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A B S T R A C T

The aim of the investigation was to develop a definitive typing system for Rodentibacter pneumotropicus. A total of
79 strains including the type strain of R. pneumotropicus, all associated with rodents were used to develop a
multi-locus sequence typing scheme (MLST). Primers were designed for conserved regions of seven house-
keeping genes (atpG, frdB, gdh, pgi, pmi, recA, zwf) and internal fragments of 399–839 bp were sequenced for all
strains. The genes were also extracted in full length from whole genomic sequences of 14 strains of which 10
were sequenced in the current study. The number of alleles at the different loci ranged from 5 to 7 and a total of
20 allelic profiles or sequence types were recognized amongst the 79 strains. Analysis of the MLST data showed
that some STs have been stable over many years probably circulating in the same colonies and probably
transferred between colonies. We assume that this MLST scheme may provide a high level of resolution and
might be an excellent tool for studying the population structure and epidemiology of R. pneumotropicus. Further
development of the scheme is expected by including more genes and more strains and involve whole genomic
sequencing.

1. Introduction

Rodentibacter pneumotropicus, previously named [Pasteurella] pneu-
motropica is the type species of the new genus Rodentibacter (Adhikary
et al., 2017a). It is a non-motile, non-haemolytic, facultative anaerobic,
fermentative, Gram-negative coccobacillus which usually colonizes the
mucosa of the nasopharynx, trachea, lungs, vagina, uterus, urinary
bladder, intestines and other organs of laboratory animals (Needham
and Cooper, 1975; Ward et al., 1978; Saito et al., 1981; Manning et al.,
1991; Goelz et al., 1996). The pathogenicity of this organism in im-
mune-competent laboratory mice and rats is known to be weak al-
though it can occasionally produce clinical disorders in immuno-defi-
cient animals (Needham and Cooper, 1975; Artwohl et al., 2000). High
morbidity and mortality has recently been demonstrated in immune-
competent mice by a virulent strain of R. pneumotropicus (Fornefett
et al., 2018). Wild mice are carriers of this agent (Nicklas, 2007).
Therefore, it is included as a routine test organism for microbiologic
monitoring of laboratory rodents (Mähler et al., 2014).

Previously, R. pneumotropicus was classified as two biotypes, Jawetz
and Heyl and various molecular typing procedures have been reported
for bio-typing of these two groups. A subsequent restriction fragment
length polymorphism (RFLP) analysis based on the gyrB gene sequence
showed good resolution for molecular identification and typing
(Hayashimoto et al., 2007). Recently, a method based on a combination
of a real-time PCR assay amplifying a variable region of the 16S rRNA
sequence with high-resolution melting curve analysis has been devel-
oped to identify and differentiate the biotypes (Miller et al., 2015). The
genetic diversity of strains and isolates of [P.] pneumotropica observed
by using amplified 16S rDNA restriction analysis (ARDRA) and pulse-
field gel electrophoresis (PFGE) was also described (Kodjo et al., 1999;
Sasaki et al., 2006). At the very recent, clonal relationship in disease
outbreak of biotype Heyl has been documented by PFGE (Adhikary
et al., 2017b). Moreover, Weigler and colleagues reported the useful-
ness of the randomly amplified polymorphic DNA polymerase chain
reaction assay (RADP-PCR) for molecular epidemiologic investigation
of this bacterium in laboratory rodent colonies (Weigler et al., 1996).
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However, many factors (MgCl2, nucleotides & thermostable DNA
polymerase concentrations) can affect reproducibility and variability of
(randomly amplified polymorphic DNA) RAPD reactions (Meunier and
Grimont, 1993). Besides, these methods are unable to share and com-
pare information across laboratories that may necessitate repeated ex-
aminations or testing (Blackall and Miflin, 2000).

Multilocus sequence typing (MLST) represents a definitive alter-
native option to the methods described above, because it produces
unambiguous and precise molecular typing data for characterization of
bacterial isolates (Maiden et al., 1998; Enright and Spratt, 1999). Fur-
thermore, this technique is highly portable as any laboratory can
compare the sequences of the seven loci in their isolates with those in a
central database and thereby obtain the allelic profile of each isolate.
MLST results can give insight into the population structures of bacterial
isolates. Until now, there has been no attempt to develop a MLST
scheme that is only associated with rodent isolates. However, a MLST
scheme of Streptococcus pneumoniae based on human isolates is avail-
able and includes rodent isolates, collected from infection (van der
Linden et al., 2009).

In this study, we report the development of the first MLST scheme
able to detect the population structure of the most important member of
rodent Pasteurellaceae, R. pneumotropicus.

2. Materials and methods

2.1. Bacterial strains

A total of 79 strains were included in this study. The strains were
collected from mouse (65), rat (12) and rabbit (2) and originated from
the Netherlands, Denmark, Germany, Australia, Spain and USA during a
period from 1948-2016. The isolates were mainly cultured from con-
junctiva, the respiratory or the genital tract (Table 1). Out of 79, 65
strains were included in a previous study on the reclassification of
[Pasteurella] pneumotropica as Rodentibacter pneumotropicus (Adhikary
et al. (2017a,b). The remaining 14 strains were formerly described and
analyzed as well (Benga et al., 2013; Sager et al., 2015).

2.2. Extraction of DNA for PCR

Bacteria from frozen stocks in bovine serum containing 6% glucose
at - 80 °C were plated on 5% sterile calf blood agar (Blood Agar Base,
CM55; Oxoid, Basingstoke, UK) and incubated under micro-aerophilic
conditions in sealed plastic bags at 37 °C for 24 h. Four strains incapable
to grow on blood agar were cultured on chocolate agar plates to prepare
DNA because these strains were V-factor dependent. A single colony
was subsequently grown in brain heart infusion broth (BHI; Difco,
Heidelberg, Germany) for 24 h at 37 °C in an aerobic atmosphere. From
the culture, 1.5 ml BHI culture was transferred into a tube and pelleted
by centrifugation for three minutes at 15,000 ×g, after which the su-
pernatant was discarded. DNA was purified with the DNeasy Blood &
Tissue Kit 250 (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. The purified DNA was frozen at −20 °C until
PCR was carried out. The DNA concentration was determined with
Nanodrop 1000 (Thermo Fisher Scientific, Wilmington DE, USA).

2.3. Genes for MLST

The house-keeping genes were selected based on the existing Rural
Industries Research and Development Corporation (RIRDC) MLST
scheme of P. multocida (Curated by Patrick J. Blackall, Queensland
Alliance for Agriculture and Food Innovation, Australia) (Subaaharan
et al., 2010). The genome of the reference strain of R. pneumotropicus
NCTC8141T (NCBI acc. no. ARBW01000000) was searched for anno-
tated nucleotide sequence data. The three genes, pmi, gdh and zwf could
be identified on the annotated genome of the reference strain. The se-
lection of four additional genes atpG, frdB, pgi and recA was based on

the MLST scheme of Haemophilus influenzae (Meats et al., 2003).

2.4. Gene amplification and sequencing

All primer sets used in this study were designed using the Primer3
software (http://primer3.ut.ee) using the nucleotide sequence of the
respective gene in the reference strain NCTC 8141T. The details of the
primer sets are presented in Table 2. A volume of 25 μl PCR mixture
contained DreamTaq DNA polymerase (ThermoFisher Scientific, Wal-
tham, MA USA), DreamTaq Green (ThermoFisher Scientific) buffer,
0.4 mM each of dATP, dCTP, dGTP, 4mM MgCl2, 0.1 μM of each primer
and 1 μl genomic DNA. For all PCRs the following reaction conditions
were used: 30 s of denaturation at 94 °C, 30 s of annealing at 48 °C and
1min of extension at 72 °C for 30 cycles. A last cycle of elongation of
5min at 72 °C was used. The two enzymes, Exonuclease1 (Cat
no.EN0581) and Fast AP (Cat no. EF0651) were used to purify the PCR
product. Both enzymes were from ThermoFisher Scientific. The se-
quencing of the PCR reaction products was carried out by using Mac-
rogen Europe service (Amsterdam, the Netherlands). The sequences
were assembled by CLC Main Workbench (QIAGEN, Aarhus A/S) and
imported as FASTA file for further analysis.

A total of 13 strains were whole genome sequenced according to
Adhikary et al. (2017a). Two published genomic sequences were al-
ready available for the type strain of R. pneumotropicus (Table 1). The
details of three of the genomes were described by Adhikary et al.
(2017a). The coverage of the 10 genomes sequenced for the current
study (Table 1) ranged from 27 to 67.

The genome scale data was used to develop the Bacterial Isolate
Genome Sequence Database (BIGSdb) (Jolley and Maiden, 2010) (Cu-
rated by Henrik Christensen, Denmark) to facilitate analysis of epide-
miology, ecology and population structure including the isolate back-
ground and phenotype. The database is hosted at https://ivsmlst.sund.
ku.dk/.

2.5. MLST analysis

For each house-keeping gene analyzed, a multiple alignment of DNA
sequences was constructed by ClustalX2 (Larkin et al., 2007) and
BioEdit (Hall, 1999). For each locus, different sequences were assigned
as distinct alleles. This resulted in a 7-digit allelic profile for each iso-
late. Each unique allelic profile was manually assigned as a sequence
type (ST) with a random number. Isolates with the same allelic profile
were assigned as the same ST.

Global optimal eBURST (goeBURST) (Francisco et al., 2009) im-
plemented by PHYLOViZ (Francisco et al., 2012) was used to cluster
STs with triple locus variant (TLV) limitations, generating a minimum
spanning tree to visualize possible evolutionary relationship between
STs. Two different STs sharing six of the seven loci established a single-
locus variant (SLV) and a double locus variant (DLV) contained two STs
differing in two loci. A clonal complex (CC) was composed of at least
three strains with only SLVs or DLVs. When only two STs belonged to
the same SLV they were termed a doublet. The remaining STs, which
had no SLV with other STs, were termed singletons.

For linkage analysis: LIAN 3.0 was used from http://guanine.
evolbio.mpg.de/cgi-bin/lian/lian.cgi.pl/query (Haubold and Hudson,
2000). The G+C content, number of polymorphic sites and the
average synonymous/ non-synonymous rate ratio (dS/dN) were calcu-
lated with DnaSP Version 5.10 (Librado and Rozas, 2009). The sig-
nificance of the synonymous/ non-synonymous rate ratio (dS/dN) was
evaluated by Fischer’s exact test in MEGA (Tamura et al., 2011).

3. Results

For all 79 strains, PCR products of the expected size were obtained
for the seven genes analyzed (atpG, frdB, gdh, pmi pgi, recA and zwf)
using the single primer set for each respective gene shown in Table 2.
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The number of alleles found at each locus ranged from 5 (frdB, pmi,
recA, zwf) over 6 (atpG, gdh) to 7 (pgi). Sequence alignment of each of
the seven loci showed no insertion/deletion, and the numbers of
polymorphic sites varied from 7 (atpG) to 96 (pgi). The dS/dN indicated
that positive selection was not found for any of the alleles (Table 2).

A total of 20 STs were recognized within the 79 R. pneumotropicus
strains (Table 1). ST1 and ST3 included multiple isolates, 18 and 27,
respectively. ST15 was the third largest with 8 isolates followed by
ST24 which was associated with four isolates and ST2, ST4, ST6, ST11,
ST16 and ST21 consisting of two isolates. Half of the STs (10) were
singletons (Table 3). The V-factor dependent strains were associated to
ST24 and ST25 which formed at doublet.

Fig. 1 shows the relationships between the 20 ST based on goeBurst
analysis of the allelic profiles of all the 79 strains. STs connected by
lines share at least one common allele and the STs were assigned into
three major and one minor CCs (Fig. 1). A clonal complex (CC) is de-
fined as a group of at least 3 strains with STs sharing 5, 6 or all 7 loci.
CC1 and CC3 included 5 and 1 STs, respectively and were composed of
18 and 27 strains, respectively whereas CC15 included 6 STs with 16
strains and CC24 2 STs with 5 strains. In CC1, the most predominant
founder was ST1 with 75% of the total number of strains. This ST only
included one rat strain and the others were from mice originating from
Germany, the Netherlands, USA and Denmark obtained during the

period of 1948 to 2016. CC3 exclusively included ST3 and most strains
were from mouse with only five from rats which were obtained from
Germany, the Netherlands, Australia, Denmark and Spain and their
time of collection included 1987 to 2013. ST15 was the predominant
founder in CC15 which mainly included wild mouse isolates originating
from the Netherlands. Finally CC24 only included pet shop isolates
from Germany collected in 2010.

4. Discussion

MLST schemes have previously been published for at least five
species of Pasteurellaceae and these schemes have successfully stimu-
lated to further investigations of population genetics and epidemiology
(Christensen et al., 2014). The current study was undertaken to develop
a MLST scheme of R. pneumotropicus. We used the same set of primers
for both amplification and sequencing, an approach that has been used
in other MLST schemes such as S. pneumoniae, Pseudomonas aeruginosa
and Streptococcus suis (Enright and Spratt, 1998; King et al., 2002;
Curran et al., 2004). All seven loci were without positive selection, as
the synonymous substitutions at synonymous sites compared to changes
in non-synonymous at non-synonymous sites (dS/dN) were not sig-
nificantly lower than 1. This MLST scheme successfully identified all
related isolates and was able to compare strains and results across the
continents. The creation of the MLST scheme of R. pneumotropicus re-
presents a major step forward in the ability of scientists around the
world to type and compare isolates of R. pneumotropicus from all ro-
dents. The strain collection used to set up the MLST is probably the best
representation of the global genetic diversity of R. pneumotropicus in-
cluding representatives from six countries and three continents. Hope-
fully the collection can be complemented by strains from Southeast Asia
in the future.

The R. pneumotropicus population included in this study was studied
by allelic profiles analysed by a minimum spanning tree. We found the
association of both mouse and rat isolates in the same clonal complexes
(CC1, CC3) and ST types (ST1, ST3, ST6, ST15, ST21) (Table 1). It in-
dicated that the associated strains of mouse and rat have identical ge-
netic background.

Recently, phylogenetic analysis of housekeeping genes and 16S ri-
bosomal DNA indicated that the members of Pasteurellaceae were
characterized on the basis of their host associations (Christensen and
Bisgaard, 2004; Christensen et al., 2004; Korczak et al., 2004). The
epidemiology of [P.] pneumotropica by ARDRA (Sasaki et al., 2006),
RAPD typing (Weigler et al., 1996) and the utilization of carbon sources
(Sasaki et al., 2009) were clearly defined depending on the source of
animals, suggesting host specificity. The host-specific infection of the
species of Rodentibacter was previously reported and some strains are
more host specific than others whereas other variants seem to be able to

Table 2
Details of loci used in the MLST scheme and PCR primers used for amplification and sequencing of the genes.

Locus Protein encoded by gene (locus) with
alternative name in parenthesis

Primer set Length of PCR
product
(bp)

Length of
sequences in
BIGSdb

No. of
alleles

G+C (%) No. of polymorphic
sites

dS/dN
ratio

atpG FOF1 ATP synthase subunit gamma F:GACAGACCGTGGAATGTGTG
R:GGAAGCAAGGTTATCCACCA

399 870 6 39.0 7 25.4

frdB Fumarate reductase iron-sulfur
subunit

F: GAACCTTCCCTTTCCTACCG
R: CACCCCGTTTTTACCGTTTA

413 771 5 41.8 25 43.6

gdh Glutamate-1-semialdehyde-2.1-
aminomutase

F: TTTGCCCTTTTTCAGCGAGC
R: GGTGGCAGTTTAATTCGCCC

839 1008 6 44.7 60 0.553

pgi Phosphoglucose isomerase (glucose-6
phosphate isomerase)

F:GTGGTGAATATCGGGATTGG
R:TTGGAAATAAGCGGCAAAAC

518 1650 7 40.9 96 18.0

pmi Phosphomannose isomerase
(mannose-6-phosphate isomerase)

F: ATTTGGGGTGGAGAGCATTA
R:GCCCACGTAAATAAGCGTGT

676 1010 5 39.0 18 7.45

recA Recombinase A F:CACGCCTAATGTCTCAAGCA
R:TTGTTCAGGATTTGCAACCA

408 851 5 40.8 9 7.74

zwf Zwischenferment (Glucose-6
phosphate dehydrogenase)

F: ACGATTAGGCGGGAACTTCT
R: ATTTTGCCGTTCACTTCACC

731 1485 5 44.2 19 65.6

Table 3
Analysis of the seven MLST loci in the 79 isolates examined in this study.

No. of isolates ST Allelic profile

atpG frdB gdh pgi pmi recA zwf

18 1 1 1 1 1 1 1 1
2 2 2 2 2 2 2 2 2
27 3 3 3 3 3 3 3 3
2 4 1 1 1 4 1 1 1
1 5 1 1 4 1 1 1 1
2 6 4 4 5 5 4 4 4
1 10 6 1 1 7 1 1 1
2 11 3 4 5 5 4 3 2
1 13 3 4 5 5 4 3 4
1 14 3 4 5 5 4 4 2
8 15 3 4 5 5 4 1 2
2 16 6 1 1 1 1 1 1
1 17 3 3 5 5 4 1 2
1 19 3 4 5 5 3 1 4
1 20 1 2 3 5 4 3 3
1 21 5 5 6 5 5 5 5
1 22 1 3 3 1 4 3 3
1 23 1 3 3 5 4 3 1
4 24 1 3 1 2 3 1 3
1 25 1 3 1 2 3 1 1
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cross the host species barrier (Nakagawa et al., 1981; Nicklas, 2007;
Boot, 2010; Benga et al., 2017).

The most interesting epidemiological observation was that CC1 and
CC3 included isolates from different hosts, countries and years. CC1
included seven wild mouse isolates but only one was included in CC3.
Research using mice and rats was until 1960 invariably carried out on
animals which have a so called conventional or "normal" microbiology.
The origin of ST1 and CC1 could be of such original R. pneumotropicus
since samples included wild mouse and the type strain from 1948. From
1960 these animals have gradually been replaced by animals from
hysterectomy-derived barrier-maintained SPF-colonies. Animals from
SPF- colonies have an abnormal microbiology and physiology, com-
pared to conventional counterparts. SPF mice and rats housed within
the same facility may become contaminated /infected by each others
“foreign” bacteria. The foreign bacteria may later be expelled by better
fitting “host specific” strains. In the wild, mice and rats will live sepa-
rated and mutual infection seems very unlikely. CC3 could be a “new”
clone of R. pneumotropicus which developed after the current way of
breeding laboratory rodents was initiated. This could point to a
common source of introduction from central breeding colonies.
Persistence of a certain clone of R. pneumotropicus would be another
explanation for ST1 and ST3. Such a persistence has been documented
for members of Rodentibacter heylii (Adhikary et al., 2017b).

In conclusion, this study represents the first MLST scheme that has
been established for rodent Pasteurellaceae. As MLST is portable and
easily comparable across laboratories we suggest that MLST is accepted
as the “gold standard” typing method for R. pneumotropicus. Further
development will be needed to sequence more whole genomes to adapt
the existing MLST to whole genome MLST (wgMLST) in order to include
potential virulence factors into the MLST scheme and to obtain a higher
resolution with respect to clonal diversity.
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