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Abstract
Salmonella Enteritidis (SE) causes both horizontal and vertical transmission of diseases in poultry industry and is also one of the
main causes of human food poisoning. Sequence analysis of the sef operon of poultry-derived Salmonella serotypes showed the
presence of an entire sef operon in SE, whereas only sef pseudogenes were found in Salmonella Gallinarum and Salmonella
Pullorum. Subsequently, the sef operon of SE was cloned into the pBR322 plasmid and expressed in a modified Escherichia coli
strain SE5000. sef operon expression was demonstrated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
western blot, agglutination assay, and transmission electron microscopy. The results showed that SE5000+Sef, but not
SE5000+pBR322, could specifically react with SE-positive chicken serum in an agglutination assay, which could be clearly
visualized by the naked eye within less than 2 min. In contrast, SE5000+Sef could not be recognized in SalmonellaGallinarum–
and Salmonella Pullorum–positive chicken sera. Next, taking advantage of the exclusive presence of an entire sef operon in SE,
we set up an agglutination-based detection system to monitor the dynamics of Sef-targeted antibody from SE-infected chicks for
47 days. Using the proposed detection method, SE was readily detectable starting from 2 weeks post-infection. Finally, we
compared the proposed SE5000+Sef-based detection system with commercially available agglutination antigen using the clas-
sical bacterial isolation and identification procedure as reference. The results showed that the SE5000+Sef system was more
consistent with the results of bacterial isolation and identification with almost 100% accuracy.We established a simple, sensitive,
and cheap agglutination method for rapid and specific detection of SE-infected chickens, which can facilitate epidemiological
investigation and eradication of SE infections.

Key points
• Only the Salmonella Enteritidis serotype expressed Sef fimbriae in chicken infected with SE.
• A rapid, large-scale method of detection by the naked eye of detection of SE-infected chicken is presented.
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Introduction

Salmonella Enteritidis (SE) is a pathogen of a broad range of
host organisms; it is also the main causative agent of human
food poisoning and can lead to nontyphoid gastroenteritis in
humans, livestock, and poultry (Gal-Mor et al. 2014). Every
year, about 93.8 million people in the world are infected with
Salmonella, and around 155,000 die of the Salmonella infec-
tion (Majowicz et al. 2010). In China, gastroenteritis caused
by Salmonella accounts for about 40% of bacterial food poi-
soning (Song et al. 2016), ranking first among bacterial food
poisoning. SE is the main pathogen of Salmonella food poi-
soning. Livestock and poultry products are the main infection
sources of SE, and eggs are the primary causes of human
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Salmonella infections (Gantois et al. 2009). In case of egg
contamination with SE, the entire production must be
discarded. For example, in 2010, 500 million “problem eggs”
were recalled because of an SE outbreak in the USA (Kuehn
2010). Moreover, SE is not only the cause of human food
poisoning but also the cause of great losses in livestock and
poultry breeding. Therefore, diagnostic and detection methods
are urgently needed as a primary step to eradicate Salmonella
infections, especially considering that the current methods
lack sensitivity and efficiency.

At present, the many types of detection methods of
Salmonella include traditional biological and biochemical
identification, immunological diagnosis, and molecular bio-
logical identification (Eriksson and Aspan 2007).
Conventional microbiological methods include enrichment
culture, preliminary culture, isolation from pure culture, and
determination with a series of biochemical reactions, serolog-
ical grouping, and bacterial types (Miao et al. 2017).
Molecular biology protocols also have been performed for
Salmonella detection; these involve nucleic acid probe detec-
tion technology (Machado et al. 2019), polymerase chain re-
action (PCR) technology (Yang et al. 2020), and gene chip
(Ricke et al. 2013). Other immunological diagnostic methods
of Salmonella include enzyme-linked immunosorbent assay
(ELISA) (Oliveira et al. 2006), Dot-ELISA (Roychoudhury
et al. 2009), immunofluorescence (Stoica et al. 2018), and
immunomagnetic separation (Lynch et al. 2004). These
methods are limited, however, by their time-consuming and
laborious nature (Li et al. 2020). Thus, optimized methods for
pathogenic Salmonella detection are urgently needed.

Since the 1930s, scientists have developed a series of sero-
logical methods for detection of SE-infected chickens; these
techniques include the serum tube agglutination test (STAT)
(Gast 1997), latex agglutination test (LAT) (Margot et al.
2013), and agglutination test with staining antigen for whole
blood tests (Yang et al. 2019). Among them, the slide agglu-
tination test with staining antigen has the advantages of sim-
plicity and a time-saving but moderate level of specificity.
Currently, commercial agglutination antigen targeted for so-
matic antigen consists of the whole bacterial cell, which can
be the source of nonspecific cross-reactions with many blood
or serum components (Yan et al. 2011); consequently, it can
be the origin of many false-positive and false-negative reac-
tions with poor reproducibility (Fasano et al. 2017).
Therefore, this method lacks both specificity and sensitivity
in detection of SE-infected chickens.

Sef fimbriae are a type of fimbriae that are encoded by a
sefABCD operon. They are an important virulence factor in-
volved in the initial attachment, which is an important step in
the SE infection process (Zhu et al. 2009; Yue et al. 2012).
Turcotte and Woodward (1993) reported that the sefA gene,
which encodes the major subunit of Sef fimbriae, is widely
conserved within Salmonella serotype D; the authors

developed latex particles coated with anti-SefA monoclonal
antibodies as a diagnostic system to successfully detect SE
and Salmonella Dublin, but not Salmonella Gallinarum and
Salmonella Pullorum, which are lacking a functional Sef. Our
study found that only SE had a complete sef operon among the
Salmonella serotypes isolated from infected chickens. In
Salmonella Gallinarum and Salmonella Pullorum, the sef op-
eron is only represented by pseudogenes and it is completely
missing in Salmonella Typhimurium. With the exception of
SE, none of the Salmonella serotypes express Sef fimbriae
in vivo and therefore do not induce the production of antibod-
ies against Sef in infected chickens. On the basis of this ge-
netic divergence between SE and other Salmonella
serogroups, this study was undertaken to describe a novel
agglutination method using a recombinant Escherichia coli
SE5000+Sef strain (i.e., the SE5000 expressing Sef fimbriae
in the optimal condition) for the detection of SE in chickens.
The proposed method combines all requested qualities, such
as specificity, sensitivity, rapidity, and low cost, and can be
generalized as a method of choice for future SE detection in
poultry farming.

Materials and methods

Bacterial strains and plasmids

The modified E. coli SE5000 strain (Schifferli et al. 1991)
obtained from Dr. Dieter Schifferli (University of
Pennsy lvan i a Schoo l o f Ve te r ina ry Med ic ine ,
Philadelphia, PA, USA) was stored in our laboratory
(Xia et al. 2015). The standard strain C7920, used as an
SE cloning strain, was purchased from China Institute of
Veterinary Drug Control (Beijing, China) (Liquan Huang
2006). Salmonella Gallinarum strains, including vaccine
SG9R (purchased from China Institute of Veterinary Drug
Control, Beijing, China) and isolate SG01 (isolated from
our laboratory, and kept in China Institute of Veterinary
Drug Control, Beijing, China), and Salmonella Pullorum
strains, including reference CVCC523 (purchased from
China Institute of Veterinary Drug Control, Beijing,
China) and isolate S08 (isolated from our laboratory,
and kept in China Institute of Veterinary Drug Control,
Beijing, China), were stored in our laboratory. Plasmid
pBR322 purchased from New England Biolabs (NEB;
Beverly, MA, USA) was used as the expression vector.
All bacterial strains were grown in Luria-Bertani (LB)
broth at 37 °C.

Bioinformatics analysis

We performed multiple sequence alignments using sef operon
sequences retrieved from the National Center for
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Biotechnology Information (NCBI; Bethesda, MD, USA) for
different Salmonella Pullorum, Salmonella Gallinarum, and
SE strains. The sef operon nucleotide sequence from SE strain
SE95 (CP050716) was selected as a reference sequence. We
used the NCBI Nucleotide BLAST tool to look for the homol-
ogous sef operon in Salmonella Pullorum, Salmonella
Gallinarum, and SE. The presence of the sef operon was ver-
ified in Salmonella Pullorum/Gallinarum strains, including
Salmonella Gallinarum strains (CP019035 and AM933173)
and Salmonella Pullorum strains (CP003786, CP003047,
CP006575, LK931482, CP022963, and CP012347). The se-
quence data were analyzed and aligned by the ClustalWmeth-
od using the MEGA 7 software (version 7.0.26) and Jalview
(version 2.11.0) (Waterhouse et al. 2009).

PCR, DNA cloning, and construction of expression
vector

The sef operon was amplified from the genome of SE standard
strain C7920 (NCBI: MW594401) using the upstream primer
sef-up: 5′- G GAT CC AAA ATg gCg TgA gTA TAT TAg
CAT CCg CA -3′ and the downstream primer sef-lo: 5′- G
TCGACTTATTATAATTCAATTTCTGTCGCATAT -
3′. The underlined sequences represent BamHI and SalI re-
striction enzyme sites, respectively. PCRwas performed using
Phanta Max Super-Fidelity DNA Polymerase (P505-d1/d2/
d3, Vazyme Nanjing, China) (Ahmed et al. 2021). The PCR
product of the sef operon and the pBR322 vector were
digested by BamHI and SalI (NEB, Ipswich, MA). The linear
DNA fragments were purified and ligated using T4 DNA
ligase (NEB), and the recombinant plasmid named pBR-sef
was confirmed by BamHI and SalI restriction enzyme/
electrophoresis and DNA sequencing.

Extraction of Sef fimbriae

The pBR-sef plasmid was electroporated into the strain
SE5000; the generated strain SE5000+Sef was cultured at
37 °C for 12 h. Fimbrial protein was prepared by the hot
extraction method with some changes (Khan and Schifferli
1994); in brief, strains SG9R, SG01, CVCC523, S08, and
SE5000 with pBR-sef cultures were centrifuged at 4 °C and
4500 rpm for 10min, and then the sediment was washed twice
with sterile phosphate-buffered saline (PBS). Then, 75 mM
NaCl-0.5 mM Tris-HCl (pH 7.4) solution was added, and the
mixture was incubated in a water bath at 62 °C. After 30 min,
the sample was centrifuged for 20 min at 8000 rpm, and 20%
saturated ammonium sulfate was added to the supernatant.
After overnight precipitation, the supernatant was discarded
by 14,000-rpm centrifugation for 30 min, and precipitated
fimbriae were resuspended in sterile PBS.

Agglutination test

pBR322 and pBR-sef were electroporated into the SE5000
strain to generate SE5000+pBR322 and SE5000+Sef, respec-
tively. Positive clones were screened on plates with added
ampicillin. Strains SG9R, SG01, CVCC523, S08, SE5000+
pBR322, and SE5000+Sef were grown at 37 °C; the amount
of bacteria was adjusted to 5 × 109 colony-forming units
(CFU)/mL and washed three times with sterile saline before
subjecting the sample to agglutination with the laboratory-
made anti-SefA monoclonal antibody (Zhu et al. 2010).
Next, 10 μL of bacterial solution was mixed on a clean glass
plate with the same volume of 1:40 diluted monoclonal anti-
body; after a 2-min incubation, the agglutination results could
be seen by the naked eye.

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and western blot

We used SDS-PAGE and western blot methods (Kurien and
Scofield 2015) to identify the expression of Sef. Briefly, hot-
extracted Sef fimbriae and recombinant SefA protein (includ-
ing a 6 × His tag) were run onto a SDS-PAGE, followed by
electro-transfer onto a nitrocellulose membrane (Biosharp,
Anhui, China) using the BIO-RAD transfer system
(Shanghai, China). After overnight blocking at 4 °C with
10% bovine serum albumin (BSA), the membrane was
washed three times with PBS-Tween 20 (PBST) and incubat-
ed for 1 h at 37 °C with anti-SefA monoclonal antibody (di-
luted 1:1000 by PBST). A second washing step with PBST
was made, followed by a 2-h incubation at 37 °C with a sheep
anti-mouse-HRP conjugated IgG (Novus, Gudensberg,
Germany). We performed a final washing step with PBST
before detection with diaminobenzidine.

Transmission electron microscopy (TEM)

SE5000+pBR322 and SE5000+Sef were cultured for 12 h,
and then 1 mL of each culture was centrifuged for 10 min at
4000 rpm, washed three times with the same amount of PBS,
and resuspended. These samples were observed by TEM
(Yang et al. 2015); briefly, a 50-μL sample was placed on a
copper grid at room temperature for 15 min. The excess bac-
terial solution of the copper net was absorbed by a filter paper
(Whatman-Xinhua, Hangzhou, China), and the copper mesh
was floated on the surface of a 2% phosphotungstic acid (pH =
7.0) dye droplet. Then, we absorbed the excess dye solution
and observed the sample under TEM.

Laboratory animal and animal welfare

The specific-pathogen-free (SPF) chickens used in this study
were purchased from the Comparative Medical Center of
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Yangzhou University. All experiments were conducted in ac-
cordance with the local ethical guidelines and national
legislation.

Sample collection

Sera of SPF chickens infected with Salmonella Gallinarum,
Salmonella Pullorum, Salmonella Typhimurium, or SE were
provided both by the China Institute of Veterinary Drug
Control and by experimentally infected chickens in our labo-
ratory. Clinically positive chicken sera of Salmonella
Gal l i na rum, Sa lmone l la Pu l lo rum, Sa lmone l la
Typhimurium, and SE were confirmed as diagnostic serum
samples from farms located in 10 different provinces of
China. E. coli O1–, E. coli O2–, and E. coli O78–infected
SPF chicken sera were obtained from Dr. Song Gao. A total
of 160 sera samples were used in this study; the sources of the
sera are shown in Table 1.

Specifically targeted detection for SE

To prepare SE5000+Sef agglutination antigen and SE5000+
pBR322 vector as a negative control, we used a total of 160
sera samples of experimentally and clinically infected chicken
(Table 1). Of the 160 samples with results provided in less
than 2min, 30were SE-infected SPF chicken sera, 30were SE
clinically infected chicken sera, and each of the 10 SPF chick-
en sera samples was infected by Salmonella Gallinarum,
Salmonella Pullorum, and Salmonella Typhimurium; each
of the 10 positive chicken sera was clinically infected by

Salmonella Gallinarum, Salmonella Pullorum, and
Salmonella Typhimurium with experimental diagnosis; and
10 were SPF chicken sera. We also included O1, O2, and
O78 E. coli serotype–positive SPF chicken sera.

Sensitively targeted detection for SE

Ten SPF chicks at the age of 5 days were infected orally with
SE strain C7920, with the infection dose of 107 CFU in 100
μL of sterile LB broth; 10 SPF chicks were treated with the
same volume of LB as control. Sera of SPF chicken were then
collected every week and were subjected to agglutination test-
ing by the SE5000+Sef system until positive detection of
SefA-specific antibodies.

Isolation and identification of Salmonella strains

Salmonella strains were isolated from the tissue samples of
chickens using the Chinese National Standard method (GB
4789.4–2010), with some optimized modifications. Briefly,
each sample (1 g) was added to 10.0 mL selenite cystine broth
(SC; Qingdao Hope Bio-Technology Ltd., Qingdao, China)
and incubated at 37 °C; after 24 h of incubation, 5 μL of each
culture was streaked onto xylose lysine deoxycholate selective
medium (XLD; Qingdao Hope Bio-Technology Ltd.) plates
and incubated at 37° C for 24 h. Next, suspected Salmonella
colonies were further identified by PCR assays using universal
primers for flgE (the upstream primer of flgE: ACGGACCC
TGTACCGTCTAAA; the downstream primer of flgE:
TGATGTTCACCGTACCGCC) for de tec t ing a l l

Table 1 The sources of sera analyzed in this study

Source Salmonella
Enteritidis

Salmonella
Gallinarum

Salmonella
Pullorum

Salmonella
Typhimurium

Number of sera Number of sera Number of sera Number of sera

Experimental infection This lab 10 0 0 0

China Institute of Veterinary Drug
Control

20 10 10 10

Diagnostic serum
samples

Jiangsu 15 2 0 0

Zhejiang 10 1 0 0

Anhui 0 5 0 0

Henan 5 0 0 0

Shandong 0 1 0 0

Hebei 0 1 0 0

Shanxi 0 0 0 1

Hunan 0 0 5 0

Guangxi 0 0 5 0

Jilin 0 0 0 9

Total 60 20 20 20

Note: 10 of the SPF chicken sera produced by our laboratory and 10 of eachE. coliO1–,E. coliO2–, andE. coliO78–infected SPF chicken sera obtained
from Dr. Song Gao were not listed here
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Salmonella species (Yang et al. 2020), which can convenient-
ly and rapidly detect flagellated and nonflagellated
Salmonella spp. sdfI primers (the upstream primer of sdfI:
TGTGTTTTATCTGATGCAAGAGG; the downstream
primer of sdfI: TGAACTACGTTCGTTCTTCTGG) were
used to identify the SE serotype (Kasturi and Drgon 2017),
and glgC primers (the upstream primer of glgC: CGGTGTAC
TGCCCGCTAT; the downstream primer of glgC :
CTGGGCATTGACGCAAA) were used to identify the
Salmonella Pullorum serotype (Kang et al. 2011).

Data analysis

In this study, we tested the sensitivity and specificity of
the calculations using an online calculator (https://www.
medcalc.org/calc/diagnostic_test.php). The number of
true positives (a), false negatives (b), false positives
(c), and true negatives (d) was entered into the four
fields of the website, and the values of sensitivity, spec-
ificity, and corresponding 95% confidence interval were
obtained.

Results

Pseudogenes found of the sef operon of Salmonella
Gallinarum and Salmonella Pullorum in infected
poultry

We used the NCBI database to compare the sef operon of SE
with two strains of Salmonella Gallinarum and six strains of
Salmonella Pullorum. The results showed the presence of sub-
stitutions and insertions in Salmonella Gallinarum CP019035
and AM933173; these mutations corresponded to either stop
codons or frameshifts within the sef operon. The substitution
of G to T at nt 1626 (counted from the transcriptional start site)
of the sef operon caused a replacement of a glutamic acid
codon with a stop codon, resulting in a truncated sefC. Other
nucleotide substitutions, insertions, and deletions were found
in Salmonella Pullorum CP003786, CP003047, CP006575,
LK931482, CP022963, and CP012347. In the CP003786,
CP003047, CP006575, and LK931482 strains, a mutation of
G to A at nt 2512 (counted from the transcription start site)
caused a tryptophan codon to stop codon substitution,
resulting in early termination of sefC. We also noticed the
presence of an insertion within the sefC open-reading frame
in CP012347, in addition to the absence of a part of sefC and
the entire sefD sequences in the CP022963 chromosome.
Thus, we concluded that the sef operon was mainly represent-
ed by pseudogenes in Salmonella Gallinarum and Salmonella
Pullorum (Fig. 1).

Amplification, cloning, and identification of the sef
operon in SE

We used sef-specific primers to amplify the entire sef operon.
The generated PCR product migrated as a DNA band of about
4268 bp in a 1% agarose gel (Fig. 2A), which was in agree-
ment with the predicted size. The sef PCR product was cloned
into the pBR322 plasmid generating a recombinant vector of
8212 bp (Fig. 2B).

Verification of the expression of Sef fimbriae

Upon transformation of the SE5000 strain with recombinant
pBR322 harboring sef, we confirmed the expression of Sef
fimbriae in the generated strain using an agglutination assay.
The results showed a significant agglutination with the
laboratory-made anti-SefA monoclonal antibody. In contrast,
the SE5000 strain transformed with the empty vector did not
react with the monoclonal antibody during the agglutination
test (Fig. 3).We noticed that the SG9R, SG01, CVCC523, and
S08 strains could not recognize the anti-SefA monoclonal
antibody (results not shown). To confirm the expression of
Sef, fimbriae were extracted from the SE5000 recombinant
strain and subjected to both SDS-PAGE and immunoblotting
using anti-SefA-specific antibody. As shown in Fig. 4, a vis-
ible band of about 14.3 kDa was detected in both Coomassie
staining and western blot gels (Fig. 4A), which was consistent
with the predicted size of SefA, the main subunit of fimbriae.
There were no bands at 14.3 kDa by both SDS-PAGE and
immunoblotting for the fimbriae extracted from the SG9R,
SG01, CVCC523, and S08 strains (results not shown). For
further confirmation, we subjected the SE5000 strains carry-
ing either a pBR322-sef or the empty pBR322 to TEM anal-
ysis; we found obvious fimbria structures on the surface of
strain SE5000+Sef but not on the negative control SE5000+
pBR322 (Fig. 5).

SE5000+Sef system used to specifically detect SE-
infected chickens

We took advantage of the genetic difference between SE and
other Salmonella serogroups to design a diagnosis system
consisting of the generated strains SE5000+pBR322 and
SE5000+Sef as the reporter strains for agglutination assays
to detect antifimbriae antibodies in serum prepared from in-
fected chicken. We conducted a proof-of-concept study in
which we tested our designed system against 160 serum sam-
ples from experimentally and clinically infected chicken. The
results showed that the negative control SE5000+pBR322 did
not react with any serum sample, whereas SE5000+Sef exhib-
ited significant agglutination with 30 SPF chicken sera infect-
ed with SE and with 30 clinical SE-infected sera, with a sen-
sitivity of 100% (95% confidence interval: 94.04% to 100%)
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and specificity of 100% (95% confidence interval: 96.38% to
100%). Moreover, we did not observe a cross-reaction be-
tween SE5000+Sef and samples prepared from chicken in-
fected with Salmonella Gallinarum, Salmonella Pullorum,
Salmonella Typhimurium, and E. coli (Table 2). Taken to-
gether, these data demonstrated the powerful specificity of
our diagnosis tool using the SE5000+Sef system.

Infected chickens can be detected as early as 2 weeks
after infection by SE5000+Sef in the agglutination
assay system

Weekly antibody surveillance of SPF chicks infected with SE
showed that the antibody dynamics were in accordance with
the general antibody production by antigen induction (Fig. 6).

Fig. 1 Mutations of the sef operon in SalmonellaGallinarum and Salmonella Pullorum genomes. Red rectangles indicate the locations of the mutations

Fig. 2 (A) PCR amplification results of the sef operon. LaneM, Trans 2K
plus II DNA marker (TransGen Biotech, Beijing, China); lane 1, PCR
amplification product of the sef operon; lane 2, SE5000 control. (B) The
result of restriction digestion of the pBR-sef plasmid. LaneM, Trans 15K

DNA marker (TransGen Biotech, Beijing, China); lane 1, circular pBR-
sef plasmid; lane 2, pBR-sef linearized by digestion with SalI; lane 3,
pBR-sef linearized by digestion with XbaI

5636 Appl Microbiol Biotechnol (2021) 105:5631–5641



In other words, we did not detect any antibody against Sef in
the first week (7 days after infection). However, 2 weeks post-
infection, we detected anti-Sef antibodies in two of the 10
individuals. At 6 weeks post-infection, all of the infected
SPF chicks were detected positive compared with the nonin-
fected SPF chicks.

The SE5000+Sef system has better sensitivity and
specificity than commercial agglutination antigen

For further validation of the robustness of our designed diag-
nosis system, we performed a comparison between a commer-
cially available agglutination antigen and the SE5000+Sef
system. The assay included subjecting forty 60-day-old laying
hens selected from a chicken farm in Guangxi province to
both the commercial Salmonella Pullorum–based and the
SE5000+Sef system agglutination tests, in parallel to the stan-
dard bacterial isolation and identification method. Using the
commercial agglutination kit, half of the population was pos-
itive and the other half was negative. Only nine SE and three
Salmonella Pullorum infections of the 40 samples were

isolated from mixed tissue samples of chickens using a clas-
sical bacterial isolation procedure. Data obtained from using
the SE5000+Sef system showed that 10 positive samples were
detected as SE-infected chickens and nine of them were con-
sistent with the result of the bacterial isolation and identifica-
tion method. Unlike the data from SE5000+Sef, however, the
results of the commercial Salmonella Pullorum–based agglu-
tination antigen did not match with the results of bacterial
isolation and identification (Table 3). Taking the bacterial iso-
lation and identification method as a standard, the sensitivity
of the SE5000+Sef system was 100% (95% confidence inter-
val: 66.37% to 100%) and the specificity was 96.88% (95%
confidence interval: 83.78% to 99.92%). Thus, the SE5000+
Sef system had a much better sensitivity and specificity than
the commercial agglutination antigens that are still widely
utilized as the main detection method.

Discussion

Sef fimbriae were believed to be unique to Salmonella sero-
type D. Thorns et al. (1990) first detected the expression of Sef
fimbriae in SE and Salmonella Dublin isolates; then, they
reported that Sef was expressed by organisms only within
group D serotypes of SE, including Salmonella Dublin and
very rare Salmonella Blegdam and Salmonella Moscow
serovars. A similar conclusion was reported by Turcotte and
Woodward (1993), who found that the sefA gene was also

Fig. 3 The agglutination reaction results of SE5000+pBR322 and
SE5000+Sef with the monoclonal antibody against SefA. (A) SE5000+
pBR322. (B) SE5000+Sef

Fig. 4 (A) SDS-PAGE and (B)
western blot analysis of Sef fim-
briae. Lane M, molecular weight
protein marker (Baiaolab,
Beijing, China); lane 1, extracted
Sef fimbria subunit; lane 2, re-
combinant SefA subunit as a
control

Fig. 5 Transmission electron microscopy images. (A) The strain
SE5000+pBR322 as a negative control only containing the pBR322
vector; (B) the strain SE5000+Sef expressing Sef fimbriae (black
arrows point to fimbriae)
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conserved in Salmonella Gallinarum and Salmonella
Pullorum, but it was not clear why Sef was not expressed in
Salmonella Gallinarum and Salmonella Pullorum. According
to bioinformatics analysis, the sefC and sefD genes of the sef
operon in Salmonella Gallinarum and Salmonella Pullorum
variably harbor different point mutations, a fragment inser-
tion, and a deletion. The SE5000+Sef detection system did
not agglutinate with antibodies produced in chickens infected
both naturally and experimentally by Salmonella Gallinarum
and Salmonella Pullorum, and no Sef fimbriae could be de-
tected from the extracts of Salmonella Gallinarum and
Salmonella Pullorum strains, which was consistent with our

bioinformatics data analysis showing the presence of
pseudogenes in the sef operon of these strains.

At present, the main serotypes of Salmonella isolates from
chicken flocks are Salmonella Gallinarum and Salmonella
Pullorum, SE, and Salmonella Typhimurium (Wang et al.
2020). Unlike both Salmonella Gallinarum and Salmonella
Pullorum, which are isolated from sick chickens, SE exists
only in healthy-looking chicken (Wang et al. 2020).
Importantly, the traditional serotyping is determined by so-
matic antigen O, and SE cannot be differentiated from
Salmonella Gallinarum and Salmonella Pullorum because
they share the same O antigens (O1, O9, and O12) (Yang
et al. 2019). Therefore, specific and rapid detection methods
for SE in chicken are very important. At present, although
laboratory-manipulated methods include microbial isolation
and identification, PCR and other molecular biology methods,
and ELISA and other immunological methods, they all fail to
perform as a rapid and low-cost screening for SE in large-scale
chicken farms, or in eradicating SE (Eriksson and Aspan
2007). The traditional agglutination method has the advan-
tages of being fast and economical, and it can be used for
large-scale detection of pathogens on the spot; however, it
has been criticized for being less specific and less sensitive
because of confusing false-positive and false-negative results
(Schreier et al. 2013). This confusion is due to the fact that
commercial agglutination antigens use somatic antigens that
are produced by all Salmonella species. Therefore, the diver-
sity and complexity of the used antigens are a source of un-
desired nonspecific cross-reactions with different chicken se-
ra, especially with obvious cross-reactions clinically by cer-
tain Enterobacteriae-infected chicken sera (Yang et al. 2019).
We also noticed that the traditional agglutination method de-
tected somatic antigen-based antibodies with low sensitivity
because of the weak immunogenicity of the somatic antigen.

Table 2 Application of the SE5000+Sef detection system in analyses of 160 different chicken sera

Samples Agglutination with SE5000+ pBR322
(positive / total)

Agglutination with SE5000+Sef
(positive / total)

SPF chicken sera 0/10 0/10

SPF chicken sera infected by Salmonella Enteritidis 0/30 30/30

SPF chicken sera infected by Salmonella Gallinarum 0/10 0/10

SPF chicken sera infected by Salmonella Pullorum 0/10 0/10

SPF chicken sera infected by Salmonella Typhimurium 0/10 0/10

Clinical Salmonella Enteritidis–positive chicken sera 0/30 30/30

Clinical Salmonella Gallinarum–positive chicken sera 0/10 0/10

Clinical Salmonella Pullorum–positive chicken sera 0/10 0/10

Clinical Salmonella Typhimurium–positive chicken sera 0/10 0/10

Clinical E. coli O1–positive chicken sera 0/10 0/10

Clinical E. coli O2–positive chicken sera 0/10 0/10

Clinical E. coli O78–positive chicken sera 0/10 0/10

Total 0/160 60/160

Fig. 6 The result of the SE5000+Sef system monitoring Salmonella
Enteritidis–infected SPF chickens. Ten 5-day-old SPF chicks were infect-
ed with Salmonella Enteritidis (the infection group), while the control
group included 10 SPF chicks matched for age and treated by LB as
control. Antibodies of the infected chicks were tested every week, infect-
ed chickens could be detected after 2 weeks, and all infected chicks could
be detected until the 6th week after infection
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Therefore, an alternative method for chicken SE detection is
urgently needed to meet the requirements of a rapid, specific,
sensitive, and economic agglutination detection test.

Considering the unique expression of Sef fimbriae in SE
among Salmonella serotype D, Sef can be used for exclusive

detection of SE in infected poultry by serological methods.
For instance, a monoclonal antibody–coated latex reagent
against the major subunit SefA (molecular weight of 14.3
kDa) was used to identify SE but came with a high number
of other bacteria (Thorns et al. 1994). Rajashekara et al. (1998)

Table 3 Comparison of the results of three different detection tests for Salmonella Enteritidis applied to 40 different chicken

Samples Isolation and identification of bacteria Commercial agglutination antigen SE5000+pBR322 SE5000+Sef

N1 / - - -

N2 / - - -

N3 / - - -

N4 / - - -

N5 / - - -

N6 / - - -

N7 SE - - +

N8 / - - -

N9 / - - -

N10 / - - -

N11 / - - -

N12 / - - -

N13 / - - -

N14 / - - -

N15 / - - -

N16 / - - -

N17 / - - -

N18 / - - -

N19 / - - -

N20 / - - -

P1 / + - +

P2 SE + - +

P3 / + - -

P4 SE + - +

P5 / + - -

P6 SE + - +

P7 / + - -

P8 SE + - +

P9 SE + - +

P10 SE + - -

P11 / + - -

P12 SP + - -

P13 / + - +

P14 SP + - -

P15 / + - -

P16 SE + - +

P17 SE + - +

P18 / + - -

P19 SP + - -

P20 / + - -

Total 9/40 20/40 0/40 10/40

“SE,” isolated and identified Salmonella Enteritidis from chicken; “SP,” isolated and identified Salmonella Pullorum from chicken; “/,” not isolated; “+,”
positive agglutination reaction; “-,” negative agglutination reaction
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improved LAT by using recombinant SefA protein instead of
monoclonal antibody–coated latex particles for detecting anti-
SefA antibodies. Their method was not tested against SE-
infected samples, however, and little is known about the sen-
sitivity of the developed LAT method. We wondered whether
an alternative method could be designed to detect patients or
sick animals infected with SE. In this study, we cloned the sef
operon of SE and confirmed its expression in SE5000. We
then validated the proof-of-principle of the designed
SE5000+Sef system for SE detection. Unlike the classical
agglutination and LAT methods, our SE5000+Sef detection
system included an internal negative control, SE5000+
pBR322, with zero detectable agglutination with serum sam-
ples tested. We next tested the efficiency of the SE5000+Sef
detection system; the obtained results showed that the infected
SPF chicks could be detected relatively early by the SE5000+
Sef system, starting from 2 weeks post-infection. In addition,
the detection system showed strong specificity and sensitivity
compared with the commercial Salmonella Pullorum–based
agglutination antigens, and the results were completely con-
sistent with the results of bacterial isolation and identification.

By optimizing the traditional plate agglutination reaction
with much more specificity and sensitivity, this study pro-
posed a method for large-scale, rapid, and on-site detection
of SE in chickens. Considering its convenience for epidemio-
logical investigation and disease control and prevention of SE
in chickens, our Sef fimbriae–based method is suggested as a
promising and robust technique that can be generalized for
future SE detection in poultry farming.
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