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SUMMARY. Vaccine-related fowl cholera must be considered when flock mortality increases after use of a live Pasteurella
multocida vaccine product. All registered live vaccines serotype as Heddleston 3,4; however, in some regions this is also the most
common serotype of outbreak isolates in broiler breeders and turkeys. Therefore, serotyping may not be useful for diagnosing
vaccine-related fowl cholera. This project sought to apply a vaccine-specific test to differentiate vaccine-related disease from
naturally occurring outbreaks. Results indicate that vaccine strains were commonly isolated from broiler breeders exhibiting signs of
fowl cholera postvaccination, but some of these isolates exhibited only serotype 4 antigenicity. The isolates’ lipopolysaccharides, the
target antigen for serotyping, contained compositional changes that may explain the varying serotype results and virulence of the
commercial preparations. These results suggest that vaccine-related disease may be common in broiler breeders, and live
commercial vaccine preparations need to be assessed for serotype and titer prior to use in order to reduce vaccine-related fowl
cholera.

RESUMEN. Diferenciación de cólera aviar relacionado con vacunación de la presentación natural de la enfermedad.
La presentación de cólera aviar relacionada con vacunación debe considerarse cuando la mortalidad de la parvada aumenta

después del uso de un producto vivo de la vacuna de Pasteurella multocida. Todas las vacunas vivas registradas son serotipo
Heddleston 3,4; sin embargo, en algunas regiones este es también el serotipo más comúnmente aislado de brotes en reproductores
de pollos de engorde y pavos. Por lo tanto, la serotipificación puede no ser útil para diagnosticar las presentaciones de cólera aviar
relacionadas con la vacuna. Este proyecto buscó aplicar una prueba especı́fica para la vacuna para diferenciar la enfermedad
relacionada con la vacunación de los brotes naturales. Los resultados indican que las cepas de vacuna se aislaron comúnmente de los
reproductores de pollos de engorde que exhibı́an signos de cólera aviar después de la vacunación, pero algunos de estos aislamientos
exhibı́an solo antigenicidad del serotipo 4. Los lipopolisacáridos de los aislamientos, el ant́ıgeno objetivo para la serotipificación,
contenı́an cambios en la composición que pueden explicar los diferentes resultados del serotipo y virulencia de las preparaciones
comerciales. Estos resultados sugieren que la enfermedad relacionada con la vacuna puede ser común en los reproductores pesados y
las preparaciones de vacunas comerciales vivas deben evaluarse para el serotipo y el t́ıtulo antes de su uso con el fin de reducir la
presentación de cólera aviar relacionada con la vacuna.
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Abbreviations: BHI ¼ brain heart infusion; BLAST ¼ Basic Local Alignment Search Tool; CRISPR ¼ clustered regularly
interspaced short palindromic repeats; CU ¼ Clemson University; GC-MS ¼ gas chromatography-mass spectrometry; LPS ¼
lipopolysaccharide; PFGE ¼ pulsed-field gel electrophoresis; RAST ¼ Rapid Annotation using Subsystem Technology; SBA ¼
soybean agglutinin; SDS-PAGE ¼ sodium dodecyl sulfate polyacrylamide gel electrophoresis; TMS ¼ trimethylsilyl; TTBS ¼
Triton Tris buffered saline; w/v ¼ weight/volume

Pasteurella multocida causes a wide range of disease in mammals

and birds (1) including the septicemic disease known as fowl cholera

(2). Clinical findings vary depending on the course of disease and

species affected but can be classified as acute or chronic (3). A first

indication of acute fowl cholera is high mortality, while chronic

symptoms include depression, anorexia, and swollen wattles and

joints. Turkeys are more susceptible than chickens, and mature birds

are more susceptible than adolescent birds. Fowl cholera can cause

great economic impact in the poultry industry, and P. multocida

cannot be eradicated from flocks with antibiotics. Fowl cholera

usually recurs after treatment (4,5).

A diagnosis of fowl cholera is generally done by culture, but

serotyping is needed in identifying the source of the organism in

outbreaks and selecting isolates for killed vaccine. Pasteurella
multocida is classified into 16 somatic lipopolysaccharide (LPS)

serotypes by Heddleston gel diffusion precipitin test, the gold

standard for serotyping P. multocida (6,7). Pasteurella multocida can

also be classified by capsular composition (A, B, D, E, F), but since

most poultry strains are capsule A or D, it is not useful in

differentiating outbreak strains (8,9). Serotypes commonly isolated

from fowl cholera outbreaks are 1,3, and 4, although cross reactivity

in P. multocida isolates (for example: 3,4 or 1,3,4) is frequently seen

(10).

Birds can be vaccinated with killed or live vaccine products. Live

vaccines protect against heterologous serotypes, while killed vaccines

do not. There are three P. multocida live vaccines available on the

market, the Clemson University (CU) vaccine strain, PM-1, and M-

9, which are slow-growing, heat sensitive attenuated derivatives of

CU (11,12,13). All three of these live vaccines serotype as a 3,4, and

they therefore cannot be differentiated from 3,4 environmental
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outbreak strains. In addition, Heddleston gel diffusion precipitin

test can exhibit issues with reproducibility and reliability. A

multiplex PCR that can detect LPS by genotype (L1–L8) has been

described; however, it cannot differentiate vaccine-related fowl

cholera from natural disease, nor can it distinguish between serotype

3 and 4 isolates (14).

Previous studies have shown genetic differences between vaccine

strains and outbreak 3,4 strains in turkeys (15,16). And because live

vaccines can cause fowl cholera if used incorrectly, the objective of

this study was to develop a vaccine-specific test to detect vaccine-

related fowl cholera from naturally occurring outbreaks. Compar-

ative genomics were used to develop a vaccine-specific PCR, which

was used to investigate the prevalence of clinical disease caused by

commercial vaccine preparations. The vaccine-specific PCR not only

detected vaccine-related fowl cholera in 3,4 outbreaks but

determined that some vaccine outbreaks occurred from serotype 4

isolates. These isolates expressed a modified LPS, which affected

serotyping and increased their virulence in broiler breeder chickens.

MATERIALS AND METHODS

Isolates and strains. Pasteurella multocida vaccine strains (CU, PM-
1, and M-9), five previously studied 3,4 isolates that are genetically
different from the CU vaccine strain (93-182, 92-67-2, 92-2667, 86-
1913, and 91-1792) (15), and Heddleston serotypes 1–16 (excluding
serotype 2) type strains were used to develop vaccine-specific PCR
primers (Table 1). Forty-seven outbreak isolates from the University of
Georgia’s Poultry Diagnostic and Research Center were used to
investigate vaccine-related fowl cholera using the vaccine-specific PCR.
Bacteria were cultured on 5% sheep blood agar or in brain heart
infusion (BHI) broth and incubated at 37 C overnight. Two commercial
vaccine lots (serial numbers: 00651363B [M-9-63B] and 00651360A
[M-9-60A]) were acquired from poultry companies that were
experiencing suspect fowl cholera vaccine outbreaks. Vaccines were
stored at 4 C per manufacturer’s recommendation, but in addition, an

aliquot was removed and stored, similarly to the bacterial isolates, as
glycerol stocks at �80 C.

Vaccine-specific PCR. Ten units of hyaluronidase per 1 ml were
added to standing overnight cultures in BHI broth once an optical
density 600¼ 108 was reached (18). They were then incubated for 1–2
hr at 37 C for capsule removal. DNA extraction was done using
Wizardt Genomic DNA purification kit (Promega, Madison, WI), then
purified DNA was submitted to the Molecular Genetics Instrumenta-
tion Facility at the University of Georgia for whole genome sequencing.
Illumina genome libraries were produced for Clemson and the five
previously characterized 3,4 outbreak isolates (Table 1). Raw data
sequences were cleaned for adapter contamination and quality using
FastQC (19), and sequence libraries were trimmed to remove low
quality reads using FastaQ/A Trimmer in FASTX Toolkit (20).
Assembly of paired-end Illumina reads was done using Spades sequence
assembly tool (21).

Genome sequences were uploaded and annotated in Rapid
Annotation using Subsystem Technology (RAST) (22). The annotated
genomes were searched for DNA sequences unique to the vaccine strain
using the RAST genome comparison tool. The clustered regularly
interspaced short palindromic repeats (CRISPR) cas2 locus intergenic
region between cas2 and a gene that was annotated as a phage tail was
selected for comparison. A DNA sequence alignment was done using
Clustal Omega (23) and MEGA (24) to identify CU specific sequences,
and Basic Local Alignment Search Tool (BLAST) (25) was used as
initial confirmation that it was unique to vaccine strains. PCR primers
were designed targeting the CU vaccine strain specific CRISPR sequence
using Primer 3 Plus (26) resulting in the primer sequences (Primer 1
AGAAACGCAATGGAATACCG; Primer 2 TGCCGCAGTTGTTG-
TAGTTC). The amplicon sequence was deposited in GenBank as
Accession MT347697.

Boiled templates (1 ll) of isolates were used in a 9 ll PCR reaction
mixture that consisted of 0.2 mM deoxynucleotides, 3.0 mM MgCl2,
12.5 mM for each primer, and 0.5 units of Taq DNA polymerase
(Denville Scientific, Holliston, MA). The samples were placed in an
Idaho Rapidcycler with the following parameters: 94 C for 1 min, 94 C
for 0 sec, 55 C for 0 sec, and 72 C for 15 sec for 30 cycles at a slope of 2.
Amplicons were analyzed by gel electrophoresis on a 1.5% agarose and

Table 1. Pasteurella multocida strains and isolates.

Strains Background Serotype PCR results Reference

Clemson live vaccine, originally turkey avirulent field isolate 3,4 positive (13,17)
PM-1 live vaccine, chemically induced mutant of CU 3,4 positive (11)
M-9 live vaccine, chemically induced mutant of CU 3,4 positive (12)
93-182 57-wk-old broiler breeder chickens; associated with bacteremia and encephalitis 3,4 negative (15)
92-67-2 31-wk-old broiler breeder chickens; associated with septic arthritis, peritonitis, and perihepatitis 3,4 negative (15)
92-2667 29-wk-old broiler breeder chickens; associated with peritonitis and enteritis 3,4 negative (15)
86-1913 peracute turkey fowl cholera 3,4 negative (15)
91-1792 turkey 3,4 negative (15)
X-73 Heddleston type strain 1 negative (6)
P-1059 Heddleston type strain 3 negative (6)
P-1662 Heddleston type strain 4 negative (6)
P-1702 Heddleston type strain 5 negative (6)
P-2192 Heddleston type strain 6 negative (6)
P-1997 Heddleston type strain 7 negative (6)
P-1581 Heddleston type strain 8 negative (6)
P-2095 Heddleston type strain 9 negative (6)
P-2100 Heddleston type strain 10 negative (6)
P-903 Heddleston type strain 11 negative (6)
P-1573 Heddleston type strain 12 negative (6)
P-1591 Heddleston type strain 13 negative (6)
P-2225 Heddleston type strain 14 negative (6)
P-2237 Heddleston type strain 15 negative (6)
P-2723 Heddleston type strain 16 negative (6)
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Tris acetate EDTA buffer (40 mM Tris, 20 mM acetate, 1 mM EDTA)
gel with ethidium bromide (0.2 mg/ml) at 100 volts for 45 min. A 100
base pair ladder (Promega, Madison, WI) served as a molecular size
standard for determining molecular weights of PCR products.

Strain typing by pulsed-field gel electrophoresis. Pulsed-field gel
electrophoresis (PFGE) was used to determine strain distribution among
the outbreak isolates. Isolates were cultivated on BHI plates overnight,
resuspended in BHI broth, and capsule removed with hyaluronidase
treatment as described above. Cells were embedded in agarose, genomic
DNA isolated, and digested overnight with 10 units of restriction
enzyme ApaI 37 C (27). DNA fragments were separated in a 1% gel
with a voltage of 6 volts/cm and a linearly ramped pulse time of 2.2 to
63.8 sec for 15.5 hr in Tris borate EDTA buffer containing thiourea
(1.0 mM) (28). A database of P. multocida PFGE patterns was generated
using BioNumerics (Applied Maths; Austin, TX), and comparisons were
made using the Dice coefficient.

Lipopolysaccharide analysis. Isolates for study were cultivated on
5% blood agar plates at 37 C overnight. Three to five colonies were
tapped with sterile inoculation loops, transferred to BHI broth, and
grown overnight at 37 C to a concentration of 108 per milliliter.
Capsule was removed by hyaluronidase treatment, and cells were washed
with phosphate buffered saline (137 mM NaCl, 10 mM phosphate, 2.7
mM KCl, pH 7.5) and pelleted by centrifugation for 3 min at 10,000 3

g. Samples were then suspended into 50 ll of sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) lysis buffer as described
by Hitchcock and Brown (29), boiled for 10 min, cooled to room
temperature, then treated with 25 lg of Proteinase K at 60 C for 1 hr.

LPS sample preparations were subjected to SDS-PAGE in 15%
acrylamide (weight/volume [w/v]) separating gel containing 2.6% Bis
(w/v), 2 M of urea, and 0.4% of NaCl on a Bio-Rad Mini-PROTEAN
system at 24 mA, constant current. Gels were incubated overnight in
40% ethanol and 5% acetic acid solution, then treated with 7% sodium
metaperiodate, 40% ethanol, and 5% acidic acid for 5 min. Afterward,
gels were washed three times for 15 min with deionized water before
staining gels using Silver Stain Plus kit (Bio-Rad, Hercules, CA) to
visualize LPS bands. Molecular weight marker of 27–1.4 kDa
polypeptide SDS-PAGE standard (Bio-Rad, Hercules, CA) was used
to determine relative migration and calculate size of the LPS bands.

Unstained gels were transferred to polyvinylidene fluoride membranes
(Bio-Rad, Hercules, CA) using the methods of Towbin et al. (30) then
probed with serotype 3 or 4 antiserum acquired from the National
Veterinary Services Laboratory (Ames, IA) as described by Coy et al.
(31). Soybean agglutinin (SBA) from Glycine max (Vector Labs,
Burlingame, CA) lectin blots were performed as described by Coy et al.
with the following modifications. Membranes were probed with
biotinylated lectin 5–10 lg/ml, diluted in Triton Tris buffered saline
(TTBS; 0.9% NaCl, 100 mM Tris, 0.1% Tween-20). Membranes were
blocked with 2% gelatin in TTBS for 1 hr in 25 C. Membranes were
placed in lectin solution for 1 hr and then washed three times with
TTBS for 10 min. Membranes were placed in a solution of 1:30,000
dilution of goat anti-biotin antibody conjugated with alkaline-
phosphatase (Sigma-Aldrich, St. Louis, MO) for 1 hr in TTBS then
washed three times for 10 min and developed in fast-red substrate
solution (Sigma-Aldrich, St. Louis, MO). The development was stopped
with sterile water once the positive controls were detected. After transfer,
the lane containing the polypeptide size markers was cut from the
membrane and stained with Ponceau S to visualize bands and verify
transfer of molecules. SBA binding preference and specificity is terminal
a- and b-N-acetyl-D-galactosamine (32).

Colony blots of 101–105 colony forming units per plate were
performed on bacteria grown overnight on BHI agar to determine
whether the distribution of serotype 3 and 4 antigens within commercial
vaccine preps was uniform. Colonies were adsorbed onto nitrocellulose
squares that were placed onto plates; in some experiments, colonies were
grown on top of 82 mm circular nitrocellulose membranes for 48 hr.

Membranes were exposed to chloroform vapors for 20 min overnight.
The membranes were then probed using the methods described above.
Strain X-73 (serotype 1) used a negative control to detect nonspecific
binding of serotype 3 and 4 antibody or SBA lectin.

Glycosyl composition analysis was performed by combined gas
chromatography-mass spectrometry (GC-MS) of the per-O-trimethyl-
silyl (TMS) derivatives of the monosaccharide methyl glycosides
produced from the acid-hydrolyzed samples by acidic methanolysis as
described previously by Santander et al. (33). The samples (~200–400
lg each) were spiked with 20 lg of inositol (internal standard) and
heated with 1 M methanolic HCl in a sealed screw-top glass test tube for
18 hr at 80 C. After cooling and removal of the solvent under a stream
of nitrogen, the samples were treated with a mixture of methanol,
pyridine, and acetic anhydride for 30 min. The solvents were
evaporated, and the samples derivatized with Tri-Sil HTP (Pierce,
Dallas, TX) at 80 C for 30 min. GC-MS analysis of the resulting TMS
methyl glycosides was performed on an Agilent 7890A GC interfaced to
a 5975C MSD, using an Supelco Equity-1 fused silica capillary column
(30 m 3 0.25 mm internal diameter). Glycosyl composition analysis was
performed at the analytical services lab of the University of Georgia
Complex Carbohydrate Research Center.

DNA sequences and accession numbers. Whole genome sequences
were deposited in the National Center for Biotechnology Information
(NCBI), including genomes for P. multocida isolates Clemson
(JABBJK00000000), 86-1913 (JABCJN00000000), 92-672 (JABC-
JO00000000), 92-2667 (JABCJP00000000), and 93-182
(JABCJQ000000000). The Clemson strain CRISPR PCR amplicon
was deposited as GenBank Accession MT347697.

RESULTS

A comparison of genome sequences among P. multocida vaccine
strain CU and five 3,4 field isolates identified several sequences
unique to the CU vaccine. The 3,4 field isolates were chosen because
a previous epidemiologic study using restriction fragment length
polymorphism had shown that they were genetically distinct from
the CU vaccine strain but likely related enough to provide useful
genomic comparisons (15). The CRISPR genes were particularly
promising because these loci often contain significant sequence
variability useful for molecular typing (34). Sequence alignment of
one of the unique regions containing a CRISPR, the intergenic
region between cas2, and the annotated phage tail gene revealed
likely unique vaccine strain sequences. This CRISPR sequence was
then compared to all P. multocida genomes deposited at NCBI using
BLAST resulting in only one hit to a deposited vaccine strain
genome. A PCR was developed and optimized to confirm its
presence in CU, M-9, and PM-1. The vaccine strains were positive
in the vaccine-specific PCR, and all of the Heddleston type strains
were negative (Table 1).

The vaccine-specific PCR was then used to evaluate 47 field
isolates archived at the University of Georgia Poultry Diagnostic
Lab. These included P. multocida isolates from 34 broiler breeder
flock outbreaks, 5 turkey, 1 duck, 2 pheasant, 1 layer breeder, 1
layer, 1 quail, 1 turkey breeder, and 1 backyard chicken case.
Twenty-three isolates serotyped as 3,4, five serotyped as 3, and
eighteen serotyped as 4 (Table 2).

Thirty-six percent of the field isolates (17/47) were positive in the
vaccine-specific PCR, which included 43% serotyped 3,4 (10/23)
and 37% serotyped 4 (7/19). No PCR positives were detected
among serotype 3 field isolates. Seventy-eight percent of the serotype
3,4 isolates (18/23) and 79% of serotype 4 isolates (15/19) were
cultured from broiler breeders. In fact, all of the PCR-positive
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isolates were cultured from broiler breeders, and these results suggest

that approximately half of serotype 3,4 (10/15) and serotype 4

isolates (7/13) cultured from vaccinated broiler breeders were

involved in vaccine-related outbreaks. All broiler breeder flocks from

which PCR-positive isolates were cultured and in which age was

recorded were older than 16 wk. All isolates from other species of

birds were negative in vaccine-specific PCR.

PFGE was used to confirm the vaccine strain type among PCR-

positive isolates (Fig. 1). All PCR-positive isolates exhibited 100%

relatedness with CU, M-9, and PM-1, while negative PCR isolates

exhibited less than 82% relatedness. The vaccine-specific PCR’s

sensitivity was 80.49% to 100.00% and specificity was 88.43% to

100.00%, with a confidence interval of 95%.

Because some of the PCR-positive isolates were cultured from

recent cases of fowl cholera, the referring veterinarian submitted two

vaccine lots for analysis. Heddleston serotyping of cells acquired

from the commercial vaccine revealed that both lots primarily

contained serotype 4 cells instead of 3,4, as would be expected from

an M-9 live vaccine. Aliquots of each lot were plated in order to

acquire isolated colonies that were screened by immunoblotting to

determine the distribution of 3 or 4 or 3,4 colony types. Colony

blots revealed that the commercial vaccine preps contained cells

reactive with both antisera and were not a mix of serotype 3 and 4

cells (data not shown). Vaccine lot M-9-63B colonies exhibited a

weak reaction to serotype 3 antisera but were positive when

compared with the negative control X-73 (serotype 1). When

colonies were probed with SBA lectin, specific for terminal N-acetyl-

Table 2. Pasteurella multocida outbreak isolates characterized with vaccine-specific PCR.

Case number Serotype Isolate source Vaccinated Age of flock (wk) Vaccine-specific PCR

1 3,4 broiler breeder yes 36 �
2 3,4 broiler breeder yes 36 �
3 3,4 broiler breeder yes unknown �
4 3,4 broiler breeder yes 47 �
5 3,4 broiler breeder yes 19 �
6 3,4 broiler breeder unknown unknown �
7 3,4 broiler breeder yes 15 �
8 3,4 broiler breeder yes 36 �
9 3,4 broiler breeder yes 61 þ
10 3,4 broiler breeder yes 24 þ
11 3,4 broiler breeder yes 15.6 þ
12 3,4 broiler breeder yes 26 þ
13 3,4 broiler breeder unknown unknown þ
14 3,4 broiler breeder unknown unknown þ
15 3,4 broiler breeder yes 23 þ
16 3,4 broiler breeder yes 45 þ
17 3,4 broiler breeder yes 61 þ
18 3,4 broiler breeder yes 17.3 þ
19 3,4 backyard chicken unknown 17 �
20 3,4 pheasants unknown unknown �
21 3,4 pheasants unknown 30 �
22 3,4 turkey yes 14 �
23 3,4 turkey yes 21 �
24 3 turkey unknown unknown �
25 3 turkey yes 8 �
26 3 turkey breeder yes 8 �
27 3 duck unknown 12 �
28 3 broiler breeder unknown unknown �
29 4 quail unknown 6 �
30 4 broiler breeder unknown 31 �
31 4 broiler breeder yes 21 �
32 4 broiler breeder yes 32 �
33 4 broiler breeder yes 27 �
34 4 layer breeders unknown 40 �
35 4 broiler breeder yes 18 þ
36 4 broiler breeder yes 24 þ
37 4 broiler breeder yes 30 þ
38 4 turkey unknown unknown �
39 4 broiler breeder unknown unknown �
40 4 broiler breeder yes 16 þ
41 4 broiler breeder yes 36 �
42 4 broiler breeder yes 23 þ
43 4 broiler breeder yes 28.3 �
44 4 layer no unknown �
45 4 broiler breeder yes 26 þ
46 4 broiler breeder yes 17 þ
47 4 broiler breeder yes 65 �
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galactosamine residues associated with the serotype 3 LPS (35),

colonies from the commercial vaccine lots were positive; however,

CU’s colonies were not.

Because the nature of serotype specificity is believed to be LPS

composition, gel electrophoresis was used to estimate size differences

among the isolates’ LPS and predict distribution of serotype 3 and 4

LPS. Harper et al. (2017) reported the carbohydrate structure of all

of the P. multocida serotype type strains’ LPS, enabling estimation of

molecular weights (36). Approximate molecular weight for each LPS

band was determined by relative migration compared with the

molecular weight standards (Fig. 2). Pasteurella multocida P1059

(serotype 3) had two bands of approximately 7.8 and 7.5 kDa. The

molecular weight suggests that the 7.5 kDa band represents serotype

3 outer core LPS containing one terminal N-acetyl-galactosamine,

while the 7.8 kDa band contains a second N-acetyl-galactosamine

molecule. P1662 (serotype 4) exhibited a band of 6.3 kDa and one

faint band of 7.5 kDa. CU exhibited 3 bands of 7.8, 7.5 (major

band), and 6.3 kDa as expected for a 3,4 serotype; however, M-9

had only one band of 7.8 kDa (serotype 3 LPS) and PM-1 had two

similar molecular weight bands at 7.8 and 7.5 kDa, representing

serotype 3 LPS. The commercial vaccine preps exhibited the same

three bands as CU, suggesting the presence of both 3 and 4 serotype

LPS.

Serotype 3 and 4 antisera were used to probe LPS bands to

confirm their predicted identity (Table 3). CU, PM-1, and M-9

bands of sizes 7.8 and 7.5 kDa LPS reacted with serotype 3

antiserum as predicted (Fig. 3, Panel A). None of the LPS bands

from commercial vaccine preparations reacted with serotype 3

antiserum; however, the 6.3 kDa bands did react with serotype 4

antiserum (Fig. 3, Panel B). CU, PM-1, and M-9 reacted with

serotype 4 antiserum at 6.5 kDa and exhibited serotype 3 reactivity

at 7.8 or 7.5 kDa. However, LPS from the commercial vaccine

preparations did not react with serotype 3 antiserum.

The sizes of the LPS bands from the vaccine preparations were

appropriate for serotype 3 LPS; however, these bands did not react

with the serotype 3 antisera. To elucidate the identity of the terminal

carbohydrate, SBA lectin would reveal if the LPS molecules

contained a terminal a or b-N-acetyl-galactosamine as previously

described for serotype 3 (32,35). These results are shown in Table 3.

Positive control P1059 demonstrated positive SBA reactivity in 7.8–

6.5 kDa molecular weight range. The vaccine strains had faint bands

at 7.8 and 7.5 kDa. But SBA did not react with LPS from the

commercial preparations, indicating that these bacterial cells were

not producing the predicted serotype 3 LPS structure (Fig. 4).

Fig. 1. PFGE strain-typing of Pasteurella multocida outbreak isolates
and vaccine strains. Serotype is shown to the right of the isolate
numbers.

Fig. 2. Molecular weight of LPS isolated from vaccine strains and
vaccine preparations. Lane 1: molecular weight standard. Lane 2: P1059
(serotype 3). Lane 3: P1662 (serotype 4). Lane 4: CU vaccine strain.
Lane 5: PM-1 vaccine strain. Lane 6: M-9 vaccine strain. Lane 7:
commercial vaccine lot M-9-63B. Lane 8: commercial vaccine lot M-9-
60A.
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In order to elucidate the composition of the variant LPS, glycosyl
composition analysis was performed (Table 4); however, phosphoe-
thanolamine, a component of core LPS in serotypes 3 and 4, would
not have been detected with this method. Nearly all samples
contained keto-deoxyoctulosonate residues confirming presence of a
small percentage of core LPS. Additional components or breakdown
products of core LPS such as N-acetyl glucosamine, heptose, fatty
acids (C14:0), and b-hydroxy fatty acids (C12:OH, C14:OH) were
also observed in many of the samples. Consistent with previous
reports (14,35) of galactose and glucose in serotype 3 and 4 LPS,
residues were also found in all samples. Sialic acid residues were
detected in several P. multocida serotype 4 outbreak isolates and one
of the vaccine preps. However, while heptose should represent at
least 25% of the LPS outer core carbohydrate chain of serotype 4, it
was less than 15% of the vaccine lots and two of the outbreak
isolates. In fact, the vaccine lots and P. multocida outbreak isolates
35 and 45 contained 36–72% rhamnose, suggesting that it may have
replaced hexose in the LPS outer core. While it is known that
serotype 4 LPS may exhibit multiple isoforms containing phos-

phoethanolamine (35), these results indicate that the LPS of the cells

in the vaccine may be further modified, which not only would affect

their serotype reactivity but may also affect immunogenicity of the

vaccine and virulence of the strains.

DISCUSSION

Previous studies indicated that live P. multocida vaccines may have

caused disease because the symptoms of disease occur soon after

administration of a live vaccine (37,38). Serotyping has not been

very useful in detecting environmental outbreak isolates because the

vaccine serotype 3,4 is one of the most common outbreak serotypes.

Vaccine and environmental outbreak strains have been genetically

differentiated by strain typing, but methods are time consuming and

not easy to implement in a diagnostic lab (39). The goal of this

research was to produce a vaccine-specific test to detect vaccine-

related disease. It was a surprising finding that vaccine-related fowl

Table 3. Serotype reactivity of (lipopolysaccharides) LPS isolated
from Pasteurella multocida vaccine strains and commercial vaccine
preparation.

LPS MW
(kDa)

Serotype
3 antiserum

Serotype
4 antiserum SBA

P1059 (Serotype 3) 7.8 þ � þ
7.5 þ � þ

P1662 (Serotype 4) 7.5 � þ �
6.3 � þ �

CU 7.8 þ þ þ
7.5 þ þ þ
6.3 � þ �

PM-1 7.8 þ þ þ
7.5 þ þ þ

M-9 7.8 þ þ þ
Commercial vaccine lot

(M-9-63B)
7.8 � � �
7.5 � � �
6.3 � þ �

Commercial vaccine lot
(M-9-60A)

7.8 � � �
7.5 � � �
6.3 � þ �

Fig. 3. Immunoblots of LPS isolated from vaccine strains and commercial vaccine preparations. Panel A: Immunoblot with serotype 3
antiserum. Panel B: Immunoblot with serotype 4 antiserum. Lane 1: P1059 (serotype 3). Lane 2: P1662 (serotype 4). Lane 3: CU vaccine strain.
Lane 4: PM-1 vaccine strain. Lane 5: M-9 vaccine strain. Lane 6: commercial vaccine lot M-9-63B. Lane 7: commercial vaccine lot M-9-60A.

Fig. 4. SBA lectin probing of LPS isolated from vaccine strains and
commercial vaccine preparations to detect terminal N-acetyl-galactos-
amine. Lane 1: P1059 (serotype 3). Lane 2: P1662 (serotype 4). Lane 3:
CU vaccine strain. Lane 4: PM-1 vaccine strain. Lane 5: M-9 vaccine
strain. Lane 6: commercial vaccine lot M-9-63B. Lane 7: commercial
vaccine lot M-9-60A.
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cholera occurred from serotype 4 isolates that were the same as the

vaccine strain.

In this study, we documented that vaccine-related fowl cholera

outbreaks were caused by both serotype 3,4 and 4 isolates and that

outbreaks were common in vaccinated broiler breeders. Although all

commercial live vaccine strains derived from a single P. multocida
3,4 serotype isolate, the commercial live vaccine preps that caused

vaccine-related fowl cholera may react poorly with serotype 3

antiserum and strongly with serotype 4 antiserum. The purified LPS

isolated from vaccine lots and outbreak strains reacted only with

serotype 4 antiserum. SBA lectin confirmed that serotype 3 LPS was

absent in commercial vaccine preparations. Chemical analysis of the

LPS from serotype 4 outbreak strains and the commercial vaccine

preparations indicated that they expressed variant LPS structures.

Variant LPS was described in highly virulent serotype 3,4 isolate 86-

1913, where lectins identified serotype 4 specific terminal b-gal

(RCA) and serotype 3 specific N-acetyl-galactosamine (SBA) LPS

structures whose expression correlated with virulence [31]. Pasteu-
rella multocida 86-1913 colonies that expressed terminal galactose

were highly virulent, but those that expressed N-acyl-galactosamine

but not b-gal were avirulent. This suggested that virulence was

enhanced by serotype 4 LPS.

In this study, Heddleston serotyping revealed that the two

commercial P. multocida vaccine preparations that were associated

with clinical disease contained primarily serotype 4 cells. In

addition, the serotype 4 vaccine-related outbreak strains expressed

variant LPS, indicating that the cross-protective ability of these

vaccine preparations was likely compromised. While serotyping will

not detect vaccine-related serotype 4 outbreak isolates, the vaccine-

specific PCR can efficiently detect outbreak related vaccine strains

and can be implemented easily for diagnostic use. Additionally, all

lots of live fowl cholera vaccine should be titered serotyped prior to

use in order to reduce the incidence of vaccine-related disease in

broiler breeders.
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R, McWilliam H, Remmert M, Söding J, et al. Fast, scalable generation of
high-quality protein multiple sequence alignments using Clustal Omega.
Mol Syst Biol. 7:539; 2011.

24. Kumar S, Stecher G, Li M, Knyaz C, and Tamura K. MEGA X:
Molecular Evolutionary Genetics Analysis across computing platforms. Mol
Biol Evol. 35:1547–1549; 2018.

25. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local
alignment search tool. J Mol Biol. 215:403–410; 1990.

26. Untergasser A, Nijveen H, Rao X, Bisseling T, Geurts R, Leunissen
JAM. Primer3Plus, an enhanced web interface to Primer3. Nucleic Acids Res.
35: W71–W74; 2007. doi:10.1093/nar/gkm306.

27. Gunawardana GA, Townsend KM, Frost AJ. Molecular character-
isation of avian Pasteurella multocida isolates from Australia and Vietnam by
REP-PCR and PFGE. Vet Microbiol. 72:97–109; 2000.

28. Koort JMK, Lukinmaa S, Rantala M, Unkila E, Siitonen A.
Technical improvement to prevent DNA degradation of enteric pathogens
in pulsed-field gel electrophoresis. Journal of Clinical Microbiology,
40:3497–3498; 2002.

29. Hitchcock PJ, Brown TM. Morphological heterogeneity among
Salmonella lipopolysaccharide chemotypes in silver-stained polyacrylamide
gels. J Bacteriol. 154:269–277; 1983.

30. Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc Natl Acad Sci USA. 76:4350–4354; 1979.

31. Coy SL, Lee MD, Sander J. Intrastrain variation of lipopolysaccharide
of Pasteurella multocida in turkeys. Athens (GA): University of Georgia;
1996.
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