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Introduction

The Enterobacteriaceae represents a diverse group of genera and species.
Microorganisms placed in this family are typically associated with humans and
disease. However, the majority of plant-pathogenic bacteria are also contained within
the Enterobacteriaceae. Species belonging to this family are phenotypically and
phylogenetically closely-related, which has lead to the incorrect identification of
numerous strains and the creation of many taxonomic problems over the years. The
Erwinia herbicola-Enterobacter agglomerans complex is a prime example of this

predicament.

In 1972, the names Enterobacter agglomerans and Erwinia herbicola were
synonomized and the epithet agglomerans employed for all members of the
“herbicola-lathyri” bacteria (Ewing and Fife, 1972). According to Ewing and Fife, the
“herbicola-lathyri” bacteria included Erwinia herbicola, Erwinia lathyri, Erwinia
ananas, Erwinia milletiae, Erwinia cassavae and Erwinia uredovora. However, plant
pathologists continued to use the name Erwinia herbicola whilst clinical
microbiologists preferred Enterobacter agglomerans. Both names appeared on the
Approved Lists of Bacterial Names in 1980 (Skerman et al., 1980), resulting in many
mis-identified strains and taxonomic problems. Species and strains belonging to this
group of bacteria became known as the Erwinia herbicola-Enterobacter agglomerans

complex.

The genus Erwinia has long been acknowledged as a depository for plant-associated
and plant-pathogenic members of the family Enterobacteriaceae (Grimont and
Grimont, 2006). Over the years many Erwinia species have been transferred to the
genera Enterobacter, Pectobacterium, Brenneria and Pantoea, creating much
confusion regarding the correct taxonomy of numerous species. The taxonomy of
Erwinia herbicola, Erwinia milletiae and Enterobacter agglomerans was finaly
resolved in the late 1980's and these three species were transferred to the newly-
created genus Pantoea asPantoea agglomerans (Beji et al., 1988; Gavini et al., 1989).
Several years later, Erwinia ananas and Erwinia uredovora were synonomized and

transerred to Pantoea as Pantoea ananas, along with Erwinia stewartii which became



B

UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Pantoea stewartii (Mergaert et al., 1993). Subsequently the epithet ananas was
changed to ananatis in agreement with the International Code of Nomenclature of
Bacteria (Truper and De’ Clari, 1997). Despite the inclusion of the new combinations
in Bergey's Manual of Systematic Bacteriology (Grimont and Grimont, 2005),
incorrect nomenclature is still used repeatedly in literature maintaining the confusion

created in the early 1970’s.

A recent review of Pantoea indicated the existence of several hybridisation groups
(DNA hybridization groups I, Il, 1V and V) from a study by Brenner et al. (1984)
which, based on 16S rRNA and rpoB sequencing data, should be included in the
genus. The review also stated that the genus Pantoea could be divided into two groups
of gpecies: the core Pantoea species including P. agglomerans, P. dispersa,
P. ananatis and P. stewartii and the “ Japanese” species with P. citrea, P. punctata and
P. terrea (Grimont and Grimont, 2005). The taxonomic position of the “Japanese”

species within the genus Pantoea was also questioned.

Species of the genus Pantoea are primarily known as plant pathogens or plant-
associated bacteria. P. agglomerans causes disease on the plant hosts gy psophila, beet,
onion and cotton (Cooksey, 1986; Burr et al., 1991; Medrano and Bell, 2007) and is
also considered an opportunistic human pathogen. P. ananatis causes disease on a
wide range of plant hosts including maize, rice, onion and melon (Goszczynska et al.,
2007; Cother et al., 2004; Gitaitis and Gay, 1997; Wells et al., 1987; Bruton et al.,
1991). Probably, the most well known disease caused by a Pantoea species
(P. stewartii ssp. stewartii) is Stewart’ s vascular wilt of corn. This species is also the
only quarantine pathogen in the genus Pantoea (Coplin et al., 2002). P. citrea causes
the discolouration of pineapple, known as pink disease, following the heating process
of canning (Chaet al., 1997).

Species belonging to the genus Pantoea are ubiquitous and frequently isolated from
the environment. Like other members of the Enterobacteriaceae such as Enterobacter,
Erwinia and Rahnella, Pantoea species are often found as epiphytes or endophytes on
arange of plant hosts. P. ananatis was recovered from 25 asymptomatic weed species
and crop plants, including crabgrass, Texas millet and tall verbena and Bermuda grass,
cowpea and soybean (Gitaitis et al., 2002). This species was also the most frequently
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isolated endophyte from maize kernels (Rijavec et al., 2007) and papaya shoot tips
(Thomas et al., 2007). P. agglomerans has been found to exist as an endophyte in
grapevines (Bell et al., 1995), tangerine and sweet-orange plants (Elvira-Recuenco and
van Vuurde, 2000), sweet potato stems (Asis and Adachi, 2003), carrots (Surette et al .,
2003) and soybean root nodules (Li et al., 2008). Pantoea species have also been
isolated as endophytes from sweet corn and cotton (Mclnroy and Kloepper, 1995) and

wild strawberries (Kukkurainen et al., 2005).

I dentification of species, previously belonging to the Erwinia herbicola-Enterobacter
agglomerans complex, has long been based on phenotypic and biochemical
characteristics. However, as there is a high degree of phenotypic similarity between
genera of the Enterobacteriaceae, this has led to the misidentification of many strains.
It has even been suggested that caution be exercised when identifying strains
belonging to the former Erwinia herbicola - Enterobacter agglomerans complex, as
well as Pantoea species, based solely on commercialized phenotypic identification
systems (Gavini et al., 1989). In recent years identification of Pantoea strains has
been based on PCR assays with species-gpecific primers, as is the case with
P. ananatis (Gitaitis et al., 2002, Walcott et al., 2002), 16S rRNA sequencing (Cother
et al., 2004, Coutinho et al., 2002, Schmid et al., 2002, Medrano and Bell, 2007),
DNA-DNA hybridisation (Coutinho et al., 2002, Gavini et al., 1989, Kageyamaet al.,
1992, Mergaert et al., 1993) and Amplified Fragment Length Polymorphism (AFLP)
analysis (Brady et al., 2007). However, species-specific PCR assays do not exist for
all Pantoea species and 16S rRNA sequences cannot be relied upon to clearly
delineate all Pantoea species. It has been observed, based on 16S rRNA sequencing,

that strains can generally be assigned to the genus Pantoea, but often not to a specific

Species.

The first report of a Pantoea species causing disease on plant hosts in South Africa
occurred in the late 1970's, when P. agglomerans was found to cause stalk and leaf
necross of onion (Hattingh and Walters, 1981). Almost twenty years later,
P. ananatis was identified as the causal agent of bacterial blight and dieback of
Eucalyptus in South Africa (Coutinho et al., 2002). A similar disease was later noted
on young Eucalyptus trees in Uganda, Argentina and Uruguay. The bacterial strains

isolated from the diseased material were morphologically and phenotypically similar to
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Pantoea. Subsequently, P. ananatis was detected in onion seed (Goszczynska et al.,
2006) and found to cause brown stalk rot of maize in South Africa (Goszczynskaet al.,
2007). Isolated simultaneously with P. ananatis from maize, were additional Pantoea
strains which also caused brown stalk rot. Pantoea strains were also isolated from
diseased onion in South Africa and the U.S.A. but could not be identified based on
partial 16SrRNA sequencing (Goszczynskaet al., 2006).

The increasing appearance of Pantoea species and unidentified Pantoea pathogens,
causing either new diseases or outbreaks in countries where they had not previously
been recorded, highlights the need for a discriminatory technique to conclusively
resolve the identity of such isolates worldwide. The technique should be rapid, readily
available, inter-laboratory reproducible and should be able to categorically identify
Pantoea strains to the species level, and also resolve the taxonomic framework of the
genus Pantoea and groups from the former Erwinia herbicola-Enterobacter
agglomerans complex. The confusing taxonomy of the genus Pantoea has made it
difficult to correctly identify strains to the species level. Resolving the taxonomy of
the genus would further assist the conclusive identification of environmental Pantoea

strains.

Aim:
To examine the taxonomy of species within the genus Pantoea using a multigene

approach

Objectives:
To develop a rapid, molecular-based technique for the identification of all Pantoea

strains

To conclusively identity Pantoea strains from Eucalyptus and maize from South
Americaand South Africa

To determine if protein profile group VII (Beji et al., 1988) and DNA
hybridization groups I, 11, 1V and V (Brenner et al., 1984) should be included in
the genus Pantoea

To resolve the taxonomic position of the “Japanese” Pantoea species, namely

P. citrea, P. punctata and P. terrea
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To identify several non-pigmented, slime-producing endophytic strains isolated

with the Pantoea strains from Eucalyptus in Uruguay
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Classification and taxonomy of the Enterobacteriaceae, with a

focus on the genus Pantoea

2.1 Introduction

The organisms described in the family Enterobacteriaceae are typically facultatively
anaerobic, Gram-negative rods and most are motile by means of peritrichous flagella.
They grow well at 37 °C and are oxidase negative and catalase positive, with few
exceptions (Brenner and Farmer, 2005). The majority of organisms placed in the
Enterobacteriaceae are associated with the digestive tract and human disease, for
example, Escherichia, Salmonella and Shigella. However, phytopathogenic bacteria,
including Erwinia, Brenneria, Pectobacterium, Dickeya and Pantoea, are also found in
this family. In the pag 25 years, the number of genera and species within the family
Enterobacteriaceae hasincreased exponentially. When the eighth edition of Bergey’'s
Manual of Determinative Bacteriology was published in 1974, the Enterobacteriaceae
consisted of 12 genera and 36 species (Buchanan and Gibbons, 1974). The latest
edition of Bergey's Manual of Systematic Bacteriology describes 44 genera and 176
species (Brenner and Farmer, 2005). The members of this family can generally be
separated into four categories, depending on where they are isolated from: 1) human
pathogens, 2) phytopathogens, 3) insect pathogens, symbionts and endosymbionts and
4) environmental, industrial and animals. There are, however, some genera which can
overlap several categories (Janda, 2006). One such genus is Pantoea, where the
species are primarily known as phytopathogens, but are also regularly isolated from

human and clinical samples and from the environment.

The more common enteric species of the family Enterobacteriaceae can be
differentiated by phenotypic and biochemical tests, usually with commercialized
identification systems. However, infrequently isolated species or environmental strains
are more difficult to identify egpecially if they have an atypical biochemical profile or
belong to a rare or novel species. Species belonging to the genus Pantoea are
particularly difficult to identify, owing to high phenotypic smilarity, a lack of
distinguishing characteristics and a somewhat confusing taxonomy. Methods based on

genotypic information such as 16S rRNA and protein-encoding gene sequencing, have
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been employed for differentiation of numerous members of the Enterobacteriaceae.
By combining phenotypic and genotypic information in a polyphasic approach, the
identification of closely related, or infrequently isolated, enterobacterial species has

improved in recent years.
The aim of this review is to examine the current species definition, the techniques used
for species delineation and their application in the taxonomic framework of the genus

Pantoea.

2.2 The Genus Pantoea

The genus Pantoea was formed to accommodate two hydridization groups from the
Erwinia herbicola-Enterobacter agglomerans complex that did not correlate with
either Erwinia or Enterobacter (Gavini et al., 1989). The earliest reports of bacteria
that were later included in the complex were isolated from plants, seeds and fruit and
assigned the names Bacterium herbicola aureum (Duggeli, 1904 cited by Graham &
Hodgkiss, 1967) and Erwinia lathyri (Manns & Daubenhaus, 1913 cited by Graham &
Hodgkiss, 1967). The first recorded isolation of these bacteria from humans occurred
in 1928 when strains were isolated from stool samples of patients suffering from
typhoid fever and named Bacterium typhi flavum (Dresel & Stickl, 1928 cited by
Graham & Hodgkiss, 1967). Another species which later joined the Erwinia
herbicola-Enterobacter agglomerans complex was Pseudomonas trifolii, which
became Xanthomonas trifolii or Xanthomonas herbicola (Hiss, 1907; James, 1955
cited by Graham & Hodgkiss, 1967). In 1964, it was suggested by Dye that X. trifolii
and E. lathyri had similar morphological and biochemical characteristics and should be
re-classified as Erwinia herbicola (Dye, 1964). Graham and Hodgkiss (1967) noted the
similarities between B. typhi flavum and the chromagenic bacteria E. herbicola, E.
lathyri, E. ananas, E. cassavae, E. milletiae and E. uredovora. In 1972, Ewing and
Fife compared the “herbicola-lathyri bacteria” with isolates implicated in a
nosocomial septicaemia outbreak in the U.S.A. in 1971 and proposed that all of those
strains should be incorporated into the genus Enterobacter as Enterobacter
agglomerans (Ewing & Fife, 1972). The epithet agglomerans (Beijerinck, 1888)
having priority over herbicola and trifolii. The names Erwinia herbicola and

Enterobacter agglomerans were both included in the Approved Lists of Bacterial
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Names, resulting in general confusion regarding the correct taxonomy of these bacteria
(Skerman et al., 1980). In the next 16 years, several studies were performed on the
Erwinia herbicola-Enterobacter agglomerans complex in attempts to resolve the
nomenclature of these strains (Gavini et al., 1983, Mergaert et al., 1983, Brenner et al.,
1984, Verdonck et al., 1987, Beji et al., 1988). The most successful of these studies
was by Brenner et al. (1984), who performed DNA-DNA hybridization on 124 strains
belonging to the Erwinia herbicola-Enterobacter agglomerans complex. Ninety strains
were divided into 13 hybridization groups (DNA hybridization groups | to Xl11I) and
the remaining 34 strains did not fall into any group. This study paved the way for the

description of several new species.

DNA hybridization group XIIl contained strains received as Erwinia herbicola ssp.
herbicola, Erwinia lathyri, Erwinia milletiae and Xanthomonas trifolii (Brenner et al.
1984). Type strains and reference strains of these gpecies were later hybridized to the
type strain of Enterobacter agglomerans (ATCC 27155") and demonstrated more than
90 % DNA homology. Based on this DNA hybridization data, as well as protein
electropherograms and phenotypic data, the synonymy of Erwinia herbicola, Erwinia
milletiae and Enterobacter agglomerans was proposed (Beji et al., 1988). In
agreement with Ewing and Fife (1972), the epithet agglomerans had priority, but the
placement of the species in a genus was undecided. A year later, a new genus Pantoea
was proposed to contain the species agglomerans which included the synonyms
Erwinia herbicola and Erwinia milletiae (Gavini et al., 1989). Also described was a
new species, Pantoea dispersa containing strains belonging to DNA hybridization

group Il from Brenner et al. (1984).

In Japan in 1988, bacterial strains that produce 2,5-diketo-D-gluconic acid (DKGA)
were isolated from fruit and soils samples. As these strains shared the general
characteristics of the genus Erwinia, they were tentatively named “Erwinia citreus”,
“Erwinia punctata” and “Erwinia terreus” (Sonoyama et al., 1988). After further
testing, it was concluded that these DK GA-producing strains belonged to the Erwinia
herbicola-Enterobacter agglomerans complex, as they were phenotypically related to
DNA hybridization groups II, 11 and IV of Brenner et al. (1984). Following DNA
hybridization and further phenotypic tests, the DKGA-producing strains were
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described and classified in the genus Pantoea as P. citrea, P. punctata and P. terrea
(Kageyamaeet al., 1992).

A year later it was proposed to trander Erwinia ananas, Erwinia uredovora and
Erwinia stewartii to the genus Pantoea following DNA hybridization and protein
profiling (Mergaert et al., 1993). E. ananas and E. uredovora were shown to be
subjective synonyms and united as a single species which was classified as Pantoea
ananas. Several strains from Brenner’'s DNA hybridization group VI were found in
the same protein profile groups as Pantoea ananas, resolving another group from the
Erwinia herbicola-Enterobacter agglomerans complex. The epithet ananas was later
corrected to ananatis in accordance with the International Code of Nomenclature of
Bacteria (Triper and De’ Clari, 1997). Two separate subspecies were created within
the species Pantoea stewartii (formerly Erwinia stewartii), P. stewartii subsp.
stewartii and P. stewartii subsp. indologenes (Mergaert et al., 1993). These two
subspecies shared 60 — 83 % DNA homology but were considerably different in
biochemical characteristics and fatty acid composition. Out of the 13 DNA
hybridization groups of Brenner et al. (1984), three groups (DNA hybridization groups
[11, VI and XI111) have been conclusively classified as Pantoea species and four groups
(DNA hybridization groups I, Il, 1V and V) provisionally assigned to the genus
Pantoea (Grimont and Grimont, 2005). The remaining six DNA hybridization groups

have been assigned to other genera within the Enterobacteriaceae.

Species of Pantoea are generally acknowledged as plant-associated bacteria and are
widely distributed in the environment. The type species of the genus, P. agglomerans,
has been found to cause crown and root gall disease of beet and gypsophila, leaf blight
and bulb rot of onions, seed and boll rot of cotton and leaf blight and vascular wilt of
maize and sorghum (Cooksey, 1986; Burr et al., 1991; Edens et al., 2006; Medrano
and Bell, 2007; Morales-Valenzuela et al., 2007). P. agglomerans is also associated
with human and clinical samples, and is regarded as a rare opportunistic pathogen
(Bicudo et al., 2007; De Champs et al., 2000; Fulleron et al., 2007; Kratz et al., 2003;
Lim et al., 2006). P. dispersa has been isolated from soil, plant surfaces, seed and
humans (Gavini et al., 1989; Schmid et al., 2003). P. citrea and P. punctata have both
been isolated from mandarin oranges, and P. citrea is the causal agent of pink disease

of pineapplewhilst P. terrea isfound in soil (Kageyamaet al., 1992; Chaet al., 1997).
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P. ananatis is the most varied species in the genus, causing a variety of diseases on a
diverse range of hosts. This bacterium has been identified as the causal agent of brown
rot of pineapple fruitlets and soft rot of sugarcane, brown spot of honeydew melon,
postharvest disease of cantaloupe fruit, leaf blight, seed stalk rot and bulb decay of
onion, necrotic leaf blotch disease of sudangrass, leaf spot of maize, bacterial blight of
Eucalyptus, stem necrosis of rice and brown stalk rot of maize (Serrano, 1928; Wells
et al., 1987; Bruton et al., 1991; Gitaitis and Gay, 1997; Azad et al., 2000; Paccola-
Meirelles et al., 2001; Coutinho et al., 2002; Cother et al., 2004; Goszczynska et al.,
2007). The causal agent of Stewart’s vascular wilt of sweet corn is P. stewartii subsp.
stewartii (Stewart, 1897) and P. stewartii subsp. indologenes has been linked with |eaf
spot of millet (Mergaert et al., 1993) and leaf blotch of sudangrass (Azad et al., 2000).

2.3 Species Definitions and Concepts

The past 20 years have seen many taxonomical rearrangements within the family
Enterobacteriaceae, as well as an exponential increase in the number of genera and
species described. This can be largely attributed to the advances in molecular
microbiology, including PCR and sequencing. Species which were previously
indiscernible in their phenotype have been shown to be phylogenetically unrelated. As
the techniques used for species differentiation and description have improved over
time, so the species concept for prokaryotes has developed. The original species
definitions based on morphological characteristics have been proven to be inadequate,
but improved definitions have been developed based on new information units such as
chemotaxonomic markers, DNA properties and rRNA sequences. A prokaryotic
species is presently defined as “a category that circumscribes a (preferably)
genomically coherent group of individual isolates/strains sharing a high degree of
similarity in (many) independent features, comparatively tested under highly
standardized conditions’ (Rossell6-Mora and Amann, 2001). Practically, a species can
currently be defined as “a group of strains, including the type strain, sharing greater
than 70 % DNA-DNA relatednessand with 5 °C or lessDT,," (Wayne etal., 1987).

There have been several concerns raised regarding the validity of a species definition
based on DNA relatedness. These concerns include: a) DNA relatedness studies are

subject to sampling bias, b) the species delineation cut-off of 70 % was calibrated
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empirically and does not correspond to a theory-based concept, c) results are not
comparable due to different methods, and d) DNA relatedness tests are difficult and
tedious to perform. The above issues were addressed by Brenner et al. (2005) in the
latest edition of Bergey’s Manual of Systematic Bacteriology, and it was concluded
that the advantages of DNA-DNA relatedness far outweigh the limitations and also
that the practical definition of a species may not be faultless but it is both reliable and
stable. Degpite this, there is still a call for a more rapid technique for species
circumscription. At a meeting of the ad hoc committee for the re-evaluation of species
definition in bacteriology, it was proposed that alternative genomic methods should be
used to describe new species, as long as there is a sufficient degree of similarity
between the technique used and DNA-DNA hybridization data (Stackebrandt et al.,
2002). It wasalso stated that sequencing of protein-encoding genes shows promise in
identification and definition of bacterial species, and that the sequencing data from a

minimum of five geneswould provide an informative level of phylogenetic data.

Recently, there has been much controversy and debate regarding which species
concept is most applicable to bacteria. One of the most persistent arguments is that of
the ecotype concept of bacterial species (Cohan, 2001). An ecotype is defined as a set
of strains that are ecologically similar to each other, such that an adaptive mutant from
one ecotype can out-compete to extinction all other individuals from the same ecoty pe.
This concept is supported by Gevers et al. (2005), although it is suggested that
defining species as ecotypes might be reserved for pathogenic bacteria, where the
ecotype is obvious, and for undescribed species. For the present, the most widely
applicable species concept for prokaryotes is the phylo-phenetic species concept and is
circumscribed by three different approaches: 1) delineation of genomic boundaries
following whole genome hybridization, 2) description of the phenotype of the taxon
and 3) position of the taxon within a reconstructed genealogy (Rossell6-Mora and
Amann, 2001). This current species concept is in agreement with a polyphasic
approach to taxonomy, where phenotypic- and genomic-information are thoroughly
investigated (Vandammeet al., 1996).
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24 Phenotypic Information

The phenotype of a bacterium is described as the observable or measurable physical
and biochemical characteristics, as aresult of genotype and the environment (Sneath,
1989). Before molecular techniques became readily available, classification of bacteria
was based solely on morphology, physiology and biochemistry. The morphology of a
bacterium includes both cellular (shape, endospore, flagella, inclusion bodies and
Gram staining) and colonial (colour, dimensions and form) characteristics. The
physiological and biochemical features include growth at dif ferent temperatures and on
different media, pH values, salt concentrations, atmospheric conditions, antimicrobial
activity, expression of various enzymes and metabolism of compounds (Vandamme et
al., 1996). Determination of a prokaryotic phenotype cannot be based simply on the
morphology of an organism as the majority of bacteria, especially the
Enterobacteriaceae, lack complex morphological characteristics and do not enter life
cycles with different morphological stages. Although time-consuming and tedious, the
phenotypic properties of an organism are required to generate useful classification
systems, if the procedures used are highly standardized. Phenotypic data is the basis
for formal descriptions of species, subspecies and genera. When analyzing the
phenotype of a prokaryotic species, it is important to select strains representative of the
known diversity and environmental niches of the group studied. Therefore, it is
necessary to include recent isolates, as well as type strains and reference strains from

accredited culture collections (Rossell6-Mora and Amann, 2001).

Commercial identification systems, including API (bioMérieux), Microlog (Biolog)
and Biotype (bioMérieux), are used frequently by mog research groups to obtain
phenotypic data. Because of the ease of application and interpretation of reaults,
commercial identification systems have become increasingly popular. However, these
commercial assays have several disadvantages. The majority of these systems have a
reduced number of tests, which decreases the amount of phenotypic information
available for species description. ldentification of a species utilizing commercial
systems is based on a computer-generated identification database, which means that
the identification result is dependent on the quality of the database (Rossell6-Mora and
Amann, 2001). In the case of the genus Pantoea, it has been suggested that caution be
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exercised when basing identification solely on commercialised phenotypic

identification sysems (Gavini et al., 1989).

Phenotypic data can be subjected to numerical analysis, whereby the data is encoded as
binary. Positive reactions are numbered 1 and negative reactions as 0, and a similarity
coefficient is applied to the data, generating a dendrogram. This approach can prove
useful for phenotypically distinct species. Several numerical analysis studies were
performed on strains belonging to the Erwinia herbicola-Enterobacter agglomerans
complex (Mergeert et al., 1984; Verdonck et al., 1987; Beji et al., 1988) and while
strains could be assigned to profile groups or phena, it was not possible to resolve any
major taxonomical or phylogenetic issues at that time. These studies highlight a short-
coming when analyzing the phenotype of a prokaryote: that the whole information
potential of the genome is not expressed. Therefore, it is not possible to infer
phylogeny through phenoty pe as the genes regponsible for those characteristics may be
exclusive to certain taxa. This reinforces the concept of polyphasic taxonomy, both
phenotypic- and genomic-information are necessary for reliable differentiation and

classification of bacteria.

25 Genomic Information

The genoty pe refers to the genetic information of an organism which acts together with
environmental factors to determine phenotype. However, when referring to large
amounts of genome information it is preferable to use the term genomic instead of
genotype (Sneath, 1989). With the advances in molecular microbiology, many
techniques have been developed aimed at retrieving genomic information. Amplified
Fragment Length Polymorphism (AFLP), rep-PCR and sequencing being among the
more commonly applied techniques. However, there is still one technique which is
considered the “ gold standard” for species delineation and description and to which all

new techniques are compared, DNA-DNA hybridization.
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251 DNA-DNA Hybridization

DNA-DNA hybridization is based on measuring the reassociation of a denatured
mixture of DNASs incubated under stringent conditions. The DNAs from different
organisms will form hybrid molecules depending of the similarity of their nucleotide
sequences. The higher the genetic similarity between two organisms is, the higher their
degree of reassociation. There have been several techniques developed for whole
genome hybridization studies since the first attempt by Schildkraut et al. (1961), based
on either free solution methods or fixed DNA methods. The technique currently most
widely used is the microtitre plate method described by Ezaki et al. (1989). The target
DNA is bound to a microtitre plate to which the test DNA, labelled with biotin, is
added. The level of DNA-DNA binding is measured using fluorogenic or

chemiluminescent substrates.

The degree of DNA relatedness can either be measured by the relative binding ratio
(RBR) or the difference in thermal denaturation midpoint (DT,). The RBR measures
the relative amount of heterologous, double-stranded hybrid DNA compared to that of
the homologous hybrid DNA of the reference strain. RBR is expressed as percentage
similarity, considering that the reference genome hybridizes 100 % with itself. DTy is
a more reliable parameter for measuring the degree of DNA relatedness, as it is
independent from the quantity and quality of the DNAs used in the hybridization. DT,
reflects the thermal stability of the DNA hybrids formed during hybridization, and is
the diff erence between the melting temperature of a given homologous DNA and that
of a hybrid DNA (Rossll6-Mora, 2006). It is advised that prokaryotic species should
share more than 70 % DNA-DNA relatedness and 5 °C or less DT, (Wayne et al.,
1987).

Even though DTm may be the more reliable parameter for determining DNA
relatedness, the RBR is a frequently used parameter for species delineation and new
species descriptions. It has been consistently stressed that the species delineation cut-
off of 70 % is only a recommendation, and should not be used as a strict boundary
(Rossell6-Mora, 2003). 1t was suggested that the definition of a species could be made
more robust by stating that strains showing more than 80 % DNA-DNA similarity
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belong to one genomic species, whilst strains sharing less than 60 % DNA-DNA
similarity do not belong to the same genomic species; and for strains showing any
value between 60 and 80 %, the distribution of values within and between species
should be studied carefully (Grimont, 1988). The importance of phenotypic data has
also been emphasized and can essentially override the phylogenetic concept of species
in exceptional cases (Wayne et al., 1987; Stackebrandt et al., 2002). Therefore, a
nomenspecies can contain more than one genomic group, referred to as a genomovar
or genomospecies, if strains within these groups are phenotypically similar (Ursing et
al., 1995). This concept has been applied in several studies where strains are suspected
as belonging to new species, but cannot be phenotypically differentiated. In which case
they are either included in a single species and designated as genomovars, or described
as genomospecies within the genus (Brenner et al., 1993; Brenner et al., 1998;
Vandamme et al., 1998).

25.2 DNA Bas Ratio

A second parameter recommended for species delineation and description is the
determination of the DNA base ratio, or G + C content which is calculated as a
percentage of G + C. The G + C contents for prokaryotes range from 20 to 80 mol %.
The higher the difference in G + C content for two organisms, the less related they are.
Organisms that differ by more than 10 mol % do not belong to the same genus, whilst
a difference of 5 mol % indicates organisms which belong to different species
(Rossell6-Moraand Amann, 2001).

2.5.3 Amplified Fragment L ength Polymorphism

Amplified fragment length polymorphism (AFLP) is a genomic fingerprinting method
based on the selective PCR amplification of restriction fragments from atotal digestion
of genomic DNA with two restriction endonucleases and can be applied to DNA from
any origin (Vos et al., 1995). AFLP can be used for both identification and typing as it
can discriminate to below the species level (Savelkoul et al., 1999). The technique
consists of three steps. digestion of genomic DNA with two restriction endonucleases

and ligation of double-stranded adaptors to the resulting restriction fragments; pre-
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amplification and selective amplification of restriction fragments with two sets of
primers, complimentary to the ligated adaptors, and lastly, electrophoretic separation
of the amplified products. AFLP analysis has been used extensively in the
identification, classification and epidemiology of bacteria belonging to the
Enterobacteriaceae, including Escherichia coli, Salmonella, Erwinia, Pantoea and
Klebsiella (Arnold et al., 1999; Aarts et al., 1998; Avrova et al., 2002; Brady et al.,
2007; Jonaset al., 2004).

Shortly after the development of the AFLP technique, a study was performed
comparing genomic fingerprinting with DNA-DNA hybridization data using
Xanthomonas as a model system (Rademaker et al., 2000). A high correlation was
observed between AFLP clusters and DNA-DNA hybridization results, suggesting that
genomic fingerprinting techniques reflect the genotypic, phylogenetic and taxonomic
relationships of organisms. These conclusions were supported by several studieson a
wide range of bacteria such as Aeromonas, Acinetobacter, Agrobacterium and
Bradyrhizobium (Huyset al., 1996; Jansen et al., 1997; Mougel et al., 2002; Portier et
al., 2006; Willemset al., 2001).

25.4 Repetitive Extragenic Palindromic-PCR

Repetitive extragenic palindromic-PCR (Rep-PCR) is based on amplification from the
sites of repetitive extragenic palindromic (REP) elements, enterobacterial repetitive
intergenic consensus (ERIC) sequencesand BOX elements found at different positions
on the bacterial genome. The term “rep-PCR” includes amplification of any of the
repetitive elements. REP elements are 38 bp long sequences consisting of six
degenerate positions and a five bp variable loop between each side of a conserved
palindromic stem (Stern et al., 1984). ERIC sequences are 126 bp long elements
which contain a highly conserved central inverted repeat and are located in extragenic
regions of genomes of the Enterobacteriaceae (Hulton et al., 1991). The third set of
repetitive elements, are the BOX elements which are less commonly used for genomic
fingerprinting than REP and ERIC sequences. BOX elements are located within
intergenic regions and are mosaic repetitive elements composed of various

combinations of three subunit sequences referred to as boxA, boxB and boxC (Martin
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etal., 1992). Amplification of rep elements can be performed with a single primer, a

single set of primers or multiple sets of primers.

Rep-PCR has also been widely applied to members of the Enterobacteriaceae such as
E.coli, Brenneria, Erwinia, Salmonella and Serratia (dos Anjos Borges et al., 2003;
Moretti et al., 2004; Norman et al., 2003; Weigel et al., 2004; Zhang et al., 2003) for
genetic diversity, identification and characterization studies. Additionally, high
congruence has been observed between rep-PCR and DNA-DNA hybridization data
for rhizobia and Xanthomonas (Nick et al., 1999; Rademaker et al., 2000) and between
rep-PCR and pulsed-field gel electrophoresis (PFGE) for Salmonella (Weigel et al.,
2004).

255 16SrRNA Sequence Analysis

At the beginning of the 1970's, 16S rRNA sequence data was first used for
comparative analyses of prokaryote phylogeny (Fox et al., 1980). Eventually all living
organisms were divided into three primary domains, the Archeae, the Bacteria and the
Eucarya, in a universal phylogenetic tree (Woese, 1987; Woese et al., 1990). In the
yearsfollowing this breakthrough, rRNA became the gene of choice for phylogeny and
identification of prokaryotic species for a number of reasons. rRNA molecules are
universally present and have a conserved function; they are easy to sequence and their
many conserved regions allow rapid alignment; rRNA sequences are readily available
from a number of web-based databases and it is often easier to identify bacteria by
rRNA sequencing than by biochemical or physiological tests (Ciliaet al., 1996).

In prokaryotes, the rRNA operon consists of three conserved genes. the small subunit
16S rRNA gene, the large subunit 23S rRNA genes and the 5S rRNA gene.
Sequencing of the 5S rRNA gene was initially used for phylogenetic studies of the
prokaryotes. However, it was soon found that the 16S rRNA gene contained more
highly conserved regions interspersed with variable and hypervariable sequences
making it easier to design universal primers, and the 5S rRNA gene contained
relatively little information due to its short length. Although the 23S rRNA gene is
phylogenetically more discriminatory than the 16S rRNA gene, it is twice the length
and therefore less popular (Ludwig and Schleifer, 1999). Consequently, 16S rRNA
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sequencing has become one of the most widely used standard techniques in microbial

taxonomy and is used frequently in new species descriptions.

It was noted that strains which share 70 % or more DNA-DNA relatedness, will
typically have 16S rRNA sequence similarity greater than 97 % (Stackebrandt and
Goebel, 1994). However, this is not to say that strains which have more than 97 % 16S
rRNA sequence similarity will have 70 % or more DNA-DNA similarity. There are
several groups of organisms which have almost identical 16S rRNA sequences, but
have DNA hybridization values of less than 70 %, for example, Bacillus globisporus
and B. psychrophilus (Fox et al., 1992). Because the 16S rRNA gene is highly
conserved, there is no linear correlation between DNA-DNA hybridization values and
16S rRNA sequence similarity for closely related organisms (Grimont, 1988;
Stackebrandt and Goebel, 1994). Therefore, 16SrRNA sequence data should never be
used unaided for new species descriptions but rather as an integral component of a

poly phasic approach.

16S rRNA sequencing has resolved the phylogenetic positions of a number of genera
and species within the family Enterobacteriaceae. In 1998, Hauben et al. examined
the phylogenetic position of phytopathogens within the Enterobacteriaceae using 16S
rRNA sequence data. This study resulted in the division of the genus Erwinia into
three genera: the true Erwinia genus, Pectobacterium and Brenneria (Hauben et al.,
1998). A fourth genus, Dickeya, was later edablished to include two species
previously belonging to Pectobacterium and Brenneria and four novel species
(Samson et al., 2005). Several studies based on 16S rRNA sequencing have revealed
the polyphyletic nature of the genera Serratia (Sproer et al., 1999; Dauga, 2002),
Klebsiella and Enterobacter (Mollet et al., 1997; Hauben et al., 1998; Dauga, 2002).
Despite the many advantages of 16S rRNA sequencing in both phylogeny and
identification, it will never be the technique to replace DNA-DNA hybridization for

species circumscription because of its lack of resolving power at the species level.
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2.5.6 Protein-encoding Genes

Protein-encoding genes have two main advantages over rRNA genes for phylogenetic
analyses: 1) protein-encoding genes evolve much faster than rRNA genes, making it
easier to analyze closely related bacteria and 2) the alignment of protein-encoding
genes can be made easier by using the translated amino acid sequence (Harayama and
Kasai, 2006). As previously mentioned, it was recommended by the committee for the
re-evaluation of the species definition that sequencing of protein-encoding genes could
play an important role in the circumscription of species (Stackebrandt et al., 2002).
The committee suggested that when evaluating this approach, organisms should be
selected for which there is extensive DNA-DNA hybridization data and intraspecific
diversity DNA profiles available. Such a study was undertaken by Zeigler (2003), who
compared sequence data from 32 protein-encoding genes with the genomes of 44
bacteria that could be grouped into 16 genera. It was observed that DNA identity
scores for eight of the 32 genes correlated strongly with the overall sequence identity
scores for the genomes, making them outstanding candidates for a gpecies prediction
sequence set. recN was the candidate gene with the highest potential for predicting
genome relatedness, whilst 16S rDNA was the poorest. The 16S rDNA gene was
included in the analysis due to its extensive use in taxonomic studies, despite not
encoding a protein. This study proved that it is possible to predict genome relatedness
based on the sequences of protein-encoding genes and supported the recommendation
of Stackebrandt et al. (2002). However, the requirement of a minimum of five genes
may be excessive as Zeigler (2003) found that even single gene alignments could
predict the overall genome similarity, although this could be improved by using two or

three genes.

Zeigler (2003) identified candidate genes for a species prediction set by applying four
criteriaz 1) genes should be widely distributed among genomes, 2) each of the
candidate genes should be single copy within a given genome, 3) individual gene
sequences should be long enough to contain important phylogenetic information, but
short enough to be sequenced economically and with ease and 4) gene sequences must
predict whole genome relationships with precision and accuracy. However, it was
noted by Santos and Ochman (2004) that there was no consensus among genes used

for gpecies prediction and no means to rapidly sequence uncharacterized bacterial
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species. They identified 143 genes which were present in single copy in 95 % of the
bacterial genomes examined. Of the 143 genes, a set of only 39 included at least two
highly conserved regions for primer design. Based on this set of genes, conserved
primers with G + C rich clamps were designed for ten functionally diverse genes. Of
the taxonomically diverse range of bacteria tested, 60 % were amplified with each
primer pair, creating a starting point for the development of multigene schemes for

numerous bacterial species.

An additional requirement for the selection of candidate genes for phylogenetic
analysis is that the genes should not be subject to horizontal gene trandfer (Yamamoto
and Harayama, 1996). However, only a small percentage of genes are unlikely to have
undergone horizontal gene trander (Brown et al., 2001). It has been noted that the
horizontal transfer of genes correlates strongly with gene function. Genes which are
involved in transcription, translation and related processes (informational genes) are
less likely to undergo horizontal gene transfer than genes involved in metabolic
functions (operational genes) (Riveraet al., 1998). This may be due to informational
genes being part of large complex systems, and interacting with other proteins, while

operational genesare not (Jain et al., 1999).

Geverset al. (2004) analyzed 106 bacterial genomes and found that many contained a
significant number of paralogs (homologous genes within a genome belonging to the
same gene family, created by duplication). Gene duplication is considered an
important evolutionary step towards diversity in the metabolic function of an
organism. The data revealed that the largest group of paralogs within genomes encodes
ABC-type transporters, transcriptional regulators or dehydrogenases. This study also
indicated a subset of gene families that is found in all 106 of the genomes analyzed
which can be considered as core housekeeping genes. These genes encode ribosome
proteins, trandation elongation factors, tRNA-synthetases, ABC-type trangporters,
topoisomerases, polymerases and ATP/GTPases (Geverset al., 2004). It is evident that
many of the housekeeping genes in the bacterial core may have undergone a
duplication event, meaning that they can be paralogs. Therefore, protein-encoding (or
housekeeping) genes should be selected with care if they are to be used in phylogenetic
analyses (Harayama and Kasai, 2006).
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The theory that each sequence cluster containing a bacterial species should correspond
to an ecologically distinct population has been strongly advocated by Cohan (1994).
Palys et al. (1997) verified this theory by demonstrating that protein-encoding genes
can be used successfully in classifying the ecological diversity of bacteria, and are
more effective in doing so than DNA-DNA hybridization. This lead to a second study
which proved that two ecologically distinct species of Bacillus, that are basically
identical in their 16S rRNA sequences, could be easily separated on the basis of
protein-encoding genes (Palys et al., 2000). It was also confirmed that the inability of
16S rRNA sequencing to distinguish the two species was as a result of the extremely
slow rate of evolution of the 16S rRNA gene. In theory, ecologically distinct
organisms will eventually diverge into separate clusters for any gene. However, in
practice only protein-encoding genes evolve rapidly enough to differentiate between

closely related organisms (Palyset al., 2000).

a) Single Gene Phylogeny

Single gene phylogeny is based on the sequence comparison of one highly variable
gene. Several genes have shown a higher resolving power for species delineation
compared to the 16S rRNA gene, one such gene being rpoB. The rpoB gene encodes
for RNA polymerase b-subunit and has been used in several identification and
phylogenetic studies in recent years. One of the first studies to examine the usefulness
of rpoB sequence analysis for bacterial identification was by Mollet et al. (1997). It
was found that partial rpoB sequence data was more discriminative than 16S rRNA
sequence data for the majority of Enterobacteriaceae examined. Also, rpoB sequences
could be used for phylogenetic analyses as it was demonstrated that the genus
Klebsiella is polyphyletic (Mollet et al., 1997). Subsequently, a phylogenetic study
was performed on the genus Klebsiella and with the help of rpoB sequence data, three
species were transferred from Klebsiella to a new genus Raoultella (Drancourt et al.,
2001). Following these studies, a new Klebsiella species, K. singaporensis, and three
new Enterobacter species, E. radicincitans, E. turicensis and E. helveticus, were
described using rpoB sequence data as a supporting phylogenetic parameter (Li et al.,
2004; Kampfer etal., 2005; Stephanetal., 2007).
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gyrB, encoding DNA gyrase b-subunit, has also been used in numerous phylogenetic
studies and has resolved the taxonomic positions of bacterial strains. The phylogenetic
relationships of 49 Acinetobacter strains were determined based on gyrB sequence
data, which showed a strong congruence with DNA-DNA hybridization data
(Yamamoto et al., 1999). gyrB gene sequences were shown to differentiate the closely
related bacteria E.coli, Shigella and Salmonella, and may also be an alternative to 16S
rRNA for species classification (Fukushimaet al., 2002). A study of the phylogeny of
the Enterobacteriaceae utilizing the gyrB gene demondrated the reliability of this gene
for inferring intra- and intergenic relationships, especially within the genus Serratia
(Dauga, 2002). Similar conclusions were drawn from a study of the genus Aeromonas,
where gyrB sequence data could successully identify and differentiate all known
species within the genus (Yéafez et al., 2003). The gyrB gene has also proven more
discriminatory than the 16S rRNA gene for differentiation of the Bacillus anthracis-
cereus-thuringiensis group, although gyrB could not discriminate virulent strains from
avirulent strains of B. anthracis (La Duc et al., 2004). Additional popular protein-
encoding genes which have been used for phylogenetic analyses include groEL
(Harada and Ishikawa, 1997; McGhee et al., 2002), infB (Hedegaard et al., 1999),
hsp60 (lversen et al., 2004) and atpA (Naser et al., 2005a).

b) Multigene Phylogeny and Multilocus Sequence Analysis

Multigene phylogeny is based on the assumption that a higher resolving power for
relationships between species can be achieved by examining more than one protein-
encoding gene. By concatenating the individual protein-encoding gene sequences, an
overall consensus phylogenetic tree can support or reject phylogenies observed using
single genes. Concatenated alignments have been shown to construct highly robust
universal trees (Brown et al., 2001). The phylogeny of species belonging to the family
Enterobacteriaceae was examined using two protein-encoding genes, tuf and atpD.
The concatenation of the two genes improved the bootstrap values and resolved some
inconsistencies seen in the single gene trees (Paradis et al., 2005). A similar study
determined the relationships of plant pathogenic enterobacteria using three protein-
encoding genes, atpD, carA and recA (Y oung and Park, 2007). A consensus tree based
on the concatenation of the three genes supported many of the phylogenetic

arrangements seen in the single gene tree.
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A new technique, multilocus sequence analysis (ML SA), encompasses the concept of
multigene phylogeny (Nasser et al., 2005b). The term MLSA was proposed to
emphasize the distinction of this technique from multilocus sequence typing (ML ST)
(Gevers et al.,, 2005). MLSA is based on the sequence comparison of several
conserved protein-coding genes and can determine the diversity and phylogenetic
relatedness between related taxa using dendrograms constructed from the sequence
data. There arethree major approaches for dendrogram, or tree, construction: distance
matrix, maximum parsmony and maximum likelihood. These are based on
evolutionary models which define probabilities for the transition from one nucleotide
to another (Harayama and Kasai, 2006). Because the approaches are based on different
models, it is unlikely that the tree topologies will be identical. To construct a more
robust tree, it is recommended that the different methods be used together with

calculations based on several data sets (Rossell6-Mora and Amann, 2001).

The first study to utilize MLSA was aimed at members of the Vibrionaceae and was
found to be more discriminatory among species than 16S rRNA sequences (Thompson
et al., 2005). MLSA was also applied to species of Enterococcus and showed great
promise (Naser et al., 2005b). The same MLSA scheme was applied to the genus
Lactobacillus (Naser et al., 2007), and led to the descriptions of several new species
and reclassifications in both Lactobacillus and Enterococcus. Since the emergence of
MLSA asa technique to rival 16S rRNA sequencing, it has been used in an increasing

number of diversity, taxonomic and phylogenetic studies.

MLSA was used to examine the diversity between dairy and non-dairy Lactococcus
lactis isolates using six protein-encoding genes. The study revealed two major
genomic lineages within Lactococcus lactis (Rademaker et al., 2007). Numerous
taxonomic studies and novel species descriptions on a wide range of bacteria have
been based on MLSA in the last three years. Included among them are species
belonging to the genera Borrelia (Richter et al., 2006; Postic et al., 2007),
Enterococcus (Naser et al., 2005¢) and Leuconostoc (De Bruyne et al.,, 2007). In
addition ML SA has proven useful for phylogenetic studies, which in some cases has
lead to the revision of taxa. A ML SA scheme for the rhizobia provided support for the
merging of Ensifer and Sinorhizobium into a single genus (Martens et al., 2007,

Martenset al., 2008). Two genomovars could be distinguished within Flavobacterium
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columnare by MLSA, which also demonstrated the host-specific nature of the strains
(Olivares-Fuger et al., 2007). MLSA of a serogroup of E. coli revealed that the
isolates could be separated into four separate evolutionary clusters within the E.coli
phylogeny and were related to enteropathogenic E. coli and enterohemorrhagic E.coli
(Tarr etal., 2008).

C) Multilocus Sequence Typing

Multilocus sequence typing (ML ST) goes one step further than ML SA and can group
strains into the major genetic lineages within a species (Cooper and Feil, 2004).
ML ST was developed to characterize isolates of Neisseria meningitidis into the major
meningococcal lineages (Maiden et al., 1998). ML ST is based on multilocus enzyme
electrophoresis (MLEE), where the alleles at each of seven house-keeping loci are
assigned directly by nucleotide sequencing instead of comparing the variation in the
electrophoresis of the enzymes they encode (Maiden et al., 1998). For each gene
fragment, every unique sequence is designated a different allele, even those sequences
that differ by a single nucleotide. The alleles present at each of the seven house-
keeping genes are combined into an allelic profile and are assigned a sequence type
(ST) designation (Maiden et al., 1998). By comparing the allelic profiles of isolates,
epidemiological relationships can be determined. Closely related strains will have
identical ST's (or ST’ s that differ at one or two loci), whereas unrelated isolates will
have unrelated ST’ s (Urwin and Maiden, 2003).

In the design of a new MLST system, several factors must be taken into account. A
diverse collection of 100 isolates should be used in the initial evaluation. House-
keeping gene sequences of + 450 bp are good targets for MLST, as these size
fragments can be sequenced accurately on both strands using a single pair of primers.
Although seven genes are generally used in MLST, it is recommended to examine
additional candidate loci as the genes may experience levels of recombination or
selection. In the design of oligonucleotide primers, a nested strategy should be used
where the DNA fragments amplified are longer than required for the final sequences
(Urwin and Maiden, 2003). Also, the house-keeping genes selected for the ML ST
system should be conserved, widely separated on the bacterial chromosome and should

not be adjacent to genes which may be under selective pressure.
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MLST has typically been used over the years for long term epidemiological and
intragpecies diversity studies. Schemes have been developed for numerous medically
important bacteria, including N. meningitidis, Streptococcus pneumoniae,
Staphylococcus aureus, Streptococcus pyogenes and Haemophilus influenzae (Enright
and Spratt, 1999) and for two plant pathogens, Pseudomonas syringae (Sarkar and
Guttman, 2004) and Xylella fastidiosa (Scally et al., 2005). A major benefit of MLST
is that allelic profiles can be compared to those available on the extensive databases
accessible via the internet (Aanensen and Spratt, 2005). Additionally, software is
available for determining the genetic and evolutionary relationships between bacteria
using ML ST data (Feil and Enright, 2004; Spratt et al., 2004).

25.7 Genome-based Phylogeny

The entire bacterial genome is obviously the most complete source of genomic
information. Large-scale sequencing of genomes is becoming increasingly routine
resulting in a deluge of genetic information now available for making phylogenetic
inferences. I deally, whole-organism phylogenies could be constructed by comparing
the overall similarity between entire genomes, where the degree of similarity depends
on the fraction of genes shared (Francino et al., 2006). The majority of genomic
studies to date have focussed on the comparison of genome-based phylogenies with
those obtained by 16S rRNA sequencing, rather than the differences between taxa
(Konstantinidis and Tiedje, 2005a). Genomic signatures, obtained from bacterial whole
genome sequences, were compared with 16S rRNA sequence similarity and DNA-
DNA hybridization data. A high correlation was observed between genomic signatures
and DNA-DNA hybridization values, but the overall correlation between genome
signatures and 16SrRNA sequence similarity was low, except between closely related

organisms (Coenye and Vandamme, 2004).

Even with the advances made in large-scale sequencing, it is still not feasible to
sequence the entire genomes of all bacterial species for phylogenetic studies. The best
alternative is to identify genes which are representative of the whole genome. This
was achieved by Ziegler (2003), who demonstrated that certain gene sequences diverge
at a rate that reflects the overall rate of genome divergence and identified genes that

could predict whole genome relatedness. Two novel parameters, average nucleotide
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identity (ANI) and average amino acid identity (AAIl) have been developed by
Konstantinidis and Tiedje (2005a; 2005b) to measure the whole genome relatedness
between strains. Pairwise, whole genome comparisons were performed on closely
related bacterial strains to determine the conserved protein-encoding genes and strain-
specific genes. The ANI of the shared genes between two strains was found to be a
robust parameter for comparing genetic relatedness and showed a strong correlation to
DNA-DNA hybridization values. ANI values of 94 % corresponded to the suggested
70 % DNA-DNA hybridization standard (K onstantinidis and Tiedje, 2005b). AAI also
offers high resolving power within species, as values between 95-96 % correspond to
the 70 % DNA-DNA hybridization standard (Konstantinidis and Tiedje, 2005a).
Additionally, phylogenetic trees constructed using AAl were congruent with those

based on concatenated sequences of conserved genes within the genomes examined.

26 Conclusions:

For the time being, the current species definition of a prokaryotic species is practical
and reliable (Brenner et al., 2005). There are possible alternatives to DNA-DNA
hybridization for the circumscription of species, the most promising being MLSA.
However, for ML SA to replace DNA-DNA hybridization a universal set of genes must
be identified which could be applied to the classification all of all prokaryotes (Gevers
et al., 2005). Until an alternative standardized method for bacterial classification is
available, it will still be considered standard practice to confirm new species
descriptions with DNA-DNA hybridization data.

It is evident that the taxonomy of the genus Pantoea must be updated, especially as
there is still reference to “Erwinia herbicola” and “Enterobacter agglomerans” in
recent literature. Due to the short-comings of 16S rRNA sequencing, this gene is only
suitable for assigning isolates to the genus level, and is therefore not an option for a
taxonomic study of the genus Pantoea. In contrast MLSA appears to be a robust,
reliable method for taxonomic and phylogenetic studies. The availability of high
throughput sequencing and the ease with which primers can be designed, make this
technique particularly attractive compared to the more laborious fingerprinting
methods of rep-PCR and AFLP.
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Once the taxonomy of the genus Pantoea has been resolved, the ML SA scheme could
be expanded to examine the epidemiological issues of species within the genus. Little
is known concerning the specificity and genetic relatedness of Pantoea strains,
egpecially those from different hosts and varied geographical regions like
P. agglomerans and P. ananatis. Additionally the epidemiology of the diseases caused
by these pathogens is unclear. MLST has been proven to be an excellent tool for
studying the global, or long term, epidemiology of both medical and plant-pathogenic
bacteria. An improved understanding of the taxonomy and epidemiology of species
belonging to the genus Pantoea could hopefully lead to control measures for the

diseases caused by them.
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Phylogeny and identification of Pantoea species associated

with the environment, humans and plants based on

multilocus sequence analysis (MLSA)

As submitted to: Systematic and Applied Microbiology

ABSTRACT

Species belonging to the genus of Pantoea are commonly isolated from plants, humans
and the environment. The species of the genus are phenotypically closely related,
making rapid identification of Pantoea strains to the species level difficult. Multilocus
sequence analysis (MLSA) was evaluated as means for rapid classification and
identification of Pantoea strains. Four housekeeping genes, rpoB, atpD, gyrB and infB,
were sequenced for a total of 102 strains assigned to the genus. Included in the study
were (1) reference strains from the seven validly described species of Pantoea, (2)
strains belonging to Brenner DNA groups 11, IV and V, previoudly isolated from
clinical samplesand difficult to identify because of high phenotypic homogeneity to P.
agglomerans or P. ananatis, and (3) isolates from diseased Eucalyptus, maize and
onion, assigned to the genus on the basis of phenotypic tests. Phylogenetic trees were
constructed from the sequences of the four housekeeping genes. The Pantoea strains
grouped into a monophyletic cluster when the tree was based on concatenated
sequences of the four genes, although two sublineages could be observed with high
bootstrap support. The MLSA data further suggested the existence of ten potential
novel species, phylogenetically related to the currently recognized Pantoea species.
When compared with DNA-DNA hybridization data a good congruence was observed
between both methods, with gyrB sequence data being the most consistent. In
conclusion, ML SA of partial nucleotide sequences of the genes rpoB, atpD, gyrB and

infB can be used for classification and identification of Pantoea strains.
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INTRODUCTION

The genus Pantoea belongs within the family Enterobacteriaceae and was proposed
by Gavini et al. (14) for two groups of strains that were, at that time, assigned to the
Erwinia herbicola-Enterobacter agglomerans complex. This complex covered many
phena (13, 40) and genomic groups (3), some of which were later designated as new
genera (16). The genus Pantoea comprises at present seven validly-described species,
namely Pantoea agglomerans and P. dispersa (14), P. citrea, P. punctata and
P. terrea (21) and P. ananatis and P. stewartii (28). However, Grimont and Grimont
(16) stated that the genus Pantoea can be envisioned to include DNA groups |, I, 1V
and V as determined by Brenner et al. (3). It was further observed that the species
P. citrea, P. punctata and P. terrea, isolated in Japan and described by Kageyama et
al. (21) differed from the “core” Pantoea species in several biochemical or nutritional
characteristics. Grimont and Grimont (16) determined the phylogenetic position of all
validly-described Pantoea species and DNA groups of Brenner et al. (3) using 16S
rRNA- and rpoB-sequence comparisons and found that the “Japanese” species
constituted a cluster that joined the Pantoea cluster a a lower level. They concluded
that more taxonomic work was needed to justify the assignment of these species to the

genus Pantoea.

Several species belonging to the genus Pantoea are known as plant pathogens.
Stewart’s vascular wilt is a disease of sweet corn and maize caused by Pantoea
stewartii subsp. stewartii (36), Pantoea agglomerans causes crown and root gall
disease of gypsophila and beet (4, 5) and P. ananatis causes a variety of diseases on a
wide range of hosts including bacterial blight and dieback of Eucalyptus (7), stem
necrosis of rice (6) and brown stalk rot of maize (15). Recently, Pantoea strains were
isolated from young Eucalyptus trees in Uganda, Argentina and Uruguay, showing a
disease similar to bacterial blight and dieback of Eucalyptus in South Africa. Pantoea
strains, not belonging to P. ananatis and causing brown stalk rot of maize were also
isolated. Smilarly, Pantoea strains that could not clearly be identified to the species
level were isolated from diseased onion in South Africa and the U.S.AA. All of these

isolates were assigned to the genus Pantoea on the basis of phenoty pic tests.
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All strains of DNA groups I, I, IV and V determined by Brenner et al. (3) were
isolated from human sources. In recent years Pantoea strains have been consistently
linked with human infections (10, 12, 24, 26, 34, 39). The increasing isolations of
Pantoea strains from the environment, from human infections and diseased plant
material highlights the need for a technique that enables fast and reliable classification

and identification of Pantoea strains worldwide.

Partial sequences of protein-encoding genes have been proven useful for species
identification and as phylogenetic markers in the family Enterobacteriaceae. The
following genes have been evaluated for these purposes: rpoB (11, 22, 25, 29, 35), infB
(19), groEL (27); gyrB (9), tuf and atpD (31, 42), carA and recA (42). Reaults have
shown that they are more reliable than 16S rRNA gene sequences for species
identification and for determining intra- and some inter-generic relationships (9, 19,
29, 31). For determination of phylogenetic relationships, it has been advised to use
sequence data from more than one gene (9, 23), to reduce the possibility of ambiguities
caused by genetic recombination or specific selection (19). 16S rRNA gene sequences,
on the other hand, appeared to be useful for determination of phylogenies between

distantly related Enterobacteriaceae (9).

In the present study, the phylogeny of all validly described species of Pantoea, DNA
groups |1, 1V and V of Brenner et al. (3), which belong in the genus Pantoea according
to Grimont and Grimont (16), as well as isolates assigned to Pantoea on the basis of
phenotypic tests, were investigated using multilocus sequence analysis (ML SA) of the
protein-encoding genes rpoB, atpD, gyrB and infB. These genes encode RNA
polymerase 3 subunit, ATP synthase 3 subunit, DNA gyrase and initiation translation
factor 2, regpectively and have been used successfully in previous phylogenetic studies
of theEnterobacteriaceae (9, 19, 29, 31).
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MATERIAL AND METHODS

Strains investigated and DNA extraction

A detailed summary of the 102 Pantoea strains used in this study is listed in Table 1.
All strains used in this study are maintained in the Bacterial Culture Collection (BCC)
of the Forestry and Agricultural Biotechnology Institute (FABI) and representative
isolates have been deposited in the BCCM/LMG Collection, University of Ghent,
Belgium.

Genomic DNA was extracted from each of the bacterial strains using an alkalic

extraction method (30) and gored at -20 °C.

Primer design

External primers for amplification and internal primers for sequencing were designed
based on sequence alignments of strains representative of multiple species belonging
to the family Enterobacteriaceae. The primers used in previous studies of the
Enterobacteriaceae (9, 19, 29, 31), were the basis for the design of the primers used in
this study. The sequences for both the amplification and sequencing primers for all

four genesare listed in Table 2.

PCR and sequencing

PCR was performed on each of the strains listed in Table 1 using each of the four sets
of amplification primers. Each 50 nl PCR reaction consisted of 5 ml 10 x PCR buffer,
5m dNTP's (200 M each), 0.5 nl forward primer (50 M), 0.5 nl reverse primer (50
nmM), 1 nL AmpliTag DNA polymerase (1U/nl), 5 il template DNA and 33 nl sterile
MilliQ water. The amplification conditions included denaturation at 95 °C for 5
minutes, 3 cycles of denaturation at 95 °C for 1 minute, annealing at 55 °C for 2
minutes 15 seconds and elongation at 72 °C for 1 minute 15 seconds, followed by 30
cycles of denaturation at 95 °C for 35 seconds, annealing at 55 °C for 1 minute 15

seconds and elongation at 72 °C for 1 minute 15 seconds and a further 7 minutes of
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elongation at 72 °C. An annealing temperature of 50 °C was used for several strains
which would not amplify at 55 °C. PCR products were separated on 1 % agarose gels
at 75 V for 45 minutes. Those reactions resulting in positive PCR products of the
expected size were purified using  NucleoFast 96 PCR plates (Machery-Nagel).
Sequencing reactions were performed using 3 nl purified PCR product, 2 ml 5 x
sequencing buffer, 0.2 m Big Dye sequencing reaction mix, 3 nl primer (4 M) and
1.8 nl sterile MilliQ water. The sequencing conditions included denaturation at 96 °C
for 5 seconds, 25 cycles of denaturation at 96 °C for 10 seconds, annealing at 55 °C for
10 seconds and elongation at 60 °C for 4 minutes. Sequencing reactions were purified
using the Montage Seq 96 Sequencing Reaction Cleanup Kit (Millipore). All PCR set-
up and purification steps were carried out on a Genesis Workstation 200 (Tecan).

Sequence analysis

The GenBank/EMBL accession numbers for the sequences presented in this study are:
EF988667-EF988752, EU145244-EU145259, EU344753-EU344756 (atpD gene),
EF988753-EF988838, EU145260-EU145275, EU344757-EU344760 (gyrB gene),
EF988839-EF988924, EU145276-EU145291, EU344761-EU344764 (infB gene) and
EF988925-EF989010, EU145292-EU145307, EU344765-EU344768 (rpoB gene).

Consensus sequences for each strain were assembled by manual alignment of the
internal sequences using BioEdit Sequence Alignment Editor v 5.0.9 (18). The
consensus squences were then aligned for each gene using ClustalX (38) and the
overhangs were trimmed. All four data sets were tested for substitution saturation at
the first, second and third codons using the DAMBE software package by plotting the
transitions (s) and transversions (v) against the genetic distance calculated with the
Jukes-Cantor (JC69) model (41). A partition-homogeneity test was performed in
PAUP 4.0b10 (37) to establish if the four genes could be combined to form a single
concatenated data set. The Modeltest 3.7 programme (32) was then applied to all four
data sets, as well as the concatenated data set, to determine the best-fit evolutionary
model to apply to each gene. Maximum likelihood and neighbour joining trees were
drawn using Phyml (17) and PAUP 4.0b10 (37), respectively by applying the models
and parameters determined by Modeltest. Bootstrap analysis with 1 000 replicates was
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peformed on all five trees to assess the reliability of the clusters generated.
Escherichia coli, Shigella dysenteriae and Citrobacter rodentium were chosen as
outgroups and Erwinia and Tatumella, the closest phylogenetically related neighbours
of Pantoea were also included in the trees (42). The sequences for the four
housekeeping genes of E. coli, S. dysenteriae, C. rodentium and Er. amylovora were
obtained from the genome sequencing databases of the Sanger Institute
(http://www.sanger .ac.uk) and the University of Wisconsin
(https://asap.ahabs.wisc.edu/asap). The genes for Erwinia billingiae (LMG 2613"),
Erwinia rhapontici (LMG 2688"), Erwinia toletana (LMG 24162) and Tatumella
ptyseos (LMG 7888T) were sequenced along with the Pantoea strains. The MLSA
data from the four housekeeping genes were compared amongst each other, and to
DNA-DNA hybridization values (data not shown) in Bionumerics (Applied Maths), by
calculating the correlation between the experiment types, to determine the congruence.
A scatter plot was constructed depicting the correlation between gyrB sequence
similarity (the most congruent), and corresponding DNA-DNA hybridization values.

RESULTS

Following sequence alignment and trimming of the overhangs, the lengths of the four
genes were as follows: rpoB = 637 bp, atpD = 657 bp, gyrB = 742 bp and infB = 615
bp. The results from the substitution saturation tests in DAMBE revealed that there
was no saturation at the first or second codon positions for all four genes as neither the
transitions nor the transversions reached a plateau (graphs not shown). Therefore the
sequences for these four genes are informative at the first and second codon and the
phylogenetic signal is intact. Furthermore, there is no substitution saturation at the
third codon for rpoB or atpD (Fig. 1a & 1b), indicating that these housekeeping genes
are stable and not under selective pressure. For gyrB the transitions outhumber the
transversions and are sowly reaching a plateau at a genetic distance greater than 0.92,
indicating there is possible substitution saturation at the third codon position (Fig. 1c).
There is definite saturation at the third codon postion for the infB gene. The
transitions reach a plateau at a genetic distance greater than 0.53 while the
transversions continue to increase linearly (Fig. 1d). In this case, the phylogenetic
signal is lost as substitution saturation was reached and these sequences fail to be

informative at the third codon.
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The partition-homogeneity test revealed that all four data sets were combinable with
each other for the construction of a concatenated tree. Only the P values for
concatenation of infB and atpD, and atpD and gyrB may be considered borderline at
0.01. It has been suggested that P values between 0.01 and 0.001 indicate data sets
that cannot be successfully combined (8). The P values for the remaining data set
combinations were all well above 0.01, allowing the concatenation of all four data sets.
In order to correct the effect of substitution saturation on the sequence data analysis,
the data sets were subjected to model tests. The models selected by Modeltest were the
general time reversible (GTR) model for gyrB, atpD and the concatenated data set, the
Tamura-Nei (TN93) model for infB and the Kimura (K3P) model for rpoB.

On the basis of the housekeeping gene sequence data, all seven validly described
species of Pantoea were clearly differentiated in each of the maximum likelihood trees
constructed (neighbour joining trees not shown), but the phylogenetic position of some
species varied between trees. Additionally, ten separate MLSA groups (A-J)
containing Pantoea strains were visible in each of the five trees (Fig. 2ad & 3). The
majority of the validly described Pantoea species and MLSA groups A-J were
supported by strong bootstrap values. The only exceptions included marginally lower
intra- and inter-goecies bootstraps in the rpoB tree (Fig. 2a) and several weaker
interspecies bootstrap values in the infB (Fig. 2d) and atpD (Fig. 2b) trees. The
bootstrap values for the concatenated data set tree were by far the highest and most
stable, not only at the intraspecies level, but also between species of the genus (Fig. 3).
Strains of the same Pantoea species had at least 98.9 % rpoB, 98.3 % atpD, 96.4 %
gyrB and 97.2 % infB gene sequence similarity, whereas at the intergpecies level the
seguence similarity was at a maximum of 98.4 % for rpoB, 97.9 % for atpD, 94.8 %
for gyrB and 96.9 % for infB.

The congruence between the four genes used in this study varied from 86.3 % to 92.6
% and the congruence between MLSA and DNA-DNA hybridization data (data not
shown) ranged from 84.5 % to 95.2 %, with gyrB being most congruent (95.2 %) and
atpD the least (84.5 %). A scatter plot comparing the DNA-DNA hybridization values
and gyrB sequence data is presented in Fig. 4.
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DISCUSSION

Pantoea strains are isolated from the environment on a regular basis. The isolates can
be human and clinical strains, the causal agents of diseases on plants, epi- and
endophytes or merely present in water and soil samples. Due to the increasing number
of isolations, which rarely result in conclusive identification, a rapid technique is
required to classify and identify these phenotypically-related strains to the species
level. The difficulties experienced in identifying Pantoea species is exacerbated by the
uncertain phylogeny of the genus. The concatenated data from the ML SA scheme was
used to verify the phylogenetic position of the genus Pantoea within the family
Enterobacteriaceae. Together and separately all four housekeeping genes, rpoB, atpD,
gyrB and infB, can delineate the seven validly described species and revealed ten

potential novel species.

The concatenated tree appeared to be most reliable for determining phylogenetic
relationships amongst Pantoea strains (Fig. 3). In this tree, Pantoea strains form a
monophyletic cluster that contains two subclusters, supported by high bootstrap values.
The first subcluster contains P. agglomerans, P. ananatis, P. stewartii, P. dispersa
(the “core” species) and nine ML SA groups of potential novel Pantoea species. The
second subcluster contains the * Japanese species’ (P. punctata, P. citrea and P.
terrea), Tatumella ptyseos and another potential novel species. The largest ML SA
group includes isolates from Eucalyptus leaves showing symptoms of bacterial blight
in Uganda, Argentina and Uruguay as well as strains isolated from maize infected with
brown stalk rot in South Africa. In all of the trees, this ML SA group A clusters closely
to P. agglomerans strains, but distinctly divergesinto a separate cluster. ML SA group
B also clusters in close proximity to P. agglomerans and contains strains from
Eucalyptus infected with bacterial blight, but only from trees in Uruguay. Two strains
from a study by Beji et al. (1), LMG 2558 and LMG 2560, were assigned to P.
agglomerans based on their protein profiles but later excluded from the species by
Gavini et al., (14). However, based on the MLSA data presented in this study these
two strains, forming MLSA group C, constitute a potential novel species. A single
strain, LMG 24200, forms MLSA group D. This strain was isolated from infected
Eucalyptus in Uganda and was expected to cluster in ML SA group A along with LMG
24199 and BCC 107, also isolated from Uganda. However, as this strain retains its
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position in all five trees, LMG 24200 represents a potential new species of Pantoea.
ML SA group E contains human strains belonging to the group referred to as Brenner
DNA group V, whilst a single strain from the same group (R-35496) constitutes
MLSA group F. The isolates from onion form MLSA group G, which consistently
branches off from the P. ananatis cluster with strong bootstrap support in the majority
of the trees. ML SA groups H and | are comprised of human strains from Brenner DNA
groups Il and IV, respectively. MLSA groups A — | all group within the first
subcluster, which is referred to as the “ core” Pantoea group with P. agglomerans, P.
ananatis, P. stewartii and P. dispersa (16). MLSA group J, falls within the second
subcluster, the “Japanese” Pantoea clade, which joins the “core” Pantoea clade at a
lower level in all of the maximum likelihood trees. ML SA group J contains two strains
thought to be P. citrea as they were identified as the causal agent of pink disease of
pineapple (33). However, MLSA group Jforms a cluster distinct from the type strain
of P. citrea (LMG 22049") with an extended branch length that is observed in all five
trees. Two strains classified as P. terrea (LMG 23565 and CCUG 30163) cluster with
the type strain of Tatumella ptyseos (LMG 7888") instead of with the type strain of P.
terrea (LMG 22051T), suggesting that they were wrongly classified. The clusters
observed in this MLSA study were confirmed by DNA-DNA hybridization data (data

not shown).

The concatenated data set tree (Fig. 3) revealed that there are four major groupings of
Pantoea species within the first subcluster, all supported by a bootstrap value of
100 %: (1) MLEA group A, P. agglomerans, MLSA groups B, C, D, E and F, (2
P. ananatis, MLSA group G and both subspecies of P. stewartii, (3) MLSA group H,
and (4) MLSA group | and P. dispersa on the border of the Pantoea “ core” species. A
similar pattern is seen throughout the maximum likelihood trees of rpoB and infB. In
the concatenated, rpoB, gyrB and infB trees, the “Japanese’” Pantoea species
consistently form a distinct clade with an extended branch length, casting doubt on the
inclusion of these species within the genus supporting the statement of Grimont and
Grimont (16). In the atpD tree (Fig. 2b) the “ Japanese” species cluster between groups
1 and 2, separating the “core” Pantoea species. This unlikely topology is possibly the
result of horizontal gene transfer in the atpD gene. A study of the phylogeny of the
Enterobacteriaceae based on the atpD gene by Paradiset al. (31), revealed an indel in

the atpD genes of P. agglomerans and P. dispersa which could explain the different
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topology in the atpD tree. A second branch having another position in the
concatenated tree and the atpD and infB trees, contains the single strain LM G 24194.
In the concatenated tree, atpD and infB trees, this strain groups on the border of the
“cor€” Pantoea clade, but in the gyrB and rpoB trees LM G 24194 groups with Erwinia
species (Fig. 2a-d). LMG 24194 was thought to belong to a potential new Pantoea
species but as this strain does not retain its position in all five trees, its taxonomic

position cannot be clearly concluded at present.

The reaults from this MLSA study further support the statement of Grimont and
Grimont (16), that “more taxonomic work is needed to justify the assignment of
P. citrea, P. terrea and P. punctata to the genus Pantoea” as the “ Japaness” species
cluster together at a level distant to the Pantoea “core” species. The study by Paradis
et al. (31) brought attention to a clear phylogenetic affiliation between the genera
Pantoea and Tatumella. Based on that observation the type strain of Tatumella ptyseos
was included in our MLSA study. In all five maximum likelihood trees, T. ptyseos
groups within the “Japanese” species cluster with bootstrap support of 100 %,
prompting closer examination of these species and the genus Tatumella. T. ptyseos is
the only species belonging to the genus Tatumella which was proposed for a group of

organismsisolated from clinical sources (20).

A novel study examining the relationships of plant pathogenic enterobacteria based on
the housekeeping genes atpD, car A and recA, suggests that there is no justification for
the separation of Erwinia and Pantoea into two separate genera (42). In the present
study, Erwinia speciescluster at a lower level to the “ Japaness” Pantoea speciesin the
concatenated tree (Fig. 3) and usually on the border of the Pantoea “ core’ gpecies in
the single gene trees (Fig. 2a-d). Since concatenated trees are preferred over single
housekeeping gene trees for making phylogenetic inferences (9, 23), this current study

clearly indicates that Erwinia and Pantoea should not be united into a single genus.

A high level of congruence was observed between gyrB sequence data and DNA-DNA
hybridization values (Fig. 4). It was generally noted that strains sharing more than 70
% DNA similarity have high gyrB sequence similarity. The only notable exceptions
are strains belonging to the subspecies of P. stewartii which share lower DNA

relatedness (60-65 %) but high gyrB sequence similarity (£ 99%), indicated by an
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arrow in Fig. 4. The lower DNA-DNA hybridization values could suggest that the two
subspecies of P. stewartii, subspecies stewartii and subspecies indologenes, ought to
be divided into separate species. However, the high gyrB sequence similarity supports

their status as subspecies of P. stewartii.

The MLSA technique was examined for usefulness in the classification and
identification of Pantoea strains to the gpecies level and was found to be successful.
The high bootstrap values at the species level indicate that the four housekeeping
genes used in this study, rpoB, atpD, gyrB and infB, are reliable genetic markers for
differentiation of Pantoea species. Not only could the MLSA scheme distinguish
between the seven validly published species of Pantoea, it also revealed ten potential
new species. The potential species observed in each of the MLSA trees in this study
are supported by both AFLP analysis (2) and DNA-DNA hybridization data. The
potential new Pantoea species are now in the process of being described using the
MLSA data as a supporting technique. In conclusion, MLSA provides a rapid
technique for reliable classification and identification of Pantoea strains to the species
level and is clearly more discriminatory than 16S rRNA sequencing. Furthermore, this

study has improved our understanding of the phylogeny of the genusPantoea.
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Species name Strain no. Source Place of isolation
Pantoea agglomerans LMG 1286" Human Zimbabwe
LMG 2554 Scarlet runner bean UK
LMG 2565 Cered Canada
LMG 2572 Wheat Canada
LMG 2596 Onion South Africa
LMG 2660 Widteria Japan
SUH 2 (syn. LMG 2596) Onion South Africa
Pantoea agglomerans pv. gypsophilae ~ LMG 2553 Gypsophila Unknown
Pantoea agglomerans pv. betae BCC 734 Beet Unknown
Pantoea ananatis LMG 2665" Pineapple Brazil
LMG 2668 Pineapple Hawaii
LMG 2676 Puccinia graminis, uredia USA
LMG 2678 Puccinia graminis, uredia Zimbabwe
LMG 20103 Eucalyptus South Africa
LMG 20104 Eucalyptus South Africa
LMG 20106 Eucalyptus South Africa
BCC 114 Eucalyptus & Colletogloeopsis canker ~ South Africa
BCC 150 = ATCC 35400 Honeydew melon USA
LMG 24190 = R-27854 Onion USA
LMG 24193 = R-27860 Onion seed South Africa
BD 333 Onion seed South Africa
BD 336 Onion seed South Africa
LMG 24191 = R-27858 Maize South Africa
LMG 24192 = R-27859 Maize South Africa
BD 561 Maize South Africa
BD 577 Maize South Africa
BD 588 Maize South Africa
BD 602 Maize South Africa
BD 622 Maize South Africa
BD 640 Maize South Africa
BD 647 Maize South Africa
Pantoea stewartii ssp. stewartii LMG 2715" Corn USA
LMG 2713 Corn USA
LMG 2718 Corn USA



Pantoea stewartii ssp. indologenes

Pantoea dispersa

Pantoea citrea

Pantoea punctata

Pantoea terrea

Pantoea sp.
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LMG 26327

LMG 2630

LMG 2631

LMG 2671

LMG 2673

BCC 099

BCC 118

LMG 26037

LMG 2602

LMG 2604

LMG 2749

LMG 22049" = SHS 2003
LMG 23359

LMG 23360

LMG 22050" = SHS 2006
LMG 22097 = SHS 2004
LMG 22098 = SHS 2005
LMG 23562 = SHS 2004
LMG 23563 = SHS 2007
CCUG 30157 = SHS 2004
CCUG 30160 = SHS 2007
LMG 22051" = SHS 2008
LMG 23564 = SHS 2009
LMG 23565 = SHS 2010
CCUG 30162 = SHS 2009
CCUG 30163 = SHS2010
LMG 24194 = R-25665

LMG 24195 = R-24584
LMG 24196 = R-25674
LMG 24197 = R-25678
LMG 24198 = R-25679
LMG 24199 = R-21566
LMG 24200 = R-31523
BCC 002
BCC 004
BCC 006
BCC 067
BCC 072
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Fox millet

Guar gum powder
Millet

Pineapple
Pineapple
Sudangrass

Eucalyptus & Colletogloeopsis canker

Soil

Sorghum

Wild rose
Human
Mandarin orange
Pineapple
Pineapple
Mandarin orange
Mandarin orange
Persimmon
Mandarin orange
Mandarin orange
Mandarin orange
Mandarin orange
Soil

Soil

Soil

Soil

Soil

Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus

Eucalyptus

India
Unknown
India

Hawaii
Hawaii

USA

South Africa

Japan

India
Netherlands
Unknown

Japan
Philippines
Philippines

Argentina
Uruguay
Argentina
Uruguay
Uruguay
Uganda
Uganda
Argentina
Argentina
Argentina
Colombia
Uruguay
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Pantoea sp. BCC 075 Eucalyptus Uruguay
BCC 079 Eucalyptus Uruguay
BCC 081 Eucalyptus Uruguay
BCC 082 Eucalyptus Uruguay
BCC 107 Eucalyptus Uganda
BCC 208 Eucalyptus Uganda
BCC 427 Eucalyptus Uganda
BCC 756 Eucalyptus Uruguay
BCC 757 Eucalyptus Uruguay
BCC 760 Eucalyptus Uruguay
LMG 24201 = R-30991 Maize South Africa
BD 502 Maize South Africa
LMG 24202 = R-27853 Onion USA
LMG 24203 = R-21588 Onion South Africa
LMG 24248 = R-27856 Onion South Africa
LMG 2558 = NCPPB 1682 Balsam India
LMG 2560 = NCPPB 1941 Marigold Unknown

Pantoea sp. (Brenner HG 11) LMG 5345 = CDC 3123-70 Human USA
R-35488 = CDC 238-70 = LMG 24526 Human USA
R-35489 = CDC 1778-70 = LMG 24527 Human USA
R-35490 = CDC 217-71 = LMG 24528 Human USA

Pantoea sp. (Brenner HG 1V) LMG 2781 =CDC 1741-71 Human USA
LMG 5346 (syn. LMG 2781) Human USA
R-35491 = CDC 3638-70 = LMG 24529 Human USA
R-35492 = CDC 5795-70 = LMG 24530 Human USA
R-35493 = CDC 6148-70 = LMG 24531 Human USA

Pantoea sp. (Brenner HG V) LMG 5343 = CDC 3482-71 Human USA
R-35494 = CDC 2928-68 = LMG 24532 Human USA
R-35495 = CDC 2525-70 = LMG 24533 Human USA
R-35496 = CDC 3527-71 = LMG 24534 Human USA

Erwinia billingiae LMG 26137 Pear UK

Erwinia rhapontici LMG 2688" Rhubarb UK

Erwinia toletana LMG 24162 Olivetree Spain

Tatumella ptyseos LMG 7888" Human USA
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Footnote: LMG = BCCM/LMG Bacteria Collection, Ghent University, Belgium. BCC = Bacterial Culture Collection, Forestry and
Agricultural Biotechnology Institute, Pretoria, South Africa. ATCC = American Type Culture Collection, Rockville, Maryland,
U.S.A. CCUG = Culture Collection, University of Goteborg, Sweden. CDC = Centres for Disease Control, Atlanta, Georgia, U.SA.
BD = Plant Pathogenic and Plant Protecting Bacteria (PPPPB) Culture Collection, ARC-PPRI, Pretoria, South Africa. NCPPB =
National Collection of Plant Pathogenic Bacteria, Y ork, United Kingdom

T = type strain
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Table 2: Amplification and sequencing primers for rpoB, atpD, gyrB and infB

Amplification primers Sequence (5’ ? 3’)

rpoB CM7-F AACCAGTTCCGC GTT GGCCTG

rpoB CM31b-R CCT GAA CAA CACGCTCGG A

atpD 01-F RTA ATY GGM GCSGTR GTN GAY GT

atpD 02-R TCA TCC GCM GGW ACR TAW AYN GCC TG
gyrB 01-F TAARTTYGA YGA YAACTCYTAYAA AGT
gyrB 02-R CMC CYT CCA CCA RGT AMA GTT

infB 01-F ATY ATG GGH CAY GTH GAY CA

infB 02-R ACK GAG TARTAA CGCAGA TCCA
Sequencing primers Sequence (5’ ? 3’)

rpoB CM81-F CAGTTC CGC GTT GGC CTG

rpoB CM81b-F TGA TCA ACGCCA AGCC

rpoB CM32b-R CGGACCGGCCTGACGTTGCAT

atpD 03-F TGC TGG AAG TKC AGCARC AG

atpD 04-R CCM AGY ART GCG GAT ACT TC

gyrB 07-F GTV CGT TTC TGG CCV AG

gyrB 08-R CTT TACGRC GKG TCA TWT CAC

infB 03-F ACGGBA TGATYA CST TCCTGG

infB 04-R AGY TTAGATTTCTGC TGA CG
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Figure 1: Substitution saturation of MLSA housekeeping genes a) rpoB b) atpD
c) gyrB d) infB. Transitions () and tranversions (v) at the third codon are plotted
against Jukes-Cantor’ s genetic distance (JC69). No substitution saturation is visible at
the third codon for rpoB and atpD. There is possible substitution saturation for gyrB,

and definite saturation for infB at the third codons.
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Figure 2a: Maximum likelihood tree based on partial rpoB sequences of 103
Pantoea strains. The tree was generated by the Phyml software using the Kimura
(K3P) model as selected by Modeltest. Bootstrap values after 1 000 replicates are

shown. Citrobacter rodentium was included as an outgroup.
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Figure 2b: Maximum likelihood tree based on partial atpD sequences of 103
Pantoea strains. The tree was generated by the Phyml software using the general time
reversible (GTR) model as selected by Modeltest. Bootstrap values after 1 000

replicates are shown. Citrobacter rodentium was included as an outgroup.
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Figure 2c: Maximum likelihood tree based on partial gyrB sequences of 103 Pantoea
strains. The tree was generated by the Phyml software using the general time
reversible (GTR) model as selected by Modeltest. Bootstrap values after 1 000

replicates are shown. Citrobacter rodentium was included as an outgroup.
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Figure 2d: Maximum likelihood tree based on partial infB sequences of 103 Pantoea
strains. The tree was generated by the Phyml software using the Tamura-Nei (TN93)
model as selected by Modeltest. Bootstrap values after 1 000 replicates are shown.

Citrobacter rodentium was included as an outgroup.
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Figure 3: Maximum likelihood tree based on the concatenated partial sequences of
rpoB, atpD, gyrB and infB of 103 Pantoea strains. The tree was generated by the
Phyml software using the general time reversible (GTR) model as selected by
Modeltest. Bootstrap values after 1 000 replicates are shown. Citrobacter rodentium

was included as an outgroup.
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Figure 4: Scatter plot comparing the congruence of partial gyrB sequence data and
DNA-DNA hybridization values for the genus Pantoea. The arrow indicates strains of
P. stewartii which have lower DNA-DNA hybridization values, but high gyrB

sequence similarity .
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Pantoea vagens sp. nov., Pantoea eucalypti sp. nov.,

Pantoea deleyii sp. nov. and Pantoea anthophila sp. nov., four

novel species belonging to the genus Pantoea

As submitted to: International Journal of Systematic and Evolutionary Microbiology

Summary

Bacteria, isolated from Eucalyptus leaves and shoots showing symptoms of blight and
die-back collected in Uganda, Uruguay and Argentina, and from maize displaying
brown stalk rot symptoms in South Africa, were tentatively placed in the genus
Pantoea on the basis of phenotypic and biochemical tests. These isolates, together with
two strains (LM G 2558 and LM G 2560) previously assigned to Pantoea agglomerans
based on protein electropherograms (Beji et al., 1988) but later excluded from this
species by Gavini et al. (1989), were further investigated using molecular techniques.
16S rRNA sequencing and multilocus sequence analyses (MLSA) revealed that the
strains were phylogenetically closely related to Pantoea agglomerans, Pantoea
stewartii and Pantoea ananatis. ML SA and AFLP analysis placed the strains into four
separate clusters, not containing any of the type strains of species of the genus
Pantoea. DNA-DNA hybridization confirmed the classification of the isolates into
four novel species, for which the names Pantoea vagens sp. nov. (LMG 24199 = BD
765"), Pantoea eucalypti sp. nov. (LMG 24198" = BD 766'), Pantoea deleyii sp. nov.
(LMG 24200" = BD 767") and Pantoea anthophila sp. nov. (LMG 2558" = NCPPB
1682") are proposed.
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The genus Pantoea was described to include several species belonging to the * Erwinia
herbicola-Enterobacter agglomerans” complex (Gavini et al., 1989). Presently, the
genus comprises seven validly described species, namely, Pantoea agglomerans and
Pantoea dispersa (Gavini et al., 1989), Pantoea citrea, Pantoea punctata and Pantoea
terrea (Kageyamaet al., 1992) and Pantoea ananatis and Pantoea stewartii (Mergaert
et al., 1993). Species of Pantoea are diverse in their origin and geographical spread,
and have been isolated from plants as well as from clinical samples. Pantoea ananatis
is the causal agent of bacterial blight and die-back of Eucalyptus in South Africa
(Coutinho et al., 2002). Recently, Pantoea-like strains were isolated from Eucalyptus
trees exhibiting a similar disease in Uganda, Argentina and Uruguay in 2001 and were
thought to belong to P. ananatis. P. ananatis was also found to cause brown stalk rot
of maize in South Africa (Goszczynska et al., 2007). |0lated simultaneously with P.
ananatis from maize, were additional Pantoea-like strains which also caused brown
stalk rot. Multilocus sequence analysis (MLSA) has been shown to separate the
isolates from Eucalyptus and maize into three clusters, indicating that these strains
probably constitute three novel species of Pantoea (Brady et al., submitted). Also
included in the ML SA study were two strains, LMG 2558 (= NCPPB 1682) and LMG
2560 (= NCPPB 1941), mentioned in the publication by Beji et al. (1988) belonging to
protein profile group VI which were assigned to Pantoea agglomerans based on their
electropherograms despite never being hybridized to the type strain of Pantoea
agglomerans. It was suggested by Gavini et al. (1989) to exclude strains from protein
profile group VII from Pantoea agglomerans, but to provisionally include these strains
in Pantoea until their correct classification was determined. The ML SA results (Brady
et al., submitted) indicated that strains LMG 2558 and LMG 2560 from Beji protein
profile group VIl constitute another novel species belonging to Pantoea as

recommended by Gavini et al. (1989).

Isolates were obtained from Eucalyptus leaves showing typical bacterial blight
symptoms including leaf spots and water-soaked lesions. The leaves were surface-
sterilized, crushed with sterile water and the resulting suspension was streaked on
nutrient agar and incubated at 30 °C for three days. Single colonies were obtained by
re-streaking and incubation under the same conditions. |solates from diseased maize
plants were received from Dr T. Goszczynska (Plant Protection Research Institute,

South Africa) (Goszczynska et al., 2007). Additional strains used in this study were
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obtained from the BCCM/LMG Bacteria Collection (http://www.belspo.be/bccm) and

the Centers for Disease Control, Atlanta, Georgia, U.SA. The strains used in this
study arelisted in Table 1.

Genomic DNA was extracted from all strains using the DNeasy Tissue Kit (Qiagen).
Amplified fragment polymorphism analysis (AFLP) was performed according to the
method previously published (Brady et al., 2007) using the selective primer
combination Eco-C/Mse-GC. Band patterns were analysed with BioNumerics 4.0
(Applied Maths) and compared with a database containing profiles of reference strains
of all validly described Pantoea species. A UPGMA dendrogram was constructed
using the Pearson correlation. The isolates from Eucalyptus and maize were divided
into three clusters by AFLP analysis and the two strains from the study by Beji et al.
(1988) were contained in a separate cluster (see Supplementary Fig. A in 1JSEM
Online). These AFLP clusters did not contain any reference strains, suggesting that the

strains belonged to novel species.

Complete 16S rRNA sequences were determined for selected strains from each AFLP
cluster using the primers and conditions determined by Coenye et al. (1999). MLSA
based on rpoB, atpD, gyrB and infB gene sequences was performed on each strain
(Brady et al, submitted). The GenBank/EMBL accession numbers for the 16S rRNA
gene sequences for P. vagens R-21566 (= LMG 24199"), P. eucalypti R-25679 (=
LMG 24198"), P. deleyii R-31523 (=L MG 24200") and P. anthophila LMG 2558" are
EF688012, EF688009, EF688011 and EF688010, respectively and EU216734-
EU216737 for Brenner’ shybridization groupsll, 1V and V.

The sequences were aligned using ClustalX (Thompsonet al., 1997) and the overhangs
trimmed. The Modeltest 3.7 programme (Posada & Crandall, 1998) was then applied
to the data sets to determine the best-fit evolutionary model to apply to each gene.
Maximum likelihood and neighbour joining analyses were performed using Phyml
(Guindon & Gascuel, 2003) and PAUP 4.0b10 (Swofford, 2000) respectively, by
applying the models and parameters determined by Modeltest, (only Maximum
likelihood phylogenetic trees are shown). Bootstrap analysis with 1000 replicates was
performed on the trees to assess the reliability of the clusters. The 16SrRNA sequence

similarity of all four novel species was greater than 98 % to P. agglomerans, P.
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ananatis, P. stewartii, and P. dispersa. In the 16S rRNA phylogenetic tree, the four
novel species cluster within the Pantoea “core” group along with P. agglomerans, P.
stewartii and P. ananatis (Fig. 1). MLSA revealed that the isolates from Eucalyptus
and maize, and the strains from Beji protein profile group VII form four well-
supported clusters in the concatenated tree (Fig. 2) which were referred to as MLSA
groups A, B,C and D (Brady et al., submitted). The four MLSA groups could also be
clearly differentiated from Brenner’ s hybridization groups I, IV and V (Brenner et al.,
1984), referred to as MLSA groups E, F, H and | in the Pantoea ML SA study (Brady
et al., submitted) (Figs. 1 & 2), and belonging to Pantoea according to Grimont &
Grimont (2005).

High quality DNA for DNA-DNA hybridization of strains was prepared by the method
of Wilson (1987), with minor modifications (Cleenwerck et al., 2002). DNA-DNA
hybridizations were performed using the microplate method (Ezaki et al., 1989) with
some modifications (Cleenwerck et al., 2002). The hybridization temperature was 45
°C + 1 °C and reciprocal reactions were performed with DNA from all strains.
Representative strains from ML SA groups A, B, C and D were selected and hybridized
to the type strains of Pantoea agglomerans (LMG 1286"), Pantoea ananatis (LMG
2665"), Pantoea stewartii (LMG 2715") and Pantoea dispersa (LMG 2603") and
among each other. DNA-DNA hybridization was also performed with strains from
other validly described species of the genus Pantoea as well as with strains of
Brenner's hybridization groups 11, 1V and V. These reaults are available in
Supplementary Table A on IJSEM Online. The level of DNA-DNA binding between
the representative strains of MLSA groups A-D and the type strain of P. agglomerans
was less than 68 %, less than 30 % to the type strains of P. ananatis and P. dispersa
and less than 15 % to the type strain of P. stewartii. The strains of MLSA groups
A-D exhibited less than 44 % DNA similarity when hybridized to strains from
Brenner’ shybridization groups|1, IV and V. When seven strains from ML SA group A,
isolated from Eucalyptus and maize, were hybridized among each other (LMG 24199,
LMG 24195, LMG 24196, LMG 24201, BCC 072, BCC 081 and BCC 427), they
exhibited levels of DNA similarity ranging from 83 % to 103 % (data partially
presented in supplementary Table A). The hybridization values between strains LM G
24198 and LMG 24197 (MLSA group B), also isolated from Eucalyptus, and LMG
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2558" and LMG 2560 (MLSA group C) were even higher at 99 % and 105 %,
respectively.

We propose the names Pantoea vagens sp. nov. (MLSA group A) for the strains
isolated from Eucalyptus and maize, Pantoea eucalypti $. nov. (MLSA group B) for
the strains isolated from Eucalyptus in Uruguay, Pantoea deleyii sp. nov. (MLSA
group D) for the strain isolated from Eucalyptus in Uganda and Pantoea anthophila sp.
nov. (MLSA group C), for the two strains belonging to Beji protein profile group VII
(Brady etal., submitted).

The G + C content range of the four novel species, determined by HPLC as published
by Mesbah et al. (1989), are as follows: Pantoea vagens sp. nov. (LMG 24199, LMG
24195, LMG 24196, LMG 24201, BCC 072, BCC 081 and BCC 427) 55.2-55.8 mol
%; Pantoea eucalypti sp. nov. (LMG 24198", LMG 24197) 54.3-54.5 mol %; Pantoea
deleyii sp. nov. (LMG 24200") 58.6 mol % and Pantoea anthophila sp. nov. (LMG
25587, LMG 2560) 57.4-57.5 mol %.

Physiological and biochemical tests were performed on selected isolates using API
20E, API 50E and Biotype-100 strips (bioMérieux) as well as Biolog GN plates
(Biolog). Results are given in the species descriptions below. The four novel species
can be distinguished from their closest phylogenetic neighbours, P. agglomerans and

P. ananatis, using the characteristics listed in Table 2.
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Description of Pantoea vagens sp. nov.
Pantoea vagens (va gens. L. present participle of vagen meaning to roam, referring to

the wide distribution of the gpecies).

Cells are Gram-negative, short rods (0.9 x 1.5-3.0 "m) occurring singly or in pairs,
motile and non-sporeforming. Colonies are beige to yellow, round, convex and
smooth with entire margins. Facultatively-anaerobic, oxidase negative, acetoin and [3-
galactosidase are produced. Indole, H,S and urease are not produced. The following
carbon sources are utilized at 28 °C within three to six days: L-arabinose, D-ribose, D-
xylose, D-galactose, D-glucose, D-fructose, D-mannose, maltotriose, L-rhamnose,
inositol, esculin, D-mannitol, N-acetylglucosamine, D-maltose, D-saccharose, D-
trehalose, D-cellobiose, sucrose, glycerol, L-tartrate, succinate, fumarate, L-agartate,
L -glutamate, cis-aconitate, trans-aconitate, L-proline, D-alanine, L-alanine, L-serine,
malonic acid, tween 40, tween 80, D-lyxose (weak), D-fucose (weak) and citric acid
(weak). The following carbon sources are not utilized at 28 °C within three to six
days: erythritol, D-arabinose, L-xylose, D-adonitol, L-sorbose, dulcitol, D-sorbitol,
amygdalin, inulin, D-raffinose, lactose, lactulose, glycogen, xylitol, D-turanose, D-
tagatose, L-arabitol, gluconate, 2-ketogluconate, 5-ketogluconate, L-fucose, D-
glycopyranose, D-tartrate, L-tryptophan, L-histidine, glutarate, malonate, propionate

and L-tyrosine.

The G + C content of the type strain is 55.4 mol %. Strains belonging to this species
were isolated from Eucalyptus showing symptoms of bacterial blight and die-back in
Uganda, Uruguay and Argentina and from maize causing brown stalk rot in South
Africa. The type strain is R-21566" (= LMG 24199" = BD 765') and was isolated

from Eucalyptus in Uganda.
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Description of Pantoea eucalypti sp. nov.
Pantoea eucalypti (eu.calyp.ti. L. genitive of Eucalyptus, referring to the host from

which the strains where isolated).

Cells are Gram-negative, short rods (0.9 x 1.5-3.0 "m) occurring singly or in pairs,
motile and non-sporeforming. Colonies are beige to yellow with a darker centre,
round, convex and smooth with entire margins. Facultatively-anaerobic, oxidase
negative, acetoin and 3-galactosidase are produced. Indole, H,S and urease are not
produced. The following carbon sources are utilized at 28 °C within three to six days:
L-arabinose, D-ribose, D-xylose, D-galactose, D-glucose, D-fructose, D-mannose,
maltotriose, L-rhamnose, inositol, esculin, D-mannitol, N-acetylglucosamine, D-
maltose, D-saccharose, D-trehalose, D-cellobiose, lactose, sucrose, glycerol, L-
pyroglutamic acid, L-tartrate, succinate, fumarate, L-aspartate, L-glutamate, cis-
aconitate, trans-aconitate, L-proline, D-alanine, L-alanine, L-serine, tween 40, tween
80, D-lyxose (weak), D-fucose and citric acid. The following carbon sources are not
utilized at 28 °C within three to six days. erythritol, D-arabinose, L-xylose, D-
adonitol, L-sorbose, dulcitol, D-sorbitol, amygdalin, inulin, D-raffinose, lactulose,
glycogen, xylitol, D-turanose, D-tagatose, L-arabitol, gluconate, 2-ketogluconate, 5
ketogluconate, L-fucose, D-glycopyranose, D-tartrate, L-tryptophan, L-histidine,

glutarate, malonate, propionate, L-tyrosine and malonic acid.

The G + C content of the type strain is 54.5 mol %. Strains belonging to this species
were isolated from Eucalyptus showing symptoms of bacterial blight and die-back in
Uruguay. The type strain is R-25679" (= LMG 24198 = BD 766") and was isolated
from Eucalyptus in Uruguay.
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Description of Pantoea deleyii sp. nov.
Pantoea deleyii (de.ley.ii. L. genitive of deley, named for Jozef De Ley who

contributed to the formation of the genus Pantoea.)

Cells are Gram-negative, short rods (0.9 x 1.5-3.0 mm) occurring singly or in pairs,
motile and non-sporeforming. Colonies are beige to yellow, round, convex and
smooth with entire margins. Facultatively-anaerobic, oxidase negative, acetoin and [3-
galactosidase are produced. Indole, H,S and urease are not produced. The following
carbon sources are utilized at 28 °C within three to six days: D-arabinose, L-
arabinose, D-ribose, D-xylose, D-galactose, D-glucose, D-fructose, D-mannose,
maltotriose, L-rhamnose, esculin, D-mannitol, D-turanose, N-acetylglucosamine, D-
maltose, D-saccharose, D-trehalose, sucrose, glycerol, L-pyroglutamic acid, succinate,
fumarate, L-aspartate, L-glutamate, cis-aconitate, trans-aconitate, L-proline, D-alanine,
L -alanine, L-serine, malonic acid, tween 40, tween 80, D-lyxose, D-fucose, D-arabitol
and citric acid. The following carbon sources are not utilized at 28 °C within three to
six days: erythritol, L-xylose, D-adonitol, D-cellobiose, lactose, lactulose, L -sorbose,
dulcitol, inositol, D-sorbitol, amygdalin, inulin, D-raffinose, glycogen, xylitol, D-
tagatose, L-arabitol, L-tartrate, gluconate, 2-ketogluconate, 5-ketogluconate, L -fucose,
D-glycopyranose, D-tartrate, L -try ptophan, L-histidine, glutarate, malonate, propionate
and L-tyrosine.

The G + C content of the type strain is 58.6 mol %. Isolated from Eucalyptus showing
symptoms of bacterial blight and die-back in Uganda. The type strain is R-31523" (=
LMG 24200" = BD 767").
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Description of Pantoea anthophila sp. nov.
Pantoea anthophila (an.thd.phi.la. Gr.N. anthos meaning flower and Gr.V. philos

meaning loving as in flower-loving, pertaining to the habitat of the species.)

Cells are Gram-negative, short rods (0.9 x 1.2-2.5 n'm) occurring singly or in pairs,
motile and non-sporeforming. Colonies are beige to yellow, round, convex and
smooth with entire margins. Cells are Gram-negative, short rods (0.9 x 1.5-3.0 n"m)
occurring singly or in pairs, motile and non-sporeforming. Colonies are beige to
yellow, round, convex and smooth with entire margins. Facultatively-anaerobic,
oxidase negative, acetoin and -galactosidase are produced. Indole, H»S and urease
are not produced. The following carbon sources are utilized at 28 °C within three to six
days: L-arabinose, D-ribose, D-xylose, D-galactose, D-glucose, D-fructose, D-
mannose, maltotriose, L-rhamnose, inositol, esculin, D-mannitol, N-
acetylglucosamine, D-maltose, D-saccharose, D-trehalose, D-cellobiose, sucrose,
glycerol, succinate, fumarate, L-aspartate, L -glutamate, cis-aconitate, trans-aconitate,
L-proline, D-alanine, L-alanine, L-serine, malonic acid, tween 40, tween 80 and citric
acid. The following carbon sources are not utilized at 28 °C within three to six days:
erythritol, D-arabinose, L-xylose, D-lyxose, D-adonitol, L-sorbose, dulcitol, D-
sorbitol, amygdalin, inulin, D-raffinose, lactose, lactulose, glycogen, xylitol, D-
turanose, D-tagatose, L-arabitol, L-tartrate, gluconate, 2-ketogluconate, 5
ketogluconate, L-fucose, D-fucose, D-glycopyranose, D-tartrate, L-tryptophan, L-

histidine, glutarate, malonate, propionate and L-tyrosine.

The G + C content of the type strain is 57.5 mol %. Strains belonging to this species
have been isolated from flowering shrubs. The type strain is LMG 2558" (= NCPPB

1682 ") and was isolated from Impatiens balsamina in India.
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Table 1: Strainsused in this study
LMG = BCCM/LMG Bacteria Collection, Ghent University, Belgium, BCC = Bacterial Culture Collection, Forestry and Agricultural
Biotechnology Institute, Pretoria, South Africa, BD = Plant Pathogenic and Plant Protecting Bacteria (PPPPB) Culture Collection, ARC-PPRI,

Pretoria, South Africa, CDC = Centres for Disease Control, Atlanta, Georgia, U.SA, NCPPB = National Collection of Plant Pathogenic Bacteria,

Y ork, United Kingdom

Species Strain Host Location
Pantoea agglomerans LMG 1286 Human Zimbabwe

LMG 2565 Cereal Canada

LMG 2596 Onion South Africa

LMG 2660 Wisteria floribunda Japan
Pantoea ananatis LMG 2665" Pineapple Brazil

LMG 20103 Eucalyptus South Africa

LMG 24190 Onion South Africa
Pantoea stewartii ssp. stewartii LMG2715" Corn USA

LMG 2718 Corn USA
Pantoea stewartii ssp. indologenes LMG 2632" Fox millet India

LMG 2673 Pineapple Hawaii
Pantoea dispersa LMG 2603" Soil Japan

LMG 2602 Sorghum India

LMG 2604 Wild rose Netherlands
Pantoea citrea LMG 22049" Mandarin orange Japan
Pantoea punctata LMG 220507 Mandarin orange Japan

LMG 23562 Mandarin orange Japan




Pantoea terrea
Pantoea anthophila

Pantoea vagens

Pantoea eucalypti

Pantoea deleyii
Pantoea sp. (Brenner HG 1)

Pantoea sp. (Brenner HG 1V)

Pantoea sp. (Brenner HG V)
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LMG 220517

LMG 23564

LMG 2558" = NCPPB 1682

LMG 2560 = NCPPB 1941

R-21566" = BCC 105" = LM G 24199"
R-25484= BCC 013 = LMG 24195
R-25674= BCC 015= LMG 24196
R-30991= BD 639 = LMG 24201
R-21559= BCC 081

R-25676 = BCC 072

R-30997 = BCC 208

R-25679" = BCC 077"=LMG 24198
R-25678= BCC 076 = LMG 24197
R-31523"= BCC 109" = LMG 24200"
LMG 5345 = CDC 3123-70
R-35488= CDC 238-70

LMG 2781 = cbc 1741-71

R-35491 = CDC 3638-70

LMG 5343 = CDC 3482-71

R-35494 = CDC 2928-68

R-35496 = CDC 3527-71

Soil

Soil
Impatiens balsamina
Tagetes erecta
Eucalyptus
Eucalyptus
Eucalyptus
Maize
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Eucalyptus
Human
Human
Human
Human
Human
Human
Human

Japan
Japan
India
Unknown
Uganda
Uruguay
Argentina
South Africa
Uruguay
Uruguay
Uganda
Uruguay
Uruguay
Uganda
USA

USA

USA

USA

USA

USA

USA
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Table 2: Characteristics distinguishing P. vagens sp. nov., P. eucalypti sp. nov.,
P. deleyii sp. nov. and P. anthophila sp. nov. from each other and from their closest

phylogenetic neighbours

1 = P. agglomerans (3), 2 = P. ananatis (4), 3 = P. vagens sp. nov. (21), 4 = P. eucalypti
sp. nov. (2), 5= P. deleyii sp. nov. (1), 6 = P. anthophila sp. nov. (2)
+, 90-100 % of strains positive in 1-2 days; (+), 90-100 % of strains positive in 1-4 days;

-, 90-100 % of strains negative in 4 days, d, positive in 1- 4 days; (d), positive in 3-4

days
Characteristic 1 2 3 4 5 6
Tween 40 - + + + + T
Tween 80 - + + + + +
Malonic acid - - d - + +
LaCtO% - + - + _ _
L -ornithine - - + d + +
D-arabitol + + - - + +
L -pyroglutamic acid - - - + + ;

Supplementary Table A: DNA-DNA hybridization values amongst strains belonging to
the novel species Pantoea vagens, Pantoea eucalypti, Pantoea deleyii and Pantoea
anthophila and reference strains of the seven validly described species of the genus

Pantoea.
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Figure 1: Maximum likelihood tree based on complete 16SrRNA sequences of Pantoea
species. The tree was generated by the Phyml software using the Tamura-Nei (TN93)
model as selected by Modeltest. Bootstrap values after 1000 replicates are expressed as

percentages. Pectobacterium carotovorum was included as an outgroup.
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LMG 2558'|Pantoea anthophila EF688010
29

LMG 24198'|Pantoea eucalyph|EF688009
28 NCTC 9381'|Pantoea agglomerans|AJ251466

LMG 24199'|Pantoea vagens|EFB38012
50
R-35496|Pantoea sp.|[EU216737

76 | LMG 24200"|Pantoea deleyi|EF688011
75

MG 5343"|Pantoea sp:[EU216735

63 o
il LMG 2665'|Pantoea ananatis|Z96081

5 LMG 2715’ |Pantoea stewartii subsp. stewartii |Z96080
LMG 2632"|Pantoea stewartii subsp. indologenes|Y13251

99 DSM 12162(Erwinia pyrifoliae/AJ009930

47 e : LMG 2024'|Enwinia amylovora| 296088

LMG 2708'|Erwinia mallotivoralZ96084

61 CFBP 5189|Erwinia papayas|AY 131237

| CECT 5263'|Erwinia tolefanal AF130910
73 44

LMG 2613"|Enwinia billingiae|Y 13249
61
LMG 2781"|Pantoea sp.|EU216736
LMG 2603'|Pantoea dispersa|DQ504305
LMG 5345'|Pantoea sp.|EU216734
s L.MG 22049'|Pantoea citreal EF688008
92 LMG 220517 |Pantoea ferreal EF888007

LMG 22080"|Panfoea punctaia| EF688006

LMG 2404"|Pectobatcterium carotovorum|Z96089
0.01
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Figure 2: Maximum likelihood tree based on concatenated partial sequences of rpoB,
atpD, gyrB and infB of Pantoea strains. The tree was generated by the Phyml software
using the general time reversible (GTR) model as selected by Modeltest. Bootstrap
values after 1000 replicates are expressed as percentages. Shigella dysenteriae sequences
were obtained from the genome sequencing database of the Sanger Ingtitute

(http://www.sanger .ac.uk) and included as an outgroup.
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100 MG 2660|Pantoea agglomerans|EF988823
99 LMG 1286'|Pantoea agglomerans|EF988798
100 LMG 24198'|Pantoea eucalyptiEF988763
LMG 24197|Pantoea eucalypt|EF988762
LMG 24196|Pantoea vagens|EF988758
LMG 24195|Pantoea vagens|EF988757
43 1001 | MG 24201|Pantoea vagens|EF988792
- LMG 24199'|Pantoea vagens|EF988768
100/ LMG 2560|Pantosa anthophila|EF988813
100 ' LMG 2558'|Pantoea anthophilalEF988812
4 LMG 24200'|Panitoea deleyilEF988770
100 LMG 5343 |Pantoea sp.|EU145270
99 R-35494|Pantoea sp.|EU145267
R-35496|Pantoea sp.|EU145269
LMG 2718|Pantosa stewartii ssp. stewartilEF988832
LMG 2715'|Pantoea stewarti ssp. stewarti|EF988831
100 | MG 2673|Pantoea stewartii ssp. indologenes|EF988827
LMG 2632'|Pantoea stewartii ssp. indologenes|EF988822
LMG 2665'|Pantoea ananatis|EF988824
100 LMG 24190|Pantoea ananatis|EF988779
LMG 20103|Pantoea ananatis|EF988799
100 100 LMG 5345'Pantosa sp.|EU145272
R-35488|Pantoea sp.|EU145261
100 MG 2781"|Pantoea sp.|[EU145271
99 R-35491|Pantoea sp.|[EU145264
100 LMG 2604|Pantoea dispersalEF988819
LMG 2603'|Pantoea dispersa|EF988818
100 MG 22050|Pantoea punctata|EF988803
g7 LMG 23562|Pantoea punctata|EF988807
100 LMG 22049'|Pantoea citrea| EF988802
100 LMG 23564|Pantoea terreaEF988809
LMG 22051"|Pantoea terraalEF988804

57

97

49 100

Shigella dysenteriae
0.1



e
=

“ UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Supplementary Figure A: UPGMA dendrogram based on FAFLP analysis of Pantoea
species using the selective primer combination Eco-C/Mse-GC. The levels of similarity
representing the Pearson similarity coefficient, are expressed as percentages. The
banding patterns adjacent to each branch are normalised and background-subtracted

digitised gel strips processed using Bionumerics.



gs/adisip eaokied 097 O
exsadsip eaoled  £092 SN Il |

LR TR | FRTI | —

stieueie paoiied 5992 B

Slijeueue eaojued £010Z O

[ _
|14 | —
HiIBMalS "0SS uBmals Baojued 8Lz onn _ F | h_ — ‘
___ ‘
_

IBMe)s ‘0SS [uemB)s BeOMed  GLAZ O
sauafiojopul “0ss [uema)s Laolued £L9T O _
sauabojopu ‘dss fuema)s eaojued 2892 OIN1
zals) eaoiled 19022 DN | *

o W

YUNIBESITHI YA PR

UNIVERSITEIT VAN P
UNIVERSITY OF PR

8

ejepound esojued 05022 O] _ _ |
valo 30lEd  GHOZZ ONT A | ;_
suesowoBle paoued 0992 DI _ _ _ __ :_ 1 I
suesaluoBhe eaojued 9821 DI ,
suaben eaojued G642 O __ | _ _i _ ]
susbed eaojued  LOZRZONT _ _ _ _ _ _ _ _ _ B
sushien gaojued 66442 DI  —
susben eaojed 86142 9INN | il | B
IdAjeona eaoed 86152 O _ 1] ]
idfieane esoped  LB1LYT O I _ v_ _ - i
thajep eaojued  00ZFZ DN
eudoyve esoped 0952 N ]
glydoyiue eaojuey B65T oW -
3 8 8 3 8 &8 & 8 ¥ 3

(4000436070 {361 (D) omiLen e msy



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

CHAPTER 5



-
UNIVERSITEIT VAN PRETORIA

. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

Description of four novel Pantoea species from human

clinical samples, Pantoea septica sp. nov.,

Pantoea eucrina sp. nov., Pantoea brenneri sp. nov.

and Pantoea conspicua Sp. nov.

As submitted to: International Journal of Systematic and Evolutionary Microbiology

Summary

Bacterial strains belonging to DNA hybridization groups |1, IV and V from Brenner et al.
(1984) were previously suggested as belonging to the genus Pantoea but have not been
officially described and classified. In this study; the phylogenetic position of these groups
was re-examined using molecular techniques. Both 16S rRNA sequencing and multilocus
sequence analyses (ML SA) based on rpoB, atpD, gyrB and infB genes revealed that DNA
hybridization groups I, 1V and V are phylogenetically closely related to Pantoea
agglomerans, Pantoea ananatis, Pantoea dispersa and Pantoea deleyii. MLSA data
together with DNA-DNA hybridization data further proved that Brenner DNA
hybridization groups 11, IV and V congtitute four new species of the genus. Two MLSA
groups were found within hybridization group V. Several phenotypic characteristics
distinguished these novel species from each other and from their closest phylogenetic
neighbours. The names Pantoea septica sp. nov. (LMG 5345'= ATCC 29923", DNA
group 1), Pantoea eucrina sp. nov. (LMG 2781'= ATCC 27998, DNA group V),
Pantoea brenneri sp. nov. (LMG 5343'= ATCC 299217, DNA group V) and Pantoea
conspicua sp. nov. (LMG 24534'= BD 805", DNA group V) are proposed.
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Since the early 1970s, many attempts have been made to resolve the Erwinia herbicola-
Enterobacter agglomerans complex (Ewing & Fife, 1972, Gardner & Kado, 1972, Y oung
etal., 1978, Dye, 1981, Brenner et al., 1984, Verdonck et al., 1987 and Beji et al., 1988).
The most comprehensive study to date was performed by Brenner et al. in 1984, where
124 strains belonging to this complex were separated into 13 groups based on their DNA-
DNA hybridization values (Brenner et al., 1984). The majority of strains used in
Brenner’s study were human clinical strains from a nosocomial septicemia outbreak in
1971 (Maki et al., 1976), although plant-pathogenic strains from the complex were also
included.

In the years following Brenner’s hybridization study, many of the 13 DNA hybridization
groups were further investigated and proposed as new genera or species, or transferred to
existing genera. DNA group XIll became Pantoea agglomerans (Gavini et al., 1989),
DNA group |1l was renamed as Pantoea dispersa (Gavini et al., 1989) and DNA group
VI, containing strains of Erwinia ananas and its synonym Erwinia uredovora, was
transferred to the genus Pantoea as Pantoea ananatis (Mergaert et al., 1993). DNA
groups VII — Xl were assigned to species within the genera Enterobacter, Rahnella and
Leclercia. Beji et al. (1988) advised the inclusion of DNA group V in Enterobacter
agglomerans (now Pantoea agglomerans), despite only 62 % DNA homology of the
reference strain to the type strain ATCC 27155, Gavini et al. (1989) later rejected this
recommendation and proposed that DNA group V and protein profile group VII, from the
study of Beji et al. (1988) be united as a separate species in a single new genus. This
proposal has never been implemented and DNA groups I, I, 1V and V have not yet been
classified, although the recent edition of Bergey’'s Manual of Systematic Bacteriology
(Grimont & Grimont, 2005) suggests that these four DNA hybridization groups belong to
the genus Pantoea.

A multilocus sequence analysis (ML SA) study recently identified Beji protein profile
group VII as a novel species of Pantoea (P. anthophila), along with three novel species
isolated from Eucalyptus and maize (P. vagens, P. eucalypti and P. deleyii) (Brady et al.,

submitted; Brady et al., submitted). These four novel Pantoea species were described
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using ML SA based on rpoB, atpD, gyrB and infB sequences as a supporting phylogenetic
technique, since these genes were found to be useful phylogenetic markers for Pantoea.
By applying the same MLSA scheme and DNA-DNA hybridizations to strains from
Brenner’s hybridization groups I, IV and V, it became clear that these strains are novel

Pantoea species.

Strains belonging to Brenner DNA groups Il, 1V and V were kindly provided by Mrs.
Mohr from the Centers for Disease Control (CDC), Atlanta, Georgia, U.SA. It was not
possible to acquire strains from Brenner DNA group I. The strains used in this study are
listed in Table 1. An alkalic extraction method was used to isolate genomic DNA from
the strains (Niemann et al., 1997) which was stored at -20 °C. The complete 16S rRNA
gene was amplified and sequenced for the type strain from each novel species (LMG
5345" = DNA group 11, LMG 2781" = DNA group 1V, LMG 5343" = DNA group V,
LMG 24534" = DNA group V) using the primers and conditions determined by Coenye
et al. (1999). MLSA based on rpoB, atpD, gyrB and infB genes was performed on all
strains (Brady et al., submitted). The Genbank accession numbers for Pantoea septica sp.
nov. (Brenner HG I1) LMG 5345', Pantoea eucrina sp. nov. (Brenner HG 1V) LMG
27817, Pantoea brenneri sp. nov. (Brenner HG V) LMG 5343" and Pantoea conspicua
sp. nov. (Brenner HG V) LMG 24534" are EU216734-EU216737, respectively.

The sequences were aligned using ClustalX (Thompson et al., 1997) and the overhangs
were trimmed. The Modeltest 3.7 programme (Posada & Crandall, 1998) was then
applied to determine the best-fit evolutionary model to apply to each gene. Maximum
likelihood and neighbour joining analyses were performed using Phyml (Guindon &
Gascuel, 2003) and PAUP 4.0b10 (Swofford, 2000) respectively, by applying the models
and parameters determined by Modeltest (only Maximum likelihood phylogenetic trees
are shown). Bootstrap analysis with 1000 replicates was performed to assess the support

for these clusters.

The type strain of DNA group Il (LMG 5345") shared more than 98 % 16S rRNA
sequence similarity with P. agglomerans, P. vagens, DNA group V (LMG 5343") and P.
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eucalypti, whilst the 16S rRNA sequence of the type strain of DNA group 1V (LMG
2781") was more than 98 % similar to those of P. dispersa and
P. agglomerans. The type strain of DNA group V (LMG 5343") showed high 16S rRNA
sequence similarity (> 98 %) to P. deleyii, P. agglomerans, P. vagens, P. anthophila,
P. eucalypti, P. ananatis and P. stewartii ssp. stewartii, as was LMG 24534, also from
DNA group V. These sequence similarities are reflected in the 16S rRNA phylogenetic
tree (Fig. 1). The two strains from DNA group V, LMG 5343" and LM G 24534, cluster
closely with the type strain of P. deleyii, within the “core” Pantoea group with a high
bootstrap value. LMG 24534" is situated on a branch separate from LMG 5343", the
acknowledged type strain of DNA group V suggesting that this DNA group contains two
species. The type strain of DNA group IV (LMG 2781") clusters with the type strain of
P. dispersa with a strong bootstrap value of 81 %. DNA group II's type strain, LMG
5345", is situated on the border of the “core” Pantoea group. The bootstrap values are
considerably lower within the Pantoea species clusters but this can be explained by the
high level of 16SrRNA sequence homogeneity between genera and species belonging to

the family Enterobacteriaceae.

A similar pattern is seen in the phylogenetic tree based on concatenated sequences of the
four genes (Fig. 2), with strains from DNA group V clustering closeto P. agglomerans,
P. eucalypti, P. vagens and P. anthophila with high bootstrap support of 100 %. Strains
from DNA group Il cluster on the border of the core Pantoea species. DNA group IV
clusters with P. dispersa with a strong bootstrap value in the concatenated and 16S rRNA
phylogenetic trees. It was observed in both the 16S rRNA- and MLSA based
phylogenetic trees (Figs. 1 & 2), that a single strain from DNA group V (LMG 24534")
always clusters slightly distant to the other strains within this group. Brenner et al. (1984)
noted that aerogenic and anaerogenic strains were rarely found in the same hybridization
groups. Two exceptions were LMG 24527 (CDC 1778-80) and LMG 24534" (CDC
3527-71) which are aerogenic strains belonging to DNA groups Il and V respectively,
whilst the remainder of the strains in these two DNA groups are anaerogenic. However,
strain LMG 24527 clusters closely with the other strains from DNA group |1 compared to
the conspicuous separation of strain LMG 24534" from the rest of DNA group V (Fig. 2).
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High quality DNA for DNA-DNA hybridization of strains was prepared by the method of
Wilson (1987), with minor modifications (Cleenwerck et al., 2002). DNA-DNA
hybridizations were performed using the microplate method (Ezaki et al., 1989) with
some modifications (Cleenwerck et al., 2002). The hybridization temperature was 45 °C
+ 1 °C and reciprocal reactions were performed with all strains. The type strains from
each DNA group were hybridized to those of the phylogenetically related, validly
described Pantoea species, including the four recently described species (Brady et al.,
submitted) and amongst each other. A complete table of the DNA-DNA hybridization
results is available on IJSEM Online as Supplementary Table A.

The type strains of DNA groups |1 and IV (LMG 5343" and LMG 2781") exhibited 29
and 24 % DNA similarity when hybridized to the type strain of P. agglomerans (LMG
1286"), whilst the type strain of DNA group V (LMG 5343") was 48 % similar to LMG
1286". These values are significantly lower than those determined by Beji et al. when
reference strains of Brenner's DNA groups Il, 1V and V were hybridized to the type
strain of “ Enterobacter agglomerans” (ATCC 27155' = LMG 1286") (Beji et al., 1988).
The level of DNA-DNA binding between each of the representative strains from DNA
groupsl, IV and V and the type strain of P. ananatis was less than 30 %, less than 15 %
to the type strain of P. stewartii and less than 31 % to the type strain of P. dispersa. The
DNA-DNA hybridization values between DNA groups Il, IV and V and the recently
described P. vagens, P. eucalypti, P. deleyii and P. anthophila were in the same range (20
— 43 %).

The DNA hybridization values between the type strains of DNA groups |1, 1V and V
ranged from 31 — 51 %. The latter value (51 %) was found between the aerogenic strain
from DNA group V (LMG 24534") and the type strain of DNA group V (LMG 5343").
This value is considerably lower than the 73 % observed by Brenner et al. (1984). Based
on the clear separation of LMG 24534" from the rest of DNA group V in both the 16S
rRNA- and concatenated-phylogenetic trees, as well as the low DNA-DNA hybridization
value it is clear that this strain constitutes a separate species. We propose the names

Pantoea septica sp. nov. for DNA group Il, Pantoea eucrina sp. nov. for DNA group 1V,
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Pantoea brenneri sp. nov. for DNA group V and Pantoea conspicua sp. nov. for LMG
24534" from DNA group V.

The G + C content of the type strains of all four novel species, determined by HPLC as
published by Mesbah et al. (1989), are as follows. Pantoea septica sp. nov., Brenner
DNA group Il (LMG 5345™ = ATCC 29923") = 59.3 mol %; Pantoea eucrina sp. nov.,
Brenner DNA group IV (LMG 27817 = ATCC 27998") = 56.5 mol %; Pantoea brenneri
sp. nov., Brenner DNA group V (LMG 5343" = ATCC 29921") = 55.4 mol %; Pantoea
conspicua sp. nov., Brenner DNA group V (LMG 24534" = BD 805") = 55.7 mol %.

Physiological and biochemical characteristics for DNA groups Il, 1V and V were
obtained from Bergey’s Manual of Systematic Bacteriology (Grimont & Grimont, 2005).
Additional APl 50E and Biotype-100 tests (bioMérieux) were performed on the type
strain, and the single aerogenic strain (LMG 24534"), from DNA group V. The four
novel species can be distinguished from their closest phylogenetic neighbours, P.
agglomerans, P. ananatis and P. dispersa, using the characteristics listed in Table 2. It
was observed by Brenner et al. (1984) that “DNA groups Il through V could not be
separated with certainty on the basis of biochemical tests although phenylalanine
deaminase, malonate, rhamnose, cellobiose, acetate, and dextrin reactions are helpful in

distinguishing them”.
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Description of Pantoea septica sp. nov. (Brenner DNA group I1)
Pantoea septica (sép.ti.ca. Gr. adj. septikos meaning putrefaction or decay, referring to

the septicemia outbreak caused by these strains)

Cells are Gram-negative, short rods (0.9 x 1.5-3.0 mm) occurring singly or in pairs, motile
and non-sporeforming. Colonies are beige, round, convex and smooth with entire
margins. Facultatively-anaerobic, oxidase negative, glucose dehydrogenase and gluconate
dehydrogenase are produced. Indole, H,S and urease are not produced. The following
carbon sources are utilized at 28 °C within three to six days: trans-aconitate, L-arabinose,
D-arabitol, D-cellobiose, citrate, dulcitol (weak), L-fucose, D-fructose, D-galactose, D-
galacturonate, gentiobiose, D-glucose, inositol, 5-ketogluconate, lactose, lactulose, D-
malate, D-maltose, maltotriose, D-mannitol, D-mannose, D-melibiose, D-raffinose, L-
rhamnose, D-ribose, D-sorbitol (weak), sucrose, L-tartrate, meso-tartrate, D-trehalose,
trigonelline, xylitol and D-xylose. The following carbon sourcesare not utilized at 28 °C
within three to six days: D-adonitol, L-arabitol, betaine, erythritol, glutarate, histamine,
3-0-methyl-D-glucose, propionate, quinate, L-sorbose, D-tagatose, D-tartrate, D-turanose

and L-tyrosine.

The G + C content of the type strain is 59.3 mol %. Strains belonging to this species
were implicated in a nationwide septicemia outbreak in the USA in 1971. The type strain
is LMG 5345" (=ATCC 29923" = CDC 3123-70) and was isolated from a human stool
sample in New Jersey, USA.



UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

et

Description of Pantoea eucrina sp. nov. (Brenner DNA group 1V)
Pantoea eucrina (eu.cri.na. Gr. adj. eukrines meaning well-separated, referring to the

clear separation of the strains from other species within the genus.)

Cells are Gram-negative, short rods (0.9 x 1.5-3.0 mm) occurring singly or in pairs, motile
and non-sporeforming. Colonies are beige, round, convex and smooth with entire
margins. Facultatively-anaerobic, oxidase negative, glucose dehydrogenase and gluconate
dehydrogenase are produced. Indole, H,S and urease are not produced. The following
carbon sources are utilized at 28 °C within three to six days: trans-aconitate, adonitol, L-
arabinose, D-arabitol, L-arabitol, D-cellobiose, citrate, erythritol, D-fructose, D-
galactose, D-galacturonate, gentiobiose, D-glucose, inositol, 5-ketogluconate, D-maltose,
maltotriose, D-mannitol, D-mannose, L-rhamnose, D-ribose, sucrose, D-trehalose,
trigonelline and xylitol. The following carbon sources are not utilized at 28 °C within
three to six days: betaine, dulcitol, L-fucose, glutarate, histamine, lactose, lactulose, D-
malate, D-melibiose, 3-0-methyl-D-glucose, propionate, quinate, D-raffinose, D-sorbitol,
L -sorbose, D-tagatose, D-tartrate, L-tartrate, meso-tartrate, D-turanose, L-tyrosine and D-

xylose.

The G + C content of the type strain is 56.5 mol %. Strains belonging to this species
were implicated in a nationwide septicemia outbreak in the USA in 1971. The type strain
isLMG 2781" (=ATCC 27998" = CDC 1741-71) and was isolated from a human trachea

in Connecticut, USA.
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Description of Pantoea brenneri sp. nov. (Brenner DNA group V)
Pantoea brenneri (bren.néri. L. genitive of brenner, named for Don J. Brenner, in
recognition of his contribution in resolving the Erwinia herbicola-Enterobacter

agglomerans complex.)

Cells are Gram-negative, short rods (0.9 x 1.5-3.0 mm) occurring singly or in pairs, motile
and non-sporeforming. Colonies are beige, round, convex and smooth with entire
margins. Facultatively-anaerobic, oxidase negative, glucose dehydrogenase and gluconate
dehydrogenase are produced. Indole, H,S and urease are not produced. The following
carbon sources are utilized at 28 °C within three to six days: trans-aconitate, L-arabinose,
D-arabitol, D-cellobiose, citrate, L-fucose, D-fructose, D-galactose, D-galacturonate, D-
glucose, inositol, 5-ketogluconate, lactose, lactulose, D-malate, D-maltose, maltotriose,
D-mannitol, D-mannose, D-raffinose, L-rhamnose, D-ribose, sucrose, L-tartrate, meso-
tartrate, D-trehalose, and D-xylose. The following carbon sources are not utilized at 28
°C within three to six days: D-adonitol, L-arabitol, betaine, dulcitol, erythritol,
gentiobiose, glutarate, histamine, D-melibiose, 3-0-methyl-D-glucose, propionate,
quinate, D-sorbitol, L -sorbose, D-tagatose, D-tartrate, trigonelline, D-turanose, L-tyrosine

and xylitol.

The G + C content of the type strain is 55.4 mol %. Strains belonging to this species
were implicated in a nationwide septicemia outbreak in the USA in 1971. The type strain
isLMG 5343" (=ATCC 299217 = CDC 3482-71) and was isolated from a human urethra
in Montana, USA.
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Description of Pantoea conspicua sp. nov. (Brenner DNA group V)
Pantoea conspicua (con.spi.cta. L. adj. conspicuus meaning conspicuous, referring to the

conspicuous separation from other strains within DNA group V)

Cells are Gram-negative, short rods (0.9 x 1.5-3.0 mm) occurring singly or in pairs, motile
and non-sporeforming. Colonies are beige, round, convex and smooth with entire
margins. Facultatively-anaerobic, aerogenic, oxidase negative, glucose dehydrogenase
and gluconate dehydrogenase are produced. Indole, H,S and urease are not produced.
The following carbon sources are utilized at 28 °C within three to six days: trans-
aconitate, L-arabinose, D-arabitol, D-cellobiose, citrate, dulcitol, gentiobiose, L-fucose,
D-fructose, D-galactose, D-galacturonate, D-glucose, inositol, lactose, D-malate, D-
maltose, maltotriose, D-mannitol, D-mannose, L-rhamnose, D-ribose, L-tartrate, D-
trehalose, and D-xylose. The following carbon sources are not utilized at 28 °C within
three to six days: D-adonitol, L-arabitol, betaine, erythritol, glutarate, histamine, 5-
ketogluconate, lactulose, D-melibiose, 3-0-methyl-D-glucose, propionate, quinate, D-
raffinose, D-sorbitol, L-sorbose, sucrose, D-tagatose, D-tartrate, meso-tartrate,

trigonelline, D-turanose, L-tyrosine and xylitol.

The G + C content of the type strain is 55.7 mol %. The type strain is LMG 245347 (=
BD 805" = CDC 3527-71) and was isolated from a human blood sample in Paris, France.
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Table 1: Strainsused in this study
LMG = BCCM/LMG Bacteria Collection, Ghent University, Belgium, CDC = Centers for Disease Control, Atlanta, Georgia, U.S.A,
ATCC = American Type Culture Collection, Rockville, Maryland, U.S.A., BD = Plant Pathogenic and Plant Protecting Bacteria

(PPPPB) Culture Collection, ARC-PPRI, Pretoria, South Africa

Species Strain Host Location
Pantoea agglomerans LMG 1286" Human Zimbabwe

LMG 2660 Wisteria floribunda Japan
Pantoea ananatis LMG 2665' Pineapple Brazil

LMG 20103 Eucalyptus South Africa

LMG 24190 Onion South Africa
Pantoea stewartii sp. stewartii LMG 27157 Maize USA

LMG 2718 Maize USA
Pantoea stewartii ssp. indologenes LMG 26327 Fox millet India

LMG 2673 Pineapple Hawaii
Pantoea dispersa LMG 2603" Soil Japan

LMG 2604 Wild rose Netherlands
Pantoea citrea LMG 22049" Mandarin orange Japan
Pantoea punctata LMG 22050" Mandarin orange Japan

LMG 23562 Mandarin orange Japan
Pantoea terrea LMG 220517 Soil Japan

LMG 23564 Soil Japan
Pantoea anthophila LMG 2558" Impatiens balsamina India

LMG 2560 Tagetes erecta Unknown
Pantoea vagens LMG 24199" Eucalyptus Uganda

LMG 24195 Eucalyptus Uruguay

LMG 24196 Eucalyptus Argentina

LMG 24201 Maize South Africa
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Pantoea eucalypti LMG 241987 Eucalyptus Uruguay
LMG 24197 Eucalyptus Uruguay

Pantoea deleyii LMG 24200" Eucalyptus Uganda

Pantoea septica (Brenner group I1) LMG 5345™ = ATCC 29923 = CDC 3123-70 Human, stool New Jersey, USA
LMG 24526 = CDC 238-70 Human, blood New York, USA
LMG 24527 = CDC 1778-70 Human, blood Oklahoma, USA
LMG 24528 = CDC 217-71 Human, kin Virginia, USA

Pantoea eucrina (Brenner group V) LMG 2781" = ATCC 27998 = CDC 1741-71 Human, trachea Connecticut, USA
LMG 24529 = CDC 3638-70 Human, cyst Georgia, USA
LMG 24530 = CDC 5795-70 Human, urine Virginia, USA
LMG 24531 = CDC 6148-70 Human, spinal fluid Hawaii, USA

Pantoea brenneri (Brenner group V) LMG 5343" = ATCC 29921 = CDC 3482-71 Human, urethra Montana, USA
LMG 24532 = CDC 2928-68 Human, sputum Wisconsin, USA
LMG 24533 = CDC 2525-70 Quebec, Canada

Pantoea conspicua (Brenner group V) LMG 24534" = BD 805" = CDC 3527-71 Human, blood Paris, France
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Table 2: Phenotypic characteristics distinguishing Pantoea septica $. nov., Pantoea
eucrina . nov., Pantoea brenneri sp. nov. and Pantoea conspicua sp. nov. from

each other and from their closest phylogenetic neighbours

1 = P. agglomerans (3), 2 = P. ananatis (4), 3 = P. dispersa (2), 4 = P. septica sp.
nov. (1) (Brenner I1), 5 = P. eucrina sp. nov. (1) (Brenner IV), 6 = P. brenneri sp.

nov. (1) (Brenner V), 7 = P. conspicua sp. nov. (1) (Brenner V, LMG 24534")

+, 90-100 % of strains positive in 1-2 days; (+), 90-100 % of strains positive in 1-4
days; -, 90-100 % of strains negative in 4 days; d, positive in 1- 4 days; (d), positive

in 3-4 days; ND, not determined

Characteristic 1 2 3 4 5 6 7
Phenylalanine

deam)i/nase d i i * d d *
Dulcitol - - (d (d - - +
Erythritol - - + - d - -
Gentiobiose - + + d d - +
Lactose - + - d - (d) +
Lactulose - + - d - d -
Raffinose - + - d - d -
Sorbitol - d - (d) - - -
L-Tartrate - - d d - d +
mesc-Tartrate (+) d d d - (+) -

Supplementary Table A: DNA-DNA hybridization values amongst drains
belonging to the novel species Pantoea septica, Pantoea eucrina, Pantoea brenneri
and Pantoea conspicua and reference strains of the seven validly described species of

the genus Pantoea.
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Figure 1: Maximum likelihood tree based on complete 16S rRNA sequences of
Pantoea species. The tree was generated by the Phyml software using the Tamura-
Nei (TN93) model as selected by Modeltest. Bootstrap values after 1000 replicates

are expresed as percentages. Esherichia coli was included as an outgroup.
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Figure 2: Maximum likelihood tree based on concatenated partial sequences of rpoB,
atpD, gyrB and infB of Pantoea strains. The tree was generated by the Phyml
software using the general time reversible (GTR) model as selected by Modeltest.
Bootstrap values after 1000 replicates are expressed as percentages. Shigella
dysenteriae sequences were obtained from the genome sequencing database of the

Sanger Institute (http://www.sanger .ac.uk) and included as an outgroup.
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