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Systematics and Taxonomy of Rhizobia and Legume Symbionts — a

literature review
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1.1 Introduction

The term ‘rhizobia’ refers to all symbiotic bacteria capable of nodulating leguminous plants
(Willems, 2006). These Gram negative bacteria (Doyle, 1998) thus have the ability to induce the
formation of nodules on the roots (sometimes the stems) of specific legumes (Singh et al., 2006;
Han et al., 2008). Within these root nodules, rhizobial bacteria fix atmospheric nitrogen (N2) to
ammonium (Torres, 2000; Van der Heijden et al., 2006; Balachandar et al., 2007). In this
symbiosis, the legume profits from the ammonia produced (Torres, 2000; Balachandar et al.,

2007), while the bacteria benefit from the shelter provided by the nodule (Provorov et al., 2002).

Generally, the symbiotic interaction between rhizobia and legumes are studied because of the
agro-economic impact of this symbiosis (Sanginga, 2003; Govindarajan et al., 2006, Wang et
al., 2009). This is especially true, when it is considered that nitrogen is a plant growth limiting
nutrient (Parfitt et al., 2005; Van der Heijden et al., 2006; Cummings et al., 2006). In
agricultural practices, the use of biological N. fixation is therefore more sought after than
commercial fertilizers (Sanginga, 2003; Govindarajan et al., 2006). Although the latter are
widely used (Galibert et al., 2001; Cummings et al., 2006), research has demonstrated that N>
fixed within root nodules of legumes (Miklashevichs et al., 2001) is less costly than fertilizers.
Biological nitrogen fixation has the added advantages of promoting plant growth (Vessey et,
2003; Cummings et al., 2006), improving soil quality (Fageria et al., 2005) and increasing crop
yield (Chu et al., 2004; Roesch et al., 2008). Therefore, rhizobial isolates are widely used as
inoculants for leguminous crops of interest in order to obtain required nitrogen for plant survival
(Lalani Wijesundara et al., 2000; Zahran, 2001; Cummings et al., 2006).

Because of their agricultural importance, the systematics of rhizobia has received much
attention in the scientific literature. Previously, rhizobia were believed to only include bacterial
species from the Alpha-Proteobacteria (Young & Haukka, 1996; Long, 1996). Research in the
last decade, however, has shown that the rhizobia represent diverse bacteria from both the Alpha
and Beta class of Proteobacteria (Moulin et al., 2001; Willems, 2006; Balachandar et al, 2007;
Wang et al., 2009). In terms of species descriptions, rhizobia are also subject to analyses based
on both phenotypic and genotypic methods (Vandamme et al., 1996; Stackebrandt et al., 2002).

This polyphasic approach is a well-established methodology that is used universally during
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prokaryotic species description due to the unavailability of a theoretical species concept for
bacteria (Vandamme et al., 1996; Rossell6-Mora & Amann, 2001).

Recently, a South African study reported that Western Cape Fynbos legumes of the subfamily
Papilionoideae in Hypocalyptus and related genera are nodulated by diverse Burkholderia
species (Beukes et al., 2008; unpublished data). As the overall aim of this project was to
describe Burkholderia isolates associated with the root nodules of these legumes using a
polyphasic approach, the purpose of this chapter is to examine the literature on issues
surrounding the prokaryotic species concept and the methods used during bacterial species
descriptions. The study also considers the literature pertaining to the evolution and systematics
of rhizobia, specifically those related to Burkholderia. The taxonomy of the particular legumes
is briefly mentioned and the chapter is concluded with a discussion on the overall purpose of the

research project.

1.2 Bacterial species concept

There is still no widely accepted consensus regarding the bacterial species concept for
systematics and species descriptions (Rossell6-Mora & Amann, 2001; Cohan, 2002). This lack
of agreement on a unified prokaryotic species concept is surprising, because all biologists
(bacteriologists including) mostly agree that species are real and that they represent dissimilar
units in life, which carries the possibilities of evolving on their own (Mayr, 1996; De Queiroz,
1998). Despite such an agreement, a range of different species concepts have been introduced,
which in turn has lead to many contradictory systematic conclusions (De Queiroz, 2005b; 2007).
According to De Queiroz (2007), the problem lies with the fact that the various concepts each
provide “systematic measurements” at varying evolutionary depths, a view that is also supported
by others (Rossell6-Mora & Amman, 2001). According to Cohan (2002) another difficulty is the
absence of a broadly acceptable and biologically feasible definition of the term “species”, as it
applies to bacteria. Most previous studies on the issue of species concepts were centered on
eukaryotic organisms and prokaryotes received almost no consideration (Cohan, 2002) (Table
1).

In previous studies, Mayr’s Biological Species Concept was very prominent (Mayden, 1997; De
Queiroz, 1998; De Queiroz, 2005a). Under this concept, a species represents a reproductive
9
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community and a cluster of organisms with the possibility of interbreeding with each other in
nature and produce viable and productive progeny (Mayden, 1997; De Queiroz, 1998; Xu,
2006). However, strictly speaking this concept does not accommodate prokaryotes as they
reproduce asexually (Ward, 1998; Cohan, 2001; Xu, 2006). It also does not consider the ability
of bacteria to hybridize while exchanging genetic material and still preserve their unique groups
of the same phenotypic characteristics (De Queiroz, 1998; Cohan, 2002; Xu, 2006). To
accommodate these problems, Cohan (2001; 2002) proposed the application of so-called
ecotypes for specific prokaryotic taxa. According to Cohan’s ecotype idea, “ecotype’s are sets
of strains using the same ecological niche, such that the adaptive mutant from within the ecotype
outcompetes to extinction all other strains of the same ecotype; an adaptive mutant does not,
however, drive to extinction strains of the other ecotypes” (Cohan, 2001). He argues that if the
application of an evolutionary and ecological theory of species is accepted for use in a species
concept, it will help to acquire enough genotypic characteristics for the circumscription of
species. He suggests that evolutionary and ecological theory of species will allow much better
bacterial clustering than the phenotypic methods, as a deeper understanding of bacterial ecology
will be revealed (Cohan, 2002; Cohan, 2006). He and other literature further states that bacterial
systematics will achieve much more for the species concept if it can incorporate ecology,
because it would help with the determination of various diverse ecological properties available
in bacterial groups (Konstantinidis & Tiedje, 2005; Cohan & Perry, 2007).

Some authors are strongly opposed to the idea of a universal species concept for bacteria
(Doolittle & Papke, 2006). They suggest that, in the light of what we are starting to learn about
the evolution of the bacterial genome, such a species concept would have no systematic
significance (Doolittle & Papke, 2006). They argue that instead of promoting continuity in
bacterial systematics, a so-called “magic bullet” species would lead to confusion and
misunderstanding (Doolittle & Papke, 2006; Hey, 2001). They further suggest that the use of
species concepts be discontinued as the combination of theories and methodologies appropriate
for such a “magic bullet” species concept will never be found for bacteria (Doolittle & Papke,
2006).

Therefore, despite the various attempts to introduce a species concept to accommodate all
aspects of prokaryotic taxonomy, a unified concept will remain a dream (Rossell6-Mora, 2003).

10
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In light of the absence of a unified species concept for bacteria, new taxa are described based on
the available utilitarian or operational systematic framework commonly used for bacteria
(Gevers et al., 2005, 2006). Accordingly, a prokaryotic species is seen as a cluster that defines a
genomically consistent group of particular strains sharing a maximum resemblance in various
autonomous traits, when compared and evaluated under highly standardized conditions
(Rossell6-Mora & Amann, 2001; Stackebrandt et al., 2002). However, as noted by Kostantinidis
et al. (2006), trustworthy species description(s) will be a consequence of a well established and
reliable consensus on the species concept (Kostantinidis et al., 2006), without which there is no
“theoretical framework” within which to recognize and distinguish species. Therefore, there is a

great need for an agreement on a prokaryotic species concept (Konstantinidis et al., 2006).

1.3 Polyphasic approach and species description

In bacterial systematics, a polyphasic approach is recommended and universally applied for
species descriptions and characterization (Wayne et al., 1987; Vandamme et al., 1996; Gillis et
al., 2001). This approach involves the combination of both genotypic and phenotypic data to
recognize species or clusters of genomically consistent isolates that resemble one another when
compared under standardized conditions (Vandamme et al., 1996; Emerson et al., 2008). This
approach was first introduced by Colwell (1970) when she simplified the approach for species
description by grouping together the genotypic and phenotypic characteristics (Vandamme et
al., 1996). Later, the ad hoc committee known as ‘International committee for the systematics of
prokaryotes’ was formed whose function was to decide on standard methods to be used in
species delineation (Wayne et al., 1987; Stackebrandt et al., 2002). Previously, bacterial species
delineation was mainly based upon the bacterium’s distinctive phenotypic characteristics which
were considered informative, adequate, and essential enough to describe a species (Goodfellow
et al., 1997; Rossell6-Mora & Amann, 2001; Cohan & Perry, 2007). These traits are however
determined by the genetic character of the organism. Therefore, genotypic methods (based upon

DNA or RNA information) are incorporated during species demarcation.

In fact, genotypic methods are an essential part of the species delineation process, as has been
pointed out by Coenye et al. (2005). They compared the results from phenotypic,

chemotaxonomic and various fingerprinting techniques and showed that the outcomes of these

11
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diverse techniques are all subject to changes of the bacterial genome (Coenye et al., 2005). The
polyphasic approach to species demarcation and description therefore offers a productive
procedure, even in the absence of a theoretical species concept. The methods used in the
polyphasic approach are also updated constantly, the genotypic methods especially, as new
techniques become available with which to improve species descriptions (Emerson et al., 2008;
Sohier et al., 2008).

1.4 Methodologies used during species description

Two kinds of methods are normally used for species description: phenotypic and genotypic
(Vandamme et al., 1996). Genotypic methods exploit the actual hereditary material (i.e. DNA)
of the target organism, while phenotypic methods are based on physical, physiological and
behavioural characteristics of that organism (Emerson et al., 2008). In this section, various

methods used for bacterial species description will be discussed.

1.4.1 Genotypic or DNA-based techniques

Nowadays, genotypic methods are widely used because of their relative speed and simplicity to
use (in many cases without the need for culturing) and their capability of distinguishing clearly
the location of plasmid genes and chromosomal genes (Thies et al., 2001; Emerson et al., 2008;
Ludwig, 2008) (Table 2). For the purposes of this review, the techniques are separated into two
classes — those dependent on specific gene sequences and those that allow genome-wide
similarity measurements. Methods that are used for determining genome-wide similarity include
DNA-DNA hybridization, G+C molecular content determination and most DNA fingerprinting
methods, excluding Ribotyping and PCR-Denaturing Gradient Gel Electrophoresis (DGGE).
The latter two are methods that are dependent on specific gene sequences, which also include
multilocus sequence analysis (MLSA) and 16S ribosomal RNA (rRNA) gene sequence analysis.

1.4.1.1 DNA-DNA hybridization

This method determines the genetic resemblance shared amongst isolates by measuring the
degree in which the genomes of two isolates are related under standardized conditions
(Stackebrandt et al., 2002; Gevers et al., 2005; Ludwig, 2008). The technique can approximate

relatedness of strains down to the subspecies level where phylogenetic information cannot give

12
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a good resolution (Ludwig, 2008). Strains that show greater than 70% DNA-DNA binding
values and have less than 5% variation in their melting temperatures are regarded as being
strains of the same species. Those strains that possess DNA-DNA binding between 70% and
50% or less are regarded as being strains of different species (Johnson, 1973; Gevers et al.,
2005). DNA-DNA hybridization studies remain an important part of the polyphasic approach
and accompany almost all species descriptions despite its limitations of being time consuming
and laborious (Stackebrandt & Goebel, 1994; Stackebrandt et al., 2002; Gevers et al., 2005).

Assessed for applicability in comparison with more recent techniques, it was found to correlate
well with novel and previously introduced bacterial genotypic (Adekambi et al., 2008), as well
as systematic methods, such as DNA sequence analysis (Gevers et al., 2005). For example, the
results of a study comparing AFLP (amplified fragment length polymorphism) and DNA
hybridization on Xanthomonas species suggested the use of AFLP for faster results during
bacterial phylogeny and taxonomic position determination instead of DNA hybridization
(Rademaker et al., 2000). Characterization of Bradyrhizobium species to subspecies level also
demonstrated AFLP to be much better than DNA hybridization, because AFLP could reveal
differences in some genospecies whereas DNA hybridization could not (Willems et al., 2001).

1.4.1.2 G+C molecular content

For distinct prokaryotic species, molecular percentages of G+C can vary from 24 % to 76 %
(Tamaoka, 1994). It is important to ensure, however, that bacterial G+C composition is
interpreted correctly — strains from the same species can be expected to have the same G+C
composition, those from different species dissimilar G+C values, while similar G+C values do
not necessarily suggest relatedness (Tamaoka, 1994). Furthermore, changes in DNA make up,
such as gene loss, do not influence G+C molecular content much, while the acquisition of genes
through lateral transfer may change the bacterial strain’s G+C content (Lawrence & Ochman,
1997). Nevertheless, G+C molecular content is part of the polyphasic approach and is included
in most species descriptions (Stackebrandt et al., 2002; Ludwig, 2008). This is despite the fact
that it does not allow assignment of strains to a species (Ludwig, 2008).

13
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1.4.1.3 Ribosomal RNA gene sequence analysis

Since the advent of molecular biology in the late 1980’s, gene sequence analysis of the gene
encoding the 16S ribosomal RNA (rRNA) became an integral part of bacterial systematics
(Heyndrickx et al., 1996; Ludwig, 2008). As a result, the analysis of this gene for species
delineation has become quite significant because of the vast amount of accessible 16S rRNA
gene sequences available for comparative purposes (Gevers et al., 2005; Martens et al., 2008;
Ludwig, 2008). When the 16S rRNA gene sequences for the members of the same species are
compared, they usually show more than 97% similarity or sequence identity (Fox et al, 1992;
Stackebrandt & Goebel, 1994; Vandamme et al., 1996). Such 16S rRNA gene sequence
identities are used in combination with the DNA-DNA hybridization results for species
delineation (Stackebrandt & Goebel, 1994). This allows evaluation of precision and reliability of
DNA-DNA hybridizations by comparison to 16S rRNA data (Konstantinidis et al., 2006).

Sequence analysis of the 16S rRNA gene is a good strategy for classifying novel bacterial
strains to genus level (Martens et al., 2008). However, this gene is not associated with sufficient
polymorphism to allow classification to species or subspecies level (Gevers et al., 2005). For
these lower level classifications, MLSA (see below) seems to be more suitable (Gevers et al.,
2005).

1.4.1.4 Multilocus Sequence Analysis (MLSA)

This method determines genetic similarity between strains, as well as species, using the
sequences of various protein-coding genes (Emerson et al., 2008; Ludwig, 2008). Preferred
housekeeping genes are those that are less subject to gene recombination, have evolutionary
rates faster than that of the 16S rRNA, that do not occur in multiple copies and those which are
distributed throughout the genome (Gevers et al., 2005; Hanage et al., 2006). A major
advantage of this technique is that it allows phylogenetic analysis of combined gene markers,
(Ludwig, 2008) to bring out matching phylogenies between distinct bacterial phylogenetic
markers down to subspecies level (Ludwig et al., 2004; Ludwig, 2008). MLSA therefore
provides a good basis for clustering like isolates (i.e. species) (Gevers et al., 2005). Its main
limitation is that it can only be applied to cultivable isolates (Rappe & Giovannoni, 2003).

14
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Recently, a study of some Proteobacteria genera such as Burkholderia and Cupriavidus, based
on MLSA with the recA, rpoB, and gyrB genes, showed that MLSA performed far superior in
terms of species delineation than 16S rRNA sequence analysis alone (Tayeb et al., 2008). A
number of studies using MLSA for rhizobial taxonomy and phylogeny have also been done on
the genus Ensifer from the Alpha-Proteobacteria class (Martens et al., 2007; 2008). From these
studies MLSA proved to be more useful than 16S rRNA sequence analysis (Martens et al.,
2007; 2008).

1.4.1.5 DNA fingerprinting techniques

DNA fingerprinting techniques are those that produce DNA fragments that form distinctive
electrophoretic patterns (normally for a specific group of bacteria), comparisons of which could
allow classification of isolates to specific groups of related isolates or species (Emerson et al.,
2008; Ludwig, 2008). There are various DNA fingerprinting techniques that are routinely used
for species demarcation (Ludwig, 2008). The most commonly used are Restriction Fragment
Length Polymorphism (RFLP) (Gonzalez et al., 2005) and Amplified Fragment Length
Polymorphism (AFLP) (Vos et al., 1995). Other DNA fingerprinting methods include Random
Amplified Polymorphic DNA (RAPD) (Gonzalez et al., 2005), Denaturing Gradient Gel
Electrophoresis (DGGE) (De Vero et al., 2006) and Ribotyping (Bruce, 1996). The majority of
these techniques are dependent of the Polymerase Chain Reaction (PCR) — of the ones listed
above, only RFLP is independent of PCR (Bruce, 1996).

Before the introduction of PCR and PCR-based fingerprinting techniques (see below), RFLP
was widely used to generate DNA fingerprints that reflect genome-wide polymorphism among
strains (e.g., Demezas et al., 1991). The technique requires the digestion of purified genomic
DNA with suitable combinations of restriction endonucleases, followed by gel electrophoresis
for separation of produced fragments (Thies et al., 2001). Specific fragments produced in this
way may then be visualized through Southern hybridization with known oligonucleotide probes
(Lin et al., 1996). The visualized fragments or DNA patterns are then scored and analyzed using
appropriate computer software (Ludwig, 2008). Some of the major drawbacks of RFLP are that
it is time-consuming and that it is dependent on large quantities of high quality DNA. However,
the method has been used successfully for rhizobial species characterization (e.g., Demezas et

al., 1991; Laguerre et al., 1994; Thies et al., 2001).
15
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The introduction of PCR also brought modifications to the RFLP approach. For example,
instead of subjecting genomic DNA to restriction analyses, specific PCR products may be
restricted. Initially these PCR-products almost always represented 16S rRNA gene amplicons, a
technique named Ribotyping (Sambrook et al., 1989; Clapp et al., 2001). This PCR-RFLP
approach has been used previously for characterizing rhizobial isolates, mostly of Alpha-
Proteobacteria species from the genera Rhizobium (Laguerre et al., 1994) and others within the
same class (Clapp et al., 2001). Vermis et al. (2002) used 16S rRNA PCR-RFLPs of
Burkholderia isolates from different sources such as soil and human pathogens, and concluded
that the technique can be applied in medical testing for the members of the Burkholderia
cepacia complex. Later, as PCR became more widely used, amplicons representing other
genomic regions were also subjected to restriction analyses. In some cases these were genes and
regions other than the 16S rRNA gene encoded at the rRNA operon (Tan et al., 1999; Moschetti
et al., 2005; Singh et al., 2006) while other studies targeted protein coding genes. For example,
this approach has been used to study the diversity of rhizobia in soil by RFLP analysis of the
nitrogen fixation gene nifH (Poly et al., 2001).

AFLP has emerged as an important DNA fingerprinting technique for bacterial systematic
studies at the species and subspecies levels (Vos et al, 1995; Lin et al., 1996; Janssen et al.,
1996). This PCR-dependent method involves three important steps: (i) digestion of genomic
DNA by specific restriction enzymes and a ligation of oligonucleotide adapters to generated
amplifiable template DNA; (ii) PCR using this template and adapter sequence-based primers
that has additional nucleotides to allow selective amplification of a subset of the digested
genomic DNA; (iii) separation and visualization of the amplified fragments using gel
electrophoresis (Vos et al., 1995; Lin et al., 1996; Savelkoul et al., 1999). As opposed to
genome-wide RFLP analysis (see above), restricted fragments are PCR amplified, which is
much faster than Southern hybridization for targeting specific genomic fragments (Vos et al.,
1995). For bacterial taxonomic studies, AFLP allows better resolution at the species and
subspecies levels (Heyndrickx et al., 1996). As mentioned above, the results of AFLP studies
also correlate well with the results from DNA-DNA hybridization and phenotypic studies
(Janssen et al., 1996) of various bacteria, including rhizobial taxa such as Bradyrhizobium
(Willems et al., 2001).

16
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1.4.2 Phenotypic methods

Although phenotypic methods do not provide direct measurements of DNA similarities, they are
coded for by the genetic material of the organism (Vandamme et al., 1996; Rossell6-Mora and
Amann, 2001). According to Vandamme et al. (1996), classical phenotypic methods include
biochemical, morphological and physiological characters. Morphological characters focus on
cell shape, flagella and Gram staining in terms of cellular features and also measurements such
as diameter of the bacterium and its colony appearance (Vandamme et al., 1996). In the absence
of distinguishing morphological characters, extensive examination of molecular characters and
physiological features from pure isolates should be attained (Schleifer et al., 2006). Various
automated procedures for determining phenotypic characters during species descriptions are also
recommended for use (Vandamme et al., 1996; Rosselo-Mora & Amann, 2001). Some of the
most widely used and commercially available systems are Biolog, APl and MIDI FAME
(D’amato et al., 1991; Ibekwe & Kennedy, 1999). However, these methods are generally time-
consuming (Rosselo-Mora & Amann, 2001). Also, as implied earlier, phenotypic methods do
not allow direct “measurements” at the genomic level, because the phenotypes detected are
dependent not only on DNA information, but also a complex network of regulatory mechanisms
that operate at the transcriptional, translational and post-translational levels (Rosselo-Mora &
Amann, 2001).

1.4.2.1 API and Biolog

There are a variety of API systems in use for species identification, depending on whether they
target Gram negative or Gram positive bacteria or even yeast species (bioMerieux, France). For
identification of Gram negative bacteria there are tests such as APl 20E, APl Rapid 20E, and
APl NE. For Gram positive species identification the tests are mostly specific to certain
microbes of interest such as API coryne, API 20 strep, API staph and RAPIDEC staph. Tests
used for anaerobic bacteria are APl 20A and Rapid ID 32A (bioMerieux, France). For yeast
identification the common metabolic tests are ID 32 C and APl 20C AUX (bioMerieux, France).
For isolates and species such as rhizobia the commonly used APIs are APl 20 NE, API 20E,
APl ZYM and API 50 CH. The choice of metabolic test will depend on what can be afforded by
the researcher, as the main aim is to detect as many phenotypic traits as possible (bioMerieux,

France).
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Biolog systems include tests such as Biolog GN and Biolog GN2, initially intended for bacterial
identification only (Choi & Dobbs, 1999; Biolog, USA). The Biolog GN system contains a
series of carbon substrates contained within 95 wells (Biolog, USA). The ability to oxidize a
specific carbon source through transfer of electrons produced during respiration of the bacteria
is visualized by a change in color of the well (Biolog, USA). Biolog GN relies on electron
transfer which is demonstrated by the change of redox dye colour to purple when bacterial
isolates exploit the given carbon source (Bochner, 1989). The Biolog GN2 system also allows
identification of Gram negative, aerobic, bacterial isolates from any source such as the
environment, plants, and animals (Biolog, Hayward, CA). Because of the high number of carbon
sources tested, Biolog GN is suggested to provide better resolution than API during species
identification (Truu et al., 1999; Garland, 1999).

1.4.2.2 MIDI FAME (Fatty Acid Analysis Methyl Ester)

MIDI FAME is a phenotypic method used for cellular fatty acids analysis of bacterial isolates
(MIDI systems Inc. Newark, Del). In this system, the fatty acids associated with a specific
isolate are examined by gas chromatography following saponication, methylation, extraction
and washing of the extracted products (MIDI system Inc., Newark, Del). Although, the methyl
ester content of the fatty acid remains a stable parameter for bacterial classification under
standardized conditions (Vandamme et al., 1996), the major limitation for applying this method
in systematic studies is that databases are rarely updated (Slabbinck et al., 2009). However, it
has been suggested to be reliable for discriminating species of the genus Burkholderia (Inglis et
al., 2003), especially if it is taken into account that the fatty acid composition of many
Burkholderia isolates is known (Stead, 1992; Gillis et al., 1995; Viallard et al., 1998).

1.5 Rhizobial taxonomy

Rhizobia represent diverse nodulating members of the Beta and Alpha subclass of
Proteobacteria (Rasolomampianina et al., 2005; Singh et al., 2006; Balachandar et al., 2007). To
distinguish between the rhizobia from these two subclasses the terms Alpha-rhizobia and Beta-
rhizobia has been introduced (Moulin et al., 2001), although these terms do not form part of the
formal taxonomy of rhizobial bacteria. Besides in the root nodules of legumes, rhizobia can be
found in various habitats (Coenye & Vandamme, 2003; Chen et al., 2007), including the
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rhizosphere (Roesch et al., 2008), soil (Kim et al., 2006) and other environments such as within
fungi (Coenye et al., 2001; Partida-Martinez et al., 2007).

The ability of rhizobia to nodulate legumes is determined by specific sets of nodulation genes,
of which the common nod genes (i.e. nodA, nodB and nodC) (Downie, 1994; Dénarié et al.,
1996; Schultze & Kondorosi, 1998) are available to all rhizobia (Zhang et al., 2000; Sy et al.,
2001). Because these genes are carried on the accessory genome within numerous operons
(Galibert et al., 2001; Young et al., 2006), legume nodulation is not a monophyletic character.
This is evident in the fact that many species of rhizobia are more closely related to bacteria that
are not capable of nodulating legumes than to other rhizobia (Young & Haukka, 1996; De
Lajudie et al., 1998b; Galibert et al., 2001).

1.5.1 Taxonomy of Alpha-rhizobia

Alpha-Proteobacteria species were the first to be known with the capability of legume
nodulation and nitrogen fixation (Young & Haukka, 1996). Because of an increasing interest in
the description of legume nodulators, more and more genera have been discovered and included
in the Alpha-rhizobia groupings (Balachandar et al., 2007). These currently include Devosia,
Rhizobium, Sinorhizobium, Mesorhizobium, Phylobacterium, Allorhizobium, Methylobacterium,
Azorhizobium, Bradyrhizobium and Ochrobactrum (Chen et al., 1988; Dreyfus et al., 1988; De
Lajudie et al., 1998b; Sy et al., 2001; Rivas et al., 2003; Trujillo et al., 2005; Valverde et al.,
2005; Balachandar et al., 2007) (Table 3). However, the taxonomy of genera such as Rhizobium
and Sinorhizobium remains controversial (Terefework et al., 1998) as their members group with
species of the non-rhizobial species of Agrobacterium and Ensifer, respectively (Young &
Haukka, 1996; Terefework et al., 1998; Young et al., 2001). This led to suggestions that
Agrobacterium species be transferred to Rhizobium (Young et al., 2001; Young, 2004), although
strongly contested by certain authors (Bouzar & Jones, 2001; Farrand et al., 2003). Similar
debates are also ongoing for the Sinorhizobium-Ensifer issue (Willems et al., 2003; Young
2003).

1.5.2. Taxonomy of Beta-rhizobia

At first, nodulation was thought to be restricted to the Alpha-Proteobacteria subclass (Young &

Haukka, 1996). However, Moulin et al. (2001) found species from the Beta-subclass of
19

© University of Pretoria



Proteobacteria capable of nodulation. The Beta-rhizobia are included in the genera Burkholderia
(Yabuuchi et al., 1992), Ralstonia (Chen et al., 2001) or Cupriavidus (Chen et al., 2001) and
Herbaspirillum (Valverde et al., 2003) (Table 4). Because of the fact that the Beta-rhizobia
represent the focal group of this research project, the taxonomy of each of these genera is

considered below.

1.5.2.1 Burkholderia

In 2008, Tayeb et al. conducted a phylogenetic study on the four bacterial genera Ralstonia,
Burkholderia, Brevundimonas and Comamonas. By making use of DNA sequence information
for the genes rpoB and gyrB, they demonstrated that the species of each genus are well
separated and located on separate phylogenetic branches. Their results also showed the close
relatedness of Cupriavidus strains to the Burkholderia branch (Tayeb et al., 2008). The first
Burkholderia species that were described were B. cepacia, B. mallei, B. pseudomallei, B.
caryophilli, B. gladioli, B. picketti and B. solanacearum (Yabuuchi et al., 1992 ), of which some

species were later transferred to the genus Ralstonia (Chen et al., 2001).

The genus is typified by B. cepacia (YYabuuchi et al., 1992) and one of its genomovars (i.e. V) is
now known as the nitrogen fixer, B. vietnamiensis (Gillis et al., 1995; Vandamme et al., 1997).
Previous studies suggest a close association between Burkholderia species from legumes in the
genus Mimosa (subfamily Mimosoideae) (Chen et al., 2001; Compant et al., 2008). Recently,
however, novel species of Burkholderia were found nodulating the South African Papilionoid
Rhinchosia ferulifolia (Garau et al., 2009). These species managed to grow and fix nitrogen in
the acidic and infertile soil environment of the Cape Floristic Region (Garau et al., 2009).
Therefore, these rhizobial strains could be used for the growth of commercial or indigenous
plants in stubborn soil with low nutrients (Garau et al., 2009). In the last couple of years,
gradually more and more Burkholderia species are being described and an overview of those

that have already been defined from soil, rhizosphere and root nodules is provided in Table 5.

Burkholderia species that have confirmed nodulation abilities are B. nodosa, B. caribensis, B.
mimosarum, B. sabiae, B. phymatum and B. tuberum; the last being isolated from the South
African Papilionoid Asphalathus linearis (Achouck et al., 1999; Vandamme et al., 2002; Chen
et al., 2006; Elliott et al., 2007a; Chen et al., 2008). Currently the known Burkholderia nitrogen
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fixers are B. kururiensis, B. unamae, B. vietnamiensis, B. xenovorans and B. tropica, of which
the latter was also isolated from South Africa (Reis et al., 2004; Caballero-Mellado et al., 2007;
Estrada de Los Santos et al., 2001). Apart from the legume nodulating species, there are strains
from the genus Burkholderia that plays a role in nitrogen fixation (Gillis et al., 1995; Estrada de
Los Santos et al., 2001), plant growth promotion (Tran van et al., 2000) and bioremediation
(Tillman et al., 2005), which increases industrial and agricultural interest in these species. Most
interestingly, the adaptability of this genus to a variety of ecosystems has been observed — this
was found to be because they have a wide collection of insertion sequences on their genomes,
which could possibly encode for their survival ability in different habitats (Lessie et al., 1996;
Compant et al., 2008). Therefore, the species in this genus might be even more diverse and
widely distributed than what is currently known (Garau et al., 2009).

1.5.2.2 Cupriavidus

At first, the genus included species that were initially known as Pseudomonas solanacearum,
Pseudomonas pikettii and Alcaligens eutrophus (Yabuuchi et al., 1995). Later they were
transferred to Burkholderia (B. piketti and B. solanacearum), then to the novel genus Ralstonia
(Yabuuchi et al., 1995). However, some of Ralstonia species underwent significant taxonomic
revision and was recently classified in the genus Cupriavidus (Makkar & Casida, 1987,
Vandamme & Coenye, 2004). This Cupriavidis genus also includes species with a wide range of
ecological adaptations, where some are highly pathogenic to humans and certain plants
(Palleroni & Doudoroff, 1971; De Baere et al., 2001; Chen et al., 2001). Some Cupriavidus
species are agronomically beneficial by being able to form root nodules and fix atmospheric
nitrogen (Chen et al., 2001; Chen et al., 2003a; b). For example, C. taiwanensis (then Ralstonia
taiwanensis) is one of the known nodulators of Mimosa species (Chen et al., 2001; 2005). Based
on nod and nifH gene sequence analyses, it is also thought that Cupriavidus species are the
major nodulators of indigenous legumes of Costa Rica (Andam et al., 2007). Interestingly, these
data also suggested that the nodulation capabilities of Cupriavidus species were horizontally

acquired from Burkholderia species (Andam et al., 2007).

21

© University of Pretoria



1.5.2.3 Herbaspirillum

Three of the four known species of Herbaspirillum are non-pathogenic symbiotic species of
certain legumes (Reinhold-Hurek & Hurek, 1998). They are also capable of fixing atmospheric
nitrogen thus contributing to plant growth (Reinhold-Hurek & Hurek, 1998). Most of the plant
species which this symbiont associates with are from the Gramineae family (James et al., 1997).
A few years ago the capability of H. lusitanum to nodulate leguminous plants was detected in
Portugal from Phaseolus vulgaris legume (Valverde et al., 2003), but the capability was also
found when the Herbaspirillum strain was inoculated on rice (Elbeltagy et al., 2001). Another
well known cereal symbiont from this genus is Herbaspirillum seropedicae (Baldani et al.,
1986).

1.6 Legumes and their taxonomy

Legumes are one of the most extensively researched plant groups, because grain legumes are
considered very important food crops, and sources of oil and protein (Christou, 1997). They are
regarded as the second most economically significant plant group after the grass family Poaceae
(Graham & Vance, 2003). In terms of human usable crops they are second only after this family
(Christou, 1997). Commonly used essential grain and forage legumes are peas (Pisum sativum.
L) (Pueppke & Broughton, 1999), beans (Phaseous ssp. L) (Broughton et al., 2003), peanuts
(Arachis hypogaea) and pigeon pea (Cajanus cajan) (Oloyo, 2004). The most important protein
sources for some poor countries are lentil (Lens culinaris), alfalfa (Medicago sativa) (Fageria et
al., 2005), clover (Trifollium L. species), cowpea (Vigna unguiculata) and soybean (Glycine
max) (Christou et al., 1997; Zhu et al., 2005; Udvardi et al., 2005). In other countries some
legumes are used to lessen the loss of plant growth nutrients such as carbon and nitrogen from
soil (Drinkwater et al., 1998), help inhibit weed growth in plantations (Fisk et al., 2001) and

improve soil quality of low productivity soil (Crews, 1999; Wortmann et al., 2000).

Together with the Orchidaceae and Asteraceae, the family Leguminoseae forms a phylogenetic
grouping that is the third biggest amongst the flowering plants (Doyle & Luckow, 2003). The
Leguminoseae includes ca. 650 genera and an estimated 18000 species (Polhill et al., 1981; Van
der Bank et al., 2002). This family was originally described by Polhill et al. (1981) containing
the following subfamilies; the Papilionoideae, Caesalpinioideae and Mimosoideae (Polhill,
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1994). These subfamilies are made-up of different legumes species ranging from woody to
shrubby legumes (Allen & Allen, 1981). Leguminoseae is widely distributed as its species can
be found in arid and semi arid areas as well as rain forests, thereby covering areas with a range
of varying temperatures (Crews, 1999; Doyle & Luckow, 2003). Researchers believe that the
distribution of legumes at present is largely dependent upon the availability of adequate rainfall
and suitable temperature (Sprent, 2007). However, the ability to nodulate varies within the
family (Sprent, 1995). The Papilionoideae is the most prominent subfamily with more than 90%
of its species being able to nodulate, followed by the Mimosoideae with 90% and lastly the
Caesalpinioideae that has the least number of species capable of nodulation (Allen & Allen,
1981; Sprent, 1995).

1.6.1 Subfamily Papilionoideae

1.6.1.1 Papilionoid taxonomy and phylogeny

Papilionoid legumes are diverse and distinct with unique characters, e.g. the growth orientation
of their seed, the unidirectional development of their sepals (Doyle et al., 2000) and their nodule
growth forms all show distinct anatomical structures and shape (Sprent, 2001). The subfamily
consists of about 13 000 species from 460 genera (Lewis et al., 2005) and 28 known tribes
(Lewis et al., 2005). Commonly known legumes of this subfamily are from the genera Glycine
(e.g. soybean), Cajanas (e.g. Pigeon pea), Phaseolus, Lens (e.g. lentil), Medicaco (e.g. alfalfa)
and Lotus (Young et al., 2003). In terms of phylogeny, the Papilionoideae has been reported to
be monophyletic (Polhill et al., 1981; Kajita et al., 2001; Pennington et al., 2001). It includes
the tribes Genestieae, Abreae, Swartzieae, Amorpheaea, Robinieae, Indigofereae, Phaseoleae,
Podalyrieae, Crotalarieaea, Thermopsideae, Liparieaea, Desmodieae, Psoraleae, Bossiaeeae,
Loteaeae, Dalbergieae, Sophoreae, Trifolieae, Thephrosieae, Brongniartieae, Dipterygeae,
Euchrestieae, Fabeae, Galegeae, Hedysareae, Cicereae, Hypocalypteae, Millettieae, Mirbelieae
and Sesbanieae (Polhill, 1994; Lewis et al., 2005).

Although there is some understanding of the phylogenetic relationships within and among the
tribes of this subfamily, one of the most noted difficulties associated with the phylogeny of this
group is sampling (Kass & Wink, 1996; 1997). Most phylogenetic studies included very few
representatives of certain genera. Phylogenetic analyses coupled with more exhaustive strategies
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should therefore increase our understanding of the evolution of this subfamily markedly
(Pennington et al., 2001). Phylogenetic analysis using chloroplast introns trnL sequences have
revealed that tribes such as Dalbergieae, Swartziaea and Sophoreae are polyphyletic
(Pennington et al., 2001; Lewis et al., 2005). Other tribes such as Dipterygeae appear to be
monophyletic (Pennington et al., 2001). Molecular findings concerning tribes Podalyrieae and
Liparieae proposed genera within the two tribes to be monophyletic (Késs & Wink, 1997). They
also group distinctly separate from the phylogenetically unique monogeneric tribe
Hypocalypteae (Késs & Wink, 1996; Van der Bank et al., 2002).

1.6.1.2 Distribution and nodulation capabilities

The Papilionoideae is widely distributed across the globe with species which are annual or
permanent herbaceous and woody plants (Crews, 1999). However, most of the woody species
are distributed in the subtropics and tropics (Allen & Allen, 1981). The genistoids (Tribes
Crotalarieae and Genistiaea) are widely distributed in most temperate regions, while the
millettiods are found in regions with mostly tropical to warm temperatures (Lavin et al., 2005).
Other tribes such as the Dalbergieae and Robinieae are distributed mostly in warm temperate
areas (Lavin et al., 2005).

Only a small portion of all legume genera have been investigated for their nodulation
capabilities (Sprent, 1994), but for this subfamily over 90% can be nodulated by a variety of
rhizobia (De Souza Moreira et al., 1992; Hirsch et al., 2001). In the genus Crotalaria, species
from Lebekia and Aspalathus (Polhill et al., 1981) are reported widely for nodulation by a
variety of rhizobia. One of the described nitrogen fixation rhizobia from Alpha-Proteobacteria,
Methyllobacterium nodulans, was found with nodulation capabilities on a majority of
Crotalaria genus legumes (Sy et al., 2001). Trifolium pretense legume was nodulated by
rhizobia species Phyllobacterium trifoli in Spain (Valverde et al., 2005). The most commonly
studied South African Papilionoid legume species that possesses effective nodules are from the
genus Cyclopia (Elliot et al., 2007a; Kock, 2004).
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1.6.2 Subfamily Mimosoideae

1.6.2.1 Mimosoid taxonomy and phylogeny

The phylogeny of this subfamily is still only partially resolved, resulting in inconclusive
associations when studying the nodulation of its legume species (Sprent, 2001). The
Mimosoideae legumes appear to be monophyletic (Doyle et al., 2000; Wojciechowski, 2003)
and includes the tribes Mimoseae, Ingeae and Acacieae (Lewis et al., 2005). Regarding the
phylogeny of its tribes, the Ingeae and Mimoseae are suggested to be paraphyletic, while the
Acaciae seems polyphyletic based on chloroplast matK and trnK intron spacer region (Miller &
Bayer, 2001), chloroplast DNA restriction sites ( Clarke et al., 2000) and phylogeny of plastid
DNA (Robinson & Harris, 2000). As with the Papilionoid phylogeny, taxon under-
representation was also a major constraint in these previous studies on the mimosoids (Miller et
al., 2003).

1.6.2.2 Distribution and nodulation capabilities

Legumes of this subfamily are distributed mainly in semi-arid to arid environments, ranging
from tropical to warm, moderate conditions globally (Lavin et al., 2005). The tribe Acacieae is
made up mainly of one genus Acacia (Lewis et al., 2005) and the distribution of the genus
species varies globally. The majority of the genera in the tribe Ingeae are distributed in the New
World and to a lesser extent in Australia, Africa and Asia according to International Legume
Database and Information Services (http://www.ildis.org/). Mimoseae tribe species are found in
South America and tropical Africa, while some species are distributed in new to old world tropic
and subtropics (Sulaiman et al., 2003). About 90% of the legumes from this subfamily are
known to be nodulated by rhizobia (Sprent, 2001). Most significantly, however, all the tribes in
this subfamily can be nodulated (Lavin et al., 2005). The nodules of the Mimosoid legumes
have a distinctive shape that is different from those of the Papilionoid legumes, as the former
mostly have branched indeterminate nodules (Sprent, 2007). In general, it appears that legumes
of this subfamily are nodulated by Beta-rhizobia, mainly species of genera Cupriavidus and
Burkholderia (Elliott et al., 2007b). For example, Burkholderia nodosa was found to nodulate
two Brazillian Mimosoid legumes, Mimosa scabrella and Mimosa bimicronata (Chen et al.,
2007). Some species of the Mimosoid legumes were found nodulated by Alpha-rhizobia. For
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example, Albizia kalkora is nodulated by Mesorhizobium albiziae (Wang et al., 2007), Neptunia
natans nodulated by Allorhizobium undicola (De Lajudie et al., 1998b) and for Acacia legume
species (Toledo et al., 2003), Acacia angustissima by Ensifer mexicanus (Lloret et al., 2007)

and Acacia mangium by Ochrobactrum species (Ngom et al., 2004).
1.6.3 Subfamily Caesalpinioideae legumes

1.6.3.1 Caesalpinioid taxonomy and phylogeny

The main tribes of this subfamily are the Cercideae, Caesalpinieae, Cassieae and Detarieae
(Lewis et al., 2005). Of the three subfamilies of the Leguminoseae, the Caesalpiniodeae
represents the only polyphyletic assemblage (Doyle et al., 1997; Polhill et al., 1981). As a
results the phylogenetic relationship among and within its tribes are not well resolved (Bruneau
et al., 2001; Doyle et al., 1997). Again, authors have indicated that improved taxon sampling

would drastically aid resolution of these tribes (Bruneau et al., 2001).

1.6.3.2 Distribution and nodulation capabilities

The Caesalpinioideae legumes are commonly distributed in the tropical regions (Sprent, 2007).
All of the tribes of this subfamily are mainly distributed in tropical areas of Africa, Asia (South
East) and the New World (Lavin et al., 2005). Although most species of Caesalpinioideae are
tree legumes, some are shrubby herbaceous and have adapted to a new environment in
temperate regions in New England (Sprent, 2007). Some species of the genus Cercis are
commonly found in temperate regions of Europe and North America (Doyle & Luckow, 2003),
while in Africa and the South American tropics tribe Detarieae contributes the major
Caesalpinioideae legumes (Bruneau et al., 2001). Only a few Caesalpiniodeae legumes can be
nodulated (Hirsh et al., 2001; Doyle et al.,, 1997), which are mostly those from the
Caesalpinieae and Cassieae tribes (Sprent, 2007). For example, legumes in the genus
Chamaecrista (tribe Caesalpinieae) are nodulated by Alpha-rhizobia such as Mesorhizobium
species, legumes of genus Chamaecrista (De Lajudie et al., 1998a) and Tachigali species (tribe

Caesalpinieae) are nodulated by Bradyrhizobium species (Parker, 2000).
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1.7 Legumes in the genus Hypocalyptus

The genus Hypocalyptus is classified within the Papilionoideae subfamily (Pollhil, 1981; Crisp
et al., 2000). Only three species of Hypocalyptus are known, namely H. sophoroides, H.
oxalidifolus and H. coluteoides (Dahlgren, 1972). All three of these species have restricted
distribution in the South African Cape Floristic Region (Dalhgren, 1972). H. coluteoides are
mainly tall shrubs, while H. oxalidifolius grows mostly in the form of low shrublets while H.
sophoroides are highly branched shrubs (Dalhgren, 1972). They occur in a wide range of
habitats from Clanwilliam to the Uitenhage region, Hottentots Holland mountains to Port
Elizabeth and as far as the Humansdorp region (Dahlgren, 1972). This large geographic area
serves as an important dry land winter rainfall habitat for a vast number of Fynbos species
(Goldblatt, 1997) and is different to other environments because of its low nutrient, cycling
acidic and sandy soil (Goldblatt, 1997).

The taxonomic classification of this genus has proven quite difficult (Polhill et al., 1981;
Schutte & Van Wyk, 1998a), because of the use of morphology only (Dahlgren, 1972; Polhill et
al., 1981). Initially, Hypocalyptus was classified in the tribe Liparieae (Polhill et al., 1981). Ten
years later, as a result of a study done by Yakovlev (1991), two subtribes known as Lipariinae
and Hypocalyptinae emanated with Hypocalyptus as the only member of the Hypocalyptinae
(Schutte & Van Wyk, 1998b). Further studies based on anatomy, cytology, chemisty,
morphology and phylogeny showed that Hypocalyptus have distinct characters compared to the
other Podalyrieae legumes such as Podalyria and Liparia (Schutte & Van Wyk, 1998a).
Therefore, the genus Hypocalyptus is currently classified in the tribe Hypocalypteae of which it
is the only member (Schutte & Van Wyk, 1998b). This classification supports the fact that
Hypocalyptus has unique characters even though some characters are shared with the
Podalyrieae and Millettieae genisitoids (Schutte & Van Wyk, 1998a) and most importantly
DNA-based phylogenies in which Hypocalyptus appear as an independent lineage (Crisp et al.,
2000).
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1.8 The purpose of the study

The purpose of this M.Sc. study was to describe novel species of Burkholderia associated with
root nodules of Hypocalyptus, Podalyria, Virgilia and Cyclopia of the Papilionoideae
subfamily, which are all widely distributed in the Western Cape floristic region of South Africa
(Dahlgren, 1972). Most previous studies on legumes and Beta-rhizobia focused on the
symbionts of legumes in the Mimosoideae subfamily such as Mimosa spp. (Chen et al., 2003b;
2006; 2007; Compant et al., 2008). Not much is known about the Beta-rhizobia that nodulate
other subfamilies and tribes, much less Hypocalyptus (Grobbelaar & Clarke, 1972). But as there
is an increase in exploration of rhizobial species associated with other legume subfamilies a
much greater diversity of rhizobia is revealed (Balachandar et al., 2007). This was also the case
in a recent study of these South African Papilionoid legumes (Beukes et al. 2008; unpublished
data).

This study aims to characterize and describe these novel Burkholderia species. For this purpose,
multilocus sequence analysis (MLSA) of three protein coding gene regions known as rpoB,
atpD and gyrB will be used. This MLSA will include PCR of 69 Burkholderia isolates,
sequenced at the University of Pretoria Bioinformatics DNA sequencing facility. Sequence
analysis will be accomplished through using of the commonly available systematics tools and
programs. In paralell with this MLSA approach, the isolates will also be characterized at the
phenotypic level, which will be accomplished using growth studies on various media and two
commercially phenotyping systems, Biolog GN2 and APl 20NE tests. All these methods will
form part of the polyphasic approach in general, which will be used during these species

descriptions.

This study will increase our understanding of the Burkholderia species that nodulate the various
indigenous hosts. These species could potentially also be exploited as inoculants for other
agricultural legume crops, which would reduce the need for expensive commercial fertilizers as
a source of nitrogen. Furthermore, by comparing the results obtained from the phenotypic tests
with those from genotypic methods, an attempt will be made to contribute to the ongoing

discussion on the importance of a polyphasic approach to bacterial systematics and the eluding
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species concept. This study will also contribute to the expansion of the present knowledge of

this specific group of legumes, as part of the unique South African Fynbos heritage.
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1.10 Tables
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Table 1: Previously introduced species concepts (modified from Mayden, 1997)

Species concept introduced Year introduced Reference / Author
Biological species concept 1940; 1957 Mayr
Genetic species concept 1943 Simpson
Hennigian species concept 1950; 1966 Hennig
Succession species concept 1956; 1961 George; Simpson
Taxonomic species concept 1967 Blackwelder
Reproductive competition concept 1974 Ghiselin
Phenetic species concept 1976 Sneath
Ecological species concept 1976 Van Valen
Evolutionary species concept 1978 Wiley; Frost & Hillis
Morphological species concept 1978 Cronquist; Shull; Regan; Du Rietz
Phylogenetic species concept

Monophyly version 1978; 1979 Rosen

Diagnosable version

Diagnosable/ Monophyly version
Cohesion species concept
Cladistic species concept
Genealogical concordance concept
Agamo species concept
Evolutionary significant unit
Internodal species concept
Recognition species concept
Composite species concept
Genotypic cluster definition
Non-dimensional species concept
Polythetic species concept
Polyphasic approach #

1980; 1983; 1990; 1999

1988
1989
1989
1990
1990
1991; 1995
1993
1993
1993
1995

*

*

1987; 2002

Eldridge & Cracraft; Cracraft;
Nixon & Wheeler; Wheeler & Platnick
McKitric & Zink

Templeton

Kornet

Avise & Ball

Stuessy

Waples

Kornet

Peterson

Kornet; Kornet & McAllister
Mallet

*

*

Wayne et al. ; Stackebrandt et al.

* (The year and the reference were not found from the review the table was modified from)

# (This represent currently accepted standard by ad hoc committee of ICSP for prokaryotic

species description while a consensus species concept is still in search)
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Table 2a: Molecular methods used during species description: (Some information modified from Emerson et al., 2008; Ludwig, 2008)

DNA fingerprinting techniques

Reference / Author

Amplified fragment length polymorphism
Restriction fragment length polymorphism
Random amplified polymorphic DNA
Amplified DNA restriction analysis
Denaturing gradient gel electrophoresis
Repetitive element PCR

Ribotyping

Vos et al., 1995
Gonzélez et al., 2005
Gonzalez et al., 2005
Poblet et al., 2000

De Vero et al., 2006
Versalovic et al., 1994
Bruce, 1996

Table 2b: Molecular methods used during species description (modified from Emerson et al., 2008; Ludwig, 2008)

Sequence based techniques

Reference / Author

16S ribosomal RNA sequencing

Conserved alternative core markers sequencing
Intergenic spacer of ribosomal DNA analysis
Multilocus sequence analysis

Microarrays

Fluorescence in situ hybridization

DNA-DNA hybridization

Polynucleotide probe techniques (e.g. RING-FISH)
G + C molecular content determination

Diagnostic PCR

Woese, 1987

Zeigler, 2003; Ludwig & Klenk, 2005

Sievers et al., 1996

Gevers et al., 2005

Rudi et al., 2000

Amann et al., 1993

Stakebrandt & Goebel, 1994; Stackebrandt et al.,2002
Zwirglmaier et al., 2004

Tamoaka, 1994

Madhaiyan et al., 2004
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Table 3: Rhizobia species in the Alpha-Proteobacteria

(02:t¢

Genera

Species

Reference

Rhizobium

Rhizobium tibeticum
Rhizobium vignae
Rhizobium taibaishanense
Rhizobium skierniewicense
Rhizobium sphaerophysae
Rhizobium vallis
Rhizobium pisi

Rhizobium miluonense
Rhizobium multihosptium
Rhizobium phaseoli
Rhizobium cellulositicum
Rhizobium lusitanum
Rhizobium mongolense
Rhizobium yanglingense
Rhizobium tropici
Rhizobium oryzae
Rhizobium undicola
Rhizobium sullae
Rhizobium indigoferae

Rhizobium giardinii

© University of Pretoria

Hou et al., 2009

Ren et al., 2011

Yao et al., 2011

Pulawska et al., 2011

Xu et al., 2011

Wang et al., 2010
Ramirez-Bahena et al., 2008
Gu et al., 2008

Han et al., 2008
Ramirez-Bahena et al., 2008
Garcia-Fraile et al., 2007
Valverde et al., 2006

Van Berkum et al., 1998
Tan et al., 2001
Martinez-Romero et al., 1991
Peng et al., 2008

De Lajudie et al. 1998b ; Young et al., 2001
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Ensifer

Rhizobium leguminosarum
Rhizobium galegae
Rhizobium etli

Rhizobium gallicum
Rhizobium daejeonense
Rhizobium leossense
Rhizobium hainanense
Rhizobium fabae
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Ensifer americunum
Ensifer (Sinorhizobium) sojae
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Ensifer meliloti

Ensifer medicae
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Mesorhizobium

Ensifer saheli

Ensifer kummerowiae

Ensifer xinjiangense
Mesorhizobium metallidurans
Mesorhizobium shangrilense
Mesorhizobium robiniae
Mesorhizobium gobiense
Mesorhizobium tarimense
Mesorhizobium opportunistum
Mesorhizobium alhagi
Mesorhizobium camelthorni
Mesorhizobium australicum
Mesorhizobium caraganae
Mesorhizobium albiziae
Mesorhizobium amorphae
Mesorhizobium chacoense
Mesorhizobium huakuii
Mesorhizobium septentrionale
Mesorhizobium temperatum
Mesorhizobium loti
Mesorhizobium ciceri
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Mesorhizobium plurifarium
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Shinella

Mesorhizobium tianshanense
Bradyrhizobium japonicum
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Bradyrhizobium lablabi
Bradyrhizobium pachyrhizi
Bradyrhizobium jicamae
Bradyrhizobium iriomotense
Bradyrhizobium elkanii
Bradyrhizobium yuanmingense
Bradyrhizobium liaoningense
Bradyrhizobium canariense
Methyllobacterium nodulans
Azorhizobium doebereinerae
Azorhizobium caulinodans
Phyllobacterium trifolli
Phyllobacterium leguminum
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Ochrobactrum ciceri
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Imran et al., 2010

Trujillo et al., 2005

Lin et al., 2008
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Table 4: Known nodulating Beta-rhizobia

Genus Species Legume of isolation Reference
Burkholderia Burkholderia tuberum Aspalathus carnosa Vandamme et al., 2002
Burkholderia sabiae Mimosa caesalpiniifolia Chen et al., 2008
Burkholderia nodosa Mimosa bimucronata & Mimosa scabrella Chen et al., 2007
Burkholderia phymatum Machaerium lunatum Vandamme et al., 2002
Burkholderia mimosarum Mimosa species Chen et al., 2006
Burkholderia caribensis Tropical legumes and Soil Achouck et al., 1999; Vandamme et al., 2002
Cupriavidus Cupriavidus taiwanensis Mimosa pudica & Mimosa diplotricha Chen et al., 2001
Herbaspirillum Herbaspirilum lusitanum Phaseolus vulgaris Valverde et al., 2003

67

© University of Pretoria



(02&

Table 5: Burkholderia species of importance isolated from plants, soil and rhizosphere

Burkholderia species

Source of Isolation

Capabilities

Reference

Burkholderia terrae
Burkholderia tropica
Burkholderia unamae
Burkholderia silvantlatica
Burkholderia vietnamiensis
Burkholderia kururiensis
Burkholderia soli
Burkholderia sacchari
Burkholderia xenovorans
Burkholderia terricola & B.hospita
Burkholderia ginsengisoli
Burkholderia graminis
Burkholderia phytofirmans
Burkholderia sartisoli

Burkholderia caribensis

Forest soil

Sugar cane, maize & rhizosphere
Rhizosphere

Rhizosphere of sugar cane & maize
Rice

Aquifer dumping site

Soil

Soil

Contaminated soil

Soil

Soil

Rhizosphere & Soil

Onion roots, Rhizosphere & Soil
Contaminated soil

Vertisol micro aggregates

Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation

Nitrogen fixation

Yang et al., 2006

Reis et al., 2004
Caballero-Mellado et al., 2004
Perin et al., 2006

Gillis et al., 1995

Estrada de Los Santos et al., 2001
Yoo et al., 2007

Bramer et al., 2001

Goris et al., 2004

Goris et al., 2002

Kim et al., 2006

Viallard et al., 1998

Sessitsch et al., 2005
Vanlaere et al., 2008
Vandamme et al., 2002
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on the DNA sequence information for the genes rpoB, atpD
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2.1 Abstract

Burkholderia species originating from the root nodules of Papilionoid legumes
indigenous to the Cape fynbos floristic area, were identified and characterized in this
study. For this purpose a set of 69 Burkholderia isolates were subjected to multilocus
sequence analysis (MLSA) based on three gene regions, rpoB, atpD and gyrB.
Phylogenetic analysis of the rpoB and atpD allowed identification of 25 groups of
isolates, which corresponded to those identified in a previous study using small
subunit ribosomal RNA gene sequences. However, analysis of the gyrB gene
sequences resulted in groupings that were incongruent with those inferred from the
other genes. Subsequent sequence analysis of multiple cloned gyrB products revealed
that various isolates harbour at least 2 copies of the gene, which limits its value in
MLSA. Nevertheless, the groups inferred using rpoB and atpD each likely correspond
to distinct species of Burkholderia. Of these some are novel, while others represent
members of existing species such as B. tuberum. Future research should seek to
characterize these novel species at the phenotypic level to allow their formal

description.
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2.2 Introduction

The genus Burkholderia falls within Beta-Proteobacteria ribosomal RNA (rRNA)
homology group Il and contains more than fifty described species (Palleroni et al.,
1973; Woese, 1987; Bontemps et al., 2010). The first species of this genus originally
formed part of Pseudomonas, but as molecular characterization advanced Yabuuchi
and colleagues (1992) reclassified five of the Pseudomonas species as belonging to
the genus Burkholderia. The majority of the Burkholderia species are known
pathogens of plants, humans and animals (Coenye & Vandamme, 2003; Woods &
Sokol, 2006; Valvano et al., 2005; 2006), while others have been reported to inhabit a
wide range of environments, including the rhizosphere, soil, water and even fungi
(Coenye & Vandamme, 2003; Coenye et al., 2001; Partida-Martinez et al., 2007;
Bontemps et al., 2010). The known nodulating species include B. mimosarum, B.
phymatum, B. tuberum, B. sabiae and B. nodosa (Vandamme et al., 2002; Chen et al.,
2006; 2007; 2008).

The fact that some species of this genus are non-pathogenic and can form a symbiotic
relationship with plants was only discovered relatively recently (Moulin et al. 2001).
Some authors suggest that the types of methods used in rhizobial species
identification, such as phenotypic techniques (e.g. specific agar colony morphology
and plant characters) actually hindered earlier discovery that subclasses of
Proteobacteria other than Alpha-Proteobacteria can also nodulate legumes (Rivas et
al., 2009b). They suggest that the inclusion of 16S rRNA sequence information
contributed greatly in rhizobia discovery (Moulin et al., 2001; Rivas et al., 2009b)
and also transformed the way that species of the genus Burkholderia were
distinguished (Bontemps et al., 2010). However, the reliability of 16S rRNA sequence
analysis for species identification has been questioned due to its slow evolutionary
rates and the low phylogenetic resolution it provides (Fox et al., 1992; Yamamoto et
al., 2000). Also, for rhizobial gene analyses, the 16S rRNA was reported to be of
limited use because it can undergo recombination and lateral gene transfer (Eardly et
al., 2005; Van Berkum et al., 2003; Vinuesa et al., 2005; Boucher et al., 2004; Acinas
et al., 2004). This is also true for protein coding genes, as previous reports on rhizobia
indicated that the outcomes presented by a 16S rRNA analysis do not always match

those for genes such as dnaK (Stepkowski et al., 2003), atpD and recA (Gaunt et al.,
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2001). Species description using a single gene is therefore widely discouraged
(Hanage et al., 2005; 2006; Bishop et al., 2009).

Various authors suggest that multiple gene regions should be analysed during
bacterial species description, even to a subspecies level (Gevers et al., 2005; Hanage
et al., 2006). Multilocus sequence analysis (MLSA) is the technique whereby single
copy protein coding genes are sequenced and, if possible, concatenated in order to
describe bacterial species (Gevers et al., 2005). Protein coding genes usable during
MLSA can be recA (which encodes the recombinase A protein), rpoA (which encodes
the a-subunit of RNA polymerase), rpoB (which encodes the B-subunit of RNA
polymerase), gyrB (which encodes the B-subunit of DNA gyrase), rpoD (which is a
sigma factor allowing promoter-specific transcription) (Lonetto et al., 1992;
Eisen,1995; Yamamoto & Harayama, 1995; Mollet et al., 1998; Yamamoto et al.,
2000; Zeigler., 2003), and atpD (which encodes the B-subunit of the membrane ATP
synthase) (Gaunt et al., 2001). For the characterization of rhizobial species, protein
coding genes such as recA, atpD and rpoB have already been used to determine
genetic evolution within the genus Bradyrhizobium (e.g., Steenkamp et al., 2008;
Vinuesa et al., 2008). Also, MLSA studies using housekeeping genes to determine
taxonomy within the genera Ensifer (Martens et al., 2008) and Bradyrhizobium (Rivas
et al., 2009a), have demonstrated better resolution up to subspecies level when
compared to DNA-DNA hybridization (Martens et al., 2008), together proving to be
more informative (Rivas et al., 2009b).

Reports on legume nodulation by Burkholderia species indicate a prominent
association with Mimosa species in the subfamily Mimosoideae (Barret & Parker,
2005; Elliott et al., 2007; 2009; Bontemps et al., 2010). Not much is known about the
nodulation capabilities of these rhizobial species on legumes in the other two
subfamilies, Papilionoideae and Caesalpinioideae (Garau et al., 2009). According to
Garau and colleagues (2009), this is especially true for the herbaceous legumes
occurring in Africa. Since the description of B. tuberum STM 678 from Aspalathus
carnosa (Vandamme et al., 2002), there has been no other novel Burkholderia species
formally described from South Africa (Garau et al., 2009; Elliott et al., 2007
Vandamme et al., 2002; Moulin et al., 2001). Recently, Beukes et al. (2008) reported
that at least 25 diverse groups of Burkholderia isolates are associated with legumes in
the Cape fynbos tribes Hypocalypteae and Podalyrieae in the Genistoid Clade (Polhill

73
© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

et al., 1981; 1994; Schutte & Van Wyk, 1998a; b) of the subfamily Papilionoideae.
These included a range of Cyclopia species, Virgillia oroboides, and Podalyria
calyptrate (all from the tribe Podalyriea) as well as all three Hypocalyptus species
(from the tribe Hypocalypteae) (Dahlgren, 1972; Késs & Wink, 1996; Schutte & Van
Wyk, 1998a; b). The aim of this study was therefore to characterize the isolates
obtained in this previous study, making use of an MLSA approach based on the DNA
sequence information for the genes, atpD, rpoB and gyrB.

2.3 Materials and Methods

2.3.1 Bacterial isolates

Sixty nine Burkholderia isolates originating from root nodules of Podalyria,
Hypocalyptus, Virgilia and Cyclopia species were included in this study (Table 1). In
a previous study, these isolates were divided into 25 groups or lineages (SA 1-25) that
were thought to represent distinct species (Beukes et al., 2008; unpublished data). The
isolates were routinely grown at 28°C on Tryptone Yeast Agar (TYA) [5 g/l tryptone
(Oxoid, England); 3 g/l yeast extract (Merck, South Africa); 15 g/l bacteriologic agar
(Merck, South Africa)] or in Tryptone Yeast Broth (TYB) both enriched with 0.088
g/l CaCl..2H20 (Merck, South Africa). All the cultures are maintained in the
Rhizobial Culture Collection (FABI), University of Pretoria, South Africa.

2.3.2 DNA extraction

For DNA extraction, a single, pure colony of each isolate grown on TYA was
transferred to test tubes containing TYB. After four to five days in a 28°C shaking
(130-150 rpm) incubator, DNA was extracted from the isolates employing a method
using Phenol-Chloroform-Isoamylalcohol [25:24:1] (Sambrook et al., 1989). For this
purpose, the bacteria in 1ml of broth were harvested in 1.5ml Eppendorf tubes using
centrifugation (3824 rcf) for 5 min. The procedure was repeated in the same tube until
all the bacteria in the 5 ml test tube were collected in the one Eppendorf tube. The
pelleted cells were then resuspended in 250 pl TES buffer [100 mM Tris-HCI (pH 8);
10 mM EDTA (ethylene diamine tetraacetate, pH 8); 2 % (wt/vol) SDS (Sodium
dodecyl sulphate)] containing 0.2 mg/ml Proteinase K (Sigma Aldrich).

74
© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

The mixture was frozen at -70°C for 15 min, and then incubated at 62-64°C for 1 h.
This was followed by the addition of 0.3 volumes 5 M NaCl (Merck, South Africa)
and 0.1 volumes of 10 % (wt/vol) CTAB [Hexadecyltrimethyl-ammonium bromide]
(Murray & Thompson, 1980; Steenkamp et al., 1999), after which the mixtures were
incubated at 65°C for 10 min. To each of these mixtures, one volume of Phenol-
Chloroform-Isoamylalcohol was added followed by homogenization. These extraction
mixtures were incubated on ice for 30 min and then centrifuged (20227 rcf) for 15
min at room temperature, after which the aqueous phase was transferred to a fresh
tube. This extraction step was continuously repeated on the aqueous phase until the
aqueous-organic interphase was clear. Finally, residual phenol was removed from the
aqueous phase using a chloroform extraction. The nucleic acid in the aqueous phase
was then precipitated in a fresh tube using 0.6 volumes isopropanol (Merck, South
Africa) and stored overnight at -20°C. The precipitated nucleic acid was then
harvested using centrifugation (20227 rcf) at 4°C for 30 min. The precipitates were
washed with an excess of 70% ethanol and centrifuged again (20227 rcf) at 4°C for
20-30 min. The pelleted nucleic acids were then air dried and resuspended in 50 pl
autoclaved distilled water. All stock solutions of the nucleic acid extracts were kept at

-20°C for future use.

2.3.3 PCR and sequencing

To amplify a portion of the atpD gene, primers atpDF (5’GAT CGT ACA GTG CAT
CGG3’) and atpDR (5 ATC GTG CCG ACC ATG TAG3’) (Baldwin et al. 2005)
were used. To amplify a portion of the gyrB gene, primers gyrB1F (5°GAC AAC GGC
CGC GGS ATT CC 3°) and gyrB2R (5°CAC GCC GTT GTT CAG GAA SG 3’)
(Tayeb et al., 2008) were used. For amplification of a portion of the rpoB gene, the
primers RpoB-1394F (5° TGG CGG AAA ACC AGT TCC GCG 3’) and RpoB-
2430R (5 AGC CGT TCC ACG GCA TGA ACG 3’) were designed using the
software Bioedit version 5.0.9 (Hall, 1999) and Primer3 (Rozen & Skaletsky, 1999)
and synthesized commercially (Ingaba Biotech, South Africa).

All amplification reactions were achieved by using Faststart Tag DNA polymerase
(Roche diagnostics, GmbH, Germany). Each 50 pl-reaction mixture contained 0.20
MM of each primer, and 50-100 ng of template DNA, 2.5 mM MgCl, 0.25 mM of
each dNTP, 0.1 U/ul Faststart Taq and Reaction Buffer. The cycling conditions for
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gyrB started with an initial denaturation at 94°C for 15 min, followed by 35 cycles of
denaturation at 94°C for 1 min, annealing at 65°C for 1 min and elongation at 72°C for
2 min. The PCR conditions for rpoB started with an initial denaturation at 94°C for 15
min, followed by 40 cycles of denaturation at 94°C for 10s, annealing at 65°C for 20s
and elongation at 72°C for 50s. The cycling conditions for atpD PCRs started with an
initial denaturation at 94°C for 15 min, followed by 30 cycles of denaturation at 94°C
for 1 min, annealing temperature at 59°C for 1 min and finally elongation at 72°C for
2 min. All PCRs were concluded with a final elongation step at 72°C for 5 min. All
PCRs were conducted using either a BIO-RAD iCycler (Hercules, California, USA)
or GeneAmp (Applied Biosystems, Foster City, CA) PCR machine.

PCR products were analysed using 1% (wt/vol) agarose (White Scientific, South
Africa) gel electrophoresis (Sambrook et al., 1989) and purified with an equal volume
of a sterile precipitation buffer [20% (wt/vol) polyethylene glycol; 2.5 M sodium
chloride] (Steenkamp et al., 2006). Purified PCR products were sequenced using the
same PCR machines and PCR primers as before for each gene [except atpD for which
sequencing primers described by Baldwin et al. (2005) were used]. PCR products
were sequenced using the Big Dye terminator version 3.1 cycle sequencing kit
(Applied Biosystems, Foster City, CA) and an automated ABI 377 sequencer
(Applied Biosystems).

The gyrB PCR products for 14 isolates were cloned using the pGEmT-Easy vector
cloning kit (Promega) and DH5a competent cells (Hanahan, 1983; Invitrogen),
according to the manufacturers’ instructions. For this purpose the PCR products were
purified using the QIlAquick PCR purification kit according to the manufactures
instructions (QIAGEN, Germany). Cloned inserts were amplified directly from
transformed colonies using vector-specific primers T7 (5 TAA TAC GAC TCA CTA
TAG GG 3’°) and SP6 (5° TAT TTA GGT GAC ACT TAT AG 3’) primer. The
constituents of these reaction mixtures were the same as before, except that individual
bacterial colonies were added directly to the reaction as templates. The cycling
conditions included an initial denaturation step at 94°C for 2 min followed by 30
cycles of 94°C for 30 s, 52°C for 30 s and 72°C for 2 min, and final elongation step at
72°C for 7 min. PCRs were purified and sequenced as described above and at least

two clones for each product were sequenced.
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2.3.4 Phylogenetics of rpoB, atpD and gyrB

Chromas lite 2.0 (Technelysium) together with Bioedit were used for editing
mismatches in the forward and reverse sequences and to create consensus sequences
for each isolate. These consensus sequences were compared to all bacterial sequences
within the GenBank database of the National Centre for Biotechnology Information
(http://www.ncbi.nih.gov.innopac.up.ac.za/) by making use of the blastn function.

For each gene, a separate dataset was compiled in Bioedit that included the sequences
generated here, as well as those for the type strains of the Burkholderia species, which
were downloaded from GenBank. These individual datasets were then subjected to
multiple sequence alignment with MAFFT (multiple sequence alignment based on
fast Fourier transform) Version 6 (Katoh et al. 2002). The alignment files generated
by this software were then used to determine the most appropriate models of
nucleotide substitution for the respective genes by making use of jmodeltest (Posada
& Crandall, 1998; Posada 2008; 2009). The model parameters determined in this way
was then used in Phyml_3.0 version (Guindon et al., 2003) to construct Maximum
likelihood (ML) (Guindon & Gascuel, 2003) phylogenetic trees. Branch support was
estimated using the same model parameters and 1000 bootstrap replicates. The
datasets were also subjected to analyses based on Bayesian Inference, using MrBayes
version 3.1 (Ronquist et al., 2005) and the best-fit model parameters. Bayesian
analysis of the atpD, rpoB and gyrB datasets utilized respectively 2 000 000, 2 000
000 and 6 000 000 generations, and in all cases sampling of every 100" trees. The
trees generated post-stationarity were summarized and Bayesian posterior
probabilities were calculated by making use of a burnin of 500 for atpD and rpoB,
then a burnin of 10 000 for gyrB.

2.4 Results

2.4.1 PCR and sequencing

After PCR, the rpoB primers amplified a fragment of about 1000 bp (base pairs). The
sequences of these fragments were most similar (~ 97% identity) to those of isolates
in the genus Burkholderia in GenBank. The atpD primers generated a fragment of
about 1200 bp, and the sequences of these products were also (~97%) similar to those

of other Burkholderia isolates in the database. PCR with the gyrB primers allowed
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amplification of a fragment of approximately 500 bp, again with sequence similarities

to known Burkholderia isolates in the GenBank database of ~ 97%.

When the consensus sequences for gyrB were used in phylogenetic analyses (see
below), a phylogeny that was incongruent with those inferred from the other gene
regions were produced. To discount the possibility that this gene might be encoded
from multiple gene copies, the gyrB PCR products for 14 isolates were cloned. In all
cases, analyses of different cloned inserts from a single isolate revealed the presence
of distinct sequences. For example, the sequences for isolate WK1.1e differed at 298-
300 positions, while those for WC7.3 differed at 250-267 positions.

2.4.2 Phylogenetic analysis of rpoB

The rpoB alignment was 702 nucleotides in length and jmodeltest indicated that the
best-fit substitution model for this dataset is Trn (Tamura & Nei, 1993) with gamma
(G) rate parameter of 0.5050 and a value of 0.4320 for the proportion invariable sites
(. ML and Bayesian analysis using this information generated a well resolved tree
for the rpoB data (Figure 1) in which various groups or lineages where groups
consisting of two or more isolates clustered with high bootstrap values were found.
The groups or lineages were given the same names (SA 1 to SA 25) as in a previous
study (Beukes et al., 2008; unpublished data).

The availability of sequence information for rpoB in Burkholderia type species are
limited, compared to that for the 16S rRNA sequences (Adekambi et al., 2009). As a
result, only two type species grouped close to isolates examined in this study (Figure
1). For example, SA 20 clustered with the well-known nodulating species
Burkholderia tuberum. The same type species is also closely related to SA 22, but

otherwise, no other type species clustered with the examined Burkholderia isolates.

For this gene, however, some species groups were seen within other groups (e.g.
group SA 15 within SA 17). Isolates of SA 15 (HC1.1be & HC1.1.a2), instead of being
separated into their own cluster within the tree, were found inside the SA 17 cluster.
Also, isolate WK1.1e clustered with SA 21 isolate HC1.1bd, instead of with the other
SA 20 isolates.
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2.4.3 Phylogenetic analysis of atpD

The atpD alignment was 1004 nucleotides in length and jmodeltest indicated that the
best-fit substitution model for this dataset is TIM3 (Posada, 2008) with G=0.6410 and
I=0.5670. ML and Bayesian analysis using this information generated a well resolved
tree for the atpD data (Figure 2) and groupings similar to those observed for rpoB
were inferred. Similar to the trend observed in the rpoB tree, only one isolate (Cses4)
of SA 18 clustered with SA 19 instead of with the other two SA 18 isolates. As with
the rpoB data, SA 22 again clustered within SA 20. The SA 20 isolate WK1.1e (though
still in its original group with a bootstrap value of 99% to its cluster as a whole)
groups with SA 21 and SA 23 isolates. Also similarly to the rpoB tree, group SA 15
and SA 16 are grouping within SA 17.

Group SA 20 normally group with Burkholderia tuberum in other gene phylogenies
(Beukes et al., 2008; unpublished data), but at the time of this study, the type strain
was in the process of genome sequencing on the NCBI site, thus results were not
accessible. For that reason, this study was unable to demonstrate group SA 20 isolates
clustering with this type strain as in the rpoB and gyrB (see below) phylogenies. The
analysis also included only three type strains. These type strains clustered with some
of isolates included here, but the most notable was SA 25 that grouped with B.

phymatum.

2.4.4 Phylogenetic analysis of gyrB

The gyrB alignment was 416 nucleotides in length and included two different
sequences from cloned fragments for SA 20 isolates (KB 1A, HC6.4b, WK1.1e, UCT
2, UCT 15, UCT 31, Clong3, Cpub6, CI2 and CI3 ) and SA 23 isolates (WC7.3b,
WC.3d and WC7.3g). The analysis with jmodeltest indicated that the best-fit
substitution model for this dataset is GTR (Tavare, 1986) model with G=0.5640. ML
and Bayesian analysis using this information generated a well resolved tree (Figure
3).

Considering the results from the phylogenetic analysis (Figure 3), the gyrB phylogeny
gave varying results for the SA 20 and SA 23 isolates. These varying groupings were
also visible from the alignment when the nucleotides were converted to amino acid

sequences (not shown). SA 20 separated into two big groups which were not
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clustering from the same lineage. Some single isolates grouped into other groups such
as SA 12 and SA 19. Most interestingly, the other big group of SA 20 clustered
together with group SA 25 isolates. SA 25 isolates normally group with type strain
Burkholderia hospita (Beukes et al., 2008; unpublished data).

Looking into the nucleotide and amino acid alignment before cloning and after
cloning (data not shown), isolates from SA 20 that are clustering with SA 25 have
twelve nucleotides on position 262-279 [two codons of six amino acids (ADGERL),
position 88-93] and 348-351 [one codon of three amino acids (LEI), position 115-
117) which they share with group SA 25 type strains Burkholderia hospita and

Burkholderia caribensis.

Interestingly, after group SA 20°s cloning experiment, some of the cloned inserts
clustered together in the tree, e.g. UCT 2 clone 1 and clone 2 in group SA 20 grouped
close to each other. But there were some isolates’ cloned sequences which
demonstrated big differences and grouped in completely different places in the
phylogenetic tree, e.g. UCT 31 clone 1 and UCT 31 clone 2 of SA 20 cluster. This was
also true for the cloned sequences of SA 23 (e.g. WC7.b clone 1 and WC7.3b clone 2)
which demonstrated big differences on the phylogenetic tree by grouping in different

lineages (Figure 3).

2.5 Discussion

General congruence of atpD, rpoB with previous 16S rRNA data was shown from this
study. Overall results confirm that atpD and rpoB support the twenty five groups or
lineages inferred from the 16S rRNA data (Beukes et al., 2008; unpublished data).
The main reason for conducting the phylogenetic analysis described here was to
confirm the identities of the various groups or lineages as either novel or conspecific
with known species. This was true in most cases, but a number of notable exceptions
were observed where a group of isolates potentially representing a distinct species
grouped within another potentially distinct group (e.g. SA 15, SA 17 and SA 18). A
number of instances were also observed in which an isolate group is well supported in
one tree, but split in another (e.g., WK1.1e that does not group with other SA 20
isolates in the rpoB tree). These findings thus present the question of whether some of
the 25 lineages or groups do not, in fact, represent members of the same larger

species.
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There are exceptions associated with the atpD, rpoB and 16S rRNA data, although
they demonstrated much congruency in their species groupings. The atpD sequence of
one type strain, B. tuberum, which groups within species group SA 20 in rpoB and
16S rRNA (Beukes et al., 2008; unpublished data), is presently not available.
Therefore it was not easy to see how the type strain could have clustered with the
same species as in rpoB. For atpD, group SA 20 is well separated but “harbours” some
other strains of group SA 21, SA 22 and SA 23, whereas in rpoB group SA 20 only
included one isolate of SA 22. Concerning atpD, there was one isolate of group SA 18
(Cses4) which clustered in group SA 19, despite the fact that Cses4 was sequenced
several times to try and resolve the issue. Also, on the rpoB phylogeny, SA 13 and SA
14 clustered together with a high bootstrap value compared to atpD which resolved
them differently and far away from each other. One reason for these exceptions could
be that the sequences for relevant type species are not available from NCBI compared
to rrs where almost all type strains have been sequenced (Martens et al., 2008).
Limited taxon sampling may also be a confounding factor, as a large proportion of the
identified lineages are represented by single isolates. However, these limitations
would only be responsible for some of the observed exceptions, as the evolutionary
forces determining the sequences of the respective bacteria undoubtedly play a
significant role. Also, as stated above, some of the groups and lineages delineated
here may in actuality be conspecific.

In this study, the rpoB phylogeny was very similar to that inferred previously from the
16S rRNA. In fact, Adekambi et al. (2009) demonstrated that rpoB generally
performs better than 16S rRNA and they encourage the incorporation of this gene in
most bacterial species description (Adekambi et al., 2009). The reason for its value as
taxonomic marker has been suggested to be its high level of conservation throughout
evolution (Darst, 2001). Also, in ecological studies of bacteria, rpoB has been
recommended as phylogenetic marker for species identification even to subspecies
level in comparison to the 16S rRNA (Case et al., 2007). For the genus Burkholderia,
the analysis of rpoB sequence data also produced better phylogenetic resolution than
what has been inferred from the 16S rRNA data (Tayeb et al., 2008).

The results of this study demonstrated that the use of gyrB gene information for
identification and delimitation of Burkholderia species are limited. This is because

more than one copy of the gene was detected in all of the 14 isolates analyzed (Fig.
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3). Although the copies present in one isolate grouped together in some instances
(e.g., WC7.3d and UCT?2), this was the exception, rather than the rule. In most cases,
the two copies from an isolate did not group together (e.g., Cpub6; UCT31; CI2) or
even from part of the same lineage (e.g., WC7.3g; Clong3; UCT70). The gyrB thus
seems to have been duplicated more than once during the evolutionary history of this
genus. Therefore, gyrB is not a single copy gene for Burkholderia, but more
importantly, phylogenetic analyses of its various sequences do not support those
inferred with other housekeeping loci.

A possible reason for the observed incongruence between the gyrB and other trees is
that this gene is subject to lateral gene transfer (Martens et al., 2008). Similar
discrepancies in phylogeny of single gene trees between gyrB and other genes have
also been reported for Bradyrhizobium (Rivas et al., 2009a; Nzoue et al., 2009). There
are, however, examples where gyrB was regarded as a good phylogenetic marker.
These include Ensifer, for which MLSA studies demonstrated the reliability of this
gene during rhizobial species characterization (Martens et al., 2008). Another
example is the genus Pseudomonas in which this gene was reported as one of the
optional genes to be used for bacterial phylogenies (Yamamoto & Harayama, 1995;
Xiao et al., 2007). For Acinetobacter, Yamamoto et al. (1999) demonstrated that the
results from gyrB sequencing correlated well with DNA-DNA hybridization for
species demarcation (Yamamoto et al., 1999). As a protein coding gene it
demonstrated superior resolution and evolution rate to that of the 16S rRNA in one of

the Pseudomonas species (Yamamoto & Harayama, 1998).

2.6 Conclusions

This MLSA study demonstrates that using several protein coding genes, such as rpoB,
atpD and gyrB, can produce better phylogenies than 16S rRNA alone. Although an
incongruent result from gyrB was seen, it can still be used for this genus, together
with other housekeeping genes. Depending on the bacterial genus under study, a gene
region can only be a good marker for that specific genus (Nzoue et al., 2009) if the
gene can produce reliable phylogenies such as the positive conclusions by Yamamoto
& Harayama (1995). Above all, atpD and rpoB demonstrated similar groups,
supporting previous phylogenies done by Beukes et al. (2008). In Chapter three, the
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25 groups or lineages of Burkholderia will be further characterized at the phenotypic

level to facilitate formal description of the novel species identified.
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2.8 Tables

Table 1: Burkholderia Isolates included in the present study

Legume species of isolation Isolate codes Area of isolation in the Cape Floristic Region
(S. Africa)

Hypocalyptus sophoroides WK1.1a Old Dutoit’s kloof

WK1.1c Old Dutoit’s kloof

WK1.1d Trapped using WK1 soil

WK1.1le Trapped using WK1 soil

WKZ1.1f Trapped using WK1 soil

WK1.1g Trapped using WK1 soil

WK1.1h Trapped using WK1 soil

WK1.1i Trapped using WK1 soil

WK1.1j Trapped using WK1 soil

WK1.1k Trapped using WK1 soil

WK1.1m Trapped using WK1 soil
Hypocalyptus oxalidifolius RAUG6.4a Trapped using 6.4 soil

RAU6.4b Trapped using 6.4 soil

RAU6.4d Fernkloof nature reserve in Hermanus

RAUG.4f Fernkloof nature reserve in Hermanus
Hypocalyptus coluteoides RAU 2b N2 at Storms River Bridge

RAU 2¢ N2 at Storms River Bridge

RAU 2d N2 at Storms River Bridge

RAU 2d2 N2 at Storms River Bridge

RAU 2f N2 at Storms River Bridge

RAU 2¢g N2 at Storms River Bridge

RAU 2h Trapped using RAU 2 soil

RAU 2i Trapped using RAU 2 soil

RAU 2j Trapped using RAU 2 soil

RAU 2k Trapped using RAU 2 soil

RAU 2| Trapped using RAU 2 soil
Virgilia oroboides Kb 1A Kirstenbosch in single tree

Kb 2 Kirstenbosch in single tree

Kb 6 Kirstenbosch in single tree

Kb 12 Kirstenbosch in single tree

Kb 13 Kirstenbosch in single tree

Kb 14 Kirstenbosch in single tree

Kb 15 Kirstenbosch in single tree

Kb 16 Kirstenbosch in single tree
Podalyria calyptrata WC 7.3a Paarl rock nature reserve

WC 7.3b Paarl rock nature reserve

WC 7.3c Paarl rock nature reserve

wC 7.3d Paarl rock nature reserve

WC 7.3f Paarl rock nature reserve

WC 7.3g Paarl rock nature reserve
Hypocalyptus sophoroides HC 1.1a(1) Trapped from Old Dutoit’s kloof Pass

HC 1.1a(2) Trapped from Old Dutoit’s kloof Pass

HC 1.1a(3) Trapped from Old Dutoit’s kloof Pass

HC 1.1b(a) Trapped from Old Dutoit’s kloof Pass

HC 1.1b(b) Trapped from Old Dutoit’s kloof Pass

HC 1.1b(c) Trapped from Old Dutoit’s kloof Pass

HC 1.1b(d) Trapped from Old Dutoit’s kloof Pass

HC 1.1b(e) Trapped from Old Dutoit’s kloof Pass

HC 1.1b(h) Trapped from Old Dutoit’s kloof Pass
Hypocalyptus oxalidifolius HC 6.4b Trapped from soil of Fernkloof Nature Reserve
Cyclopia buxifolia CB2 Heldeberg, Somerset-West
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Cyclopia genesitoides
Cyclopia genesitoides
Cyclopia glabra
Cyclopia glabra
Cyclopia Intermedia
Cyclopia Intermedia
Cyclopia Intermedia
Cyclopia longifolia
Cyclopia longifolia
Cyclopia maculata
Cyclopia maculate
Cyclopia meyeriana
Cyclopia meyeriana
Cyclopia sessiliflora
Cyclopia sessiliflora
Cyclopia pubescens
Cyclopia sessiliflora
Cyclopia subternata

Rein’s Farms

Constantiaberg

Matroosberg

Unknown

Dennehoek, Joubertina
Dennehoek, Joubertina
Dennehoek, Joubertina
Thornhill, Humansdorp
Thornhill, Humansdorp
Paarlberg, Paarl

Jonkershoek

Hottentots Holland Mountain
Hottentots Holland Mountain
Plattekloof, Heidelberg
Callie’s Farm, Heidelberg
Next to N1; Port Elizabeth
Grootvadersbosch
Dennehoek, Joubertina

© University of Pretoria
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Phenotypic characterization of indigenous Burkholderia isolates
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3.1 Abstract

Sixty nine novel Burkholderia isolates, reported to be nodulating Papilionoid legumes from the
Cape floristic area, were characterized using phenotypic techniques. The methods used for these
novel species characterization included morphology and colony size on four different media,
Gram staining, cell dimension measurements under light microscopy, and growth ability in two
different salt concentrations in tryptone yeast broth. The isolates were also tested for their ability
to utilise, oxidise, ferment, assimilate and reduce certain carbon sources and dehydrated
substrates using two commercially available assay kits: Biolog GN2 and APl 20NE. This
allowed confirmation of the Gram negative nature of the bacteria and also showed that they all
have more or less the same cell size. There was also no variation in their ability to grow on
Tryptone yeast broth with different salt concentrations. UPGMA analysis of the Biolog GN2 and
API 20NE test results with Bionumerics revealed groupings that match those observed from
previous analyses of different housekeeping gene sequences. When the results are compared to
the phenotypic characters of other described nodulating Burkholderia species, the results could

support the proposal that most of the species groups are novel species
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3.2 Introduction

A widely used and approved method for bacterial species description is the polyphasic approach
which encompasses both genotypic and phenotypic methods (Wayne et al., 1987; Vandamme et
al., 1996; Stackebrandt et al., 2002). According to literature, the majority of prokaryotes still
needs to be explored and described. Microbiologist suggests that only a portion of the globally
existing diverse microbes are known (Schleifer, 2004; Schleifer et al., 2006; Pontes et al., 2007).
Some authors propose that this gap in the number of described and existing prokaryotic species
is due to the requirement for pure culture-based characteristics resulting in a species description
based on the unique phenotypic characteristics for each microbe being described (Rossello-Mora
& Amann, 2001; Schleifer, 2004; Hanage et al., 2006). Some emphasize that the procedures are
laborious, time-consuming and in great need of standardization (Rossello-Mora & Amann, 2001,
Gevers et al., 2006). Despite all these objections the phenotypes of microorganisms and their
chemotaxonomy are still important during description, especially in order for the species to be
validated (Wayne et al., 1987; Stackebrandt et al., 2002; Schleifer et al., 2006; Hanage et al.,
2006). These phenotypic traits include characters based on physiology, growth in culture,
morphology and metabolic aspects (Rodriguez-Valera, 2002; Brenner et al., 2005; Staley, 2006;
Fenchel & Finlay, 2006).

Even though microbial systematics makes use of much more updated molecular techniques to
address prokaryotic taxonomy, some propose that there is no technique which will remove the
importance of pure culture-based methodologies in species identification and description
(Schleifer et al., 2006). There are several reasons why phenotypes are of importance: they are
detectable and visible features of micro-organisms, and they also reflect the state of genotypic
information to the outside world (Rossello-Mora & Amann, 2001). Phenotypes also permit
microbiologists to ascertain the growth nature of bacteria which in turn gives them the ability to
make a distinction between strains and species (Bochner, 2009). Phenotypes further allow
microbiologists a better understanding of the general importance, environmental roles and the
beneficial or detrimental associations of prokaryotic species (Fenchel & Finlay, 2006). An
understanding of the phenotypic characters of species is also important in terms of industrial
biotechnology in order to exploit them commercially (Pontes et al., 2007).
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In general, phenotypic tests for the description of prokaryotic isolates have been divided into
categories of those that demonstrate “chemotaxonomic” characters and those that show
prokaryotes’ “expressed features of classical phenotype characters” (Vandamme et al., 1996).
Expressed features methods include basic morphology, biochemical tests and physiological
characters. Morphological characters may include determination of cell shape and size by light
microscopy (Breed et al., 1957), colony colour, form and dimension, as well as Gram staining
and growth traits on different media (Vandamme et al., 1996). Some of the chemotaxonomic
marker techniques include determination of cellular fatty acids and cell wall composition
(Tindall et al., 2010). Physiological and biochemical characteristics may include utilizing of
carbon, nitrogen and water in a variety of environments (Bochner, 2009). There are also widely
used tests which are directed at determining bacterial fatty acid content, such as FAME (Fatty
acids methyl ester) techniques (MIDI, Inc., Nerwak, Del), those that detect cell wall composition
(Schleifer & Kandler, 1972) as well as tests that detect bacterial polyamines (Busse & Auglin,
1988). A good example comes from the genus Burkholderia. In addition to the various
phenotypic characters known for Burkholderia (Garrity et al., 2005), the members of this genus
are also unique in terms of 3-OH C16:0 fatty acids profiles (Stead, 1992). In fact, Viallard et al.
(1998) demonstrated that Burkholderia differ from Ralstonia in that 3-OH 16:0 fatty acids are
absent from Ralstonia species, which also corresponded to the results of phylogenetic studies
(Viallard et al., 1998).

Phenotype array techniques are extensively used because they allow more efficient
characterization of bacterial species than single phenotypic tests (Bochner, 2009). These array
techniques include tests that simultaneously assay the properties of many biochemical pathways,
by making use of reduction and oxidative tests, carbon and other compounds utilizations or
assimilations. Currently, phenotypic arrays are commercially available from companies such as
bioMerieux (France) and Biolog (USA). For the characterization of rhizobial isolates, a range of
API strip tests (e.g. APl 20E, APl 20NE, API 50CH and API ZYM) (bioMerieux, France) may
be used, which test their abilities to utilize some carbon sources (e.g. APl 50CH), lipids sources
(APl ZYM), to assimilation of a variety of carbon sources and nitrate/nitrite reduction (API
20NE and API 20E). By making use of the Biolog GN and Biolog GN2 plates, the ability of
bacterial isolates to oxidise a variety of carbon sources, by the process of electron transfer when
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bacterial respiration occurs, can be tested (Biolog, USA). The current version of Biolog GN2
microplates allow the identification of a wide variety of Gram negative, aerobic bacterial

isolates, isolated from any environment (Biolog, Hayward, CA).

The genus Burkholderia, as reported in previous studies, encompasses Vvarious species
(Bontemps et al., 2010; http://www.bacterio.cict.fr). Species with beneficial or symbiotic
associations with plants, specifically legumes, also have been described (Moulin et al., 2001;
Vandamme et al., 2002). A number of recent and on-going studies are also exploring the
diversity and richness of this genus (Garau et al., 2009; Compant et al., 2008; Estrada de los
Santos et al., 2001; Elliott et al., 2007). The aim of the current study was to characterize a group
of Burkolderia isolates originating from the root nodules of indigenous Papilionoid legumes at
the phenotypic level. For this purpose, morphology and colony size on four different media,
Gram staining, cell dimension measurements under light microscopy, and growth ability in two
different salt concentrations on tryptone yeast broth were studied. The isolates were also tested
for their ability to utilise, oxidise, ferment, assimilate and reduce certain carbon sources and
dehydrated substrates using Biolog GN2 and APl 20NE.

3.3 Materials and Methods

3.3.1 Bacterial isolates and isolate storage

The sixty nine Burkholderia isolates used in this study originate from the root nodules of diverse
Papilionoideae hosts in the Cape Floristic Region (CFR) (Table 1) and were previously grouped
into 25 species groups (SA1-SA25) based on phylogenetic analyses of housekeeping genes’
sequences (Chapter 2 of this dissertation). All isolates were incubated on Yeast Mannitol Agar
(YMA; [10 g/l D-mannitol, 0.5 g/l KH2PQOg4, 0.2 g/l MgSOs4, 0.1 g/l NaCl, 0.5 g/l yeast extract
and 15 g/l agar] containing Congo red (diphenyldiazo-bis-a-naphtylaminesulfonate dye; 0.025
g/l) at 28°C for four days. Due to the limited ability of rhizobia to absorb Congo red, isolates that
produced light pink or white colour were selected and streaked onto different media in
preparation for a variety of phenotypic tests colonies (Somesegaran & Hoben, 1994). Single
colonies were also streaked onto Tryptone Yeast Agar (TYA) [5 g/l tryptone (Oxoid, England); 3
o/l yeast extract (Merck, South Africa); 15 g/l bacteriologic agar (Merck, South Africa)] enriched
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with 0.088 g/l CaCl2.2H20 (Merck, South Africa) and incubated at 28°C for three to four days.
The colonies were then inoculated into 20% glycerol and frozen at -70°C, where they form part

of the University of Pretoria Rhizobia Culture Collection.

3.3.2 Cultural and macroscopic characterization

Growth characteristics were studied on TYA, Tryptone Soy Agar (TSA; Merck, South Africa)
YMA and MacConkey agar (containing salt but without crystal violet) (Merck, South Africa).
The isolates were incubated aerobically at 28°C for three to four days, except on MacConkey in
which case they were grown at 29°C and 37°C (Reis et al., 2004). Further characterization was
done by testing growth of these isolates at 0.5% (wt/vol) and 1% (wt/vol) NaCl (Merck, South
Africa) in Tryptone Yeast Broth.

3.3.3 Microscopic characterization

Cell morphology and size were determined using Zeiss Stereo phase contrast (DIC) microscopy
and the Auxiovision version 4.8 software. Gram staining was performed according to
Somasegaran and Hoben (1994). This briefly entailed the following steps: homogenization and
spreading of a bacterial colony in a drop of water on a microscope slide with an inoculation loop;
fixing of the air-dried cells to the surface of the slide by passing the slide through the top of a
flame; soaking the fixed cells in Crystal violet (Merck, South Africa) for 60 s followed by a
careful rinse with running tap water; soaking the fixed cells in lodine (Merck, South Africa) for
60 s followed by a careful rinse with running tap water; soaking the cells for 90 s in Acetone
(Merck, South Africa); and finally soaking the cells in Safranine red (Merck, SA) for 35 s
followed by a careful rinse with running tap water. After air drying the slide, cells were viewed

with the oil immersion objective (100X) of the microscope.

3.3.4 Metabolic tests

3.3.4.1 APl 20NE

APl 20NE (bioMerieux, France) strips were used in order to determine the physiological and
biochemical characteristics of the isolates included. This was done following the manufacturer’s

instructions, except for some modifications on incubation period and temperature. The isolates
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for these assays were obtained from the -70°C glycerol stocks and inoculated onto TY A followed
by incubation at 28°C for two to three days depending on the growth rate of each isolate. For
each isolate, a single colony was selected and then grown on TSA for 24 to 48 h (depending on
the isolate) at 28°C. The colonies were then inoculated into tubes containing 2 ml autoclaved
water supplemented with 0.85% (wt/vol) NaCl, by using sterilized throat swabs. These

suspensions were vortexed and compared to 0.5% turbidity of McFarland standards.

The API 20NE incubation trays were sprayed with a small amount of water at the bottom, which
created humidity for the reaction. Each strip was placed in an incubation tray, after which the
first eight wells were inoculated with a 200 ul suspension of bacteria and saline water before
adding mineral oil to the opening of the wells of three substrates (GLU, ADH and URE). The
remaining saline suspension was added to the provided 7 ml APl AUX medium ampules
(BioMerieux, France) and mixed by means of a pipette. Then 200 ul of API AUX medium and
bacterial suspension were inoculated into the remaining wells (BioMerieux, France). The API
20NE trays were then placed into a container with a damp paper towel to increase the moisture

content of the container, before it was incubated at 28°C.

The results were recorded manually after 24 and 48 h on the sheets provided by the
manufacturer. After 24 h of incubation, results of the other test wells (assimilation tests) were
recorded simultaneously, except for NO3z and TRP tests. For the NOz well, 1 drop of NIT 1 and
NIT 2 reagents (BioMerieux, France) was added to test for the ability to reduce nitrates (a red
colour after 5 min indicated a positive test and a clear colour indicated a negative test). If the
results were negative for the first test, 2-3 mg of Zn (PAL chemicals) reagent was added to the
same well. If the mixture remained colourless after 5 min, the isolate was recorded as positive for
nitrite reduction, but if a pink red colour was produced, the reaction was negative for nitrite
reduction. For the TRP test, 1 drop of JAMES reagent (BioMerieux, France) was added and an

immediate colour change to pink demonstrated positive results.

3.3.4.2 Biolog GN2

Biolog GN2 plates (Biolog, France) were used to test ability of the bacterial isolates to oxidize
95 carbon sources embedded in the tests wells. These tests were performed according to the

manufacturer’s instructions. Briefly, isolates were again obtained from the -70°C glycerol stocks,
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streaked onto TYA and incubated at 28°C for three to four days, depending on how fast each
isolate grew. Colonies from these plates were then streaked onto TSA, after which the plates
were incubated at 28°C overnight, or longer, depending on the growth capability of the isolate.
Sterilized throat swabs were then used to inoculate the Biolog broth mixture with colonies of
each isolate to a concentration similar to Biolog 85% T Turbidity standard (Biolog, France).
These suspensions were then supplemented with three drops of sodium thioglycolate (Biolog,

France), after which 150l of each cell mixture was inoculated into the wells of the plates.

The inoculated Biolog GN2 plates were tightly closed and placed into a container of which the
interior surface was covered with a damp paper towel in order to increase the moisture content of
the container. They were incubated at 28°C for 24-48 h whereafter the results were recorded.

Results were interpreted manually, depending on a positive colour change or plain negative test.

3.3.5 Cluster analysis

To cluster the isolates according to their phenotypic characters, UPGMA (unpaired group
method using arithmetic average) analysis, based on the Gower method was performed using
Bionumerics 6.0 (Applied Maths; www.applied-maths.com). In addition to the results recorded
in this study, the UPGMA analysis also included relevant information for the type strains of
existing species of Burkholderia that were obtained from their species descriptions articles. For
this analysis, the entire recorded APl 20NE and Biolog GN2 results were used where, depending
on the observed colour changes, positive tests were scored as 1, negative tests as 0, while
missing data for the type strains were scored as 3. The ability of the isolates to grow on
MacConkey agar at 29°C and 37°C was also scored (1 for growth and 0 for no growth) and
included in the analysis.

3.4 Results

3.4.1 Culture and macroscopic characterization

All strains were able to grow on TYA at 28°C, although isolates from certain groups, such as SA
23 (WC7.3b, WC7.3d and WC7.3g), produced scanty colony growth. All the colonies were

round, creamy white to yellowish, and 1-2 mm in size. The colonies were generally also mucoid,
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which complicated the isolation of older single colonies. The colonies of most isolates were also
smooth, although isolates from Virgilia oroboides (Kb 13, Kb 14, Kb 15 and Kb 16) had simple
rough surfaces. On TYA the isolates produced a distinctive dirt-like ‘earthy’ odour. With the
exception of those in group SA 23, most isolates grew faster on TSA. On this medium the
isolates produced round colonies that were yellow to tea brown in colour and 1-2 mm in size. On
YMA, the isolates produced pure white colonies that were round, although there was no strong
distinguishing smell as in TYA. The majority of isolates produced copious amounts of slime on
YMA, again complicating the isolation of single colonies. The latter was especially true for
isolates from Hypocalyptus sophoroides and Hypocalyptus coluteoides. Colonies for some
isolates were smaller, but bigger colonies of other isolates were measured to be between 1 mm- 2

mm in size on the agar plate.

Growth on MacConkey agar at 29°C and 37°C after four days was observed, but not all isolates
grew; only 25 isolates grew at 29°C and 12 isolates at 37°C (Table 2). On this medium the
colonies were round, mucoid, shiny transparent pink (Virginio et al., 2006), with only one or two
big colonies (approximately 4-5 mm in size). Generally growth on this medium was poor. One
isolate from group SA 12 (WKZ1.1l) grew to fill the whole agar surface with a very slimy growth
instead of only one isolated colony as compared to the other isolates. There were no differences
observed between growth abilities on Tryptone Yeast Broth (TYB) at salt concentrations 0.5 %
NaCl and 1% NaCl.

3.4.2 Microscopic characterization

From the Gram staining procedure, all isolates were confirmed as Gram negative, straight rods
(Figure 2). They were all a pink-red colour as opposed to the characteristic purple of Gram
positive cells. Some isolates produced short rods, while a few isolates produced long rods. The
cell measurements for individual cells, including average mean in length and width, were more
or less the same within each species group. However, isolates could not be grouped confidently

based on cell dimensions, as members of different species groups were the same size (Table 3).
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3.4.3 Metabolic tests

The API 20NE results were easy to interpret as they consisted of twenty strips (note: on the
results comparison Table 4 for the APl 20NE gallery, 21 tests instead of 20 were included at the
gallery as N2 and NOs reduction were performed in one well according to manufacture’s
instruction). After addition of zinc sulphate the changes observed were also reported with the
dehydrated substrates’ results to determine assimilation and fermentation as well as the reaction
of certain enzymes. The Biolog GN2 results were interpreted manually depending on the colour
change visible after 24 to 48 h (Table 5). Some strains, such as those in group SA 23, reacted
weakly to the Biolog GN2 reagents, resulting in a pale pinkish colour at the bottom of the wells
instead of a bright pink colour. Some strains possessed phenotypic characters similar to those of

some nodulating type strains (e.g. B. sabiae) (Zhang et al., 2000), while others were unique.

3.4.4 Cluster Analysis

UPGMA analysis of the combined data for the APl 20NE and Biolog GN2 metabolic tests and
ability to grow on MacConkey separated the isolates into three big clusters (A, B and C) (Figure
1). Based on this analysis, the isolates in Clusters A and B each showed at least 94% similarity,
while those in Cluster C showed at least 92% similarity. Cluster A included SA 9, SA 14 and SA
25, while Cluster C consisted of groups SA 7 and SA 13. Cluster B was further divided into six
sub clusters: By (SA 20, SA 21, SA 22, SA 23, and SA 24), B, (SA 15, SA 16 and SA 17), B3 (SA 1,
SA 5, SA 6, SA 10 and SA 12), B4 (SA 2, SA 3, SA 4 and SA 8), Bs (SA 11 and SA 19), and Bs (SA
18). The type strains of B. sabiae grouped in cluster A with approximately 94% similarity to the
rest of this group. However, sufficient data were not available for all type strains of Burkholderia
(Tables 4 and 5) to allow their inclusion in the UPGMA analysis.

Group SA 20 (11 isolates) formed a very tight cluster at 97% similarity or higher. SA 21 (98%)
and SA 22 (99%) were included in this group, with SA 23 closely related at 96% similarity. SA 17
(9 isolates) formed a tight cluster at > 96%, including SA 15 (99%), and then SA 16 joined at
95% similarity. The biggest cluster (similarity > 95%) was formed by sub-groupings Bs, B4 and
Bs. As mentioned before, this cluster includes 11 SA groups and 29 isolates in total. Group SA 18

(3 isolates) joined the above cluster at 94.5% similarity.
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In fulfilment for each species description, the results discussed here are after 48 hours of Biolog
GN2 and API 20NE in comparison to phylogenetic trees in Chapter two. Utilization or
assimilation differences of both the metabolic arrays tests were observed also after 24 hours, but

are not discussed in this report.
Description of species group SA 1 sp. nov.

API 20NE: These isolates could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose. The
following characters were strain dependent: L-arginine, urea, capric acid, trisodium citrate, and
phenyl acetic acid. All tests were positive: PNPG (4-nitrophenyl-pD-galactopyranoside), D-
glucose assimilation, L-arabinose, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium

gluconate, adipic acid and malic acid.

Biolog GN2: The following traits were negative: adonitol, cellobiose, sucrose, I-erythritol,
urocanic acid and xylitol, the strains were strain dependent for D-trehalose. The following
characters were positive: glycerol, D-mannose and D-mannitol, as almost all species of

Burkholderia are.

SA 1: According to rpoB, atpD and gyrB phylogeny this group was not close to any known type
strains. Therefore, these isolates could be differentiated from B. phymatum, B. mimosarum, B.
nodosa, B. vietnamiensis, B. caribensis and B. sabiae by the lack of nitrate reduction capabilities.
The following characters were strain dependent: L-arginine, capric acid, trisodium citrate and
phenyl acetic acid, D-trehalose. More of differentiating characters to the nodulating type strains,
are listed in Table 4 and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: This group of strains appears to belong to a possible novel species because the
group is strain dependent for L-arginine, assimilation of capric acid and trisodium citrate, when
compared to closely related nodulating type strains. The group is also strain dependent for D-
trehalose, compared to six nodulating type strains and one of the nitrogen fixing type species, of

which all of them were either negative or positive in Table 4 and 5.
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Description of species group SA 2 sp. nov.

API 20NE: These strains used neither nitrate nor nitrite. The following reactions were negative:
L-tryptophane, D-glucose fermentation, L-arginine, urea, gelatin and D-maltose. The isolates
were strain dependent for aesculin ferric citrate. The following characters were positive: PNPG,
D-glucose assimilation, L-arabinose, D-mannose, D-mannitol, N-acetyl-glucoseamine,
potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenyl acetic

acid.

Biolog GN2: Group SA 2 strains were strain dependent for adonitol. The following characters
were positive: urocanic acid, lactulose, D-trehalose, itaconic acid, D-mannose, D-mannitol and

L-arabinose. The strains were negative for glucoronamide and xylitol.

SA 2: Phylogeny demonstrated on rpoB, atpD and gyrB could not cluster this group of strains
closely with any known type species. Therefore, these isolates could be differentiated from B.
phymatum, B. mimosarum, B. nodosa, B. vietnamiensis, B. caribensis and B. sabiae by the lack
of nitrate reduction capabilities. The isolates were strain dependent for aesculin ferric citrate and
positive for adipic acid compared to other nodulating type species. These isolates were strain
dependent for utilization of adonitol and positive for lactulose. More of differentiating characters
to the nodulating type strains, are listed in Table 4 and 5, and combined on a UPGMA
dendrogram (Figure 1).

Conclusion: This group of strains could constitute a possible novel species because the strains
are variable for the use of aesculin ferric citrate when compared to all nodulating species in
Table 5, which were negative. Again, the strains are variable for the use of adonitol on Biolog
GN2, when compared to other nodulating species which were mostly positive, except for one

nodulating type species which was negative for this carbon source.

Description of species group SA 3 sp. nov.

API 20NE: This strain could not use nitrate or nitrite. The following characters were negative:
L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin, D-

maltose, and phenyl acetic acid. The following characters were positive: D-glucose assimilation,
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L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate,

capric acid, adipic acid and malic acid.

Biolog GN2: The following characters were negative: cellobiose, sucrose and xylitol. The
following characters were positive: adonitol, a-ketovaleric acid, D-trehalose, lactulose, itaconic

acid, urocanic acid and 2-aminoethanol.

SA 3: rpoB, atpD and gyrB topologies could not cluster this isolate with any type strain.
Therefore, this isolates could be differentiated from B. phymatum, B. mimosarum, B. nodosa, B.
vietnamiensis, B. caribensis and B. sabiae by the lack of nitrate reduction capabilities. The strain
was negative for urea when compared to B. nodosa and B. sabiae which are positive for this
substrate. More of differentiating characters to the nodulating type strains, are listed in Table 4
and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: This strain could form part of a possible novel species, because the strain is
negative for nitrate reduction, compared to the five known type species which are known to be

positive for this substrate.
Description of species group SA 4 sp. nov.

APl 20NE: The strain could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin,
D-maltose, and trisodium citrate. The following characters were positive: D-glucose
assimilation, L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium

gluconate, capric acid, adipic acid, malic acid and phenyl acetic acid.

Biolog GN2: The following characters were positive: adonitol, sucrose, D-trehalose, lactulose,
itaconic acid and urocanic acid. The following characters were negative: D-cellobiose, xylitol

and inosine.

SA 4: The three gene regions rpoB, atpD and gyrB topologies could not cluster this isolate with
any type strain. Therefore, this isolate could be differentiated from B. phymatum, B. mimosarum,
B. nodosa, B. vietnamiensis, B. caribensis and B. sabiae by the lack of nitrate reduction abilities.

The isolate was positive for sucrose, lactulose and D-trehalose when compared to type strains B.

110

© University of Pretoria



AN PRETORIA
F PRETORIA
| YA PRETORIA

<o<

tuberum, B. nodosa, B. sabiae, B. mimosarum and B. caribensis which are known to be negative
for sucrose. More of differentiating characters to the nodulating type strains, are listed in Table 4

and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: This isolate could possibly form part of novel species. This strain was negative for
nitrate reduction compared to the type strains which were almost all positive. On the other hand,
this strain is positive for sucrose whereas almost all nodulating type strains are negative, except

B. phymatum.
Description of species group SA 5 sp. nov.

API 20NE: The isolate could not use nitrate or nitrite. The following characters were negative:
L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin, D-
maltose, and trisodium citrate and phenyl acetic acid. The following characters were positive for
D-glucose assimilation, L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine,

potassium gluconate, capric acid, adipic acid, malic acid.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, sucrose, D-
trehalose, lactulose, a-ketobutyric acid, a-hydroxyburtyric acid, malonic acid, D-serine and

xylitol. The strain was positive for glucuronamide.

SA 5: rpoB, atpD and gyrB phylogenies could not cluster this isolate with any type strain.
Therefore; this isolate could be differentiated from B. phymatum, B. mimosarum, B. nodosa, B.
vietnamiensis, B. caribensis and B. sabiae by the lack of nitrate reduction capabilities. The strain
was negative for assimilation of phenyl acetic acid. SA 5 was also negative for adonitol and for
utilization of D-trehalose when compared to the majority of nodulating Burkholderia type
species which are mostly positive for adonitol. More of differentiating characters to the
nodulating type strains, are listed in Table 4 and 5, and combined on a UPGMA dendrogram
(Figure 1).

Conclusion: This strain could be part of novel species available in nature. These characters can
be some of its descriptive characteristics: inability to reduce nitrate and negative for assimilation

of phenyl acetic acid. The strain shared the character of inability to assimilate phenyl acetic acid
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with B. tuberum and B. phymatum, which are phylogeneticaly clustered far from this strain. The

strain is negative for utilization of adonitol, whereas most nodulating type species are capable.

Description of species group SA 6 sp. nov.

API 20NE: The following characters were strain dependent: nitrate reduction, urea, gelatin, D-
maltose, phenyl acetic acid and PNPG. The following characters were negative: nitrite, L-
tryptophane, D-glucose fermentation, L-arginine and trisodium citrate. The following characters
were positive: aesculin ferric citrate, D-glucose assimilation, L-arabinose, D-mannose, D-

mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid, adipic acid and malic acid.

Biolog GN2: The strains were strain dependent for utilization of adonitol. The following
characters were negative: D-trehalose, sucrose, xylitol, cellobiose, malonic acid and 2-
aminoethanol, I-erythritol and D-psicose. The strains were positive for a-hydroxybutyric acid

and D-serine carbon sources.

SA 6: From the phylogenies of rpoB, atpD and gyrB this group clustered far away from any type
species. Therefore, these isolates could be differentiated from type species B. phymatum, B.
nodosa, B. vietnamiensis, B. caribensis and B. sabiae by their variability in reduction of nitrate,
again all isolates were positive for aesculin ferric acid. On API 20NE, they demonstrated more
variability to the type strains because the isolates were strain dependent for urea, gelatin, PNPG,
assimilation of D-maltose, capric acid, and phenyl acetic acid, whereas they were negative for
trisodium citrate. More of differentiating characters to the nodulating type strains, are listed in
Table 4 and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: This group of isolates constitutes a possible novel species because they are strain
dependent for nitrate reduction, whereas almost all of the type species in this study are positive,
except B. mimosarum, which is strain dependent. The strains in this group are strain dependent
for urea, whereas most type species are positive. The SA 6 group is positive for aesculin ferric
acid whereas all the type species are negative. This species isolates are strain dependent for
gelatin, which is one of the distinctive character for B. vietnamiensis which is a nitrogen fixing
species. This species group is strain dependent for PNPG, for which all nodulating type strains

are known to be positive except B. mimosarum. Some strains from this group are positive for D-
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maltose assimilation, while all nodulating species are negative. Only B. vietnamiensis is positive
for D-maltose assimilation and it is a nitrogen fixing species. Majority of strains in this group are
strain dependent to capric acid, while some nodulating type species are negative. From Biolog
GNZ2, this group is strain dependent for adonitol, whereas type species included in this study are

either negative or positive.
Description of species group SA 7 sp. nov.

API 20NE: This strain could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin,
D-maltose, and trisodium citrate. The following characters were positive: D-glucose
assimilation, L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium

gluconate, capric acid, adipic acid, malic acid and phenyl acetic acid.

Biolog GN2: The following characters were negative; adonitol, D-cellobiose, sucrose, xylitol, i-
erythritol, lactulose, D-psicose, D-glucuronic acid, o-hydroxybutyric acid, propionic acid,

glucuronamide, L-ornithine. The strain was positive for D-trehalose and glycerol carbon sources.

SA 7: rpoB, atpD and gyrB clustered this isolate closely to Sp SA 8 with a recognisable bootstrap
value, but phenotypic tests separate them far from each other in Figure 1. Therefore this isolate
could be differentiated from type species B. phymatum, B. nodosa, B. vietnamiensis, B.
caribensis and B. sabiae because the isolate was positive for adipic acid and D-trehalose. SA 7
could be differentiated from SA 8 by inability to utilize lactulose, a-ketovaleric acid,
glucuronamide, urocanic acid and 2-aminoethanol as SA 8. Other characters differentiating this
group from the nodulating type strains are listed in Table 4 and 5, also on the dendrogram in

Figure 1.

Conclusion: This strain could form part of novel species group or perhaps be part of group SA 8.
The isolate is negative for nitrate reduction compared to available nodulating species. The strain
is positive for adipic acid whereas all type species are negative except one nodulating type

species (B. nodosa).
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Description of species group SA 8 sp. nov.

APl 20NE: The isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin,
D-maltose. The following characters were positive: D-glucose assimilation, L-arabinose, PNPG,
D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid, adipic acid,

malic acid, trisodium citrate and phenyl acetic acid.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, sucrose, xylitol, a-
hydroxybutyric acid, D-glucuronic acid. The following characters were positive: D-trehalose,

lactulose, a-ketovaleric acid, propionic acid urocanic acid, 2-aminoethanol and glucuronamide.

SA 8: As described from SA 7, rpoB, atpD and gyrB phylogenies clustered SA 8 isolate close to
SA 7 isolate with high bootstrap value and far away from any type strain, suggesting they are
closely related strains. This isolate could be differentiated from type species B. phymatum, B.
nodosa, B. vietnamiensis, B. caribensis and B. sabiae because it was positive for adipic acid and
D-trehalose. This isolate could be differentiated from SA 7 by its ability to utilize lactulose, a-
ketovaleric acid, glucuronamide, urocanic acid and 2-aminoethanol, of which SA 7 could not
utilize. More of differentiating characters to the nodulating type strains, are listed in Table 4 and

5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: SA 8 strain could possibly form part of novel Burkholderia species. This strain can
be separated from other strains by only few characters listed on Biolog GN2 and APl 20NE tests
; including the characters of being negative for nitrate reduction, positive for D-trehalose and a-

ketovaleric acid.
Description of species group SA 9 sp. nov.

API 20NE: The isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose. The
following characters were positive: L-arginine, urea, D-glucose assimilation, L-arabinose,
PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid,

adipic acid, malic acid, trisodium citrate and phenyl acetic acid.
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Biolog GN2: The following characters were positive: adonitol, D-trehalose, D-psicose, D-
glucuronic acid, a-hydroxybutyric acid, itaconic acid, a-ketovaleric acid, malonic acid, hydroxy-
L-proline, 2-aminoethanol. The following characters were negative: D-cellobiose, sucrose,

xylitol and urocanic acid.

SA 9: gyrB, atpD and rpoB phylogenies could not cluster this isolate with known Burkholderia
type species. This isolate could be differentiated from B. phymatum, B. mimosarum, B. nodosa,
B. vietnamiensis, B. caribensis and B. sabiae by the lack of nitrate reduction capabilities. SA 9
isolate could use L-arginine and urea compared to majority of type species on APl 20NE
comparison table where they demonstrated to lack that ability. On the other hand, the strain
could utilize adonitol, D-psicose, itaconic acid and malonic acid on Biolog GN2. More of
differentiating characters to the nodulating type strains, are listed in Table 4 and 5, and combined
on a UPGMA dendrogram (Figure 1).

Conclusion: This strain could possibly be part of novel Burkholderia species. The isolate can
use L-arginine and urea when compared to the nodulating type strains, where most of them are

negative for L-arginine, except B. caribensis which is positive.
Description of species group SA 10 sp. nov.

API 20NE: The isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose, and
trisodium citrate. The following characters were positive: L-arginine, urea, D-glucose
assimilation, L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium

gluconate, capric acid, adipic acid, malic acid and phenyl acetic acid.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, xylitol, sucrose,
malonic acid, 2-aminoethanol. The following characters were positive: D-trehalose, a-

ketovaleric acid, and D, L, a-glycerol phosphate.

SA 10: This isolate grouped with SA 6 in the rpoB phylogeny but with a very low bootstrap
value. On atpD phylogeny, the strain clustered with strain SA 4 demonstrating high bootstrap
value. SA 10 demonstrated abilities to use L-arginine and urea when compared to some type
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strains which lacked those characters. More of differentiating characters to the nodulating type

strains, are listed in Table 4 and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: This strain could possibly form part of novel species in nature. The isolate is
negative for nitrate reduction and trisodium citrate, but positive for L-arginine compared to
almost all type strains which are negative for L-arginine. The isolate was positive for D, L, a-
glycerol phosphate, and negative for adonitol compared to almost all nodulating type species

which are positive for adonitol.
Description of species group SA 11 sp. nov.

APl 20NE: The isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin,
D-maltose. The following characters were positive: D-glucose assimilation, L-arabinose, PNPG,
D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid, adipic acid,

malic acid, trisodium citrate and phenyl acetic acid.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, L-rhamnose,
sucrose, D-trehalose, xylitol and inosine. The following characters were positive: a-ketovaleric

acid, propionic acid and D-serine.

SA 11: This is one of Podalyria isolates which branched clearly and far from other isolates
phylogenies. On Biolog GN2, SA 11 demonstrated difference to other species by inability
characters for utilization of L-rhamnose, which other groups were able to use, the isolate only
shares that character with B. mimosarum and B. vietnamiensis. Other important characters are

reported on Table 4 and 5 and in Figure 1.

Conclusion: This isolate could form part of possible novel Burkholderia species. This strain is
negative for nitrate reduction and negative for utilization of L-rhamnose, whereas almost all

nodulating species possess that capability of utilisation of L-rhamnose, except for B. mimosarum.
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Description of species group SA 12 sp. nov.

API 20NE: The following characters were strain dependent: nitrate reduction, L-arginine, capric
acid, trisodium citrate, phenyl Acetic acid. The following characters were positive: assimilation
of D-glucose assimilation, L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine,
potassium gluconate, adipic acid, malic acid. The following characters were negative: L-

tryptophane, D-glucose fermentation, urea, aesculin ferric acid, gelatin and D-maltose.

Biolog GN2: The following characters were strain dependent: adonitol, D-cellobiose, and D-
trehalose. The following characters were negative: D-rhaffinose, sucrose and xylitol and the
following characters were positive: L-rhamnose, Cis-aconotic acid, a-hydroxybutyric acid, o-

ketobutyric acid, propionic acid, L-threonine and glycerol.

SA 12: According to previous phylogeny studies, this group of isolates cluster together with B.
caledonica LMG 19076 (Beukes et al., 2008; Personal communication). This type strain was not
available for the rpoB, atpD and gyrB gene phylogenies. In comparison of group SA 12 isolates
to B. caledonica species , B. caledonica is strain dependent for maltose and adonitol according
to Biolog GN2 record, whereas group SA 12 isolates were strain dependent for adonitol but not
for maltose. B. caledonica is strain dependent for assimilation of N-acetyl-glucoseamine,
caprate, adipate, sucrose according to APl 20NE, whereas group SA 12 isolates were strain
dependent only for capric acid. B. caledonica species is negative for nitrate reduction and citrate,
also positive for L-arabinose, trehalose and L-arginine. Only two characters from the available
data obtained are demonstrating exact similarities between group SA 12 and B. caledonica; the
caprate and adonitol. Overall, APl 20NE and Biolog GN2 tests demonstrated similarities and
differences between group SA 12 and B. caledonica. For instance, the type species is positive for
D-trehalose while SA 12 strains were strain dependent. Type species data was obtained from
Coenye et al. (2001a).

Conclusion: This group of strains appears to belong to a novel species because its isolates are
strain dependent for nitrate reduction, L-arginine, capric acid, and trisodium citrate which are

distinct results when compared to B. caledonica. On Biolog GN2, the group is strain dependent
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for adonitol compared to the positive adonitol nodulating type strains. This group’s isolates are

strain dependent for D-cellobiose and D-trehalose whereas most type species are negative.
Description of species group SA 13 sp. nov.

APl 20NE: The isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose and
adipic acid. The following characters were positive: L-arginine, urea, D-glucose assimilation, L-
arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric

acid, malic acid, trisodium citrate and phenyl acetic acid.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, D-trehalose,
sucrose, xylitol, lactulose, D-glucuronic acid, a-hydroxybutyric acid, malonic acid, propionic

acid.

SA 13: According to the rpoB phylogeny, this isolate clustered with good bootstrap value to SA
14 isolate. Again, gyrB and atpD phylogenies located SA 13 strain on its own rather than it
clustering with other isolates or within some species groups as in rpoB. On a previous recA
phylogeny (Beukes et al., 2008; Personal communication), this isolate was clustering with the
strain B. phenazinium LMG 2247. Characteristics which differentiated B. phenazinium from the
SA 13 isolate are as follows; B. phenazinium is negative for D-trehalose, D-raffinose,
glucoronamide, D,L,carnithine, and lactose, it is positive for sucrose and glycyl-L-aspartic acid,
strain dependent for malonic acid and L-ornithine (Achouck et al., 1999). For SA 13 strain, on
Biolog GN2 it was negative for D-trehalose, D-raffinose, glucuronamide, D,L,carnithine and a-
D-Lactose. SA 13 was negative for sucrose, glysyl-L-aspartic acid, malonic acid and L-ornithine;
these characters are different from the characteristics of the B. phenazinium type strain. From the
Biolog GN2 outcomes, this strain was negative for adonitol in comparison to SA 14 which was
positive for adonitol. Some comparisons to the available type strains are presented in Table 4,

Table 5 and in Figure 1.

Conclusion: SA 13 strain could possibly constitute a novel Burkholderia species group. The
strain was negative for nitrate reduction compared to most type species which are positive; it was

also positive for L-arginine which most type strains are negative to.
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Description of species group SA 14 sp. nov.

APl 20NE: The isolate could reduce nitrate but not nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose and
L-arginine. The following characters were positive: urea, D-glucose assimilation, L-arabinose,
PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid, malic

acid, trisodium citrate, adipic acid and phenyl acetic acid.

Biolog GN2: The following characters were positive: adonitol, D-raffinose, sucrose, a-
ketovaleric acid, xylitol, inosine, 2-aminoethanol. The following characters were negative: D-

cellobiose, D-trehalose, lactulose, glucuronamide, hydroxy-L-proline, urocanic acid.

SA 14: rpoB and atpD phylogenies grouped this strain with SA 13 isolates, but gyrB grouped SA
13 together with species B. fungorum LMG 16225, confirming other phylogenies of recA and
rrs (Beukes et al., 2008; Personal communication). From APl 20NE and Biolog GN2 results, this
isolate demonstrated some differences from the SA 13 isolate. SA 14 could reduce nitrate,
assimilate adipic acid, and was negative for L-arginine compared to SA 13. The only similarity
SA 13 and SA 14 shared was the ability to use urea, on the other hand SA 14 could use adonitol,
D-raffinose, sucrose and xylitol. The comparison of SA 14 strain with B. fungorum type species
characters demonstrated varying results, though some results were similar. B. fungorum species
is strain dependent for adonitol, assimilation of L-arginine, L-arabinose, caprate and adipate, it is
also positive for nitrate reduction, assimilation of citrate and N-acetyl-glucoseamine. B.
fungorum is also negative for assimilation of sucrose and trehalose. The similarity between SA
14 and B. fungorum is expressed in their abilities to reduce nitrate, assimilate trisodium citrate
and N-acetyl-glucoseamine. More of differentiating characters to the nodulating type strains, are
listed in Table 4 and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: SA 14 could possibly form part of novel Burkholderia species group because it
possesses ability to reduce nitrate utilize urea substrate. The most important character
demonstrated was its ability to utilize D-raffinose whereas all nodulating Burkholderia type
strains are negative except the nitrogen fixing Burkholderia vietnamiensis. It was also positive

for sucrose whereas most type species are negative except B. phymatum and B. vietnamiensis.
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Description of species group SA 15 sp. nov.

API 20NE: This group’s strains could not use either nitrate or nitrite. The following characters
were negative, L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose.
The following characters were positive: L-arginine, urea, D-glucose assimilation, L-arabinose,
PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid,

adipic acid, malic acid, trisodium citrate and phenyl acetic acid.

Biolog GN2: The following characters were positive: adonitol, sucrose, and D-trehalose,
lactulose, y-hydroxybutyric acid, malonic acid, propionic acid, D-serine, D, L, carnithine and
glucose-6-phosphate. The following characters were negative: D-cellobiose, xylitol, sebacic acid,
urocanic acid, 2-aminoethanol and the following characters were strain dependent: L-alanine-
glycine, L-histidine.

SA 15: For gene region phylogeny of rpoB, atpD and gyrB, SA 15 strains clustered within Sp
group SA 17. But from the phenotypic tests, some different characteristics to group SA 17 have
been observed. SA 15 strains were negative for nitrate reduction, positive for L-arginine and the
strains could use adonitol, lactulose and sucrose. More of differentiating characters to the
nodulating type strains, are listed in Table 4 and 5, and combined on a UPGMA dendrogram
(Figure 1).

Conclusion: This species group could form part of novel Burkholderia species, though they are
branching on most phylogenies within group SA 17 cluster, phonotypical differences and

similarities were observed during the analysis.
Description of species group SA 16 sp. nov.

API 20NE: The isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose. The
following characters were positive: L-arginine, urea, D-glucose assimilation, L-arabinose,
PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid,

adipic acid, malic acid, trisodium citrate and phenyl acetic acid.
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Biolog GN2: The following characters were positive: adonitol, D-cellobiose, D-raffinose,
sucrose, and D-trehalose, lactulose, malonic acid, D,L,carnithine, urocanic acid, inosine, 2-
aminoethanol and glucose-6-phosphate. The following characters were negative: xylitol, D-
psicose, and L-ornithine.

SA 16: gyrB, rpoB and atpD phylogenies clustered SA 16 close together with SA 17. The isolate
was negative for nitrate reduction, positive for L-arginine, urea, adonitol, D-cellobiose, D-
raffinose, lactulose and sucrose. More of differentiating characters to the nodulating type strains,

are listed in Table 4 and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: This strain could possibly constitute a novel Burkholderia species group or be part
of group SA 17 depending on further studies analysis. The isolate was positive for D-cellobiose,
D-raffinose and sucrose, of which most type species are negative for these three Biolog GN2

characters

Description of species group SA 17 sp. nov.

API 20NE: The following characters were strain dependent: nitrate reduction, L-arginine, urea,
gelatin, PNPG, capric acid and trisodium citrate. The following characters were positive:
assimilation of D-glucose assimilation, L-arabinose, D-mannose, D-mannitol, N-acetyl-glucose-
amine, potassium gluconate, adipic acid, malic acid and phenyl acetic acid. The following
characters were negative: nitrite reduction, L-tryptophane, D-glucose fermentation, aesculin

ferric acid and D-maltose.

Biolog GN2: The following characters were positive: adonitol, D-trehalose and 2-aminoethanol.
SA 17 isolates were strain dependent for D-cellobiose. The following characters were negative:

xylitol, malonic acid and inosine.

SA 17: This is one of the bigger groups in the rpoB, atpD and gyrB phylogeny. This group
harbours some isolates from other groups of species. Perhaps if future analysis are undertaken, it
will be demonstrated if those other groups’ isolates will still remain within SA 17 cluster or they
could be able to separated clearly with greater resolution to their own branches. More of

differentiating characters to nodulating type strains are listed in Table 4 and 5, and in Figure 1.
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Conclusion: This species group appears to possibly constitute a novel Burkholderia species
because of its differentiating characters recorded on Tables 4 and 5, together in Figure 1
UPGMA. Isolates within this group are strain dependent for nitrate reduction, D-cellobiose and
sucrose when compared to other type strains.

Description of species group SA 18 sp. nov.

API 20NE: These strains could not use nitrate or nitrite. The isolates were strain dependent for
urea. The following characters were positive: L-arginine, D-glucose assimilation, L-arabinose,
PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid,
adipic acid, malic acid and phenyl acetic acid. The following characters were negative: L-
tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose, and trisodium

citrate.

Biolog GN2: The following characters were positive: adonitol, sucrose, xylitol, sebacic acid,
urocanic acid, and 2-aminoethanol. The following characters were negative: D-cellobiose, D-

trehalose, lactulose, D-psicose, D-glucuronic acid, malonic acid, glucuronamide, inosine.

SA 18: rpoB phylogeny grouped these isolates’ on their own as one cluster, but on gyrB, SA 18
included some of group SA 23 isolates. SA 18 could be differentiated from SA 23 isolates based
on their abilities to use adonitol, D-cellobiose, nitrate reduction, xylitol, urea, and capric acid.
More of differentiating characters to the nodulating type strains, are listed in Table 4 and 5, and

combined on a UPGMA dendrogram (Figure 1).

Conclusion: These strains could constitute a possible novel species based on their differential
traits to already available data of type species and in comparison to the other species group

included in this study.

Description of species group SA 19 sp. nov.

API 20NE: These strains could not use nitrate or nitrite. The following characters were strain
dependent: urea, N-acetyl-glucoseamine, D-maltose, and trisodium citrate. The following
characters were positive: aesculin ferric citrate, D-glucose assimilation, L-arabinose, PNPG, D-

mannose, D-mannitol, potassium gluconate, capric acid, adipic acid, malic acid and phenyl acetic
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acid. The following characters were negative: L-tryptophane, L-arginine, D-glucose

fermentation, gelatin.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, sucrose, D-

trehalose and xylitol, lactulose. The strains were positive for D-serine.

SA 19: This group is well separated on gyrB and rpoB phylogenies, but atpD included in this
species group one isolate from group SA 18. Although atpD gene phylogeny incorporated one
isolate from SA 18, phenotypicaly, the two groups could demonstrate variation in the abilities to
utilise or assimilate certain compounds, substrates or carbon sources, and those differences are
demonstrated on the UPGMA trees in Figure 1 and Table 4 and 5.

Conclusion: This group of strains appears to belong to a novel Burkholderia species because of
the phylogenetic and also phenotypic results demonstrated in comparison table and figure 1. The
group is positive for aesculin ferric acid when compared to almost all nodulating type strains

which are negative.
Description of species group SA 20 sp. nov.

API 20NE: The following characters were strain dependent: nitrate reduction, L-arginine, urea
and aesculin ferric acid. The following characters were negative: nitrite reduction, L-
tryptophane, D-glucose fermentation, gelatin and D-maltose. The following characters were
positive: D-glucose assimilation, L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-
glucoseamine, potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and

phenyl acetic acid.

Biolog GN2: The following characters were strain dependent: adonitol and D-cellobiose. The
following characters were negative: sucrose, D-trehalose, and xylitol. The following characters

were positive: D-glucuronic acid, glycerol and glucose-6-phosphate.

SA 20: According to gyrB and rpoB phylogenies, this group’s isolates cluster together with a
well known South African described nodulating species, B. tuberum. This perhaps could have
been a similar situation with atpD gene phylogeny, but during these species descriptions, the

phylogenetic sequences of B. tuberum for atpD gene were not yet available on Genebank. B.
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tuberum characteristics were little bit different from SA 20 characters on both APl 20NE and
Biolog GN2. Other isolates which clustered together within or close-by SA 20 were SA 21, SA 23
and SA 22. Although there were other groups such as SA 25 which clustered with SA 20,
phenotypic differences from APl 20NE and Biolog GN2 have been observed, more of
differentiating characters to the nodulating type strains, are listed in Table 4 and 5, and combined
on a UPGMA dendrogram (Figure 1).

Conclusion: This group of strains could form part of a possible novel Burkholderia species
group, or the species could form part of the already described B. tuberum species group as future
studies analyse more isolates.

Description of species group SA 21 sp. nov.

API 20NE: The isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin,
D-maltose and capric acid. The following characters were positive: D-glucose assimilation, L-
arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, adipic

acid, malic acid, trisodium citrate and phenyl acetic acid.

Biolog GN2: The following characters were positive: adonitol, glucuronamide, urocanic acid,
and glucose-6-phosphate. The following characters were negative: D-cellobiose, sucrose, D-
trehalose D-serine, D-L-carnithine and xylitol.

SA 21: This isolate clustered with a strain from group SA 20 on atpD and rpoB phylogenies.
Although there were some phenotypic differences observed for SA 20 and SA 21 isolate, the
differences were demonstrated from SA 20’s strain variable characters for reduction of nitrate
and utilization of urea, of which SA 21 demonstrated negative characters for those substrates.
There could be a possibility that SA 21 isolate would have been SA 20 isolate, but this could only
be assumptions and the assumptions can be clarified if future studies analyse more isolates. This
could help demonstrate if SA 21 isolate can relocate to its own position to make a bigger SA 21

cluster or remains within SA 20.

Conclusion: This strain could form part of a novel Burkholderia species group SA 21 or perhaps
remain as part of SA 20 species group.
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Description of species group SA 22 sp. nov.

API 20NE: This isolate could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, L-arginine, urea, aesculin ferric citrate, gelatin,
D-maltose. The following characters were positive: D-glucose assimilation, L-arabinose, PNPG,
D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid, adipic acid,

malic acid, trisodium citrate and phenyl acetic acid.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, sucrose, D-
trehalose D-serine, and xylitol. The following characters were positive: D-glucuronic acid, o-
ketobutyric acid, propionic acid, hydroxy-L-proline, urocanic acid, glycerol and glucose-6-

phosphate.

SA 22: From rpoB and atpD phylogenies, also based on a previous recA phylogeny (Beukes et
al., 2008; Personal communication), this strain clustered with SA 20 isolates except in the gyrB
phylogeny. Phenotypic tests demonstrated some differences between this isolate and SA 20
isolates. More of differentiating characters to the nodulating type strains, are listed in Table 4

and 5, and combined on a UPGMA dendrogram (Figure 1).

Conclusion: This strain could possibly form part of a novel Burkholderia species, or perhaps be
clarified as being an isolate of group SA 20 as future analysis with more isolates are performed.

Description of species group SA 23 sp. nov.

API 20NE: The following characters were strain dependent: nitrate reduction, capric acid and
trisodium citrate. The following characters were negative: nitrite, L-tryptophane, D-glucose
fermentation, L-arginine. The following characters were positive: urea, D-glucose assimilation,
L-arabinose, PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate,

adipic acid, malic acid and phenyl acetic acid.

Biolog GN2: The following characters were negative: adonitol, D-trehalose, and xylitol, D-
psicose, Cis-aconotic acid, glycerol. The following characters were positive: D-cellobiose
sucrose, D-glucuronic acid, glycyl-L-glutamic acid, urocanic acid, glucose-6-phosphate.
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SA 23: For phylogenies such as in atpD and rpoB, these strains formed one group with good
bootstrap values, although on atpD, the group was more inside of the SA 20 cluster, but with
gyrB the isolates were observed as isolates which were very different from each other. SA 23
demonstrated variations to SA 20 based on their abilities and inabilities to utilise carbon sources
and API 20NE substrates, those differences were represented in comparison Table 4 and 5 and

figure 1.

Conclusion: This group’s strains could possibly form part of a novel species group. The isolates

were strain variable for nitrate reduction, whereas almost all compared type species are positive.
Description of species group SA 24 sp. nov.

APl 20NE: The strain could not use either nitrate or nitrite. The following characters were
negative: L-tryptophane, D-glucose fermentation, aesculin ferric citrate, gelatin, D-maltose. The
following characters were positive: L-arginine, urea, D-glucose assimilation, L-arabinose,
PNPG, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium gluconate, capric acid,

adipic acid, malic acid, trisodium citrate and phenyl acetic acid.

Biolog GN2: The following characters were negative: adonitol, D-cellobiose, D-trehalose,
xylitol, i-erythritol, lactulose, a-hydroxybutyric acid, malonic acid. The strain was positive for

sucrose and glycerol utilization

SA 24: From rpoB, atpD and gyrB, this strain was well separated form other strains, except from
a previous recA phylogeny where it was clustered to one isolate of species group SA 25 (Beukes
et al., 2008; Personal communication). Although the clustering of this strain in recA, in reference
to previous study was not resolved in a manner in which the other gene regions in this study
clustered the strain, there are many differences between species group SA 25 isolates to strain SA
24 which are demonstrated on UPGMA in Figure 1, also in Table 4 and 5.

Conclusion: SA 24 strain could possibly form part of novel Burkholderia species available in
nature. This can be clarified as future studies analysis include this strain in addition to more
isolates which can possibly cluster together with this strain or demonstrate more distinguishing

characters characterising SA 24 to be described as novel species group.
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Description of species group SA 25 sp. nov.

API 20NE: The following characters were positive: nitrate reduction, urea, PNPG, D-glucose
assimilation, L-arabinose, D-mannose, D-mannitol, N-acetyl-glucoseamine, potassium
gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenyl acetic acid. The
following characters were negative: nitrite reduction, L-tryptophane and D-glucose fermentation,

D-maltose and aesculin ferric acid. The strains were strain dependent for L-arginine.

Biolog GN2: The following characters were positive for adonitol, D-trehalose, a-ketovaleric
acid, malonic acid, D-serine, 2-aminoethanol and glucose-6-phosphate. The following characters

were negative: sucrose, xylitol and L-ornithine.

SA 25: on rpoB phylogeny, this group clustered far from any isolates or species group with
better resolution than in gyrB which clustered the group within or with SA 20 isolates. atpD
clustered SA 25 isolates with a well known nodulating species B. phymatum, similarities and
differences on phenotypic characters between SA 25 and B. phymatum species are demonstrated
on Table 4 and 5, and Figure 1. Most interesting about SA 25 isolates was the observation that all

four isolates demonstrated capabilities to reduce nitrate and utilize urea.

Conclusion: This strain appears to form a possible novel Burkholderia species group, although
atpD clustered the group closer to B. phymatum, future studies including more sampled isolates
for future analysis might be able to clarify with high resolution if the strains in SA 25 will

continue to cluster with B. phymatum or be more separated to their own branch.

3.5 Discussion

The results of this study showed that distinct phenotypic characters can be associated with each
of the 25 species groups or lineages previously identified (Beukes et al., 2008; Personal
communication) and characterized (Chapter 2 of this dissertation) among the collection of
Burkholderia isolates originating from the root nodules of Hypocaluptus, Virgilia, Cyclopia and
Podalyria spp. Although the phenotypic tests for abilities to assimilate or ferment certain

dehydrated substrates were time consuming, they provided useful outcomes for the tentative
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descriptions of new species. Also, these phenotypic test results generally agreed with the

groupings according to the phylogenetic trees produced previously.

Based on the commercially available API 20NE and Biolog GN2, all of the groups or lineages
displayed various distinct abilities to utilize or assimilate certain carbon sources. Some important
differences were also noted from the morphological characteristics observed in this study. Apart
from facilitating delineation of distinct species, the latter data may also be exploited for routine
laboratory practices as the tests of different growth media revealed that the isolation of single
colonies on TYA and TSA would be more feasible as the isolates produced less slime. In a study
by Reis et al. (2004), TSA was also used for further purification of cells before they were used in

other phenotypic tests.

For MacConkey agar, two comparative temperatures of 29°C and 37°C were used as in a
previous study by Reis et al. (2004). Mostly, growth of Burkholderia isolates on MacConkey is
recorded for species of the Burkholderia cepacia complex, such as in B. anthina, B. pyrrocinia
(Vandamme et al., 2002) and B. ambifaria (Coenye et al., 2001b). However, in the current study,
there was no substantial difference in growth at 29°C and 37°C. This is in contrast to what has
been reported for other species. Previous studies on nitrogen fixing Burkholderia spp. such as B.
unamae (Caballero-Mellado et al., 2004) and B. tropica (Reis et al., 2004) detected no growth of
isolates at 37°C, but at 29°C, that was suggested to be their isolates” optimum temperature. These
outcomes suggest that 37°C is not a desired temperature for a number of Burkholderia isolates,
although some of the isolates examined in the current study were able to grow at this

temperature.

Salt tolerances have mostly been used for the characterization of Burkholderia isolates from soil,
such as on Burkholderia soli (Yoo et al., 2007) and Burkholderia terrae (Yang et al., 2006). The
tests for salt tolerance, together with growth ability on TYB containing 0.5% and 1% NaCl,
revealed no differences among the isolates included in this study. This is also reflected in general
laboratory practices, when these isolates are grown for DNA extraction, they are able to grow
easily in normal TYB, indicating that the salt used at that concentration in the broth did not affect
their ability to utilise this broth.
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Though Gram staining and microscopy procedures are labour intensive, these practices remain
important aspects of bacterial species description (Figure 2). This is because they provided the
first significant character on whether the isolates were Gram negative or Gram positive. This also
allowed simultaneous determination of cell dimensions. Although there were considerable
overlap between different species groups or lineages, size measurements were very similar
within a group. This suggests that the cohesion among members of a species is also expressed at

this very basic morphological level.

Metabolic tests also played a major role in characterizing isolates in this study. Although some
isolates clustered with described type strains, based upon phylogenetic analyses in chapter two,
they still demonstrated some variability with regards to phenotypic traits (Figure 1). Because a
few species’ description data for some carbon sources were not available for the Biolog GN2
test, only a summarised table (Table 5), in which some data was obtained from Chen et al., 2006;
2007 and 2008 and Zhang et al. 2000, was used. The reason for Table 5 having only selected
sugars was to allow easy comparison with the already available nodulating type species data in
Zhang et al., 2000, which reported only those carbon sources in their table. Both the Biolog GN2
and API 20NE tests produced usable results based on the outcomes listed in Tables 4 and 5, and
Figure 1. Manual interpretation of Biolog GN2 was not as easy as the interpretation of the API
20NE tests, but because Biolog GN2 contains more sugars for characterization, it gave more
characteristics from which differences and similarities for the isolates in question could be

determined.

From the UPGMA dendrogram it was clear that there is a very high overall level of similarity
between all the isolates in this study. It was, however, still possible to delineate them into smaller
groups or clusters based on phenotype. Also, some isolates shared characters with the type
strains of known species, but they were not identical (Christensen et al., 2001). SA 14 and SA 16
showed results similar to that of the type strain for B. vietnamiensis characters as they are all able
to utilise D-raffinose on Biolog GN2. Isolates from the lineages SA 9, SA 10, SA 13, SA 15, SA
16, SA 24 and some of the isolates in lineages SA 1, SA 12, SA 17, SA 20 and SA 25 demonstrated
the ability to utilise L-arginine on APl 20NE after 48 hours. This characteristic is also possessed

by the type strain of nodulating B. caribensis (Achoauk et al., 1999). Some of the isolates of
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lineages SA 1 and SA 12 were strain dependent for D-trehalose utilisation. However, formal
description of the species reported here will required comparisons with a larger range of known

Burkholderia species.

A number of the species characterized in this study are represented by single isolates.
Christensen et al. (2001) suggested that species should at least be delineated from four or more
strains (Christensen et al., 2001). This was also noted by Sohier et al. (2008), when they
discussed some issues that are still problematic in the present species identification process.
During this study, isolates that clustered on their own did not have enough distinct characters to
differentiate them from closely related species. This is in agreement with previous suggestions
that one isolate is not adequate enough to demonstrate discrepancies within the characteristics of
all strains in a species group (Christensen et al., 2001). Future descriptions of the single isolate
taxa included in this study are thus being dependent on identification and characterization of
additional conspecific isolates from nature.

3.6 Conclusions

The phenotypic tests demonstrated some differences between the indigenous isolates used during
this study. Although these procedures are time consuming, they are important for species
descriptions. Macroscopic characters demonstrated the abilities of these strains to grow on
different media sources at specific temperatures. Colony morphology, together with cell shape
and dimensions from microscopic measurements, demonstrated that individual species represent
cohesive groups. The metabolic array tests were useful in producing results to allow detailed
comparisons among and within species, as well as with already described species. Taken

together, these data allowed tentative description of 25 species of Burkholderia.
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3.8 Tables

Table 1: Isolates of Burkholderia incuded in the present study

Legume host Isolate code Species group Avrea of isolation in the Cape Floristic Region
Hypocalyptus sophoroides WK1.1a SA 12 0Old Dutoit’s kloof

WK1.1c SA 25 Old Dutoit’s kloof

WK1.1d SA 12 Trapped using WK1 soil

WK1.1le SA 20 Trapped using WK1 soil

WK1.1f SA 12 Trapped using WK1 soil

WK1.1g SA 12 Trapped using WK1 soil

WK1.1h SA 12 Trapped using WK1 soil

WK1.1i SA 12 Trapped using WK1 soil

WK1.1j SA 12 Trapped using WK1 soil

WK1.1k SA 12 Trapped using WK1 soil

WK1.1m SA 12 Trapped using WK1 soil
Hypocalyptus oxalidifolius RAUG6.4a SA 22 Trapped using 6.4 soil

RAUG6.4b SA 19 Trapped using 6.4 soil

RAU6.4d SA 17 Fernkloof nature reserve in Hermanus

RAUG.4f SA 17 Fernkloof nature reserve in Hermanus
Hypocalyptus coluteoides RAU 2b SA 17 N2 at Storms River Bridge

RAU 2c SA 6 N2 at Storms River Bridge

RAU 2d SA 6 N2 at Storms River Bridge

RAU 2d2 SA 17 N2 at Storms River Bridge

RAU 2f SA1l N2 at Storms River Bridge

RAU 2g SA6 N2 at Storms River Bridge
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Virgilia oroboides

Podalyria calyptrata

Hypocalyptus sophoroides

RAU 2h
RAU 2i
RAU 2j
RAU 2k
RAU 2I
Kb 1A

Kb 2

Kb 6

Kb 12

Kb 13

Kb 14

Kb 15

Kb 16

WC 7.3a
WC 7.3b
WC 7.3c
WC 7.3d
WC 7.3f
WC 7.3¢
HC 1.1a(1)
HC 1.1a(2)
HC 1.1a(3)
HC 1.1b(a)
HC 1.1b(b)
HC 1.1b(c)
HC 1.1b(d)

SA1l

SA 10
SA 19
SA1

SA1

SA 20
SA 16
SA9

SAS5

SA 17
SA 17
SA 17
SA 17
SA 11
SA 23
SA 18
SA 23
SA 18
SA 23
SA 24
SA 15
SA 25
SA 25
SA 25
SA 17
SA 21
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Trapped using RAU 2 soil
Trapped using RAU 2 soil
Trapped using RAU 2 soil
Trapped using RAU 2 soil
Trapped using RAU 2 soil
Kirstenbosch in single tree
Kirstenbosch in single tree
Kirstenbosch in single tree
Kirstenbosch in single tree
Kirstenbosch in single tree
Kirstenbosch in single tree
Kirstenbosch in single tree
Kirstenbosch in single tree
Paarl rock nature reserve

Paarl rock nature reserve

Paarl rock nature reserve

Paarl rock nature reserve

Paarl rock nature reserve

Paarl rock nature reserve

Trapped from Old Dutoit’s kloof Pass
Trapped from Old Dutoit’s kloof Pass
Trapped from Old Dutoit’s kloof Pass
Trapped from Old Dutoit’s kloof Pass
Trapped from Old Dutoit’s kloof Pass
Trapped from Old Dutoit’s kloof Pass
Trapped from Old Dutoit’s kloof Pass
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Hypocalyptus oxalidifolius

Cyclopia buxifolia
Cyclopia genesitoides
Cyclopia genesitoides
Cyclopia glabra
Cyclopia glabra
Cyclopia Intermedia
Cyclopia Intermedia
Cyclopia Intermedia
Cyclopia longifolia
Cyclopia longifolia
Cyclopia maculata
Cyclopia maculate
Cyclopia meyeriana
Cyclopia meyeriana
Cyclopia sessiliflora
Cyclopia sessiliflora
Cyclopia pubescens
Cyclopia sessiliflora

Cyclopia subternata

HC 1.1b(e)
HC 1.1b(h)
HC 6.4b
CB2
UCT2
UCT15
UCT34
UCT71
Cl1

Cl2

Cl3
Clongl
Clong3
CM1
UCT70
UCT43
UCT56
Cses4
UCT30
Cpub6
UCT31
CS2

SA 15
SA 12
SA 20
SA3
SA 20
SA 20
SA 2
SA 14
SA 8
SA 20
SA 20
SA7
SA 20
SA 4
SA 20
SA 2
SA 2
SA 18
SA 19
SA 20
SA 20
SA 13

Trapped from Old Dutoit’s kloof Pass
Trapped from Old Dutoit’s kloof Pass
Trapped from soil obtained in Fernkloof Nature Reserve
Heldeberg, Somerset-West

Rein’s Farms

Constantiaberg

Matroosberg

Unknown

Dennehoek, Joubertina

Dennehoek, Joubertina

Dennehoek, Joubertina

Thornhill, Humansdorp

Thornhill, Humansdorp

Paarlberg, Paarl

Jonkershoek

Hottentots Holland Mountain
Hottentots Holland Mountain
Plattekloof, Heidelberg

Callie’s Farm, Heidelberg

Next to N1; Port Elizabeth
Grootvadershosch

Dennehoek, Joubertina
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Table 2: Growth abilities of Burkholderia isolate on four different media after three to four days of incubation*.

e

sssssssssssssssssssssss
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

Isolates Species group YMA TSA TYA MacConkey Agar
+0.5% NaCl +1% NaCl (37°C) (29°C)
WK1.1a SA 12 + + + - +
WK1.1d SA 12 + + + + +
WK1.1f SA 12 + + + + +
WK1.1g SA 12 + + + - -
WK1.1h SA 12 + + + - +
WK1.1i SA 12 + + + + +
WKZ1.1j SA 12 + + + - -
WK1.1k SA 12 + + + - -
WK1.11 SA 12 + + + + +
WK1.1m SA 12 + + + - +
HC1.1bh SA 12 + + + + +
RAU 2c SA6 + + + - -
RAU 2d SA6 + + + - -
RAU 2¢g SA6 + + + - -
RAU 2f SA1l + + + - -
RAU 2h SA1l + + + - -
RAU 2k SA1l + + + - -
RAU 2l SA1l + + + - -
RAU 6.4b SA 19 + + + - +
RAU 2j SA 19 + + + - -
UCT 30 SA 19 + + + - -
WK1.1c SA 25 + + + - -
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HC1.1ba
HC1.1bb
HC1.1a3
WC7.3c
WC7.3f
Cses4
UCT 34
UCT 43
UCT 56
Kb 13
Kb 14
Kb 15
Kb 16
RAU 2b
RAU 2d2
RAU 6.4d
RAU 6.4f
HC1.1bc
HC1.1be
HC1.1a2
UCT 2
Cpub6
HC6.4b
UCT 15
Clong3
Cl2

SA 25
SA 25
SA 25
SA 18
SA 18
SA 18
SA 2

SA2

SA2

SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 15
SA 15
SA 20
SA 20
SA 20
SA 20
SA 20
SA 20

sssssssssssssssssssssss
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

e
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UCT 31
Cl3
UCT 70
WK1.1le
KB 1A
RAU 6.4a
HC1.1bd
WC7.3b
WC7.3d
WC7.3g
HC1.1al
Kb 2

Kb 6
WC7.3a
CB2
CM1

Kb 12
Cl1
Clongl
Cs2
UCT 71
RAU 2i

SA 20
SA 20
SA 20
SA 20
SA 20
SA 22
SA 21
SA 23
SA 23
SA 23
SA 24
SA 16
SA9

SA 11
SA3

SA4

SA5

SA 8

SA7

SA 13
SA 14
SA 10

+ o+ o+ o+ + + + 4+ o+ o+

+

*TYA (Tryptone yeast agar at 28°C); TSA (Tryptone soy agar at 28°C); YMA (Yeast mannitol agar at 28°C); TYB (Tryptone Yeast

Broth at 28°C).
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Table 3: Microscopic cell measurements of the Burkholderia isolate at 100x magnification using Zeiss phase contrast microscopy.

Isolate number Species group Measurements
Length (um) Width (um) Group mean dimensions (length
X width)

WK1.1a SA 12 1.62-2.01 0.63-0.72

WK1.1d SA 12 1.62-2.03 0.63-0.71

WK1.1f SA 12 152 -1.97 0.57-0.72

WK1.1g SA 12 1.08 -1.79 0.57 - 0.66

WK1.1h SA 12 151-1.82 0.62-0.70

WK1.1i SA 12 1.62-2.04 0.62-0.76

WK1.1j SA 12 152-2.17 0.63-0.72 15-2.0x06-0.7
WK1.1k SA 12 152-2.01 0.54-0.76

WKZ1.1l SA 12 155-2.28 0.63-0.72

WK1.1m SA 12 153-2.03 0.63-0.72

HC1.1bh SA 12 1.53-2.29 0.60-0.72

RAU 2c SA 6 1.48-2.28 0.58 -0.76

RAU 2d SA 6 1.72-2.98 0.60-0.81 16-26x06-0.8
RAU 2g SA 6 159 -2.63 0.65-0.76

RAU 2f SA1 145-2.10 0.65-0.76

RAU 2h SA1 1.48 -2.26 0.63-0.76 15 -23x06-0.8
RAU 2I SA1 1.79-1.80 0.65-0.77

RAU 2k SA1l 1.46 -3.29 0.65-0.77

RAU 6.4b SA 19 2.23-2.32 0.68 - 0.77

RAU 2j SA 19 2.03-2.25 0.71-0.76 22-24x0.7-0.8
UCT 30 SA 19 241 -257 0.82-0.83
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WK1.1c
HC1.1ba
HC1.1bb
HC1.1a3
WC7.3¢c
WC7.3f
Cses4
UCT 34
UCT 43
UCT 56
Kb 13
Kb 14
Kb 15
Kb 16
RAU 2b
RAU 2d2
RAU 6.4d
RAU 6.4f
HC1.1bc
HC1.1be
HC1.1a2
UCT 2
Cpub6
HC6.4b
UCT 15
Clong3

SA 25
SA 25
SA 25
SA 25
SA 18
SA 18
SA 18
SA2

SA2

SA2

SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 17
SA 15
SA 15
SA 20
SA 20
SA 20
SA 20
SA 20

2.48 —2.57
2.44 —2.95
2.09-2.60
2.37-2.64
211-2.22
1.62 -1.66
2.04-211
2.28-2.43
224 -241
2.25-251
1.75-2.25
1.95-2.52
1.85-2.60
1.70-2.13
1.54-1.90
1.25-2.61
1.26-1.48
1.46-1.76
1.75-2.33
2.13-2.20
2.22-243
1.84 -2.62
151-1.73
1.59-1.92
1.45-1.90
1.77-2.16

0.82-0.90
0.71-0.85
0.70-0.74
0.74-0.77
0.76-0.81
0.74-0.76
0.72-0.74
0.74-0.77
0.83-0.86
0.74-0.81
0.51-0.72
0.76-0.94
0.72-0.83
0.66-0.79
0.71-0.76
0.71-0.76
0.90-1.09
0.70 -1.09
0.64-0.71
0.71-0.76
0.70—-0.76
0.70-0.74
0.60-0.74
0.62-0.72
0.64-0.71
0.60-0.72
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23-27x 07-0.8

1.9-110x0.7-0.8

2.3-25x0.8-0.8

16 -22x0.7-0.8

22 -23x0.7-0.8

16 -2.0x0.7-0.8
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Cl2
UCT 31
Cl3
UCT 70
WK1.1le
KB 1A
RAU 6.4a
HC1.1hd
WC7.3b
WC7.3d
WC7.3g
HC1.1al
Kb 2

Kb 6
WC7.3a
CB2
CM1

Kb 12
Cl1
Clongl
Cs2
UCT 71
RAU 2i

SA 20
SA 20
SA 20
SA 20
SA 20
SA 20
SA 22
SA21
SA 23
SA 23
SA 23
SA 24
SA 16
SA9

SA11
SA3

SA4

SAS5

SA 8

SA7

SA 13
SA 14
SA 10

2.13-2.75
1.52-1.88
0.75-1.94
1.68 - 1.69
1.54 -1.66
1.79-2.16
1.02-1.41
1.71-2.25
1.80-2.32
1.84-2.51
1.76 - 2.53
1.78 - 2.27
1.46 -2.09
1.71-2.45
1.87-2.46
1.86-2.14
1.53-2.95
1.45-1.93
1.79-2.32
1.22-1.95
1.88-2.73
1.78 - 2.55
1.69-2.30

0.71-0.76
0.71-0.76

0.74-0.77
0.77-0.92
0.64-0.74
0.72-0.77
0.60-0.71
0.71-0.76
0.71-0.72
0.72-0.78
0.67-0.79
0.64-0.72
0.72-0.76
0.63-0.72
0.63 -0.69
0.70-0.72
0.65-0.72
048-0.71
0.64-0.65
0.63-0.74
0.76 -0.81
0.77-0.80
0.68 -0.76

1.02-1.41x0.60-0.71
1.71-225x1.71-0.76

1.8-25x 0.7-0.8

1.78-2.27,0.64-0.72
1.46-2.09; 0.72—-0.76
1.71-2.45;0.63-0.72
1.87 -2.46; 0.63 - 0.69
1.86-2.14;0.70-0.72
1.53-2.95;0.65-0.72
1.45-1.93;048-0.71
1.79-2.32;0.64-0.65
1.22-1.95;0.63-0.74
1.88-2.73;0.76 - 0.81
1.78 - 2.55;0.77 - 0.80
1.69 - 2.30; 0.68 - 0.76

© University of Pretoria

144



Table 4: Results of the APl 20 NE tests* 48 h after inoculation for species groups SA1-SA25 Burkholderia and a number of isolates representing

the types of known species.

Substrate

Described species”

Burkholderia species groups SA1-SA25

a

b

d

f

5 671|819

10

11

12

13

14

15

16

17

18

19

21

22

23

24

25

NO3 Potassium nitrate

+

+

+

@)

+

@)

N, Potassium nitrate

L-tryptophane

D-glucose

L-arginine

0

*)

Urea

+

@)

*)

+ (<

Aesculin ferric citrate

+ (<

Gelatin

@)

PNPG

*)

D-glucose assimilation

+

L-arabinose

D-mannose

D-mannitol

N-acetyl-glucoseamine

|+ |+ |+ |+ ]+

|+ |+ |+ |+ ]+

+ |+ <+ |+

4+ |+ + ]+

4+ |+ ]|+ +]+

+l+ |+ |+ ]+ ]+

+l+ |+ |+ ]+ ]+

+l+ |+ |+ ]+ ]+

+l+ |+ |+ ]+ ]+

+ |+ |+ |+ |+ ]+

+l+ |+ |+ ]+ ]+
+l+ |+ |+ ]+ ]+
+l+ |+ |+ ]+ ]+
+l+ |+ |+ ]+ ]+

|+ |+ |+ |+ ]+

+l+ |+ |+ ]+ ]+

|+ |+ |+ |+ ]+

|+ |+ |+ |+ ]+

|+ |+ |+ |+ ]+

|+ |+ |+ |+ ]+

|+ |+ |+ |+ ]+

+ |+ |+ |+

|+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

D-maltose

Potassium gluconate

+

+

Capric acid

+ |+

+ |+

+ |||+ ||+ ||+ |>

+ |+

*)

+ |+

*)

Adipic acid

+

Malic acid

++|<|+

+ |+ |+ |+

+ |+ |+ |+

+

+ |+ |+ |+

Trisodium citrate

0

+l+ |+ +]+

+l+ |+ +]+
+

*)

*)

Pheny! acetic acid

+ 4+ |+ ]|+ ]+

+ |+ ||+ +

)

+l+ |+ |+ ]+ ]+

+l+ |+ |+ ]+ ]+
+l+ |+ |+ ]+ ]+
+l+ |+ |+ ]+ ]+

+l+ |+ |+ ]+ ]+

™)

+ |+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

+ |+ |+ |+

+ |+ |+ |+ |+ ]+

<+ |+ |<|+

+ |+ |+ |+ |+ ]+

+ |+ |+ |+ |+ ]+

* For the SA1-SA25 and the type strains, + indicates that all isolates are + for the test, - indicates that all isolates are — for the test, (+)

indicates that 70 - 95% of the isolates are +, (-) indicates that 70-95% of the isolates isolates are -, V+ indicates that 55-70% of the

isolates are + for the test and V-indicates that 55-70% of the isolates are - for the test, V indicates that exactly 50% of the isolates are -

or +. n = no data available.

“Burkholderia type species: B. tuberum (a), B. phymatum (b), B. mimosarum (c), B. nodosa (d), B. vietnamiensis (e), B. caribensis (f),
B. sabiae (g). The data was obtained from published species descriptions.
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sssssssssssssssssssssss
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

e

Table 5: Results of the Biolog GN2 tests* 48 h after inoculation for species groups SA1-SA25 Burkholderia and a number of isolates representing
the types of known species.

Carbon Source

Described species”

Burkholderia species groups SA1-SA25

a|b c d e f g 2 3| 4 5 6 | 7 8 9 (10|11 |12| 13|14 |15 (16 |17 (18 | 19| 20 |21 22| 23| 24| 25
Adonitol + | + + V- + | + V- + ol - + |+ V+ T -1 -1+
L-arabinose + | + + |+ + |+ |+ + + + + |+ + + +
D-arabitol + | + + |+ + |+ |+ + + + + |+ + + ¥
D-cellobiose + |+ + ol -1-1-1+1v-]- - B P I
D-fructose + |+ + |+ + |+ + + + |+ + + +
L-fucose + |+ + |+ + |+ + + + + +
a-D-lactose + e B N
Maltose + e B N
D-melibiose + e B N
D-raffinose + B T e B - -] -
L-rhamnose + - + o+ |+ + |+
D-sorbitol + + + + o+ |+ + |+
Sucrose + N AR - N
D-trehalose + + |+ |+ PR VAL e e B N
Xylitol + | + R B - -] -
* For the SA1-SA25 and the type strains, + indicates that all isolates are + for the test, - indicates that all isoaltes are — for the test, (+)
indicates that 70 - 95% of the isolates are +, (-) indicates that 70-95% of the isolates isolates are -, V+ indicates that 55-70% of the
isolates are + for the test and V-indicates that 55-70% of the isolates are - for the test, V indicates that exactly 50% of the isolates are -
or + for the test. SA23 demonstrated weak color change on Biolog GN2 test.
“Burkholderia type species: B. tuberum (a), B. phymatum (b), B. nodosa (c), B. sabiae (d), B. mimosarum (e), B. vietnamiensis (f) and
B. caribensis (g). The data was obtained from published species descriptions.
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