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Abstract

Histophilus somni, a causative agent of the bovine respiratory disease complex, can also cause a variety of systemic disorders,
including bronchopneumonia, myocarditis, pericarditis, arthritis, pleuritis, and infectious thrombotic meningoencephalitis.
The purpose of this study was to determine if currently circulating strains differ from those of the 1980s by identifying
genomic changes. Single nucleotide polymorphisms (SNPs) and insertion and deletion (INDEL) sites were examined by whole-
genome sequencing in 12 samples, 6 old and 6 new. The 31 028 SNP/INDELs recorded were compared against the reference
genome sequence of the pathogenic H. somni strain 2336. The distribution of about 75% of these SNPs within a specified gene
differed between old and new isolates and did not follow any particular pattern. The other 25% clustered into 2 groups containing
the same SNPs in various genes: group I included 5 old isolates and 1 new isolate; group II included 5 new isolates and 1 old
isolate. For putative virulence genes there were more SNPs in group I compared with strain 2336, itself an older isolate, than
in group II. Although only 25% of all the SNPs formed 2 clusters, the results suggest some genetic difference in various genes
between old and new strains.

Résume

Histophilus somni est ['un des agents majeurs du complexe respiratoire bovin (CRB), qui peut aussi causer diverses pathologies dont de
la bronchopneumonie, myocardite, péricardite, arthrite, pleurésie et de la méningo-encéphalite thrombotique. L'objectif général de I'étude
était de comparer les souches actuellement en circulation avec les souches isolées dans les années 80. Plus spécifiquement les changements
génétiques survenus entre des isolats récents et des isolats collectés il y a une trentaine d’années ont été analysés. Les polymorphismes
d'un seul nucléotide (single nucleotide polymorphism, SNP) ont été examinés en utilisant une approche de séquencage global de tout
le génome pour 12 échantillons, six anciens et six nouveaux. Un total de 31 028 SNPs a été identifié et une analyse comparative de ces
SNPs avec la séquence génomique de référence de la souche pathogene 2336 de H. somni a été effectuée. La distribution génique d’environ
75 % de ces SNPs entre les souches anciennes et récentes est différente et ne suit pas de tendance particuliere. Toutefois, 25 % des SNPs
se répartissent rapidement en deux groupes distincts. Le groupe I inclut cing isolats anciens et un récent alors que le groupe II comprend
cing isolats récents et un isolat ancien qui se regroupent ensemble pour de mémes SNPs dans plusieurs genes. La présence des SNPs dans
des genes potentiellement liés a la virulence est plus manifeste dans le groupe 1, comparé a I'ancien isolat 2336, que dans le groupe I1. Bien
que seulement 25 % des SNPs totaux se répartissent en deux groupes, les résultats suggerent des variations génétiques significatives entre
souches anciennes et récentes dans les séquences de nombreux genes.

(Traduit par Docteur Frangois Meurens)

bronchopneumonia, arthritis, and infectious thrombotic meningo-
encephalitis (ITME) (4-6). The organism has also been detected in

Introduction

Histophilus somni, previously known as Haemophilus somnus, is a
commensal opportunistic Gram-negative bacterium that is a caus-
ative agent of the bovine respiratory disease (BRD) complex (1,2).
Globally the organism is an economically important pathogen,
responsible for significant annual losses to the livestock industry,
especially through the BRD complex in North America (3). Among
cattle H. somni causes a variety of clinical scenarios, including repro-
ductive disorders, septicemia, myocarditis, pericarditis, pleuritis,

domestic sheep and American bison (7-10). Since its first isolation
in 1956, factors that may contribute towards its virulence, such as
genes involved in lipooligosaccharide (LOS) biosynthesis, expres-
sion of surface immunoglobulin-binding proteins, serum resistance,
induction of endothelial cell apoptosis, antigenic phase variation in
LOS epitopes, and biofilm formation, have been reported (11-16).
Antigenic phase variation in LOS epitopes may arise because of
alterations in structure or composition or because of substitution of
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glycoses such as phosphorylcholine, which contributes to the adhe-
sion of H. somni to respiratory epithelial cells (17). The other most
common virulence-associated factors are attachment to host cells,
obtaining iron and other nutrients from the host, and interaction
with phagocytic cells that results in inhibition of phagocytic cell
function (18-23). The rapid advancement in bioinformatics and high-
throughput next-generation DNA sequencing has made it possible
for fast whole-genome sequencing (24). Recently, sequencing of the
complete genome of the pathogenic H. somni strain 2336 (GenBank
accession number NC_010519, National Center for Biotechnology
Information, Bethesda, Maryland, USA) resulted in the identification
of a number of genes presumably involved in virulence, includ-
ing those coding for adhesins, filamentous hemagglutinins, outer
membrane proteins, LOSs, iron transport and utilization proteins,
TonB-dependent proteins, and exopolysaccharides (11,25,26).

Vaccination for the prevention of H. somni infection has been
practised for decades. Most current products are based on either
killed cells or outer membrane proteins that help reduce the risk
of ITME and BRD, respectively (27). It is possible that current vac-
cines protect against only the planktonic form of the bacteria and
not when the organisms are in a biofilm (16,28). The formation of
biofilms by H. somni in host tissues, particularly during myocarditis,
protects the bacteria against host defences as well as antibiotics (28).
In addition, the antigenic profile of the bacteria in the host may be
different (for example, owing to decoration of some components
with sialic acid) from that of the bacteria used to manufacture the
vaccines under artificial conditions (such as shaking in a culture
flask) (16); limited vaccine efficacy may result from such differences
in antigens. Finally, small, noncoding RNAs (sRNAs) found in the
virulent strain of H. somni 2336 and not in the avirulent strain 129Pt
(GenBank accession number 008309) may contribute to virulence
and inefficiency of current vaccines (29).

Almost all of these vaccines use strains that were isolated 10 to
20 y ago. The current study was undertaken to determine H. somni
genome changes by studying strains isolated during the 1980s and
samples collected in 2012-2013.

Materials and methods

Bacterial isolation

Histophilus somni was isolated from tissue samples obtained
from 6 feedlot calves that died during 2012-2013 in Alberta. Amies
transport medium with charcoal was used to collect, transport, and
maintain the microorganisms. Heart, lung, liver, synovial fluid, and
swabs were cultured for H. somni by streaking on trypticase soy agar
(TSA) with 5% sheep blood (10,29) and incubation for 24 to 48 h
in 5% CO, at 37°C. Putative H. somni colonies were restreaked on
blood agar plates and identified positively from the appearance of
colonies, growth characteristics, and pigmentation. A single colony
was then used to inoculate brain-heart infusion medium with 0.1%
Trisma base and 0.01% thiamine monophosphate (BHITT), which
was incubated overnight at 37°C with shaking (10,30). Frozen stocks
of the overnight culture were made using 30% heat-inactivated fetal
calf serum and 15% glycerol. Six isolates from the 1980s, which had
been stored at -80°C, were obtained from lung samples.

Comparative SNPs/INDEL analysis against H. somni reference genome strain 2336

Old Strains from the 1980s New Strains from 2012

HS5 HS6 HS11 HS13 HS18 HS25 AVI1 AVI4 AVIS AVI14 AVI31 AVIS4

l!i‘!l@@@@@@

[Number of SNPs/INDEL]
Group 1 Group Il Two clusters ot SNPs/INDEL

for individual strains
4895 SNPs/INDEL 7674 SNPS/INDLL 2779 SNPS/INDEL

— 12510

oo
~
—
—

— 12498
— 12297
— 12378
| — 12814
_ 12902
_1239
— 11268
— 12704
|—12044
— 12327

Total number of SNPs/INDEL
generated for all strains

by comparative SNPs analvsis

Figure 1. Overview of the number of single nucleotide polymorphisms
(SNPs) and insertion-deletion (INDEL) sites with a score of 0.00 to
1.00 in the genome of 6 isolates of Histophilus somni from the 1980s
(“0ld”) and 6 from 2012-2013 (“New”) generated by comparative analy-
sis with reference to the genome of pathogenic H. somni strain 2336
(GenBank sequence accession number NC_010519, National Center for
Biotechnology Information, Bethesda, Maryland, USA).

Polymerase chain reaction (PCR) of 16S
ribosomal RNA (rRNA)

With a previously described procedure (31), PCR was also used
to identify H. somni. The 165 rRNA sequence of H. somni was gen-
erated with the use of forward primer HS-453F (5'-GAAGGCGAT
TAGTTTAAGAG-3') and reverse primer HS-860R (5'-TTCGGGCA
CCAAGTRTTCA-3") (31). Samples were processed in a PTC-100
Thermal Cycler (Bio-Rad Laboratories, Hercules, California, USA)
with 35 cycles of the following steps: initial denaturation at 94°C for
5 min, denaturation at 94°C for 1 min, annealing at 55°C for 1 min,
and extension at 72°C for 1.5 min. The samples were then subjected
to electrophoresis in a 1% agarose gel. A DNA fragment of 400 base
pairs (bp) was detected in all the samples.

Genomic DNA isolation and whole-genome
sequencing

The frozen culture stocks were plated on TSA with 5% sheep blood
and incubated for 48 h at 37°C in a 5% CO, atmosphere (10,29,30).
Bacterial growth was scraped and transferred to BHITT and grown
overnight on a shaker at 37°C. Genomic DNA was extracted from the
cell pellet with a genomic-tip (Qiagen Canada, Toronto, Ontario) as
described by the manufacturer. Genome sequencing of the 12 isolates
was completed by means of the MiSeq desktop sequencer (Illumina,
San Diego, California, USA) with paired-end 150-bp read type at
Cofactor Genomics, St. Louis, Missouri, USA. Single nucleotide poly-
morphisms (SNPs) and insertion and deletion (INDEL) sites were
constructed by Cofactor Genomics with reference to the genome
sequence of the pathogenic H. somni strain 2336. Comparative SNP/
INDEL analysis was conducted by aligning the reads generated from
each genome sample and the reference strain. A SNP was generated
with at least 4 reads covering the site and 2 reads covering the non-
reference base. Of all the reads covering the SNP site, at least 10%
supported the nonreference allele. A threshold of 8 times or more
was used to produce a SNP value. The percentage SNP call against
the reference strain for each sample with at least 8 times coverage
was then calculated (http://cofactorgenomics.com). The SNPs/
INDEL value ranged from 0.00 to 1.00.
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Figure 2. A — Numbers of SNP/INDELs in the immunoglobulin-binding protein A gene (ibpA) of the new (green) and old (blue) isolates. B — Distribution of
SNP/INDELs in the 2 groups of isolates formed on the basis of percentage of SNP calls against the reference genome with 8 times coverage or greater.
The reference strain was H. somni strain 2336, the locus tag containing ibpA being represented by HSM_1489 (GenBank accession number CP000947)

annotated in the reference strain.

Statistical analysis

The data were analyzed with a t-test for 2 independent means and
a 2-tailed hypothesis. The level of significance was set at P < 0.05.

Comparative SNP analysis generated 31 028 SNPs or INDEL sites
having a SNP score ranging from 0.00 to 1.00 that resulted from at
least 8 times coverage for the 12 genome samples (including intergenic
regions) with reference to the genome sequence of pathogenic H. somni
strain 2336. The SNP/INDELs of each genome were randomly
combined in clusters to detect if the percentage SNP call against the
reference genome sequence clustered into 2 groups that contained the
greatest number of old or new isolates with the highest total num-
ber of SNP/INDELs within a group. From the 31 028 SNP/INDELSs
with a score of 0.00 to 1.00, 2 groups were formed, the highest total
number of SNPs corresponding to the greatest number of old or new
isolates that clustered together being 7674 (25%) (Figure 1). Group I
consisted of 5 old isolates and 1 new isolate with 4895 SNP/INDELs
(16%) for the same genes and same positions; the remaining isolates
scored a value of zero. In the same manner group II contained 5 new
isolates and 1 old isolate with 2779 SNP/INDELs (9%) for the same

genes. Comparing the 2 groups, the old isolates contained more SNPs
than the new isolates. However, if recent isolate AVI14 was removed,
the total number of SNPs for group II increased from 2779 (9%) to
4504 (15%). Again, the emphasis was to cluster all isolates rather than
to look at any individual isolate.

Comparing SNP/INDELs of H. somni strains isolated during
the 1980s with those isolated in 2012-2013 might identify genomic
changes more relevant to virulence. The average bacterial gene size
is approximately 1 kb (32). In contrast, in H. somni, for example,
locus tag HSM_1489 (GenBank accession number CP000947) con-
tains a 12.3-kb immunoglobulin-binding protein A gene (ibpA) with
a total of 360 SNP/INDELS for all 12 isolates. However, when each
isolate was considered individually, the average number of SNP/
INDELSs was 113. The numbers of SNP/INDELs for the ibpA gene
for each old or new strain are shown in Figure 2A. The highest and
lowest numbers as a group were in new isolates AVI14 (135) and
AVI31 (93). The 6 old isolates did not contain a significantly higher
number of SNP/INDELSs than the 6 new isolates. With reference to
strain 2336, for locus tag HSM_1489 the distribution and location
of all SNP/INDELs for 5 old strains (HS5, HS6, HS11, HS13, and
HS18) and 1 new strain (AVI54) were similar; these isolates formed
group I (Figure 2B). In the same manner, 5 new strains (AVI1, AVI4,
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Table 1. Distribution of single nucleotide polymorphisms (SNPs) and insertion-deletion (INDEL) sites in the immunoglobulin-
binding protein A gene (ibpA) of 5 Histophilus somni isolates from the 1980s and 1 isolate from 2012-2013 scoring higher than
the threshold with reference to pathogenic H. somni strain 2336 and locus tag HSM_1489 and clustering to form group 1|
(highlighted in pink)

SNP/INDEL Reference  SNP/INDEL
number Position®  base® base HS5 HS6 HS11 HS13 HS18 HS25 AVI1L AVI4 AVI5 AVI14 AVI31 AVI54
1 1701111 C T 1 1 1 1 1 0 0 0 0 0 0 1
2 1701144 A G 1 1 09% 1 1 0 0 0 0 0 0 0.94
3 1701258 A T 1 099 1 1 1 0 0 0 0 0 0 1
4 1701259 G T 1 1 1 1 1 0 0 0 0 0 0 1
5 1701399 A G 1 1 1 1 1 0 0 0 0 0 0 1
6 1701405 C T 1 1 1 1 1 0 0 0 0 0 0 1
7 1701894 T C 1 1 1 1 1 0 0 0 0 0 0 1
8 1702260 T C 1 1 1 1 1 0 0 0 0 0 0 1
9 1702440 C T 1 1 1 1 1 0 0 0 0 0 0 1
10 1702591 A G 1 1 1 1 1 0 0 0 0 0 0 1
11 1702599 G A 1 1 1 1 1 0 0 0 0 0 0 1
12 1702602 G A 1 1 1 1 1 0 0 0 0 0 0 1
13 1702956 C T 1 1 1 1 1 0 0 0 0 0 0 1
14 1703031 C T 1 1 1 1 1 0 0 0 0 0 0 0.89
15 1703033 A G 1 1 1 1 1 0 0 0 0 0 0 0.89
16 1703036 G A 1 1 1 1 1 0 0 0 0 0 0 0.9
17 1703185 G A 1 1 1 1 1 0 0 0 0 0 0 1
18 1703197 C T 1 1 1 1 1 0 0 0 0 0 0 1
19 1703201 T C 1 1 1 1 1 0 0 0 0 0 0 1
20 1705756 G T 1 1 1 1 099 0 0 0 0 0 0 0.99
21 1705827 T C 0.96 0.88 0.97 1 0.9 0 0 0 0 0 0 0.93
22 1705857 A G 0.86 0.68 091 1 0.83 0 0 0 0 0 0 1
23 1706622 A G 092 1 1 1 1 0 0 0 0 0 0 1
24 1707471 C T 1 1 1 1 1 0 0 0 0 0 0 1
25 1707579 A G 1 1 1 1 1 0 0 0 0 0 0 1
26 1707849 A T 1 1 1 1 1 0 0 0 0 0 0 1
27 1707915 C T 1 1 1 1 1 0 0 0 0 0 0 1
28 1708038 T C 1 1 1 1 1 0 0 0 0 0 0 1
29 1708224 C T 1 1 1 1 1 0 0 0 0 0 0 1
30 1708227 G A 1 1 1 1 1 0 0 0 0 0 0 1
31 1708287 C T 1 1 1 1 1 0 0 0 0 0 0 1
32 1708371 G A 1 1 1 1 1 0 0 0 0 0 0 1
33 1710171 A G 1 1 1 1 1 0 0 0 0 0 0 1
34 1710207 T C 1 1 1 1 1 0 0 0 0 0 0 1
35 1710222 A G 1 1 1 1 1 0 0 0 0 0 0 1
36 1710225 T C 1 1 1 1 1 0 0 0 0 0 0 1
37 1710864 C T 1 1 1 1 1 0 0 0 0 0 0 1
38 1711853 C T 1 1 098 1 1 0 0 0 0 0 0 1
39 1711864 T C 1 1 1 1 1 0 0 0 0 0 0 1
40 1711872 C G 1 1 1 1 1 0 0 0 0 0 0 1
41 1712736 T C 1 1 1 091 1 0 0 0 0 0 0 1
42 1713162 G C 1 1 1 1 1 0 0 0 0 0 0 1
43 1713164 A C 1 0.99 1 1 1 0 0 0 0 0 0 1

@ Position of SNP/INDEL is from the reference sequence of H. somni 2336 (GenBank accession
Biotechnology Information, Bethesda, Maryland, USA), used for the comparative SNP/INDEL analysis.
® Reference base is from the reference sequence of H. somni 2336 (GenBank accession number NC_010519, National Center for Biotechnology
Information, Bethesda, Maryland, USA), used for the comparative SNP/INDEL analysis.

number NC_010519, National Center for
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Table Il. Distribution of SNP/INDELSs in ibpA of 1 H. somni isolate from the 1980s and 5 isolates from 2012-2013 scoring higher
than the threshold with reference to H. somni 2336 and locus tag HSM_1489 and clustering to form group Il (highlighted in yellow)

SNP/INDEL Reference  SNP/INDEL
number Position®  base® base HS5 HS6 HS11 HS13 HS18 HS25 AVIL AvVi4 AVIS AvVil4 AVI31 AVI54
1 1704765 G A 0 0 0 0 0 1 1 1 1 1 1 0
2 1704785 C T 0 0 0 0 0 1 1 1 1 1 1 0
3 1704813 T C 0 0 0 0 0 1 1 1 1 1 1 0
4 1704842 C A 0 0 0 0 0 1 1 1 1 1 1 0
5 1705255 T C 0 0 0 0 0 1 0.89 1 1 1 1 0
6 1705264 G C 0 0 0 0 0 1 088 1 1 1 1 0
7 1705267 T C 0 0 0 0 0 1 086 1 1 1 1 0
8 1705836 T G 0 0 0 0 0 1 1 1 1 037 1 0
9 1705846 C T 0 0 0 0 0 1 1 1 1 055 1 0
10 1708200 G T 0 0 0 0 0 1 1 1 1 1 1 0
11 1708203 T C 0 0 0 0 0 1 0.99 1 0.99 1 099 O0
12 1708407 T G 0 0 0 0 0 099 1 1 1 1 1 0
13 1708410 A G 0 0 0 0 0 1 1 1 1 1 1 0
14 1708902 A C 0 0 0 0 0 1 1 1 1 1 1 0
15 1708917 G A 0 0 0 0 0 1 1 1 1 1 1 0
16 1709642 T C 0 0 0 0 0 1 1 1 1 1 1 0
17 1709672 G C 0 0 0 0 0 1 1 1 1 1 1 0
18 1711453 C T 0 0 0 0 0 1 1 1 1 1 095 0
19 1711731 G A 0 0 0 0 0 099 1 1 1 0.75 1 0
20 1711786 T G 0 0 0 0 0 098 1 1 1 1 098 0
21 1711790 T G 0 0 0 0 0 098 1 1 1 1 094 0

AVI5, AVI14, and AVI31) and 1 old strain (HS25) clustered to form
group II on the basis of the distribution of all SNP/INDELs within
locus tag HSM_1489 (Figure 2B). For locus tag HSM 1489, only
43 SNP /INDELS scored higher than the required threshold and were
present in all the isolates of group I, the remaining isolates scoring
zero (Table I). In the same manner, only 21 SNP/INDELSs scored
higher than the required threshold and were present in all the iso-
lates of group II (Table II). These 2 groups had the highest number
of SNP/INDELs clustering the maximum number of old or new
isolates compared with other combinations for locus tag HSM_1489.
Group I, which contained most of the old strains (5 old strains plus
1 new strain), had a significantly higher number of SNP/INDELs
(P < 0.05) than group II, which contained most of the new strains
(5 new strains plus 1 old strain).

Information regarding the distribution pattern of SNPs within a
gene is important for genotype characteristics (33). To analyze how
the SNPs were distributed within a single isolate, and to compare
H. somni isolated during the 1980s with the strains recently isolated,
we randomly selected 2 samples, 1 old strain from group I and
1 new strain from group II, and plotted the number of SNPs and
the percentage SNP call against H. somni reference strain 2336 for
each sample having 8 times coverage or greater. For example, the
chromosomal-initiation protein gene dnaA (locus tag HSM_0001)
had 11 SNPs, but only 7 were distributed in the 2 samples selected
(Figure 3A). Among these 7 SNPs, 5 (positions 328[C—~T], 1205[T—C],
1307[C~T], 1439[C—~T], and 1455[C—~>A]) were present in both
samples. For the old isolate the other 2 SNPs were at positions
1394(G~T) and 1584(C—~>A), whereas for the new isolate they were

at positions 677(C>T) and 1145(C~T). Locus tags ranging from
HSM_0001 to HSM_0075 were plotted in the same manner and
found to include approximately 1000 SNPs (Figure 3B). Finally, all
31 028 SNP/INDELs were studied for their distribution within genes
of these 2 isolates. The results (data not shown) suggested that the
distribution within a specified gene differs between old and new
isolates and does not follow any particular pattern.

The 16S rRNA gene sequence is important for phylogenetic stud-
ies, especially within the Pasteurellaceae family (34). In reference
strain H. somni 2336 the 165 rRNA genes are contained in locus
tags HSM_R0014, HSM_R0019, HSM_R0027, HSM_R0038, and
HSM_R0060. These genes are commonly used for molecular bacterial
diagnostic assays. In our study the 165 rRNA gene contained SNP/
INDELS for both groups I and II, as shown in Table III. For locus tag
HSM_R0060, a SNP of A~G at position 2118616 was recorded for
group I and not for group II. For locus tag HSM_R0019, in group I
SNPs TG and T—A were present at positions 629791 and 629818,
respectively, but in group II SNPs T>C and T— + GA were detected
at positions 629802 and 629818, respectively. Overall, for SNP/
INDEL values that ranged from 0.5 to 1.00 for the 165 rRNA genes,
the old isolates contained a significantly higher number of SNPs
(P < 0.05) than the new isolates.

Putative virulent gene products and factors that contribute to the
virulence of H. somni have been clearly defined (11-25). The results
of our comparative SNP/INDEL analysis of some of these genes in
groups I and II are shown in Table IV. The immunoglobulin-binding
proteins A and B (locus tags HSM_1489 and HSM_1490) show homol-
ogy with other virulence proteins found in Pasteurella multocida,
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Figure 3. Distribution of SNPs in an old isolate (left panels) and a new isolate (right panels) with reference to H. somni 2336, the numbers of SNPs being
plotted against the percentage of SNP calls against the reference genome with 8 times coverage or greater. A — Distribution for the chromosomal-
initiation protein gene dnaA (locus tag HSM_0001). B — Distribution for the first 1000 SNPs representing locus tags HSM_0001 to HSM_0075.

Haemophilus ducreyi, and Bordetella pertussis (11,25). Vaccination with
3 recombinant subunit proteins from IbpA was successfully used to
protect mice against experimental infection with H. somni (22). In our
study, groups I and II had 43 (12%) and 21 (6%), respectively, of the
360 SNP/INDELs identified in the ibpA gene (Table IV). Changes in
strains circulating in the field between the 1980s and 2012-2013 may
have emerged because of different virulence factors. One of the new
isolates (AVI14) in group II had a SNP distribution pattern that did
not match that of the other isolates in this group (Figure 2B). If this
recent isolate was removed from group II, the resulting total number
of SNPs increased from 21 to 81 for locus tag HSM_1489.

Further analysis of putative virulence genes showed that the
transferring-binding protein genes tbpA (locus tag HSM_0750) and
tbpB (locus tag HSM_0749) had 73 and 24 SNPs, respectively; 20 and
7 SNPs belonged to group I, and 5 and 1 SNPs to group II, respec-
tively. The gene encoding the small outer-membrane lipoprotein A/
outer-membrane lipoprotein A domain-containing protein (locus tags
HSM_0095 and HSM_1317) had 6 and 16 SNPs, respectively, 4 for
group I and 5 for group II. The gene for the TonB-dependent receptor
plug (locus tag HSM_0932) had 14 SNPs, with only 3 in group I. The
gene encoding the TonB-dependent receptor (locus tags HSM_0047,
HSM_0931, HSM_1372, and HSM_1962) had more SNPs in group I
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Table lil. Distribution of SNP/INDELSs in the 16S ribosomal RNA gene of H. somni isolated during the 1980s (highlighted in blue)
or in 2012-2013 (highlighted in green) with reference to H. somni 2336 and locus tag HSM_1489

Gene (and SNP/INDEL Reference SNP/INDEL
locus tag) positon  base base HS5 HS6 HS11 HS13 HS18 HS25 AVIL AVI4 AVIS AVI14 AVI31 AVI54
cyaY 2118616 A T 0.5 0.36 0 0.58 0.29 0 0 0 0 o0 0 0
(HSM_R0060)
cyaY 2118616 A G 0.5 064 1 042 0.71 0 0 0 0 0 0 1
(HSM_R0060)
gyQ 985721 A T 0O 0 0 0 0 1 0o 0 0 0 0 0
(HSM_R0038)
hemG 513361 A G 0 0 0 1 0 0 0o 0 0 0 0 0
(HSM_R0014)
rpozZ 629791 T G 05 091 046 1 0.75 0 o 0 0 0 0 0.78
(HSM_R0019)
rpozZ 629818 T A 1 1 1 1 1 0 o 0 0 0 0 1
(HSM_R0019)
rpozZ 620802 T c 0 0 0 0 0 1 1 1 1 1 1 0
(HSM_R0019)
rpozZ 620818 T +GA 0 0 0 0 0 095 086 1 087 0.8 0.83 0

(HSM_R0019)

than in group II; for example, HSM_0047 had 65 SNPs, of which 21
belonged to group I, whereas only a single SNP belonged to group II.
For most of the other genes represented in Table IV there were also
more SNPs in group I than in group II. Although the emphasis
was to cluster all isolates rather than look at the individual isolate,
removing the recent isolate AVI14 from group II resulted in an
increase in SNPs in group II to a number greater than that in group I
for some locus tags. Finally, comparison of the number of SNPs in
known virulence genes and the housekeeping gene that encodes
uridine diphosphate-glucose 4-epimerase (Table V) showed that
for the locus tags of the TonB family protein, fimbrial subunit, and
TonB-dependent lactoferrin and transferrin receptor the old isolates
contained significantly more SNPs (P < 0.05) than the new isolates.

Current H. somni vaccines that contain bacteria-free suspensions
of outer membrane proteins have been shown to help reduce the
risk of respiratory disease but may not protect cattle against other
disease manifestations, such as myocarditis and arthritis. This may
be due to the formation of biofilms during myocarditis, differences
in the antigens present on bacteria in the host as compared with the
vaccines, and sRNAs found in virulent strains (16,28,29). Research
into the development of new vaccines with IbpA and outer mem-
brane lipoproteins has provided an insight into potentially protec-
tive antigens (22,35). The current study was based on the possibil-
ity that comparative SNP analysis might shed light on changes in
genomic characteristics between isolates from the 1980s and those
from 2012-2013. The reference genome strain, H. somni 2336, con-
tains 2065 genes that produce 1980 proteins containing locus tags

HSM_0001 to HSM_2021 (NC_010519) (11,25). With reference to
this genome, our comparative SNP analysis generated 31 028 SNP/
INDELs with a SNP score of 0.00 to 1.00. Each genome isolated from
the 1980s contributed approximately 40% to 42% SNP call against the
H. somni reference strain with 8 times coverage or greater, whereas
the more recent isolates had 36% to 41% SNP call. The distribution of
these SNPs within a gene is different for each genome isolate, which
in turn may cause variations in gene products associated with the
changes in sequence. The distribution of about 75% of these SNPs
within a specified gene differed between the old and new isolates
and did not follow any particular pattern. The remaining 25% of
SNPs (7674) clustered into 2 groups that contained the highest num-
ber of old or new strains. Group I (16%) included 5 old isolates and
1 new isolate, whereas group II (9%) contained 5 new isolates and
1 old isolate, which suggested some genetic variation between old
and new isolates. However, if 1 new isolate (AVI14) was removed
from group II, the total number of SNPs for this group increased to
4504 (15%), indicating a 6% increase in genetic variation between
old and new isolates. Even though the SNPs may not be present in
the clustered group, they may be present in individual isolates, old
and/or new. In addition, as shown in Table IV, there were more SNPs
among putative virulence genes in group I compared with patho-
genic H. somni strain 2336, itself an older isolate, than in group II,
which could be due to a number of factors, ranging from geographic
origin of the isolate to bacterial biotype (36). Again, when strain
AVI14 was removed from group II, the number of SNPs increased
in some putative virulent genes, such as those encoding IbpA,
TonB-dependent receptor, TonB system transporter, hemagglutinin/
hemolysin-like protein, and Yersinia adhesion A domain-containing
protein (locus tags HSM_1489, HSM_1372, HSM_1101, HSM_0270,
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Table IV. Number of SNP/INDELs in groups | and Il for gene products that may be involved in the virulence of H. somni with
reference to H. somni 2336

Number of SNP/INDELs
In group Il
after removal
Locus tag and reference In In of isolate
Protein? sequence number? Homologs Total group | group Il AVI14
Cysteine protease HSM_1489 (YP_001784809.1)  Immunoglobulin-binding protein A 360 43 21 81
SmpA/OmIA domain- HSM_0095 (YP_001783450.1) OmlA 6 0 0 0
containing protein HSM_1317 (YP_001784639.1) 16 4 5 1
TonB-dependent lactoferrin -~ HSM_0750 (YP_001784088.1)  ThpA 73 20 5 15
and transferrin receptor HSM_1988 (YP_001785302.1) 37 0 0 0
Thp HSM_0749 (YP_001784087.1) ThpB 24 7 1 4
TonB-dependent receptor HSM_0932 (YP_001784264.1) TbpA 14 3 0 0
plug
TonB-dependent receptor HSM 0047 (YP_001783402.1)°> TonB-dependent heme/hemoglobin 65 21 1 3
HSM_0931 (YP_001784263.1)  receptor family protein 36 1 0 9
HSM_1372 (YP_001784692.1) 70 7 6 14
HSM_1962 (YP_1707182576.1) 33 8 6
TonB family protein HSM_1100 (YP_001784430.1)  TonB protein 15 6 0
TonB-dependent HSM_1168 (YP_001784498.1) 62 9 16
hemoglobin/transferrin/
lactoferrin family receptor
TonB system energizer HSM_1102 (YP_001784432.1)  Outer membrane transport 9 2 0 1
ExbB type 2 and HSM_1101 (YP_001784431.1) energization protein ExbB 4 0 0 2
TonB system transporter
ExbD type 2
Lipoprotein A HSM_0191 (YP_001783542.1)  Lipoprotein LppA 10 3 3 1
Rare lipoprotein B HSM_0468 (YP_001783814.1) 9 1 6 0
Oml LolB HSM_1476 (YP_001784796.1) 11 1 1 1
LppC family lipoprotein HSM_1207 (YP_001784531.1) 13 0 0 3
Filamentous hemagglutinin  HSM_0268 (YP_001783619.1) 108 26 0 19
Omp
Hemagglutinin/hemolysin- ~ HSM_0270 (YP_001783621.1) 26 3 0 18
like protein
Adhesin HSM_0274 (YP_001783625.1) 9 2 0 0
Yersinia adhesin A domain- HSM_0077 (YP_001783432.1)  Hemagglutinin domain protein or 171 40 10 29
containing protein HSM_0338 (YP_001783687.1)  Hag repeat-containing protein 139 32 17 11
HSM_0346 (YP_001783695.1) 85 10 5 8
HSM_0377 (YP_001783726.1) 123 0 6 1
HSM_0394 (YP_001783743.1) 70 0 0 5
HSM_0708 (YP_001784046.1) 163 16 3 21
HSM_0844 (YP_001784176.1) 158 16 5 21
HSM_1022 (YP_001784352.1) 248 38 18 43
HSM_1257 (YP_001784581.1) 245 37 6 45
HSM_1484 (YP_001784804.1) 72 32 0 2
HSM_1542 (YP_001784862.1) 116 6 20 21
HSM_1571 (YP_001784891.1) 214 57 2 46
HSM_1793 (YP_001785113.1) 100 17 2 5
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Table IV. (continued)

Lipooligosaccharide
sialyltransferase

Glycosyltransferase
family protein

Cell wall biogenesis
glycosyltransferase-
like protein

HSM_1476 (YP_001784746.1)

HSM_0978 (YP_001784308.1)°
HSM_0977 (YP_001784307.1)¢

HSM_0976 (YP_001784306.1)°

Sialyltransferase 14 1 1 1
Lipooligosaccharide 23 1 0 0
galactosyltransferase Il 28

N-acetylglucosamine 5 0 0 0

glycosyltransferase

@ Annotation is from the reference sequence of H. somni 2336 (GenBank accession number NC 010519, National Center for Biotechnology

Information, Bethesda, Maryland, USA), used for the comparative SNP/INDEL analysis.
® Five old strains in group | had a deletion of TATGATAGGA at position 39651.
¢ INDELs of (CT), were at position 1116054 for many of the old and new isolates.

¢ INDELs were present in the gene.
¢ All 5 genetic changes were insertions of (C),..

Smp — small outer-membrane lipoprotein; Oml — outer-membrane lipoprotein; Thp — transferrin-binding protein.

Table V. Number of SNP/INDELs in the housekeeping gene that encodes uridine diphosphate (UDP)-glucose 4-epimerase in
comparison with known virulence genes of H. somni strains isolated during the 1980s (highlighted in blue) or in 2012-2013

(highlighted in green) with reference to H. somni 2336

Number of Number of SNP/INDELs
Gene product Locus tag  base pairs P-value HS5 HS6 HS11 HS13 HS18 HS25 AVI1 AVI4 AVIS AVI14 AVI31 AVI54
UDP-glucose HSM 1256 1017 0.051281 13 18 14 18 16 26 21 27 28 21 18 18
4-epimerase
Thp HSM 0749 1989 0.081602 9 8 10 8 8 4 6 5 6 1 6 10
Lipooligosaccharide HSM_1426 903 0.354694 5 5 6 5 5 6 6 6 6 9 3 4
sialyltransferase
Glycosyltransferase  HSM 0148 783 0.055693 2 4 4 4 2 8 4 & 4 5 4 4
TonB family protein  HSM_1100 753 0.009998® 11 11 11 11 11 3 & 8 3 4 3 11
SmpA/OmIA domain- HSM_0095 414 0.170447 0O 0 0 0 0 0 0 0 0 6 0 0
containing protein
Fimbrial subunit HSM 0123 459 0.0192602 8 7 7 6 8 6 6 4 5 2 4 8
Lipoprotein A HSM 0191 414 0.188687 5 5 5 5 5 5 5 5 5 6 5 5
TonB-dependent HSM 0750 2916 0.0042612 37 41 42 43 44 32 32 31 32 18 31 85

lactoferrin and
transferrin receptor

a Significantly higher number of SNPs (P < 0.05) in the old isolates than in the new.

HSM_0708, HSM_0844, HSM_1022, HSM_1257, and HSM_1542) in
group Il compared with group I, which suggested the accumulation
of more SNPs in new strains than in old strains.

Focal myocarditis related to H. somni has been observed in fall-
placed cattle in western provinces and states of North America
(37). Clinical evaluations and results from postmortem inspections
showed that 42% of deaths in 2007 were due to myocardial disease
in the US state of Wyoming (38). An increase in rates of illness and
death due to myocarditis has been reported in fall-placed calves in
western Canada since the 1980s (38-41) and at present is the most
common fatal form of the disease. However, current vaccines may
protect against only the planktonic form of the bacteria and have

limited efficacy against the myocardial form of the disease complex,
suggesting a need for improved vaccines (16,28,29,42). At present,
whole-genome sequencing of bacterial strains is an important tool
to identify regulatory genes and, more importantly, genes involved
in virulence. In particular, the identification of unique gene products
could be used to formulate new vaccines against H. somni infection,
resulting in protection against new strains circulating in the field.
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