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ABSTRACT. Pneumonia caused by Mannheimia haemolytica is an important disease of ruminants. Because of its economic
significance, several methods have been used to study the pathogenicity and epidemiology of M. haemolytica. The objectives
of this study were to provide data about the prevalence of the different serotypes of the bacterium and to investigate the
genetic diversity of a significant virulence factor, the ompA gene. Two methods, DNA sequencing analysis and DGGE, were
used to study the polymorphisms of the ompA gene. Ninety-four isolates from pneumonic lungs were investigated. Capsular
serotyping showed that serotype A2 was the predominant serotype among ovine strains and the only serotype found in caprine
strains. This is the first reported analysis of the ompA gene of M. haemolytica strains isolated from goats. Analysis of the
gene revealed five DGGE patterns and nine genotypic groups. The ovine isolates, which belonged to four DGGE patterns,
showed a much greater diversity than the caprine strains, which belonged to just two DGGE patterns. Sequence analysis was
used to verify the DGGE results and revealed eight genotypic groups among the ovine isolates and three among the caprine
ones. Furthermore, the correlation of these results showed a great diversity of the ompA4 gene among serotype A2 isolates.

Keywords: Mannheimia haemolytica; ompA gene; genetic diversity

INEPIAHYH. H Mannheimia haemolytica amotehel éva amd To SNUAVTIKOTEPW CiTio TVEVHOVIAS 6TA PUNpUKOGTIKA. EEmtiag
TOV GOPUPOV OIKOVOHIKDV EMATOGEMY TOL APOKaiel, S1dpopec pEBodoL £xovv ypnoiporomn el pe 6Toxo TN EMLMOTIOROYIKY|
HEAETN Ko T peréTn g maboyévelag Tov Paktnpiov. Zkomog TNG TapoVoUS £PELVUS NTAV T) SIEPEVVNCT TNG GLYVOTNTUG
ATOUOVOGTC TV S1aQOp®V 0poTiTT®Y TNG Mannheimia haemolytica otnv EALGSQ KO 1) YEVETIKT) AVAADGT) VOGS G LAVTIKOD
yovidiov Aowpotodikotntag Tov Paktnpiov, Tov yovidiov ompA. I'a 10 6kond a1, peietnOnKay evevivia TE6GEPU OTEAEYN
M. haemolytica, mov anopoveONKay amd TELAYIL TVEDLOVIKOD 1GTOD £VOS B00E160VE, TPOPAT®V KUl dIYMV LE HUKPOCKOTIKEG
arroidoelc mvevpovias. H tavtomoinen tov oteieyomv £yive pe Pacikés Proynpikéc dokipés, kabmg ko pe ) pnébodo g
[Mokiaring Akvcdwtng Avtidpaong g Iloivpepdone (Multiplex PCR). H opotvmonoinen tov ctekeydv £yive HE TN
péBodo TS EPpEcNS aocVYKOAANGNG. [ TNV PERéTN TV TOADHOPPIGUOY TOV Yovidiov ompA, ypnoiponombnkay dvo
pébodor: n pébodog tng Hiextpopdpnong Iinktng pe AwPubuicpévn Anodwtaktiky Lovotacn (DGGE-Denaturing Gradient
Gel Electrophoresis) kot 1 avdivon tng aiiniovyiag tov yovidiov (DNA sequencing).

Avdapeco ota gvevivia t€ocepa oTeréyn, Bpédnkav o1 opotomor Al, A2, AS, A6, A7, A9 ka1 A12. O opoétvmog A2 ftav
0 emkpatéotepoc. To povadikd otéreyog mov anopovodnke and Pooeldéc Nrav A2, 6nmg Katl To oteréyn and aiyec. Ta
vrérowma oteréyn A2 mponibav und mpdPoata.

H avéantoén kot epappoyn g pebddov DGGE anokdAvye mévie S1aQopeTikd mpdtuna petald tov otekeymv. Ta otehéyn
TPOPELUC TPOEREVGNC, EPPAVICAV PLEYUADTEPT) TUPUAAUKTIKOTNTY (TEGOEPU SIUPOPETIKA TPOTLAW), ATO AVTE TOV TPOEPHOVTAV
amo aiyec (600 dwpopetikd Tpotvna). To mpdTumo 2 frav to o dadedopévo kat akorovbovoay ta mpotvna 1 kar 3. To
oUVOLOo TV GTEEYOV OV amopovObinkay and aiyes avike oe 600 and avtd ta tpoéTuna. H pébodog tng avaivong tav
ariniovyidv tov DNA gpuppoctnke pe otoyo v empPepaioon tov anotehespdtov e DGGE kol tnv gdpeon tov
GUYKEKPILEVOV TOAVHOPPLo®V. H pekétn Tov yovidiov ompA avéderte 11 S10QopeTIKong YOVOTUTTONG HETUED TOV OTEAEY MV
™¢ M. haemolytica, mov ywpictnkay o€ evvén GOVOAIKG opddec. Ta oteréyn Twv apoPatov £5e1&av peyahdTepn ETEPOYEVELY
Kol KotatdyOnkav oe okT® opdades, 600 amd TIg omoiec NtTav o1 morvainbéotepes. H mheoyneia tov oTterey®V mov
amopovainkay and aiyeg avike otny opdda IX, n onoia cuvémate pe 1o apdtumo 1 e DGGE. H pehétn tne devtepotayong
doung g mpwTeivnc OmpA £VIOMIOE TIC UVTIKUTAGTAGELS UUIVOEEMV OTOVS EMPUVELUKOVS Bpdyovs TnS TpwTEIVNG KoL, TT1O
GUYKEKPIULEVE, OTIC VIEPRETUPANTES meproyEs. Kabdg, yia mpdTn @opd S1£0vac, avapEpovtal TOAVLOPPIGHOTL TOV YovIdiov
ompA oteheymdv TG M. haemolytica to omoia £ovv anopovebel and aiyeg, Ta otoyein TG £pgvvag cupPdiiovy oTn perétn
¢ ££EMKTIKNC mOPEiNG TOV YOVISio, KoL TNV amOcUPVIoT TNS DAapéNS N 1N £181KOTNTUS TV S1aPOP®Y VIO-OPASOV MG
mpog Tov EEVioTh.

INTRODUCTION

Mannheimia haemolytica is an important pathogen
involved in the respiratory disease complex of
cattle, sheep and goats (Zecchinon et al. 2005). The
bacterium is an apparent commensal on the upper
respiratory tract of healthy ruminants but it is also
responsible for pneumonic pasteurellosis, a disease that
causes considerable economic losses to the cattle and
sheep industries (Frank 1989, Gilmour and Gilmour

1989). The bacterium, in conjunction with certain viral
infections and stress factors, is capable of evading
the host immune defenses and colonizing the lower
respiratory tract causing a fibrinous lobar pneumonia
(Brogden et al. 1998).

Capsular serotyping is a traditional method still
used for the classification of M. haemolytica, as well as
for epidemiological studies. However, there has been
an increasing interest in the genetic nature of its various
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virulence factors since it can aid in understanding its
pathogenicity and epidemiology at a molecular level.

Seventeen capsular serotypes have been described
within the former Pasteurella haemolytica complex
(Adlam 1989, Younan and Fodar 1995); serotypes
3, 4, 10 and 15 are now classified as Bibersteinia
[Pasteurella] trehalosi (Blackall et al. 2007), while
serotype 11 has been reclassified as Mannheimia glu-
cosida (Angen et al. 1999). M. haemolytica comprises
representatives of the 12 remaining serotypes (Al,
A2, A5-A9, A12-A14, A16 and A17) (Angen et al.
1999); among them, serotypes Al and A2 are the most
prevalent worldwide. Whereas Al is the predominant
serotype associated with bovine pneumonic pasteurel-
losis, other serotypes are recovered infrequently from
diseased cattle, although serotype A2 is often associ-
ated with healthy animals (Frank 1989). In contrast, A2
is the most commonly isolated serotype from cases of
ovine pneumonic pasteurellosis, followed by serotypes
A7 and A9. Low numbers of serotype A6 isolates
are recovered from cases of both bovine and ovine
pneumonic pasteurellosis (Frank 1989, Gilmour and
Gilmour 1989). The association of different serotypes
with infections in cattle and sheep suggests differences
in host specificity and virulence among the different
serotypes. It has also been shown that bovine and ovine
isolates of the same serotype can be distinguished by
differences in chromosomal genotype (Davies et al.
1997) or outer membrane protein profiles (Davies and
Donachie 1996).

M. haemolytica possesses several virulence factors
including capsular polysaccharide, leukotoxin (LktA),
lipopolysaccharide (LPS), adhesins, outer membrane
proteins, glycoproteases and neuraminidases (High-
lander 2001, Zecchinon et al. 2005). In common with
other gram-negative bacteria, M. haemolytica possesses
outer membrane protein A (OmpA), a heat-modifiable
protein which is an integral component of the outer
membrane (Beher et al. 1980), with immunogenic
activity (Ayalew et al. 2011, Puohiniemi et al. 1990,
Zeng et al. 1999). OmpA is also involved in adher-
ence to host tissues in related pathogens such as Pas-
teurella multocida (Dabo et al. 2003). The adherence
of respiratory pathogens to the mucosal epithelium is
critical in host colonization and infection (Beachey
1981). Based on sequence homology, Davies and Lee
(2004) suggested that the OmpA of M. haemolytica
is involved in binding to bovine and ovine receptors,
thus playing an important role in the colonization of the

respiratory tracts of cattle and sheep. It has also been
demonstrated that OmpA shows a specific interaction
with the extracellular matrix (EMC) protein fibronectin
(Lo and Sorensen 2007) and that it contributes to adher-
ence of M. haemolytica to bovine bronchial epithelial
cells (BBEC) in vitro (Kisiela and Czuprynski 2009).
Moreover, a recent study has shown that two different
OmpA subclasses, OmpA 1 and OmpA2, could poten-
tially bind to different receptors in cattle and sheep
(Hounsome et al. 2011).

The protein has a similar structure to the OmpA
protein of Escherichia coli, which comprises a C-ter-
minal periplasmic domain and a N-terminal transmem-
brane domain consisting of eight membrane-traversing
antiparallel -strands and four surface-exposed loops.
It has been shown that the majority of polymorphic
nucleotide sites in the ompA gene of M. haemolytica
occurs in four hypervariable domains within the sur-
face-exposed loops (Davies and Lee 2004).

In pathogenic bacteria, the detection of single
nucleotide polymorphisms (SNPs) is very important,
since those present in virulence factors may aid in
defining the host specificity at molecular level (Law-
rence et al. 2010). Denaturing gradient gel electro-
phoresis (DGGE) can detect single base mutations in
DNA (Fisher and Lerman 1983). In DGGE, DNA frag-
ments of the same length but with different sequence
composition can be separated; separation is based on
the decreased clectrophoretic mobility of a partially
melted doublestranded DNA molecule in polyacryla-
mide gels containing a linear gradient of DNA denatu-
rants (a mixture of urea and formamide) (Muyzer and
Smalla 1998). This method can detect nearly 100% of
the sequence variants by the attachment of a GC-clamp,
a sequence rich in guanines and cytosines, to one side
of the DNA fragment (Muyzer and Smalla 1998, Shef-
field et al. 1989). DGGE has been used extensively for
diversity analysis in microbial ecology (Muyzer and
Smalla, 1998). It has also been used for the molecular
typing of Staphylococcus aureus (Giirtler et al. 2001)
and Campylobacter jejuni (Nielsen et al. 2000) and for
the differentiation of Mycoplasma species (McAuliffe
et al. 2003).

The aims of this study were to examine the prev-
alence of M. haemolytica serotypes among ovine,
caprine and bovine isolates collected from pneumonic
lungs in Greece, to study the diversity of the ompA
gene of these isolates by DNA sequence analysis and
DGGE, thus evaluating the efficiency of DGGE for this
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purpose, and to correlate variation in capsular serotypes
with the ompA gene diversity.

Materials and methods
Bacterial strains

Ninety-four isolates of M. haemolytica were ana-
lysed in this study. The isolates originated from wide-
spread geographical locations within Greece over the
period 2006-2007. They were recovered from 395
pneumonic lung tissue samples obtained from 21
slaughterhouses and from eight cases of pneumonia
(kindly provided by Regional State Laboratories).
Eighty-one strains were recovered from 250 ovine
samples, 12 from 49 caprine samples and only one
strain was recovered from the 104 bovine lung tissue
samples examined.

Bacterial isolation and identification

Lung tissue samples were plated onto blood agar
plates [Columbia blood agar base (Oxoid) supplement-
ed with 5% (v/v) defibrinated sheep blood] and incu-
bated overnight at 37 °C. After incubation, the plates
were examined for Mannheimia-like colonies (greyish,
odourless, showing a narrow zone of B-haemolysis). A
single haemolytic colony was subcultured and tested
by Gram-staining, catalase, oxidase and indole. All
Gram-negative, catalase positive, cytochrome-oxidase
positive and indole negative isolates having the typical
colony morphology were stored at -80 °C in 25% (v/v)
glycerol-supplemented (Sigma-Aldrich) Brain Heart
Infusion broth (BHIB-Oxoid).

DNA extraction

After centrifuging 1 ml of bacterial culture (BHIB)
for 5 min at 8,000 x g, DNA was extracted using a
DNA purification kit (NucleoSpin® Tissue/Macherey-
Nagel) according to the manufacturer’s instructions.

Bacterial identification by multiplex PCR

A multiplex PCR protocol was carried out for the
final identification of the isolates (Alexander et al.
2008); this specific PCR assay, containing four primers
sets, is able to identify M. haemolytica, M. glucosida
and M. ruminalis, the three most closely related species
in the genus Mannheimia, without further phenotypi-

cal testing.

Reactions were carried out in a 25 pl volume con-
taining (final concentrations): 1x AmpliTaq Gold® 360
Buffer (Invitrogen), 2 mM Magnesium Chloride, 2.5 U
AmpliTaq Gold® 360 DNA Polymerase (Invitrogen),
200 uM of each deoxynucleoside triphosphate and 100
ng of sample DNA. Primers were added at a final con-
centration of 0.8 uM, with the exception of primer set
HP which was added at a final concentration of 0.4 pM.

After an initial denaturation of 10 min at 95 °C,
reaction mixtures were cycled 45 times in a PTC-200
Peltier Thermal Cycler (MJ Research) under the fol-
lowing conditions: 30 s at 94 °C, 30 s at 60 °C and 30
s at 72 °C. The final extension was 10 min at 72 °C,

Serotyping

All serotyping was performed at Moredun Research
Institute (Edinburgh, Scotland) using specific antisera.
Serotyping was performed by indirect hemagglutina-
tion (IHA) using the rapid modification of the test as
described by Fraser et al. (1983). Antiserum against
serotype 17 was not included in the test and antiserum
against serotype 13 was inactive.

Primer design, PCR amplification of the ompA4 gene

The Entrez Nucleotide database (NCBI) was used
to retrieve the available ompA4 gene sequence of dif-
ferent M. haemolytica strains (accession numbers:
AF133259, AY244653, AY244654, AY244655,
AY244656, AY244657, AY244658, AY244659,
AY244660, AY244661, AY244662, AY244663).
The oligonucleotide primers were designed using the
online analysis tool Primer3Plus (http://www.bioin-
formatics.nl/primer3plus) (Untergasser et al. 2007)
and were analysed by Melt94 (http://web.mit.edu/osp/
www/melt.html) to assist their selection and to deter-
mine DGGE conditions. A GC-clamp of 30 nucleotides
(GCCCGCCGTCCCGGCCCGACCCCCGCECAT)
was attached to the 5’-end of the forward primer. The
oligonucleotide primers were designed to amplify an
approximately 768-mer segment of the ompA gene
comprising three of the four hypervariable domains;
primers were the forward primer was 5’-TTTGGTCGT-
GTTCGTGGTAA-3", and the reverse primer was 5’-
TGCATCACATGTGTGACCAG-3".

Amplification reaction mixtures were prepared
at a final volume of 25 pl containing 1x PCR Buffer
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(Invitrogen), 2 mM Magnesium Chloride, 1.25 U Taq
DNA Polymerase (Invitrogen), 200 uM of each dNTP,
0.8 uM each primer and 60-80 ng of sample DNA. All
PCRs were carried out in a PTC-200 Peltier Thermal
Cycler (MJ Research) as follows: initial denaturation
at 95 °C for 10 min and 35 cycles of denaturation at
95 °C for 30 sec, annealing at 58.5 °C for 30 sec and
extension at 72 °C for 1 min, followed by a final exten-
sion at 72 °C for 7 min.

DGGE and DNA sequence analysis

All DGGE assays were carried out using the Ing-
enyPhorU-2x2 System (Ingeny). PCR products (9ul
and 3pl loading buffer) were applied directly onto, 21
x 28cm, 6% (w/v) polyacrylamide (37.5 : 1 acryla-
mide/bisacrylamide) gels in 1 x TAE buffer (BioRad),
confaining a linear gradient of 20% to 80% (w'/v) urea
and formamide as denaturants. Electrophoresis was
performed at a constant voltage of 80V for 21 h at
60 °C in 0.5% Tris-acetate-EDTA (TAE) buffer (Bio-
Rad). Gels were stained with ethidium bromide (1.5pg/
ml) and photographed under UV light by a Kodak gel
Doc XR system.

In order to have comparable results, PCR reactions
were repeated (using the primers without the GC-
clamp) and the same 768-mer DNA fragments were
sequenced (Lark Technologies Inc.), using the 3730xl
DNA Analyzer (Applied Biosystems).

Data analysis

All nucleotide sequences were analysed using
Sequence Scanner version 1.0 (Applied Biosystems)
and EditSeq, MegAlign modules of the Lasergene
Ver.7.1 software (DNASTAR Inc., Madison, WI,
USA). Complementary alignments were also per-
formed using ClustalW2 (Thompson et al. 1994) mul-
tiple sequence alignment software (http:/www.ebi.
ac.uk/Tools/msa/clustalw2). The Neighbor-Joining
method (Saitou and Nei 1987) was used to construct
a dendrogram showing the relationships among the
genotypes revealed by DNA sequencing of the ompA
gene. The dendrogram was drawn to scale, with branch
lengths in the same units as those of the evolutionary
distances used to infer the tree. Evolutionary distances
were computed using the Jukes-Cantor method (Jukes
and Cantor 1969) and are in the units of the number of
base substitutions per site. Codon positions included

were 1st+2nd+3rd+Noncoding. All positions contain-
ing gaps and missing data were eliminated from the
dataset. There were a total of 707 positions in the final
dataset. Genetic diversity analyses were conducted
using MEGA version 4 (Tamura et al. 2007).

Comparison of the sequences obtained in the
current survey was also performed against the three
dimensional structure of the E. coli OmpA proteins
(MMDB 16249 & PDB 1G90; MMDB 9208 & PDB
1BXW) using the Cn3D software (http://www.ncbi.
nlm.nih.gov/Structure/CN3D/cn3d.shtml). Secondary

structure prediction software Psipred was also used
(http://bioinf.cs.ucl.ac.uk/psipred).

Nucleotide sequence accession numbers

The GenBank accession numbers for the ompA
sequences obtained in this study are JN054708,
IN054709, JN954710, IN054711, IN054712,
JN054713, IN054714, IJNO054715, JNO54716,
IN054717 and JN054718 (Table 1).

Results
Multiplex PCR

All isolates were positively identified as M. haemo-
Iytica by PCR.

Serotyping

The serotyping results revealed clear-cut differ-
ences in the isolation rates of the different capsular
serotypes between sheep and goats. Among the 83
isolates that were tested (11 isolates were not viable
after transportation), seven different serotypes were
found. Serotype A2 was the most common one,
comprising 36 (43.4%) isolates in total (Table 1).
Twenty-three of the A2 isolates originated from
sheep (32.8% of the ovine isolates), whereas all the
caprine isolates belonged to serotype A2. The one
bovine isolate also belonged to serotype A2. From
the remaining 47 isolates of sheep origin, 11 (13.2%
of the total) belonged to serotype Al and 10 (12%)
to serotype A7. Serotypes A9 and Al12 comprised
seven (8.4%) isolates each, whereas serotypes A6
and A5 appeared at very low rates (3.6% and 2.4%
respectively). Serotypes A8, A14 and A16 were not
recovered at all, whereas seven (8.4%) of the isolates
remained untypeable.
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Table 1. Details of the M.haemolytica isolates examined in

the study [correlation of the ompA genotype with the patterns
revealed by DGGE, the capsular serotype and the origin (animal
species) of the isolates].

ampA allcle DGGE pattern Capsular serotype Host Noof GenBank

species isolates accession no*

L1 3 A2 calf 1 IN054708
12 3 A2 sheep 1

Ab sheep 2

NT sheep 4 INO34709
u 2 Al sheep 10

A2 sheep 2

AS sheep 2

A7 sheep 8 INO54TI0

A9 sheep 7

Al2 sheep i

ur sheep 2

NT sheep 2

A2 goat 1
m 2 Al sheep 1

Ab sheep 1

A7 sheep 2 INOS4TL
v B A2 sheep 1 INO34712

ur sheep 1

N1 sheep 1
¥.1 4 Al sheep 1 JNO34TI13
V2 “ A2 sheep 1 JNO34714
Vi 2 A2 sheep 12

uT sheep 4

NT sheep 3 JNO34TIS

A2 goat 3
il g A2 sheep 4 INO34TI6
Vit 5 A2 sheep 1

NT sheep 1 JNO34717
1X 1 A2 goat 8 INO034718

UT: untypeable, NT: not tested, DGGE: Denaturing Gradient Gel
Electrophoresis. *GenBank accession numbers of representative iso-
lates for each ompA allele.

DGGE

DGGE revealed five distinct patterns (designated
1 — 5) among the isolates, each represented by multiple
bands (Fig. | and 2). Pattern 2 was the most prevalent
comprising 71 isolates (75.5% of the total), followed by
pattern 1 which comprised 8 (8.5%) isolates. The one
bovine isolate, as well as seven ovine ones belonged to
pattern 3 (8.5%). Patterns 4 and 5 were recovered only
from sheep, comprising five (5.3%) and two (2.1%)
isolates respectively (Table 1).

Sequence analysis

The ompA gene of the 94 isolates was partially
(748bp) sequenced and 11 unique ompA sequences,
representing distinct alleles, were identified. However,
they were assigned to one of nine genotypic groups
of allelic variants designated / to /X. Allelic variants
within a genotypic group showed only synonymous
nucleotide substitutions. Based on the partial sequenc-
es, there were 19 (2.54%) polymorphic nucleotide sites
and 12 (4.82%) variable inferred amino acid positions
among the 11 sequences. The variation degree between
alleles representing each group was very low (Table 2).
Group / was represented by alleles 7./ and /.2, which
differed at a single synonymous site, nucleotide C897T
(numbering based on AY244653 nucleotide sequence),

while group V was represented by alleles V.7 and V.2
which also differed at one synonymous (C795T) site.
There was also an insertion of a GTA triplet in some
groups (IV, V, VI, VIl and V1II), between the 306b and
307b positions (AY 244653 numbering) which added
a putative extra valine in the corresponding amino
acid site. In addition, nucleic acid positions 625 to 633
varied greatly among the different groups (Table 2).

Genotypic group // was the most prevalent one,
consisting of 41 (43.6%) isolates, followed by geno-
typic group V1, consisting of 22 (23.4%) isolates. The
remaining genotypic groups were by far less common
(Table 1). The genetic relationships of the ompA gene
sequences are shown in Fig. 3.

The positions of the nucleotide insertions and
mutations are shown in the two-dimensional represen-
tation of the OmpA structure in Fig. 4.

Discussion

One of the primary aims of the present study was
to investigate the prevalence of the different M. haemo-
Iytica serotypes in Greece as no previous studies have
been published describing the distribution pattern of
the serotypes of this bacterium in south-east Europe.
Since the choice of antigens for vaccines is still based
on serotype schemes, conventional serotyping method
remains a very important tool in epidemiological stud-
ies. Although a substantial number of bovine pneu-
monic lungs were examined, the number of isolates
was inadequate for any conclusions to be drawn. The
low recovery rate of M. haemolytica from bovine lungs
(0.96% as opposed to 24.5% and 32.4% in goats and
sheep respectively) may be due to a number of reasons:
other bacteria, such as P. multocida, were occasionally
implicated (the isolation rate for P. multocida was
18.4%), and, in many cases, the extensive use of antibi-
otics may have rendered impossible the isolation of any
bacteria at all. It should be mentioned, however, that
the only bovine isolate belonged to serotype A2 and not
serotype Al, which is usually associated with cattle.

In sheep, our results showed that serotype A2 is
the predominant one (32.8%), followed by serotypes
Al (15.7%), A7 (14.3%), A9 and A12 (10% each).
Serotypes AS and A6 were recovered at very low rates
(2.9% and 4.3% respectively) and serotypes A8, Al4
and A16 were not found at all. Interestingly enough,
serotype A2 was the only one recovered from goats,
suggesting that a much wider range of serotypes is
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Table 2. Depiction of the variable inferred nucleic/amino acid sites and insertions/deletions of the 11 groups of sequences in con-
trast to strain AY244653 (NCBI), which represents the best BLAST result.

AV244653 8 o w o &5 2 2 $ 8 3 5 4 I 5 8 3 8 @ 5
pucaac 7 BRI T o o A S s e gt b e S
numbering — — - l'é ~ % § % ) D - o~ ~ ~ m ) aQ
AY244653 - TCT GGT GAT GAA AAA GCG CAT GAT GTT TTA ACA GGT TAT CTA ATA AGA AGC CGC
1.1 TCT GGT GAT GAA AAA GCG CAT GAT GTT TTA ACA GGT TAT CTA ATA AGA AGC CGT
1.2 TCT GGT GAT GAA AAA GCG CAT GAT GTT TTA ACA GGT TAT CTA ATA AGA AGC CGC
Il - GCT - GAT GAA AGA GCG CAT GAT GCT GTA AAA AGT - - ATT ACA AGC CGT
1 GCT - GAT GAA AGA GGG CAT GAT GCT GTA AAA AGT - ATT ACA AGC CGT
v GTA GCT - GAT GAA AGA GCG CAT GAT GCT GCA AAA AGT - ATT TCA AGC CGT
V.1 GTA GCT - GAG GAA AGA GCG CAT GAT GCT GCA AAA AGT - ATT TCA AGC CGT
V.2 GTA GCT GAG GAA AGA GCG CAT GAT GCT GCA AAA AGT - - ATT TCA AGT CGT
Vi GTA TCT - AAT GGA AGA GCG CAT GAT GCT GTA AAA AGT - - ATT ACA AGC CGT
Vil GTA TCT AAT GGA AGA GCG CGT GAT GCT GTA AAA AGT - ATT ACA AGC CGT
Vil GTA GCT - AAT GGA AGA GCG CGT GAT GCT GCA AAA AGT - ATT TCA AGC CGT
IX - GCT GGT GAT GAA AAA GCG CGT GCT GCT TTA AAA AGT T - ACA AGC CGT
AY244653 §

amadd 4 % B8 5 8 g 8 3% 8 8 § 8 8 &8 g % 8 8 g
numbering '{‘ -t - - - - - el - - - ~ o~ ~ ~ ~ ~ ~ ~
(aa) =

AY244653 - S G D E K A H D \' L 1j G Y L | R S R
1.1 - S G D E K A H D v L i ) G L | R S R
1.2 - S G D E K A H D \' L ¥ G L | R S R

1 - A - D E R A H D A v K S - - | T S R
1 - A D E R G H D A v K S - - | T S R
v \' A - D E R A H D A A K S - - | S S R
V.1 \' A - E E R A H D A A K S - - | S S R
V.2 \' A - E E R A H D A A K S - - | S S R
A \') S - N G R A H D A \'J K S - - | S R
Vil \' S - N G R A R D A \'J K S - - | T S R
Vil v A - N G R A R D A A K S - - | S S R
IX - A G D E K A R A A L K S - L - T S R

associated with sheep rather than goats. Similar results
have been previously reported by other authors: sero-
type A2 was the most common both in ovine and
caprine isolates in a survey conducted in France (Vil-
lard et al. 2006) and in ovine isolates from the UK,
Germany and the USA (Davies and Donachie 1996).
However the isolation rate of the remaining serotypes
clearly varies among European countries. Villard et al.
(2006) found serotype A6 to be the second most preva-
lent in sheep (recovered at a rate of 26%), whereas
Angen et al. (2002) reported that three out of six ovine
isolates belonged to serotype A7. Finally, in the present
study, the number of isolates that could not be typed

(8.4%) was lower than the numbers reported by the
aforementioned writers [14% and 24% of untypeable
strains among M. haemolytica isolates from various
hosts were reported by Villard et al. (2006) and Angen
et al. (2002) respectively].

It has been shown that serotyping alone is not a
reliable tool for the identification of M. haemolytica,
as certain serotypes have been found among other
bacterial species (Angen et al. 2002). The multiplex
PCR (Alexander et al. 2008) is able to differentiate
between closely related species without the extensive
phenotypic tests that have been previously required
to differentiate these species within the family of
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Pasteurellaceae (Blackall et al. 2002). 16S rRNA
sequencing has revealed that M. ruminalis, although
it has been isolated solely from the rumen of sheep or
cattle, is closely related with M. haemolytica and M.
glucosida. M. haemolytica and M. glucosida are even
more closely related, comprising a single cluster by 16S
rRNA sequence homology (Angen et al. 1999). In the
present study, all the isolates examined were identified
using the multiplex PCR method.

DGGE produced five different patterns. The ovine
isolates produced four different patterns (Table 1),
exhibiting a greater diversity than the caprine ones
which produced only two patterns (1 and 2). However
the majority of the ovine strains (82.7%) belonged to
pattern 2. Patterns 3, 4 and 5 presented at relatively
low rates (8.6%, 6.2% and 2.5% respectively) in sheep.
None of the ovine strains belonged to pattern 1. In
goats, in contrast to sheep, pattern 1 was the most
prevalent, comprising 66.7% of the caprine isolates.
So, although a variety of DGGE patterns was present

in sheep, there seemed to be a predominant one which
differed from its caprine counterpart.

Sequence analysis of the ompA gene revealed nine
genotypic groups, seven of which were related to the
ompA?2 alleles described by Davies and Lee (2004)
(Fig.3). The most common genotypic group recov-
ered from sheep was group //, comprising almost half
(49.4%) of the ovine isolates and only one (8.3%) of
the caprine isolates. The sequence of this group was
identical to the sequence of the ovine M. haemolytica
strain PH346 (accession number AY244658), which
represents the previously described allele ompA2.1,
an allele considered to be exclusively associated with
ovine isolates (Davies and Lee 2004). Genotypic
group VI was the next most common, consisting of
19 (23.5%) ovine isolates and three (25%) caprine
isolates. This group, although related to the ompA2
alleles (Fig.3), represented a new group of ompA vari-
ants. Further in Silico analysis and observation of the
2D and 3D OmpA structure revealed that group VJ,
compared to the ompA2 alleles, showed amino acid
variability only in the second hypervariable domain

Pattern| Pattern!l Pattern Il

Pattern IV  Pattern V,

Figure 1: Patterns revealed by DGGE.

1 2

111}

3 4 5 67 8 910 11 12

Figure 2: DGGE patterns of PCR
amplicons of the ompA gene from

M. haemolytica isolates in negative
image of the ethidium bromide-stained
DGGE gel. Lanes 1 and 7: pattern 3,
lanes 2-4: pattern 1, lanes 5 and 6:
pattern 2, lanes 8-10: pattern 4, lane

1

-

11: pattern 5, lane 12: 100 bp DNA
Ladder
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group Il (JNO54711)
PHS56 ompA2.2 (AY244659)

-

PH346 ompA2.1 (AY244658)
group Il (JNO54710)

group IV (JNO54712)

l allele V.1 (JNO54713)
allele V.2 (JNO54714)

PH278 ompA2.3 (AY244660)
group VI (JNO54715)

group VIl (JNO54716)

| —

group VIII (JNO54717)

PH550 ompA1.5 (AY244657)

allele 1.1 (JNO54708)

group IX (JNO54718)
PH196 ompA3.1 (AY244661)

PH494 ompA1.4 (AY244656)

PH2 ompAl.1 (AY244653)

PH202 ompA1.3 (AY244655)

allele 1.2 (JNO54709)
PH540 ompA1.2 (AY244654)
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Figure 3: Dendrogram showing

the relationships among the nine
genotypic groups revealed by DNA
sequencing of the ompA gene in rela-
tion to the alleles described by Davies
and Lee (2004).

Figures 4: Schematic representa-
tion of N-terminal transmembrane
domain of the OmpA proteins of M.
haemolytica as proposed by Davies
and Lee (2004) modified based on
the in silico analysis of the results
obtained with the current survey.
Enclosed in the frame is the part of
the sequence amplified by the PCR.
All of the numbered amino acid
positions are involved in a mutation
event. Shortly, valine is an inserted
amino acid between positions 102aa
and 103aa; amino acids 209aa up to
211aa were either present or totally
absent between alleles. The rest of the
marked sites presented amino acid
variability.
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(Table 2 and Fig.4). Genotypic groups /V, V, VII and
ViII represented also new ompA variants related to the
ompA?2 alleles (Fig.3). These groups showed amino
acid variability in all three hypervariable domains that
were examined and they were characterised, along with
group V1, by a putative valine insertion between 102aa
and 103aa (Fig.4).

The remaining eight (66.7%) caprine isolates
belonged to genotypic group X, which was identi-
cal to the bovine strain PH196 (accession number
AY244661). This genotypic group was associated
strictly with goats, as none of the ovine isolates
belonged to it, despite their greater number and diver-
sity. Future investigations of higher numbers of caprine
isolates, including isolates from other countries, are
required to clarify whether this finding indicates host
specificity, as it has been suggested for the subclasses
OmpA1 and OmpA2 (Davies and Lee 2004, Hounsome
etal. 2011).

Finally, our bovine isolate was identical to the
bovine strain PH550 (accession number AY244657)
and belonged to allele 1./, differing from the ovine
allele /.2 at a single synonymous site. The dendrogram
in Fig.3 reveals that genotypic group 1 (alleles /.7 and
1.2) is related to the ompA1 alleles described by Davies
and Lee (2004), which are considered to be associated
only with bovine isolates. The low percentage (8.6%)
of the ovine isolates that belonged to this group may
suggest that these isolates have been transferred to
sheep from cattle.

It is worth mentioning the correlation between
genotypic profile and DGGE pattern. First, genotypic
groups /1, 111, VI and VII - i.e. the majority of the ovine
strains - were associated exclusively with DGGE pat-
tern 2. Second, genotypic group /X occurred only in
caprine strains of DGGE pattern 1. Finally, genotypic
group / was associated only with DGGE pattern 3,
genotypic groups /V and V' with pattern 4 and group
V11, consisting of only two strains, was associated with
DGGE pattern 5. So, DGGE was able to distinguish
genotypic group /X (comprising the majority of the
caprine strains), but failed to discriminate between the
major «ovine» groups (// and V7).

In Silico analysis and observation of the 2D and
3D OmpA structure revealed that there was sequence
variability only in the hypervariable domains as it has
been previously described by Davies and Lee (2004).
A single exception was alanine in position 120 which,

in group //1, was replaced by glycine (Fig.4). This
mutation, even though unexpected within a (-strand,
could possibly be tolerated as both amino acids have
non-polar side-chains which are neutrally charged, and
their only difference lies in the level of hydrophobicity.

Comparison of the serotyping results with the
genotypic profiles and the DGGE patterns, revealed a
wide range of diversity in the ompA gene of serotype
A2 isolates, which were distributed among almost all
genotypic groups (except group ///) and produced all
five DGGE patterns. In contrast, serotype A5, A9 and
A12 isolates were associated with group // and with
DGGE pattern 2, whereas Al and A7 isolates were
associated with groups // and /// and with DGGE
pattern 2. This observation indicates unambiguous
differences in the ompA gene of serotype A2 isolates.
Furthermore, the untypeable strains, which were all
ovine, could be differentiated on the basis of their
ompA profiles; the majority (85.7%) of these strains
belonged either to group /1, or group ¥/ and DGGE
pattern 2, similarly to the rest of the ovine strains that
belonged to a specific serotype.

Conclusions

In conclusion, our study showed that, in Greece,
a wide range of serotypes can be isolated from ovine
pneumonic lungs while, in contrast, serotype A2 is the
only one isolated from goats. Analysis of the ompA
gene of the different serotypes identified eleven distinct
alleles and five DGGE patterns among the different
serotypes. Significantly, the majority of the ovine and
caprine isolates could be differentiated based on their
ompA gene profiles. Finally, most of the isolates from
goats belonged to one genotypic group that comprised
solely caprine isolates, despite the greater number and
diversity of the ovine isolates.
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