 54], Mycoplasma gallisepticum is internalized 
through cholesterol [55], and Mycoplasma hyopneu-
moniae colonizes porcine epithelial cells through 
clathrin- and caveolin-mediated pathways [56]. In addi-
tion, pathogenic virulence factors, such as the CARDS 
toxin of Mycoplasma pneumoniae [29] and LppB of 

Fig. 5 Binding of M. synoviae EF-Ts to Fn and Plg. A–B The ability of M. synoviae EF-Ts to bind fibronectin and plasminogen was determined 
by dot blotting, with BSA serving as the negative control. C–D EF-Ts bind to fibronectin and plasminogen in a dose-dependent manner. Different 
concentrations of rEF-Ts (0.08–10 μg) were added to wells coated with fibronectin and plasminogen (1 μg). The OD was measured at 450 nm
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Mycoplasma bovis [30], can be internalized through the 
aforementioned pathways. In this study, in addition to 
degrading the ECM, EF-Ts was internalized by DF-1 
cells. Treatment of cells with the endocytosis inhibi-
tors simvastatin and Pitstop-2 significantly reduced the 
internalization of rEF-Ts. The co-localization of rEF-
Ts with clathrin and caveolin was observed by cellular 
immunofluorescence. In addition, the internalization 
of rEF-Ts into DF-1 cells promoted cell proliferation. 

Studies have shown that M. synoviae can promote 
chicken synovial fibroblast cell proliferation [57]. These 
results suggest that M.synoviae EF-Ts is internalized 
into cells through clathrin- and caveolin-mediated 
pathways and promotes cell proliferation, providing 
the conditions necessary for the long-term survival of 
M.synoviae in the host.

In conclusion, we found that the EF-Ts of M. syno-
viae is a multifunctional membrane protein that binds 

Fig. 6 Colocalization of M. synoviae EF-Ts with caveolin-1 (Cav-1) and clathrin heavy chain (CLTC). DF-1 cells were incubated with M. synoviae EF-Ts 
for 2 h and then fixed and labeled with caveolin-1 or clathrin heavy chain (red), rEF-Ts (green), and nuclei (blue). The fluorescence intensity curve 
and Pearson’s R-value were determined by ImageJ software
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to ECM components (Fn and Plg). In this context, EF-Ts 
could function as an adhesive to help M. synoviae adhere 
to host cell membranes. EF-Ts is internalized into cells 
through clathrin- and caveolin-mediated pathways and 
promotes DF-1 cell proliferation. These results deepen 
our understanding of the role of EF-Ts in the pathogene-
sis processes of M. synoviae and provide new insights for 
further investigations.
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