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Abstract

The present study was conducted in order to develop rapid diagnostic assays on the
basis of conventional PCR which allow detection and discrimination of species,
subspecies and biovars of the potential bioterrorist agents Francisella, Brucella and
Yersinia not targeted by the currently established gel-based PCR assays. Reference
and field strains were analysed using RAPD and rep-PCR in order to find regions of
genetic heterogeneity in the genomes of the closely related species, subspecies and
biovars for each of the different genera. A number of promising differences could be
found in the resulting RAPD fingerprints. Distinctive bands were cloned in E. coli and
sequenced. Differences on the molecular level found through analysis of the obtained
sequence data as well as genome comparisons, together with expedient information
taken from previous external studies were used to develop specific and robust PCR
assays for typing and subtyping of the taxa Brucella and Francisella as well as an
assay that can identify atypical Yersinia pseudotuberculosis strains.

In addition to the commonly used PCR assays like the AMOS-PCR and some
variants thereof, the developed Brucella assay specifically identified Brucella
neotomae, Brucella pinnipedialis, Brucella ceti, and Brucella microti. Furthermore, it
differentiated Brucella abortus biovars 1, 2, 4 from biovars 3, 5, 6, 9, as well as
between Brucella suis biovar 1, biovars 3, 4, and biovars 2, 5. The Francisella
multiplex-PCR developed in the course of this study distinguished between the novel
Francisella species Francisella hispaniensis, representatives of all other Francisella
species and subspecies, clades A.l and A.ll of Francisella tularensis subsp. tularensis
and Francisella tularensis subsp. holarctica biovar japonica. The novel Yersinia
triplex assay allowed for a clear distinction between Yersinia pestis and Yersinia
pestis-like Yersinia pseudotuberculosis strains and distinguished them from typical
strains of Y. pseudotuberculosis.

For a molecular comparison of strains and to assure the specificity of the
developed PCR assays, it was indispensible to determine unambiguously the
taxonomic status of field strains using the available methods. In collaboration with
colleagues from other institutes, a great number of field strains of Brucella and other
representatives of the family Brucellaceae, including Ochrobactrum,

Pseudochrobactrum and Paenochrobactrum, as well as strains of Francisella were



therefore classified applying classical microbiological and chemotaxonomical
methods, analyses of housekeeping genes (rrs, recA, gyrB, groEL), RAPD-PCR and
partly also DNA-DNA hybridization. Strains that could not be assigned to a
recognized species were proposed as novel species, leading to the description of two
Brucella species (B. microti, B. inopinata), five Ochrobactrum species (O.
pseudogrignonense, O. pituitosum, O. rhizosphaerae, O. haematophilum, O.
thiophenivorans), two Pseudochrobactrum species (Ps. kiredjianiae, Ps. lubricantis),
one Paenochrobactrum species (Paenochrobactrum gallinari) and a novel

Francisella species (F. hispaniensis).



Zusammenfassung

Die vorliegende Studie wurde durchgefuhrt, um diagnostische Schnelltests auf der
Basis konventioneller PCR (Polymerase Kettenreaktion) zu entwickeln, die die
Detektion und Unterscheidung jener Arten, Unterarten und Biovare der potentiell
bioterroristisch nutzbaren Bakterien der Gattungen Francisella, Brucella und Yersinia
erlauben, die noch nicht durch gangige Gel-basierte PCR-Tests erkannt werden.
Referenzstamme und Feldisolate wurden mittels RAPD (randomly amplified
polymorphic DNA) und rep-PCR (gegen repetitive, nichtkodierende, intercistronische
Abschnitte gerichtet) analysiert, um Regionen genetischer Variabilitdt zwischen den
eng verwandten Arten, Unterarten und Biovaren der einzelnen Gattungen ausfindig
zu machen. Mittels dieses Ansatzes wurden in den resultierenden RAPD Mustern
spezifische PCR-Produkte gefunden. Diese Produkte wurden in E. coli kloniert und
dann sequenziert. Sequenzunterschiede, die im Vergleich zu in Datenbanken
hinterlegten Sequenzen identifiziert werden konnten, zusammen mit Informationen
aus diversen Veroffentlichungen, wurden verwendet, um spezifische und robuste
PCR Schnelltests zur Typisierung und Subtypisierung der Taxa Brucella und
Francisella zu entwickeln. Weiters wurde ein PCR-Test entwickelt, um Yersinia
pestis-ahnliche Yersinia pseudotuberculosis Stdmme zu identifizieren.

Zusatzlich zu den allgemein gebrauchlichen PCR Tests wie der AMOS-PCR und
einigen ihrer Varianten kann der neu entwickelte Brucella Ansatz Brucella neotomae,
Brucella pinnipedialis, Brucella ceti und Brucella microti spezifisch detektieren.
Dariiber hinaus konnte der Test die Brucella abortus Biovare 1,2,4 von den Biovaren
3,5,6 und 9, sowie auch Brucella suis Biovar 1 von den Biovaren 3,4 und 2,5
unterscheiden. Ein im Rahmen dieser Arbeit entwickelter Francisella Multiplex-
Ansatz differenzierte zwischen der neuen Art Francisella hispaniensis,
Reprasentanten aller anderer Francisella-Arten und Unterarten, F. tularensis subsp.
tularensis A.l und A.ll Stammen und Biovar japonica der Unterart F. tularensis subsp.
holarctica. Der neu entwickelte Yersinia Triplex-Ansatz ermdglichte eine spezifische
Unterscheidung von Y. pestis und atypischen Y. pestis-dhnlichen Y.
pseudotuberculosis Stammen und unterschied sie auch gleichzeitig von anderen

Stammen der Spezies Y. pseudotuberculosis.



Zur Evaluierung der entwickelten Tests war es unerlasslich, die taxonomische
Stellung einer Reihe von Feldisolaten zu bestimmen. Im Laufe dieser Studie wurden
deshalb zusammen mit Kollegen anderer Institute eine grof3e Zahl an Feldisolaten
von Brucella und anderen Vertretern der Familie Brucellaceae (Ochrobactrum,
Pseudochrobactrum und Paenochrobactrum) wie auch von Francisella
charakterisiert, wobei klassische mikrobiologische und chemotaxonomische
Methoden sowie die Analyse konservierter Gene (rrs, recA, gyrB, groEL) und RAPD-
PCR Anwendung fanden. In einigen Fallen wurden auch DNA-DNA Hybridisierungen
durchgefiihrt, um den Speziesstatus von Stammen eindeutig zu klaren. Stamme, die
keiner etablierten Art zugeordnet werden konnten, wurden dann als neue Art
beschrieben; funf Ochrobactrum Arten (O. haematophilum, O. rhizosphaerae, O.
pituitosum, O. pseudogrignonense, O. thiophenivorans), zwei Pseudochrobactrum
Arten (Ps. kiredjianiae, Ps. lubricantis), und eine Paenochrobactrum Art
(Paenochrobactrum gallinarii), zwei Brucella Arten (B. microti, B. inopinata) und eine

Francisella Art (F. hispaniensis).
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Introduction

1. Introduction

1.1. Bioterrorism and biothreat agents

Bioterrorism has been a subject of increasing worldwide concern. In the last century,
especially between World War | and the early Cold War, there was active research
for biological weapons regardless of the prohibition of their use by the 1925 Geneva
Protocol. However, the anticipated growing danger for all parties led to an expanded
ban on the development, production, trading and use of microbial or other biological
and toxin weapons imposed by the 1972 Biological Weapons Convention (BWC)
which has hitherto been signed by more than 170 states. (Biological and Toxin
Weapons Convention website, http://www.opbw.org) However, policy makers are
currently seeking to strengthen the BWC because of the ongoing proliferation of
biological weapons and biotechnologies as well as the apprehended danger of
bioterrorist acts (Christopher et al., 1997; Eubanks et al., 2007). Additionally, there is
the fear that molecular biology and biotechnology could intentionally be used for the
manipulation of microbes to fit homicidal purposes which would add a new dimension
to warfare and terrorist threat in future (Cannons et al., 2006).

Among previous incidents of bioterrorist activities (Tucker, 1999), the most recent
anthrax attacks of 2001 in the U.S. directed political and scientific attention to the
problem of bioterrorism (Bossi et al., 2004a; Murphy, 2004; Schuler, 2004) and once
more emphasised the importance of epidemiological studies and of diagnostic tools
that can quickly and accurately identify infectious agents to facilitate a rapid response
in both, a bioterroristic event or naturally occurring outbreak. The diagnosis of the
classic bacterial agents of biological warfare (Bacillus anthracis, Yersinia pestis,
Francisella tularensis, Brucella spp., Burkholderia mallei, Burkholderia pseudomallei)
and other biothreat agents listed by the CDC and the U.S. Department of Health and
Human Services has thus become a very important subject of research over the last
decade. Various molecular diagnostic assays rapidly detecting and confirming
biothreat agents have already been developed (Oggioni et al., 2002; Ellerbrok et al.,
2002; Bell et al., 2002; Loiez et al., 2003; Lundquist et al., 2005; Wilson et al., 2005;
Ulrich et al., 2006; Larsson et al., 2007; Van Ert et al., 2007; Das et al., 2008; Yang
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et al., 2008; Wang et al., 2009; Yang et al., 2009; Deshpande et al., 2010; Matero et
al., 2010).

1.2. Outline and methodology of the study

In the face of the recent terrorist attacks involving a biological threat agent, Bacillus
anthracis, research in the area of biodefense was also intensified in Europe. The
present study, supported by a Contract-Research Project of the German Ministry of
M-SAB1-5-A005), was conducted
differentiating PCR assays for rapid and accurate typing and subtyping of three highly

Defence (Grant No. in order to develop
pathogenic proteobacterial taxa, namely Francisella, Brucella and Yersinia, causing
zoonotic diseases in humans and considered to have bioterroristic potential (for their
clinical implications see Table 1). Francisella tularensis and Yersinia pestis are
classified by the CDC as category (A) pathogens and Brucella spp. as category (B)
pathogens and thus are recognised as biological threat agents (Rotz et al., 2002).
None of these organisms are known to have been used in bioterrorist actions so far
but they have been thoroughly studied or applied as bioweapons and hence are
important subjects of research in the area of biodefense (Christopher et al., 1997).

So far, the major focus of diagnostic biodefense research has been on the
development and optimization of sensitive, specific and reproducible immunoassays,
real-time PCR assays, DNA microarrays and biochip arrays for immunological

detection, flow cytometry, and chemical and physical biosensors that can, often

Table 1. The clinical implications of Brucella spp., Yersinia pestis and Francisella

tularensis (adapted from Franz et al., 1997)

Infective

Incubation Diagnostic Clinical diagnostic Patient isolation
Agent dose eriod samples assa recautions
(Aerosol) P P y P
Brucella standard precautions
spp. causing | 10-100 blood, bone culture J precautions,
; . 5-60 days . L contact isolation if
brucellosis organisms marrow, serum | serology: agglutination - ;
draining lesions present
Yersinia blood, sputum Gram or Wright- neumonic: droplet
pestis 100-500 5P ' | Giemsa stain, antigen- P nic. droplet
. ; 2-3 days lymph node precautions until patient
causing organisms aspirate ELISA, culture, treated for 3 davs
plague P serology: ELISA, IFA Y
Francisella blood. sputum
tularensis 10-50 SP " | culture, .
. . 2-10 days serum, EM of . L standard precautions
causing organisms tissue serology: agglutination
tularemia
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simultaneously, detect a range of different biothreat agents at the species or genus
level (Lim et al., 2005). But, since especially taxa like Francisella tularensis with
several subspecies and biovars, the genetically and phenotypically highly similar
Brucella species with their biovars and other members of the family Brucellaceae and
Yersinia pestis with its biovars and being a clone of Y. pseudotuberculosis (Achtman
et al.,, 1999) can internally only be separated with difficulty and conventional typing
methods are risky for the lab personnel, the development of PCR-based assays that
primarily aim at subtyping those highly pathogenic taxa was a major reason for
carrying out this study.

The technology of choice for the diagnostic assays to be developed was
conventional gel-based PCR, on the one hand, because of the actual laboratory
equipment and expertise and, on the other hand, because it has become a worldwide
standard procedure and the assays are cost-effective and easy to reproduce without
any sophisticated know-how. The core strategy towards the development of the
assays for the studied taxa was to find genetically unique or highly variable regions in
the respective genomes via genomic fingerprinting (RAPD and rep-PCR).

Despite their high level of genomic similarity, there is a range of different methods
for the identification of group-specific variations in brucellae, F. tularensis and Y.
pestis/pseudotuberculosis that have shown the potential to identify useful biomarkers.
These include IS-anchored arbitrary PCR (Ouahrani-Bettache et al., 1996),
infrequent restriction site-PCR and restriction maps (Cloeckaert et al., 2003;
Michaux-Charachon et al., 1997), multilocus sequencing (Whatmore et al., 2007),
ribotyping (Verger et al., 2000), suppression subtractive hybridization (Radnedge et
al., 2001; Radnedge et al., 2002; Wang et al., 2006; Molins et al., 2008), comparative
whole-genome hybridization and DNA microarray analyses (Rajashekara et al., 2004;
Zhou et al., 2004b; Broekhuijsen et al., 2003; Zhou et al., 2004d) and whole-genome
sequence comparisons (Halling et al., 2005; Chain et al.,, 2005; Ratushna et al.,
2006; Chain et al., 2006). RAPD-profiles have been used to identify species-specific
DNA fragments in order to develop PCR assays for the identification of species within
bacterial taxa other than Brucella, Francisella and Yersinia (Manulis et al., 1994;
Guillot and Mouton, 1997; Teng et al., 2000; Brown et al., 2004). Since this method is
technically less demanding than others and has the potential to reveal not only
species-specific but also subgroup-specific differences within the conserved
genomes of the studied taxa (Fekete et al., 1992; Tcherneva et al., 1996; 2000;
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Mercier et al., 1996; Johansson et al., 2000; De La Puente-Redondo et al., 2000), the
approach of using RAPD and rep-PCR fingerprinting for the identification of
biomarkers seemed promising.

Successful detection of clearly differentiating bands was to be followed by excision
of the bands from the gel and cloning, sequencing and analysis of the DNA
fragments. The sequence information on differences within the conserved genomes
of Brucella species and biovars, Francisella tularensis subspecies and biovars and
strains of the Yersinia pestis/pseudotuberculosis group obtained through RAPD and
rep-PCR fingerprinting and subsequent analyses was to be used to design specifc
primers for the diagnostic assays which should then be able to differentiate highly
pathogenic members within Brucella, Francisella and Yersinia from less pathogenic
or non-pathogenic members and that do not only allow for a specific identification on
the species level, but also enable a differential detection of subspecies, biovars and
other subgroups, many of which had so far not been included in previously published
assays.

Also important was the often neglected exact determination of the taxonomic
status of the field strains to be used to determine the specificity of the novel assays.
Cultivation of Francisella, Brucella and Yersinia pestis strains and standard biotyping
of field strains was to be done in a biosafety level 3 laboratory (InstMikroBioBw
TEO010) by our collaborators of the Bundeswehr Institute of Microbiology,
NeuherbergstraRe 11, 80937 Munich. Other Yersinia strains and the Brucella-like
strains of the closely related genera Ochrobactrum and Pseudochrobactrum could be
cultivated without such special safety measures. In order to confirm the preliminary
affiliation of field strains determined in Munich, DNA-DNA hybridization, the gold
standard for species delineation, was to be carried out between the respective type
and field strains of the studied bacterial taxa. Whereas this method is not applicable
to Brucella species, which have to be discriminated via a set of conventional
diagnostic tests because of their high DNA homology (Verger et al., 1985; 2000), it is
very important in regard to Brucella-like strains which are — due to their close
relationship — sometimes misidentified as Brucella and vice versa (Scholz et al.,
2008a). Thus, the taxonomic status of a large number of Brucella-like strains was to
be determined by DNA reassociation experiments, classical microbiological and
chemotaxonomic methods, analyses of housekeeping genes and RAPD-PCR before

their use as negative controls in the Brucella-specific assay. Francisella test strains
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were also to be examined as to their taxonomic position before their use in
subsequent experiments. Strains identified as novel species were to be taxonomically

characterised and formally described.

1.3. Aims of the study

The main objectives of the present thesis are summarized as follows:

e identification of taxon or group specific genomic regions

e development of rapid, specific and sensitive taxon or group specific PCR assays for
typing and subtyping of the studied bacterial pathogens

e analysis of the taxonomic status of field isolates

e description of thereby detected novel species
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2. Genus Brucella

2.1. Introduction

2.1.1. Brucellosis

The different Brucella species are of medical importance because they can cause the
disease brucellosis in animals and humans. Brucella infection frequently leads to
abortion, lowered fertility and milk yield in productive livestock and is therefore
responsible for considerable economic losses (Collier et al., 1998; Wright, 1987). At
least the species B. abortus (host: cattle and bison), B. melitensis (host: goats and
cattle), B. suis (host: swine) and B. canis (host: dogs) are known as the causative
agents of human brucellosis (also named Mediterranean fever, Gibraltar fever, Malta
fever, Cyprus fever, undulant fever and typhomalarial fever; Young, 1995). B.
melitensis is the most pathogenic species for humans, followed by B. suis, B. abortus
and B. canis (Young, 1995). The disease can be acquired by inhalation of aerosols,
consumption of unsterilized dairy products or meat from infected animals or by
handling of infected animals but is rarely transmitted from human to human (Young,
1995). For marine brucellae, the disease neurobrucellosis in humans was described
(Brew et al., 1999; Sohn et al., 2003). Symptoms of brucellosis are rather unspecific,
including arthralgia, inconstant fevers, anaemia, weakness, headache, sweating,
depression and irritability (Young, 1995; Iserson, 2002). The disease often becomes
chronic and sometimes leads to death of mostly immunocompromised hosts, usually
because of B. melitensis endocarditis or meningitis (Bossi et al., 2004b).

Brucella species were of interest for bioweapon research because the agent can
be transmitted via the air and 10-100 organisms are enough to cause the disease in
humans (see Table 1). B. suis was the first bioweapon agent developed to be used in
bomblets by the USA (Endicott and Hagerman, 1998). Although Brucella species can
survive well in aerosols and resist desiccation, the weaponized agent proved to be
too ineffective (Bossi et al., 2004b). The incubation period can be long (see Table 1),
mortality is low and Brucella can be inactivated by exposure to heat and most

disinfectants (Bossi et al.,, 2004b). Nevertheless, the use as a bioterrorist agent
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cannot be ruled out since the effects of brucellosis, especially when inhaled, are quite

debilitating on a large scale.

2.1.2. Classification

Brucella strains have been isolated from a range of different terrestrial and marine
mammals (including humans) and recently also from a human breast implant wound
and a lung biopsy of a pneumonia patient (Scholz et al., 2010; Tiller et al., 2010). The
genus comprises now the six classical Brucella species Brucella melitensis (host:
goats), Brucella abortus (host: cattle), Brucella suis (host: mostly pigs and hares),
Brucella neotomae (host: desert wood rat), Brucella canis (host: dogs), Brucella ovis
(host: sheep), and the more recently described species Brucella ceti, Brucella
pinnipedialis (both from marine mammals), and two species described with
contributions from the present study, Brucella microti (host: common vole) and
Brucella inopinata (human). B. melitensis, B. abortus und B. suis are further divided
into biovars. Marine Brucella species have recently also been shown to contain
significant subtypes which might be assigned biovar status or even species status in
the future (Dawson et al., 2008; Maquart et al., 2009).

DNA-DNA hybridization studies showed that, according to the common taxonomic
rules (DNA homology >70%, Wayne et al., 1987) the classical species only represent
one species (Verger et al., 1985; 2000) and therefore should be combined into the
single genomospecies Brucella melitensis. Nevertheless, to avoid confusion, the
“Subcommittee on the taxonomy of Brucella” proposed to keep the nomen-species
(Osterman and Moriyon, 2006). Classification into the six classical species is mainly
based on the differences in phenotypic characteristics, pathogenicity and host
preference (Corbel and Brinley-Morgan, 1984). Also the novel marine species occur
in specific hosts. B. ceti is predominant in cetacean species like dolphins, minke
whales and porpoises and B. pinnipedialis is commonly isolated from pinnipeds like
hooded seals and other seal species. B. microti was originally isolated from common
voles but has recently been reported to infect red foxes as well (Scholz et al., 2009).
B. inopinata was currently only isolated from immunocompromised patients (Scholz
et al., 2010; Tiller et al., 2010).
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Brucella is genetically closely related to the genus Ochrobactrum (Velasco et al.,
1998). The taxon Ochrobactrum currently contains fifteen species, O. anthropi
(Holmes et al., 1988), O. cytisi (Zurdo-Pifieiro et al., 2007), O. gallinifaecis (Kampfer
et al., 2003), O. grignonense (Lebuhn et al., 2000), O. haematophilum (Kampfer et
al., 2007b), O. intermedium (Velasco et al., 1998), O. lupini (Trujillo et al., 2005), O.
oryzae (Tripathi et al., 2006), O. pituitosum (Huber et al., 2010), O.
pseudintermedium (Teyssier et al., 2007), O. pseudogrignonense (Kampfer et al.,
2007b), O. rhizosphaerae (Kampfer et al., 2008a), O. thiophenivorans (Kampfer et
al.,, 2008a), O. tritici (Lebuhn et al., 2000) and O. ciceri (Imran et al., 2010).
Descriptions of species belonging to this genus have recently been prolific; ten novel
species were described in the last five years and O. pituitosum, O. haematophilum,
O. pseudogrignonense, O. rhizosphaerae and O. thiophenivorans with contributions
of the here presented thesis.

The genus contains both, non-pathogenic soil and rhizoplane bacteria and the
facultative pathogenic species O. anthropi and O. intermedium. The pathogens cause
infections in humans that are usually immunocompromised but some strains were
found to cause severe Brucella-like infections in previously healthy humans
(Kettaneh et al., 2003; Ozdemir et al., 2006; Vaidya et al., 2006). Another species,
Ochrobactrum pseudintermedium, was isolated from a patient with severe health
problems (Teyssier et al., 2007) and is presumably pathogenic for humans too.
Scholz et al. (2008b) pointed at the probability of other potential human pathogens
within species like O. tritici, O. haematophilum and O. pseudogrignonense.

In phylogenetic analyses based on 16S rRNA gene and recA sequences, Brucella
strains grouped within the genus Ochrobactrum which means that clear demarcation
criteria for both genera have to be defined (Scholz et al., 2006; Scholz et al., 2008b).
Because of their close relationship and similar genetic properties, Ochrobactrum
species are frequently designated “Brucella-like” and it has been discussed to
combine Brucella and Ochrobactrum into one genus, Brucella, but there is a strong
tendency to keep the names as they are in order to avoid confusion concerning such
an important pathogen. Considering their close relationship and sometimes even
similar disease pattern, it is of great importance to have specific diagnostic tools at
hand that can unambiguously identify pathogenic brucellae and differentiate them
from the less pathogenic and non-pathogenic Brucella-like species.
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2.1.3. Diagnosis

Classical differentiation between the different Brucella species and biovars is based
on phage typing, sensibility to dyes, oxidative metabolic profiles, CO, requirements,
H,S production and agglutination with monospecific antisera (Alton et al., 1988).
These typing methods are time-consuming, often subjective and a risk for the
laboratory personnel; that is why methodological improvements are desirable.
Current epidemiological and diagnostic Brucella research, also stimulated by the
bioterrorism debate, has been exploiting novel molecular typing methods to develop
more rapid, reliable and safe diagnostic tools.

Despite the high genetic similarities, a range of different PCR techniques for
differentiation of Brucella species and to some extent also biovars have already been
established. These molecular approaches include analysis of outer-membrane genes
and PCR-RFLP (Ficht et al., 1989; 1996; Cloeckaert et al., 1995; 1996; 2001,
Vizcaino et al., 1997; 2004; Garcia-Yoldi et al., 2005; Al Dahouk et al., 2005), locus
specific conventional and real-time PCR assays targeting different polymorphic
regions (Fekete et al., 1990; Bricker and Halling, 1994; Redkar et al., 2001; Ferrao-
Beck et al., 2006; Garcia-Yoldi et al., 2006; Ratushna et al., 2006), arbitrary primed
and rep-PCR (Mercier et al., 1996; Tcherneva et al., 1996; Fekete et al., 1992;
Tcherneva et al.,, 2000), ‘infrequent restriction site’ (IRS)-PCR (Cloeckaert et al.,
2003), multilocus sequence typing (Whatmore et al., 2007), multilocus variable
number tandem-repeat analysis (Bricker et al., 2003; Le Fleche et al., 2006;
Whatmore et al., 2006; Garcia-Yoldi et al., 2007; Al Dahouk et al., 2007), AFLP
(Whatmore et al., 2005), and SNP-PCR (Marianelli et al., 2006; Scott et al., 2007
Fretin et al., 2008; Foster et al., 2008).

Several studies describe PCR assays that make use of the specific occurrence of
the multiple insertion element 1S711 which was described by Halling et al. (1993) and
is stable in number and position in the Brucella chromosomes (Bricker and Halling
1994; 1995; Bricker et al., 2000; Cloeckaert et al., 2000; 2003; Ohishi et al., 2004;
Ocampo-Sosa et al., 2005). So, it was shown with a limited set of reference strains
that a multiplex-PCR could identify and differentiate some biovars of B. abortus, B.
melitensis, B. ovis and B. suis biovar 1 and also two vaccine strains. In another
study, the majority (>90%) of the tested B. abortus and B. melitensis strains could be

correctly identified in a real-time multiplex assay, employing only one reverse primer
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(binding 1S711 of B. abortus and B. melitensis) and two specific forward primers
(targeting the neighbouring alkB and BMEI1162 gene, respectively) (Probert et al.,
2004). In a similar approach, a real-time PCR assay was developed that could
differentiate between B. abortus, B. melitensis and B. suis biovar 1 (Redkar et al.,
2001). Further analyses showed that marine and terrestrial isolates can be
differentiated by the size of a specific PCR product that is amplified using primers
that bind the bp26 gene and the IS711 palindromic element (Cloeckaert et al., 2000).
Also the novel species B. inopinata can be differentiated from other Brucella species
by a specific IS711 occurrence (Scholz et al., 2010). A comprehensive approach was
made by Hinic et al. (2008) who used unique genetic loci of the six classical species
to develop seven individual reactions for detection of the Brucella genus and the
differentiation between the six species to be used in conventional as well as real-time
PCR. Scholz et al. (2008a) described an assay targeting the conserved gene recA
that detects and differentiates O. anthropi, O. intermedium and Brucella by
conventional PCR in a single reaction. A differentiation between some of the classical
Brucella species was achieved by the use of the relatively time-consuming ‘infrequent
restriction site’ (IRS)-PCR and even characteristic IRS-PCR patterns for B. suis
biovar 2 could be found (Cloeckaert et al., 2003). In another study, DNA
polymorphisms in the genes for the different outer membrane proteins (OMPs; omp2,
omp25, omp31) were examined and tested for differentiation purposes. So it was
shown that strains of B. melitensis are characterized by the lack of the signature
sequence for the restriction enzyme EcoRV in the omp25 PCR product and B. ovis
strains by a 50 bp deletion in the same gene. Furthermore, in the restriction patterns
for the omp2 PCR product, species- and also biovar-specific features were found
(Cloeckaert et al., 1995). A high variability was also found for the restriction patterns
of this PCR product in marine brucellae which does not only hint at the existence of
different species but also of different biovars (Cloeckaert et al., 2001). The target
sequence of another PCR based diagnosis of human brucellosis is omp31, encoding
the 31-kDa Brucella outer membrane protein (Casafias et al., 2001). In this assay,
which has already been adapted to a real-time PCR (Queipo-Ortufio et al., 2005),
Brucella species cannot be differentiated from all members of the closely related
genus Ochrobactrum. SNPs were used in real-time applications to identify B. suis
and differentiate between its biovars (Fretin et al., 2008) and Marianelli et al. (2006)

10
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reported that the rpoB gene contains enough DNA polymorphisms for the
identification of Brucella spp.

A comprehensive microarray study by Rajashekara et al. (2004) revealed several
differences in the genomes of the classical Brucella species most of which were
insertions or deletions. Genomic fingerprinting is another approach to differentiate
between Brucella species, biovars and strains. REP- and ERIC-PCR (rep-PCR) were
used to examine whether these assays could be used for a differential typing of
brucellae on the basis of the resulting banding patterns (genomic fingerprints)
(Mercier et al., 1996; Techerneva et al., 1996). The two studies yielded inconsistent
results and rep-PCR assays proved to be difficult to reproduce and not the method of
choice for reliable differentiation of species and strains. However, both groups
showed that by the one or the other technique a range of different banding patterns
could be obtained and that even B. canis strains could be differentiated from the
other species by their banding patterns after REP-PCR (Tcherneva et al., 1996).
Complex banding patterns were also found after PCR analyses of Brucella when
short (10mer) and randomly designed primers were used for amplification (RAPD-
PCR) (Fekete et al., 1992; Tcherneva et al., 2000). A fingerprinting method with a
DIG-labeled I1S711 probe was successfully used to differentiate between terrestrial
and marine Brucella strains (Ouahrani-Bettache et al., 1996; Bricker et al., 2000). A
similarly high variability in genomic fingerprints was detected in the typing of Brucella
strains after a ‘multi-locus variable number tandem repeats’ analysis. However, the
results showed neither species- nor biovar specificity (Bricker et al., 2003).

The high genomic similarities between Brucella species is a major reason for the
difficulty to differentiate between them on the basis of molecular techniques.
However, studies aimed at typing brucellae into species and biovars indicate that,
despite the close genomic similarity between the different species, there is sufficient
variability to be able to develop a PCR method that cannot only differentiate between
the different species but also the biovars. Especially the studies carried out by Fekete
et al. (1992) and Tcherneva et al. (1996, 2000) inspired us to use the different rep-
PCR and RAPD fingerprinting techniques as the key strategy towards the

identification of regions of variability in the Brucella genomes.
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2.2. Development of a PCR assay for typing and subtyping of Brucella species
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Abstract

In the course of this study, examinations were carried out to develop a PCR-based test which allows discrimination
of Brucella species and biovars not targeted by the currently established gel-based PCR assays. Appropriate
primers were designed based on specific deletions and insertions in the different Brucelia genomes as determined
by RAPD-PCR and whole-genome comparisons. After testing the specificity of the primers with a set of 22
Brucella reference strains of all species and biovars, they were used to supplement the existing PCR assays
resulting in a 19-primer multiplex PCR. In addition to the commonly used PCR assays, the developed assay specifically
identified B. neotomae, B. pinnipedialis, B. ceti, and B. microti. Furthermore, it differentiated B. aborrus biovars 1, 2, 4
from biovars 3. 5, 6, 9, as well as between B. suis biovar I, biovars 3, 4, and biovars 2 and 5. When tested in the
multiplex assay, all Brueella type and reference strains and the majority of 118 field strains examined could be
accurately identified by their respective banding patterns according to their previous typing. B. canis strains were
subdivided into 2 groups, one exhibiting a unique pattern and the other one a banding pattern shared with B. suis
biovars 3 and 4. Species of the closely related genus Ochrobactrum and several other clinically relevant bacteria showed
no amplification product. Hence, the developed PCR assay is useful for rapid identification of Brucella at the species
and at the biovar level.

(© 2009 Elsevier GmbH. All rights reserved.

Keywords: Brucella; Multiplex PCR:; Molecular diagnostics; Detection; Identification; Genetic fingerprinting

Introduction their high infectious potential, Brucella species are listed
in National Institute of Allergy and Infectious Diseases

The alphaproteobacterial genus Brucella comprises a (NIAID) category B priority pathogens and are
group of facultative intracellular pathogens that can considered to have bioterroristic potential. At present,
infect a variety of animal species and cause the zoonotic Brucella consists of 9 different species: B. abortus,
disease brucellosis in humans (Corbel, 1997). Because of B. melitensis, B. suis, B. canis, B. ovis, B. neotomae

(Osterman and Morivon, 2006), and the recently

*Corresponding author. Tél.: -+43 125077 2128; described species B. microti (Scholz. et al., ‘_008b) as_
fax: +43 1250772190, well as the marine mammals-infecting species B. cefi
E-mail address: Hans-Juergen.Busse(@ vu-wien.ac.at (H.-J. Busse). and B. pinnipedialis (Foster et al., 2007). Based on
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phenotypic traits, i.e. CO; requirement, H,S production,
dye-sensitivity, oxidative metabolic profile, susceptibility
to specific bacteriophages and agglutination with
monospecific antisera (Corbel and Banai, 2005),
B. abortus, B. suis, and B. melitensis have been sub-
typed into biovars. The genus can be considered
monospecific if the gold standard in bacterial classifica-
tion, DNA-DNA hybridization, is applied (Verger et al.,
1985). Comparative whole-genome studies have con-
firmed this notion (Paulsen et al., 2002; Rajashekara
et al.,, 2004; Halling et al., 2005; Ratushna et al.,
2006). Hence, restricted genomic polymorphisms
complicate the discrimination between the various
species and biovars at the molecular level. Nevertheless,
several studies were carried out in recent years in
order to develop PCR-based tests for the discri-
mination among species and biovars of brucellae.
Bricker and Halling (1994) were the first to develop
a multiplex PCR (AMOS) that differentiates strains
of B abortus biovars 1, 2, and 4. B melitensis,
B. ovis, and B. suis biovar 1 by specific PCR pro-
ducts based on unique chromosomal loci of the
mobile genetic element [57/7 in their genomes. Ocam-
po-Sosa et al. (2005) improved the AMOS PCR
by adding a specific primer for the identification of
B. abortus biovars 5, 6, 9 and genotype 3b of biovar 3.
A 4-primer-set multiplex PCR approach to discriminate
among B. suis biovars 1, 2 and 3 was developed by
Ferrao-Beck et al. (2006), but still some inconsistencies
with conventional field strain identification were ob-
served. A more comprehensive approach was made
by Garcia-Yoldi et al. (2006) who used species- and
strain-specific  genetic differences to differentiate
among Brucella species, including isolates from marine
mammals, and 3 vaccine strains. This PCR, however,
cannot discriminate among B. ceti and B. pinnipedialis
and the various Brucella biovars, and does not
detect B. microti as a separate species. In the present
study, we have used RAPD-PCR (random amplified
polymorphic DNA) and available information on
specific polymorphisms in Brucella genomes in order to
develop a multiplex PCR that uses the AMOS
primers, additional specific loci of the insertion element
IS711, and other unique insertions and deletions
(Bricker and Halling, 1994; Cloeckaert et al.,
2000; Rajashekara et al., 2004; Ratushna et al., 2006;
Scholz et al., 2008b). This novel PCR assay differenti-
ates between all presently recognized Brucella
species, including the recently described species B. ceti
(formerly named ‘Brucella maris’ or *Brucella cetaceae’),
B. pinnipedialis (formerly named ‘Brucella maris’
or ‘Brucella pinnipediae’), and B. microti, including some
more recently described strains of the latter species
(Scholz et al., 2008¢, 2009), and also allows accurate
differentiation of certain biovars of B. abortus and
B. suis.

Materials and methods
Bacterial strains

Strains examined in this study are listed in Table 1.
Brucella isolates were classified using the standard
microbiological methods described by Alton et al.
(1988) and AMOS PCR (Bricker and Halling, 1994)
where applicable.

DNA extraction

PCR template DNA was either prepared from pure
cultures as described previously (Scholz et al., 2008a) or
by 3 cycles of freeze-thawing (Wieser and Busse, 2000)
from heat-inactivated biomass (bacteria were heated
at 99°C for 10min and centrifuged for 2min at
13,000 x g). 0.5-2pl of the supernatant were used in
PCR. DNA concentration was estimated by the
chemical method according to Richards (1974). In
short, about 2pg DNA in a final volume of 50pl,
consisting of 1 x SSC buffer and 1.5N HCIO,, were
mixed with 30pul of diphenylamine-reagent (glacial
acetic acid, 0.01% paraldehyde, 4% diphenylamine).
After incubation for 20-24h at room temperature,
absorption at 600 nm was measured. Under the same
conditions, a calibration curve was generated with calf
thymus DNA (04 ng).

RAPD analysis

Primers used for fingerprinting and their sequences
are listed in Table 2. Amplifications were carried out in a
total reaction volume of 25pul containing 1 x Green
GoTaq® Flexi Buffer (Promega, Mannheim, Ger-
many), 2mM MgCl,, 200 uM of each dNTP, 0.6 U of
GoTag® DNA polymerase (Promega), 8 uM RAPD
primer (HPLC quality; VBC Biotech, Vienna, Austria),
and approximately 3Sng of DNA. Reactions were
performed using an initial 5-min denaturation step at
95°C, followed by 45 cycles of 1 min at 95°C, 1 min at
36°C, 2min at 72°C, and a final extension step of Smin
at 72°C. The resolution of banding patterns was
improved by using a ramp rate of 0.3°Csec ' Ampli-
fication products were separated by 1.5% (w/v) agarose
gel electrophoresis in 1 x Tris/acetate/EDTA running
buffer at a constant voltage of 110V for at least 90 min.
Fragments were visualized with UV light after staining
with ethidium bromide. Interesting bands were excised
from the gel, and DNA was eluted with the QIAquick ®
Gel Extraction Kit according to the instructions of the
manufacturer (Qiagen, Hilden, Germany). The purified
PCR products were cloned using the Promega
pGEM®-T Easy Vector System and Escherichia coli
strain DH10B according to the manufacturer’s manual.
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Table 1. Strains analysed in this study, source and multiplex PCR pattern.

565

Strain Source Species and biovar Multiplex PCR result (bp)
Brucella abortus

NCTC 100937 Cattle B. abortus biovar 1 498, 370
IMB 91 Bovine B. abortus biovar 1 498, 370
IMB 92 Unknown B. abortus biovar | 498, 370
IMB 94 Unknown B. abortus biovar 1 498, 370
IMB 95 Rodent B. abortus biovar | 498, 370
IMB 96 Bovine B. abortus biovar 1 498, 370
IMB 98 Unknown B. abortus biovar 1 498, 370
IMB 99 Unknown B. abortus biovar 1 498, 370
IMB 100 Unknown B. abortus biovar 1 498, 370
NCTC 105017 Bovine B. abortus biovar 2 498, 370
IMB 2518 Unknown B. abortus biovar 2 498, 370
NCTC 105027 Human B. abortus biovar 3 370

IMB 101 Bovine B. abortus biovar 3 370

IMB 102 Bovine B. abortus biovar 3 370

IMB 103 Bovine B. abortus biovar 3 370

IMB 106 Bovine B. abortus biovar 3 370

IMB 112 Bovine B. abortus biovar 3 370

NCTC 10503%° Bovine B. abortus biovar 4 498, 370
IMB 120 Human B. abortus biovar 4 498, 370
NCTC 10504 Bovine B. abortus biovar 5 370

NCTC 10505 Bovine B. abortus biovar 6 370

IMB 7 Dairy milk B. abortus biovar 6 370

IMB 121 Unknown B. abortus biovar 6 370

IMB 122 Bovine B. abortus biovar 6 370

IMB 124 Bovine B. abortus biovar 6 370

IMB 2523 Bovine B. abortus biovar 6 498, 370
NCTC 10506 Unknown B. abortus former bv. 7 370

NCTC 10507 Bovine B. abortus biovar 9 370

IMB 2524 Bovine B. abortus biovar 9 370

IMB 2525 Bovine B. abortus biovar 9 370

Brucella canis

RM6/66" Dog B. canis 887, 436, 217
Hoy 1066 Dog B. canis 887, 436, 217
315 Dog B. canis 887, 436, 217
IMB 130 Unknown B. canis 887, 436, 217
IMB 131 Unknown B. canis 887, 436, 217
IMB 132 Dog B. canis 887, 436, 217
IMB 911 Dog Atypical B. canis® 430, 217
IMB 921 Dog Atypical B. canis® 436, 217
IMB 951 Dog Atypical B. canis” 436, 217
IMB 954 Dog Atypical B. canis® 436, 217
IMB 1004 Dog Atypical B. canis® 436, 217
IMB 1019 Dog Atypical B. canis® 436, 217
IMB 1035 Human Atypical B. canis® 430, 217
IMB 1245 Dog Atypical B. canis® 430, 217
IMB 1246 Dog Atypical B. canis® 436, 217
Brucella melitensis

ATCC 234567 Goat B. melitensis biovar 1 731, 436, 321
IMB 13 Human B. melitensis biovar 1 731, 436
IMB 14 Human B. melitensis biovar 1 731, 436, 321
IMB 22 Human B. melitensis biovar 1 731, 436
IMB 23 Goat B. melitensis biovar 1 731, 436, 321
IMB 27 Human B. melitensis biovar 1 731. 436, 321
NCTC 10508 Goat B. melitensis biovar 2 731, 436
IMB 31 Human B. melitensis biovar 2 731, 436, 321
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Strain Source Species and biovar Multiplex PCR result (bp)
IMB 40 Human B. melitensis biovar 2 731, 436

IMB 41 Human B. melitensis biovar 2 731, 436

IMB 51 Sheep B. melitensis biovar 2 731, 436

NCTC 105097 Goat B. melitensis biovar 3 731, 436, 321
IMB 70 Human B. melitensis biovar 3 731, 436, 321
IMB 72 Human B. melitensis biovar 3 731, 436

IMB 76 Human B. melitensis biovar 3 731, 436, 321
IMB 80 Human B. melitensis biovar 3 731, 436

Brucella neotomae

ATCC 234597 Desert wood rat B. neotomae 1370, 436, 321
Brucella microti

CCM 49157 Commeon vole B. microti 0060, 4306, 321, 217
CCM4916 Common vole B. microti 666, 436, 321, 217
IMB 257 Wild red fox B. microti 666, 436, 321, 217
IMB 284 Wild red fox B. microti 666, 436, 321, 217
BMS 17 Soil B. microti 666, 436, 321, 217
Brucella ovis

ATCC 258407 Sheep B. ovis 976, 569, 436
IMB 172 Unknown B. ovis 976, 569, 436
IMB 173 Unknown B. ovis 976, 569, 436
IMB 174 Unknown B. ovis 976, 569, 436
IMB 175 Unknown B. ovis 976, 569, 436
IMB 176 Unknown B. ovis 976, 569, 436
IMB 177 Unknown B. ovis 976, 569, 436
IMB 179 Unknown B. ovis 976, 569, 436
IMB 180 Unknown B. ovis 976, 569, 436
IMB 2535 Ovine B. ovis 976, 569, 436
Brucella suis

NCTC 103167 Wild boar B. suis biovar 1 436, 285, 217
IMB 2526 Human B. suis biovar 1 436, 285, 217
NCTC 10510%" Swine B. suis biovar 2 436, 321

IMB 146 Wild boar B. suis biovar 2 436, 321

IMB 149 Swine B. suis biovar 2 436, 321

IMB 153 Wild boar B. suis biovar 2 436, 321

IMB 162 Wild boar B. suis biovar 2 436, 321

IMB 165 Wild boar B. suis biovar 2 436, 321

IMB 166 Wild boar B. suis biovar 2 436, 321

IMB 167 Wild boar B. suis biovar 2 436, 321

IMB 171 Wild boar B. suis biovar 2 436, 321

IMB 2527 Human B. suis biovar 2 436, 321

NCTC 10511 Swine B. suis biovar 3 436, 217

NCTC 11364™" Reindeer B. suis biovar 4 436, 217

NCTC 11996 ™" Rodent B. suis biovar 5 436, 321

Marine Brucella species formerly named ‘Brucella maris’
Brucella ceti (formerly also named ‘Brucella cetaceae’)

NCTC 128917
77632
B14/94
M13/05/1
M61/05/1
M452/97/2
M644/93/1
M654/99/1
M870/97/1

Harbour porpoise
Bottlenose dolphin
Common dolphin
Striped dolphin
White-sided dolphin
Common dolphin
Common dolphin
Striped dolphin
White-beaked dolphin

celi
ceti
ceti
celi
cefi
ceti
ceti
ceti
ceti

TR ®

1140, 436, 321, 217
1140, 436, 321, 217
1140, 436, 321
1140, 436, 321
1140, 436, 321
1140, 436, 321, 217
1140, 436, 321
1140, 436, 321
1140, 436, 321, 217
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Table 1. (continued)
Strain Source Species and biovar Multiplex PCR result (bp)
M997/94,2 White-sided dolphin B. ceti 1140, 436, 321, 217
M1570/94/1 Porpoise B. ceti 1140, 436, 321, 217
M2438/95/1 White-sided dolphin B. ceti 1140, 436, 321, 217
Brucella pinnipedialis (formerly also named “Brucella pinnipediac’)
NCTC 12890" Commoeon seal B. pinnipedialis 1140, 569, 436, 321
IMB 2412 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2417 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2420 Grey seal B. pinnipedialis 1140, 569, 436, 321, 217
IMB 2424 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2428 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2430 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2431 Seal ! B. pinnipedialis 1140, 569, 436, 321
IMB 2432 Seal " B. pinnipedialis 1140, 569, 436, 321
IMB 2433 Seal " B. pinnipedialis 1140, 569, 436, 321
IMB 2434 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2435 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2436 Seal ™ B. pinnipedialis 1140, 569, 436, 321
IMB 2437 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2442 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2453 Seal B. pinnipedialis 1140, 569, 436, 321
IMB 2461 Seal " " B. pinnipedialis 1140, 569, 436, 321
IMB 2465 Seal ™ ™" B. pinnipedialis 1140, 569, 436, 321
IMB 2466 Seal " " B. pinnipedialis 1140, 569, 436, 321
IMB 2476 Seal ™t B. pinnipedialis 1140, 569, 436, 321
IMB 2477 Seal " ! B. pinnipedialis 1140, 569, 436, 321
IMB 2481 Sealt " ! B. pinnipedialis 1140, 569, 436, 321
IMB 2482 Seal " T B. pinnipedialis 1140, 569, 436, 321
IMB 2483 Seal " T B. pinnipedialis 1140, 569, 436, 321
IMB 2484 Seal ™" " B. pinnipedialis 1140, 569, 436, 321
IMB 2485 Seal " "t B. pinnipedialis 1140, 569, 436, 321
IMB 2486 Seal ™ttt B. pinnipedialis 1140, 569, 436, 321
Untyped Brucella strains
IMB 2423 Porpoise Untyped 1140, 569, 436, 321
AGESI Cattle Untyped 498, 370
AGES2 Swine Untyped 436, 321
AGES3 Hare Untyped 436, 321
SP 1582 Hare Untyped 436, 321
SP 346a Hare Untyped 436, 321
SP 346b Hare Untyped 436, 321
SP 886 Hare Untyped 436, 321
Ochrobactrum
LMG 33017 Human blood 0. intermedium -
LMG 33317 Sewage plant O. anthropi -
Oga9AT Soil 0. grignonense -
LMG 189577 Wheat rhizoplane Q. iritict
Lup21™® Lupinus albus 0. lupini
Is0196" Gallus gallus 0. gallinifaccis -
DSM 174907 Human Q. pseudintermedium -
DSMZ 174717 Oryza sativa 0. oryzae —
CCUG 385317 Human blood O. haematophilum -
CCUG 307177 Human blood 0. pseudogrignonense -
DSM 72167 Waste water Q. thiophenivorans
PRIT" Potato rhizosphere O. rhizosphaerae -
Escl® Cytisus scoparius Q. cytisi -
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Strain Source Species and biovar Multiplex PCR result (bp)
Other bacterial strains

Y 784 Human Yersinia pestis =

Y1t Turkey Y. pseudotuberculosis -

ATCC 62237 Human lymph node Francisella tularensis subsp. tularensis —

ATCC 29684 Water rat F. tularensis subsp. holarctica -

DSM 1103 Clinical isolate Escherichia coli -

+, 4+, A, R+

indicating the same seal individuals.

“susceptibility to penicillin, weaker growth on media supplemented with thionin than RMé6/66.
bin addition: weak growth on media with basic fuchsin, pyronine, and malachite green, RM6/66 (-).

Table 2. Oligonucleotides used in this study.

Primer designation

Sequence of primer (5'-3")

Source

Amplicon size (bp)

IS711
B_ab_spec
B_mel_spec
B_ov_spec
B sul _spec
B_mic_spec
26A

B _neo_f
B_neo_r
B_ov_pin_f
B_ov_pin_r
B ab f
B_ab_r

B can_f
B_can_r
B_sul34_f
B_sul34 r
B_su25 f

B su25 r
RAPDIa
RAPDI1b
RAPD2a
RAPD2b
RAPD3a
RAPD3b
RAPD4
RAPDS
RAPD6
RAPD7
RAPDS
RAPD9
RAPDI10
RAPDI11
RAPDI12
RAPDI3
RAPDI14
RAPDI15
RAPDIl6
27f

1492r

TGC CGA TCA CTT AAG GGC CTT CAT
GAC GAA CGG AAT TTT TCC AAT CCC

AAA TCG CGT CCT TGC TGG TCT GA
CGG GTT CTG GCA CCA TCG TCG
GCG CGG TTT TCT GAA GGT TCA GG
GAC AAC ACC ACT TCC GCT CC
GCC CCT GAC ATA ACCCGCTT
CAT TGA GCC TGA GAT TCG GG
GTG ATC CCC GAA ACC AACTG
ATC AGT GCG TTG GTG AAC TTC C
GGC GTC TCC AAT TTC ATC AGT C
GTC TTC CTG ATT GCG GCT GG
ACC ACC AGC GAC AGG AAC ATC
GGC TTC CTC ACG ACA TAC CAG
CTG AAC AGG ATG CAA TGA CGC
CCA CGA ACG AGCGAACAG C
CGG TAA AGC GTT GAT TTC CAT G
CTT TAC GCC CGT GTA TCG AC
CAT GGG GTC CTG TGT TGA G
GTG CCG ACG G

GTG CCG ACG GC

ATA GCC GAC G

ATA GCC GAC GC

TCT GAC CACC

TCT GAC CAC CG

CAG GCTTCC C

CGG CAACGG G

GACTGC GCA C

GCG TCA GGA G

CCCTTATGC G

AAC AGG GCG G

GGA CGC GGT GC

GCA CGC ATT GG

CTG AGG CTC CC

CCA CCT CGC A

AAA GGA TCG GG

TGT GGA GCC C

GTT CGT GCG GT

AGA GTT TGA TCM TGG CTC AG
TAC GGY TAC CTT GTT ACG ACT T

Bricker and Halling, 1994

Bricker and Halling, 1994
Bricker and Halling, 1994
Bricker and Halling, 1994
Bricker and Halling, 1994

This work
Cloeckaert et al., 2000
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
Ratushna et al., 2006
Ratushna et al., 2006
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
Lane, 1991
Lane, 1991

498 with 1S711
731 with IS711
976 with 18711
285 with IS711
666 with IS711

1140 with I1S711

1065

569

370/436

887

217

321
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Plasmid insert sequences were subjected to database
searches (EMBL and GenBank) and compared to
Brucella genome sequences accessible at the time of the
study (acc. nos.: AE017223/4, AE014291/2, AE008917/
8, and CP0O00708/9).

Design of specific primers

Primers were designed using GeneRunner 3.05 (Hast-
ings Software, Inc.), and interaction of primers was
analysed with the online tool OligoAnalyzer 3.0
provided by IDT Integrated DNA Technologies. Primer
sequences are listed in Table 2.

Multiplex PCR for Brucella typing

The 25-pl reaction mixture consisted of 0.8 x Green
GoTaq® Flexi Buffer (Promega), 2 mM MgCl,,
200 uM (each) of the 4 deoxynucleoside triphosphates
(dNTPs), 0.6 U GoTaq@® DNA polymerase (Promega),
and the 19-primer (HPLC purified; provided by VBC
Biotech) cocktail (0.28 uM of B_ab_spec, B_sul_spec,
B_mel_spec, B_mic_spec, 0.2uM of B_ab_f, B_ab_r,
0.53uM of B_ov_spec, 0.8uM of 1S711, B _su25 f,
B su25 r, 1.52uM of 26A, B neo f, B neo_r, 0.48 uM
of B can f, B can r, 1.07uM of B sul34 f, B sul34 r,
0.27uM of B ov pin f, B ov_pin_r). Approximately
20 ng of template DNA was added. A negative control
containing no target DNA and a second one containing
0. intermedium LMG 33017 DNA were included in the
assay. Reactions were performed in an Eppendorf
Mastercycler using an initial 3-min denaturation step
at 95 °C, followed by 35 cycles of 1 min at 95 °C, 1 min at
67°C, 2min 30s at 72°C, and a final extension step of
Smin at 72°C. The products (7ul of each reaction
mixture) were separated and visualized as described
above. Assay performance was assessed using different
polymerases (GE Healthcare illustra™ puReTagq
Ready-To-Go PCR Beads, Bioron DFS-Taqg DNA
Polymerase, Fermentas Taqg DNA Polymerase) as well
as different thermocyclers (MWG-Biotech Primus,
Perkin Elmer GeneAmp PCR System 2400).

Results and discussion

The intention of the present study was to develop a
single multiplex PCR to distinguish among Brucella
species and also between their biovars. In order to detect
highly discriminating genetic polymorphisms, RAPD-
PCR was applied. Based on the knowledge that
arbitrary primers had already been successfully used to
differentiate among Brucelia strains (Fekete et al., 1992;
Tcherneva et al., 2000), the reference strains of all
Brucella species and biovars were subjected to RAPD-
PCR using different 10- or 1l-mer random primers
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(Table 2). In the majority of RAPD analyses, examined
Brucella strains showed identical banding patterns, and
useful differences were rarely found, confirming geno-
mic homogeneity within the genus Brucella (Verger
et al., 1985; Gandara et al., 2001; Gee et al., 2004).
However, specific polymorphisms were detected using
the primers RAPD3a and RAPD7. RAPD3a-PCR
produced a unique band of 446bp for all B. abortus
strains and RAPD7-PCR a band of 488 bp specific to
B. ovis and B. pinnipedialis (results not shown). Cloning
and analysing the RAPD3a product revealed a 66-bp
deletion specific to B. aborius chromosome 1 (ORF in
the region of deletion in B. melitensis genome sequence
acc. no. AE009593: BMEI1581). The RAPD7 product
of B. ovis was found to be located on chromosome II in
a transposase-rich region (corresponding ORF in B. ovis
genome sequence acc. no. CP000709: BOV_A0492).
Sequence comparisons in public databases (GenBank
and EMBL Nucleotide Sequence Database) neither
showed identities with any other Brucella genome
sequence nor significant identities with sequences of
other organisms. Hence, both genomic sites were
considered to be suitable for designing specific primer
pairs designated B_ab_f/r and B_ov_pin_f/r, respec-
tively. Primer pair B_ov_pin_f/r was designed to
produce an amplicon of 569bp for B ovis and
B. pinnipedialis only and primer pair B_ab_f/r an
amplicon of 370 bp with DNA of all B. abortus strains
and a 436-bp fragment in all other Brucella strains. Since
PCR amplification resulted in a 370-bp and a 436-bp
fragment, respectively, with DNA of all Brucella strains
but not with DNA of the closely related Ochrobactrum
nor other non-Brucella species, the latter primer pair is
also useful as an internal, genus-specific marker.
Rajashekara et al. (2004) stated that the species-
specific deletions in the different Brucella spp., as
identified by microarray analysis, proved to be highly
conserved. Hence, specific primers for the differentiation
of B. canis (B_can_fjr, 887-bp product) and B. neotomae
(B_neo_f/r, 1065-bp product) from each other as well as
from other Brucella strains were designed based on
deletions in the 2 genomes (Rajashekara et al., 2004): a
976-bp deletion in chromosome 1 of B. canis and a 1055-
bp deletion in chromosome I of B. neotomae. Testing
these primers with DNA of B. canis and B. neotomae
revealed the expected PCR products whereas other
Brucella species gave no amplification (results not
shown). Occasionally, 2 faint bands of 1863bp and
2120 bp were observed with species other than B. canis
or B. neotomae. These bands resulted from the
corresponding amplicons from strains which do not
possess the above-mentioned deletions (Rajashekara
et al, 2004) but identical primer target sequences. It
would be highly desirable to examine the specificity of the
B. neotomae primers which was not done in the course of
this study due to lack of access to additional strains of



Brucella and Brucella-like

570 B. Huber et al. / International Journal of Medical Microbiology 299 (2009) 563-573

the species. Another deletion (Rajashekara et al., 2004)
specific to B. suis and B. canis (20883 bp, in chromosome I)
was used to design primers B_sul34 f/r. Applying
them in PCR, these primers resulted in a 217-bp product
with B. suis biovars 1, 3, and 4, B. microti, B. canis, and
B. ceti. An IS711 element between a putative membrane
protein-coding gene and chol specifically in B. microti
(Scholz et al., 2008b) was used to design a primer that
amplifies a 666-bp product with the [57// AMOS
reverse primer. This B. microti-specific primer per-
formed as expected (not shown). Tested in individual
PCRs, the 5 AMOS primers (Bricker and Halling, 1994),
primer 26A (Cloeckaert et al., 2000), and primers
B_su25_f/r (Ratushna et al., 2006; primer pair number
5) generated the specific PCR products of expected size
(results not shown).

All primers were then integrated into a single multi-
plex assay. Results of application of the new multiplex
PCR with DNAs of all type strains of Brucella species
and reference strains of the different biovars are shown
in Fig. 1, and the banding pattern of each strain
examined in our study is specified in Table 1. All
B. abortus strains exhibited a unique PCR product of
370 bp and could be distinguished into 2 groups based
on another unique band of 498 bp characteristic of the
reference strains of biovars 1, 2, and 4 (Fig. 1). All other
Brucella species showed a band of 436 bp. B. suis strains
were distinguished into 3 groups. One group. only
consisting of the reference strain for biovar 1, exhibited

1234567 8 910111213141516171819

1500 bp
1000 bp — .

. it R
100 bp

Fig. 1. Specificity testing of the multiplex PCR for differentia-
tion of Brucella strains using DNAs of all type strains of
Brucella species and reference strains of biovars. Lanes | and
18, 100-bp + 1.5-kb marker; lane 2, B. abortus biovar 1| NCTC
10093" (identical banding patterns were obtained with DNA
of B. abortus biovar 2 NCTC 10501 and biovar 4 NCTC
10503"); lane 3, B. abortus biovar 3 NCTC 10502 (identical
banding patterns were obtained with DNA of B. abortus
biovar 5 NCTC 10504™", biovar 6 NCTC 10505™, former
biovar 7 NCTC 10506™", and biovar 9 NCTC 10507°"); lane 4,
B. suis biovar 1 NCTC 10316"; lane 5, B. suis biovar 2 NCTC
10510°%; lane 6, B. swis biovar 3 NCTC 105117 lane 7, B. suis
biovar 4 NCTC 11364™" lane 8 B. suis biovar 5 NCTC
11996™"; lane 9, B. melitensis biovar 1 ATCC 23456"; lane 10,
B. melitensis biovar 2 NCTC 10508"": lane 11, B. melitensis
biovar 3 NCTC 10509°"; lane 12, B. microti CCM 4915"; lane
13, B. canis ATCC 23365": lane 14, B. ovis ATCC 25840": lane
15, B. neotomae ATCC 23459"; lane 16. B. pinnipedialis NCTC
12890"; lane 17, B. ceti NCTC 12891%; lane 19, O. intermedium
LMG 33017

2 additional bands of 217bp and 285bp; the second
group. consisting of reference strains for biovars 3 and
4, only displayed the band of 217 bp; the third group,
represented by the reference strains for biovars 2 and 5,
showed a band of 321 bp. Strains of B. melitensis showed
a unique band of 731 bp in addition to the band of
436 bp. Furthermore, the reference strains of biovars 1
and 3 showed a band of 321 bp which was lacking in the
reference strain for biovar 2. The type strains of the
marine mammal brucellae could be distinguished by a
band of 569 bp only in B. pinnipedialis and one of 217 bp
only in B. ceti. Each of the remaining type strains of
Brucella species showed a unique band distinguishing it
from all other species.

The novel multiplex PCR was put to the test
by applying it to a number of Brucella field strains
(Table 1). They could be successfully typed into species
except for some strains of B. canis. In contrast to the
type strain of B. canis, several atypical isolates obtained
as strains of B. canis (Table 1) showed the same banding
pattern as B. suis biovars 3 and 4. This observation
indicates that these strains lack the 976-bp deletion
which was used to design the B. canis-specific primers.
However, this result once more reflects the problems in
differentiation between B. canis and B. suis biovars 3
and 4. In a recent real-time PCR approach to B. suis
identification, Fretin et al. (2008) faced the problem that
B. eanis and B. suis biovars 4 displayed the same SNP
allele profiles in their typing scheme. Also Hinic et al.
(2008), who developed specific primer pairs for the
differentiation among the classical Brucella species,
could not distinguish between B. canis and B. suis
biovar 4. VNTR and MLST studies showed their close
relatedness as demonstrated by clustering of B. canis
among B. suis biovars (Whatmore et al., 2006, 2007).
It can be questioned whether a taxonomy based on
host specificity, a major criterion in the Brucella species
concept, makes sense if it is contradicted by phyloge-
netic relatedness.

The suggested ability to distinguish B. melitensis
biovar 1 and 3 strains from biovar 2 strains lacking
the amplicon of 321 bp was not confirmed by examina-
tion of B. melitensis biovar 1, 2, and 3 field strains.
Several biovar 1 and 3 field strains lacked the band of
321 bp, and one strain of biovar 2 showed the band
of 321 bp (Table 1). Therefore, the 321-bp band is not
useful for the differentiation of biovar 2 strains from the
other 2 biovars. This result is not surprising because
biovar affiliation is based only on reaction with
2 monospecific antisera targeting different O-chains of
the LPS (A- and M-specific epitopes). It is worth
mentioning here that strains containing predominantly
A-epitopes (biovar 2) always contain small propor-
tions of M-epitopes and strains containing predomi-
nantly M-epitopes contain small amounts of A-epitopes
(biovar 1), whereas biovar 3 strains exhibit high
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amounts of both epitopes (Corbel and Banai, 2005).
Hence, biovar affiliation is apparently based on varying
regulation of expression of corresponding genes. The
impossibility of grouping B. melitensis in accordance
with biovar affiliation has also been demonstrated based
on multi-locus sequencing (Whatmore et al., 2007).
B. abortus strain IMB 2523, received as a strain of biovar
6, was grouped with B. abortus biovars 1, 2, and 4.
This result may indicate a drawback of our PCR
approach but it also appears to be possible that the
strain was misclassified as a biovar 6 strain since
differentiation between biovars 1 and 6 is only based
on a single trait, the ability to grow on media containing
thionin (Corbel and Banai, 2005). However, our PCR
assay grouped the majority of biovar 6 strains correctly
(Table 1). Also a strain of B. suis designated IMB 2529,
which was received as biovar 3, did not group accor-
ding to its classification but showed the banding
pattern of B. suis biovar 1. Fretin et al. (2008) stated
that in their analysis most B. suis biovar 3 field strains
matched the allelic profile of biovar 1 rather than that of
the reference strain and that these findings were in
accordance with the results of other genetic typing
methods. Hence, our result reflects a problem dis-
cussed in literature. These inconsistent results may point
to a general problem in the development of a classifica-
tion system for biotypes applying molecular methods.
It can be suspected that this goal can only be achieved
if genes directly corresponding to the phenotypic
characteristics that determine the various biotypes are
targeted.

For the typing of strains from marine mammals, only
the presence or absence of the 569-bp band proved to be
relevant. The 569-bp band was amplified from all
B. pinnipedialis isolates as well as from an untyped
isolate from a porpoise (IMB 2423) but from none of the
tested B. ceti isolates. The amplification of the 217-bp
band, on the other hand, was no stable characteristic of
all B. ceti isolates. Cloeckaert et al. (2003) had already
demonstrated by specific PCR that the marine brucellae
now classified as B. ceti are divided into 2 groups. This
observation is in accordance with results from other
studies. Also oxidative metabolic profiles subdivide
marine brucellae of the B. ceti group into 2 groups
(Jacques et al., 2007), and Groussaud et al. (2007)
showed that marine brucellae of the B. ceti group fall
into 2 clusters when subjected fto variable number
tandem repeat (VNTR) and multi-locus sequence
analysis (MLSA). Strains of the B. ceti group (M1570/
94/1, 7763/2, M452/97/2 and M644/93/1, M13/05/1,
M654/99/1, M61/05/1, respectively) distinguished by
Groussaud et al. (2007) also exhibited different multi-
plex profiles in our study. Hence, our data support the
view that B. ceti harbours 2 genomic groups, one of
which might be proposed as a third marine Brucella
species.
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With the exception of strain IMB 2423, all untyped
strains exhibited amplification products placing them
in the species which was suggested by their sources of
isolation (Corbel and Banai, 2005). The isolate from
cattle, AGESI, showed the banding pattern characteris-
ing B. abortus biovars 1, 2, and 4, and all field strains
from swine and hare were correctly identified as B. suis,
showing the banding patterns of biovars 2 and 5. Since
only biovar 2 strains have been isolated from hares and
pigs, they may be placed in this biovar.

The specificity of the multiplex PCR was tested with
all currently recognized Ochrobactrum species, the
closest relatives of the Brucella group (Velasco et al.,
1998), Escherichia coli DSM 1103, Francisella tularensis
strains ATCC 62237 and ATCC 29684, and representa-
tives of 2 Yersinia species (Table 1). Whereas the 168
rRNA gene could be amplified from template DNAs
of all control strains with universal primers published
by Lane (1991), demonstrating that quantity and quality
were suitable for PCR amplification and no PCR
inhibitors were present, the same template DNAs
showed no amplification products in the multiplex assay
under the standard conditions described above (results
not shown).

In order to test the robustness of the developed
multiplex PCR, influences of several parameters were
examined. The PCR showed good performance when
different thermocyclers (Eppendorf Mastercycler,
MWG-Biotech Primus, Perkin Elmer GeneAmp PCR
System 2400) were used. Two DNA polymerases
performed well (Promega GoTagq DNA Polymerase,
GE Healthcare illustra™ puReTaq Ready-To-Go PCR
Beads), whereas Bioron DFS-Tag DNA Polymerase and
Fermentas Taq DNA Polymerase resulted in incomplete
banding patterns. The reproducibility of our optimised
multiplex PCR was excellent as demonstrated by more
than 10 repetitions with reference strains for each
multiplex type using our standard equipment. Further-
more, the multiplex PCR was also successfully applied
in a second laboratory using the Qiagen® Multiplex
PCR kit (Cat. No. 206143). The lower limit of DNA
concentration for obtaining reliable results was deter-
mined to be approximately 5 ng DNA in a 25 pl reaction
volume, corresponding to 10° genome equivalents.

Concerning sensitivity and rapidness, a conventional
PCR like our multiplex PCR assay cannot compete with
a real-time PCR as developed by Foster et al. (2008) for
specific detection of 7 major Brucella clades. However,
for identification of a sample of unknown source,
7 different real-time PCRs have to be run in parallel
to reach this goal. Furthermore, the approach of Foster
et al. (2008) does not distinguish between biovars of
certain species or between the marine brucellae accord-
ing to current taxonomy. nor does it identify B. microti.

The relatively low analytical sensitivity does not allow
detection of Brucella DNA directly from clinical samples
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without subcultivation. However, the developed assay
provides a simple and rapid tool to differentiate between
currently recognized Brucella species and certain biovars
in one step. The assay requires no expensive equipment
and only little expertise, and the unambiguous banding
patterns can be easily identified.
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cluster within the genus Brucella. Multilocus sequence typing (MLST) analysis using nine different

loci also placed the two isolates separately from other brucellae. In the IS777-based AMOS PCR,

a 1900 bp fragment was generated with the Brucella ovis-specific primers, revealing that the

insertion element had integrated between a putative membrane protein and cbol, encoding a

methyltransferase, an integration site not observed in other brucellae. Isolates CCM 4915" and
CCM 4918 could be clearly distinguished from all known Brucella species and their biovars by
means of both their phenotypic and molecular properties, and therefore represent a novel species
within the genus Brucella, for which the name Brucella microti sp. nov. with the type strain CCM
4915" (=BCCN 07-01"=CAPM 6434") is proposed.

At the time of writing, the genus Brucella comprises the six
species Brucella melitensis, Brucella abortus, Brucella suis,
Brucella canis, Brucella neotomae and Brucella ovis (Corbel
& Brinley-Morgan, 1984). Two potential novel species of
marine mammal origin, Brucella pinnipedialis (formerly
‘Brucella pinnipediae’) and Brucella ceti (formerly ‘Brucella
cetaceae’), have been proposed recently (Cloeckaert et al.,
2001; Foster et al., 2007). Due to the high DNA-DNA
relatedness of =90 % among these species, it was suggested
that the genus should comprise only one species, B.
melitensis, with the six biovars Melitensis, Abortus, Canis,
Neotomae, Ovis and Suis (Verger et al., 1985). However, in
2003, the ICSP Subcommittee on the Taxonomy of Brucella
agreed unanimously on a return to pre-1986 Brucella
taxonomy and as a consequence to the reapproval of the six
Brucella species with the recognized biovars (Osterman &
Moriyon, 2006).

Historically, classification of Brucella species was based on
natural host preference (main isolation source) and
phenotypic characteristics, ie. CO, requirement, H,S
production, dye-sensitivity, oxidative metabolic profiles,
lysis by Brucella-specific bacteriophages and agglutination
with monospecific antisera. Indeed, the last proposal for
minimal standards to describe novel Brucella species was
made by Corbel & Brinley-Morgan (1975) and certainly
has to be reviewed, in respect of the newly developed
molecular typing techniques and evolutionary findings.

Because of the high DNA-DNA relatedness and phenotypic
similarity among the different Brucella species, a battery of
phenotypic and genotypic tests is required for species
delineation and for characterization of potentially novel
Brucella species. Natural host preference might be used as a
further criterion if enough isolates are available.

Recently, molecular approaches, in particular analysis of
DNA polymorphism of outer-membrane genes (Cloeckaert
et al., 1995, 2001; Vizcaino et al., 2004), a set of species-
differentiating PCR (PCR-restriction fragment length
polymorphism; PCR-RFLP) assays (Al Dahouk et al,
2005; Garcia-Yoldi et al., 2006; Ferrao-Beck et al., 2006;
Ratushna et al.,, 2006), multilocus sequence typing (MLST)
(Whatmore et al, 2007) and multilocus VNTR (variable-
number tandem-repeat) analysis (MLVA) typing assays (Le
Fleche et al., 2006; Whatmore et al., 2006; Garcia-Yoldi

et al., 2007; Al Dahouk et al., 2007) have been developed
that allow differentiation of Brucella species and to some
extent also at the biovar/biotype level.

Here we describe the classification of two strains, CCM
4915" and CCM 4916, which had been originally isolated
on meat peptone agar (MPA) at 37 "C under aerobic
conditions from clinical specimens of diseased wild
common voles (Microtus arvalis) during a recent epizootic
in the Bfeclav district in South Moravia, Czech Republic
(Hubalek et al, 2007), as a novel species of the genus
Brucella.

The phenotype of strains CCM 4915" and CCM 4916 was
investigated according to growth behaviour on different
media, CO, requirement, H,S production, growth in the
presence of dyes (thionine and basic fuchsin), reaction with
monospecific A and M antisera, bacteriophage typing
(Alton et al, 1988) and light and transmission electron
microscopy. Metabolic activity in comparison with other
Brucella species, Ochrobactrum anthropi LMG 33317 and
Ochrobactrum intermedium LMG 3301 was assessed using
the Merlin MICRONAUT system (Neubauer et al., 2000).
Polar lipids and quinone system were analysed as described
by Tindall (1990a, b), Altenburger et al. (1996) and Stolz
et al. (2007), and the polyamine pattern was analysed as
described by Busse & Auling (1988) and Stolz et al. (2007),
despite the fact that the biomass was not collected from
liquid culture but cells were harvested from trypticase soy
agar (TSA) and inactivated by acetone.

Molecular analyses comprised AMOS PCR (Bricker &
Halling, 1994), multiplex PCR (Garcia-Yoldi et al,, 2006),
sequence analysis of the outer membrane genes omp2a,
omp2h (Cloeckaert et al, 1995, 2001), omp22, omp25,
omp25b, omp3] and omp31b (Vizcaino et al, 2004),
analysis of the bp26 gene downstream region to distinguish
between brucellae of marine mammal and terrestrial
mammal origin (Cloeckaert et al., 2000), 1S711 (IS6501)-
typing by Southern blotting analysis (Clavareau et al,
1998), MLVA (Le Fleche er al, 2006; Whatmore et al.,
2006; Garcia-Yoldi et al, 2007; Al Dahouk et al., 2007),
MLST (Whatmore et al., 2007) and DNA-DNA hybrid-
ization studies (Ziemke ef al., 1998).

Both isolates grew well at 28 and 37 "C on MPA without
supplementary CO,, forming transparent to whitish
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Table 1. Differentiating physiological reactions of B. microti sp. nov. in comparison with other Brucella and Ochrobactrum species.

Taxa: 1, B. microti CCM 49157; 2, B. microti CCM 4916; 3, B. abortus strains: 5447 (=NCTC 10093T) (bv. 1), 86/8/59 (=NCTC 10501) (bv. 2},
Tulya (=NCTC 10502) (bv. 3), 292 (=NCTC 10503) (bv. 4), B3196 (=NCTC 10504) (bv. 5), 870 (=NCTC 10505) (bv. 6), 63175 (=NCTC 10506)
(bv. 7), C68 (=NCTC 10507) (bv. 9); 4, B. melitensis strains: 16M T (=NCTC 100947) (bv. 1), 63/9 (=NCTC 10508) (bv. 2), Ether (=NCTC 10509)
(bv. 3); 5, B . suis strains: 1330 (=NCTC 10316) (bv. 1), Thomsen (=NCTC 10510) (bv. 2), 686 (=NCTC 10511) (bv. 3), Reference 40 (bv. 4),
Reference 513 (bv. 5); 6, B. ovis strain: 63/2907 (=NCTC 105127); 7, B. eanis strain: RM6/667 (=NCTC 10854); 8, B. neotomae strain: 5K337
(=NCTC 10084"); 9, B. pinnipedialis NCTC 12890%; 10, B. ceti NCTC 128917 11, O. anthropi LMG 3331% 12, O. intermedium LMG 33017, oNP, o-
nitrophenyl; pNP, p-nitrophenyl; +, positive (QO;N values >70); —, negative (QO:N values <<50); v, variable (QO,N values =50 and <70).

(pH 5.5)

Compound 1 2 3 4 5 6 7 8 9 10 11 12 Substrate class

L-Glutamine + 4+ - = = = = = = = + 4+ Amino acid

L-Histidine hydrochloride + 4+ - - - - - - - - 4+ + Aminoacd

p-Histidine + + - - - - - - = = + + Amino acid

1-Citrulline + + - - - - - - - - 4+ 4 Aminoadd

DAPI + + - - - - - - - = + + Amino acid

Sarcosine hydrochloride + + - - - - - - - — 4+ + Amino acid derivative

Fumaric acid + + - - - - - = - = + 4+ Organic acid

Succinic acid + + - - - - - = - = + 4+ Organic acid

u-Ketoglutaric acid + + - - - - - - — = + + Organicacid

Itaconic acid + + - - - - - - - —= = = Organic acid

Mesaconic acid + + - - - - - - - - - — Organic acid

Glutaric acid + + - = - - - - - = +  + Organic acid

Arginine p-nitroanilide + + - - - - - = - = v + Amino peptidase

pNP N-acetyl-f-D-galactosaminide (pH 7.5) + + - - - - - = = = v 4+ Esterase

oNP N-acetyl-z-D-galactosaminide (pH 7.5) + + - - - - - = = 4+ 4+ Esterase

oNP N-acetyl-ff-p-galactosaminide (pH 7.5) + + - - - - - - = = 4+ + Esterase

pNP N-acetyl-fi-p-glucosaminide (pH 7.5) + + - - - - - - - = 4+ + Eslerase

pNP N-acetyl-1-thio-fi-n-glucosaminide (pH 7.5) v + - - - - - - - — + + Esterase

4-nitro z-pD-maltoheptaose-4,6,0-ethylidene (pH 75) + + - - - - — — — - + 4+ Esterase

pNP N-acetyl-f-p-glucosamide (pH 5.5) + + - - - - - = = = 4+ - Esterase

pNP z-L-arabinopyranoside (pH 7.5) + + - - - - - = = = 4+ + Glucosidase

oNP fi-p-xylopyranoside (pH 7.5) + 4+ - - - - - - - = 4 4+ Glucosidase

pNP L-thio-f-p-galactopyranoside (pH 7.5) + + - - - - - - - — + + Glucosidase

Z—Melhoxy—4—(2-nilr(:)vinyl)—phenyl 4 o4+ - - -~ 4 4 Glucosidase
f-D-galactopyranoside

pNP p-L-fucopyranoside (pH 7.5) + + - - - - - - = = 4+ 4+ Glucosidase

pNP f-p-thiofucopyranoside (pH 7.5) v + - - - - - — = = 4+ + Glucosidase

pNP f-p-mannopyranoside (pH 7.5) + + - - - - - = = = 4 4+ Glucosidase

pNP f-p-maltoside (pH 7.5) + + - - - - - - - - + +  Glucosidase

pNP fi-p-lactopyranoside (pH 7.5) v + - - - - = = = = + 4+ Glucosidase

pNP fi-D-glucuronide (pH 5.5) + + - - - - - - - = + = Glucosidase

Aesculin hydrolysis - - - - v - v - = = 4 4 Classical reaction

Voges—Proskauer reaction + 4+ - - - - - - = = 4 4 Classical reaction

oNP fi-p-galactopyranoside-6-phosphate + + - - - - - - = = 4 4 Phosphatase

pNP phosphate-di(2-amino-2-ethyl-1,3-propanediol) + 4 - - - — — — — - 4 4 Phosphatase

colonies, 1-2 mm in diameter, after 1-2 days of incubation.
H,S was not produced. Good growth was also observed on
blood agar and on standard nutrient agar at 28 and 37 "C.
Colonies were slightly concave, smooth, with very light
brown exopigment; their edges were continuous. After 72 h
of growth at 37 °C, cells appeared as large colonies
(6-9 mm) with noticeable brownish pigmentation. Cell

morphology was examined using a Zeiss light microscope at
% 1000 magnification with cells grown for 2 days at 37 "C
on standard nutrient agar. Gram staining was performed as
described by Gerhardt et al. (1994) with cells grown for
2 days at 28 "C on MPA. Cells were small (<{1 pm) Gram-
negative coccobacilli or sporadically formed short rods,
arranged individually or in irregular clusters. Flagellation
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PC . L4

ALS S spLt

" APL2

PL L5
~AL4

Fig. 1. Two-dimensional thin-layer chromatogram of total polar
lipids of strain CCM 4915". PME, Phosphatidylmonomethyl-
ethanolamine; PE, phosphatidylethanolamine; PC, phosphatidyl-
choline; DPG, diphosphatidylglycerol; PG, phosphatidylglycerol;
AL1-4, unknown aminolipids; PL, unknown phospholipid; APL1
and 2, unknown aminophospholipids; L1-5, unknown polar lipids.

was determined by transmission electron microscopy
(negative staining with 1% uranyl acetate) using a JEM-
1010 electron microscope at a magnification of x 40 000.
Cells were unflagellated and morphologically indistinguish-
able from B. melitensis 16M", whereas flagella were clearly
visible on O. anthropi LMG 33317 (data not shown), which
is the type species of the phylogenetically closest genus.

Besides the classical biochemical reactions (Hubalek et al.,
2007), a total of 191 different carbohydrates, 190 substrates
to determine enzymic activity and 191 different substrates
for use as a nitrogen source were tested by using the Merlin
MICRONAUT identification system (Neubauer et al,
2000). Each reaction was carried out seven times. The
results of the differentiating biochemical reactions of
strains CCM 4915 and CCM 4916 in comparison with
the other Brucella species and their biovars as well as with
Ochrobactrum species are summarized in Table 1. The
results demonstrate that both isolates exhibit outstanding
metabolic capabilities with respect to all other brucellae,
sharing a series of reactions with O. anthropi LMG 33317
and O. intermedium LMG 3301". It is remarkable that both
strains were positive in the Voges—Proskauer reaction.
Additional results of the phenotypic characterization of
strains CCM 4915" and CCM 4916 by classical methods are
given in the species description.

The two strains exhibited a quinone system with ubiquinone
Q-10 (91-97%) and Q-9 (3-9%). A similar quinone
system was detected in B. melitensis, with Q-10 (97 %) and
Q-9 (39%). Their polar lipid profiles consisted of the
major compounds phosphatidylethanolamine, phos-
phatidylmonomethylethanolamine, phosphatidylglycerol,
diphosphatidylglycerol, phosphatidylcholine and two

unknown aminolipids (ALl and 2), moderate amounts of
an unknown phospholipid PL and small to trace amounts of
additional unknown aminolipids (AL3 and 4), two
unknown aminophospholipids (APL1 and 2) and five
unknown polar lipids (Fig. 1). Two additional lipids, one
staining positively with ninhydrin (aminolipid) and the
other with molybdenum blue (phospholipid), may be
present, showing almost the same chromatographic beha-
viour as AL1, but their presence could not unambiguously
confirmed because of insufficient resolution from ALl in the
thin-layer chromatography. B. abortus NCTC 10093" and B.
melitensis 16M" exhibited almost the same profile (results
not shown), but unknown aminolipid AL2 was not
detectable in these two strains and phosphatidylmono-
methylethanolamine was present either in traces or lacking.
The polyamine patterns of strains CCM 4915" and CCM
4916 contained the major compound spermidine (77.0—
80.2%), putrescine (14.0-16.8%), 1,3-diaminopropane
(3.4-5.0%), sym-homospermidine (0.8-1.9%) and sper-
mine (0.4-0.5%). Similar polyamine patterns were detected
in B. melitensis 16M" (74.2 % spermidine, 18.6 % putrescine,
3.0% 1,3-diaminopropane, 3.5 % sym-homospermidine and
0.4% spermine) and representative species of the genus
Ochrobactrum, including O. intermedium LMG 33017
(results not shown), the nearest phylogenetic relative of
the genus Brucella. In contrast, species of the genus
Pseudochrobactrum exhibit a polyamine pattern lacking sym-
homospermidine (Kimpfer et al., 2006, 2007).

In the IS71I-based AMOS multiplex-PCR, a 1900 bp
fragment, not amplified from other Brucella species, was
generated. Using single species-specific primer pairs, it
could be demonstrated that the fragment was amplified
with the B. ovis-specific primers (Hubalek et al, 2007).
Sequencing of the PCR product and subsequent compar-
ative BLASTN analyses revealed that the IS element has
integrated between the coding sequences of a putative
membrane protein (TIGR/KEGG locus tag BR1284/
BMEIO717) and cboL (BR1285/BME0716), a methyltrans-
ferase gene (data not shown). At the B. ovis primer side the
partial radC (BR1283/BMEI0O718) gene, involved in DNA
repair, is present. In none of the published Brucella
genomes is [S711 located at this position. In the multiplex
PCR developed by Garcia-Yoldi ef al. (2006), strains CCM
4915" and CCM 4916 were indistinguishable from B. suis
(data not shown).

The entire open reading frames of the omp22 (639 bp),
omp25 (642 bp) and omp31 (752 bp) genes were identical
to the corresponding genes of Brucella suis 1330 (GenBank
accession no. AE014291.4), Brucella ceti B202R
(AY484523.1) and  Brucella  pinnipedialis  B2/94"
(AY484522.1). Similarity values of 99% (one to three
substitutions) were observed with other brucellae. Within
omp31b (786 bp), neither deletions, as reported for B.
melitensis, nor premature stop codons, as observed for B.
canis and B. ovis (Vizcaino et al, 2004), nor inversion of
the omp250b gene (785 bp), as described for the majority of
B. ceti strains (Vizcaino et al., 2004), were detected.
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Q. anthropi LMG 33317 ompZa (AM712087)

9

75

Q. anthropi LMG 3331" omp2b (AM712068)

61 =8 pinnipedialis B2/94 omp2b {common seal) (AF300818)
Brucefla sp. 7163/2 omp2a (bolllenose dolphin) (AF300821)
B. ceti B1/94 omp2a (porpoise) (AF300817)
Bruceila sp. 7763/2 ompZ2b (bottienose dolphin) (AF300820)
B. cefi B1/94 omp2b (porpoise) (AF300816)
—————————

8. suis 83-210A (bv3 atypical) omp2b (AF268034)
B. abortus 45/20 omp2b (AF268035)
B. ovis 019 omp2h (EF534310)

93

100

55

0.1

B. microfi GCM 4915 and CCM 4316 omp2b (AME98038, AMB3IB037)
B. melitensis 16M omp2b (U26440)

B. suis 1330 (bv1) omp2b (U26443)

B. suis 8035 (bv1) omp2b (AM712080)

B. abortus B3196 (bv5) omp2b (U26438)

B. suis 513 (bv5) ompZh (AM712078)

B. suis 1487-2285 (bv2 human) omp2b (AM712082)

B. suis 1180-1875 (bv2 sus scrofa) omp2b (AM7T12084)

canis NCTC 01854 omp2b (U26439)

suis Revd0 (bvd) omp2b (AMT12086)

9g-B

B. neotomae 5K33 omp2b (U26441)
5@ ceti B14/94 (comman dolphin) omp2b (AF300814)

B. ceti B14/94 {comman dolphin) ompZa (AF300815]

B4 B. ovis T6-250 omp2b (AF268035)
Brucella sp. JM13/00 {[vommon minke whale) omp2b (AB126348)
70 100 Brucelfa sp. 026811 {human) omp2b (DQBES281)
et Brucella sp. F599 (bottlenose dolphin) omp2b (DQSE5283)

B. ovis 63/290 omp2b (U26442)

B. neatomae 5K33 omp2a [U26441)
pr— 5. suis 83-210A (bv3 atypical) omp2a (AY008721)
82 | B, pinnipedialis 651698 (common seal) omp2b (DQ059381)
B suis 513 (bv5) ompZ2a (AMT12077)

IB, ovis B3/280 ompla (U26442)

10016, ovis T6-250 omp2a (AY00BT21)
= S58]B8. suis Reval (bvd) omp2a (AMT712085)
B. canis NCTC 01854 omp2a (U26429)
B. suis 1330 (bv1) omp2a (LU26443)
B. suis 8035 (bv1) omp2a (AMT12073)
g P B. melitensis 16M ompZa (U26440)
B. melitensis 019 omp2a (DQBBE1301)
58 g3l 8. abortus 45/20 ompZa (AY008719)
B. abortus B3196 (bv5) omp2a (U26438)
.I 5 suis 1487-2285 (bv2, human) ompZ2a (AM712081)

B. suis 1150-1875 (bv2, sus scrofa) omp2a (AMT12083)
B. microti CCM 4915" and CCM 4916 omp2a (AMB98039, AMB98040)
Brucefla sp. JM13/00 (comman minke whale) ompZa (AB126348)
Brucella sp. F599 (bottienose dolphin) omp2a (DQ865283)
Brucella sp. 02611 (human) omp2a (DQ865280)
B. pinnipediaiis 8516/98 (common seal) omp2a (DQ059380)
B. pinnipedialis B2/54 (common seal) ompZa (AF300819)

Fig. 2. Phylogenetic tree reconstructed with omp2a (1104 nt) and omp2b (1089 nt) sequences using CLUSTREE neighbour-
joining analysis. The significance of each branch is indicated by a bootstrap percentage calculated for 1000 subsets. The tree
was rooted by outgrouping sequence ompZ2a of O. anthropi LMG 33317, Bar, 0.1 divergent residues per site.

The omp2a genes were 100% identical to omp2a of the
marine Brucella pinnipedialis strain B2/94" (GenBank
accession no. AF300819) and some other Brucella strains
isolated from marine mammals, i.e. Brucella pinnipedialis
strain  6516/9 (DQO059380) and Brucella sp. JML13/00
(AB126348). In contrast, the omp2b genes were mostly
related to emp2b of Brucella strains from terrestrial mammals
with one to three mismatches, (99-98% similarity). The
combination of omp2Za from marine mammal and omp2b
from terrestrial mammal origin has not yet been described.

A phylogenetic neighbour-joining tree constructed with
omp2a and omp2b of strains CCM 4915" and CCM 4916,
B. suis biovars (bv) 2, 4, 5 and sequences available from the
EMBL nucleotide database is shown in Fig. 2. The tree was
constructed using the online accessible bioinformatics tools
of HUsAR, available from http://genius.embnet.dkfz-
heidelberg.de/menu/w2h/w2hdkfz. It was constructed
from the alignments obtained with CLUSTREE and the

implemented Kimura two-parameter model. In order to
assess probabilities of the nodes, 1000 bootstrap resamp-
lings were performed. The tree was rooted with omp2a of
Ochrobactrum anthropi LMG 33317 as the outgroup.

The PCR fragment size of the bp26 gene downstream
region was 1029 bp, which is characteristic for terrestrial
mammal brucellae (data not shown).

The MLVA data obtained with strains CCM 4915" and
CCM 4916 were compared with 424 Brucella isolates
corresponding to 296 genotypes that have previously been
analysed by Le Fleche et al. (2006), Garcia-Yoldi et al.
(2007) and Al Dahouk et al. (2007). Cluster analysis was
performed as described by Al Dahouk et al. (2007) using
eight-minisatellite (panel 1) and seven-microsatellite
VNTR markers (panel 2) and the categorical distance
coefficient and the unweighted pair-group method using
arithmetic averages (UPGMA) clustering method. Briefly,
the seven microsatellites are divided in two groups, taking
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into account their mutation rate (Garcia-Yoldi er al., 2007).
Panel 2A comprises the most stable microsatellites Bruce
18, 19, 21 and 30. Panel 2B comprises the highly variable
markers Bruce 07, 09 and 16. In the clustering analysis,
markers from panel 1, 2A and 2B were given an individual
weight of respectively 2, 1 and 0.3. In this analysis, the two
strains clustered together (and differed from each other by
4 out of 16 VNTR loci, including one marker from panel
2A and the three markers from panel 2B), but grouped
separately from all other known Brucella species and their
biovars (Fig. 3). Because of the large number of strains,
clusters were condensed. B. neotomae reference strain 5K33
and B. pinnipedialis strain B2/94 appear as closest
neighbours in this analysis, whereas the two B. suis biovar
5 strains are more distantly related.

In MLST analysis (Whatmore et al., 2007), the two strains
clustered separately from other Brucella strains most closely
related to B. suis biovar 5 (ST19) and marine mammal
ST25, from which they differ at two out of nine loci (Fig. 4).
The MLST profile was 1-11-4-2-1-3-5-2-1. In the IS71I
insertion element typing analysis using the Southern
blotting technique, the two isolates were indistinguishable
from each other, but exhibited a unique banding pattern
when compared with other Brucella species, corresponding
to five to six copies (not shown).

Results from DNA-DNA hybridizations using labelled
DNA of B. melitensis 16M" showed 84.1%+0.7 DNA
relatedness with strain CCM 4915, These results are in
agreement with previous reports (Verger et al., 1985) which
showed that, if the 70 % DNA-relatedness threshold value
is applied, species of this genus cannot be separated based
on results from DNA-DNA hybridizations. The DNA
relatedness to the phylogenetically closest neighbour, O.
intermedium LMG 3301", was 55.5 %.

In summary, from the results of the phenotypic and
genotypic analyses, it is evident that isolates CCM 4915"
and CCM 4916 are members of the genus Brucella, but can be
clearly differentiated from all established species of this
genus, including their biovars. Hence, by applying the
Brucella  species concept suggested by the ICSP
Subcommittee on the taxonomy of Brucella (Osterman &
Moriyon, 2006), the two strains represent a novel species of
the genus Brucella, for which we propose the name Brucella
microti sp. nOv.

Future investigations such as whole-genome sequencing
and studies on host cell interactions will provide further
insight in the evolution of brucellae and host—pathogen
interactions.

Description of Brucella microti sp. nov.

Brucella micreti (mi.cro'ti. L. gen. n. microti of Microtus,
after the vole genus from which the first strains of this
species have been isolated).

Cocci, coccobacilli or short rods, 0.5-0.8 pm in diameter
and 0.6-1.4 pm in length. Arranged individually or in

Genotype Species Strain id-record

. Eﬁnntl mg:%!.-s %4
. 4812

sur bcvar
B4

15 50

g

SU!S biovar

CO~JODUN L LM =2
[solnuinalnilosiuainales]

B. suis biovar 2 (73 genotypes)

B. canis B. suis biovars 3 and 4 (15)

B. suis biovar 1 (13)

B. ovis (19)

Al

B. abortus (41)

L. B. melitensis (80)
(East Mediterranean)

B. melitensis (32)
(West Mediterranean)

B. melitensis (17)
(Americas)

A

Fig. 3. Condensed dendrogram of clustered MLVA-16 genotypes
obtained with 424 Brucella isolates corresponding to 296 different
genotypes. Bar, percentage of sequence divergence.

irregular clusters. Gram-negative. Aerobic, non-ferment-
ative, non-motile, non-spore-forming. Oxidase-, catalase-
and urease-positive. Nitrate and nitrite are reduced (with
gas formation from nitrate). No production of H,S,
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B ovis ST13

E. microti
MM Brucella ST24

MM Bruceffa ST23 B. neotomae ST22

MM Brucella ST26
MM Brucelia ST27

MM Bruceila ST25

B. suis (bv2) ST16__ ae

8. abortus ST2

B. suis (bv2) STi5 (bvd, 8, 7.9)

saf B suis ST14 (bvl)

8. swis (bv3, 4) ST17
B canis ST20

8 sui
suis (bvd) ST18 5 canis ST21

B. melitensis {bv1, 2, 3) ST11

B. meditensis (bv1) ST10
0.0005

B, melitensis ST7 {bv1, 2)

B. aborfus ST& (bv3, Tulya)

B8 abortus ST3 (wvT)
B. abortus  ST4 (bve)
B sborius ST1 (bvi, 2, 4)

B. abortus STS (vaccine straing)

Fig. 4. Unrooted phylogenetic reconstruction
of the relationships between sequence types
(ST). This tree was constructed with the
concatenated sequence data of the nine loci
(4396 bp) using the neighbour-joining
approach. The Jukes—Cantor model, which is
based on the assumption that all nucleotide
substitutions are equally likely, was used to
determine genetic distances. Percentage
bootstrap confidence levels of internal
branches were calculated from 1000 resam-
plings of the original data. bv, Biovar; MM,
marine mammals. Bar, 0.0005 substitutions
per site.

8. meiitensis ST8 (bv3, Ether)
B melitensis (bv1) ST12 65 B meitensis ST8 (b1, 2,3)

arginine dihydrolase, lysine decarboxylase, ornithine de-
carboxylase, fluorescein (King’s B medium). Negative on
Simmons’ citrate, malonate and acetamide and no growth
in broth with 6.5% NaCl. Positive (API 20NE) for D-
glucose, maltose, L-arabinose, D-mannose, N-acetylglucos-
amine and adipic acid. Negative for b-mannitol, citric acid,
gluconate, capric acid, malic acid and phenylacetic acid.
Acid is produced from glucose, maltose, fructose and
xylose in OF medium (Difco). Positive (APl ZYM) for acid
phosphatase, alkaline phosphatase, leucine arylamidase,
valine arylamidase, cystine arylamidase, f-glucosidase and
esterase lipase. Enzymes absent on API ZYM are esterase,
lipase, - and fi-galactosidase, fi-glucosidase, fi-glucuroni-
dase, N-acetyl-fi-glucosaminidase, o-mannosidase and «-
fucosidase. Starch, casein, DNA, tyrosine, aesculin, ONPG,
Tween 80, lecithin and gelatin are not hydrolysed.
Differentiating physiological reactions (MICRONAUT) of
strains CCM 49157 and CCM 4916 with respect to other
Brucella species and biovars and Ochrobactrum anthropi
LMG 33317 are given in Table 1. Cells are sensitive to
gentamicin, tobramycin, cotrimoxazole (trimethoprim
plus sulphamethoxazole) and ofloxacin, but resistant to
colistin, piperacillin, ceftazidime and tazobactam. Non-
fastidious; good growth occurs on MPA, TSA, blood agar
and standard nutrient agar at 25-42 “C. Beige, translucent
to whitish colonies with light-brown exopigment and
entire edges are formed within 24 h, with a diameter of
approximately 2 mm. Good growth does not require CO,,
supplementary serum or blood. No haemolysis is observed.
[solates grow with thionine at dilutions of 1/25000, 1/
50 000 and 1/100 000, and with basic fuchsin at dilutions of

1/50 000 and 1/100000. Cultures are lysed by Tb, F1 and
F25 phages at routine test dilution (RTD) 10* but not at
RTD and by Weybridge phage (Wb) at both dilutions.
Both strains agglutinate with monospecific anti-M serum
up to a dilution of 1:80. The quinone system is composed
of the major compound ubiquinone Q-10 and minor
amounts of Q-9. Predominant polar lipids are phosphati-
dylethanolamine, phosphatidylmonomethylethanolamine,
phosphatidylglycerol, diphosphatidylglycerol, phosphatidyl-
choline and two unknown aminolipids, moderate amounts
of an unknown phospholipid PL and small to trace amounts
of additional unknown aminelipids (AL3 and 4), two
unknown aminophospholipids (APL1 and 2) and five
unknown polar lipids. The polyamine pattern contains the
major compound spermidine, moderate amounts of putres-
cine and small amounts of 1,3-diaminopropane, sym-
homospermidine and spermine.

The type strain is CCM 49157 (=BCCN 07-01"=CAPM
6434") isolated in 2000 from the liver of Microtus arvalis,
South Moravia, Czech Republic. Another strain of this
species is CCM 4916.
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A Gram-negative, non-motile, non-spore-forming coccoid bacterium (strain BO1T) was isolated
recently from a breast implant infection of a 71-year-old female patient with clinical signs of
brucellosis. Affiliation of strain BO17 to the genus Brucella was confirmed by means of polyamine
pattern, polar lipid profile, fatty acid profile, quinone system, DNA-DNA hybridization studies and
by insertion sequence 711 (I57117)-specific PCR. Strain BO1" harboured four to five copies of
the Brucella-specific insertion element IS7 717, displaying a unique banding pattern, and exhibited
a unique 16S rRNA gene sequence and also grouped separately in multilocus sequence typing
analysis. Strain BO1" reacted with Bruceffa M-monospecific antiserum. Incomplete lysis was
detected with bacteriophages Tb (Thilisi), F1 and F25. Biochemical profiling revealed a high
degree of enzymic activity and metabolic capabilities. In multilocus VNTR (variable-number
tandem-repeat) analysis, strain BO1" showed a very distinctive profile and clustered with the
other ‘exotic’ Brucella strains, including strains isolated from marine mammals, and Brucella
microti, Brucella suis biovar 5 and Brucella neotomae. Comparative omp2a and omp2b gene
sequence analysis revealed the most divergent omp2 sequences identified to date for a Brucella
strain. The recA gene sequence of strain BO1" differed in seven nucleotides from the Brucella
recA consensus sequence. Using the Brucella species-specific multiplex PCR assay, strain BO1T
displayed a unique banding pattern not observed in other Brucella species. From the phenotypic
and molecular analysis it became evident that strain BO17 was clearly different from all other
Brucella species, and therefore represents a novel species within the genus Brucella. Because of
its unexpected isolation, the name Brucella inopinata with the type strain BO1T (=BCCN
09-01"=CPAM 6436") is proposed.
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The genus Brucella was constituted in 1920 by Meyer &
Shaw (1920) with Brucella melitensis, the causative agent of
Malta fever, as the type species and Brucella abortus causing
abortion in cattle as the second species. Within 48 years
four additional Brucella species, namely Brucella suis
(Huddleson, 1929), Brucella ovis (Buddle, 1956), Brucella
neotomae (Stoenner & Lackman, 1957) and Brucella canis
(Carmichael & Bruner, 1968) were described. It took nearly
another 40 years before two additional species, Brucella
pinnipedialis and Brucella ceti, originating from marine
mamimals were published (Foster et al, 2007). The most
recently published description of a Brucella species is that
for Brucella microti, isolated initially from common voles in
the Czech Republic (Hubalek et al., 2007; Scholz et al,
2008a) and recently also from red foxes in Lower Austria
(Vulpes vulpes) and directly from soil (Scholz et al., 2009,
2008c).

Before the development of molecular techniques, differ-
entiation of the various Brucella species and their biovars
was solely based on phenotypic traits, i.e. CO, requirement,
H,S production, dye sensitivity, metabolic profiles, lysis by
Brucella-specific bacteriophages and agglutination with
monospecific antisera. Another important criterion for
the differentiation of the various Brucella species was the
natural host preference, which is why species names were
given in accordance with their preferred host. Today it is
known that all Brucella species are highly related at the
genetic level, exhibiting identical 16S rRNA (Gee et al,
2004) and recA gene sequences (Scholz et al., 2008b) as well
as highly similar genomes in terms of sequence identity and
gene synteny (Del Vecchio et al., 2002; Paulsen et al., 2002;
Halling et al,, 2005). In the majority of housekeeping genes
only single nucleotide polymorphisms are present among
the various Brucella species (Whatmore et al, 2007).
Indeed, applying the gold standard for species delineation,
DNA-DNA hybridization (Wayne et al, 1987), all
recognized Brucella species belong to a single species, as
the DNA-DNA relatedness among all species is above 70 %
(Verger et al., 1985). Consequently, Verger et al. (1985)
suggested Brucella as a monospecific genus with B.
melitensis as the sole true species and the other species to
be recognized as biovars. This perception was later
confirmed by using data from comparative whole genome

Abbreviations: MLST, multilocus sequence typing; MLVA, multilocus
VNTR (variable-number tandem-repeat) analysis; RTD, routine test
dilution.

The GenBank/EMBL/DDBJ accession numbers for the omp2a, omp2b,
omp25, omp31 and recA gene sequences of strain BO1' are
FM177715, FM177716, FM177717, FM177718 and FM177719,
respectively.

Figures showing lysis of strain BO1T on Brucella agar by bacteriophage
Th (Thilisi), a two-dimensional thin-layer chromatogram of total polar
lipids of strain BO17, IS771 element fingerprinting by using Southern
blotting and a condensed dendrogram of clustered MLVA-16 genotypes
obtained with more than 470 Brucella isolates corresponding to 324
different genotypes are available as supplementary material with the
online version of this paper.

sequencing analysis of B. melitensis (Del Vecchio et al.,
2002), B. suis (Paulsen et al, 2002), and more recently of
Brucella abortus strain 9-941 (Halling et al., 2005) and B.
abortus vaccine strain 519 (Crasta et al., 2008).

However, in 2003, the Subcommittee on the Taxonomy of
Brucella agreed unanimously on a return to pre-1986
Brucella taxonomy and reapproval of the six Brucella
nomenspecies and their biovars (Meeting in Pamplona,
Spain in 2003), published in 2006 by Osterman & Moriyon
(2006).

Following the currently used Brucella taxonomy we
describe a novel Brucella species, Brucella inopinata sp.
nov., with the type strain BO1", isolated from breast
implant wound fluid and blood of a 71-year-old female
patient with clinical symptoms consistent with brucellosis
(De et al., 2008).

B. inopinata sp. nov. is the first Brucella species that
exhibits a unique 165 rRNA gene sequence and lower
sequence similarities in various housekeeping genes and
genes encoding outer-membrane proteins when compared
with all other recognized Brucelln species and hence
represents the most unique species within this genus.

Phenotypic analysis of strain BO1T

Phenotypic analysis of strain BO1", i.e. growth behaviour
on different media at various temperatures, H,S produc-
tion, CO; requirement, agglutination with monospecific A-
and M-antisera, cellular fatty acid analysis, lysis with
bacteriophage Tb and growth in the presence of dyes
(thionin and basic fuchsin), have been described previously
(De et al, 2008) and are given in the species description.
The antimicrobial susceptibility pattern of strain BO1" was
determined using the CLSI interpretive criteria for Brucella
spp. (De et al, 2008). Results are given in the species
description. Additional phenotypic characterization of
strain BO1" carried out in this study comprised other
growth characteristics, standard biochemical characteriza-
tion by using APl 20E, APl 20NE and APl ZYM
(bioMeérieux), extended biochemical profiling using the
MICRONAUT (MERLIN Diagnostika GmbH) system, elec-
tron microscopy, and lysis with additional Brucella-specific
bacteriophages, F1 and F25, as described for B. microti
(Scholz et al., 2008a).

The growth characteristics of strain BO1" resembled those
of B. microti, characterized by very fast growth at 37 "C on
various standard media, such as sheep blood agar and
standard nutrient agar (both from Oxoid). On Brucella
agar (Merck), growth became visible within 6h of
incubation at 37 “C with or without supplementary CO»
(data not shown)_ Single colonies of 1-2 mm were formed
within 12-24 h. As determined by using transmission
electron microscopy (negative staining with 1% uranyl
acetate) with a JEM-1010 electron microscope at a
magnification of 40000, cells were non-flagellated and
arranged individually or in irregular clusters, exhibiting a
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mean diameter of 0.5 pum and a length of 1 pm (Fig. la and
b). Strain BO1" agglutinated weakly with monospecific
anti-M serum up to a dilution of 1:40 but not with anti-A
serum. Incomplete lysis was observed with bacteriophages
Th, F1 and F25 at 10% x routine test dilution (10 x RTD)
but not at any other dilutions (Supplementary Fig. S1, in
I[JSEM Online). This finding is in contradiction to previous
results (De et al., 2008), in which no lysis could be detected
with phage Tb. This can be explained by the rapid growth
of strain BO1". In order to detect lysis, the standard
protocol had to be modified in terms of bacteria quantities
and incubation periods. Briefly, Brucella agar plates were
flooded with 5 ml Brucella bouillon including 5 pl of a 10"
cell suspension of BO1" ml™'. Medium in excess was
removed immediately and the plates were dried at 37 "C
for 2 h before the various phage dilutions were applied.
The incubation time of the phage dilutions was 10 s. Plates
were incubated at 37 “C and inspected for phage lysis after
12 h.

As described previously for B. microti (Scholz et al., 2008a),
strain BO1" exhibited outstanding metabolic capabilities in
comparison with recognized Brucella species, sharing a
series of reactions with Ochrobactrum anthropi LMG 3331"
and Ochrobactrum intermedium LMG 3301". The results of
the differential biochemical reactions of strain BO1" in

(a)

(b)

Fig. 1. Transmission electron micrographs (magnification of
40000) showing two inactivated non-flagellated B. inopinata
BO1 cells (a) and a cluster of B. inopinata BO1" cells (b). Bars,
0.2 pm (a) and 1 pm (b).

comparison with other Brucella species and their biovars as
well as with Ochrobactrum species are summarized in Table 1.
Hence, B. inopinata sp. nov. is the second fast-growing
Brucella species with a highly active metabolism.

Using the API 20E and API 20NE test systems, strain BO1"
was misidentified as Ochrobactrum anthropi with iden-
tification scores of 98 and 99 %, respectively. Detailed
results of APT 20E, APT 20NE, and API ZYM test systems
are given in the species description.

Quinones and polar lipids were extracted and analysed as
described by Tindall (1990a, b) and Altenburger et al
(1996). The quinone system consisted of the major
compound ubiquinone Q-10 (99%) and ubiquinone
Q-11 (19%). The polar lipid profile consisted of five major
compounds: phosphatidylethanolamine, phosphatidylgly-
cerol, diphosphatidylglycerol, phosphatidylcholine and one
unknown aminolipid (Supplementary Fig. 52, in IJSEM
Online). The unknown aminolipid exhibited the same
chromatographic behaviour as the unknown aminolipid
ALIL, which was also reported to be present in the type
strains of B. microti, B. melitensis and B. abortus (Scholz
et al., 2008a). In addition, moderate amounts of phosphati-
dylmonomethylethanolamine and minor to trace amounts
of an unknown aminophospholipid and an unknown
phospholipid corresponding to APL2 and PL, respectively,
which were detected in B. microti, as well as four unknown
polar lipids were detected. One of these unknown polar
lipids showed the same chromatographic behaviour as the
lipid 14 present in B. microti but not in other Brucella
species (Scholz et al, 2008a). Unknown aminolipid AL2
found in B. microti (Scholz et al., 2008a) as a major
compound was not detectable. Hence, the polar lipid
profile clearly distinguished strain BO1" from B. microti as
well as from B. melitensis and B. abortus based on the
presence/absence of unknown aminolipid AL2 and
unknown polar lipid L4. The polyamine pattern contained
the major compounds spermidine (45%) and putrescine
(43 %) and small amounts of 1,3-diaminopropane (7 %),
sym-homospermidine (1%) and spermine (1%). This
polyamine pattern is in good agreement with those of
other Brucella species (Scholz ef al., 2008a).

The whole-cell cellular fatty acid profile of strain BO1" was
similar to those of B. abortus, B. melitensis, B. neotomae, B.
ovis and B. suis, characterized by the presence of major
amounts (5-46 %) of Cyg,o cyclo 11-12, Ci5. w7¢, Cis.o
and Cy4.¢ and smaller amounts (1-4 %) of Br-C,g.,. The
antimicrobial susceptibility pattern of strain BO1" was
comparable with profiles of other Brucella species described
by Jevitt et al. (2005), with the exception of resistance to
various cephalosporins (cefoxitin, cephotiam and cefur-
oxim). Details are given in the species description.

Molecular analyses of strain BO1"

Previous molecular analyses of strain BO1" comprised 168
rRNA gene sequencing, DNA-DNA hybridization experi-

hittp://ijs.sgmjournals.org
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Table 1. Differential physiclogical reactions of B. inopinata sp. nov. BO1" in comparison with other Brucella and Ochrobactrum

species

Taxa: 1, B. microti CCM 49157 2, B. inopinata sp. nov. BO1"; 3, B. abortus strains: 5447 (=NCTC 100937) (bv. 1), 86/8/59 (=NCTC 10501) (bv. 2),
Tulya (=NCTC 10502) (bv. 3), 292 (=NCTC 10503) (bv. 4), B3196 (=NCTC 10504) (bv. 5), 870 (=NCTC 10505) (bv. 6), 63175 (=NCTC 10506)
(bv. 7), C68 (=NCTC 10507) (bv. 9); 4, B. melitensis strains: 16M " (=NCTC 100947) (bv. 1), 63/9 (=NCTC 10508) (bv. 2}, Ether (=NCTC 10509)
(bv. 3); 5, B. suis strains: 13307 (=NCTC 103167) (bv. 1), Thomsen (=NCTC 10510) (bv. 2), 686 (=NCTC 10511) (bv. 3), reference 40 (bv. 4),
reference 513 (bv. 5); 6, B. ovis 63/290" (=NCTC 10512"); 7, B. canis RM6/66" (=NCTC 10854"); 8, B. neotomae 5K33" (=NCTC 10084"); 9,
B. pinnipedialis NCTC 12890"; 10, B. ceti NCTC 128917; 11, O. anthropi LMG 3331%; 12, O, intermedium LMG 3301", oNP, o-Nitrophenyl; pNP,
p-nitrophenyl; QO,N, mean of 10 repetitions per reaction. +, Positive (QO,N values >70); —, negative (QO,N values <<50); v, variable (QO,N

values =50 and <<70).

(pH 5.5)

Compound 1 2 3 4 5 6 7 8 9 10 11 12 Substrate class
L-Glutamine + + - - - - - - - = + + Amino acid
1-Histidine hydrochloride + + - - - - - - - - + + Amino acid
p-Histidine + + - - - - - - = - + +  Amino acid
1-Citrulline + + - - - - - - = - + +  Amino acid
DAPI + + - - - - - - - - + + Amino acid
Sarcosine hydrochloride + + - - - - - - = - + +  Amino acid
derivative
Fumaric acid + + - - - - - = = = + +  Org. acid
Succinic acid + + - - - - - - - = + +  Org. acid
2-Ketoglutaric acid + + - - - - - - = - + +  Org. acid
Itaconic acid + + - - - - - - = - - —  Org. acid
Mesaconic acid + + - - - - - - - = - = Org. acid
Glutaric acid + + = = = = = = = = + + Org. acid
Arginine p-nitroanilide + + - - - - - - - = v + Amino peptidase
L-Pyroglutamic acid f-naphthylamide - - - - - - - - - = + + Amino peptidase
pNP N-Acetyl-fi-D-galactosaminide (pH 7.5) + + - - - - - - - = v + Esterase
oNP N-Acetyl-o-p-galactosaminide (pH 7.5) + + - - - - - - - = + +  Esterase
oNP N-Acetyl-f-p-galactosaminide (pH 7.5) + + - - - - - - - - + + Esterase
pNP N-Acetyl-f-p-glucosaminide (pH 7.5) + + - - - - - = = - + + Esterase
pNP N-Acetyl-1-thio-fi-D-glucosaminide (pH 7.5) v + - - - - - = = - + + Esterase
4-Nitrophenyl-z-D-maltoheptaoside-4,6, O-ethylidene + + - - - - -  — - - + + Esterase
(pH 7.5)
pNP N-Acetyl-f-p-glucosamide (pH 5.5) + + - - - - - - - - + —  Esterase
pNP N-g-1-Arabinopyranoside (pH 7.5) + + - - - - - - = = + +  Glucosidase
oNP N-fi-p-Xylopyranoside (pH 7.5) + + - - - - - - = - + +  Glucosidase
pNP N-1-thio-fi-p-Galactopyranaside (pH 7.5) + + - - - - - - = - + +  Glucosidase
2-Methoxy-4-(2-nitrovinyl)-phenyl j-D- + + - - - - = = = - + +  Glucosidase
galactopyranoside
pNP f-1-Fucopyranoside (pH 7.5) + + - - - - - = = - + +  Glucosidase
pNP f-p-Thiofucopyranoside (pH 7.5) + + - - - - - - - = + +  Glucosidase
pNP f-p-Maltoside (pH 7.5) + + - - - - - - = - + +  Glucosidase
pNP f-p-Lactopyranoside (pH 7.5) v o+ - - - - - - - = + +  Glucosidase
pNP f-p-Glucuronide (pH 5.5) + + = = = = = = = = + = Glucosidase
Aesculin hydrolysis - - - - v - v - - = + + Classical
reaction
Voges—Proskauer reaction + + - - - - - - = - + +  Classical
reaction
oNP f-p-Galactopyranoside-6-phosphate + + - - - - = = = - + + Phosphatase
pNP Phosphate-di(2-amino-2-ethyl-1,3-propanediol) + + - - - - - - — - + + Phosphatase

ments, multilocus sequence typing (MLST) analysis and
18711-specific PCR (De et al.,, 2008). DNA-DNA reassocia-
tion of >70 % between strain BO1" and the type strains of
B. melitensis (80%) and B. suis (78%) as well as the

presence of the Brucella-specific [S711 element clearly
demonstrated that strain BO1" is a member of the genus
Brucella. However, the data from 165 rRNA gene sequenc-
ing and MLST analysis also revealed that strain BO1" was
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markedly different from all recognized Brucella species and
their biovars. For example, strain BO1" is characterized by
a unique 165 rRNA gene sequence differing in five
nucleotides when compared with the 165 rRNA gene
consensus sequence of Brucella species and also exhibits a
significantly lower level of sequence similarity in various
housekeeping genes (De et al., 2008).

In this study, we have additionally sequenced the recA,
omp2a/b, omp25 and omp31 genes as described for B. microti
(Scholz et al, 2008a). As shown previously, all recognized
Brucella species, including B. microti, are identical in their
recA gene sequences (Scholz ef al., 2008b). However, the
partial recA gene sequence of strain BO1" (GenBank no.
FM177719) differed in seven of 631 nucleotides (98.9 %
identity). These findings again emphasized the unique
position of strain BO1' within Brucella. As in MLST
analysis, the various omp gene sequences of strain BO1" also

exhibited lower sequence similarities. The omp31 gene
(723 bp) was only 96 % identical to the respective sequences
of other Brucella species. The omp25 gene (642 bp) sequence
of strain BO1" was most closely related to omp25 of B. suis
ATCC 23445 (GenBank no. CP000911) with a similarity of
99%. In the phylogenetic analysis using the neighbour-
joining method, the emp2a and omp2b gene sequences of
BO1" were most closely related to omp2a/b of Brucella strain
83-210 (83/13), an isolate with uncertain affiliation (Fig. 2),
and differed considerably (97-98% sequence similarity)
from omp gene sequences of other Brucella species.

In addition to sequencing of the above-mentioned genes,
strain BO1" was characterized by using AMOS PCR
(Bricker & Halling, 1994) and species-specific multiplex
PCR (Garcia-Yoldi et al., 2006). In multiplex PCR analysis
a unique pattern of six PCR fragments (150 bp, 272 bp,
450 bp, 587 bp, 794 bp and 1682 bp), not observed in

Ochrobactrum anthropi LMG 33317 omp2a (AMT12087)

Ochrobactrum anthropi LMG 33317 omp26 (AM712088)
B. pinnipedialis B2/94 omp2b (common seal) (AF300818)
= Brucelia sp. 7763/2 omp2a (bottlenose dolphin) (AF300821)

I

70

100

B4

&89

0.1

B. ceti B1/34 omp2a {porpoise) (AF300817)
hﬂmceﬂa sp. 776372 omp2b (botllenose dcllphln} {AF300820)
g1V B. cefi B1/%4 omp2b (porpoise) (AF300816)
B. aborius 4520 omp2b (AF268035)
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Fig. 2. Phylogenetic tree reconstructed with ompZ2a (1104
joining analysis (Thompson et al., 1994) and Kimura distance:

nt) and omp2b (1089 nt) sequences using CLUSTREE neighbour-
s. The significance of each branch is indicated by a bootstrap value

calculated for 1000 subsets. The tree was rooted by outgrouping sequence omp2a of O. anthropi LMG 3331". Bar, 0.1

divergent residues per site.
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other Brucella species, was generated. AMOS PCR was
negative using all primer combinations (data not shown).
Finally, strain BO1" was typed by using IS711 finger-
printing using the Southern blotting technique and by
multilocus VNTR (variable-number tandem-repeat) ana-
lysis (MLVA) using eight mini- and eight micro-satellite
VNTR markers as described recently for B. microti (Scholz
et al., 2008a). Of the Brucella-specific insertion sequence
1S711, four to five copies, displaying a unique banding
pattern, were detected (Supplementary Fig. S3, in IJSEM
Online). The MLVA typing pattern obtained was signific-
antly different from those for previously analysed strains
(Le Fléche et al, 2006; Al Dahouk et al, 2007). A new
intermediate size allele was observed at locus Bruce42
(coded 2.5). No amplification product could be obtained at
four loci, bruce07, brucel8, bruce2l and bruce30 (Le
Fleche et al., 2006), an exceptional behaviour not observed
previously. All these loci are associated with an interspersed
repeat element (containing one or two octameric tandem
repeats) present in about 20 locations in B. melitensis 16M ™
strain as reported previously by Bricker et al. (2003). This
suggests that these four loci are the result of recent
spreading events of this presumably mobile element within
the Brucella genus, after the occurrence of the last common
ancestor to B. inepinata sp. nov. and to the other Brucellae.
Alternatively, these four loci might have been lost or
rearranged along the inopinata lineage as a result of their
peculiar structure. MLVA cluster analysis using the
categorical distance coefficient and the unweighted pair-
group method with arithmetic averages (UPGMA) was
carried out as described previously (Scholz et al., 2008a). In
these analyses, strain BO1" clustered together with the
B. microti, B. suis biovar 5 and B. neotomae strains and
three representative marine mammal strains (Supple-
mentary Fig. S4, in IJSEM Online) in a very loosely
connected group with long branches. The inopinata
branch is in proportion markedly shorter than the
relatively very long branch observed by using MLST (De
et al., 2008). This might be because of the inherent
homoplasy at MLVA loci. Furthermore, relatively long
evolutionary distances will be underestimated by MLVA
as 16 markers were used in this MLVA assay, and the
distance is the categorical coefficient; an MLVA distance
between two strains cannot be more than 16. Another
possibility is that VNTR markers do not evolve as fast in
these presumably environmental species, in comparison
with the highly pathogenic and host-adapted variants (the
more classical Brucellae), which are under different stress
conditions. However, as yet nothing is known about the
natural reservoir or the host-range of this novel Brucella
species.

From the phenotypic and molecular data it was obvious
that strain BO1" belonged to the genus Brucella but also
differed from all recognized species and their biovars. We
therefore conclude that BO1" represents a novel species of
the genus Brucella, for which the name Brucella inopinata
sp. nov. is proposed.

Description of Brucella inopinata sp. nov.

Brucella inopinata (in.o.pina‘ta. L. fem. adj. inopinata
unexpected).

Aerobic, non-fermentative, non-motile, non-spore-form-
ing, Gram-negative coccobacilli or short rods, 0.5-0.7 pm
in diameter and 0.6-1.2 pm in length arranged individually
or in irregular clusters. Non-fastidious, fast growth (visible
within 6 h) occurs on Brucella agar, trypticase soy agar
(Becton Dickinson), sheep blood agar and standard
nutrient agar at 25-42 °C. Positive for growth on
MacConkey agar (Becton Dickinson). Smooth, opaque
colonies are formed within 18 h, with a diameter of
approximately 1-2 mm. Good growth does not require
CO;, supplementary serum or blood. No haemolysis is
observed. Growth occurs in the presence of thionin at con-
centrations of 1/25000, 1/50000 and 1/100000, and with
basic fuchsin at concentrations of 1/50 000 and 1/100 000.
Incomplete lysis occurs with bacteriophages Tb, F1 and F25
at 10* x RTD, but not at other dilutions. Agglutinates with
monospecific anti-M serum up to a dilution of 1:40.
Oxidase- and catalase-positive. Fast urease reaction
(<5 min). Growth occurs in nutrient broth with or
without 6% NaCl. Nitrate and nitrite are reduced (with
gas formation from nitrate). Production of H,S and
Voges—Proskauer reaction are positive. Negative for
hydrolysis of aesculin, gelatin liquefaction, production
of indole, citrate utilization, growth on cetrimide and
Salmonella—Shigella (SS) agar. Acid production is observed
in King’s oxidation—fermentation base from D-glucose and
p-xylose, whereas no acid production is observed in King’s
oxidation—fermentation base from mannitol, lactose,
sucrose and maltose. Positive (API ZYM) for acid
phosphatase, alkaline phosphatase, trypsin, leucine aryla-
midase and naphthol-AS-Bl-phosphohydrolase. Negative
(APl ZYM) for esterase, esterase lipase, lipase, valine
arylamidase, cystine arylamidase, a-chymotrypsin, - and
f-galactosidase, f-glucuronidase, z- and p-glucosidase,
N-acetyl-fi-glucosaminidase, #-mannosidase and a-fucosi-
dase. Positive (APl 20NE) for p-glucose, maltose,
L-arabinose, D-mannose, N-acetylglucosamine and adipic
acid. Negative for b-mannitol, citric acid, gluconate, capric
acid, malic acid and phenylacetic acid. In API 20E, positive
for fermentation of r-arabinose. Additional differential
physiological reactions (MICRONAUT) of strain BO1' in
comparison with other Brucella species and biovars and
O. anthropi LMG 3331" are given in Table 1. Susceptible to
the following antimicrobial agents: doxycycline (0.12 pg
ml™!), tetracycline (0.25 pg ml™"), streptomycin (2 pg
ml™ Y, gentamicin (1 pg ml™!) and trimethoprim—sulfa-
methoxazole (<0.5 and 9.5 pg ml™"). Major whole-cell
cellular fatty acids (5-46%) are Cj9.¢ cyclo 11-12,
Cig.1w7¢, Cig.0 and Cg4.¢, and smaller amounts (1-4 %)
of Br-Cyg.,. Quinone system is composed of the major
compound ubiquinone Q-10 and minor amounts of Q-11.
The polar lipid profile contains the major compounds
phosphatidylethanolamine, phosphatidylglycerol, diphos-
phatidylglycerol, phosphatidylchaline and one unknown
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aminolipid, moderate amounts of phosphatidylmono-
methylethanolamine and minor to trace amounts of an
unknown aminophospholipid, an unknown phospholipid
and two unknown polar lipids. The polyamine pattern
consists of the major compounds spermidine and putres-
cine and small amounts of 1.3-diaminopropane, sym-
homospermidine and spermine.

The type strain, BO1T (=BCCN 09-01"=CPAM 6436"),
was isolated in 2005 from a breast implant infection of a
71-year-old female patient in the USA.
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Strain CCUG 50899, a Gram-negative, rod-shaped, non-spore-forming, motile bacterium
isolated from industrial environment in Sweden and tentatively assigned to the species
Ochrobactrum anthropi, was studied in order to clarify its taxonomic status. 16S rRNA gene
sequence similarities placed the strain in the genus Ochrobactrum, sharing highest similarity with
the type strains of Ochrobactrum rhizosphaerae (99.3 %), Ochrobactrum thiophenivorans

(98.7 %), Ochrobactrum pseudogrignonense (98.6 %) and Ochrobactrum grignonense (98.5 %).
The fatty acid profile of [O. anthropi] CCUG 50899 (major fatty acids Cig.jw7c and Cyg.0 cyclo
m8c and presence of Cyg.; 2-OH), the polar lipid profile (diphosphatidylglycerol,
phosphatidylglycerol, phosphatidylmonomethylethanolamine, phosphatidylethanolamine, two
unknown aminolipids and an unknown phospholipid), the presence of the quinone system
ubiquinone Q-10 and a polyamine pattern with the major compounds putrescine and spermidine
and moderate amounts of sym-homospermidine supported its affiliation to the genus
Ochrobactrum. DNA-DNA reassociation experiments with the type strains of its closest relatives
O. rhizosphaerae, O. pseudogrignonense, O. thiophenivorans and O. grignonense demonstrated
that [O. anthropi] CCUG 50899 should be placed in a novel species, which is distinguishable
from related species by a set of biochemical traits. Based on these data, reclassification of

[O. anthropil CCUG 50899 as the type strain of a novel species appears to be justified. Hence,

we describe a novel species to accommodate this strain, for which we propose the name
Ochrobactrum pituitosum sp. nov. The type strain is CCUG 50899 (=DSM 222077).

The genus Ochrobactrum is affiliated with the family
Brucellaceae (Garrity et al., 2005). 165 rRNA gene and recA
sequence-based phylogenies both suggest that the genera
Brucella and Ochrobactrum could be unified in a single
genus (Kdmpfer et al., 2008; Scholz et al., 2006, 2008). At
the time of writing, the genus comprises 13 species:
Ochrobactrum anthropi (Holmes et al., 1988), Q. inter-
medium (Velasco et al., 1998), O. tritici and O. grignonense
(Lebuhn et al., 2000), O. gallinifaecis (Kimpfer et al., 2003),
O. oryzae (Tripathi et al, 2006), O. lupini (Trujillo et al.,

Abbreviations: pNA, p-nitroanilide; pNP, p-nitrophenyl.

The GenBank/EMBL/DDBJ accession numbers for the partial groEL
and gyB sequences of O. rhizosphaerae PR17", Ochrobactrum sp.
CCUG 50899, 0. grignonense OgABa’, O. pseudogrignonense CCUG
30717" and O. thiophenivorans DSM 7216" are respectively
FM863819-FMB63823 (groEL) and FMB63818 and FMB863814-
FM863817 (gyrB).

2005), O. pseudintermedium (Teyssier et al., 2007), O. cytisi
(Zurdo-Pineiro et al., 2007), O. haematophilum and O.
pseudogrignonense (Kampfer et al., 2007), O. rhizosphaerae
and O. thiophenivorans (Kampfer et al, 2008). In a
comprehensive study, Scholz et al. (2008) examined the
phylogenetic relationships of numerous Ochrobactrum and
Brucella strains including strain CCUG 50899, reported as a
strain of O. anthropi according to the CCUG catalogue but
which was shown to be phylogenetically distant from the
type strain of O. anthropi on the basis of both 16S rRNA
gene and recA phylogeny. In comparison to the majority of
Ochrobactrum strains, [O. anthropi] CCUG 50899 shows an
insertion of 47 nt (positions 124-170) in the 165 rRNA
gene sequence (GenBank accession no. AM490609) which
so far has only been reported for some strains of O.
intermedium (Teyssier et al, 2003; Scholz et al., 2008).
Corrected for the insertion sequence, [O. anthropi] CCUG

011668 © 2010 IUMS  Printed in Great Britain
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50899 shares highest 16S rRNA gene sequence similarity
with O. rhizosphaerae PR17" (99.3%), O. thiophenivorans
DSM 7216" (98.7 %), O. pseudogrignonense CCUG 30717"
(98.6%) and O. grignonense OgA9a’ (98.5%). Other
Ochrobactrum species show lower similarity values. Based
on partial recA sequence similarities, O. %rignonense
OgA9aT (93.3%) and O. rhizosphaerae PR17" (91.4%)
are the closest relatives of [O. anthropi] CCUG 50899
(GenBank accession no. AM422871), with other members
of Ochrobactrum sharing only 83.5-88.3 % similarity in the
corresponding partial gene sequences. However, these
similarity values demonstrate unambiguously the affiliation
of [O. anthropi] CCUG 50899 to the genus Ochrobactrum.
Here, we report the classification of [O. anthropi] CCUG
50899, applying biochemical, physiological, chemotaxo-
nomic and genetic characterization and comparison to
phylogenetic relatives identified recently based on 168
rRNA gene and recA phylogenies (Scholz et al, 2006,
2008).

Recalculation of its 165 rRNA gene sequence-based
phylogenetic position placed [O. anthropi] CCUG 50899
on a separate branch within Ochrobactrum consisting of the
type strains of O. grignonense, O. pseudogrignonense, O.
thiophenivorans and the closest related species O. rhizo-
sphaerae with high bootstrap support (Fig. 1), which is in
agreement with the relationship indicated by 165 rRNA
gene sequence similarities.

Since 165 rRNA gene and recA sequence analyses had
identified different Ochrobactrum species as the closest
relatives, partial gyrB (1032 nt) and groEL (1169 nt)
sequences of [O. anthropi] CCUG 50899 were analysed
and compared to the corresponding sequences of selected
reference strains, including O. anthropi LMG 33317, O.
grignonense OgA9A", O. rhizosphaerae PR17", O. thiophe-
nivorans DSM 7216", O. pseudogrignonense CCUG 30717
and O. intermedium LMG 3301". DNA was released by
subjecting a cell suspension in sterile water to three cycles

of freezing in liquid nitrogen and thawing at 60 "C.
Released DNA in the supernatant obtained after a short
centrifugation was used as the template in PCRs. Partial
gyrB and groEL sequences were amplified with the primer
pairs GyrB_f [5'-GATGATGATCTTGTG(AG)TA(AGC)-
CGCAG-3'] and GyrB_r (5'-CGAGGTCATCATGACCCA-
GCTTC-3") and GroEL_f (5'-CGGCGAAGACCTGCTG-
ATC-3") and GroEL_r (5'-GCAACGATACCTTCITCAA-
CCG-3"), respectively. The 50 pl assay contained primers
(0.5 pmol pl™ "), MgCl, (3 mM), dNTPs (0.2 mM each),
10 pl 5 x GoTagq Flexi buffer and GoTaq DNA Polymerase
enzyme (1.25 U; Promega), 1-2 ul DNA preparation and
sterile water. For both primer pairs, PCR amplification was
performed using the following conditions: 5 min initial
denaturation at 95 "C followed by 35 cycles of denaturation
for 1 min at 95 "C, annealing for 1 min at 64 "C and
extension for 90 s at 72 “C with a final extension for 5 min
at 72 "C. PCR products were excised from a 1.5 % agarose
gel and then purified with the QIAquick gel extraction kit
(Qiagen). Products were sequenced at VBC Genomics
(Vienna, Austria). Primers GyrB_r, GyrB_int_544 r (5'-
GACGCTGACCGGCGATGACTG-3'), GroEL_f and
GroEL_r were used as sequencing primers. Multiple
sequence alignment was made with the CLUSTAL_X software,
version 1.81 (Thompson et al, 1997), and a similarity
matrix was calculated with the software BioEdit (Hall,

1999).

For the partial groEL gene sequences, similarities between
the reference strains were in the range 91.3-96.0%
(Table 1). For the partial gyrB sequences, similarity values
between the reference strains were significantly lower,
ranging from 839 to 91.5%. In both partial gene
sequences, [O. anthropi] CCUG 50899 exhibited highest
similarity with O. grignonense OgA9A™ (97.9% for groEL,
95.0% for gyrB), suggesting this species as the closest
relative and thus confirming the results from recA analyses
(Scholz et al., 2008). Similarity values with the reference

O. grignonense OgA9a’ (AJ242581)
O. thiophenivorans DSM 72167 (AM490617)
O. rhizosphaerae PR177 (AM490632)

O. tritici SCI24T (A)242584)

Q. anthropi LMG 33317 (AM114398)

O. fupini LUP21T (AY457038)

O, cytisi ESC1T (AY7762809)

47 B. melitensis ATCC 234567 (AY594215)

O. intermedium LMG 33017 (AM480623)
Q. galfinifaecis lso 1967 (AJ519939)

0.01

O. oryzae MTCC 41957 (AM041247)

O. pseudogrignonense CCUG 30717 (AM422371)
0. pituitosum CCUG 508997 (AM490609)

O. haematophilum CCUG 385317 (AM422370)

O. pseudintermedium ADV317 (DQ365921)

P. kiredjianiae CCUG 495847 (AM263420)
100 [ P. saccharolyticum CCUG 338527 (AM180484)
1L P. asaccharolyticum CCUG 46016 (AM180485)

Bradyrhizobium japonicum USDA 67 (U69638)

Fig. 1. Phylogenetic tree based on 16S rRNA
gene sequences (1355-1394 bp) available
from the EMBL database constructed after
multiple alignment of data by cLUSTAL X
(Thompson et al., 1997). Distances (distance
options according to the maximum composite
likelihood model) were calculated and cluster-
ing with the neighbour-joining method was
performed using the software package MEGA
version 4.0 (Tamura et al, 2007). Bootstrap
values based on 2000 replications are listed
as percentages at branching points (the boot-
strap consensus tree is shown). Bar, 0.01
substitutions per nuclectide position. O,
Ochrobactrum; B., Brucella; P., Pseudochrob-
actrum. The sequence of Bradyrhizobium
Japonicum USDA 6' was used as an outgroup.
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Table 1. Similarities of partial groEL and gyrB sequences

groEL similarities are given as percentages above the diagonal, with percentage gyrB similarities below the diagonal. Sequences were aligned using
cLustal_x (Thompson et al., 1997) and sequence similarities were determined using BioEdit (Hall, 1999). Values for [O. anthropi] CCUG 50899 are

highlighted in bold.

Strain 1 2 3 4 5 6 7

1. O. anthropi LMG 33317 - 92.8 92.4 92.3 91.4 93.1 96.0
2. O. grignonense OgA9IA™ 85.8 - 97.9 95.2 94.9 92.4 92.8
3. [O. anthropi] CCUG 50899 86.0 95.0 - 95.6 95.5 92.5 92.4
4. O. rhizosphaerae PR177 83.9 87.1 87.5 - 95.8 92.8 92.1
5. O. thiophenivorans DSM 72167 84.6 85.3 83.2 85.1 - 92.6 91.3
6. O. pseudogrignonense CCUG 30717 87.1 88.9 89.1 85.6 85.4 - 92.8
7. O. intermedium LMG 33017 91.5 87.2 86.8 85.2 84.8 87.7 -

strains were in the range 92.4-95.6% (groEL) and 83.2—
89.1% (gyrB), respectively. Similarity of 92.4% (groEL)
and 86.0% (gyrB) between [O. anthropi] CCUG 50899 and
O. anthropi LMG 33317 does not suggest a relationship at
the species level.

In order to clarify whether [O. anthropi] CCUG 50899
should be considered a member of a separate species,
DNA-DNA hybridizations were carried out with DNAs of
the nearest relatives O. grignonense OgA9a", O. thiopheni-
vorans DSM 7216", O. pseudogrignonense CCUG 307177
and O. rhizosphaerae PR17". High-molecular-mass DNA
was extracted and purified according to Pitcher et al
(1989). DNA concentrations were estimated chemically
according to Richards (1974). DNA-DNA hybridizations
were performed according to Ziemke et al. (1998) except
that, for nick translation, 2 pg DNA was labelled during a
90 min incubation at 15 "C. In the hybridization experi-
ments, DNA of [O. anthropi] CCUG 50899 exhibited 55 %
(reciprocal 569%) reassociation with O. grignonense
OgA9aT, 47 % (reciprocal 379%) reassociation with O.
thiophenivorans DSM 72167, 62% (reciprocal 35 %) with
O. pseudogrignonense CCUG 30717 " and 43 % (reciprocal
46%) reassociation with O. rhizosphaerae PR17". These
data demonstrate that [O. anthropi] CCUG 50899 repre-
sents a novel species of the genus Ochrobactrum.

For phenotypic characterization, [O. anthropi] CCUG
50899 was subjected to the set of methods already
employed for classification of O. haematophilum, O.
pseudogrignonense, O. rhizosphaerae and O. thiophenivorans
(Kdmpfer et al., 2007, 2008).

Polar lipids and quinones were extracted from biomass
grown in PYE medium (0.3 % peptone from casein, 0.3 %
yeast extract, pH 7.2) and analysed as described previously
(Tindall, 1990a, b; Altenburger et al, 1996; Stolz et al.,
2007). Polyamines were extracted and analysed as
described by Busse & Auling (1988) and Stolz et al
(2007). Analysis of quinones indicated that [O. anthropi]
CCUG 50899 contains a quinone system with ubiquinone
Q-10 (99%) predominating and minor amounts of
ubiquinone Q-9 (1%). The polar lipid profile of [O.
anthropi] CCUG 50899 exhibited all the major compounds

reported for other Ochrobactrum species, including the
characteristic aminolipid AL2 (Kimpfer et al., 2003, 2007,
2008). Differences in the presence of minor, quite
hydrophilic components were detected (Fig. 2), but we
do not want to give too much emphasis here to this
observation because, so far, its significance has not been
demonstrated by results from other strains of the same
species. The polyamine pattern contained the major
compounds putrescine and spermidine [34.2 and
27.6 pmol (g dry weight) ', respectivelyl, moderate
amounts of sym-homospermidine [4.6 pmol (g dry
weight) '] and small amounts of spermine and 1,3-
diaminopropane [0.9 and 0.4 pmol (g dry weight)™},
respectively], which is characteristic of Ochrebactrum

R N
PME
P PE
e N\
PL1
-
AL3 —
PL3 e
L4 m s
PL4

Fig. 2. Total polar lipid profile of [O. anthropi] CCUG 50899
after two-dimensional TLC and detection with molybdatopho-
sphoric acid. DPG, Diphosphatidylglycerol; PC, phosphatidylcho-
line; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;
PME, phosphatidylmonomethylethanolamine; AL1-4, unknown
aminolipids; L2-4, unknown polar lipids; PL1-4, unknown
phospholipids.
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species (Kdampfer et al, 2007, 2008). Fatty acids were
extracted and analysed according to the instructions of the
Microbial Identification System (MIDI Inc.) as described
before (Kiampfer & Kroppenstedt, 1996). The fatty acid
profile of [O. anthropil CCUG 50899 exhibited the
characteristics also reported for other species of the genus
(Table 2). The fatty acids C,5.1w7cand Cyg. cyclo w8cwere
predominant and the hydroxy acid Cj., 2-OH was
detected. Examination of the fatty acid profile from cells
grown for only 24 h (all other analyses were carried out from
cells grown for 48 h) showed a significantly increased
amount of Cyg.;w7c and decreased amount of Cy9.4 cyclo
8¢, but the sum of the two amounts was almost the same as
in cells grown for 48 h. This observation demonstrates that,
for comparison of fatty acid profiles of Ochrobactrum
strains, only the sum of the amounts of Cg.1@7¢and Cyg.4

Table 2. Fatty acid compositions of [O. anthropi] CCUG
50899 and the type strains of closely related species

Strains: 1, [O. anthropi] CCUG 50899; 2, O. rhizosphaerae PR17" (data
from Kampfer et al., 2008); 3, O. grignonense DSM 133387 (Kampfer
et al., 2007); 4, O. pseudogrignonense CCUG 3071 7T (Kampfer et al.,
2007); 5, O. thiophenivorans DSM 72167 (Kampfer et al, 2008). All
strains were grown on TSA at 28 "C for 48 h prior to fatty acid
analysis; [O. anthropi] CCUG 50899 was also analysed for fatty acids
after growth under the same conditions for 24 h (in parentheses). For
unsaturated fatty acids, the position of the double bond is located by
counting from the methyl (@) end of the carbon chain; cis isomers are
indicated by the suffix ¢

Fatty acid 1 2 3 4 5
Saturated fatty acids
Ciseo 49(27) 83 29 97 7.3
Ciz.o 23(1.6) 28 17 16 14
Cis.o 86(7.7) 76 72 49 29
Unsaturated fatty acids
Cia,p at 12-13 - - 07 - -
Ciy.mbe - - 0.5 - -
Cys.107¢C 225 (61.3) 615 31.6 192 409
11-Methyl Cjg.w7c 0.9 (—) - 1.0 1.7 15
Cap.107¢ 0.4 (0.7) - 0.8 - -
Cap.206,9¢ 0.6 (—) ~ 08 09 18
Hydroxy fatty acids
Cyg.q 2-OH 0.6 (2.0) 4.7 0.5 1.8 1.5
Cyq.q 3-OH 0.4 (—) - 05 05

Summed feature 3* 1.2 (1.5) 4.6 1.0 1.4 58

Cyclopropane acids

Cy7.p cyelo 1.0 - - 1.0 21
Cig,p cyclo m8e 56.0 (20.8) 11.2 502 57.0 349
Unknown 13.957F 0.6 - 0.2 0.3 -
Unknown 14,9591 - (0.7) — 0.7 — -

*Summed feature 3 contained C,s., iso 2-OH and/or Cyg, ;7¢ Since
no other iso-branched fatty acids were detected, it is most likely that
summed feature 3 in fact represents only Ci4.07¢

tUnknown fatty acids not identified by the MIDI system. Values are
equivalent chain-lengths.

cyclo @8c should be considered. In contrast to O. rhizo-
sphaerae PR17" and O. thiophenivorans DSM 72167, small
amounts of the hydroxy acid C,g.1 3-OH were also detected.

Tolerance towards NaCl was examined on PYE agar
supplemented with 1, 2, 3, 4, 5, 6, 7 and 10% NaCl (w/v)
and temperature tolerance was examined in an adjustable
incubator. Other phenotypic characteristics were studied

using the methods described by Kampfer et al. (1991).

Physiological and biochemical traits are listed in Table 3
and the species description. Biochemical characterization
of [O. anthropil] CCUG 50899 showed that this strain is
distinguishable from the type strains of the closest related
species including O. rhizosphaerae PR17", O. grignonense
DSM 133387, 0. pseudogrignonense CCUG 30717" and 0.
thiophenivorans DSM 7216 as well as from O. anthropi
CIP 14970" based on a set of traits. These data support our
view that strain CCUG 50899 is affiliated neither with O.
anthropi nor with any of the other related species.

Phylogenetically, [O. anthropi] CCUG 50899 is affiliated
unambiguously with the genus Ochrobactrum, and its
chemotaxonomic traits such as quinone system, polar lipid
profile, fatty acids and polyamine pattern are in agreement
with this classification. Results from DNA-DNA hybridi-
zations demonstrate that Ochrobactrum sp. CCUG 50899 is
a representative of a novel species that differs in several
phenotypic traits from phylogenetically closely related
species. Hence, we here describe a novel species to
accommodate strain CCUG 50899, for which we propose
the name Ochrobactrum pituitosum sp. nov.

Description of Ochrobactrum pituitosum sp. nov.

Ochrobactrum  pituitosum  (pi.tuito’sum. L. neut. adj.
pituitosum  slimy, referring to the consistency of the
colonies after extended incubation).

Cells stain Gram-negative and also show Gram-negative
behaviour in the KOH and aminopeptidase tests. Aerobic.
Highly motile in the early exponential growth phase but
may become less motile or non-motile when approaching
the stationary growth phase. Cells are non-spore-forming,
pleomorphic rods (approx. 1.5-2.5 um long). Good
growth is observed on Columbia agar supplemented with
sheep blood and on nutrient agar, TSA, PYE agar, R2A agar
and MacConkey agar. Growth is observed on PYE agar
supplemented with 6 % NaCl but not with 7 % NaCl (w/v).
Optimal growth occurs at 25-30 “C; weak growth at 20 and
35 "C. No growth occurs at 4 “C or at temperatures above
35 °C on PYE agar. Small, beige, translucent and shiny
colonies up to 1 mm in diameter are formed within 24 h
on PYE agar. After extended incubation, colonies become
slimy. Oxidase- and catalase-positive. The quinone system
consists of the predominant ubiquinone Q-10 and minor
amounts of Q-9. The polyamine pattern consists of the
major compounds spermidine and putrescine, moderate
amounts of sym-homospermidine and minor amounts of
1,3-diaminopropane and spermine. Predominant polar
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Table 3. Physiological characteristics of [O. anthropi] CCUG 50899, O. anthropi CIP 14970" and type strains of four closely related
Ochrobactrum species

Strains: 1, [O. anthropi] CCUG 50899; 2, O. rhizosphaerae PR17"; 3, O. grignonense DSM 13338%; 4, O. pseudogrignonense CCUG 307177; 5, O.
thiophenivorans DSM 7216%; 6, O. anthropi CIP 149707, +, Positive; —, negative; ( + ), weakly positive. All strains were positive for acid formation
from D-glucose (in some cases, a weak positive result was observed). All strains were negative for acid formation from sucrose, D-mannitol, dulcitol,
raffinose, maltose, D-arabitol, p-mannose, trehalose and methyl p-glucoside. All strains were positive for hydrolysis of L-alanine p-nitroanilide
(pNA) and 1-proline pNA and negative for hydrolysis of aesculin, p-nitrophenyl (pNP) fi-D-galactopyranoside, pNP f-p-glucuronide, pNP
phosphorylcholine and 2-deoxythymidine-5'-pNP phosphate. All strains were also positive for assimilation of N-acetyl-D-galactosamine, 1-
arabinose, D-fructose, D-galactose, D-glucose, D-mannose, D-ribose, D-xylose, inositol, D-sorbitol, 4-aminobutyrate, fumarate, glutarate, DL-3-
hydroxybutyrate, DL-lactate, L-malate, oxoglutarate, L-alanine, fi-alanine, L-aspartate, L-ornithine, L-proline and L-serine. All strains were negative
for assimilation of p-arbutin, melibiose, salicin, putrescine, adipate, azelate, itaconate, mesaconate, suberate, L-phenylalanine, L-tryptophan, 3-
hydroxybenzoate, 4-hydroxybenzoate and phenylacetate.

Test 1 2 3 4 5 6

Acid production from:
Lactose - - (+) - - -
L-Arabinose + + + + (+) -
Inositol - - - - (+) -
Rhamnose - - (+) (+) - -
D-Xylose + - + -
Cellobiose - - + - - -

Adonitol - - - - - (+)
Erythritol (+) - + (+) (+) (+)
Melibiose - - (+) - - -

Hydrolysis of:

pNP «-D-glucopyranoside, pNP f-p-glucopyranoside (+) -

pNP phenylphosphonate + + - (+) (+) -
1-Glutamate-y-3-carboxy pNA + -

bis-pNP phosphate -
Assimilation of:

Cellobiose, maltose, maltitol
Sucrose, trehalose, adonitol

+ +

I+ + ++ + +
|+ o+
+ ++ +

|

Acetate, propionate, pyruvate

[
+ 4+ + +

L-Rhamnose, cis-aconitate, citrate, L-histidine, L-leucine
trans-Aconitate

—_

N-Acetyl-p-glucosamine
n-Gluconate

L+ + o+

+
.
n
N
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International Journal of Systematic and Evolutionary Microbiology (2007), 67, 2513-2518

DOI 10.1099/ij5.0.65066-0

Correspondence

Peter Kampfer
peter.kaempfer@agrar.uni-
glessen.de

Ochrobactrum haematophilum sp. nov. and
Ochrobactrum pseudogrignonense sp. nov.,
isolated from human clinical specimens

Peter Kampfer,' Holger C. Scholz? Birgit Huber,? Enevold Falsen” and
Hans-Jurgen Busse®

Nnstitut fir Angewandte Mikrobiclogie, Justus-Liebig-Universitat Giessen, D-36392 Giessen,
Germany
“Bundeswehr Institute of Microbiology, D-80937 Munich, Germany

SInstitut fur Bakteriologie, Mykologie und Hygiene, Veterindrmedizinische Universitat, A-1210 Wien,
Austria

*Culture Callection, University of Goteborg, Department of Clinical Bacteriology, SE-413 46
Goteborg, Sweden

Three Gram-negative, rod-shaped, non-spore-forming bacteria were isolated from clinical
specimens between 1992 and 2000. On the basis of 16S rRNA gene sequence similarities,
these strains (CCUG 30717, CCUG 43892 and CCUG 38531") were shown to belong to the
Alphaproteobacteria, most closely related to Ochrobactrum grignonense (99.0 and 98.2 %
similarity to the type strain). Chemotaxonomic data (major ubiquinone Q-10; major polyamines
spermidine, sym-homospermidine and putrescine; major polar lipids phosphatidylethanolamine,
phosphatidylmonomethylethanolamine, phosphatidylglycerol and phosphatidylcholine; major fatty
acids Cqg.1®7c and Cqg.¢ cyclo w8c) supported the affiliation of the isolates to the genus
Ochrobactrum. The results of DNA-DNA hybridization and physiological and biochemical tests
allowed genotypic and phenotypic differentiation of the isolates from described Ochrobactrum
species. Isolates CCUG 307177 and CCUG 43892 were closely related on the basis of
DNA-DNA reassociation experiments and therefore represent one novel species, for which the
name QOchrobactrum pseudogrignonense sp. nov. is proposed, with the type strain CCUG
307177 (=CIP 1094517). Isolate CCUG 385317 was different from these strains and also from
other Ochrobactrum species. For this strain, the name Ochrobactrum haematophilum sp. nov. is
proposed, with the type strain CCUG 385317 (=CIP 1094527).

The genus Ochrobactrum was introduced by Holmes et al.
(1988) and, at the time of writing, the genus comprises the
nine species Ochrobactrum anthropi (Holmes et al., 1988),
O. intermedium (Velasco et al, 1998), O. tritici and O.
grignonense (Lebuhn et al., 2000), O. gallinifaecis (Kampfer
et al., 2003b), O. lupini (Trujillo et al, 2005), O. oryzae
(Tripathi et al, 2006), O. pseudintermedium (Zurdo-
Pineiro et al., 2007) and O. cytisi (Teyssier et al., 2007).

Strains CCUG 30717" and CCUG 385317 were isolated in
Sweden in 1992 and 1997, respectively, from human blood
and strain CCUG 43892 was isolated in Norway in 2000 from
a human ear and the strains were presumptively identified as
‘0. anthropi-like’. All strains showed beige-coloured colonies

Abbreviations: pNA, p-nitroanilide; pNP, p-nitrophenyl,

The GenBank/EMBL/DDBJ accession numbers for the 165 rRNA gene
seguences of strains CCUG 30717" and CCUG 385317 are
respectively AM422371 and AM422370.

on nutrient agar (Oxoid) at 37 “C. Subcultivation was done
on tryptone soy agar (TSA) at 28 “C for 48 h.

Gram-staining was performed as described by Gerhardt
et al. (1994). Cell morphology was observed under a Zeiss
light microscope at x 1000, with cells grown for 3 days at
28 °C on TSA. The 16S rRNA gene was analysed as
described by Kampfer et al. (2003a). Strains CCUG 307177
and CCUG 43892 showed identical 165§ rRNA gene
sequences. Phylogenetic analysis was performed using the
ARB software package (Ludwig et al., 2004) and also the
software package MEGA version 2.1 (Kumar et al, 2001)
after multiple alignment of data by cLustaL_x (Thompson
et al., 1997). Distances (distance options according to the
Kimura-2 model) were calculated and clustering with the
neighbour-joining method and maximum-parsimony
was performed by using bootstrap values based on 1000
replications.  The almost-complete 165 rRNA gene
sequences of the three strains were compared by sequence

65066 © 2007 IUMS  Printed in Great Britain
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similarity calculations after a neighbour-joining analysis.
The results of these calculations indicated that the closest
relative of all strains was O. grignonense (99.0 and 98.2%
similarity to the type strain). Lower sequence similarities
were found with strains of all other species of the genus
Ochrobactrum with validly published names. A phylo-

genetic tree is shown in Fig. 1.

In recA-based phylogenetic analyses including the type
strains of some Ochrobactrum and Brucella species, strain
CCUG 385317 clustered as a separate lineage most closely
related to Brucella species (Scholz et al., 2006). recA could
not be amplified from strains CCUG 30717" and CCUG
43892, as described previously for the type strain of O.
grignonense (Scholz et al., 2006).

For quinone and polar lipid analysis, cells were grown on
PYE medium (Busse et al, 2005). Detailed results of
chemotaxonomic analyses are given in the species descrip-
tion. The following analytical procedures were performed
as described: respiratory quinones (Tindall, 1990;
Altenburger et al., 1996) but using an HPLC consisting
of a JASCO PU 2080 Plus pump and JASCO UV-2075 Plus
UV/Vis detector; polyamines (Busse & Auling, 1988; Busse
et al., 1997) using a JASCO PU 2080 Plus pump; polar
lipids (Ventosa et al., 1993); and fatty acids (Kampfer &
Kroppenstedt, 1996). The quinone system (Q-10) supports
affiliation of the three strains to the Alphaproteobacteria,
where the majority of species (including Ochrobactrum
species) have Q-10 as the major quinone (Lechner et al.,
1995; Yokota et al.,, 1992). The polyamine pattern, with the
predominant compounds putrescine and spermidine, was
in agreement with the patterns reported previously for two
species, including O. anthropi (Lechner et al, 1995;
Hamana & Takeuchi, 1998), and is distinct from the
polyamine patterns of members of the genera Rhizobium,
Mesorhizobium, Sinorhizobium/Ensifer, Aminobacter and
Phyllobacterium, which were shown to contain sym-
homospermidine as the major compound in their poly-
amine patterns (Busse & Auling, 1988; Auling et al., 1991;
Hamana & Takeuchi, 1998), whereas spermidine is only
present in minor to moderate amounts. In contrast, other
relatives, such as species of Pseudaminobacter, exhibit

polyamine patterns with the predominant compounds
putrescine, spermidine and sym-homospermidine, and
Mpycoplana bullata shows the presence of spermidine as
the major compound with moderate amounts of sym-
homospermidine (Hamana & Takeuchi, 1998; Kimpfer
et al., 1999). However, in the three strains, we were able to
detect significant amounts of sym-homospermidine [9-
17 pmol (g dry weight) ']. Since the Ochrobactrum species
examined so far have been reported to lack sym-homo-
spermidine, we have reanalysed all type strains of
Ochrobactrum species for their polyamine patterns, and
every strain was found to contain at least moderate
amounts [>5 pumol (g dry weight)™'] of this polyamine
(not shown). These results suggest that, under the
standardized conditions for growth of biomass applied
here (growth on PYE medium at 28 "C and harvesting the
cells at approximately 70% of the maximum optical
density of the culture), Ochrobactrum species are char-
acterized by a polyamine pattern containing the major
compound spermidine and moderate to major amounts of
putrescine and sym-homospermidine. Absence of sym-
homospermidine in representatives of the closely related
genus Pseudochrobactrum (Kampfer et al, 2006, 2007; B.
Huber and H.-J. Busse, unpublished results) appears to be
a distinguishing trait between the two genera. The polar
lipid profiles of CCUG 30717" (Fig. 2), CCUG 43892 and
CCUG 385317 were almost indistinguishable and exhibited
a high degree of similarity to the profile of O. gallinifaecis
(Kdampfer et al, 2003b). Like this species, the strains
showed the presence of aminolipid AL2, but its content in
the profile of CCUG 385317 was lower than in the other
two strains (not shown). Since AL2 is lacking in extracts of
Pseudochrobactrum species (Kampfer er al., 2006, 2007), its
presence is apparently another distinguishing trait between
Ochrobactrum and Pseudochrobactrum. In this context, it is
worth mentioning here that other Ochrobactrum species
also contain this characteristic in their polar lipid profiles
(B. Huber and H.-]. Busse, unpublished results).

The fatty acid profiles of the three strains are shown in
Table 1. No significant differences in fatty acid profiles
have been found for other Ochrobactrum species; however,

Ochrobactrum pseudogrignonense CCUG 43892
Qchrobactrum grignonense OgAZaT (AJ242581)
Ochrobactrum haematophilum CCUG 385317 (AM422372)
Octirobactrum titici SCI24T (AJ242584)

COchrobactrum anthropi 1AM 141187 (D12794)

97 | Ochrobactrum cytisi ESC1T (AY776288)

671 Qchrobactrum fupini LUP21T (AY457038)

Qchrobactrum intermedium LMG 33017 (U70978)

Brucella melitensis bv. melitensis ATCC 234567 (AY594215)
Myooplana dimorpha IAM 131547 (D12786)
Sinorhizobium melioti 1021 {AL591782)
Ochrobactrum pseudintermedium ADV31T (DQ365921)
Ochrobactrum oryzae MTCC 41957 (AM041247)

Ochrobactrum gallinifaecis |so 1967 (AJ519939)

1 Pseudochrobactrum saccharolyticum CCUG 338527 (AM1B0484)
100 psgudochrobactrum asaccharolyticum CCUG 460187 (AM180486)

100) Ochrobactrum pseudogrignonense CCUG 307177 (AM422371)

Fig. 1. Phylogenetic analysis based on 16S
rRNA gene sequences available from the
EMBL database (accession numbers in par-
entheses) constructed after multiple alignment
of data by cLusTAL_x (Thompson et al, 1997).
The tree was constructed as described in the
text. Bootstrap values based on 1000 replica-
tions are listed as percentages at branching
points. Bar, 0.005 substitutions per nucleotide
position.
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Fig. 2. Two-dimensional TLC of polar lipids of strain CCUG
30717". PME, Phosphatidylmonomethylethanolamine; PE, phos-
phatidylethanolamine; PC, phosphatidylcholine; DPG, diphospha-
tidylglycerol; PG, phosphatidylglycerol; AL1-3, unknown
aminolipids; PL1-6, unknown phospholipids; APL1-3, unknown
aminophospholipids; L2-3, unknown polar lipids.

no hydroxylated fatty acids were detected in strain CCUG
38531".

Results of the physiological characterization are given in the
species description and in Table 2 (differential characters),
using previously described methods (Kémpfer et al., 1991).
DNA-DNA hybridization experiments were performed
with all three strains and the type strains of all
Ochrobactrum species using the method described by
Ziemke et al (1998), except that, for nick translation,
2 pg DNA was labelled during a 3 h incubation at 15 “C.
Results for the novel strains and the four most closely
related type strains are shown in Table 3.

Phylogenetic examinations based on almost-entire 168
rRNA gene sequences showed the affiliation of the three
strains to the genus Ochrobactrum. They also shared the
distinguishing characteristics of the genus, the presence of
unknown aminolipid AL2 and a polyamine pattern
containing significant amounts of sym-homospermidine
in addition to spermidine and putrescine. The relationship
of strains CCUG 30717" and CCUG 43892 at the species
level as suggested by their identical 16S rRNA gene
sequences was confirmed by the results of DNA-DNA
hybridizations. In the phylogenetic tree, they were placed
next to O. grignonense OgA9a’, but their status as a distinct
species was confirmed by DNA-DNA hybridizations with
O. grignonense DSM 13338%; O. anthropi CIP 14970", O.
tritici LMG 18957" and O. intermedium LMG 3301". The

Table 1. Major fatty acids (%) of the type strains of species of
the genus Ochrobactrum closely related to strains CCUG
30717", CCUG 43892 and CCUG 385317

Strains: 1, Q. pseudogrignonense sp. nov. CCUG 307175 2, O.
pseudogrignonense sp. nov. CCUG 43892; 3, O. haematophilum sp.
nov. CCUG 385317; 4, O. grignonense DSM 133387; 5, O. gallinifaecis
Iso 1967; 6, O. intermedium LMG 330173 7, O. anthropi CIP 14970; 8,
O. tritici LMG 18957". All strains were grown on trypticase soy broth
agar at 28 "C for 48 h prior to fatty acid analysis. For unsaturated
fatty acids, the position of the double bond is located by counting
from the methyl (x) end of the carbon chain. cis and frans isomers are
indicated by the suffixes ¢ and t, respectively. —, Not detected.

Fatty acid 1 2 3 4 5 6 7 8
Saturated fatty acids
Cis:o - - - - 07 - - -
Cis:0 - 03 - - - - - -
Cre.0 97 92 108 29 89 37 66 3.7
Ciro 16 21 25 17 — 31 14 09
Ciseo 49 50 77 72 37 41 88 96
Unsaturated fatty
acids
Cys.pat 12-13 - - - 07 - - 06 -
Cy7.mbe - - - 05 - 11 - -
Cis.7¢ 19.2 242 327 31.6 28.8 25.8 45.6 779
11-Methyl L.y 1.3 - 10 16 15 1.0 -
Cig. 7t
Cap.107¢ - 02 - 08 - - - -
Cap. 2006,9¢ 09 03 12 08 L1 09 05 -
Hydroxy fatty acids
Cyg.; 2-OH 1.8 20 - 05 15 1.8 06 14
Cig.0 3-OH 05 06 - 05 - - - -
Summed feature 3* 1.4 17 1.8 10 37 07 11 0.7
Cyclopropane acids
Cy7.0 cyclo 1.0 1.3 - - 29 - 08 -
Cio.q cyclo w8¢ 57.0 50.8 432 50.2 47.2 574 32.7 59
Unknown 13957+ 03 02 - 02 - - - -
Unknown 14959t - 03 - 07 - - 03 -

*Summed features are groups of two or three fatty acids that cannot
be separated by GLC with the MIDI system. Summed feature 3
contained Cyg,07¢ andfor is0-Cy5.9 2-OH.

tUnknown fatty acids have no name listed in the peak library file of
the MIDI system and therefore cannot be identified. Values are
equivalent chain lengths.

results from DNA-DNA hybridizations also demonstrated
that CCUG 38531 is a representative of another species of
the genus Ochrobactrum. On the basis of unique pheno-
typic traits and genotypic characterization, we therefore
describe two novel Ochrobactrum species.

Description of Ochrobactrum
pseudogrignonense sp. nov.

Ochrobactrum  pseudogrignonense [pseu.do.gri.gno.nen'’se.
Gr. adj. pseudes false; N.L. neut. adj. grignonense a bacterial

http://ijs.sgmjournals.org
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Table 2. Physiological characteristics of the type strains of Ochrobactrum species closely related to strains CCUG 307177, CCUG
43892 and CCUG 385317

Strains: 1, O. pseudogrignonense sp. nov. CCUG 307177 and CCUG 43892; 2, O. haematophilum sp. nov. CCUG 385317 3, (. grignonense DSM
13338%; 4, O. anthropi CIP 149707; 5, O. gallinifaecis Iso 196%; 6, O. intermedium LMG 33017%; 7, O. tritici LMG 18957". +, Positive; —, negative;
(+), weakly positive. All strains were positive for hydrolysis of 1-alanine p-nitroanilide (pNA) and weak hydrolysis of bis-p-nitrophenyl (pNP)
phosphate, All strains were negative for hydrolysis of aesculin™, pNP fi-D-galactopyranoside”, pNP fi-D-glucuronide, pNP 2-D-glucopyranoside,
pNP p-p-glucopyranoside, pNP phosphorylcholine and 2-deoxythymidine-5"-pNP phasphate. All strains were also positive for assimilation of 1-
arabinose”, p-galactose”, gluconate, p-glucose, D-mannose, D-ribose”, D-xylose, acetate, propionate”, fumarate”, glutarate, pi-lactate, 1-malate”,
oxoglutarate”, pyruvate”, L-alanine, L-proline, L-serine” and ornithine”. All strains were negative for assimilation of p-arbutin, salicin, putrescine, 1-
phenylalanine, L-tryptophan, 3-hydroxybenzoate, adipate”, itaconate, mesaconate, phenylacetate®, #-b-melibiose® and azelate.

Test 1 2 3 4 5 6 7

Hydrolysis of:
pNP phenylphosphonate (+) - — — — - (+)
L-Glutamate ¢-3-carboxy-pNA - - - (+) - + (+)
L-Proline pNA® + + + + + (+)  (+)

Assimilation of:
p-Fructose, myo-inositol”, 1-thamnose®, D-sorbitol?, cis-aconitate, citrate™, + + + + - - +

pL-3-hydroxybutyrate”

4-Aminobutyrate, ff-alanine” + + + + (+) + +
p-Maltose™, N-acetyl-n-glucosamine® - + — 4 — 1 +
Adonitol™ + + - + - + +
Sucrose™, trehalose ++ + - + - - +
Maltitol — + — + — — _
trans-Aconitate” + - — - (+) _
D-Cellobiose™ - — - n - + _
N-Acetyl-D-galactosamine + - + (+) — + 4
Suberate” - - - - - _ +
L-Aspartate” + + + + + + -
4-Hydroxybenzoate - + — (+) — (+) +
L-Histidine" + + + + + + (+)
L-Leucine” + + + + - + (+)

*Tests (based on different methods) were also performed in the following studies and gave congruent results: a, Holmes et al. (1988) with O.
anthrops; b, Velasco et al. (1998) with O. intermedium; ¢, Lebuhn et al. (2000) with type strains of all four previously described species.
#Strain CCUG 307177 showed only weakly positive results.

species epithet; N.L. neut. adj. pseudogrignonense a false
(Ochrobactrum) grignonensel.

Cells are non-motile, non-spore-forming rods (approx. 2 pm
in length). Gram-negative and oxidase-positive, showing an
oxidative metabolism. Good growth occurs on R2A agar,
TSA, nutrient agar and MacConkey agar at 25-30 "C.
Growth is observed on PYE agar supplemented with 5%
NaCl (w/v) but different results are observed for the two
known strains at 7 % NaCl. Growth is observed on PYE agar

at 4 °C but not at 42 °C. Beige, translucent and shiny
colonies with entire edges are formed within 24 h, with a
diameter of approximately 2 mm. The quinone system
consists of Q-10 (96-99 %) and Q-9 (2—4 %). The polyamine
pattern [(g dry weight) '] consists of the major compounds
spermidine (23-35 pmol) and putrescine (27-34 pmol),
moderate amounts of sym-homospermidine (9-10 pmol)
and minor amounts of 1,3-diaminopropane (1-2 pmol) and
spermine (1 pmol). Predominant polar lipids are phospha-
tidylethanolamine, phosphatidylmonomethylethanolamine,

Table 3. Percentage DNA-DNA reassociation values between the

novel strains and related Ochrobactrum type strains

Strain 1 2 3 O. grignonense O. anthropi O. tritici LMG 18957" 0. intermedium
DSM 133387 CIP 149707 LMG3301"
1. CCUG 307177 100 81 21 49 26 32 19
2. CCUG 43892 100 100 22 45 48 25 13
3. CCUG 385317 38 13 100 40 18 42 47
2516 International Journal of Systematic and Evolutionary Microbiology 57
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phosphatidylglycerol and phosphatidylcholine. Moderate
amounts of phosphatidyldimethylethanolamine, diphos-
phatidylglycerol and two unidentified phosphorus-free
aminolipids (ALl and AL2) and small amounts of several
unknown phospholipids, aminophospholipids and an ami-
nolipid are also present. The fatty acid profile is composed
largely of Cyg5.1®7¢(19.2-24.2 %) and C,9. cyclo w8¢ (50.8—
57.8%). Carbon source utilization and hydrolysis of
chromogenic substrates (including differentiating characters
for all Ochrobactrum species) are indicated in Table 2.

The type strain, CCUG 307177 (=CIP 109451"), was
isolated in 1992 from blood of a 28-year-old man in
Goteborg, Sweden. Strain CCUG 43892 was isolated in
2000 from the ear of a newborn in Tromso, Norway.

Description of Ochrobactrum haematophilum
Sp. nov.

Ochrobactrum haematophilum (hae.ma.to.phi'lum. Gr. n.
haema -atis blood; Gr. adj. philos loving; N.L. neut. adj.
haematophilum blood-loving).

Cells are non-motile, non-spore-forming rods (approx.
2 pm in length). Gram-negative and oxidase-positive,
showing an oxidative metabolism. Good growth occurs
on R2A agar, TSA, PYE agar, nutrient agar and MacConkey
agar at 25-30 "C. Growth is observed on PYE agar
supplemented with 5% NaCl (w/v) but not with 7%. No
growth is observed on PYE agar at 4 or 42 "C. Beige,
translucent and shiny colonies with entire edges form
within 24 h, with a diameter of approximately 2 mm. The
quinone system consists of Q-10 (98%) and Q-9 (2%).
The polyamine pattern [(g dry weight) '] consists of the
major compounds spermidine (49 pmol), putrescine
(19 pmol) and sym-homospermidine (17 umol) and minor
amounts of 1,3-diaminopropane (3 umol) and spermine
(2 pmol). Predominant polar lipids are phosphatidyletha-
nolamine, phosphatidylmonomethylethanolamine, phos-
phatidylglycerol and phosphatidylcholine. Moderate
amounts of phosphatidyldimethylethanolamine, diphos-
phatidylglycerol and two unidentified phosphorus-free
aminolipids (ALl and AL2) and small amounts of several
unknown phospholipids, aminophospholipids and an
aminolipid are also present. The fatty acid profile is
composed largely of C5.,07¢(32.7%) and C., cyclo 8¢
(43.2%). Carbon source utilization and hydrolysis of
chromogenic substrates (including differentiating charac-
ters for all Ochrobactrum species) are indicated in Table 2.

The type strain, CCUG 385317 (=CIP 109452"), was
isolated in 1997 from blood of a 79-year-old man in Falun,
Sweden.
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2.7. Ochrobactrum rhizosphaerae sp. nov. and Ochrobactrum thiophenivorans

sp. nov., isolated from the environment
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Two Gram-negative, rod-shaped, non-spore-forming bacteria, PR17" and DSM 7216, isolated
from the potato rhizosphere and an industrial environment, respectively, were studied for their
taxonomic allocation. By rrs (16S rRNA) gene sequencing, these strains were shown to belong to
the Alphaproteobacteria, most closely related to Ochrobactrum pseudogrignonense (98.4 and
99.3 % similarity to the type strain, respectively). Chemotaxonomic data (major ubiquinone Q-10;

major polyamines spermidine, sym-homospermidine and putrescine; major polar lipids

phosphatidylethanolamine, phosphatidylmonomethylethanolamine, phosphatidylglycerol and
phosphatidylcholine and the Ochrobactrum-specific unidentified aminolipid AL2; major fatty acids
Cis.1m7¢c and Cyq.0 cyclo w8c) supported the genus affiliation. The results of DNA-DNA
hybridization and physiological and biochemical tests allowed genotypic and phenotypic
differentiation of the isolates from all hitherto-described Ochrobactrum species. Hence, both
isolates represent novel species of the genus Ochrobactrum, for which the names Ochrobactrum
rhizosphaerae sp. nov. (type strain PR17" =CCUG 554117 =CCM 74937 =DSM 19824 ") and
Ochrobactrum thiophenivorans sp. nov. (type strain DSM 7216" =CCUG 55412" =CCM

7492") are proposed.

The genus Ochrobactrum, introduced by Holmes et al
(1988), is a genus of which several novel species have
recently been proposed. At the time of writing, the genus
comprises the 11 species Ochrobactrum anthropi (the type
species; Holmes et al.,, 1988), O. intermedium (Velasco et
al, 1998), O. tritici and O. grignonense (Lebuhn et al,
2000), O. gallinifaecis (Kampfer et al, 2003), O. lupini
(Trujillo et al., 2005), O. oryzae (Tripathi et al., 2006), O.
cytisi (Zurdo-Pifieiro et al., 2007), O. pseudintermedium
(Teyssier et al, 2007), O. haematophilum and O. pseudo-
grignonense (Kampfer et al., 2007b).

Abbreviations: pNA, p-nitroanilide; pNP, p-nitrophenyl.

The GenBank/EMBL/DDBJ accession numbers for the 165 rRNA gene
sequences of strains PR17T and DSM 72167 are respectively
AMA90632 and AM490617.

Strains PR17" and DSM 7216" were both isolated from the
environment. Strain PR17" was isolated in Austria from
the potato rhizosphere and strain DSM 7216" was isolated
from wastewater in Germany. The latter strain was able to
produce thiophene-2-carboxylate CoA esterase and utilizes
thiophene 2-carboxylate as a sole source of carbon and
sulfur (Kreimer, 1992). Both strains were presumptively
identified as O. anthropi-like. They showed beige-coloured
colonies on nutrient agar (Oxoid) at 37 “C. Subcultivation
was done on tryptone soy agar (TSA) at 28 “C for 48 h.

Gram staining was performed as described by Gerhardt et
al. (1994). Cell morphology was observed under a Zeiss
light microscope at x 1000, with cells grown for 3 days at
28 °C on TSA. Partial 165 rRNA gene sequences (both
1387 bp) were studied as described by Kimpfer et al
(2003) and subsequent analysis was performed using the
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software package MEGA version 2.1 (Kumar et al., 2001)
after multiple alignment of data by cLustaL_x (Thompson
et al., 1997). Distances (distance options according to the
Kimura-2 model) and clustering with the neighbour-
joining and maximum-parsimony methods was performed
by using bootstrap values based on 1000 replications. The
16S rRNA gene sequences of these two strains were
compared to each other and to entries in the nucleotide
collection databases (nr/nt) using the BLASTN search tool
available at http://www.ncbi.nlm.nih.gov/blast/Blast.cgi.
The results of these calculations showed that the closest
relative of strain PR17' was strain DSM 7216" (98.7 %
similarity) and the type strain of O. pseudogrignonense,
CCUG 30717" (98.4 % similarity). The closest relatives of
strain DSM 7216”7 were O. pseudogrignonense CCUG
307177 (99.3 % similarity), strain PR17" (98.7 % similarity)
and the type strain of O. haematophilum, CCUG 385317
(98.6 % similarity). Lower sequence similarities were found
with all other species of the genus Ochrobactrum. An rrs-
based tree is shown in Fig. 1.

In recA-based phylogenetic analysis including the type
strains of some Ochrobactrum and Brucella species, both
strains again grouped close to O. grignonense but formed
separate branches (Scholz et al., 2006; Fig. 2).

For polar lipid and quinone analyses, cells were grown on
PYE medium (0.3% peptone from casein, 0.3% yeast
extract, pH 7.2). Extraction and analyses were carried out
as described previously (Tindall, 1990a, b; Altenburger et
al., 1996; Stolz et al., 2007). Polyamines were extracted and
analysed as described by Busse & Auling (1988) and Stolz et
al. (2007). Detailed results of chemotaxonomic analyses are
given in the species descriptions. Analysis of quinones
revealed a spot that corresponded to ubiquinone-10 (Q-
10). The quinone system supports the affiliation of the two
strains to the Alphaproteobacteria, where the majority of
species have Q-10 as the major quinone (Lechner et al,
1995; Yokota et al., 1992); other Ochrobactrum species and
unnamed Ochrobactrum strains have been reported to
exhibit Q-10 as the major quinone (Lechner et al, 1995;
Yokota et al., 1992; Kampfer et al., 2003; Teyssier et al,

2007; B. Huber and H.-]. Busse, unpublished results). The
polyamine patterns, with the three predominant com-
pounds putrescine, spermidine and sym-homospermidine,
are in agreement with patterns reported previously for two
species of this genus (Kampfer et al., 2007b) and with the
polyamine patterns of several other species of the genus (B.
Huber and H.-]. Busse, unpublished results). Polar lipid
profiles of PR7" and DSM 7216" exhibited only slight
quantitative differences and strongly resembled the profiles
of O. gallinifaccis (Kimpfer et al, 2003), O. haematophi-
lum, O. pseudogrignonense (Kampfer et al, 2007b) and
other Ochrobactrum strains (B. Huber and H.-J. Busse,
unpublished results). Furthermore, the characteristic
unknown aminolipid AL2 was detected, which is absent
from polar lipid extracts of representatives of the closely
related genus Pseudochrobactrum (Kampfer et al, 2006,
2007a).

Fatty acid methyl esters were prepared, separated and
identified according to the instructions of the Microbial
I[dentification  System (MIDI Inc.) (Kimpfer &
Kroppenstedt, 1996). The fatty acid profiles of the three
strains are shown in Table 1. No significant differences in
the fatty acid profiles were found compared with other
Ochrobactrum species.

Results of physiological and biochemical tests are given in
the species descriptions and in Table 2. Tests were
performed with methods described previously (Kidmpfer
et al, 1991). DNA-DNA hybridization experiments were
performed with strains PR17" and DSM 7216" and the type
strains of the most closely related Ochrobactrum species, O.
grignonense and O. pseudogrignonense, using the method
described by Ziemke et al. (1998) except that, for nick
translation, 2 ng DNA was labelled during a 3 h incubation
at 15 "C. The results are shown in Table 3.

Examinations based on almost entire rrs and recA gene
sequences showed the affiliation of the two strains to the
genus Ochrobactrum. In both trees (Figs 1 and 2), strains
PR17" and DSM 7216" grouped close to O. grignonense
OgA9a' and O. pseudogrignonense CCUG 30717".

70 [ Ps. asaccharolyticum CCUG 460167 (AM180485)

100| ! ps. saccharolyticum CCUG 338527 (AM180484)

0.01 54

Brucella melitensis ATCC 234567 (AY594215)
O. intermedium LMG 33017 (UT0978)

O. cytisi ESC1T (AY776289)

O. lupini LUP21T (AY457038)

O. anthropi LMG 33317 (AM114398)

Q. tritici SCI24T (AJ242584)

-

— Ps. kiredjianiae CCUG 495847 (AM263420)

O. gallinifaecis Iso 196" (AJ519939)
EEpseudmtenﬂedaum ADV31T (DQ365921)
57 0. oryzae MTCC 41957 (AM041247)

Fig. 1. Phylogenetic analysis based on 16S
rRNA gene (1387 bp) sequences available
from the EMBL database (accession numbers
in parentheses) constructed after multiple
alignment of data by cLusTAL_x (Thompson et
al, 1997). Distances (distance options
according to the Kimura-2 model) and cluster-
ing with the neighbour-joining method was

0. haematophilum CCUG 385317 (AM422370)

O. rhizasphaerae PR17T (AM490632)

O. thiophenivorans DSM 72167 (ANMA490617)

0. pseudogrignonense CCUG 307177 (AM422371)

49 O, grignonense QgA%a™ (AJ242581)

Bradyrhizobium japonicum ATCC 103247 (U69638)

performed by using the software package
MEGA version 2.1 (Kumar et al, 2001).
Bootstrap values based on 1000 replications
are listed as percentages at branching points.
Bar, 0.01 substitutions per nucleotide position.
Ps., Pseudochrobactrum.
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Bartonelfa henselae
Houston-17 (NC_005956}

-1 Ps. saccharolyticum CCUG 338527 (AM118082)
_'EPS‘ asaccharolyticum CCUG 460167 (AM118081)
Ps. kiredjianae CCUG 485847 (AM263419)
O. gallinifaecis Iso 1967 (AM422962)
0. haematophilum CCUG 385317 (AM087904)
Brucella melitensis NCTC 10094 (AM087912)
O. tritici SCI24T (AMOB7914)
100 — O. anthropi LMG 33317 (AMOB7899)
— O, lupini LUP217 (AM113737)
O. intermedium CCUG 246847 (AM087913)
48 0. oryzae DSM 174717 (AM263421)
so— O. pseudogrignonense CCUG 307177 (AM422877)
1 0. grignonense OgA%a’ (AM422960)
72 Q. thiophenivorans PR17T (AM422876)
Q. rhizosphaerae DSM 72167 (AM422872)

0.1

Fig. 2. Phylogenetic analysis based on recA
(879 bp) gene sequences. See legend to Fig.
1 for further details. Bar, 0.1 substitutions per
nucleotide position.

However, DNA-DNA hybridization studies (Table 3)
clearly demonstrated that the two strains represent separate
species distinct from O. grignonense and O. pseudogrigno-
nense. On the basis of these results, we describe two novel
Ochrobactrum species.

Description of Ochrobactrum rhizosphaerae sp.
nov.

Ochrobactrum rhizosphaerae [rhi.zo.sphae’rae. Gr. fem. n.
rhizaroot; L. fem. n. sphaera -ae (from Gr. fem. n. sphaira -as)

Table 1. Major fatty acids (%) of the novel strains and type strains of closely related species of the genus Ochrobactrum

Strains: 1, PR177 (Q. rhizosphaerae sp. nov.); 2, DSM 7216" (O. thiophenivorans sp. nov.); 3, O. pseudogrignonense CCUG 3071775 4, O.
pseudogrignonense CCUG 43892"; 5, O. haematophilum CCUG 385317; 6, O. grignonense DSM 13338%; 7, O. gallinifaecis Iso 19675 8, O. intermedium
LMG 3301% 9, O. anthropi CIP 14970%; 10, O. tritici LMG 18957%; 11, O. lupini LUP217, All strains were grown on TSA at 28 “C for 48 h prior to
fatty acid analysis. For unsaturated fatty acids, the position of the double bond is located by counting from the methyl () end of the carbon chain;

cis and frans isomers are indicated by the suffixes ¢ and 1, respectively.

Fatty acid 1 2 3 4 5 6 7 ] 9 10 11
Saturated fatty acids
Cis:0 0.7
Cis.o 03
Cieeo 8.3 7.3 9.7 9.2 10.8 2.9 8.9 3.7 6.6 3.7 5.8
Ciro 2.8 1.4 1.6 2.1 2.5 1.7 3.1 1.4 0.9 1.8
Cuso 7.6 29 4.9 5.0 7.7 7.2 37 4.1 8.8 9.6 3.5
Unsaturated fatty acids
Cys. at 1213 0.7 0.6
Cyy.m6¢ 0.5 1.1
Cig.07c 61.5 40.9 19.2 242 32.7 3l.6 28.8 258 45.6 779 573
11-Methyl C5. ,w7¢ 1.5 1.7 1.3 1.0 1.6 1.5 1.0 2.0
Capne’c 0.2 0.8
Cap,206,9¢ 1.8 0.9 0.3 1.2 0.8 1.1 0.9 0.5
Hydroxy fatty acids
Cy.y 2-OH 47 1.5 1.8 20 0.5 1.5 1.8 0.6 14 1.8
Cis.0 3-OH 0.5 0.6 0.5
Summed feature 3* 4.6 5.8 1.4 1.7 1.8 1.0 3.7 0.7 1.1 0.7 2.1
Cyclopropane acids
Cyy.p cyclo 2.1 1.0 1.3 29 0.8
Ciy.0 cyclo m8¢ 11.2 34.9 57.0 50.8 43.2 50.2 47.2 57.4 32.7 5.9 23.8
Unknown 13.957+ 0.3 0.2 0.2
Unknown 14.959+ 0.3 0.7 0.3 2.0

*Summed features are groups of two or three fatty acids that cannot be separated by GLC with the MIDI system. Summed feature 3 contained

Cig.1w7c andfor Cys,q iso 2-OH.

TUnknown fatty acids have no name listed in the peak library file of the MIDI system and therefore cannot be identified.
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Table 2. Physiological characteristics of the novel strains and type strains of closely related Ochrobactrum species

Strains: 1, PR17T (O. rhizosphaerae sp. nov.); 2, DSM 7216° (O. thiophenivorans sp. nov.); 3, O. pseudogrignonense CCUG 307177 and CCUG 43892;
4, O. haematophilum CCUG 385317; 5, O. grignonense DSM 13338%; 6, O. anthropi CIP 149707; 7, Ochrobactrum gallinifaecis 1so 196%; 8, O.
intermedium LMG 3301539, O. tritici LMG 1895773 10, Q. lupini LUP217; 11, O. oryzae DSM 174717 (data from Tripathi et al, 2006). 4, Positive;
—, negative; (4 ), weakly positive; nD, no data available. All strains were positive for hydrolysis of L-alanine p-nitroanilide (pNA) and weak
hydrolysis of bis-p-nitrophenyl (pNP) phosphate. All strains (except O. oryzae DSM 174717, for which not all tests were performed) were negative
for hydrolysis of aesculin™, pNP f-p-galactopyranoside”, pNP f-p-glucuronide, pNP a-D-glucopyranoside, pNP f-D-glucopyranoside, pNP
phosphorylcholine and 2-deoxythymidine-5'-pNP phosphate. All strains were also positive for assimilation of L-arabinose”, D-galactose”, D-glucose,
D-mannose, D-ribose”, D-xylose, acetate, propionate”, fumarate®, glutarate, pL-lactate, L-malate”, oxoglutarate®, pyruvate”, L-alanine, L-proline, 1-
serine” and ornithine®. All strains were negative for assimilation of p-arbutin, salicin, putrescine, L-phenylalanine, L-tryptophan, 3-hydroxybenzoate,
adipatcb, itaconate, mesaconate, phenylacetate”, melibiose” and azelate.

Test 1 2 3 4 5 6 7 8 9 10 1

Hydrolysis of:
pNP phenylphosphonate + (+) (+) - - - - - (+) =
L-Glutamate-y-3-carboxy pNA - - - - = (+) - T (+) + WD
1-Proline pNA™ o+ o+ o+ o+ (B () 4w

Assimilation of:
p-Fructose, myo-inositol”, p-sorbitol”, bi-3-hydroxybutyrate” + + + + +  + - + + +  +
L-Rhamnose” + — + o+ o+ o+ - n n + o+
cis-Aconitate + - + o+ o+ 4 - + 4 -+
Citrate™ + - 4+ 4+ + + - o+ o+ o+ -
4-Aminobutyrate, f-alanine® + + + o+ + o+ (+) 4+ + + ND
Maltose™ + - e + - + + +  +
p-Gluconate - + + o+ o+ o+ + + +  (4) +
N-Acetyl-D-glucosamine” (+)y (+) - + = + - + T T+ T
Adonitol™ + - + + - + + + + +
Sucrose™, trehalose 1 - ++ + - + _ _ + + o+
Maltitol + - - + — + — — - + ND
trans-Aconitate” + - + o4+ = = - () - .
Cellobiose™ + - - - = + — + — —  ND
N-Acetyl-D-galactosamine + + + - + (+) - + + + ND
Suberate” - - - - - - - - + — WD
L-Aspartate" + o+ o+ o+ o+ 4+ o+ o+ -+ o+
4-Hydroxybenzoate - - - 4+ - (+) - () 4+ 4+ w
1-Histidine" + - + + + + o+ o+ () + +
L-Leucine” + - + + 4+ o+ - + (+) + +

*Test (based on a different method) was also performed as follows and gave congruent results: a, Holmes ef al. (1988) with O. anthropi; b, Velasco et
al. (1998) with O. intermedium; ¢, Lebuhn et al. (2000) with type strains of all four previously described species.
+Strain CCUG 307177 showed only weakly positive results.

ball, any globe, sphere; N.L. gen. fem. n. rhizosphaerae of
the rhizosphere].

Cells from the early exponential growth phase are stongly
motile, but may become less motile or non-motile when
approaching the stationary growth phase. Cells are

non-spore-forming rods (approx. 2 pm long). Gram-
negative and oxidase-positive, showing an oxidative
metabolism. Good growth occurs on R2A agar, TSA,
nutrient agar, PYE agar and MacConkey agar at 25-30 “C.
Colonies are beige, translucent and shiny. Colonies with
entire edges are formed within 24 h, with a diameter of

Table 3. DNA-DNA reassociation (%) between the novel strains and closely related Ochrobactrum type strains

Strain PR17" DSM 7216" O. grignonense DSM 13338 0. pseudogrignonense CCUG 307177
PR17" 100 - 40.0 27.3
DSM 72167 32.1 100 33.3 24.2

http://ijs.sgmjournals.org
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approximately 2 mm. The quinone system consists of Q-10
(999%) and Q-9 (1%). The polyamine pattern consists of
the major compounds spermidine [28 pmol (g dry
weight) "], putrescine [41 pmol (g dry weight)”'] and
sym-homospermidine [10 umol (g dry weight)™'] and
minor amounts of 1,3-diaminopropane [1 pmol (g dry
weight) '] and spermine [<1 pmol (g dry weight)™'].
Predominant polar lipids are phosphatidylethanolamine,
phosphatidylmonomethylethanolamine, phosphatidylgly-
cerol, phosphatidylcholine and diphosphatidylglycerol.
Moderate to minor amounts of phosphatidyldimethyletha-
nolamine and two unidentified aminolipids AL1 and the
Ochrobactrum-specific AL2 and traces of several unknown
lipids are also present. The fatty acid profile is composed
mainly of Cyg.1m7¢ (61.5%) and Cy. cyclo m8c (11.2 %).
Carbon source utilization and hydrolysis of chromogenic
substrates (including differentiating characters for all
Ochrobactrum species) are indicated in Table 1.

The type strain PR17' (=CCUG 55411" =CCM 7493"
=DSM 19824") was isolated from the potato rhizosphere
in Austria.

Description of Ochrobactrum thiophenivorans sp.
nov.

Ochrobactrum thiophenivorans (thi'o.phe.ni.vo'rans. N.L.
n. thiophenum thiophene; L. part. adj. vorans devouring;
N.L. part. adj. thiophenivorans thiophene-devouring, refer-
ring to the ability to utilize thiophene 2-carboxylate as a
sole source of carbon and sulfur).

Cells are non-motile, non-spore-forming rods (approx.
2 pm long). Gram-negative and oxidase-positive, showing
an oxidative metabolism. Good growth occurs on R2A agar,
TSA, PYE agar, nutrient agar and MacConkey agar at 25—
30 "C. Forms beige, translucent and shiny colonies with
entire edges within 24 h, with a diameter of approximately
2 mm. The quinone system consists of Q-10 (99 %) and Q-9
(1%). The polyamine pattern consists of the major
compounds spermidine [28 pmol (g dry weight) '], putres-
cine [19 umol (g dry weight) '] and sym-homospermidine
[9 umol (g dry weight)”'] and minor amounts of 1,3-
diaminopropane [4 pmol (g dry weight)™'] and spermine
[2 pmol (g dry weight)_l]. Predominant polar lipids are
phosphatidylethanolamine, phosphatidylmonomethyletha-
nolamine,  phosphatidylglycerol,  phosphatidylcholine,
diphosphatidylglycerol and the unknown Ochrobactrum-
specific aminolipid AL2. Moderate amounts of phosphati-
dyldimethylethanolamine and another unidentified amino-
lipid AL1 and small to trace amounts of several unknown
lipids are also present. The fatty acid profile is composed
mainly of Cyg.107¢ (19.2%) and Cy. cyclo m8c (57.0 %).
Carbon source utilization and hydrolysis of chromogenic
substrates (including differentiating characters for all
Ochrobactrum species) are indicated in Table 2.

The type strain DSM 7216" (=CCUG 55412" =CCM
74927} was isolated from wastewater in Germany.
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A Gram-negative, rod-shaped, oxidase-positive, non-spore-forming, non-motile bacterium
{strain CCUG 49584"), isolated from a seafood processing plant sample in New Zealand, was

subjected to a polyphasic taxonomic study. On the basis of 16S rRNA and recA gene

sequence similarities, the isolate was allocated to the genus Pseudochrobactrum. This was

confirmed by fatty acid data (major fatty acids: Cyg.1m7c and Cyg.0 cyclo w8c), a polar lipid

profile exhibiting major characteristics of Pseudochrobactrum (phosphatidylethanolamine,

phosphatidylmonomethylethanolamine, phosphatidylglycerol, diphosphatidylglycerol, phosphati-
dylcholine), quinone system Q-10 and a polyamine pattern with the predominant compounds
spermidine and putrescine. DNA-DNA hybridization with the type strains of the two established
species of Pseudochrobactrum and physiological and biochemical data clearly differentiated
the isolate from established Pseudochrobactrum species. As a consequence, this organism
represents a novel species, for which the name Pseudochrobactrum kiredjianiae sp. nov. is
proposed, with the type strain CCUG 49584" (=CIP 109227"),

The genus Pseudochrobactrum was proposed recently by
Kémpfer et al. (2006), comprising the species Pseudochro-
bactrum saccharolyticum and Pseudochrobactrum asaccharo-
Iyticum. This genus could be clearly differentiated from
Ochrobactrum and from Brucella species based on its
phylogenetic position and the presence of a combination
of certain phenotypic traits (Kampfer et al, 2006).

Strain CCUG 49584" was isolated in 1995 from stainless-
steel vent covers from a seafood processing plant in Nelson,
New Zealand, on standard plate count agar (Oxoid) at 30 "C.
Subcultivation was done on tryptone soy agar (TSA) at 28 'C
for 48 h. On this agar, the organism also grew at 15-45"C,
but not at 10 or 50 “C. Growth at 30 “C was also observed on
MacConkey agar and R2A agar (all from Oxoid).

The GenBank/EMBL/DDBJ accession numbers for the 165 rRNA and
recA gene sequences of strain CCUG 406847 are AM263420 and
AM263419, respectively.

Gram-staining was performed as described by Gerhardt
et al. (1994). Cell morphology was observed under a Zeiss
light microscope at x 1000, with cells grown for 3 days at
30 °C on nutrient agar. The 165 rRNA gene was analysed as
described by Kdmpfer ef al. (2003). Phylogenetic analysis
was performed using the software package MEGA (Molecular
Evolutionary Genetics Analysis) version 2.1 (Kumar ez al.,
2001) after multiple alignment of data using CLUSTAL_X
(Thompson et al., 1997). Distances (distance options
according to the Kimura two-parameter model on the
basis of 1360 bp) and clustering with the neighbour-joining
method were performed by using bootstrap values based on
1000 replications (Fig. 1). The sequenced length of the 16S
rRNA gene of strain CCUG 49584 " was 1387 bp (GenBank
accession no. AM263420). The sequence similarities with
the two Pseudochrobactrum species were 99.4% to P. sac-
charalyticum CCUG 33852 and 99.5% to P. asaccharoly-
ticum CCUG 46016". Nucleotide sequence similarities to all
established species of the genus Bartonella ranged from 94.2
to 94.3 %. Sequence similarities to established species of
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72 1 Pseudochrobactrum saccharolyticum CCUG 33852" {AM180484)

0.00!
° 100 [—L
_59,7 Ochrobactrum oryzae MTCC 41957 (AMD41247)
Ochrobactrum gaflinifaecis 1so 196' (AJ519939)

Ochrobactrum grignonense OgABa’ (AJ242581)

Ochrobacirum fritici SCI24" (AM114402)
g | | Ochirobactrum anthropi LMG 3331' (AM114398)

9
% 98 | Ochrobactrum lupini LUP21" (AY457038)

_|_7 Qchrobactrum intermedium CCUG 246947 (AM114411)
97 Brucella melitensis biovar abortus NCTC 10093 {AM158979)

Pseudochrobactrum asaccharolyticum CGUG 46016' (AM180485)
Pseudochrobactrum kiredjianiae CCUG 495847 (AM263420)

Bartonella henselae MAOSHD (DQ645426)

Fig. 1. Phylogenetic analysis based on 16S rRNA gene sequences available from GenBank/EMBL/DDBJ (accession
numbers are given in parentheses) constructed after multiple alignment of data using CLUSTAL_X (Thompson ef al, 1997).
Distances (distance options according to the Kimura two-parameter model) and clustering with the neighbour-joining method
were performed by using MEGA version 2.1 (Kumar et al., 2001). Bootstrap percentages based on 1000 replications are given
at branch points. Bar, 0.005 substitutions per nucleotide position.

Brucella and Ochrobactrum were 94.6-94.8 and 93.8-94.6 %,
respectively. The 165 rRNA gene-based phylogenetic tree
shown in Fig. | resulted from a neighbour-joining recon-
struction using the Kimura two-parameter correction and
1000 resamplings for bootstrap analysis.

A partial recA sequence of strain CCUG 49584 " was analysed
according to Scholz et al. (2006). PCR was performed with
primers RecA-PsOchro-f (5'-AAGGCTCTGGACGCGGC-
ACT-3") and RecA-PsOchro-r (5'-CGCAAGGTCAGTTC-
AATCTCAT-3"). The similarities of recA between strain
CCUG 49584 " and the two other Pseudochrobactrum species

were 90.5% for P. saccharolyticum CCUG 33852" and
91.3 % for P. asaccharolyticum CCUG 46016" within 897 nt.
Lower similarity values were observed with Brucella species
(76.7 %), Ochrobactrum species (77.3-81.4 %), Bartonella
(71.0 %) and Rickettsia felis (62.3 %) (Fig. 2). Strain CCUG
49584" showed several motifs within recA that are absent
from Bartonella, Brucella and Ochrobactrum species, but are
present in Pseudochrobactrum species (Kampfer et al., 2006).

Strain CCUG 495847 formed a separate branch in the
phylogenetic tree of recA sequences (897 nt) (Fig. 2). The tree
was constructed as described above for the 16S rRNA gene.

100

88

99

98

01

Bartonella henselae Houston-1" (NC_005956)

Pseudochrobactrum saccharolyticurn CCUG 338527 (AM118082)
Pseudachrobactrum asaccharolyticurn CCUG 460167 (AM118081)
Pseudochrobactrum kiredjianiae CCUG 49584 (AM263419)
Brucella melitensis NCTC 10094" (AM087912)
Ochrobactrum oryzae DSM 174717 (AM263421)
] Ochrobactrum tritici SCII247 (AM087914)
100 roohmbac!rum fupini LMG 22726 (AM113737)

I— Ochrobactrum anthropi LMG 33317 (AM087899)

QOchrobactrum intermedium CCUG 24694 (AM0O8B7913)

Fig. 2. Phylogenetic analysis based on recA gene sequences (909 nt) available from GenBank/EMBL/DDBI (accession
numbers are given in parentheses) constructed after multiple alignment of data using CLUSTAL_X (Thompson et al, 1997).
Distances (distance options according to the Kimura two-parameter model) and clustering with the neighbour-joining method
were performed by using MEGA version 2.1 (Kumar ef af, 2001). Bootstrap percentages based on 1000 replications are given

at branch points. Bar, 0.1 substitutions per nucleotide position.
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Results of the fatty acid analysis are shown in Table 1. Fatty
acids were analysed according to Kampfer & Kroppenstedt
(1996). The fatty acid profile of strain CCUG 49584 " mainly
comprised Cg.¢ cyclo w8c (53.0%), Ci5.1w7¢ (33.4%),
Cis.0(7.7%) and Cg.( (2.8 %). A clear differentiation from
the other Pseudochrobactrum species was possible based
on more than 2-fold greater amounts of Cg.@m7¢ in the
Pseudochrobactrum reference strains and more than 3.5-fold
greater amounts of Cyq.¢ cyclo w8¢ in strain CCUG 495847,
A quinone system with ubiquinone Q-10 predominant,
which was detected after extraction and analysis as reported
by Tindall (1990) and Altenburger et al. (1996), but using
an HPLC-apparatus consisting of a JASCO PU 2080 Plus
Pump and a JASCO UV-2075 Plus UV/VIS-Detector, was
in agreement with the characteristics of the two established
Pseudochrobactrum species. Polyamines were extracted and

analysed by HPLC according to Busse & Auling (1988),

employing JASCO PU 2080 Plus Pump and a JASCO model
821-FP spectrofluorometric detector. Similar to P. asac-
charolyticum CCUG 46016", the polyamine pattern of strain
CCUG 49584" consisted predominantly of spermidine and
putrescine. Polar lipids were analysed according to Ventosa
et al. (1993) from biomass that was grown overnight in PYE
medium (0.3 % peptone from casein, 0.3 % yeast extract,
pH 7.2). The polar lipid profile of strain CCUG 49584
shared the major characteristics reported recently for the
two Pseudochrobactrum species (Kdampfer er al, 2006). It
consisted of major components phosphatidylethanolamine,
phosphatidylglycerol, diphosphatidylglycerol, phosphati-
dylcholine, moderate amounts of phosphatidylmonome-
thylethanolamine and an unknown aminolipid AL1, and
small to trace amounts of three unknown polar lipids [L3, L4
and L5, which have been reported to be present in minor
amounts in the two established Pseudochrobactrum species;

Table 1. Major fatty acid compositions (%) of strain CCUG 49584" and type strains of Pseudochrobactrum and Ochro-
bactrum species

Strains: 1, CCUG 495847 (Pseudochrobactrum kiredjianiae sp. nov.); 2, P. asaccharolyticum CCUG 460167; 3, P. saccharolyticumn CCUG
33852%; 4, O. gallinifaecis 1so 196"; 5, O. intermedium LMG 3301%; 6, O. anthropi CIP 14970"; 7, O. grignonense DSM 13338%; 8, O. lupini
LUP21%; 9, O. ritici LMG 189577, All strains were grown on trypticase soy broth agar at 28°C for 48 h prior to fatty acid analysis. For
unsaturated fatty acids, the position of the double bond is located by counting from the methyl (@) end of the carbon chain; cis and trans

isomers are indicated by the suffixes ¢ and ¢, respectively. —, Not detected.

Fatty acid 1 2 3 4 5 6 7 8* 9

Saturated acids:
Ciz:o - - 0.7 - - - - - -
Ciazo - - - 0.7 - - - - -
Cis:0 2.8 5.5 1.9 8.9 3.7 6.6 29 4.2 3.7
Ciroo - - - - 3.1 1.4 1.7 1.6 0.9
Cis.0 7.7 11.0 74 3.7 4.1 8.8 72 3.0 9.6

Unsaturated acids:
Cys. at 12-13 - - - - - 0.6 0.7 - -
Cy7.106¢ - - - - 1.1 - 0.5 1.4 -
Cig.7¢ 33.4 74.9 74.6 28.8 25.8 45.6 31.6 70.8 77.9
Cig.smb¢ (6,9,12) - - 0.5 - - - - - -
11-Methyl-Cyg, 7t 1.0 - - 1.6 1.5 1.0 1.0 - -
Cop. |07 0.8 - - - - - 0.8 - -
Cap.2006,9¢ 0.9 - - 1.1 0.9 0.5 0.8 — —

Hydroxy acids:

Cyg.1 2-OH - - - 1.5 1.8 0.6 0.5 6.2 14
Ciz:0 3-OH - - - - - - 0.5 1.0 -
Summed feature 37 - 0.8 - 3.7 0.7 1.1 1.0 2.3 0.7

Cyclopropane acids:
Cy7.p cyclo 5 - - 2.9 - 0.8 - - -
Cig.0 cyclo w8c 53.0 7.3 14.3 47.2 57.4 32.7 50.2 4.3 5.9
Unknown 13.957% — — — — — — 0.2 — —
Unknown 14.959% - 0.6 0.9 — - 0.3 0.7 - -

*Data from Trujillo et al (2005).

tSummed features are groups of two or three fatty acids that cannot be separated by GLC with the MIDI system. Summed feature 3 contains
Cig.w7¢ andfor Cy5.q iso 2-OH.

fUnknown fatty acids have no name listed in the peak library file of the MIDI system and therefore cannot be identified; they are referred to by
their equivalent chain length.
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Table 2. Physiological characteristics of strain CCUG 49584" and type strains of Pseudochrobactrum and Ochrobactrum
species

Strains: 1, CCUG 495847 (Pseudochrobactrum kiredjianiae sp. nov.), 2, P. asaccharolyticum CCUG 46016%; 3, P. saccharolyticum CCUG
33852"; 4, O. gallinifaecis 1s0 196%; 5, O. intermedium LMG 3301%; 6, O. anthropi CIP 14970%; 7, O. grignonense DSM 13338%; 8, O. lupini
LUI—‘21T; 9, O, tritici LMG 18957". +, Positive; —, negative; ( +), weakly positive; ND, not determined; pNA, p-nitroanilide; pNP, p-nitro-
phenyl. All strains (except O. lupini LUP217, for which only the data given in the table are available) are positive for hydrolysis of 1-alanine
PNA and weakly positive for hydrolysis of bis-pNP phosphate. All strains (except O. lupini LUP21T) are negative for hydrolysis of aesculin,
pPNP  fi-D-galactopyranoside, pNP fi-D-glucuronide, pNP =-D-glucopyranoside, pNP fi-D-glucopyranoside, pNP phosphoryl choline and
2-deoxythymidine-5'-pNP phosphate. All strains (except O. lupini LUP21") are positive for assimilation of acetate, oxoglutarate, L-alanine,
L-proline and L-serine. All strains are negative for assimilation of p-arbutin, salicin, putrescine, L-phenylalanine, L-tryptophan, 3-hydroxy-
benzoate, adipate, itaconate, mesaconate, phenylacetate, s-D-melibiose and azelate. Hydrolysis of aesculin and pNP fi-D-galactopyranoside
and assimilation of oxoglutarate, L-serine, phenylacetate and x-D-melibiose were also tested using a different method by Holmes et al
(1998) with O. anthropi; results were in agreement with those of this study. Assimilation of adipate was also tested using a different
method by Velasco ef al. (1998) with O. intermediun; results were in agreement with those of this study.

Characteristic* 1 2 3 4 5 6 7 8t 9

Hydrolysis of:
pNP Phenylphosphonate - — — - — — — ND (+)
L-Glutamate-y-3-carboxy pNA - — — — + (+) — ND (+)
L-Proline pNA® + + + + (+) + - ND (+)

Assimilation of:
Gluconate - - - + + + + + +
I-Arabinose”, D-mannose, D-xylose - - + + + + + + +
D-Glucose + - + + + + + + +
D-Fructose - - + - + + + - +
bL-3-Hydroxybutyrate” - — + — + + + ND 1
D-Galactose” (+) - + + + + + - +
Pyruvate’, ornithine® - - + + + + + ND +
D-Ribose”, propionate”, fumarate?, + - + + + + + ND +

glutarate, DL-lactate, L-malate”

i-Inositol?, D-sorbitol” - - - - + + + - +
I-Rhamnose” + — - — + + + + +
Citrate™ - - — - + n + ¥ +
4-Aminobulyrate, ﬁ-alanine{’ + — + (+) + + 1 ND 1
cis-Aconitate - + + - + + + ND +
D-Maltose™”, adonitol™® - - - - + + - + +
N-Acetyl-D-glucosamine” (+) - + - + + - + +
Sucrose™” - - - - - + - ND +
D-Trehalose - — + - — + — - +
Maltitol - - - - — + — ND -
D-Mannitol — — - — — + 1 1 1
trans-Aconitate” - - - - (+) — — ND —
p-Cellobiose™ - - - - + + - - _
N-Acetyl-D-galactosamine - - - - + (+) + ND +
Suberate” - — - - — — — ND +
1-Aspartate” (+) - + + + + + - -
4-Hydroxybenzoate - — - — (+) (+) — ND +
1-Histidine" - - + + + + + ND (+)
1-Leucine” - — - — + + + ND (+)

*Tested using a different method in another study; results were in agreement with those of this study. a, Velasco et al (1998) with O.
intermediuny b, Holmes et al. (1988) with O. anthropi; ¢, Lebuhn et al. (2000) with O. anthropi, O. grignonense, O. tritici and O. intermedium.
tData from Trujillo et al. (2005).
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see Supplementary Fig. S2 of Kampfer et al. (2006) in IJSEM
Online]. In addition, trace amounts of an unknown amino-
lipid were detected, which was not reported to be present in
the established Pseudochrobactrum species (Kampfer et al.,
2006), and phosphatidyldimethylethanolamine, an un-
known phospholipid and two unknown polar lipids, present
in the reference species, were not detected. In contrast to
Kampfer et al. (2006), reanalysis of the polar lipid profile
of P. asaccharolyticum CCUG 46016" from newly grown
biomass, as for strain CCUG 49584 ", also revealed the abs-
ence of phosphatidyldimethylethanolamine, the unknown
phospholipid, the two unknown polar lipids and the
presence of trace amounts of the unknown aminolipid.
These observations indicate that the presencef/absence of
phosphatidyldimethylethanolamine, the unknown phos-
pholipid, the unknown aminolipid and the two unknown
polar lipids may be related to the physiological conditions of
the cells when harvested for polar lipid extraction. Based on
these results, strain CCUG 49584" shares the polar lipid
characteristics that differentiate Pseudochrobactrum species
from Ochrobactrum and Brucella species (Kampfer et al.,
2006).

Results of the physiological characterization are given in the
species description and in Table 2. The methods used were
the same as those described previously (Kimpfer et al.,
1991). The organism could be clearly differentiated from
other Pseudochrobactrum and Ochrobactrum species on the
basis of several tests.

DNA-DNA hybridization experiments were performed
with strain CCUG 49584 and the type strains of the two
established Pseudochrobactrum species using the method
described by Ziemke er al. (1998), except that, for nick
translation, 2 pg DNA was labelled during a 3 h incubation
at 15 °C. Strain CCUG 49584 showed relatively low DNA-
DNA relatedness to P. asaccharolyticum CCUG 46016"
(37.8%) and P. saccharolyticurn CCUG 338527 (22.8%).

From the results of 16S rRNA gene and recA sequencing,
DNA-DNA hybridization data, fatty acid analyses and from
the physiologrical characteristics it is evident that strain
CCUG 49584 is different from the two established species
of Pseudochrobactrum. Hence, strain CCUG 49584 " repre-
sents a novel species of the genus Pseudochrobactrum, for
which we propose the name Pseudochrobactrum kiredjianiae.

Description of Pseudochrobactrum kiredjianiae
Sp. nov.

Pseudochrobactrum kiredjianiae (ki.red.ji.a'ni.ae. N.L. fem.
gen. n. kiredjianiae of Kiredjian, named after Martine
Kiredjian, a contemporary French microbiologist, for her
numerous contributions to the taxonomy of Ochrobactrum
and related organisms).

Shares all characteristics listed in the genus description.
Good growth occurs on R2A agar, TSA, nutrient agar and
MacConkey agar at 25-30 "C. Beige, translucent and shiny

colonies with entire edges form within 24 h, with a diameter
of approximately 2 mm. Quinone system is ubiquinone
Q-10 (99 %) and Q-9 (1%). The polar lipid profile con-
sists of the major components phosphatidylethanolamine,
phosphatidylglycerol, diphosphatidylglycerol and phospha-
tidylcholine, moderate amounts of phosphatidylmonome-
thylethanolamine and unknown aminolipid AL1 and trace
amounts of three unknown lipids. Polyamine profile con-
sists of spermidine [60.3 pmol (g dry weight) '], putres-
cine [42.7 umol (g dry weight)™'], 1,3-diaminopropane
[2.0 umol (g dry weight) ™ '] and spermine [1.5 umol (g dry
weight)™']. Carbon source utilization and hydrolysis of
chromogenic substrates (including characteristics that
differentiate Ochrobactrum species) are given in Table 2.

The type strain is CCUG 49584" (=CIP 109227"), which
was isolated in 1995 from a stainless-steel vent cover, from a
seafood processing plant in Nelson, New Zealand.
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A Gram-negative, rod-shaped, oxidase-positive, non-spore-forming, non-motile bacterium (KSS
7.8") was isolated from a water-mixed metal-working fluid. On the basis of 16S rRNA gene and
recA sequence similarities, the isolate was clearly grouped in the genus Pseudochrobactrum. This
allocation was confirmed by fatty acid data (major fatty acids: Cyg.2m7¢c and Cyg.p cyclo 8c),

polar lipid profile (major components: phosphatidylethanclamine, phosphatidylglycerol,
diphosphatidylglycerol and phosphatidylcholine, plus moderate amounts of phosphatidyl-
monomethylethanclamine and unknown aminolipid AL1), quinone system (ubiquinone Q-10) and
polyamine pattern (spermidine and putrescine predominant). DNA-DNA pairing with the most
closely related Pseudochrobactrum species showed values ranging from 24.2 to 45.7 %, and
physiological and biochemical data clearly differentiated this isolate from described
Pseudochrobactrum species. This organism represents a novel species of the genus
Pseudochrobactrum, for which the name Pseudochrobactrum [ubricantis sp. nov. is proposed,
with the type strain KSS 7.8" (=CCUG 56963"=CCM 7581").

The genus Pseudochrobactrum was proposed by Kampfer
et al. (2006). At present, it comprises Pseudochrobactrum
saccharolyticum,  Pseudochrobactrum  asaccharolyticum,
Pseudochrobactrum  kiredjianiae (Kdmpfer et al, 2006,
2007) and Pseudochrobactum glaciei (Romanenko et al.,
2008). Members of the genus can be clearly differentiated
from members of the genera Ochrobactrum and Brucella on
the basis of 168 rRNA gene sequence and recA sequence
data, as well as chemotaxonomic data (Kidmpfer et al,
2006, 2007).

Strain KSS 7.8" was isolated from a metal-working fluid of
a metal-processing company in Germany on nutrient agar
at 30 “C. Subcultivation was done on tryptone soy agar at
28 “C for 48 h. On this agar, this organism grew also at 15—
45 °C, but not at 10 or 50 “C. Growth at 30 "C was also
observed on MacConkey agar and R2A agar (all from
Oxoid).

Gram staining was performed as described by Gerhardt et
al. (1994). Cell morphology was observed under a Zeiss

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene
sequence and the recA sequence of strain KSS 7.87 are FM209496 and
FM211811, respectively.

light microscope at x 1000, with cells grown for 3 days at
30 “C on nutrient agar. The 165 rRNA gene was analysed as
described previously (Kimpfer et al, 2003). Sequence
analysis and similarity calculations were carried out by
using the software programs Bionumerics v. 4.0 (Applied
Maths BVBA) and MEGA v. 3.1 (Kumar et al, 2004). The
sequenced length of the 165 rRNA gene was 1401 b‘P
(GenBank accession no. FM209496) for strain KSS 7.8
Sequence similarities to the three most closely related
Pseudochrobactrum species were 99.8 % to P. saccharolyti-
cum CCUG 338527, 99.8 % to P. asaccharolyticum CCUG
46016" and 99.3% to P. kiredjianiae CCUG 49584". A
lower similarity of 96.2% was found to P. glaciei KMM
3858". The 16S rRNA gene-based tree shown in Fig. 1
results from a neighbour-joining reconstruction using the
Kimura two-parameter correction and 1000 resamplings
for bootstrap analysis.

The partial recA sequence of strain KSS 7.8" was analysed
as described previously (Scholz et al., 2006). The PCR was
performed with primers RecA-PsOchro-f (5'-AAGGCTC-
TGGACGCGGCACT-3") and RecA-PsOchro-r (5'-CGC-
AAGGTCAGTTC AATCTCAT-3"). recA sequence similar-
ity with P. kiredjianiae CCUG 49584" was 89.2%; it was
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0.005 Pseudochrobactrum saccharolyticum CCUG 33852' (AM180484) Fig. 1. 165 rRNA gene sequence-based
Pseudochrobactrum asaccharofyticum CCUG 460168 (AM180485) hyl . iahb .
100 ¢ KSS 787 (FM ) phylogenetic neighbour-joining tree recon-

Pseudactrobactrum kiredjianiae CCUG 495847 (AM263420)

94 | . Lo e
62
Pseudochrobactrum glaciel KMM 3858' (AB369864)

Ochrabactrum gallinifaceis lso 1967 (AJ5190939)
Ochrabactrum oryzae MTGC 41857 (AMO41247)
Ochrobactrum pseudintermedium ADV31T{DO365921)

85 Ochrobactrum intermedium LMG 33017 (AM490623)

il &7 Ochrobactrum anthropi LMG 33317 (AM114398)
Ochrobactrom grignonense OgA9a” (AM4S0619)
ag Brucelia abortus NGTC 100937 (AM158979)

Bartonella hensalae M40SHD (DO645428)

struction, showing the affiliation of Pseudo-
chrobactrum lubricantis KSS 7.87 to its
closest relatives. The significance of each
branch is indicated by a bootstrap value (%)
calculated for 1000 subsets. Bartonella hen-
selae M40SHD was used as outgroup to
construct a pseudo-rooted tree. Bar, 0.005
divergent residues per site.

88.8 % with P. saccharolyticum CCUG 33852" and 91.7 %
with P. asaccharolyticumn CCUG 46016" within 743 nt.
Lower similarity values were observed to Brucella melitensis
NCTC 10094" (80.5%) and Ochrobactrum anthropi LMG
33317 (82.2 %). Strain KSS 7.8" formed a separate branch in
the phylogenetic tree of recA sequences (743 nt) (Fig. 2). The
tree was constructed by using CLUSTREE neighbour-joining
analysis (nggms et al, 1996). The recA gene of P. glaciei
KMM 3858 could not be amplified with the primers
described above and hence was not included in the analysis.

The results of the fatty acid analysis are shown in Table 1.
Fatty acids were analysed according to Kimpfer &
Krc_)[ppenstedt (1996). The fatty acid profile of strain KSS

was mainly composed of Cyq.o cyclo w8c (53.9 %),
Clgglﬂ\J?C (29.1 9“0), C 18:0 (?8%) and Clﬁ:ﬂ (4.5%) and
showed a high similarity to the fatty acid profiles of all
other Pseudochrobactrum species. Quinones and polar
lipids were extracted by an integrated protocol as described
previously (Tindall, 1990a, b; Altenburger et al., 1996);
quinone composition was analysed by HPLC as reported
by Stolz et al. (2007). Polyamines were extracted and
analysed as reported previously (Busse & Auling, 1988;
Busse et al., 1997; Stolz ef al., 2007). The quinone system of
strain KSS 7.87 consisted of the major compound
ubiquinone Q-10 (97 %) and minor amounts of Q-8, Q-
9 and Q-11 (0.7-1.9 %). The polar lipid profile (results not
shown) consisted of the major compounds phosphatidyl-

cerol and phosphatidylcholine, moderate amounts of
phosphatidylmonomethylethanolamine and  unknown
aminolipid ALl, and small to trace amounts of three
unknown polar lipids (L3, L4 and L5) corresponding to the
lipids shown for P. asaccharolyticum CCUG 46016"
(Kdampfer et al, 2006). The polyamine pattern was as
follows [in pmol (g dry weight)™']: spermidine, 63.8;
putrescine, 43.9; 1,3-diaminopropane, 0.7; spermine, 2.3.
Both polar lipid profile and polyamine pattern are quite
similar to those reported for other Pseudochrobactrum
species and are in good agreement with the characteristics
of the genus description (Kdmpfer et al, 2006, 2007),
although the unknown lipids L1 and L2 were not detectable
in strain KSS 7.8".

Results of the physiological characterization are given in
the species description and in Table 2. The methods used
have been described previously (Kimpfer et al., 1991). The
organism can be clearly differentiated from the other
Pseudochrobactrum species on the basis of several tests.

DNA-DNA hybridization experiments were performed
with strain KSS 7.8" and type strains of the three most
closely related Pseudochrobactrum species by using the
method described by Ziemke et al. (1998), except that for
nick translation, 2 ng DNA was labelled during a 3 h
incubation at 15 “C. Strain KSS 7.8" showed relatively low
DNA-DNA similarity to P. asaccharolyticum CCUG 46016
(24.8 %), P. saccharolyticum CCUG 33852 (45.7%) and P.

ethanolamine, phosphatidylglycerol, diphosphatidylgly- kiredjianiae CCUG 49584 (40.9 %).
Bartoniella Houston-17 (NC_005956)
85 Psou ] Wticum CCLIG 338527 (AM118082)
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Fig. 2. Phylogenetic tree reconstruction with
recA sequences (743 nt) using CLUSTREE
neighbour-joining analysis (Higgins et al.,
1996). The significance of each branch is
indicated by a bootstrap value (%) calculated
for 1000 subsets. The tree was rooted by
using the sequence of Bartonella henselae
Houston-1T as an outgroup. Bar, 0.1 divergent
residues per site.

http://ijs.sgmjournals.org

64

2465



Brucella and Brucella-like

P. Kampfer and others

Table 1. Major fatty acid compositions (%) of type strains of
Pseudochrobactrum species

Taxa: 1, strain KSS 7.8%; 2, P. kiredjianiae CCUG 495847; 3, P.
asaccharolyticum CCUG 460167 4, P. saccharolyticum CCUG 338527;
5, P. glaciei KMM 3858”7, All strains were grown on trypticase soy
broth agar at 28 "C for 48 h prior to falty acid analysis. Data were
obtained in the present study except where indicated.

Fatty acid 1 2 3 4 5%
Saturated:

Ciz:o 0.7

Ciao 0.6

Cig.0 4.5 2.8 5.5 1.9 8.9 (5.4)

Cis:o 78 7.7 110 74 55 (44)
Unsaturated:

Cig07¢ 29.1 334 749 746 312 (41.5)

Cig.3m6¢ (6,9,12) 0.5

11-methyl-C,y. 07t 1.8 1.0 1.0

Cop:w7¢ 0.8

Cop.206,9¢ 1.4 0.9 0.9
Hydroxy:

Cis:0 3-OH 0.6
Summed feature 3% 0.8 1.6
Cyclo propane acids:

Cyz.0 cyclo 0.5 1.0

Ciy.0 cyclo wBe 539 53.0 7.3 143 479 (46.2)
Unknown (ECL 1.2 06 09 09

14.959)§

*Data in parentheses are from Romanenko et al. (2008).

1The position of the double bond is located by counting from the
methyl () end of the carbon chain.

fSummed features are groups of fatty acids that cannot be separated
by GLC with the MIDI system. Summed feature 3 contains Cg. jow7c¢
and/or C;5.0 iso 2-OH.

§Unknown fatty acids have no name listed in the peak library file of
the MIDI system and therefore cannot be identified. ECL, Equivalent
chain length.

From the results of 16S rRNA gene and recA sequencing
and from the physiological characteristics, it is evident that
strain KSS 7.8 is different from previously described
species of the genus Pseudochrobactrum. For this reason,
Pseudochrobactrum lubricantis sp. nov. is proposed to
accommodate strain KSS 7.8".

Description of Pseudochrobactrum lubricantis
Sp. nov.

Pseudochrobactrum lubricantis [lu.bri.can'tis. L. v. lubricare
to lubricate; N.L. n. lubricans -antis (from L. part. adj.
lubricans) a lubricant; N.L. gen. n. lubricantis of/from a
(coolant) lubricant].

Shares all characteristics listed in the genus description
(Kampfer et al., 2006). In addition, good growth occurs on
R2A agar, tryptone soy agar, nutrient agar and MacConkey
agar at 25-30 "C. Beige, translucent and shiny colonies with

Table 2. Physiological characteristics of the type strains of
Pseudochrobactrum species

Taxa: 1, strain KSS 7.87; 2, P. kiredjianiae CCUG 495847 3, P.
asaccharolyticum CCUG 460167 4, P. saccharolyticum CCUG 338537;
5, P. glaciei KMM 3858". Data for strains 1 and 5 are from the present
study; data for strains 2—4 are from Kimpfer et al. (2007), based on
the same methods. +, Positive; —, negative; (+ ), weakly positive. All
strains were positive for hydrolysis of 1-alanine- p-nitroanilide and 1-
proline-p-nitroanilide and weak hydrolysis of bis- p-nitrophenylphos-
phate. All strains were negative for hydrolysis of aesculin, p-
nitrophenyl-fi-p-galactopyranoside, p-nitrophenyl-fi-p-glucuronide,
p-nitrophenyl-z-b-glucopyranoside, p-nitrophenyl-f§-p-glucopyrano-
side, p-nitrophenylphosphorylcholine, p-nitrophenyl phenylphospho-
nate and 2-deoxythymidine-5"-p-nitrophenylphosphate. All strains
were also positive for assimilation of acetate, oxoglutarate, L-alanine,
L-proline and L-serine. All strains (P. glaciei KMM 3858" was not
included in the tests) were negative for assimilation of adonitol,
p-arbutin, cellobiose, D-gluconate, i-inositol, maltose, D-maltitol,
p-mannitol, z-p-melibiose, p-sorbitol, salicin, trehalose, putrescine,
L-phenylalanine, 1-tryptophan, 3-hydroxybenzoate, trans-aconitate,
adipate, citrate, itaconate, mesaconate, L-leucine, phenylacetate,
suberate, azelate and 4-hydroxybenzoate.

Characteristic 1 2 3 4 5

Assimilation of:

1-Arabinose
p-Xylose
p-Mannose

D-Glucose

D-Fructose
pL-3-Hydroxybutyrate
p-Galactose

Pyruvate, ornithine

I+ + +
+
|

p-Ribose, propionate, glutarate
Fumarate

DL-Lactate, L-malate
t-Rhamnose

4-Aminobutyrate, fi-alanine
cis-Aconitate
N-Acetyl-np-glucosamine
L-Aspartate

L-Histidine

I+ + + + +
!
|

I+ + 4+ + + + + + + +
|

|
+

+++ ++
+
|

+ o+ + 4+
+

entire edges form within 24 h, with a diameter of
approximately 2 mm. Carbon-source utilization and hydro-
lysis of chromogenic substrates (including differentiating
characters for all Pseudochrobactrum species) are indicated in
Table 2. The major fatty acids are C,g.,@7c and C,y., cyclo
w8c. The polar lipid profile consists of the major compounds
phosphatidylethanolamine, phosphatidylglycerol, diphos-
phatidylglycerol and phosphatidylcholine, moderate amounts
of phosphatidylmonomethylethanolamine and unknown
aminolipid AL1, and small to trace amounts of three
unknown polar lipids. Ubiquinone Q-10 is the major
quinone. The polyamine pattern consists of the major
compounds spermidine and putrescine and minor amounts
of 1,3-diaminopropane and spermine.
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The type strain is KSS 7.87 (=CCUG 56963"=CCM
75817), isolated from a water-mixed metal-working fluid.
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A Gram-negative, rod-shaped, oxidase-positive, non-spore-forming, non-motile bacterium
(Sa25") was isolated from air of a duck barn. 16S rRNA gene and recA sequence analyses clearly
placed the isolate in the vicinity of the Brucella—Ochrobactrum—Pseudochrobactrum group, with
the closest relative being Pseudochrobactrum glaciei KMM 38587, This allocation was confirmed
by analyses of the quinone system (ubiquinone Q-10), fatty acid data (major fatty acids Cg.1w7¢
and Cig.0 cyclo m8c) and polar lipid profile (major components diphosphatidylglycerol,
phosphatidylmonomethylethanolamine, phosphatidylethanolamine, phosphatidylglyceral,
phosphatidylcholine and unknown aminolipid AL1; moderate amounts of three unknown polar
lipids, L1-L3, an unknown aminolipid and an unknown aminophospholipid APL2). The polyamine
pattern of Sa25" exhibited the major compound putrescine and moderate amounts of spermidine;
a similar polyamine pattern with the major compound putrescine was also detected in
Pseudochrobactrum glaciei KMM 3858". DNA-DNA hybridization of strain Sa25" with
Pseudochrobactrum glaciei KMM 3858" and the type strains of the other Pseudochrobactrum
species showed values ranging from 50.3 to 24.8 %, and physiological and biochemical data
clearly differentiated this isolate from the described Pseudochrobactrum species. Since Sa25"
and Pseudochrobactrum glaciei KMM 3858 form a distinct lineage in the 16S rRNA gene
sequence-based phylogenetic tree, and this separate position is supported by unique
characteristics of their polyamine patterns and polar lipid profiles, we propose the novel genus
Paenochrobactrum gen. nov., with the type species Paenochrobactrum gallinarii sp. nov. (type
strain Sa25" =CCUG 57736' =CCM 7656") and the reclassification of Pseudochrobactrum
glaciei as Paenochrobactrum glaciei comb. nov. (type strain Pi26' =KMM 38587 =NRIC 07337
=JCM 15115").

The genus Pseudochrobactrum was proposed by Kimpfer
et al. (2006). At present, it comprises the five species
Pseudochrobactrum  saccharolyticum,  Pseudochrobactrum
asaccharolyticum, Pseudochrobactrum kiredjianiae, Pseudo-
chrobactrum lubricantis (Kimpfer et al., 2006, 2007a, 2009)

The GenBank/EMBL/DDBJ accession numbers for the 165 rRNA gene
sequence and partial recA sequence of strain 5a25" are FN391023 and
FMO95366, respectively.

A recA sequence-based neighbour-joining tree, the total lipid profile of

strain S5a25" and a comparison of its fatty acid profile with those of
related type strains are available as supplementary material with the
online version of this paper.

and Pseudochrobactrum glaciei (Romanenko et al., 2008).
The genus can be differentiated clearly from Ochrobactrum
and Brucelln on the basis of 165 rRNA gene and recA

016842 © 2010 IUMS  Printed in Great Britain
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sequence data, as well as chemotaxonomic properties

(Kampfer et al., 2006, 2007a).

Strain Sa25" was isolated from air collected in a duck barn
in Germany on tryptone soy agar (TSA) at 25 °C. The
investigated barn accommodated 2500 ducks (each 14
months old). Bioaerosol samples were collected on gelatin
filters by sampling 500 1 air at a rate of 30 1 min~"
Subsequently, filters were dissolved and decimally diluted
in isotonic NaCl (up to 107%). For cultivation, TSA plates
were inoculated in triplicate with 0.1 ml of each dilution.
Strain Sa25" was isolated from a plate inoculated with fluid
from the first decimal dilution. The concentration of Sa25"

was approximately 2 x 10° c.f.u. per m” air.

Subcultivation was done on TSA at 28 “C for 48 h. On this
agar, this organism grew at 15-45 "C, but not at 10 or
50 “C. Growth at 30 "C was also observed on MacConkey
agar and R2A agar (all from Oxoid).

Gram-staining was performed as described by Gerhardt
et al. (1994). Cell morphology was observed under a Zeiss
light microscope at x 1000, with cells grown for 3 days at
30 °C on nutrient agar. Isolation of DNA for estimation of
the G+ C content was done according to Cashion et al.
(1977) and the G+ C content of the DNA was estimated
according to Mesbah et al. (1989), resulting in a value of
49.7 mol%. The 16S rRNA gene was analysed as described
by Kimpfer et al. (2003). DNA extraction was carried out
using the GenElute plant genomic DNA kit (Sigma-
Aldrich) according to the manufacturer’s instructions.
The 16S rRNA gene was amplified by PCR using
the primers 27F (5'-GAGTTTGATCMTGGCTCAG) and
1492R (5'-ACGGYTACCTTGTTACGACTT) (Lane, 1991)
and the following cycling conditions: 95 “C for 3 min, 28
cycles of 94 “C for 1 min, 57.3 “C for 45 s and 72 °C for
2 min and a final elongation step at 72 “C for 15 min. The
PCR product was purified with the QIAquick PCR
purification kit (Qiagen) according to the manufacturer’s
instructions and sequenced with standard sequencing
primers for the 165 rRNA gene. Phylogenetic analysis was
performed using the ARB software package (December 2007
version; Ludwig et al., 2004) and the corresponding SILVA
SSURef 95 database (July 2008 version; Pruesse et al,
2007). Trees were reconstructed using the maximum-
likelihood method with fast DNAmI (Olsen et al., 1994) and
a 30% conservation filter (only alignment columns in
which the frequency of the most abundant nucleotide is
equal to or more than 30% are included in the
calculation). Tree topology was further tested with a
50% filter and without filters. No significant differences
could be detected between these trees regarding the
grouping of strain $a25". Trees reconstructed with the
neighbour-joining and maximum-parsimony methods
using the software package MEGA version 4.0 (Tamura
et al., 2007) showed similar results (not shown). The almost-
complete 165 rRNA gene sequence (1345 bp) of strain Sa25"
was compared by distance calculations (distance options
according to the Kimura-2 model) using the software

package MEGA version 4.0 (Tamura et al, 2007). A high
similarity of 99.5% was found to Pseudochrobactrum
glaciei KMM 3858". The sequence similarity to the type
strains of three other Pseudochrobactrum species was 96.6 %
(Pseudochrobactrum saccharolyticum CCUG 338527), 96.5%
( Pseudochrobactrum asaccharolyticum CCUG 46016") and
96.7 % (Pseudochrobactrum kiredjianiae CCUG 495847). A
maximum-likelihood tree based on 165 rRNA gene
sequences is shown in Fig. 1.

The partial recA sequence of strain Sa25" was amplified with
degenerate primers recA-wob-f and recA-wob-r as described
by Scholz er al. (2006), resulting in a 768 bp recA fragment
that was compared to available recA sequences in the EMBL
nucleotide database. The highest sequence similarity
(92.7 %) within 678 bp was found with Pseudochrobactrum
glaciei KMM 3858", supporting the results of the 165 rRNA
gene sequence analysis. A neighbour-joining tree based on
partial recA gene sequences is shown in Supplementary Fig.
51 (available in IJSEM Online). Markedly lower partial recA
gene sequence similarities were detected in comparison with
other Pseudochrobactrum species. The similarity in the recA
sequence (within 678 nt) to Pseudochrobactrum kiredjianiae
CCUG 49584", Pseudochrobactrum saccharolyticum CCUG
33852" and Pseudochrobactrum asaccharolyticum CCUG
46016" was 85.3, 84.2 and 83.9 %, respectively.

Together with Pseudochrobactrum glaciei KMM 3858,
strain Sa25' formed a separate cluster in the phylogenetic
tree of recA sequences apart from the other recognized
Pseudochrobactrum species. Hence, both the 165 rRNA and
recA gene sequence-based phylogenetic reconstructions
support the separate position of Pseudochrobactrum glaciei
KMM 3858" and strain $a25" in comparison to the other
recognized Pseudochrobactrum species.

For polyamine, polar lipid and quinone analyses, cells were
grown on PYE medium (0.3 % peptone from casein, 0.3 %
yeast extract, pH 7.2). Quinones and polar lipids were
extracted by an integrated protocol as described previously
(Tindall 1990a, b; Altenburger et al, 1996); quinone
composition was analysed by HPLC as reported by Stolz
et al. (2007). Polyamines were extracted from biomass
harvested at the late exponential growth phase and
analysed as reported previously (Busse & Auling, 1988;
Busse et al., 1997; Stolz et al., 2007). The quinone system of
strain Sa25” consisted of the major compound ubiquinone
Q-10 (98%) and minor amounts of Q-8, Q-9 and Q-11
(0.2-1.2%). The polar lipid profile of strain Sa25'
consisted of the major compounds phosphatidylethanola-
mine, phosphatidylglycerol, diphosphatidylglycerol, phos-
phatidylcholine,  phosphatidylmonomethylethanolamine
and unknown aminolipid ALI, moderate amounts of
three unknown polar lipids, L1, L2 and L3, unknown
aminolipid AL2 and an unknown aminophospholipid
APL2 (Supplementary Fig. S2). In addition, an aminolipid
that stretched over a long range in the first chromato-
graphic dimension (‘stretched aminolipid’) was detected,
which has not been reported to be present in the profile of
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0.05

Bartonella henselae M4OSHD (DQ645426)

Ochrobactrum intermedium LMG 33017 (AM480623)

Ochrobactrum pseudintermedium ADV31T (DQ365921)

Brucella abortus NCTC 10093 (AM158979)
Ochrobactrum haematophilum CCUG 385317 (AM422370)
Ochrobactrum tritici SCII24T (AJ242584)
Ochrobactrum cytisi ESC1T (AY776289)
Ochrobactrum lupini LUP217 (AY457038)
Ochrobactrum anthropi LMG 33317 (AM114398)
Ochrobacirum thiophenivorans DSM 72167 (AM490617)
Ochrobactrum pituitosum CCUG 508997 (AM490609)
Ochrobactrum rhizosphaerae PR 177 (AM490632)
Ochrobactrum grignonense Oga9a’ (AM490619)
Ochrobactrum pseudogrignonense CCUG 307177 (AM422371)
Ochrobactrum galiinifaecis Iso 1987 (AJ519939)
Pseudochrobactrum lubricantis KSS 7.87 (FM209496)
Pseudochrobactrum saccharolyticum CCUG 33852 (AM180484)
Pseudochrobactrum asaccharolyticum CCUG 460167 (AM180485)
Pseudochrabactrum kiredjianae GCUG 495847 (AM263420)
Paenochrobactrum glaciei KMM 38587 (AB369864)
Paenochrobactrum gallinarii Sa25T (FN391023)
Ochrobactrum oryzae MTCC 4195" (AM041247)

Fig. 1. Phylogenetic analysis based on 16S rRNA gene sequences available from the EMBL database (accession numbers in
parentheses). The phylogenetic tree was constructed using the ARB software package (December 2007 version; Ludwig et al.,
2004) and the corresponding SILVA SSURef 95 database (July 2008 version; Pruesse et al, 2007). Tree building was
performed using the maximum-likelihood method with fastDNAmI (QOlsen et al., 1994) and 30% conservation filter. Bar, 0.05

substitutions per nucleotide position.

any established Brucella, Ochrobactrum or Pseudo-
chrobactrum species. Minor amounts of other lipids were
also detected. The polar lipid profile of Pseudochrobactrum
glaciei KMM 3858" shared the major characteristics,
including the presence of the stretched aminolipid, but
the unknown lipids AL2 and APL2 were not detectable.
Furthermore, in the polar lipid profile of Pseudo-
chrobactrum glaciei KMM 3858”7, another unidentified
aminolipid was detected, which exhibited the same R¢
value (i.e. the distance travelled by the analyte divided by
the distance travelled by the solvent front) in the second
dimension as AL1 but showed a slight smaller Rrin the first
dimension (not shown). However, these data demonstrate
that the polar lipid profile distinguishes Sa25" and
Pseudochrobactrum glaciei KMM 3858" from each other
and both strains from all Brucella, Ochrobactrum and
Pseudochrobactrum species examined so far. The polyamine
pattern of S$a25" consisted of the major compounds
putrescine [99.7 pmol (g dry wcight)_]] and spermidine
[12.1 pmol (g dry weight)”'] and minor amounts of
spermine [1.8 pmol (g dry weight) '} Pseudochrobactrum
glaciei KMM 3858" exhibited a similar polyamine pattern,
with the major compounds putrescine [56.7 pmol (g dry
weight) ~'] and spermidine [33.9 umol (g dry weight)™']
and minor amounts of spermine [0.4 umol (g dry
weight) ~']. This polyamine pattern distinguishes the two
strains from  Pseudochrobactrum, Ochrobactrum and
Brucella species, which have been reported to contain high
putrescine concentrations, but the major compound is
spermidine (Pseudochrobacirum) or sym-homospermidine
is present (Ochrobactrum and Brucella) (Kimpfer et al.,
2006, 2007a, b, 2008; Scholz et al, 2008). Table 1

summarizes the major chemotaxonomic features in
comparison with those of the genera Pseudochrobactrum,
Ochrobactrum and Brucella.

The results of fatty acid analysis are shown in
Supplementary Table S1. Fatty acids were analysed
according to Kimpfer & Kroppenstedt (1996). The fatty
acid profile of strain Sa25" was composed mainly of Cy9.¢
cyclo w8c (45.2%), Cig.107¢ (29.5%), Ciz.0 (4.0%) and
Cis:0 (10.6 %) and showed high similarity to the fatty acid
profiles of the type strains of Pseudochrobactrum kiredjia-
nige and Pseudochrobactrum glaciei. There were no clear
similarities to the fatty acid profiles of the type strains of

Table 1. Characteristics that differentiate the genera
Paenochrobactrum gen. nov., Ochrobactrum, Pseudochro-
bactrum and Brucella

Genera: 1, Paenochrobactrum gen. nov.; 2, Ochrobactrum (data from
Huber et al,, 2010; Kimpfer et al, 2007b, 2008; B. Huber and H.-].
Busse, unpublished results); 3, Pseudochrobactrum (Kimpfer et al,
2006, 2007a, 2009); 4, Brucella (Scholz et al, 2008, 2010).

Characteristic 1 2 3 4
Polyamine pattern

sym-Homospermidine present - + - +
Major compound* P sorsandp 5 S

Polar lipid profile
Stretched aminolipid present + - - -

*p, Putrescing; s, spermidine.
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Pseudochrobactrum asaccharolyticum or Pseudochrobactrum
saccharolyticum.

Results of the physiological characterization are given in
the species description and in Table 2. Methods used were
described previously (Kampfer et al., 1991). The organism
can be differentiated clearly from Pseudochrobactrum glaciei
and the other Pseudochrobactrum species on the basis of
several tests.

DNA-DNA hybridization experiments were performed
with Sa25" and Pseudochrobactrum glaciei KMM 3858" and

Table 2. Physiological characteristics of strain Sa25',
Paenochrobactrum glaciei comb. nov. KMM 38587 and type
strains of Pseudochrobactrum species

Strains: 1, Sa25"; 2, Paenochrobactrum glaciei comb. nov. KMM
3858%; 3, Pseudochrobactrum kiredjianiae CCUG 49584T; 4,
Pseudochrobactrum  asaccharolyticun  CCUG 46016 5,
Pseudochrobactrum  saccharolyticun CCUG  33853%. Data  were
obtained in this study. +, Positive; —, negative; (+), weakly
positive. All strains were positive for hydrolysis of r-alanine p-
nitroanilide (pNA) and L-proline pNA and weak hydrolysis of bis-p-
nitrophenyl (pNP) phosphate. All strains were negative for hydrolysis
of aesculin, pNP f-pD-galactopyranoside, pNP f-p-glucuronide, pNP
#-D-glucopyranoside, pNP f-D-glucopyranoside, pNP phosphoryl-
choline, pNP phenylphosphonate and 2-deoxythymidine-5'-pNP
phosphate. All strains were also positive for assimilation of acetate
and L-alanine. All strains were negative for assimilation of adonitol, p-
arbutin, cellobiose, D-gluconate, myo-inositol, maltose, maltitol, p-
mannitol, x-melibiose, D-sorbitol, salicin, trehalose, putrescine, 1-
phenylalanine, 1-tryptophan, 3-hydroxybenzoate, trans-aconitate,
adipate, citrate, itaconate, mesaconate, L-leucine, phenylacetate,
suberate, azelate and 4-hydroxybenzoate.

Assimilation of: 1 2 3 4

W

L-Arabinose
p-Xylose
p-Mannose
D-Glucose + ()
D-Fructose
pL-3-Hydroxybutyrate

p-Galactose

Pyruvate, ornithine - -
Propionate + -
p-Ribose, glutarate
Fumarate - -

DL-Lactate

|
+
n
|
I i T T e

L-Malate - -
1-Rhamnose
4-Aminobutyrate, fi-alanine + -
cis-Aconitate - = - +
N-Acetyl-D-glucosamine - + (+)
L-Aspartate - - (+)
L-Histidine - + - -

+
!

+ + + ++ ++
|

[
+ o+ o+ +

also with the type strains of three other Pseudochrobactrum
species using the method described by Ziemke et al. (1998)
except that, for nick translation, 2 pg DNA was labelled
during a 3 h incubation at 15 °C. Strain Sa25" showed
moderate DNA-DNA relatedness to Pseudochrobactrum
glaciei KMM  3858" (50.3%) and lower DNA-DNA
relatedness to Pseudochrobactrum asaccharolyticun CCUG
460167 (24.8%), Pseudochrobactrum  saccharolyticum
CCUG 338527 (45.7 %) and Pseudochrobactrum kiredjianiae
CCUG 495847 (40.9%). Values given are means of two
independent analyses.

From the results of 16S rRNA gene and recA sequencing
and from the physiological characteristics, it is evident that
strain $a25" is different from Pseudochrobactrum asaccharoly-
ticum, Pseudochrobactrum  saccharolyticun and  Pseudo-
chrobactrum kiredjianiae. Furthermore, strain Sa25" shares
with Pseudochrobactrum glaciei KMM 3858" a polyamine
pattern and a polar lipid profile containing a stretched
aminolipid that are unique among the Brucellaceae. For this
reason, we propose the novel genus Paenochrobactrum gen.
nov., with the type species Paenochrobactrum gallinarii sp.
nov., and the reclassification of Pseudochrobactrum glaciei as
a second species of this genus, Paenochrobactrum glaciei
comb. nov.

Description of Paenochrobactrum gen. nov.

Paenochrobactrum (Pae'no.chro.bac'trum. L. adv. paene
nearly, almost; N.L. neut. n. Ochrobactrum a bacterial
genus name; N.L. masc. n. Paenochrobactrum almost
Ochrobactrum).

Cells are non-motile, non-spore-forming rods (approx.
2 um long). Gram-negative and oxidase-positive, showing
an oxidative metabolism. The polyamine pattern exhibits
the major compound putrescine and moderate to large
amounts of spermidine, while sym-homospermidine is
absent. The polar lipids consist of the major compounds
phosphatidylethanolamine, phosphatidylglycerol, diphos-
phatidylglycerol, phosphatidylcholine, phosphatidylmono-
methylethanolamine and unknown aminolipid ALl and
moderate or minor amounts of unknown polar lipids LI
and L2. In addition, an aminolipid that stretches over a long
range in the first chromatographic dimension (stretched
aminolipid) is detectable (Supplementary Fig. S2). The
quinone system is ubiquinone Q-10. Major fatty acids
are Cyg. w7¢ and Ciq.¢ cyclo w8c. On the basis of 16S
rRNA gene sequence analysis, most closely related to the
genera Pseudochrobactrum, Ochrobactrum and Brucella.
Member of the family Brucellaceae. The type species is
Paenochrobactrum gallinarii.

Description of Paenochrobactrum gallinarii
Sp. nov,

Paenochrobactrum gallinarii (gallina'rii. L. n. gallinarium
a coop; L. gen. n. gallinarii of a coop, referring to the
isolation of the type strain from a duck barn).
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Paenochrobactrum gallinarii gen. nov., sp. nav.

Shares all characteristics listed in the genus description.
Good growth occurs on R2A agar, TSA, nutrient agar and
MacConkey agar at 25-30 “C. Beige, translucent and shiny
colonies with entire edges form within 24 h, with a
diameter of approximately 2 mm. Carbon source utiliza-
tion and hydrolysis of chromogenic substrates (including
differentiating characters for all Paenochrobactrum and
Pseudochrobactrum species) are indicated in Table 2. In
addition to the lipids listed in the genus description,
moderate amounts of the polar lipid L3, unknown
aminolipid AL2 and unknown aminophospholipid APL2
are present, and other lipids are present in minor to trace
amounts. Quinone system and polyamine pattern are as
listed in the genus description. In addition, the polyamine
pattern contains small amounts of spermine. The G+C
content of the DNA of the type strain is 49.7 mol%.

The type strain is $a25" (=CCUG 577367 =CCM 7656"),
isolated from a duck barn in Germany.

Description of Paenochrobactrum glaciei
comb. nov.

Basonym: Pseudochrobactrum glaciei Romanenko et al.
2008.

The description of the species is that given in the
description of Pseudochrobactrum glaciei provided by
Romanenko et al. (2008) with the following additions.
The polar lipid profile exhibits the characteristics listed in
the genus description. Furthermore, the polar lipid profile
contains an unidentified aminolipid, which exhibits the
same Ry as ALl in the second dimension but a slightly
lower Ry in the first dimension. The quinone system and
polyamine pattern are as listed in the genus description. In
addition, the polyamine pattern contains small amounts of
1,3-diaminopropane and spermine.

The type strain is Pi26" (=KMM 38587 =NRIC 07337
=JCM 15115").
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2.11. Use of groEL and gyrB sequences for classification of Brucella and

Brucella-like strains

2.11.1. Introduction

The alphaproteobacterial family Brucellaceae (Breed et al., 1957) includes the
genera Brucella (Meyer and Shaw, 1920), Mycoplana (Gray and Thornton, 1928),
Ochrobactrum (Holmes et al., 1988), Pseudochrobactrum (Kampfer et al., 2006) and
Paenochrobactrum (Kampfer et al., 2010). Brucellae are major zoonotic pathogens
that are found in a broad spectrum of animal reservoirs. Differentiation between
Brucella species is mainly based on the different hosts they are infecting but
phenotypic and genotypic interspecies variation is low. Applying the widely accepted
species definition of Wayne et al. (1987), the genus Brucella would have to be
considered to be monospecific with the only species Brucella melitensis. In
conclusion, Verger et al. (1985) proposed reclassification of all species recognized at
that time to subspecies of B. melitensis. However, because of the medical and
economic importance of Brucella species, it was decided by the “Subcommittee on
the Taxonomy of Brucella” that the nomenspecies should be retained in order to
avoid confusion (Osterman and Moriyon, 2006).

Next related to the highly infectious genus Brucella is the genus Ochrobactrum.
Ochrobactrum species, predominantly O. anthropi and O. intermedium, can cause a
sometimes brucellosis-like disease in humans too (Young, 1995; Scholz et al.,
2008a,b). During routine identification, Brucella isolates may be misclassified as
members of Ochrobactrum and vice versa and hence, Ochrobactrum strains are
often named Brucella-like. In fact, Brucella and Ochrobactrum must be considered a
monophyletic taxon, as was shown in various studies via DNA-rRNA hybridization,
whole-cell protein analysis, 16S rRNA gene, 16S/23S rDNA internal spacer region 1
(ITS1) and recA sequence comparisons (De Ley et al., 1987; Velasco et al., 1998;
Lebuhn et al., 2006; Scholz et al., 2008b).

Several novel taxa have been assigned to the family Brucellaceae in the last few
years and interest in Brucella-like species has grown due to the bioterroristic potential
of Brucella species. Currently, Brucella consists of nine species, namely B.
melitensis, B. abortus, B. ovis, B. canis, B. suis, B. neotomae, B. pinnipedialis, B.

ceti, B. microti and B. inopinata (Meyer and Shaw, 1920; Buddle, 1956; Carmichael
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and Bruner, 1968; Huddleson, 1929; Stoenner and Lackman, 1957; Foster et al.,
2007; Scholz et al., 2008c; Scholz et al., 2010). Within the genus Ochrobactrum,
fifteen species are recognized today: O. anthropi, O. intermedium, O. grignonense,
O. tritici, O. gallinifaecis, O. lupini, O. oryzae, O. cytisi, O. pseudintermedium, O.
pseudogrignonense, O. haematophilum, O. thiophenivorans, O. rhizoshaerae, O.
pituitosum and O. ciceri (Holmes et al., 1988; Velasco et al., 1998; Lebuhn et al.,
2000; Kampfer et al., 2003; Truijillo et al., 2006; Tripathi et al., 2006; Zurdo-Pifieiro et
al., 2007; Teyssier et al., 2007; Kampfer et al., 2007b; Kampfer et al., 2008; Huber et
al., 2010; Imran et al., 2009). The genus Pseudochrobactrum contains four species,
Ps. kiredjianiae, Ps. asaccharolyticum, Ps. saccharolyticum and Ps. lubricantis
(Kampfer et al., 2006; 2007a; 2009). A novel, closely related genus,
Paenochrobactrum, with the two species Paenochrobactrum gallinarii and
Paenochrobactrum glaciei, was recently proposed (Kampfer et al., 2010).

In order to contribute to a stable classification system for the Brucella-
Ochrobactrum group, we have subjected more than 40 Brucella, Ochrobactrum and
several Pseudochrobactrum (“Brucella-like”) strains to sequence analyses of two
housekeeping genes coding for DNA gyrase subunit B (gyrB) and the chaperonin
GroEL (groEL), respectively. The main aim of the study was to evaluate the
discriminatory power of these genes in regard to a collection of Brucella and Brucella-

like type and field strains and their suitability for a rapid taxonomic allocation.

2.11.2. Materials and methods

Bacterial strains

A representative panel of 35 different Ochrobactrum strains representing all currently
described species except for O. ciceri and the type strains of all ten Brucella species
as well as three Pseudochrobactrum type strains were examined. The strains used in
this study are listed in Table 2. Ochrobactrum and Pseudochrobactrum strains were
grown on PYE medium (3 g-L™ peptone, 3 g-L™* yeast extract, pH 7.2) at RT. Brucella

strains were grown on trypticase soy agar (TSA) at 37°C in a 5% CO, atmosphere.
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Table 2. List of strains used for gyrB and groEL sequencing.

Strain Source Geogr aphic origin Species

Brucella

ATCC 25840" sheep New Zealand B. ovis

NCTC 12891' whale n/a B. ceti

NCTC 12890" sealion n/a B. pinnipedialis

CCM 4915" common vole Czech Republic B. microti

BO1' breast implant wound USA B. inopinata

ATCC 23459" desert wood rat USA B. neotomae

ATCC 23365' dog USA B. canis

Ochrobactrum

LMG 33317 human France O. anthropi

CCUG 50485 human blood Sweden

CCUG 34461 human tracheal secretion Norway

LMG 3305 human blood France

LMG 3313 vagina France

LMG 371 sputum USA

LMG 5438 blood culture UK

DSM 20150 urine of leech, Hirudo sp. Germany

LUP21" (LMG 20667) Lupinus albus Spain O. lupini

LUP23 Lupinus albus Spain

Escl’ Cytisus scoparius nodules Spain O. cytis

Escb Cytisus scoparius nodules Spain

LMG 189577 wheat rhizoplane France O. tritici

CCUG 29689 human blood Sweden

LMG 401 cervix USA

TA93 industrial environment Austria

LMG 3301" human blood France O. intermedium

RMA 16994 human pelvic abscess USA

CCUG 44770 human sputum Austria

TA13 industrial environment Austria

CCUG 39736 human blood Sweden

LMG 5446 bladder USA

CCUG 1838 n/a n/a

DSM 17490" human axillary swab France O. pseudintermedium

CCUG 43465 paper mill Sweden

CCUG 34735 water Sweden

CCUG 30717" human blood Sweden 0.
pseudogrignonense

CCUG 43892 human ear (newborn) Norway

DSMZ 174717 Oryza sativa India O. oryzae

CCUG 38531" human blood Sweden O. haematophilum

OgA9a’ soil France O. grignonense

CCUG 50899" industrial environment Sweden O. pituitosum

PR17" potatoe rhizospere Austria O. rhizosphaerae

DSM 7216" waste water Germany O. thiophenivorans

Iso 196" Gallus gallus faeces Germany O. gallinifaecis

Pseudochrobactrum

CCUG 46016" human knee aspirate Sweden Ps. asaccharolyticum

CCUG 33852" industrial glue Sweden Ps. sachharolyticum

CCUG 49584" seafood processing plant New Zealand Ps. kiredjianiae

DNA preparation

DNA was prepared from one loopful of cell material of one distinctive colony

suspended in 100 pl of sterile water by 3 cycles of freeze-thawing (Wieser & Busse,

2000) or, in the case of the highly infectious Brucella species, from heat-inactivated

75



Brucella and Brucella-like

biomass (cell material was heated at 99°C for 10 min and centrifuged for 2 min at
13000xg) that was then treated in the same way. 0.5-1 pl of the cleared lysate were
used as template in the PCR assays. High-molecular-mass DNA for the DNA-
reassociation experiments was extracted from biomass according to Pitcher et al.
(1989) and concentration of the purified DNA was estimated chemically according to
Richards (1974).

DNA-DNA hybridization

In order to clarify the taxonomical status of the field strains used in this study, a
majority of them was subjected to DNA-DNA hybridizations with DNAs of the type
strains of their suspected nearest relatives. The hybridizations were performed
according to Ziemke et al. (1998) except that, for nick translation, 2 ug DNA was
labelled during a 90 min incubation at 15°C.

Primer design and PCR amplification

Primers are listed in Table 3. The partial gyrB and groEL sequences of Ochrobactrum
and Brucella species were amplified by PCR with primers constructed using available
gyrB and groEL sequence information in the NCBI nucleotide database. The gyrB
primers used in PCR were designed with the help of an alignment of the (partial) gyrB
sequences of B. abortus biovar 1 str. 9-941 (chromosome |, acc. no. AE017223), B.
suis 1330" (acc. no. AE014291; gyrB: AAN29081; nucleotide position 140014 to
142446), B. melitensis bv. 1 str. 16M" (acc. no. AE008917), O. anthropi IAM 14119
(acc. no. AB014971) and Phyllobacterium myrsinacearum IAM 13587 (acc. no.
AB014990). The primers GyrB_f binding to position 916-939 nt (relative to
AAN29081) and GyrB_r binding to position 2118-2141 nt (relative to AAN29081)
were employed to generate a 1226 bp fragment of the entire gyrB gene (AAN29081.:
2433 bp). The groEL primers used in PCR were designed with the help of an
alignment of the (partial) groEL sequences of O. anthropi ATCC 49188 (chromosome
[I, acc. no. CP000759), B. abortus S19 (acc. no. M82975), B. melitensis 16M (acc.
no. AE008918) and B. suis 1330 (acc. no. AE014292). The primer pair GroEL_f
binding to position -10-16 nt (relative to groEL part of M82975) and GyrB_r binding to
position 1622-1640 nt (relative to groEL part of M82975) were used to generate a
1650 bp fragment including 1640 bp of the groEL gene (AAN29081: 1641 bp). In the

actual Brucella/Ochrobactrum/Pseudochrobactrum alignments, groEL and gyrB
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sequences were shortened to the same length, 1167 bp and 1023-1029 bp,
respectively.

The 50 pl reaction mixture consisted of primers (0.5 pmol/ul), MgCl; (3 mM),
dNTP’s (0.2 mM each), 10 pl 5x buffer, and TagDNA Polymerase enzyme (1.25 u,
Promega), 1-2 pl DNA preparation and sterile water. Amplification was carried out in
a Perkin ElImer GeneAmp PCR System 2400 or an Eppendorf Mastercycler. PCR
amplification with all primer pairs was performed using the following conditions: 5 min
initial denaturation at 95°C, followed by 35 cycles of denaturation for 1 min at 95°C,
annealing for 1 min at 66°C and extension for 90 s at 72°C, final extension for 5 min
at 72°C. Of each PCR reaction 5-7 ul were analyzed by agarose gel electrophoresis
(1% wl/v in TAE buffer) for the presence of a 1226 bp or 1650 bp product. Most gyrB
PCR products were purified using the QIAquick PCR purification kit and groEL
products had to be excised from a 1.7 % agarose gel and then purified with the

QIAquick gel extraction kit (both QIAGEN) because of interfering by-products.

Table 3. Primers used for PCR and sequencing.

Primer* Primer sequence (5’ ->3) Position”
GroEL_f (amp, 9) GGA GAG TAA AAT GGC TGC AAA AGA CG 545 (—)
GroEL_r (amp, 5) GAA GTC CAT GCC GCC CAT G 2194 (<)
Gro_int_f (9) GAA GCC GAA ATC GGC AAG ATG 1017 (—)
Gro_Pseud_f (amp, 9) CGG CGA AGA CCT GCT GAT C 410 (—)
Gro_Pseud_r (amp, S) GCA ACGATACCTTCTTCA ACCG 1793 («)
Gro31 32 33 f (9) GTT GCT GCC GGA ATG AAC CC 73 (—)
GyrB_f (amp) GAT GAT GAT CTT GTG (AG)TA (AGC)CG CAG 916 (—)
GyrB_r (amp, ) CGA GGT CAT CAT GAC CCA GCT TC 2141 (<)
GyrB_111206 (s) CAA GGA CAAGCTTGTTTCCTCC 1399 («)

*Abbreviations: amp, amplification primer; s, sequencing primer
Positions are numbered relative to the groEL/groES sequence of Brucella abortus (acc. no. M82975) and gyrB

sequence of Brucella suis (acc. no. AAN29081). Arrows indicate direction of primers (—, forward; <, reverse).
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GyrB and groEL sequence analysis

The nucleotide sequences of the gyrB and groEL fragments were determined by
dideoxynucleotide sequencing of both strands with the PCR primers and, if
necessary, also some internal sequencing primers to accomplish incomplete
sequences (Table 3). Sequencing was partly carried out at VBC Genomics, Vienna
and partly at AGOWA, Berlin. Nucleotide sequences were further analysed using the
Chromas 1.45 program. Multiple sequence alignments of partial gyrB and groEL
gene sequences were performed with Clustal X software, version 1.81 (Thompson et
al., 1994) and further processed and analysed with BioEdit 7.0.5.3 (Hall, 1999).
Nucleotide and protein sequence identities were also calculated with BioEdit. The
phylogenetic gyrB (1023-1029 bp) and groEL (1167 bp) trees were obtained by using
the maximume-likelihood method (PHYLIP version 3.66; Felsenstein, 2006). Trees
were drawn with Treeview version 1.5 software (Page, 1996). 100 bootstrap
resamplings were performed to assess the tree topology. Bartonella henselae
Houston-1" (BX897699) was used as an outgroup.

The following groEL and gyrB sequences were taken from existing entries in the
database: O. rhizosphaerae PR17" (FM863819, FM863814), O. pituitosum CCUG
50899 (FM863820, FM863815), O. gignonense OgA9a' (FM863821, FM863816), O.
pseudogrignonense CCUG 30717" (FM863822, FM863817), O. thiophenivorans
DSM 7216" (FM863823, FM863818), B. suis 1330" (AE014291), B. melitensis 16M"
(AEO08917), Bartonella henselae Houston-1 (BX897699) and all recA sequences

used for the phylogenetic analysis (acc. nos. given in Fig. 3).

2.11.3. Results and discussion

RecA- and 16S rRNA gene-based phylogenetic analyses of Brucella and Brucella-
like strains have already been successfully employed to separate different
Ochrobactrum species and to distinguish them from the highly pathogenic Brucella
species (Scholz et al., 2006; 2008b). However, the 16S rRNA gene showed a
resolution too low for differentiation between very closely related species and at the
infraspecies level. Since less conserved protein coding housekeeping genes like
recA generally have a higher discriminatory potential than the 16S rRNA gene, which

is in many cases useful for the discrimination of more distantly related species only,
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they are often used in multilocus sequence typing (MLST) for population genetic
purposes or in multilocus sequence analysis (MLSA) to discriminate between closely
related species. Among others, partial gyrB and groEL sequences are often included
in MLST/MLSA studies. The DNA gyrase subunit B gene (gyrB) codes for a type I
topoisomerase responsible for the negative supercoiling of closed circular double-
stranded DNA during genome replication. The chaperonin GroEL (groEL) is a crucial
molecular chaperone that helps to fold proteins in the cell. In order to evaluate the
usefulness of gyrB and groEL sequence analyses for classification of Brucella and
Brucella-like strains, a number of type and field strains were examined. Unlike
previous sequence typing studies, the present work used DNA-DNA hybridization to
determine the species status of most field strains that were included and thus
provided a stable basis for interpretation of the obtained sequence data.

The primers GyrB_f/r and GroEL_f/r, designed for amplification of the respective
genes, could be successfully employed and GyrB_f/r yielded a specific product for all
included Brucella, Ochrobactrum and Pseudochrobactrum strains. GroEL_f/r primers
were not suitable to amplify an appropriate product from DNA of Pseudochrobactrum
strains and more permissive primers had to be constructed for representatives of this
genus. The obtained gyrB and groEL sequences, as well as recA sequences from the
database were used to create multiple sequence alignments which were then
subjected to phylogenetic analyses with the PHYLIP software package. Protein and
nucleotide sequence identity values were calculated with the program BioEdit and
evaluated for species demarcation criteria useful for a rapid taxonomic allocation of
Brucella and Brucella-like strains.

The gyrB sequence proved to be the least conserved of the two examined genes
and recA, as well (Scholz et al., 2006; 2008b), showing a higher resolution at the
subspecies level, whereas groEL was the most conserved gene. Especially in the
groEL phylogenetic maximum-likelihood dendrogram, the deeply branching lineages
showed little statistical significance, indicated by bootstrap values lower than 70%
(Fig. 2). However, the concatenated tree shows high bootstrap support for most
branches which also confirms the comparable clustering of the dendrograms derived
from only a single gene (Fig. 4). In the trees based on groEL, gyrB and recA
sequences, respectively, species clustered according to their taxonomic affiliation
(Figs. 1-3).
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Fig. 1. Maximum-likelihood tree based on the gyrB (1029 nt) nucleotide sequences. The
dendrogram was created from a Clustal X alignment using PHYLIP. Representatives of Brucella and
Brucella-like groups are included (O, Ochrobactrum; B, Brucella; Ps, Pseudochrobactrum). The
numbers at the nodes of the tree indicate bootstrap values for each node out of 100 bootstrap
resamplings (values below 70% not shown). Bartonella henselae Houston-1 was used as outgroup. If
available, accession numbers are listed beside the nominal designation of the strains. The scale bar

indicates 10% divergence. The different clusters are indicated by the numbers 1-7.
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Fig. 2. Maximum-likelihood tree based on the groEL (1167 nt) nucleotide sequences. The
dendrogram was created from a Clustal X alignment using PHYLIP. Representatives of Brucella and
Brucella-like groups are included (O, Ochrobactrum; B, Brucella; Ps, Pseudochrobactrum). The
numbers at the nodes of the tree indicate bootstrap values for each node out of 100 bootstrap
resamplings (values below 70% not shown). Bartonella henselae Houston-1 was used as outgroup. If
available, accession numbers are listed beside the nominal designation of the strains. The scale bar
indicates 10% divergence. The different clusters are indicated by the numbers 1-7.
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Fig. 3. Maximum-likelihood tree based on the recA (684 nt) nucleotide sequences. The

dendrogram was created from a Clustal X alignment using PHYLIP. Representatives of Brucella and

Brucella-like groups are included (O, Ochrobactrum; B, Brucella; Ps, Pseudochrobactrum). The

numbers at the nodes of the tree indicate bootstrap values for each node out of 100 bootstrap

resamplings (values below 70% not shown). Bartonella henselae Houston-1 was used as outgroup. If

available, accession numbers are listed beside the nominal designation of the strains. The scale bar

indicates 10% divergence. The different clusters are indicated by the numbers 1-7.
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Fig. 4. Maximum-likelihood dendrogram based on a concatenated dataset, containing the gyrB,
groEL and recA gene sequences (2884 nt). The tree was created from a Clustal X alignment using
PHYLIP. Representatives of Brucella and Brucella-like groups are included (O, Ochrobactrum; B,
Brucella; Ps, Pseudochrobactrum). The numbers at the nodes of the tree indicate bootstrap values for
each node out of 100 bootstrap resamplings (values below 70% not shown). Bartonella henselae
Houston-1 was used as outgroup. If available, accession numbers are listed beside the nominal

designation of the strains. The scale bar indicates 10% divergence. The different clusters are indicated

by the numbers 1-7.
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Strains of O. pseudogrignonense, Brucella, O. pseudintermedium, O. intermedium,
O. anthropi, O. tritici and Pseudochrobactrum formed recognizable clusters 1-7 in all
trees including the concatenated tree calculated on the basis of gyrB, groEL and recA
sequences. A comparable clustering was also shown by Scholz et al. (2008b) based
on recA sequences only.

Brucella strains formed a distinct clade designated cluster 2 but showed very little
interspecies variability. Compared to the rrs and recA sequences, which showed
100% identity (Scholz et al., 2008b), gyrB and groEL sequences of Brucella species
showed at least some variability: 99.6-100% and 99.3-100%, respectively (excluding
B. inopinata). However, only the strain B. inopinata BO1' clearly differed from the
other species in its gyrB and groEL sequence. This is in agreement with other
exceptional characteristics of this Brucella species (Scholz et al., 2010). According to
the groEL nucleotide sequence, O. haematophilum, O. intermedium, O.
pseudintermedium and O. anthropi are closest related to Brucella, according to gyrB
O. intermedium and O. pseudintermedium. Brucella species can be clearly
differentiated from these Ochrobactrum species in the phylogenetic dendrograms and
by groEL identity values <94.6% (99.3-100% within the Brucella cluster) and gyrB
identity values <88.8% (98.3-100% within the Brucella cluster). Thus, groEL
sequence identities >99% and gyrB sequence identities >98% of a novel isolate
could indicate that it belongs to the genus Brucella.

High sequence identities in both genes (groEL: = 98.7%; gyrB: >96%) were found
within cluster 5 comprising the strains O. anthropi LMG 3331", O. anthropi CCUG
50485, O. anthropi LMG 3305, O. anthropi LMG 3313, O. anthropi CCUG 34461, O.
anthropi LMG 5438, O. anthropi LMG 371, O. anthropi DSM 20150, O. lupini LUP23
and O. lupini LUP21'. These results reveal a close relationship between the O.
anthropi strains and support the recA-based findings of Scholz et al. (2008b). The
two O. lupini strains could not be distinguished from O. anthropi strains and, hence,
were included in cluster 5, which emphasizes the general difficulty in differentiating
between the two species. Moreover, a very close relationship of O. cytisi ESC1" and
O. cytisi ESC5 to O. anthropi strains was demonstrated. So, they were also assigned
to cluster 5. The close relationships between O. anthropi, O. lupini and O. cytisi
strains are not surprising when considering the high DNA relatedness between the
species that was found by Trujillo et al. (2005) and Zurdo-Pifieiro et al. (2007). The

O. lupini type strain shows 68% DNA reassociation with O. anthropi, which is close to
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the threshold value of 70%. O. cytisi resulted in 66% reassociation with O. anthropi
and 70% with O. lupini. The identity values do not make a differentiation possible
either, with gyrB nucleotide sequence identities of O. lupini being 96.1-98.9% and of
O. cytisi being 95.4-97.9% to O. anthropi (within O. anthropi: 96-100%) and groEL
sequence identities of O. lupini being 98.8-100% and of O. cytisi being 98.2-98.8% to
O. anthropi (within O. anthropi: 98.7-100%). Strains of cluster 5 can be differentiated
from their nearest neighbours by groEL identity values >98% (O. tritici 96-96.7%; O.
oryzae 95.8-96.3%) and gyrB identity values >96% (O. tritici 94.2-95.7%; O. oryzae
92.2-92.8%).

The strains of cluster 6, O. tritici LMG 189577, O. tritici CCUG 39659 and LMG 401
showed almost identical groEL sequences (99.7-99.9%), while the identities to other
species of the genus were <97%. These results are in excellent accordance with the
data of Scholz et al. (2008b). Also the gyrB identity values >98% within cluster 6,
including strain TA93, and <96% to other Ochrobactrum and Brucella species confirm
the close relationship between the examined O. tritici strains and the separation from
all other species of the genus.

The high nucleotide sequence identities of strains O. pseudintermedium CCUG
43465 und O. pseudintermedium CCUG 34735 in both genes (99-100%) indicate that
they are actually members of this species. Similarly, the high sequence identities in
regard to both genes between the cluster 4 strains O. intermedium TA13, O.
intermedium CCUG 39736, O. intermedium CCUG 44770, O. intermedium CCUG
1838, O. intermedium RMA 16994, O. intermedium LMG 5446 and the type strain of
the species O. intermedium LMG 33017 (groEL: >98.4%; gyrB: >96,7%), and slightly
lower values to other species of the genus (groEL: <96.4%; gyrB: <92.6%) confirm
their affiliation to this species.

All other Ochrobactrum species could also be clearly differentiated from each
other by comparison of sequence identity values and clustering in the phylogenetic
trees. O. haematophilum clustered next to the Brucella cluster and O. oryzae near
the O. anthropi and O. tritici clusters in the gyrB and groEL based dendrograms
(Figs. 1-2). O. pseudintermedium was always near the O. intermedium cluster (Figs.
1-4). O. grignonense and O. pituitosum were nearest to each other in all trees (Figs.
1-4).

In the dendrograms, Pseudochrobactrum species formed a distinct cluster remote

from the two other examined genera. The three species were clearly separated from
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each other by differences in gyrB and groEL sequences. GroEL sequence identities
between the types of the three species were below 94% and gyrB sequence
identities below 91%. A differentiation from all Brucella and Ochrobactrum species
was also possible, the highest identity values being <89.0% in the groEL sequence
and <81% in the gyrB sequence. Only in the groEL phylogenetic tree, Ps.
asaccharolyticum clustered with Ps. saccharolyticum with a bootstrap support of
76%, whereas in the other dendrograms it clusters with Ps. kiredjianiae (Figs. 1-4).

The results from the sequence comparisons of the gyrB and groEL gene showed
that both genes are of excellent value for a differentiation between the genera
Brucella, Ochrobactrum and Pseudochrobactrum and suitable for discriminating
between most Ochrobactrum and Pseudochrobactrum species. Like with recA, both
genes could not be employed to differentiate between Brucella species. Maximum
sequence differences of 1.3% seem not to be sufficient for use of groEL or gyrB as
genetic markers in a Brucella typing system (Table 5). However, this result was not
surprising, since the species concept of the genus Brucella is mainly based on their
different hosts and the genetic background rather suggests the inclusion of all
Brucella species into a single species.

For the strains DSM 20150, CCUG 50485, LMG 5438, LMG 371 and CCUG
34461, sequence comparisons showed that they are affiliated to O. anthropi. The
results of the DNA-DNA hybridization experiments (Table 4) confirmed that they are
actually representatives of the species O. anthropi. For strains LMG 401 and TA93
the gyrB sequence comparison suggested a close relationship with O. tritici. This was
also substantiated by DNA-DNA hybridization results.

The strains DSM 1838, TA13, LMG 5446, RMA 16994, CCUG 44770 and CCUG
39736 clustered with the type strain of O. intermedium LMG 3301" in both, gyrB and
groEL. The DNA-DNA hybridization results revealed their actual affiliation to this
species (Table 4).

Sequence identities of 99.0% (groEL) and 99.3% (gyrB) suggested that strain
CCUG 43465 is a member of the species O. pseudintermedium. Its affiliation to O.
pseudintermedium could be confirmed by DNA-DNA hybridization experiments that
additionally disproved the previous assignment of CCUG 43465 to O. intermedium
(Table 4).

In the primary amino acid sequences, the discriminatory potential of the

phylogenetic markers is drastically reduced (Table 6). Protein sequences showed a
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maximum difference of 4.4% (GroEL) and 11.2% (GyrB) within the genus
Ochrobactrum. Infraspecies variation decreased. In both, the groEL and gyrB
sequences, O. anthropi, O. tritici, O. cytisi and O. oryzae can hardly be differentiated
and there is only 0.5-1% difference to O. intermedium and O. pseudintermedium
(Table 6). In contrast to nucleotide based comparisons, most O. anthropi strains had
identical GroEL protein sequences, except for DSM 20150 and LUP21'. GyrB
retained a certain differentiating power in the protein sequence, except for the very
closely related species of cluster 5.

Sequence comparisons and phylogenetic relationships clearly separated
representatives of the studied genera and discriminated between Ochrobactrum
species as well. On the other hand, high homogeneity in both genes among
members of Brucella was observed, confirming the mono-specificity of the genus.
The results of this study suggest that, based on sequence similarities of the two
genes, Brucella strains can be reliably identified only at the genus level, whereas the
discriminatory power for classification of Ochrobactrum strains is significantly higher.
Together with recA, the two genetic markers could find application in order to reliably

identify respective field strains in a multilocus sequencing approach.

Table 4. Results of DNA-DNA hybridization experiments.

O. anthropi O. intermedium O. tritici O. pseudintermedium
LMG 3331 lab* LMG 3301 lab* CCUG 34735 lab® LMG 18957 lab* DSM 17490 lab*
LMG 371 97 %
CCUG 34461 77 %
DSM 20150 85 %
CCUG 50485 97 %
LMG 5438 98 %
LMG 33017 - - 40 %
TA 13 - 96 %
LMG 5446 - 84 %
RMA 16994 - 93 %
CCUG 44770 - 75 %
CCUG 39736 - 73 %
CCUG 1838 - 81 % (<)
LMG 401 - - - 82 %
TA 93 - - - 79 %
CCUG 43465 - - - - 87 %

*labelled DNA
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3. Genus Francisella

3.1. Introduction

3.1.1. Tularemia

Francisella tularensis is a small, non-motile, Gram-stain negative, non-spore forming
coccobacillus that causes the zoonotic disease tularemia (rabbit fever, deerfly fever)
in humans and especially one of the four subspecies, Francisella tularensis subsp.
tularensis, is generally highly virulent for humans and animals. It causes the severest
form of the disease, the infectious dose being as few as 25 inhaled cells (Saslaw et
al., 1961; Guryciva, 1998). The other subspecies, F. tularensis subsp. holarctica and
F. tularensis subsp. mediasiatica, are of intermediate virulence, causing mostly non-
lethal disease in humans (Ellis et al., 2002; Olsufjev and Meshcheryakova, 1982;
1983; Sandstrom et al., 1992). F. tularensis subsp. novicida infection is rare, normally
occurs in immunocompromised hosts only and is linked to water-borne transmission
(Ellis et al., 2002; Hollis et al., 1989). F. tularensis is found throughout the Northern
Hemisphere and the natural reservoirs for the facultative intracellular bacterium in
Europe are predominantly hares and rodents (Sjostedt, 2007). The distribution of
tularemia concurs with the distribution of holarctical animals (Sjostedt, 2007).
Arthropods such as ticks and mosquitoes are vectors that transmit F. tularensis.
Humans are infected with the organism mainly through handling infected animals,
consuming contaminated food or water, or inhaling aerosols (e.g. aerosolisation by
using a lawn mower), but also through arthropod bites (Sj6stedt, 2005a).

Tularemia is an acute febrile invasive illness with rapid intracellular proliferation of
bacteria, accumulation of phagocytes and tissue necrosis (Tarnvik and Chu, 2007).
The typical period of incubation of the disease is three to five days after exposure or
contact (Sjostedt, 2007). The disease starts with unspecific symptoms like fever with
chills, nausea and headache. According to the different clinical presentations,
ulceroglandular and glandular (transmitted through skin or mucous membranes,
>90% of European tularemia cases), oropharyngeal (through ingestion of
contaminated food or water) and respiratory tularemia (through inhalation) are

distinguished (Sjostedt, 2007). Complications of a F. tularensis subsp. tularensis
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infection include life-threatening pneumonia, septicemia, meningitis, endocarditis,
hepatitis and renal failure; disease caused by F. tularensis subsp. holarctica can lead
to nonfatal meningitis and septicemia (Tarnvik and Chu, 2007). A transmission of
tularemia from human to human has not been proved yet (Sjostedt, 2007).

Biodefense-associated research has shown much interest in F. tularensis since
the 2001 bioterrorist attacks with anthrax in the U.S. because the biological agent is
highly infectious and can be transmitted by aerosol, raising concerns about a
potential use for biological warfare or terrorism (Sjostedt, 2007; Keim et al., 2007).
The usage of F. tularensis as a biological weapon was discovered shortly before and
during World War Il (Dennis et al.,, 2001). After the war, the U.S. developed
technigues to employ aerosolized F. tularensis organisms as weapons until the BWC
treaty came into force and stockpiled biological weapons had to be destroyed
(Dennis et al., 2001). The former Soviet Union was also reported to have been
engaged in the exploitation of F. tularensis as a biological weapon (Dennis et al.,
2001; Alibek, 1999). In a bioterrorist attack, inhalation of aerosolized organisms or
intake of contaminated water can result in fatal consequences with many casualties.
Although a vaccine is available, it is not equally efficient for the different forms of
tularemia and the two major pathogenic subspecies (Sjostedt, 2007) and sufficient
guantities may not be at hand in an actual attack because of the short incubation
time. The CDC used a model developed by the World Health Organization
(Anonymous, 1970) to predict the costs of a bioterrorist attack with F. tularensis
(Sjostedt, 2007). The outcome was that its extraordinary contagiousness, high
morbidity and potential for large-scale dissemination would lead to very high costs.
So, it is listed as a category A biothreat agent by the CDC, together with anthrax,
Clostridium botulinum toxin, Yersinia pestis, smallpox and different viruses causing
hemorrhagic fevers (Sjostedt, 2007; Keim et al., 2007).

3.1.2. Classification

The genus Francisella belongs to the Gammaproteobacteria and is the only
recognized genus in the family Francisellaceae exhibiting a unique cellular fatty acid
composition (Sjostedt, 2005a,b). Currently, the genus Francisella comprises the four

species Francisella tularensis, Francisella philomiragia, Francisella noatunensis (syn.
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Francisella piscicida), Francisella hispaniensis (proposed in the course of this thesis;
Huber et al.,, 2010) and the recently proposed species Francisella asiatica. F.
tularensis is divided into the subspecies F. tularensis subsp. tularensis (type A), F.
tularensis subsp. holarctica (former palaearctica, type B), F. tularensis subsp.
novicida (former F. novicida, Huber et al.,, 2010) and F. tularensis subsp.
mediasiatica. F. tularensis subsp. holarctica is divided into three biovars: biovar | Ery®
(susceptible to erythromycin), biovar Il Ery" (resistant to erythromycin) and biovar
japonica (Hofer, 2002; Olsufjev and Meshcheryakova, 1983). F. noatunensis is
divided into the subspecies F. noatunensis subsp. noatunensis and F. noatunensis
subsp. orientalis.

The taxonomical classification of F. tularensis was based on the biochemical and
genetic properties, virulence and geographical origin of strains (Sjostedt, 2007). F.
tularensis is endemic in the Northern Hemisphere and is especially common in North
America, Russia and Japan (Ellis et al., 2002). However, outbreaks of tularemia were
also reported from Spain, Switzerland, Turkey and Kosovo (Bachiller Luque et al.,
1998; Wicki et al., 2000; Reintjes et al., 2002). Even in parts of Austria, the Czech
Republic and Slovakia, F. tularensis could sporadically be isolated as the cause of
human disease (Hofer et al., 1997). Generally, less virulent F. tularensis subsp.
holarctica is predominantly isolated in Europe, Asia and North America, Francisella
tularensis subsp. mediasiatica is mainly confined to Central Asia and F. tularensis
subsp. tularensis is most abundant in North America (Ellis et al., 2002; Guryciva,
1998). F. tularensis subsp. novicida is found rarely but worldwide and F. philomiragia
is present in the Northern Hemisphere only (Keim et al., 2007). F. philomiragia was
isolated from water samples and muskrats in Utah as well as from humans, F.
noatunensis and F. asiatica were isolated from fish and F. hispaniensis from human
blood and urine (Jensen et al., 1969; Hollis et al., 1989; Mikalsen et al., 2007;
Mikalsen and Colquhoun, 2009; Escudero et al., 2010).

Different molecular typing methods identified two different phylogenetic groups
within F. tularensis subsp. tularensis, A.l and A.ll (Johansson et al., 2004; Garcia Del
Blanco et al., 2002). The two groups are found in different geographic areas and
altitudes; A.l is predominantly found in the eastern US and in California (same
distribution as the tick vectors Dermacentor variabilis and Amblyomma americanum
and the host Sylvilagus floridanus), A.ll is found in the Rocky Mountain region of the

western US (same distribution as the tick vectors Dermacentor andersoni and
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Chrysops discalis and the host Sylvilagus nuttallii) (Farlow et al., 2005). Interestingly,
A.l isolates were found to be of higher virulence to humans than A.ll isolates (Staples
et al., 2006).

3.1.3. Diagnosis

Diagnosis of tularemia is traditionally based on the detection of F. tularensis-specific
antibodies in blood and does not discriminate between the pathogenic subspecies
(Keim et al., 2007). The subspecies of F. tularensis are classically differentiated on
the basis of their virulence, citrulline ureidase activity, glycerol and glucose
fermentation (Ellis et al., 2002). The biovars | Ery®, Il Ery' and japonica of F.
tularensis subsp. holarctica are distinguished based on their susceptibility to
erythromycin and acid production from glycerol (Hofer, 2002). Their similarity in other
characteristics like fatty acids (Jantzen et al., 1979), protein patterns (Sandstrom et
al., 1988), expression of antigens (Nutter, 1971) and results of biochemical tests
(Hollis et al., 1989) complicate the classification of F. tularensis field strains into
different subspecies and biovars. Moreover, typing according to the phenotype is
often inconsistent with modern genetic bacterial systematics and only partly
applicable for the prediction of phylogenetic relationships (Keim et al., 2007). A
further problem of traditional diagnosis is that the handling of human virulent strains
poses a hazard and should be done at containment level 3 which is laborious and
time-consuming. Therefore, rapid tools for identification and differentiation of
Francisella based on molecular methods as well as highly discriminatory tools for
epidemiological traceback are needed.

In the past decade, a range of different molecular typing methods with taxonomic
ranges of discrimination from family to isolate level have been applied for Francisella:
whole-genome DNA sequencing, 16S rRNA gene sequencing, DNA-DNA
reassociation, ribotyping, whole-genome microarray, pulsed field gel electrophoresis
(PFGE), insertion element-probed restriction fragment length polymorphism (RFLP),
multilocus sequence typing (MLST), amplified fragment-length polymorphism (AFLP),
multilocus variable number tandem repeat analysis (MLVA) and single nucleotide
polymorphism (SNP) analysis (Keim et al., 2007). For differentiation between the
species, subspecies, biovars and strains of F. tularensis, study of short-sequence

tandem repeats (Johansson et al., 2002), insertion element based RFLP (Thomas et
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al., 2003), automated ribotyping (Grif et al., 2003), MLST (Nubel et al., 2006), MLVA
(Johansson et al., 2004; Farlow et al., 2001) and specific PCR-primers and probes
(Forsman et al., 1994; Johansson et al., 2000; Broekhuijsen et al., 2003; Versage et
al., 2003; Tomaso et al., 2006; Molins et al., 2009; Svensson et al., 2009) were
employed. Although the high genomic similarity between the different subspecies of
F. tularensis was frequently confirmed, studies based on DNA microarrays
(Broekhuijsen et al., 2003; Samrakandi et al., 2004), proteom analysis (Hubalek et
al., 2004) and a rep- and RAPD-PCR based typing approach (De La Puente-
Redondo et al., 2000) have shown a certain degree of genomic heterogeneity that
indicated the possibility to find specific markers for the development of rapid
differentiating PCR-tests. These studies already showed interesting approaches to
the identification of the examined Francisella strains, but the presented results do not
convincingly allow for a rapid and reliable identification of Francisella field strains to
the species, subspecies and biovar level. On the one hand, only a limited number of
members of one or more of the different groups was included or representatives of
one or more groups were left out in the studies, or, on the other hand, the methods
were too time-consuming. Moreover, there was no clear indication of a reliable
identification of the examined strains. Therefore, it is possible that the taxonomic
status of the included strains was not adequately assured.

It was a goal of the present thesis to develop a PCR method considering all the
aforementioned points of criticism and able to differentiate between all species,
subspecies and biovars of Francisella in order to allow for a rapid typing of field
strains and prevent misidentification of avirulent or low-virulent strains as virulent F.

tularensis.
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Strain FrSp1”, isolated from human blood in Spain in 2003, was studied for its taxonomic allocation.
By 163 rRNA and recA gene sequencing, the strain was shown to belong to the genus Francisella. In
the 165 rRNA gene sequence, Francisella sp. FhSp1" shared similarity of more than 99 % with
strains of Francisella tularensis subspecies and Francisella novicida U112", 98% with Francisella
piscicida GM2212" and 98.4 % with Francisella philomiragia ATCC 25015". In the recA gene
sequence, Francisella sp. FhSp1" exhibited 91.6-91.7 % similarity to strains of F. tularensis
subspecies, 91.2% to F. novicida U112" and 84 % to F. philomiragia ATCC 25017. The genus
affiliation was supported by a quinone system typical of Francisella (Q-8 as the major component), a
complex polar lipid profile similar to that of F. tularensis with the major components
diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcheline and an unknown
aminophospholipid (APL4) and a fatty acid profile consisting mainly of Cyq.0 (17.2%), Cy4.0
(11.29%), Cyg:0 (13.1%), Cyg.0 3-OH (14.2%) and C1a.1w9c (7.1 %). DNA-DNA hybridization,
which showed unambiguously that FhSp1 T represents a novel species, and the results of
biochemical tests allowed genotypic and phenotypic differentiation of the isolate from all hitherto-
described Francisella species. A multiplex PCR developed in the course of this study discriminated
FhSp1 from representatives of all other Francisella species and subspecies, clades Al and Al of F.
tularensis subsp. tularensis and F. tularensis subsp. holarctica biovar japonica and also between
these representatives of the genus. Therefore, we propose the name Francisella hispaniensis sp.
nov., with the type strain FhSp1" (=FnSp1" =FSC454" =F62" =DSM 22475" =CCUG 58020").
Furthermore, we formally propose the transfer of the species Francisella novicida to the species
Francisella tularensis as Francisella tularensis subsp. novicida comb. nov. (type strain ATCC 164827
=CCUG 33449" =CIP 56.127). We also present an emended description of the genus Franciselia.

Francisella tularensis is a facultatively intracellular bacterium, novicida strains, although generally less virulent than strains
and all its subspecies cause the zoonotic disease tularaemia in of F. tularensis, may cause a tularaemia-like disease in
humans and animals. Francisella philomiragia and Francisella immunocompromised patients (Hollis et al., 1989).

The GenBank/EMBL/DDBJ accession numbers for the 165 rRNA gene and recA sequences of strain FhSp1" are FN252413 and FN252412,
respectively, and the accession number of the recA sequence of F. tularensis subsp. tularensis ATCC 62237 is FN545356.
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The genus Francisella, together with Wolbachia persica,
Fangia hongkongensis and Caedibacter taeniospiralis, repre-
sents one of, if not the deepest branch in the class
Gammaproteobacteria (Forsman et al, 1994; Lau et al,
2007; Gao et al., 2009). At the time of writing, the genus
Francisella comprises four recognized species, F. tularensis,
with the three subspecies F. tularensis subsp. tularensis, F.
tularensis subsp. holarctica and F. tularensis subsp.
mediasiatica, F. novicida, F. philomiragia and F. noatunensis
(formerly F. philomiragia subsp. noatunensis), with the two
subspecies F. noatunensis subsp. mnoatunensis and F.
noatunensis subsp. orientalis (McCoy & Chapin, 1912;
Larson et al, 1955; Olsufiev et al, 1959; Olsufijev &
Meshcheryakova, 1983; Hollis et al, 1989; Ottem et al,
2009; Mikalsen et al, 2007). A fifth species, Francisella
piscicida (Ottem et al., 2007), was proposed to represent a
later heterotypic synonym of F. noatunensis subsp.
noatunensis (Ottem et al., 2009) based on high degrees of
sequence similarities in certain housekeeping genes and
results from DNA-DNA hybridizations slightly below the
threshold (709% reassociation) for species delineation.
However, the reliability of these taxonomic rearrangements
cannot be considered to be certain and, hence, we use the
name F. piscicida in this contribution.

In several publications, including the chapter on Francisella
in the second edition of Bergey’s Manual of Systematic
Bacteriology (Sjostedt, 2005), F. novicida is named
Francisella tularensis subsp. nevicida (Sjostedt, 2005), but
this name is not formally correct; although Sjéstedt (2005)
proposed the transfer of this species to F. tularensis as the
subspecies ‘F. tularensis subsp. novicida', this name has
never been validly published.

Strain FhSp1" was presumptively identified as a strain of F.
novicida (Escudero et al., 2003). However, recent analyses
of five housekeeping genes and two genes encoding
membrane proteins (Niibel et al, 2006; Escudero et al,
2010) as well as genomic fingerprinting using RAPD-PCR
carried out in the course of our study (results not shown)
revealed a clearly distant position of this strain from
recognized Franciselln species and subspecies. This uncer-
tain taxonomic affiliation was further affirmed by the
results of DNA typing methods employing 38 canonical
insertion—deletion markers, in which strain FhSp1" failed
in amplification of seven tested loci (Larsson et al, 2007).
Escudero et al. (2008) named strain ]:"'hSpl'r an unusual F.
tularensis strain. Here we report the classification of
FhSp1T as a member of a novel species of Francisella,
applying biochemical, physiological, chemotaxonomic and
genetic characterization. Furthermore, we formally propose
to transfer the species F. novicida to the species F. tularensis
as Francisella tularensis subsp. novicida comb. nov.

FhSp1" showed distinct, convex, pale-white to grey
colonies that reached maximum size (3—4 mm diameter)
in 48 h on cysteine heart agar (HCA; BD) at 37 "C.
Cysteine is not required for growth but enhances it. FhSp1”
could also be grown on Columbia blood agar, whereas no

growth occurred on MacConkey agar plates. Cell morpho-
logy was observed under an Axiostar microscope (Zeiss) at
x 1000, with cells grown for 2 days at 37 "C on HCA. The
pleomorphic and coccoid rods of FhSpl” stained faintly
Gram-negative.

Amplification and sequencing of the 165 rRNA-encoding
gene and recA were carried out as reported previously
(Scholz et al., 2006) using the primers listed in Table 1 (165
rRNA gene: 27f, 1492r, 341f, 518r, 926f; recA: recA_tul_f,
recA_tul_r). Amplification of recA consisted of an initial
denaturation step at 94 “C for 5 min and 30 cycles of
denaturation at 94 “C for 30 s, annealing at 60 "C for 30 s
and elongation at 72 "C for 30 s and a final elongation step
at 72 "C for 60 s. Primers recA_tul_f and recA_tul_r were
constructed based on accessible genomic sequences of
certain francisellae. 165 rRNA gene (1471 bp) and recA
(965 bp) sequences of FhSp1" were compared to entries in
the EMBL database using the FASTA33 search tool (Pearson
& Lipman, 1988). Strain FhSp1" showed 99.7 % 16S rRNA
gene sequence similarity to F. novicida U112" and F.
tularensis subsp. tularensis SCHU S4 and strain FSC198,
99.5-99.6 % to other F. tularensis subspecies, 98.2-98.4 %
to strains of F. philomiragia, including the type strain ATCC
25015", and 98.0 % to F. piscicida GM2212". The recA gene
sequence of FhSp1" shared 91.2-91.7% with the corres-
ponding sequences of members of different Francisella
subspecies, including F. novicida U112", and 84 % with that
of F. philomiragia ATCC 25017 in 941 overlapping
positions. recA sequences of recognized Francisella subspe-
cies shared 99.9-100 % similarity with each other and 98.9-
99.0 % with that of F. novicida U112". These data indicate a
close relatedness of F. novicida to F. tularensis and a quite
distant position of FhSpl™ from recognized Francisella
species. Subsequent analysis of the recA gene was performed
using the software package MEGA version 4.0 (Tamura et al.,
2007) after multiple alignment of sequences by CLUSTAL_X
(Thompson et al., 1997). Distance options were according
to the maximum composite likelihood model and cluster-
ing with the neighbour-joining method was performed by
using bootstrap values based on 2000 replications. A recA-
based tree is shown in Fig. 1. In further analyses, the
relatedness of FhSpl" and F. novicida suggested by
sequence similarities was confirmed.

For fatty acid, polar lipid and quinone analysis, cells were
grown on HCA at 37 "C with 5% CO, for 48 h, except F.
piscicida DSM 18777", which was kept at 20 °C under
ambient atmosphere, suspended in PBS, heat-killed and
then lyophilized. Fatty acid methyl esters were prepared as
described by Kiampfer & Kroppenstedt (1996).

The fatty acid profile of FhSpl" consisted of Cg.o
(1729/0), C]S:g 3—01‘1 (142%), CI!’):O (13] %), C]x;;o
(11.2%), Cyg.109¢ (7.1%), Cps:y (5.0%), Cig:0 (3.8%),
ClérO 3-OH (2-8 %), Cm;o 2-OH (2.7 %)s sz;o (2-5 %),
Cig.0 (2.5%), Cso:0 (1.7%}, iSO-C|5;0 2-OH and/or
Cig.107¢  (1.4%), anteiso-C;5.q (1.6%), 1is0-C5.q
(].].0/0), C]Z:U (09%), C20:2(1)6,9C (08%), Cl?:O 3-OH
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Table 1. Oligonucleotide primers used in this study and expected amplicon sizes when used in multiplex PCR

Primers were designed in this study unless indicated otherwise.

Primer Sequence (5°-3) Reference* Amplicon size (bp)
RAPD-PCR
RAPDI1a GTGCCGACGG - -
RAPDI1b GTGCCGACGGC - -
RAPD2a ATAGCCGACG - -
RAPD2b ATAGCCGACGC - -
RAPD3a TCTGACCACC - -
RAPD3b TCTGACCACCG - -
RAPD4 CAGGCTTCCC - -
RAPDS CGGCAACGGG - -
RAPD6 GACTGCGCAC - -
RAPD?7 GCGTCAGGAG - -
RAPDY AACAGGGCGG - -
RAPDI10 GGACGCGGTGC - -
RAPDI11 GCACGCATTGG - -
RAPDI12-2 GITCGTGCGGT - -
RAPD13 CCACCTCGCA - -
RAPDI15 TGTGGAGCCC - -
RAPD16 GTTCGTGCGGT - -
RAPDI17 CGTTTCAATG - -
RAPDIE GTTACATCAGTGC - -
RAPDI9 TCAACAAGGTG - -
RAPD20 AAACATTATCTGC - -
RAPD21 CAACCAGCTATAG - -
RAPD22 CTTAAAAAGGTT - -
RAPD23 AAGTTTGTTTGC - -
RAPD24 CAAAGTTIGTITTGC - -
RAPD27 AGTTTAGCTGG - -
RAPD28 TTGCTGGGG - -
RAPD29 AAGTTGTAGCTG - -
RAPD30 CAGCACCAGC - -
Multiplex PCR
RD1_new_f GCACATACCTATTTTATACTTCCAACTTG - 629 (F. tularensis subsp. holarctica); 840 (F.
tularensis subsp. holarctica bv. japonica);
1325 (F. tularensis subsp. tularensis)
RD1_r GCCGAGTTTGATGCTGAAAA 1
RD6_f TGACCTGAGCCAGAGGTTAC 3 369
RD6_r ACTTGCCAGCCTAATAATTAC 3
F_nov_f GCCATATAAAGGCAAAAGCTCCACTTC - 1395
F_nov_r GAGGGGATATGGCAATCATCTAGAGC -
F med { GTCTTTGGTGGTCTTACGCCAATG - 1132
F_med_r GCTGGAATTACACTCTCTCTTAAATCCC -
F_philo_f CGCACCCCAGTCTTTGCGATAG - 962
F_philo_r CGCTAAATAATTCTCTTCGTAGCGATTG -
F_pisc_f GCGGTCTATCCTGTTGTCGAGAAG - 172
F_pisc_r TTGCTTGAAATATTGGAGAAGAAATGG -
Fe2f GTTGATCGGCGATAGTACTTCATCT - 492
F 62 r CCAAAGATCACAAAGGCATTACCTAAG -
Amplification and sequencing
recA
recA_tul_f CGCTAGAATCAGCCTTATCAC - 965
recA_tul_r TAAGCTCATCTTGAGTAACTGC -
165 TRNA gene
27f GCCCATTTGAGGGGGATACC 2 1474
1492r GGACTAAGAGTACCTTTTTGAGT 2

http://ijs.sgmjournals.org
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Table 1. cont.

Primer Sequence (5'-3") Reference* Amplicon size (bp)
341f CCTACGGGAGGCAGCAG 4 — (Sequencing primer)
518r ATTACCGCGGCTGCTGG — (Sequencing primer)
926f AAACTYAAAKGAATTGACGG 2 — (Sequencing primer)

*1, Broekhuijsen et al. (2003); 2, Lane (1991); 3, Molins-Schneekloth et al. (2007); 4, Muyzer et al. (1993).

(0.7 %), anteiso-C,7.,w9¢ (0.6 %), Cy3., at 12-13 (0.5 %),
anteiso-Ci7.q (0.4%), Cy.p (0.1%) and an unidentified
acid with an equivalent chain-length of 14.969. This fatty
acid profile shares the majority of characteristics reported
for different F. tularensis and F. novicida strains (Jantzen et
al, 1979; Hollis et al, 1989), including relatively large
amounts of Cig.00 Cra:00 Cis:00 Caq:1 and the long-chain
hydroxy acid Ci3.9 3-OH and presence of significant
amounts of Cm:g 2-OH, C|6:0 3-0OH, CQQ:Q, ng:g and
Ca4.0. A fatty acid profile containing these components is
unique among bacteria and, hence, it supports the
assignment of FhSp1” to the genus Francisella.

Quinones were extracted and analysed by HPLC as
described by Tindall (1990a) and Altenburger et al
(1996). The HPLC was equipped as described by Stolz et
al. (2007). Strain FhSp1" exhibited a quinone system with
the major compound ubiquinone Q-8 (98 %) and traces of
Q-9 (2%). The quinone system supports the affiliation of
strain FhSp17 to the genus Francisella; several strains of the
genus analysed for this trait also showed a quinone system
with the major ubiquinone Q-8 (Hollis et al., 1989). Our
analysis of the quinone systems of strain FhSpl', F.
tularensis subsp. holarctica strains F76 and ATCC 29684, F.
tularensis subsp. mediasiatica F65, F. tularensis subsp.
tularensis strains ATCC 6223" and SCHU $4, F. tularensis
subsp. novicida ATCC 15482", E. philomiragia ATCC
25015" and F. piscicida DSM 18777" showed similar
results. The main quinone was ubiquinone Q-8 (95—
100 %), and minor amounts of ubiquinone Q-9 were also
detected.

Polar lipids were extracted and analysed by two-dimen-
sional TLC after Tindall (1990b). The polar lipid profile of
strain FhSp1" was almost identical to that of F. tularensis

subsp. tularensis ATCC 6223" (Fig. 2a), differing only by
the absence of trace amounts of an unidentified aminophos-
pholipid (APL2). The polar lipid profile of F. tularensis
subsp. tularensis ATCC 6223" was composed of the major
lipids phosphatidylethanolamine and diphosphatidylgly-
cerol, moderate amounts of phosphatidylcholine and an
unidentified aminophospholipid (APL4) and phos-
pholipid (PL3) and minor to trace amounts of phosphati-
dylglycerol, unidentified phospholipids (PL1, PL2), an
unidentified lipid with highly hydrophobic chromato-
graphic behaviour (L) and unidentified aminophosphogly-
colipids (APGLI1-2), aminophospholipids (APL1-3) and an
aminolipid (AL2). The polar lipid profile of F. novicida
ATCC 15482" was indistinguishable from that of F.
tularensis subsp. tularensis ATCC 62237 (not shown). The
most striking difference in the polar lipid profile of F.
philomiragia ATCC 25015" was the absence of aminophos-
pholipid APL4 (Fig. 2b). Furthermore, aminophospholipid
APL2 was not detectable, but minor amounts of an
unidentified glycolipid (GL) and an unidentified aminolipid
(AL1) were found. F. piscicida DSM 18777" exhibited a polar
lipid profile most similar to that of F. philomiragia subsp.
philomiragia ATCC 25015" but with trace amounts of APL2
and no detectable APGL2, AL1, AL2 and PLI (not shown).
These polar lipid profiles reflect quite well the close
phylogenetic relationship between FhSp1" and F. tularensis
subsp. tularensis on the one hand and between F.
philomiragia ATCC 250157 and F. piscicida DSM 18777"
on the other.

Metabolic fingerprinting was done using the Biolog
MicroLog system (Gram-negative identification test panel
GN2 MicroPlates) according to the instructions of the
manufacturer. All strains were first grown on HCA at 37 °C

F. tularensis subsp. holarctica OSU18 (CP000437)
F. tularensis subsp. holarctica 257 (AAUD00000000)

63

F. tularensis subsp. hofarctica FINFO02-00 (CP0O00B03)

F. tularensis subsp. tularensis ATCC 62237 (FN546356)

' 0.05 99! F. tularensis subsp. holarctica LVS (AM233362) Fig. 1. Phylogenetic tree reconstruction with
F ruu‘arensr:s subsp. qua.rens{s SCHU S4 (AJ749949) recA sequences (941-944 bp) using MEGA
gg|| F. rufarens:is subsp. ruiarenS{s FSC198 (AM286280) neighbour-joining analysis. Bar, 0.05 substitu-

g4l F. tularensis subsp. tularensis WY96-34 18 (CP000608) . A . L
o8 F. tularensis subsp. mediasiatica FSC147T (CPD00916) tions per nucleotide position. The significance
N F. novicida U112 (CPO00439) of branches is indicated by bootstrap percen-
N F. hispaniensis FhSp1T (FN252412) tages calculated for 2000 subsets. The recA
F. philomiragia ATCC 25017 (CP000937) sequence of Rickettsia belli RML 369-CT was

”ﬁ Rickettsia belli RML 369-CT (CPO00087) used as an CIU'[ngUp.
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Fig. 2. Total polar lipid profiles of F. tularensis subsp. tularensis
ATCC 62237 (a) and F. philomiragia ATCC 250157 (b) after
two-dimensional TLC and detection with malybdatophosphoric
acid. DPG, Diphosphatidylglycerol; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; AL1-
2, unknown aminolipids; PL1-3, unknown phospholipids;
APL1-4, unknown aminophospholipids; APGL1-2, unknown
aminophosphoglycolipids; GL, unknown glycolipid; L, unknown
polar lipid.

with 5% CQO,, except for F. piscicida DSM 187777, which
was kept at 20 “C under ambient atmosphere. All strains
were tested at least three times in independent test series.
MICs of antimicrobial agents were determined by Etest
(AB Biodisk; Tec-Laim) on HCA supplemented with 9 %
chocolatized red blood cells (CHAB). From 48 h cultures
on CHAB plates, cells of strain FhSp1” were resuspended in
physiological saline to achieve a turbidity equivalent to that
of a McFarland standard 0.5 and applied to the agar with
the help of a sterile swab before application of Etest strips.

MICs were read after 48 h of incubation at 37 °C in an
atmosphere with 5% CO;. For quality assurance, each
batch of plates was tested with the control strains F.
tularensis subsp. tularensis ATCC 6223" and F. tularensis
subsp. holarctica NCTC 10857".

Results of physiological and biochemical tests and
susceptibility tests for antimicrobial agents are given in
Table 2 or listed in the species description. Strain FhSp1”®
differed from F. novicida ATCC 15482" in 13 traits and
from the other type strains of recognized Francisella species
and subspecies in at least 12 traits.

For environmental studies aiming at identifying potential
zoonotic reservoirs of F. tularensis or related species as well
as in epidemiology, rapid differentiation of bacterial strains
belonging to the genus Francisella is mandatory. Known
differences in virulence between the distinct subspecies of
F. tularensis may be critical for the clinical management of
tularaemia patients. Moreover, the unusual natural resist-
ance of strains affiliated to the genus Francisella against a
wide range of antibiotics necessitates the rapid identifica-
tion of these strains in critically ill people. There are several
lines of evidence to show that immunocompromised
patients in particular are prone to infections with
uncommon Francisella strains that are not detected or
identified by classical microbiological methods (Kugeler et
al., 2008) and which might even occur in regions that were
not considered to be endemic for F. tularensis or related
species (Leelaporn et al., 2008).

PCR-based identification of Francisella strains at the genus,
species and subspecies levels has been developed by
Forsman et al. (1994) on the basis of differences in the
165 rRNA gene. Johansson et al. (2000) designed primers
to differentiate between F. tularensis subsp. tularensis and
F. tularensis subsp. holarctica isolates in a multiplex PCR
that, however, needs further analyses in order to distin-
guish between these subspecies and F. tularensis subsp.
mediasiatica and F. novicida. Broekhuijsen et al. (2003)
developed a PCR based on the region of difference RD1,
which was identified by a genome-wide DNA microarray
analysis. This PCR allows discrimination between all three
subspecies of F. tularensis, F. novicida and F. tularensis
subsp. holarctica biovar japonica with one primer pair.
However, it cannot discriminate between the two geno-
types of F. tularensis subsp. tularensis, F. philomiragia, F.
piscicida and FhSp1™ and, since the characteristic amplicon
that identifies F. novicida is larger than 3000 bp, the PCR
assay is suboptimal. In the course of this study, examina-
tions were carried out in order to develop a comprehensive
multiplex-PCR assay that allows convenient and fast
discrimination between Francisella subspecies and species,
including FhSp1”.

PCR template DNA was prepared by three cycles of freeze—
thawing (Wieser & Busse, 2000) from heat-inactivated
biomass. In order to find genomic differences suitable for
the design of specific primers, comparative genomic
fingerprinting was carried out with representatives of each

http://ijs.sgmjournals.org
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Table 2. Differential metabolic characteristics of strain
FhSp1" and the type strains of other francisellae

Strains: 1, FhSp1”'; 2, F. novicida ATCC 15482"; 3, F. philomiragia
ATCC 25015%; 4, F. piscicida DSM 18777%; 5, F. tularensis subsp.
tularensis ATCC 6223"; 6, F. tularensis subsp. mediasiatica GIEM543;
7, F. tularensis subsp. holarctica GIEM503. The tests were carried out
with the Biolog GN2 MicroPlate system; tests with F. piscicida DSM
18777" were carried out with 24 h of incubation at 20 °C; other tests
were carried out for 24 h at 37 "C. +, Positive; —, negative; (+),
weakly positive. All strains were positive for oxidation of p-fructose,
L-sering, L-proline, L-glutamic acid, D-mannose, pyruvic acid methyl
ester and z-D-glucose. All strains were negative for oxidation of water
(control), s-cyclodextrin, Tweens 40 and 80, N-acetyl-p-galactos-
amine, adonitol, r-arabinose, D-arabitol, i-erythritol, L-fucose,
gentiobiose, myo-inositol, lactose, lactulose, p-mannitol, melibiose,
methyl fi-b-glucoside, D-psicose, raffinose, L-rhamnose, D-sorbitol,
turanose, xylitol, cis-aconitic acid, citric acid, formic acid, D-
galactonic acid lactone, D-galacturonic acid, p-gluconic acid, D-
glucosaminic acid, D-glucuronic acid, 7-hydroxybutyric acid, p-
hydroxyphenylacetic acid, itaconic acid, x-ketovaleric acid, malonic
acid, propionic acid, quinic acid, D-saccharic acid, sebacic acid,
glucuronamide, L-histidine, 1-leucine, L-phenylalanine, p-serine, pL-
carnitine, urocanic acid, phenylethylamine, putrescine, 2-aminoetha-
nol and 2,3-butanediol. Identification results according to Biolog
were F. philomiragia for strains 1-4 and F. tularensis for strains 5-7.

Test 1 2 3 4 5 6 7

Activity of:
Catalase (+) (+)
Oxidase + =
Oxidation of:

Dextrin

Glycogen
N-Acetyl-p-glucosamine
Cellobiose

n-Galactose

Maltose

+ +

+ o+ o+
+ + +
o+
I+
I+
+ 1
Lo+

Sucrose

+

Trehalose

+

Succinic acid monomethyl ester

I
I+ + 4+ +

I

|

|

I

Acetic acid
a-Hydroxybutyric acid
fi-Hydroxybutyric acid
a-Ketobutyric acid
#-Ketoglutaric acid
ni-Lactic acid

+

+
|
|
|

+

Succinic acid
Bromosuccinic acid
Succinamic acid

I+ +
!
|
|
|
|

I+ ++++++++++
+
+ + +
|
|
|
|

L-Alaninamide

p-Alanine
1-Alanine

|
+
+

L-Alanyl glycine
L-Asparagine
L-Aspartic acid
Glycyl r-aspartic acid

+ + +
\
|
\

I+ + + + + +
I+ 4+ + + + + =
|

|

|

|+ +

++ A+t

+
+
|
|
|
|

Glyeyl L-glutamic acid

Table 2. cont.

Test 1 2 3 4 5 6 7
Hydroxy-L-proline U —
L-Ornithine + 4+ - = = - =
L-Pyroglutamic acid -
L-Threonine + 4+ 4 - = = 3
p-Aminobutyric acid + I —
Inosine + + + - - - -
Uridine L+ 0+ o+ - — —
Thymidine + 4+ + - - - +
Glycerol + o+ 4+ - 4+ o+ -
pL-z-Glycerol phosphate + + + - + + +
2-D-Glucose 1-phosphate -+ - 4+ - - - =
p-Glucose 6-phosphate + - 4+ = = = =

Francisella taxon (results not shown). Primers used for
RAPD-PCR fingerprinting and their sequences are listed in
Table 1. Reactions were carried out in a final volume of
25 pl containing 1x Green GoTaq Flexi buffer, 2 mM
MgCl,, 200 pM each ANTP, 0.6 U GoTaq DNA polymer-
ase (Promega), 8 uM RAPD primer and approximately
5 ng DNA. Reactions were performed using an initial
5 min denaturation step at 95 “C followed by 45 cycles of
1 min at 95 °C, 1 min at 32-38 "C and 2 min at 72 "C and
a final extension step of 5 min at 72 “C. The resolution of
bands was improved by using a ramp rate of 0.3 °C s~ ',
Amplification products (5 pl each) were separated by 1.5 %
(wf/v) agarose gel electrophoresis in 1x TAE running
buffer at a constant voltage of 110 V for at least 90 min.
Fragments were visualized with UV light after staining with
ethidium bromide. Bands of interest were excised from the
gel and DNA was eluted with the QIAquick gel extraction
kit according to the instructions of the manufacturer
(Qiagen). PCR products were cloned using the Promega
pGEM-T Easy vector system and Escherichia coli strain
DHI10B according to the manufacturer’s manual. Plasmid
insert sequences (sequencing was done at VBC-genomics,
Vienna) were subjected to database searches and compared
to genome sequences of Francisella strains (accession nos
AM233362, CP000803, CP000437, AJ749949, CP000439,
AM286280 and CP000608).

Primers used in the multiplex PCR were constructed based
on comparative genomic fingerprinting and information
from the literature. By means of RAPD-PCR, sequence
fragments potentially suitable for the design of specific
primers were identified and sequenced for strains of F.
piscicida (RAPD12 band of 201 bp) and F. philomiragia
(RAPD6 band of 1259 bp) and FhSplT (RAPDI13 band of
770 bp) (not shown). For F. tularensis subsp. mediasiatica,
a specific primer pair was designed using a variable region
that was detected after comparison of larger sequence
regions of the F. tularensis subsp. mediasiatica genome
sequence with other accessible Francisella genome
sequences from the databases. The region of difference
RD1 described by Broekhuijsen ef al. (2003) provided a
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primer pair that resulted in specific products for F.
tularensis subsp. tularensis and F. tularensis subsp. holarc-
tica, including biovar japonica [the reverse primer was
taken from Broekhuijsen et al. (2003) and the forward
primer was redesigned], and was also used to design a
primer pair specific for F. novicida (for amplicon sizes, see
Table 3). The primer pair RD6_f/r (Molins-Schneekloth et
al, 2007) allowed differentiation between F. tularensis
subsp. tularensis A.l and A.Il by lack of the F. tularensis
species-specific band of 369 bp in ATCC 6223" (A.II).

The primer pairs were tested in individual PCRs (results
not shown) and then integrated into one multiplex-PCR
assay. The 25 pl reaction mixture consisted of 5 pl 5x

buffer, 2.5 ul MgCl,, 0.5 pl dNTPs, 0.2 pl each of primers
RDI_new_f, RD1_r, F_nov_f and F_nov_r, 0.1 pl each of
primers RD6_f, RDeé_r, F_pisc_f, F_pisc_r, F_philo_f,
F_philo_r, F 62_f F 62_r, F_med f and F_med_r,
0.12 pl Promega GoTaq polymerase and 0.5 pl template
DNA. Reactions were performed in an Eppendorf
Mastercycler using an initial 5 min denaturation step at
95 “C followed by 35 cycles of 1 min at 95 °C, 1 min at
60 "C and 1 min 30 s at 72 "C and a final extension step of
5 min at 72 “C. The products were separated in a 1.5%
agarose gel as described above, stained with ethidium
bromide and visualized with UV light. Applying the
developed multiplex PCR, all test strains could be correctly
identified (Table 3 and Fig. 3). The assay uses 14 primers

Table 3. Francisella strains examined in this study and their multiplex PCR profiles

Strain Taxon as received Multiplex PCR profile (bp)
F. tularensis subsp. holarctica
F1247 =GIEM5037 F. tularensis subsp. holarctica 369, 629
F1 F. tularensis subsp. holarctica 369, 629
F4 F. tularensis subsp. holarctica BVI1 369, 629
F7 F. tularensis subsp. holarctica BVII 369, 629
F9 F. tularensis subsp. holarctica BVII 369, 629
Fl11 F. tularensis subsp. holarctica BVII 369, 629
F12 F. tularensis subsp. holarctica BVII 369, 629
F13 F. tularensis subsp. holarctica BVII 369, 629
F17 F. tularensis subsp. holarctica BVI1 369, 629
F19 F. tularensis subsp. holarctica BVII 369, 629
F33 F. tularensis subsp. holarctica BVII 369, 629
F57 F. tularensis subsp. holarctica 369, 629
F76 F. tularensis subsp. holarctica 369, 629
F89 F. tularensis subsp. holarctica BVI 369, 629
F88 F. tularensis subsp. holarctica BVI 369, 629
F100 F. tularensis subsp. holarctica 369, 629
F101 F. tularensis subsp. holarctica 369, 629
F49 =ATCC 29684 F. tularensis subsp. holarctica LVS 369, 629
F119 =FS5C021 F. tularensis subsp. holarctica bv. japonica 369, 840
F120 =F5C022 F. tularensis subsp. holarctica bv. japonica 369, 840
F. tularensis subsp. tularensis
F66" =ATCC 62237 =GIEM Schu” F. tularensis subsp. tularensis, avirulent; A.Il 1325
FSC237 =SCHU 54 F. tularensis subsp. tularensis; A.l 369, 1325
F. tularensis subsp. mediasiatica
F63" =GIEM543" F. tularensis subsp. mediasiatica 369, 1132
F65 F. tularensis subsp. mediasiatica 369, 1132
F. tularensis subsp. novicida
F617 =ATCC 154827 F. tularensis subsp. novicida 369, 1395
F59 F. tularensis subsp. novicida 369, 1395
Fe0 F. tularensis subsp. novicida 369, 1395
F. hispaniensis sp. nov.
FhSpl" =FnSp1" =F62" =FsC454" =DSM 22475" F. hispaniensis 492
=CCUG 58020"
F. philomiragia
F517 =ATCC 250157 F. philomiragia 962
F50 =ATCC 25017 F. philomiragia 962
F. piscicida
F165" =DSM 18777" F. piscicida 172

http://ijs.sgmjournals.org
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1 2 3 4 5 6 7 8 9 10 11 12

Fig. 3. Multiplex PCR results. Lanes: 1 and 12, 100 bp and
1.6 kb markers; 2, F. piscicida DSM 18777"; 3, F. philomiragia
ATCC 25017; 4, F. philomiragia ATCC 2501 5.5 F hispaniensis
sp. nov. FhSp1T; 6, F. novicida ATCC 156482"; 7, F. tularensis
subsp. mediasiatica GIEM543T; 8, F. tularensis subsp. tularensis
SCHU S4 (A); 9, F. tularensis subsp. tularensis ATCC 62237
(Ad); 10, F. tularensis subsp. holarctica GIEM503"; 11, F.
tularensis subsp. holarctica bv. japonica F119. Aliquots of 5 pl
PCR product were loaded onto the 1.5% agarose gel and
visualized after staining with ethidium bromide.

and allows the differentiation of all Francisella species and
subspecies including biovar japonica of F. tularensis subsp.
holarctica and biovars A.l and A.IIl of F. tularensis subsp.
tularensis.

Strain FhSp1” was shown to be distant from the other
established Francisella species by sequence analyses of
different housekeeping genes (Ntibel ef al., 2006) as well as
in RAPD-PCR and the developed multiplex PCR. Hence,
these results indicate that this strain is not a representative
of F. novicida or of any other recognized Francisella species,
but a representative of a novel species of the genus
Francisella.

In order to support the rank of a separate species, DNA
reassociation experiments were carried out comparing
FhSp1" with the type strains of two F. tularensis subspecies,
F. novicida ATCC 154827, F. philomiragia ATCC 250157
and F. piscicida DSM 18777". DNA-DNA hybridization
experiments were carried out according to Ziemke et al.
(1998). Nick translation was done with 2 pg DNA for
90 min at 15 “C. High-molecular-mass DNA was extracted
and purified according to Pitcher et al (1989). DNA
concentrations were estimated chemically according to
Richards (1974). The results are means from at least six
hybridizations. In hybridization experiments, strain
FhSp1" exhibited the following levels of reassociation:
52% (9.7% sp), reciprocal 54% (4.7% sp), with F.
novicida ATCC 154827; 61% (8.4% sp), reciprocal 35%
(3% sn), with F. tularensis subsp. mediasiatica GIEM5437;
57% (7.3% sp), reciprocal 38% (7.5% sp) with F

tularensis subsp. holarctica GIEM503"%; 39% (7.7% sp),
reciprocal 43% (5.9% sp), with F. philomiragia ATCC
25015"; and 47 % (3.4 % sp), reciprocal 28 % (6.2 % sD),
with E. piscicida DSM 18777". DNA-DNA hybridization
was not carried out successfully with the type strain of F.
tularensis subsp. tularensis because DNA from repeated
purifications of differently grown biomass was heavily
fragmented. However, hybridizations between all other
subspecies of F. tularensis and F. novicida have shown that
the subspecies of F. tularensis and F. novicida exhibit
reassociation values higher than 70 %, demonstrating that
they belong to a single species (Hollis et al., 1989). Hence,
the strains of F. tularensis employed in our hybridization
experiments are useful for reference and demonstrate
unambiguously that FhSpl™ can be considered as a
representative of an as-yet undescribed species of
Francisella.

The data presented here (polar lipids, quinone system, fatty
acids) as well as molecular data from Nibel et al. (2006),
Larsson et al (2007) and Escudero et al (2010)
demonstrate that strain FhSp 17 is a member of the genus
Francisella. Results from DNA-DNA hybridization and
unique physiological traits show that FhSpl' is a
representative of a novel Francisella species. Therefore, we
propose a novel Francisella species, Francisella hispaniensis
sp. nov., to accommodate strain FhSp1™.

The taxonomic status of F. novicida as one of four
Francisella species has been questioned repeatedly. A range
of different molecular data, including results of DNA-DNA
hybridizations, has demonstrated a relatedness to F.
tularensis at the species level. Sjostedt (2005) discussed
the matter in detail and proposed to reclassify F. novicida
(Larson et al. 1955) Olsufiev et al. 1959 as ‘F. tularensis
subsp. novicida’. This new combination is used in several
papers; however, this combination has not been validly
published by publication in the International Journal of
Systematic and Evolutionary Microbiology or by inclusion in
a Validation List to satisfy Rule 27 of the Bacteriological
Code and, hence, has no standing in nomenclature.

Here, we propose to reclassify F. novicida as a subspecies
of F. tularensis, Francisella tularensis subsp. novicida
comb. nov., and therefore give the already widely adopted
classification a formal basis. Furthermore, we provide an
emended description of the genus Francisella.

Emended description of the genus Francisella
Dorofe’ev 1947

Francisella (Fran.ci.sel'la. N.L. dim. ending -ella; N.L. fem.
n. Francisella named after Edward Francis, American
bacteriologist, who extensively studied the aetiological
agent and pathogenesis of tularaemia and is credited with
naming the disease).

In addition to the description of the genus provided by
Sjostedt (2005), species of the genus are characterized by a
complex polar lipid profile consisting of the major
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components diphosphatidylglycerol and phosphatidyletha-
nolamine, moderate to major quantities of phosphatidyl-
choline and minor amounts of phosphatidylglycerol, three
unidentified phospholipids, an aminolipid, two aminophos-
phoglycolipids and two aminophospholipids. Additional
lipids may be present. The quinone system is ubiquinone
Q-8. The type species is Francisella tularensis.

Description of Francisella hispaniensis sp. nov.

Francisella  hispaniensis (his.pa.ni.en’sis. L. fem. adj.
hispaniensis from Hispania, the Latin name for Spain, the
country where the type strain was isolated).

Cells are pleomorphic or coccoid rods (approx.
0.5 % 1.5 pm). Gram-negative, oxidase-positive and show-
ing weak catalase activity. Good growth occurs on HCA
and Columbia blood agar at 2042 “C with an optimum at
37 “C. Forms distinct, mucoid, pale-white to grey colonies
within 24 h with a diameter of approx. 1-2 mm on HCA.
Resistant to meropenem, amoxicillin plus clavulanic acid,
ampicillin and aztreonam; susceptible to chloramphenicol,
tetracycline, doxycycline, gentamicin, tobramycin, strep-
tomycin, nalidixic acid, ciprofloxacin, levofloxacin, ery-
thromycin and rifampicin. Does not produce indole or
H,S. Negative in the Voges—Proskauer test, nitrate
reduction and growth on triple-sugar iron agar. Gelatin
and aesculin are not hydrolysed. Negative for arginine
dihydrolase, ornithine decarboxylase, lysine decarboxylase,
urease and f-galactosidase. The quinone system consists of
Q-8 and traces of Q-9. Predominant polar lipids are
phosphatidylethanolamine and phosphatidylcholine, as
well as an unknown F. tularensis-specific aminophos-
pholipid (APL4). Other polar lipids are diphosphatidylgly-
cerol, phosphatidylglycerol, unknown phospholipids
(PL1-3), an unknown lipid (L) and some unknown
aminophosphoglycolipids (APGLI1-2), aminophospholi-
pids (APL1-2) and aminolipids (AL2). The fatty acid
profile is mainly composed of the major compounds
Ci0.00 Cia:00 Cis:0 and the hydroxy acid Cig.o 3-OH, as
well as minor amounts of Cg.,@9¢, Cig.0, Ci5.0 3-OH and
Cig.0 2-OH. Results of biochemical tests are indicated in
Table 2.

The type strain, FhSplT (=FnSpl" =FsC454" =F62"
=DSM 224757 =CCUG 58020"), was isolated in Spain in
2003 from blood of a patient suffering severe septicaemia
secondary to acute obstructive pyelonephritis (Escudero
et al., 2010).

Description of Francisella tularensis subsp.
novicida comb. nov,

Francisella tularensis subsp. novicida (no.vi.ci'da. L. adj.
novus new; L. suff. -cida from L. v. caedo to cut, kill; N.L. n.
novicida new killer).

Basonym: Francisella novicida (Larson et al. 1955) Olsufiev
et al. 1959.

Other synonym: ‘Pasteurella novicida’ Larson et al. 1955.

The species shares the characteristics listed in the emended
genus description. Further characteristics were summarized
by Larson et al. (1955) and Sjostedt (2005). Biochemical
characteristics determined with the Biolog GN2 MicroPlate
are shown in Table 2.

The type strain, ATCC 154827 =CCUG 334497 =CIP
56.12°, was isolated from a water sample from Ogden Bay,
Utah, USA, in 1951 (Larson et al., 1955).
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4. Genus Yersinia

4.1. Introduction

4.1.1. Plague and yersiniosis

Yersinia pestis is the most prominent member of the genus, since it is the causative
agent of one of the most ancient recognized human diseases, plague. It is a small,
Grame-stain negative, non-motile, non-spore forming, facultative intracellular pathogen
found in rodents and their fleas (Bottone et al., 2005). In humans the pathogen can
cause three main forms of plague, bubonic, septicemic and pneumonic plague, which
have a high mortality rate if untreated (Bossi et al., 2004c). Bubonic plague is the
most common clinical form and characterised by swollen lymph nodes, the so-called
buboes (Perry and Fetherston, 1997). After injection of Y. pestis via an infective flea
bite, the microorganisms can multiply intracellularly in macrophages and spread in
the host through the lymphatic system, accompanied by fever, headache, nausea
and other unspecific symptoms (Pujol and Bliska, 2005; Perry and Fetherston, 1997).
Then, the bacteria proliferate extracellularly at regional lymph nodes and cause their
inflammation which leads to the characteristic buboes within 2-8 days (Bottone et al.,
2005). The disease can turn into a severe secondary plague septicemia, pneumonia
or meningitis and cause 40-60% lethality if not treated with antibiotics (Perry and
Fetherston, 1997). Primary septicemic plague is a bacteremia without noticeable
swelling of lymph nodes and symptoms resemble those of septicemias caused by
other Gram-stain negative bacteria. In an advanced stage, septicemic plague may
lead to necrotic fingers, toes, nose or lips (‘Black Death’) (Bossi et al., 2004c). The
mortality rate for this form of plague is 30-50% because diagnosis is often very
difficult (Perry and Fetherston, 1997). The third clinical form is primary pneumonic
plague. The lungs are invaded by the microorganisms and the disease can spread
from person to person or animals to humans through respiratory droplets (Bottone et
al., 2005). This aggressive and deadly form of the disease can cause death in less
than four days with a >90% lethality if untreated and thus a primary pneumonic
plague epidemic would be devastating (Bottone et al., 2005; Perry and Fetherston,
1997).
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In contrast, Y. pseudotuberculosis, although showing a strikingly high degree of DNA
relatedness to Y. pestis (Bercovier et al.,, 1980a), and Y. enterocolitica cause much
milder, enteric illnesses in humans that seldom lead to death and are mostly
transmitted by the fecal-oral route. Like Y. pestis, Y. pseudotuberculosis is an
intracellular parasite that reaches the lymphatic system (Bottone et al., 2005).
Classical Y. pseudotuberculosis infection in humans causes gastroenteritis with
mesenteric lymphadenitis that may be confused with appendicitis (Ochoa and Cleary,
2006). Symptoms include abdominal pain, fever, scarlatiniform skin rash,
conjunctivitis and erythema nodosum, only sometimes diarrhea and enterocolitis
(Ochoa and Cleary, 2006; Krober et al., 1983). In immunocompromised hosts, the
infection can lead to a severe septicemia and other complications (Ochoa and
Cleary, 2006). Y. enterocolitica, the third pathogenic Yersinia species, causes similar
gastrointestinal manifestations in humans, including mesenteric lymphadenitis,
pseudoappendicitis and also septicemia (Bercovier et al., 1980b; Wormser and
Keusch, 1981). Acute enteritis in children is the most frequent representation
(Bottone et al., 2005). The major animal reservoir for Y. enterocolitica strains that
cause human illness is pigs, but strains of this species can also be isolated from
many other animals (Hurvell, 1981). Infection is most often acquired by eating
contaminated food or drinking contaminated unpasteurized milk or untreated water
(Hurvell, 1981).

The pathogenicity of Y. pestis and the other human pathogenic Yersinia species is
ascribed to virulence factors coded on the chromosome as well as on plasmids
(Brubaker, 1991). A lot of virulence factors are coded on a 70 kb plasmid,
pPLCR/pYV/pYVe/pIB1 or pCD1 in Y. pestis, that is present in many but not all strains
of human pathogenic Yersinia species (Ben-Gurion and Shafferman, 1981; Eppinger
et al., 2007). It encodes the type Ill secretion system and effectors, the so-called
Yops (Yersinia outer proteins) that are secreted into the host cell and hamper its
phagocytic mechanisms and immune response (Trosky et al., 2008). Y. pestis
contains two additional unique virulence plasmids, pMT1/pFra and pPCP1/pPst, or a
chimeric plasmid pMT-PCP, combining the two in Y. pestis strain Angola (Eppinger et
al., 2010), that contribute to the higher virulence of this species and are missing in
the other pathogenic yersiniae (Filippov et al., 1990). The 100 kb plasmid pMT1
encodes different virulence factors, including the fraction 1 (F1) capsular antigen and
murine toxin (Lindler, 2004). The second Y. pestis-specific 9.6 kb plasmid, pPCP1,
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encodes the gene for the plasminogen activator Pla that is necessary for the spread
of the bacterium in the host tissue (Sodeinde and Goguen, 1988; Huang et al., 2006).

The heightened virulence of Y. pestis for humans compared to Y.
pseudotuberculosis and Y. enterocolitica is an important field of research and there
has recently been facilitated a more thorough insight into Yersinia evolution and
pathogenicity, since the genomes of several Y. pestis and Y. pseudotuberculosis
strains were sequenced and compared (Parkhill et al., 2001; Deng et al., 2002; Chain
et al., 2004; Song et al., 2004; Zhou et al., 2004a; Chain et al., 2006; Eppinger et al.,
2007; Garcia et al.,, 2007; Zhang et al., 2009; Eppinger et al., 2010; Shen et al.,
2010). DNA microarray analyses have also contibuted to a better understanding of
Yersinia virulence (Hinchliffe et al., 2003; Zhou et al., 2004b; Han et al., 2005; Wang
et al.,, 2007). A high degree of gene inactivation, gene loss, IS-mediated genome
rearrangements and the acquisition of chromosomal regions uniquely conserved in Y.
pestis strains might have led to changes that may also be responsible for the
increased pathogenicity of this species (Chain et al., 2004). Especially the frequent
genome rearrangements are thought to have provided a selective advantage for the
adaption to host environments. Recent genome analyses have revealed a higher
genetic diversity within the species Y. pseudotuberculosis and Y. pestis as previously
thought (Eppinger et al., 2007; 2010). Eppinger et al. (2010) stated that “growing
evidence suggests that the plasmid repertoire of Y. pestis is not restricted to the three
classical virulence plasmids, and that its genetic inventory is partly shared, either due
to common ancestry or lateral exchange, with other human and zoonotic bacterial
pathogens, such as Salmonella enterica [..], Klebsiella pneumoniae, and
Streptococcus equi.”

Whereas the two moderately pathogenic members of the genus, Y. enterocolitica
and Y. pseudotuberculosis, cause infections with a low case-fatality rate and are not
known to have been used in biological warfare, Y. pestis was probably already used
against the enemy during the Middle Ages by throwing the corpses of plague victims
over town walls (Wheelis, 1999). During World War II, Japanese used ceramic
bombs with fleas carrying the bubonic plague and there are also accounts for water
contamination and the distribution of food contaminated with plague bacteria (Harris,
1994; Barenblatt, 2004). Y. pestis appears to be a probable agent for a bioterrorist
attack and is therefore listed as a CDC category A biological threat agent

(http://www.bt.cdc.gov/agent/agentlist-category.asp). The release of aerosolised cells
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could cause an outbreak of primary plague pneumonia (Bossi et al., 2004c). Although
plague bacteria are not very resistant and only live for a short time when released in
the air, they are highly virulent and can therefore infect humans as well as rodents
effectively, the fatality rate being high, especially in regard to plague pneumonia
(Bossi et al., 2004c; Rakin, 2003). Moreover, the worldwide extent of plague
endemic-areas makes them easily accessible and great amounts can be cultured
with minimal equipment (Rakin, 2003). The incubation period is short (1-7 days),
suspensions can be easily aerosolised and infections show similar symptoms to other
diseases like tuberculosis, melioidosis, tularemia or glanders (Rakin, 2003). Strains
containing plasmids carrying multiple-antibiotic resistance (Galimand et al., 1997;
Guiyoule et al.,, 2001) pose an additional threat in case of a bioterrorist event
involving Y. pestis. The genetic diversity of Y. pestis could also be exploited for a
bioterrorist usage in regard to heightened virulence or hindered diagnosis, treatment
and prevention (Anisimov et al., 2004). An effective and broad plague immunization
without side effects has not been developed yet but there is active research in this
field (Titball and Williamson, 2001; Anisimov et al., 2004; Bubeck and Dube, 2007).

4.1.2. Classification

The genus Yersinia of the family Enterobacteriaceae currently consists of 14 species
(Euzeby, 2010), Y. aleksiciae (Sprague and Neubauer, 2005), Y. massiliensis
(Merhej et al., 2008) and Y. similis (Sprague et al., 2008) being the most recently
described species. The three well-established pathogens Y. pestis, Y.
pseudotuberculosis and Y. enterocolitica are known to cause the more or less severe
diseases in humans described above and are therefore the most studied and
prominent members of the genus. Because of their clinical relevance and the
bioterroristic potential of Y. pestis, Y. pseudotuberculosis and Y. pestis were also a
major focus of this thesis.

Yersinia pestis was originally described by Lehmann and Neumann (1896) as
Bacterium pestis. Based on the phenotypical differences in glycerol fermentation,
nitrate reduction and ammonium oxidation, Devignat (1951) divided this species into
the three biovars Antiqua, Medievalis und Orientalis, a classification which has
recently been challenged (Achtman et al., 2004b; Chain et al., 2006; Anisimov et al.,

2004; Zhou et al., 2004c). Strains of biovar Antiqua were predominately isolated in
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Asia, East and Central Africa, strains of biovar Medievalis in Central Asia and strains
of biovar Orientalis worldwide. An atypical group of Y. pestis strains is named
‘Pestoides’. It is different from the main group by its virulence to rodents and the
ability to ferment rhamnose and melibiose (Martinevskij, 1969). Different molecular
biological studies have shown that it is a heterogeneous group and that strains of this
group are partly biovar Antiqua, Medievalis or not to be typed (Klevytska et al., 2001;
Motin et al., 2002; Radnedge et al., 2001; 2002). Recently, the novel Y. pestis biovar
Microtus was described which can be discriminated from the other groups because it
cannot ferment arabinose, is exclusively pathogenic for small rodents and has a
unique profile of deleted genes and pseudogenes (Zhou et al., 2004c).

Examinations in the field of population genetics (applying MLST, analysis of SNPs,
MLVA, 1S100 typing, O-antigen typing) indicated that Y. pestis is a relatively young
species that developed out of Yersinia pseudotuberculosis about 10000 — 40000
years ago (Achtman et al., 1999; Achtman, 2004a; Kotetishvili et al., 2005; Skurnik et
al., 2000; Paradis et al., 2005). This close relationship between Y. pestis and Y.
pseudotuberculosis had already been shown by Bercovier et al. (1980a) based on
the results of DNA-DNA hybridization and by Ibrahim et al. (1993) and Trebesius et
al. (1998) through analysis of the 16S rRNA gene sequences. According to the
currently effective species concept, Y. pestis and Y. pseudotuberculosis are, in fact,
members of a single species, since their DNAs reassociate at a level greater than
70% (Wayne et al., 1987).

4.1.3. Diagnosis

A classical laboratory diagnosis of plague is based on staining techniques (Gram,
Giemsa, Wright or Wayson) subjected to strains isolated from blood, sputum, bubo
aspirate, cerebrospinal fluid and scrapings from skin lesions, biochemical tests,
antigen detection, IgM enzyme immunoassay, immunostaining, direct fluorescent
antibody testing, antibiotic susceptibility testing, hemagglutination and specific phage
lysis (Inglesby et al., 2000; Anisimov et al.,, 2004). Since these methods are often
time-consuming and the handling of Y. pestis is hazardous for the laboratory
personnel and has to be done in a safety level 3 laboratory, many studies have
aimed at the development of rapid, specific and sensitive typing methods that require

a minimum of infectious sample handling.
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In addition to rather epidemiologically applied MLST, VNTR, MLVA, AFLP, RFLP,
SNP and 1S100 analyses (Kotetishvili et al., 2005; Pourcel et al., 2004; Klevytska et
al., 2001; Adair et al., 2000; Achtman et al., 1999; Radnedge et al., 2002; Chain et
al., 2006; Motin et al., 2002), different PCR techniques for a reliable detection of Y.
pestis were developed. These include PCR and nested PCR for the detection of the
plasminogen activator (Pla) gene (Hinnebusch and Schwan, 1993; Engelthaler et al.,
1999; Campbell et al., 1993), yopB (Khushiramani et al., 2006), cafl and pla (Norkina
et al., 1994) and real-time assays targeting pst (Igbal et al., 2000), pla (Higgins et al.,
1998; Loiez et al., 2003) and fur (Gabitzsch et al., 2008), multiplex-PCR with different
primer pairs that target the chromosomal DNA and the three virulence plasmids
(Tsukano et al., 1996; Leal and de Almeida, 1999; Woron et al., 2006), separate PCR
assays for detection of chromosomal DNA and the three virulence plasmids
(Neubauer et al., 2000a), detection of Y. pestis signature genes for an unknown
hypothetical protein, a putative prophage protein and methyltransferase (Zhou et al.,
2004b), detection of a Y. pestis-specific 41.7 bp chromosomal region absent in Y.
pseudotuberculosis (Radnedge et al., 2001) and a multiplex real-time PCR for
simultaneous detection of chromosomal DNA and the Y. pestis-specific virulence
plasmids, including an internal control for the PCR (Tomaso et al., 2003). Recently,
two multiplex real-time PCR assays for the detection of a chromosomal target and all
three virulence plasmids were developed (Woron et al., 2006; Stewart et al., 2008).
Increasing the possibility of false-negative results, most PCR assays mentioned can
not unambiguously detected DNA of Y. pseudotuberculosis, except for the ones
developed by Radnedge et al. (2001), Chase et al. (2005) and Matero et al. (2009).
In only one study, the atypical group Pestoides was considered (Tomaso et al.,
2003). None of the studies included specific markers for the novel Y. pestis biovar
Microtus or atypical strains of Y. pseudotuberculosis, e.g. strains that cause FESLF
in humans. This was the impulse for a closer examination of three atypical Y.
pseudotuberculosis strains showing major metabolic characteristics of Y. pestis in the
course of this thesis. The goal was to develop a PCR assay to differentiate between
these atypical Y. pestis-like strains and Y. pestis in order to rapidly and reliably rule

out highly pathogenic Y. pestis strains and subsequent risk for human health.
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4.2. A triplex PCR for differential detection of Yersinia pestis-like atypical
strains of Yersinia pseudotuberculosis

4.2.1. Abstract

The aim of this study was to develop a gel-based PCR test that can identify a group
of atypical Yersinia pseudotuberculosis strains, sharing physiological characteristics
with Yersinia pestis. A set of Y. pestis and Y. pseudotuberculosis strains was
examined for genomic polymorphisms employing rep- and RAPD-PCRs. Genomic
differences possibly suitable for the design of specific PCR primers were detected by
comparison of genomic fingerprints and examined by excising differentiating PCR
products from the gel, cloning them in E. coli, sequencing and comparing them with
available Yersinia genome sequences from the databases. Applying this strategy,
three pairs of novel PCR primers could be developed which were integrated into a
single assay that proved to be specific and robust. Hence, the newly developed
triplex PCR assay is a useful tool to rapidly and reliably detect the atypical Y. pestis-
like strains of Y. pseudotuberculosis and simultaneously differentiate them from Y.

pestis and other Y. pseudotuberculosis strains.

4.2.2. Introduction

Yersinia pestis and Yersinia pseudotuberculosis are pathogenic for both, animals and
humans. Whereas Y. pseudotuberculosis is a less severe, mostly enteric and rarely
fatal pathogen, Y. pestis is the causative agent of plague (Bottone et al., 2005) and is
of special current interest due to its bioterrorist potential. DNA reassociation
experiments showed that Y. pestis and Y. pseudotuberculosis can be considered to
be members of a single species applying the threshold of 70% in DNA-reassociation
(Wayne et al.,, 1987) and combining the two species in a single species as Y.
pseudotuberculosis subsp. pseudotuberculosis and Y. pseudotuberculosis subsp.
pestis was proposed (Bercovier et al., 1980a). Based on practical concerns for
human welfare, it was later decided to maintain Y. pestis and Y. pseudotuberculosis
as separate nomenclatural species (Judicial Commission of the International
Committee on Systematic Bacteriology, 1985). The close relationship could also be

confirmed by results from multi-locus sequence typing as reported by Achtman et al.
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(1999) who then concluded that Y. pestis was a clone of Y. pseudotuberculosis.
Close relatedness is also reflected by only few physiological differences between the
two species useful for discrimination. Isolates are typically differentiated based on
motility at 28°C, urease activity, acid production from L-rhamnose, melibiose and
their growth rate on nutrient agar (Bercovier et al., 1980a; Bottone et al., 2005).

Recently, we examined three Y. pseudotuberculosis strains (Y716, Y718, Y722)
which exhibited major metabolic characteristics of Y. pestis when tested using the
miniaturized Yersinia identification system (Merlin) as described in Neubauer et al.
(2000b). Like Y. pestis, but unlike Y. pseudotuberculosis, these biochemically
atypical Y. pseudotuberculosis strains were not able to ferment L-rhamnose at 28°C,
a determinant feature at this temperature, and were negative in tests for L-
pyroglutamic acid-B-naphthylamide. 35 out of 36 tested strains of Y.
pseudotuberculosis fermented melibiose at 28°C unlike Y. pestis biogroups Antiqua
and Orientalis and the atypical Y. pseudotuberculosis strains. However, in contrast to
the Y. pestis-like biochemical profile, MLST analysis (Mark Achtman, genes: adk,
argA, aroA, gInA, thrA, tmk, trpE, http://mist.ucc.ie/mist/dbs/Ypseudotuberculosis)
confirmed strains Y716, Y718 and Y722 as Y. pseudotuberculosis with sequence
types ST19, ST2 and ST19, respectively, whereas Y. pestis always shows the profile
1-2-1-2-5-2-10 (H.C. Scholz, unpublished data). Growth rate on nutrient agar is also
typical for Y. pseudotuberculosis.

Several PCR-based techniques have been developed in the past which allow
identification of Y. pestis (Campbell et al., 1993; Hinnebusch and Schwan, 1993;
Norkina et al., 1994; Tsukano et al., 1996; Leal and de Almeida, 1999; Engelthaler et
al.,, 1999; Neubauer et al., 2000a; Radnedge et al., 2001; Zhou et al., 2004b;
Khushiramani et al., 2006) and more recently this set of methods was supplemented
by real-time PCR techniques (Higgins et al., 1998; Igbal et al., 2000; Tomaso et al.,
2003; Loiez et al., 2003; Chase et al., 2005; Woron et al., 2006; Gabitzsch et al.,
2008; Stewart et al.,, 2008; Matero et al., 2009). Hence, the atypical Y.
pseudotuberculosis strains were also examined by real-time PCR as described in
Tomaso et al. (2003) to rule out the presence of Y. pestis-specific virulence factors.
As a matter of fact, the most characteristic Y. pestis virulence associated genes pla
on plasmid pPCP1 (encoding the plasminogen activator) and cafl on plasmid pMT1
(encoding the fraction 1 capsular antigen) could not be detected in this analysis (H.C.

Scholz, unpublished data). However, a negative response does not completely rule
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out the risk of false-negative results since plasmids are sometimes lost. Also the
more stable chromosomal markers for the identification of Y. pestis do not entirely
eliminate the possibility of getting a false-negative result if there is PCR inhibition or
malfunction and even internal amplification controls are not always totally reliable.
Hence, facing their deviant physiological characteristics, which may lead to
misidentification as Y. pestis in a preliminary approach, a reliable and rapid method
for a correct identification of these atypical Y. pseudotuberculosis strains and their
simultaneous differentiation from the severe pathogen Y. pestis and the other Y.
pseudotuberculosis strains is desirable. Therefore, we carried out examinations in
order to develop a cost-effective, simple and rapid PCR assay that allows differential

detection of the Y. pestis-like atypical strains of Y. pseudotuberculosis.

4.2.3. Materials and methods

Bacterial strains and culture conditions

The Yersinia strains used in this study are listed in Table 7. All except Y. pestis
strains were cultivated on 3.3x PYE agar (10 g-L™ peptone, 10 g-L™ yeast extract) at
28°C. Y. pestis strains were grown on Columbia agar at 28°C. Strains Y716, Y718
and Y722 were kindly provided by Dr. Alexander Rakin (Max v. Pettenkofer Institut,
Munchen).

Preparation of DNA

DNA was prepared from pure cultures of Y. pestis as described previously (Scholz et
al., 2008a). DNA of Y. pseudotuberculosis and the other Yersinia species was
released subjecting a cell suspension in sterile water to three cycles of freezing in
liquid nitrogen and thawing at 65°C (Wieser and Busse, 2000). Released DNA in the
supernatant obtained after short centrifugation was used as template in PCR.

Genomic fingerprinting and identification of molecular markers

Since previous studies employing rep-PCR and RAPD analysis of Yersinia strains
showed differences in the fingerprinting patterns down to the strain level (Kim et al.,
2003; Makino et al., 1994), we decided to examine our set of Yersinia strains with

these methods in order to identify signature regions useful for differentiation. The
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RAPD primers used in this study are listed in Table 8 and in Huber et al. (2009).
RAPD reactions were carried out in a final volume of 25 pl containing 1x Green
GoTaq® Flexi Buffer, 2 mM MgCl, (Promega), 200 uM of each dNTP (Bio Products),
0.6 U of GoTag® DNA polymerase (Promega), 8 uM primer (4 uM each when two
primers were used), and approximately 5 ng of DNA. Reactions were performed
using an initial 5 min denaturation step at 95°C, followed by 45 cycles of 1 min at
95°C, 1 min at an appropriate annealing temperature, 2 min at 72°C, and a final
extension step of 5 min at 72°C. The annealing temperature was varied according to
the melting temperatures of the primers (32-42°C). The resolution of banding
patterns was improved by using a ramp rate of 0.3°C sec™. Repetitive sequence-
based PCRs with ERIC and REP primers as well as BOXA1R (Table 8) were carried

out as described in Louws et al. (1994).

Table 7. Yersinia strains used in this study, species affiliation and resulting banding

patterns after triplex PCR

Strain Species PCR result (bp)
Y784 Y. pestis 275, 364
NCTC 2028 Y. pestis 275, 364
NCTC 8775 Y. pestis 275, 364
NCTC 8779 Y. pestis 275, 364
NCTC 10029 Y. pestis 275, 364
Kuma Y. pestis bv. Antiqua 275, 373
Y okohama Y. pestis bv. Antiqua 275, 373
M23 Y. pestis bv. Orientalis 275, 364
TS Y. pestis bv. Orientalis 275, 364
G8786 Y. pestis bv. Pestoides 275, 364
Y 111" = ATCC 29833’ Y. pseudotuberculosis 364, 490
Y117 Y. pseudotuberculosis 364, 490
Y 262 Y. pseudotuberculosis 364, 490
Y36 Y. pseudotuberculosis 364, 490
Y716 = PTB22 = 79WA486 atypical Y. pseudotuberculosis 355

Y 718 = H706/86 atypical Y. pseudotuberculosis 355
Y722 =776/88 atypical Y. pseudotuberculosis 355
DSM 13030" Y. enterocolitica subsp. palearctica -

ATCC 29473" Y. ruckeri -

ATCC 33638" Y. kristensenii -

DSM 14987" Y. aleksiciae -

CCUG 52882" Y. similis -
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Amplification products (5 pl from each reaction mixture) were separated by 1.5%
(w/v) agarose gel electrophoresis in 1x Tris/acetic acid/EDTA running buffer at a
constant voltage of 110 V for at least 90 min. Fragments were visualized with UV light
after staining with ethidium bromide. Interesting bands were excised from the gel and
DNA was eluted with the QIAquick® Gel Extraction Kit according to the
manufacturer’s instructions (Qiagen). PCR products were cloned using the Promega
PGEM®-T Easy Vector System and Escherichia coli strain DH10B according to the
manufacturers’ manual. Inserts were sequenced at VBC-Genomics (Vienna) and
resulting sequences were subjected to database searches (EMBL and GenBank) and
compared to the available Yersinia genome sequences (acc. nos.. CP000720,
CP000308, AL590842, CP000950, AE017042, CP001048, BX936398, CP000668,
CP000305, AE009952, CP000901).

Table 8. List of oligonucleotide primers used for PCR amplification in the novel triplex
assay and for genomic fingerprinting. Primers that produced decisive differences in

genomic DNA fingerprints are indicated in bold.

Primer Oligonucleotide sequence (5 —3') Reference
Y _pspest f CATGTACTCGCAATGGAATG this study
Y _pspest_r ACATCCGTGACAAGGTGTG this study
Y_pest f GCATTGATGAGCCTAGTATTTATAAGG this study
Y_pest_r TTCAAAGCCATAGTTAAAGTG this study
Y _pstub f CACGCTAAGTTACAGTAGCG this study
Y_pstub r CTCAGATTCGTCAATATCC this study
ERIC2 AAG TAA GTG ACT GGG GTGAGC G Versalovic et a. (1991)
ERICIR ATG TAA GCT CCT GGG GATTCA C Versalovic et al. (1991)
REP2-| ICGICT TAT CIG GCC TAC Versalovic et a. (1991)
REP1R-I 11 ICG ICG ICA TCI GGC Versalovic et al. (1991)
BOXA1R CTACGGCAAGGCGACGCTGACG Versalovic et al. (1994)
RAPD17 CGTTTCAATG this study
RAPD18 GTTACATCAGTGC this study
RAPD19 TCAACAAGGTG this study
RAPD20 AAA CATTATCTGC this study
RAPD21 CAA CCA GCTATAG this study
RAPD22 CTT AAA AAGGTT this study
RAPD23 AAATTT GTT TGC this study
RAPD24 CAAAGTTTGTTT GC this study
RAPD25 AGTTTGTTT GC this study
RAPD27 AGT TTA GCT GG this study
RAPD28 TTG CTG GGG this study
RAPD29 AAGTTGTAGCTG this study
RAPD30 CAGCACCAGC this study
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Triplex polymerase chain reaction assay and cycling conditions

Primers are listed in Table 8. Each 25 pl PCR standard reaction contained 1x
GoTaq® Flexi Buffer (Promega) with 2 mM MgCl, (Promega), 200 pM dNTPs (Bio
Products), 0.75 U Promega GoTaqg® polymerase, 5 ng Yersinia DNA and 0.5 pM of
the primers Y_pspest f, Y_pspest r and 1 pM of the primers Y_pest_f, Y_pest_r,
Y_pstub_f, Y_pstub_r. A negative control containing no template DNA was included
in the set of reactions. Amplification was carried out in an Eppendorf Mastercycler
with an initial denaturation step of 95°C for 3 min, followed by 35 cycles of 95°C for
30 sec, 59°C for 30 sec and 72°C for 30 sec, and a final extension step of 72°C for 5
min. Aliquots of 3-5 pl of PCR product were analyzed by electrophoresis in 1.5%

(w/v) agarose gels that were stained with ethidium bromide.

Analytical sensitivity and specificity of the triplex PCR assay

The analytical sensitivity of the PCR assay was evaluated after the procedure
described in del Cerro et al. (2002) using Y. pseudotuberculosis type strain Y111'
and the atypical Y. pseudotuberculosis strain Y716. One milliliter of a PYE stationary-
phase culture of each strain was centrifuged for 5 min at 12000xg, the pellet was
resuspended in 50 ul of distilled water and cells were lysed by three cycles of freeze-
thawing (Wieser and Busse, 2000). The cell debris was removed by centrifugation for
5 min at 12000xg, and 3 ul of serial tenfold dilutions of the supernatant were used in
triplex reactions to estimate the detection limit. To enumerate the bacteria, serial
dilutions of the same pure cultures were prepared and 100 ul aliquots of the
respective dilutions were spread onto PYE agar in duplicates. The specificity of the
assay was tested with cell lysates of several Y. pestis and Y. pseudotuberculosis
strains as well as other Yersinia species (Table 7). Performance of the assay was
assessed by using different thermocyclers (Eppendorf Mastercycler, MWG-Biotech
Primus, Perkin Elmer GeneAmp PCR System 2400) and different polymerases
(Promega GoTaq® DNA polymerase, GE Healthcare illustra™ puReTaq Ready-To-
Go PCR Beads, Bio Products Tag Polymerase One).
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4.2 4. Results

Genomic fingerprinting, analysis of sequences and primer design

In the course of this study, 33 different 9- to 15-mer RAPD primers and combinations
out of them were tested, as well as repetitive sequence-based BOXALR, ERIC and
REP primers (for sequences and references see Table 8). The results of genomic
fingerprinting confirmed the close relationship of Y. pestis and Y. pseudotuberculosis,
since major differences in the banding patterns were moderate among the two
species. However, minor strain specific differences could often be observed, but it
was difficult to find specific marker bands for a coherent group of strains that
distinguished it from another group. Only primers BOXA1R and RAPD19 showed
bands that could successfully be exploited to clearly distinguish Y. pestis from Y.
pseudotuberculosis and the atypical Y. pestis-like strains from both these species,

respectively (Fig. 5).

Y784
Y36
Y117
NC
Y36
Y117
Y117
Y262
Y716
Y718
Y722

M
A

i o

Fig. 5. Ethidium bromide-stained agarose gels showing the results of genomic
fingerprinting using BOXA1R (A) and RAPD19 (B) primers with Y. pestis Y784, Y.
pseudotuberculosis strains (Y36, Y111', Y117, Y262) and the atypical Y.
pseudotuberculosis strains (Y716, Y718, Y722). A The 800 bp band of Y784 and the
slightly smaller band of Y36 were excised, cloned and sequenced. B A slight
difference in length between the ca. 460 bp bands of Y. pseudotuberculosis and the
atypical strains was perceived and confirmed in a second and longer electrophoresis
run (not shown). The respective bands of Y262 and Y722 were excised, cloned and
sequenced. M 100 bp + 1,5 kbp DNA ladder size standard; NC negative
control/sample without template DNA.
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After BOXALR, a product of approximately 800 bp specific of Y. pestis strains was
identified. A slightly smaller band was observed in the Y. pseudotuberculosis patterns
which was clearly missing in the BOXA1R patterns of the three atypical Y.
pseudotuberculosis strains (Fig. 5). Cloning and analysing the Y. pestis PCR product
revealed a 15 bp deletion in the Y. pseudotuberculosis genome relative to Y. pestis
(deletion coordinates based on Y. pestis CO92 genome sequence AL590842:
4109578-4109592). The insert sequence showed 61.8% identity (620 of 762 bp
overlap) to the insecticidal toxin complex subunit tcaC gene of Yersinia enterocolitica
strain W22703 (AJ920332) (Bresolin et al., 2006).

RAPD19-PCR fingerprints showed a band of approximately 460 bp unique for the
three atypical strains of Y. pseudotuberculosis since it was slightly smaller than the
band observed in the other Y. pseudotuberculosis patterns (Fig. 5). The minor
difference in size was confirmed in a longer electrophoresis run of the Y262 and
Y716 samples (not shown). Cloning and sequencing of this fragment and a
subsequent BLAST database search revealed a variable-number tandem repeat
region in the genomes of Y. pseudotuberculosis and Y. pestis strains (position based
on Y. pseudotuberculosis IP 31758 genome sequence CP000720: 1015661-
1016127). Whereas the atypical Y. pseudotuberculosis strain Y722 and Y.
pseudotuberculosis IP 31758 (acc. no. CP000720) possessed no AGCTAATTG
repeat, the other Y. pseudotuberculosis strains had one (acc. nos. AL590842,
CP000950, CP001048, BX936398) and Y. pestis strains had one to three repeats
(one: Antiqua CP000308, Microtus AE017042, Pestoides F CP000668; two:
Nepal516 CP000305, KIM AE009952; three: Angola CP000901).

Y pest f
520 530 540 550 560 570 580 590
pestis CCAGTATCAGGCAGAAGATGAACAAGGCATTGATGAGCCTAGTATTTATAAGGCTGARAAACAAAATCATCCAGCAG
pseudotub CCAGTATCAGGCAGAAGATGAACAGGATATTGACGA-—————— AT-——————- CTGAGARACAAMATCATCCGGCAG
4224810 4224820 4224830 4224840 4224850 4224860
Y pstub r

Fig. 6. Design of the Y. pestis- and Y. pseudotuberculosis-specific primers Y_pstub_r
and Y_pest_f based on the 15 bp deletion in the genome of Y. pseudotuberculosis.
Shown is part of the alignment of the Y. pestis Y784 761 bp BOXA1R-PCR fragment
(pestis) and the Y. pseudotuberculosis IP32953 sequence from the database (acc.
no. BX936398; pseudotub), resulting from an EMBL-EBI Fasta33 search with the Y.
pestis fragment.
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Exploiting the 15 bp deletion detected by BOXA1R-PCR, a Y. pestis-specific forward
primer (Y_pest_f) and the Y. pseudotuberculosis-specific reverse primer (Y_pstub_r)
were designed as indicated in Fig. 6. The respective reverse and forward primers of
the two primer pairs were set up- and downstream of the deletion, respectively. The
primers were tested in individual PCR assays and Y_pstub _f/r gave a 490 bp
fragment with all Y. pseudotuberculosis strains except for the atypical isolates and no
product with Y. pestis strains. The primer pair Y_pest_f/r gave a 275 bp product with
all Y. pestis strains tested but no product with Y. pseudotuberculosis strains (results
not shown).

Another primer pair (Y_pspest _f/r) was designed based on the region of the
tandemly repeated sequence described above to give a 355 bp product with the
atypical Y. pseudotuberculosis strains and a 364 bp product with Y.
pseudotuberculosis and most Y. pestis strains (373 bp with Y. pestis Nepal and KIM,
382 bp with Y. pestis Angola). When tested in individual PCR, the primer pair
Y _pspest_f/r resulted in the expected amplicons for the examined strains of Y. pestis,
Y. pseudotuberculosis as well as the atypical Y. pseudotuberculosis strains (results

not shown).

Triplex PCR assay

The three developed primer pairs were integrated into a single PCR assay. Results of
application of the novel PCR with DNA samples of Y. pestis, Y. pseudotuberculosis
and the three atypical Y. pseudotuberculosis strains are shown in Fig. 7, and
amplicon sizes of all strains examined in our study are specified in Table 7. The
atypical Y. pseudotuberculosis strains showed a single band of 355 bp, all Y.
pseudotuberculosis strains exhibited two bands of 364 bp and 490 bp, and Y. pestis
strains showed two bands of 275 bp and 364 bp (majority of strains) or 373 bp
(strains Kuma and Yokohama). The negative control without template DNA showed
no amplification products (results not shown). A faint product of approximately 190 bp
detected in several Y. pseudotuberculosis and Y. pestis strains but notin Y716, Y718
and Y722, which probably resulted from an imperfect second binding site of the
Y _pest r or Y_pstub_f primer, does not hamper the interpretability of PCR results
(Fig. 7). The primers Y_pest_r and Y_pstub_f could theoretically produce a 748 bp
product in Y. pestis strains but this is not promoted by the PCR cycling conditions

and was never observed.
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Fig. 7. Ethidium bromide-stained 1.5% agarose gel of triplex PCR products. Lanes 1
and 11 100 bp + 1.5 kbp DNA ladder size standard; lane 2 Y. pseudotuberculosis
Y111"; lane 3 Y. pseudotuberculosis Y117; lane 4 Y. pseudotuberculosis Y262; lane
5 atypical Y. pseudotuberculosis Y716; lane 6 atypical Y. pseudotuberculosis Y718;
lane 7 atypical Y. pseudotuberculosis Y722; lane 8 Y. pestis TS; lane 9 Y. pestis
Yokohama; lane 10 Y. pestis G8786.

These data demonstrate that the atypical Y. pestis-like strains of Y.
pseudotuberculosis can unambiguously be distinguished from Y. pestis based on a
single band of 355 bp, whereas representatives of both, Y. pestis and Y.
pseudotuberculosis showed an additional band clearly separated from the diagnostic
band of the atypical strains (Fig. 7).

Analytical sensitivity, specificity and performance of the triplex PCR

The limits of detection of the novel PCR assay determined for Y. pseudotuberculosis
Y716 and Y. pseudotuberculosis Y111" were 4,6-10° cfuml® and 7,7-10* cfu-ml*
(equivalent to 14 and 231 cfu per PCR), respectively. Since only inactivated material
was available, the sensitivity could not be assessed for Y. pestis. The specificity of
the novel assay was verified by examining DNA of other Yersinia species (Table 7).
By performing a standard PCR targeting the 16S rRNA gene (Lane, 1991) before
using the samples in the triplex assay, it was demonstrated that quantity and quality
of the DNAs were suitable for PCR amplification. The same template DNA samples
did not give amplification products in the triplex assay under the conditions described

above (results not shown). In order to examine the robustness of the developed PCR,
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influences of several parameters were examined. The PCR showed good
performance when different thermocyclers (Eppendorf Mastercycler, MWG-Biotech
Primus, Perkin EImer GeneAmp PCR System 2400) and polymerases (Promega
GoTaq® DNA polymerase, GE Healthcare illustra™ puReTaq Ready-To-Go PCR

Beads, Bio Products Taq Polymerase One) were used (results not shown).

4.2.5. Discussion

The genomes of Y. pestis and Y. pseudotuberculosis are highly similar and only few
physiological traits are on hand to distinguish between the two taxa, which makes
conventional diagnostic cumbersome (Bottone et al., 2005). Neubauer et al. (2000b)
developed a miniaturised system that detects the different Yersinia species, including
Y. pseudotuberculosis and Y. pestis, on the basis of their metabolic characteristics
with a relatively high test sensitivity. But, recently, three strains affiliated to Y.
pseudotuberculosis, Y716, Y718 and Y722, defied unambiguous typing with this
system in showing some reactions determinant for Y. pestis and thus attracted our
attention.

Because of these exceptional Y. pestis-like features, we developed a cost-
effective, simple and rapid triplex PCR assay the major advantage of which is that a
suspicious isolate, which cannot unambiguously be differentiated from Y. pestis
employing standard diagnostics, is not only classified as non-Y. pestis but it also
allows its identification as an atypical Y. pseudotuberculosis strain. To our
knowledge, this is the first gel-based PCR assay specifically detecting members of an
atypical Y. pseudotuberculosis lineage. Additionally, a distinction between Y. pestis
and classical Y. pseudotuberculosis strains can also be made employing this assay.

The possibility of false-negative results is minimized since the assay was designed
to differentiate between isolates that are already suspected to belong to the Y.
pestis/pseudotuberculosis group, members of which are all positively detected
showing at least one band. Additionally, the band of about 360 bp slighty differing in
size and observed in Y. pestis and all strains of Y. pseudotuberculosis functions as
an internal amplification control. In case of a negative result for the specific product of
a Y. pseudotuberculosis (490 bp) or Y. pestis isolate (275 bp) and only a 364 bp (or

slightly larger) product is present, the isolate is not an atypical Y. pseudotuberculosis
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strain and the PCR should be repeated to clarify whether it belongs to Y. pestis or
classical Y. pseudotuberculosis. No product at all indicates that the PCR did most
probably not work and should also be repeated. DNA of Y. pseudotuberculosis
cannot be positively and unambiguously detected in most of the PCR assays
mentioned in the introduction except for the conventional PCR assays developed by
Radnedge et al. (2001) and the real-time PCR assays by Chase et al. (2005) and
Matero et al. (2009). Another gain is the rapidness of the novel triplex PCR assay
which takes less than 100 min, including the time needed for gel electrophoreses.
Due to the reduced sensitivity inherent in multiplex reactions, this triplex assay is
most useful in the confirmation and characterization of culture isolates.

Recently, a much greater genomic diversity within the species Y.
pseudotuberculosis was revealed than previously presumed (Eppinger et al., 2007).
The three atypical strains examined in the present work might be related to a lineage
of divergent Y. pseudotuberculosis strains causing Far East scarlet-like fever, a
specific clinical form of Y. pseudotuberculosis infection (Somov, 1976). In a BLAST
search of the Y. pestis Y784 DNA fragment sequenced in our study, the genome
sequence of one Y. pseudotuberculosis strain (IP 31758, CP000720; Eppinger et al.,
2007) showed a much lower identity (86.5%) than all the other Y. pseudotuberculosis
strains in the database (>98% identity). Due to the low sequence identity, the Y.
pseudotuberculosis-specific primers developed in this study would not target the
published IP 31758 sequence, as it was the case with the three atypical Y.
pseudotuberculosis strains that did not give a product with these primers in the triplex
PCR. Moreover, the genome sequence of IP 31758 is the only one in the database
that shows no repeat of the AGCTAATTG sequence just like the atypical strains in
our study and would give a 355 bp PCR product with the primers Y_pspest_f/r. This
observation suggests that strains Y716, Y718 and Y722 are closely related to Y.
pseudotuberculosis strain IP 31758. Unfortunately, strain IP 31758 or other strains
known to cause FESLF were not accessible to be included in this study.

In any case, employing the newly developed triplex assay, it is possible to reliably
disprove a preliminary physiology-based misidentification of an atypical Y. pestis-like
isolate as Y. pestis and therefore to rapidly — and with a minimum risk of false-
negative results — rule out Y. pestis strains and subsequent high risk for human
health.
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5. Comprehensive summary of the papers which are part of
this thesis

The development of improved PCR-based diagnostic methods for the three taxa
Brucella, Francisella and Yersinia, containing highly human pathogenic members,
was central to this thesis. The aim was to develop comprehensive PCR assays to
complement an already existing set of diagnostic conventional and real-time multiplex
PCR assays for biothreat agents insofar as they should not only enable a typing of
species within these three taxonomical groups, but also of not yet detected
subspecies, biovars and other so far unconsidered but significant subgroups. The
exact identification of the pathogen in question beyond the species level can help
health authorities to launch the most appropriate medical treatment and may further
understanding of the disease especially in case of an epidemic. In this context,
taxonomic assignment of so far unclassified strains, including work with a collection

of available reference strains, was necessary.

5.1. Huber, B., Scholz, H. C., Lucero, N. & H.-J. Busse (2009). Development of a
PCR assay for typing and subtyping of Brucella species. Int J Med Microbiol
299, 563-573.

A reliable and rapid tool for discrimination between Brucella species and also biovars
is desirable in order to distinguish less pathogenic or non-pathogenic members of
Brucella from the pathogens with a greater medical impact as well as to avoid
laborious conventional typing of the strains, requiring high biosafety laboratory
precautions. The differential PCR detection of biovars has only partly been achieved
by several studies (Bricker and Halling, 1994; Ocampo-Sosa et al., 2005; Ferrao-
Beck et al.,, 2006; Fretin et al.,, 2008). Ochrobactrum species, which are closely
related to Brucella and therefore could be confused in a preliminary diagnosis, have
often been neglected as control organisms in previous Brucella-specific PCR assays
or cross-reactions with them have been ignored (Casafas et al.,, 2001; Queipo-
Ortufio et al., 2005; Hinic et al., 2008; Fretin et al., 2008). Thus, examinations were
carried out in order to develop a single gel-based multiplex PCR assay allowing not
only for the typing of all known Brucella species at the time of publication but also of

Brucella biovars and does not cross-react with DNA of Brucella-like strains.
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Although RAPD-PCR analyses mostly resulted in very similar banding patterns, they
led to the detection of discriminating genetic polymorphisms in regard to three
Brucella species. RAPD3a-PCR produced a unique band of 446 bp for all B. abortus
strains and a slightly larger fragment with DNA of the other Brucella type and
reference strains. Sequencing of this product revealed a 66 bp deletion in B. abortus
relative to the other species. This difference was used to design genus-specific
primers that simultaneously discriminate B. abortus strains from other brucellae.
RAPD7-PCR produced a 488 bp band in B. ovis and B. pinnipedialis only. The 488
bp fragment was found to be located in a genomic region characteristic of these two
species and therefore suitable to design specific primer. Primers specific for B.
neotomae, B. canis and B. suis biovars 1,3,4 were designed on the basis of deletions
(Rajashekara et al., 2004). Primers for B. suis biovars 2 and 5 were taken from
Ratushna et al. (2006) and all other primers made use of the specific location of the
insertion element IS711 (Scholz et al., 2008c; Bricker and Halling, 1994; Cloeckaert
et al., 2000). All primers were then integrated to constitute one single assay.

The novel 19-primer multiplex assay allowed for a specific detection of Brucella via
an internal genus-specific marker resulting in either a 370 bp or a 436 bp band and
did not amplify any PCR products with DNA of the tested Brucella-like species or
other clinically relevant bacteria. In addition to the common species B. abortus, B.
melitensis, B. ovis and B. suis, it specifically identified B. neotomae, B. pinnipedialis,
B. ceti and B. microti. All B. abortus strains exhibited a unique PCR product of 370
bp. B. melitensis strains, which could not be typed according to biovars, were
discriminated from the other species by a specific 731 bp band and B. ovis strains by
a specific 976 bp band. B. neotomae and B. microti were characterized by a 1370 bp
and a 666 bp band, respectively. B. pinnipedialis and B. ceti both showed a 1140 bp
band and could be distinguished by an additional 569 bp band in the former only. For
the specific detection of B. canis, primers were designed to amplify a 887 bp
fragment. In regard to subtyping feasibilities, the assay can differentiate Brucella
abortus biovars 1, 2, and 4 from biovars 3, 5, 6 and 9 via the presence of a specific
498 bp fragment amplified in the former three biovars. Brucella suis strains were
distinguished into three groups. B. suis biovar 1 is characterized by a specific 285 bp
fragment, biovars 3 and 4 by the presence of only a 217 bp fragment in addition to
the genus-specific 436 bp fragment, and biovars 2 and 5 by an additional 321 bp

fragment.
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When tested in the multiplex assay, all Brucella type and reference strains and the
majority of 118 field strains examined could be accurately identified by their
respective banding patterns according to their previous typing. B. canis strains were
subdivided into two groups, one exhibiting a unique pattern and the other one,
consisting of several strains with atypical physiological features, a banding pattern
shared with B. suis biovars 3 and 4. This result reflects the general difficulty to
differentiate between B. canis and B. suis biovars 3 and 4 (Fretin et al., 2008; Hinic et
al., 2008; Whatmore et al., 2006; 2007). The other encountered mistypings of B.
melitensis biovars, one B. abortus bv. 6 strain and one B. suis bv. 3 strain are a
minor drawback. They may point to a general problem in the development of a
classification system for biotypes applying molecular methods, since the phenotypic
characteristics exploited in conventional diagnostics generally do not correspond to
the markers chosen for the molecular diagnostic approach and therefore do not
reflect the specific characteristics that determine the respective biotypes.

Hence, the developed PCR assay is useful for rapid identification of Brucella at the
species and at the biovar level. Concerning sensitivity and rapidness, a conventional
PCR like this cannot compete with a real-time approach. However, real-time assays
can only be multiplexed with certain restrictions and rarely have considered biovar
typing so far (Fretin et al., 2008). Furthermore, real-time PCR equipment is much
more expensive than a usual PCR apparatus, which is hence easier accessible. A
major advantage of the Brucella multiplex PCR assay is that it can differentiate
between all Brucella species known at the time of the study and a number of biovars.
This was a clear enhancement to comparable assays at the time of publication.
However, the newly-described species Brucella inopinata could not be included in the
assay and it was later shown that this species results in the same characteristic PCR

product as Brucella microti (unpublished results).
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5.2. Kampfer, P., Martin, E., Lodders, N., Jackel, U., Huber, B. E., Schumann, P.,
Langer, S., Busse, H.-J. & Scholz, H. (2010). Paenochrobactrum gallinarii gen.
nov., sp. nov., isolated from air of a duck barn, and reclassification of
Pseudochrobactrum glaciei as Paenochrobactrum glaciei comb. nov. Int J Syst
Evol Microbiol 60, 1493-1498.

Scholz, H. C., Nockler, K., Géliner, C., Bahn, P., Vergnaud, G., Tomaso, H., Al
Dahouk, S., Kampfer, P., Cloeckaert, A., Maquart, M., Zygmunt, M. S.,
Whatmore, A. M., Pfeffer, M., Huber, B., Busse, H.-J. & De B. K. (2010).
Brucella inopinata sp. nov., isolated from a breast implant infection. Int J Syst
Evol Microbiol 60, 801-808.

Huber, B., Scholz, H. C., Kampfer, P., Falsen, E., Langer, S. & Busse, H.-J.
(2010). Ochrobactrum pituitosum sp. nov., isolated from an industrial
environment. Int J Syst Evol Microbiol 60, 321-326.

Kampfer, P., Huber, B., Lodders, N., Warfolomeow, I., Busse, H.-J. & Scholz, H.
C. (2009). Pseudochrobactrum lubricantis sp. nov., isolated from a metal-
working fluid. Int J Syst Evol Microbiol 59, 2464-2467.

Kampfer, P., Sessitsch, A., Schloter, M., Huber, B., Busse, H.-J. & Scholz, H. C.
(2008). Ochrobactrum rhizosphaerae sp. nov. and Ochrobactrum
thiophenivorans sp. nov., isolated from the environment. Int J Syst Evol
Microbiol 58, 1426-1431.

Scholz, H. C., Hubalek, Z., Sedlacek, I., Vergnaud, G., Tomaso, H., Al Dahouk,
S., Melzer, F., Kampfer, P., Neubauer, H., Cloeckaert, A., Maquart, M.,
Zygmunt, M. S., Whatmore, A. M., Falsen, E., Bahn, P., Goéllner, C., Pfeffer, M.,
Huber, B., Busse, H.-J. & Nockler, K. (2008). Brucella microti sp. nov., isolated
from the common vole Microtus arvalis. Int J Syst Evol Microbiol 58, 375-382.

Kampfer, P., Scholz, H. C., Huber, B., Falsen, E. & Busse, H.-J. (2007).
Ochrobactrum haematophilum sp. nov. and Ochrobactrum pseudogrignonense
sp. nov., isolated from human clinical specimens. Int J Syst Evol Microbiol 57,
2513-2518.

Kampfer, P., Scholz, H., Huber, B., Thummes, K., Busse, H.-J., Maas, E. W. &
Falsen, E. (2007). Description of Pseudochrobactrum kiredjianiae sp. nov. Int J
Syst Evol Microbiol 57, 755-760.

As already stated above, Ochrobactrum and Brucella strains are closely related and
Ochrobactrum strains can hence be considered Brucella-like strains. In fact, Brucella
species always cluster within Ochrobactrum in gene-based phylogenetic analyses
(Scholz et al., 2006; 2008b; chapter 2.11.). Moreover, several Ochrobactrum species
infect humans as well and may have been underestimated as pathogens. It was
previously thought that Ochrobactrum strains can only cause infections in
immunocompromised hosts, but recent publications have also reported infections in
healthy humans (Kettaneh et al.,, 2003; Ozdemir et al., 2006; Vaidya et al., 2006).
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Scholz et al. (2008b) pointed out the pathogenic potential of not only O. intermedium
and O. anthropi but also other Ochrobactrum species isolated from humans. Because
of their similar properties, strains of Brucella and Ochrobactrum could be confused in
clinical practice, where especially commercial identification tests based on
biochemical features may result in a wrong typing (Scholz et al., 2008a). However,
Brucella-like strains must not be misidentified as Brucella, species of which can
cause brucellosis and are listed as important biothreat agents.

Over the last few years, Brucella-like strains have thus gained in importance and,
in the course of this thesis, a closer examination of Brucella and Brucella-like taxa
was carried out in order to detect genomic differences by use of genomic
fingerprinting and to provide an accurate framework for the specificity test of the later
developed PCR assay. Brucellaceae field strains were characterized applying
biochemical, physiological, chemotaxonomical and genetic methods. Their taxonomic
position was unambiguously determined by DNA-DNA hybridization. As a side effect,
several novel species of the family Brucellaceae were formally described in the
course of this thesis, which notably expanded the concept of this family. With the
proposal of Ochrobactrum pituitosum as a novel species and major contributions to
the description of nine other novel members of the Brucellaceae (Brucella microti,
Brucella inopinata, Ochrobactrum rhizosphaerae, Ochrobactrum haematophilum,
Ochrobactrum thiophenivorans, Ochrobactrum pseudogrignonense, Ochrobactrum
pituitosum, Pseudochrobactrum kiredjianiae, Pseudochrobactrum lubricantis,
Paenochrobactrum gallinarii), we greatly contributed to the awareness that the family
contains more species and that the genus Brucella is more diverse than previously
thought.

The two novel Brucella species, B. microti and B. inopinata, are both exceptional
in comparison to other brucellae concerning their highly active metabolism. Affiliation
to Brucella, however, was confirmed by DNA-DNA hybridization as well as by means
of polyamine analysis, their polar lipid profile, fatty acid profile and quinone system.
B. inopinata was found to be the most outstanding of all currently described Brucella
species. Among other differences, it showed a unique Brucella-specific insertion
element IS711 banding pattern, exhibited a unique 16S rRNA gene sequence,
significantly lower sequence similarities in various housekeeping genes and in genes
encoding outer-membrane proteins. Moreover, B. inopinata could be differentiated

from other brucellae via its polar lipid profile, based on the absence of an unknown
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aminolipid AL2 (present in B. microti and the genus Ochrobactrum) and the presence
of an unknown polar lipid L4 (present in B. microti but not in B. abortus and B.
melitensis).

The Ochrobactrum isolates described as novel species all showed similar
chemotaxonomic results (major ubiquinone Q-10; major polyamines spermidine,
putrescine and sym-homospermidine; major polar lipids phosphatidylethanolamine,
phosphatidylmonomethylethanolamine, phosphatidylglycerol, diphosphatidylglycerol,
phosphatidylcholine and the characteristic aminolipid AL2; major fatty acids Cig.1w7c
and Cig90 cyclo w8c). However, the results of DNA-DNA hybridization and
physiological and biochemical tests enabled a genotypic and phenotypic
differentiation of the isolates from all other described Ochrobactrum species.

Pseudochrobactrum species showed some major chemotaxonomical differences
to Brucella and Ochrobactrum. They exhibited a polyamine pattern lacking sym-
homospermidine and the polar lipid profile is missing AL2 which is useful for
differentiating the genus from Ochrobactrum. However, the examined Brucella type
strains of B. abortus, B. melitensis and B. inopinata also lack AL2. 16S rRNA gene
and recA sequence similarities to strains of Brucella and Ochrobactrum, together with
chemotaxonomic data allow for a clear differentiation from these genera. In
phylogenetic dendrograms derived from gyrB and groEL sequence alignments,
Pseudochrobactrum species cluster separately and also the calculated identity
values clearly separate them (chapter 2.11.).

A novel genus, Paenochrobactrum, with the type species Paenochrobactrum
gallinarii was described on the basis of characteristic polyamine patterns (major
compound is putrescine) and polar lipid profiles (especially the presence of a
“stretched aminolipid”) and because its members form a distinct lineage in the 16S

rRNA gene sequence-based phylogenetic tree.
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5.3. Huber, B., Escudero, R., Busse, H.-J., Seibold, E., Scholz, H. C., Anda, P.,
Kampfer, P. & Splettstoesser, W. D. (2010). Description of Francisella
hispaniensis sp. nov., isolated from human blood, reclassification of Francisella
novicida (Larson et al. 1955) Olsufiev et al. 1959 as Francisella tularensis
subsp. novicida comb. nov. and emended description of the genus Francisella.
Int J Syst Evol Microbiol 60, 1887-1896.

Francisella tularensis is an important pathogen, but not all subspecies are of equal
pathogenicity. F. tularensis subsp. tularensis and F. tularensis subsp. holarctica
frequently cause infections in humans that can be very severe, especially in the case
of the highly contagious F. tularensis subsp. tularensis, but even within this
subspecies two genetically distinct populations (A.l and A.ll), which exhibit different
manifestations of the disease, were recognized (Farlow et al., 2005; Staples et al.,
2006). These known differences in virulence between subspecies and genotypes of
F. tularensis and a detected inherent resistance to antibiotics of some uncommon
Francisella strains (Kugeler et al., 2008) may be critical for the clinical management
of tularemia patients. Therefore, as well as for environmental studies, aiming at
identification of potential zoonotic reservoirs of F. tularensis and in epidemiology,
rapid typing and subtyping of bacterial strains belonging to the genus Francisella is
crucial.

Since previously published assays did not include the species F. philomiragia, F.
piscicida (= F. noatunensis) and F. hispaniensis and cannot discriminate between all
F. tularensis subspecies, bio- and genotypes in one step, examinations were carried
out in order to develop a comprehensive multiplex assay that comes up to all these
needs.

RAPD-PCR analysis identified a unique 201 bp band for F. piscicida, a 1259 bp
band for F. philomiragia and a 770 bp band for F. hispaniensis. Based on the
sequence information obtained through cloning and sequencing of the RAPD
generated fragments, three different primer pairs for a specific detection of the
respective species could be designed. For F. tularensis subsp. mediasiatica, a
specific primer pair was designed on the basis of a variable genomic region detected
in the published genome sequence of this subspecies in the course of database
searches. The RD1 region of difference (Broekhuijsen et al., 2003) was used to
design an appropriate forward primer for the specific detection of F. tularensis subsp.
tularensis, F. tularensis subsp. holarctica and its biovar japonica (reverse primer

borrowed from Broekhuijsen et al.) and a primer pair specific for F. tularensis subsp.
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novicida. An additional primer pair taken from Molins-Schneekloth et al. (2007)
enabled a further distinction between F. tularensis subsp. tularensis genotypes A.l
and A.ll.

The primers were integrated to comprise the first diagnostic PCR assay to detect
all Francisella species, subspecies and several biovars in a single reaction. F.
piscicida, F. philomiragia and F. hispaniensis were characterized by one specific
product each, a 172 bp band, a 962 bp band and a 462 bp band, respectively. All F.
tularensis subspecies, except for F. tularensis subsp. tularensis A.ll, showed a
characteristic 369 bp band which was also the feature to discriminate A.ll strains from
the A.l genotype. F. tularensis subsp. novicida had an additional band of 1395 bp, F.
tularensis subsp. mediasiatica one of 1132 bp, F. tularensis subsp. tularensis one of
1325 bp, F. tularensis subsp. holarctica one of 629 bp and biovar japonica one of 840
bp. A further species, Francisella asiatica, has only recently been proposed and
could not be considered in the assay.

All type and reference strains and the 24 examined field strains could be
successfully typed according to their previously determined affiliations. The
taxonomical status of several strains, which were used for the evaluation of the novel
14-primer assay, was determined to the species level by DNA-DNA hybridization.
This adds to the accuracy of the assay, while it is still not the standard to assure the

taxonomical position of test strains with this method.

A strain isolated from human blood and affiliated to the genus Francisella according
to 16S rRNA and recA gene sequencing was confirmed to be a novel Francisella
species by DNA-DNA hybridization and the name F. hispaniensis was proposed. F.
hispaniensis showed a quinone system typical of francisellae (mainly ubiquinone Q-
8), a polar lipid profile with the major components phosphatidylethanolamine,
diphosphatidylglycerol, phosphatidylcholine and an unknown aminophospholipid
(APL4) and phospholipid (PL3) and a typical fatty acid profile, primarily consisting of
C10:0, C14:0, C16:0, C18:0 3-OH and Cjg.1w9c. Biochemical tests allowed a phenotypic
differentiation of the novel species from other members of the genus.

The polar lipid profile of F. hispaniensis was almost indistinguishable from the one
of F. tularensis subsp. tularensis type strain. Also the other three F. tularensis
subspecies showed most similar profiles. F. philomiragia and F. piscicida (= F.
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noatunensis) type strains, on the contrary, lacked a major aminophospholipid (APL4),
which can be used for their discrimination from F. hispaniensis and F. tularensis.

The proposed species, Francisella hispaniensis, together with four other species,
F. piscicida (= F. noatunensis comb. nov.), F. tularensis (subspecies tularensis,
holarctica, mediasiatica and novicida), F. philomiragia and F. asiatica, currently
comprises the remote standing but medically important genus Francisella.
Chemotaxonomical examinations of members of Francisella also led to an emended
description of the genus, which had so far lacked inclusion of data on the polar lipid
profile and quinone system. The proposed reclassification of F. novicida as a fourth
subspecies of F. tularensis, mainly on the basis of DNA relatedness values (>85%),
chemotaxonomical characteristics (fatty acid and polar lipid profiles) and an almost
complete 16S rRNA gene sequence similarity to F. tularensis, was objected to by
Johansson et al. (2010). Their major arguments for keeping the species separate
were “differences in phenotype including chemotaxonomic markers, distinct
ecological roles, different clinical and epidemiological characteristics, and differing
abilities and modes of invasion and mechanisms of tissue damage in mammals” as
well as practical considerations and recent genomic evidence for the evolution of F.
tularensis “as a population lineage disconnected from F. novicida” (Johansson et al.,
2010). A response to the objections was then written by Busse et al. (2010), in which

most arguments were put into perspective or refuted.

5.4. A triplex PCR for differential detection of Yersinia pestis-like atypical strains of

Yersinia pseudotuberculosis

Gel-based PCR methods to type pathogenic Yersinia strains beyond the species
level are rare (e.g. Bogdanovich et al.,, 2003). In the course of this thesis, DNA
samples of Y. pestis and Y. pseudotuberculosis isolates, including biovars and
atypical strains, were subjected to RAPD- and rep-PCR analyses in order to detect
genomic differences usable for PCR typing methods. Whereas no appreciable
differences were found within Y. pestis (e.g. for biovars Pestoides and Microtus), a
RAPD-PCR assay produced a differentiating band for three atypical strains of Y.
pseudotuberculosis that show major metabolic characteristics of Y. pestis, which was

then cloned, sequenced and analysed. Facing the deviant metabolic characteristics
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of these strains, which may lead to misidentification as Y. pestis in a preliminary
approach, the detected genomic variation was used for the development of a PCR
assay to differentiate between these atypical Y. pestis-like strains and Y. pestis in
order to rapidly rule out the presence of highly pathogenic Y. pestis strains.

The 460 bp product unique for the three atypical Y. pseudotuberculosis strains
Y716, Y718 and Y722 revealed one to three 9 bp repeats in Y. pestis and other Y.
pseudotuberculosis strains relative to the atypical strains. This 9 bp to 27 bp
difference was exploited for the design of primers to amplify a small product (355 -
382 bp) including the variable-number tandem repeat region in order to enable a
differentiation of strains. A BOXA1R PCR product was found to be unique for Y.
pestis strains. The analysis of this fragment showed a 15 bp deletion in the Y.
pseudotuberculosis genome relative to Y. pestis, which could be used to design both,
a Y. pestis and Y. pseudotuberculosis specific primer pair to give a 275 bp product
with Y. pestis strains and a 490 bp fragment with strains of Y. pseudotuberculosis.

The three developed primer pairs were then integrated to form a diagnostic triplex
PCR assay for a differential detection of the atypical Y. pseudotuberculosis strains.
The primers for differentiation of Y716, Y718 and Y722 produced the expected 355
bp product with these three strains, as well as a 364 bp band in all tested Y.
pseudotuberculosis and Y. pestis strains, except for strains Kuma and Yokohama
(8373 bp resulting from two repeats). Additionally, typical Y. pseudotuberculosis
strains produced a unique band of 490 bp and Y. pestis strains one of 275 bp.

The determined detection limits for the triplex assay revealed a moderate
sensitivity and performance was robust. So the assay is most useful for the
characterization of culture isolates. Other Yersinia type species were tested negative
in the novel PCR assay, confirming its specificity. A clear strength of the Yersinia
triplex assay is, that a suspicious isolate, which cannot unambiguously be
differentiated from Y. pestis employing standard diagnostics, is not only classified as
non-Y. pestis but it also allows its identification as an atypical Y. pseudotuberculosis
strain. Additionally, the assay is cost-effective, rapid and easy to perform. This is the
first PCR assay presented that allows for a specific detection of members of an
atypical Y. pseudotuberculosis lineage and its impact might increase if the three
atypical strains, that show some striking parallels with a Y. pseudotuberculosis strain
causing Far East scarlet-like fever, actually prove to be related to these unusual

pathogens. However, this will be left to further analyses.
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6. Conclusion

In science fiction stories, tools for an ultra-rapid medical diagnosis, like Star Trek’s
“Medical Tricorder”, a fantastic real-time analyser which can accurately detect the
trigger responsible for a disease in vivo, are frequently imagined future innovations.
Actually, scientists all over the world are engaged in steadily improving the potential
of diagnostic tools, especially for bacterial pathogens and viruses, in order to make
medical diagnosis easier, more accurate and faster and therefore increase human
chances of recovery. Rapid, specific and sensitive identification of biothreat agents
has become an important field of research over the last decade because of the
heightened awareness regarding bioterrorist issues. For these diagnostic purposes,
PCR was an invaluable innovation, since PCR-based techniques can replace much
of the often cumbersome and hazardous handling of pathogenic microorganisms in
the laboratory, are usually less time-consuming and the interpretation of results is
less subjective.

The gel-based PCR assays for the highly pathogenic taxa Brucella, Francisella
and Yersinia pestis/pseudotuberculosis developed in this study are important novel
methods, especially in regard to their discriminatory power. Apart from recently
described Brucella inopinata and proposed Francisella asiatica, the rapid and specific
Brucella and Francisella diagnostic assays have the power to identify a suspected
Brucella or Francisella isolate to the species, subspecies and in many cases also to
the biovar level, which made them the most comprehensive diagnostic tools at the
time of publication. The novel Yersinia assay can identify members of an atypical Y.
pseudotuberculosis lineage and differentiate them from other Y. pseudotuberculosis
and most closely related Y. pestis strains. Hence, the assays minimize contact with
the pathogens in the laboratory, provide information for taking the appropriate
medical measures in case of an infection with one of the strains since they can
distinguish the highly pathogenic from the less or non-pathogenic members of the
taxa. A major strength of all the novel assays, apart from their highly differentiating
potential, is the detection of all known members of the taxa via at least one distinctive
band, avoiding the risk of false negative results which could be fatal in case of these
severe pathogens.
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All assays developed in this study employ conventional gel-based PCR that is usually
— and especially if multiplexed — not as sensitive as modern real-time PCR. However,
real-time equipment is more expensive and requires more know-how than
conventional PCR. This is of importance if considering that brucellosis and plague
are diseases primarily affecting developing nations where expensive technology
might not be present in hospitals and laboratories. Furthermore, the number of
targets is still more restricted in multiplex real-time PCR assays than in conventional
PCR (Bahrdt et al. 2010).

A negative aspect of the chosen strategy of applying arbitrary PCR for the
detection of biomarkers was that it was often not possible to assign the detected
regions of difference to a specific known gene or another previously well studied
genomic region. So, little could be found out about the genetic stability and other
features of the target, the usefulness of which for differential detection could only be
evaluated by testing the specificity of the designed primer pairs with all available field
strains. Several primers had to be modified or discarded because they did not work
as expected with all tested members of a group. Only primers that gave clear,
unambiguous results were further integrated into the multiplex assays. For some
species or subgroups, e.g. Brucella neotomae and Francisella tularensis subsp.
tularensis, it was difficult to get a satisfactory set of different test strains since they
are not very common and only few strains have been isolated worldwide or require
special safety measures and are therefore rarely cultured and passed on. Thus, the
assays will have to stand the final test in other laboratories that have access to more
field strains. None of the developed assays was evaluated regarding performance
with clinical samples. As moderate sensitivity is inherent to most multiplex reactions,
the detection limit is often a bit higher than for assays employing only one primer pair.
The evaluation of the assays using clinical and environmental samples as well as
testing them with a wider range of field strains will be left to further analyses.

To enhance the power of the presented novel assays, especially for clinical
diagnostic purposes that seek to avoid culture of pathogenic bacteria, further studies
could take the results of these thesis as a basis for a comprehensive real-time —
though restricted in multiplex use — or DNA chip approach, possibly intended to
detect a range of different bacterial biothreat agents beyond the species level in one
go. The developed assays could also contribute to an approach employing the

modern Lab-on-a-Chip technologies that are especially attractive for biomedical
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applications as well as defence research projects for portable biowarfare agent
detection systems. This innovative method allows for laboratory functions and
processes like sample preparation, DNA-amplification and electrophoresis to be
carried out on a miniaturized chip which can be made of different types of material,
like polymers, glass or silicon (Herold and Rasooly, 2009). Fluids can flow through
tiny channels in a controlled way and appropriate sensors, e.g. optical or
electrochemical sensors, can be mounted on this device. Such chips, when
technically fully matured, are definitely a step towards science-fiction tools like the

“Medical Tricorder”.
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