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ABSTRACT

INTERSPECIES GENE TRANSFER IN THE EVOLUTION OF
2,4-DICHLOROPHENOXYACETATE
DEGRADING BACTERIA

By

Catherine McGowan

A great diversity of 2,4-D degrading bacteria exists in nature, yet it is
not known by what mechanisms this diversity evolved. This study has
demonstrated that interspecies gene transfer plays an important role in the
evolution of this diversity.

2,4-D degrading strains isolated from various parts of the world were
analyzed for their phylogenetic diversity as inferred from their 16S ribosomal
DNA sequences. By this analysis, of 23 strains tested, 18 unique 165 rDNA
sequences were found which belonged to members of the alpha, beta and
gamma Proteobacteria.

The genetic diversity of the genes in these strains was further
examined by hybridization studies with ¢fdA, B, and C genes, which encode
the first three enzymes in the degradation of 2,4-D. Hybridization patterns
indicated fifteen different classes of 2,4-D degraders. These patterns also
showed that some strains contained pathways which appear to be mosaics of
tfd genes, which suggests interspecies transfer and recombination of tfd
pathways. This hybridization analysis also showed that two or more tfd
probes hybridized to all beta and gamma Proteobacteria, but not to members
of the alpha Proteobacteria. Only tfdB could hybridize at low stringency to

only some members of the alpha Proteobacteria.



To compare the phylogeny of tfd sequences with the phylogeny of 165
rDNA sequences, tfdA genes from the beta and gamma Proteobacteria were
partially sequenced. Three classes of tfdA-like sequences were found in these
strains, differing by up to 24 percent from the corresponding sequence for
JMP134. Dendrograms derived from these tfdA genes differed dramatically
from the dendrogram of the 16S rDNA sequences from the same organisms,
providing compelling evidence of interspecies horizontal gene transfer.

To discover whether these strains could mobilize 2,4-D genes in vitro,
they were mated with recipient strain Burkholderia cepacia D5. Several
strains transferred and expressed the ability to degrade 2,4-D, whereas other
strains did not. Those that rapidly transferred and expressed the 2,4-D
phenotype included strains with tfdA genes greater than 99% similar to tfdA
from JMP134. Those strains that did not transfer the ability to degrade 2,4-D,
or did so only at extremely low frequencies, had ¢fdA gene sequences differing
by almost 24 percent from J]MP134. One of these non-conjugal 2,4-D strains,
Burkholderia strain RASC, was found to transfer its 2,4-D genes from its
chromosome into the chromosome of B. cepacia at an extremely low

frequency and required a long incubation period.
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OVERVIEW

Interspecies genetic transfer may play an important role in the
evolution of diversity of 2,4-D degrading strains. Gene transfer has been
shown to be involved in the evolution of xenobiotic degrading organisms in
vitro (Kellogg et al. 1981; Latorre et al. 1984; Reinecke and Knackmuss, 1979),
yet it is not known how important gene transfer is in nature for the
evolution of strains capable of degrading xenobiotic compounds.
Hypothetically, the diversity of organisms capable of 2,4-D degradation could
have evolved in one of three ways either by 1) divergence of an existing strain
into uniqﬁe strains of 2,4-D degraders; 2) convergence or parallel evolution of
two unrelated strains into 2,4-D degraders; or 3) gene transfer, in which the
genes for 2,4-D degradation evolved once or more times and were
subsequently transferred between unrelated strains (Figure 1). Of course,
there may also be many permutations to these three basic themes. For
example, only the upper pathway may have transferred to strains which had
already evolved a lower catechol dioxygenase pathway. The goal of this
project was to examine the hypothesis that gene transfer played an important
role in the evolution of diversity of 2,4-D degraders.

Although no one argues that genetic transfer occurs in bacteria, and
that interspecies gene transfer has been observed in the laboratory, the view is
generally held that gene transfer in nature generally occurs within a species,

(Dykhuizen and Green, 1991) and that the range of gene transfer even defines



+ + - - -
Divergence
+ - - + -
Convergence
'
- + + - -

Gene Transfer

Figure 1. Three models diagraming possible evolution of 2,4-D
degrading strains. Stippled lines and a “+” indicate the presence of
24-D pathway. Solid lines and a “- indicate strains that do not have
the 2,4-D pathway.



5

a species, analogous to the definition of species in multicellular, eukaryotic
organisms (Stackebrandt et al. 1991).

One way to determine whether gene transfer is responsible for the
evolution of 2,4-D degrading strains is to apply a "phylogenetic congruency
test” that predicts if the phylogenies of two separate genes are different
(incongruent), then horizontal gene transfer has occurred within the group of
organisms under investigation (Wilson et al. 1977). In other words,
"recombination mixes the phylogenetic relationships of the strains"
(Dykhuizen and Green, 1991) (Figure 2).

In this study, I compared the phylogeny derived from 16S gene
sequences to the phylogeny derived from 2,4-D genes, in particular the tfdA
gene, the first gene in the pathway of 2,4-D degradation. Then, to see
whether transfer of the 2,4-D genes was observable in vitro, these strains were
subjected to mating experiments. The gene transfer of one strain was then
studied more in depth.

To accomplish these tasks, I performed the following experiments
which are described in the next four chapters. In the second chapter, I
examined the phylogeny of a group of 2,4-D degrading organisms based on
partial sequences of 16S ribosomal DNA. In the third chapter, I describe work
done by Dr. Roberta Fulthorpe and myself on the diversity of 2,4-D degrading
genes from diverse bacteria that hybridize to the tfdA, tfdB and tfdC genes
from plasmid pJP4. In the fourth chapter, I describe partial sequencing of the
tfdA genes from a select group of 2,4-D degraders and comparison of the
dendrogram derived from this information to that derived by sequencing of
the 16S rDNA genes. Finally, in the fifth chapter, I describe an unusual 2,4-D



Gene X

A B C D E
Gene Y

A D B C E
Gene Z

Figure 2. Phylogenetic congruency test. If phylogenies for two genes are identical,
or congruent, as are gene X and gene Y in this diagram, then gene transfer has not
necessarily occurred. However, if phylogenies for the two genes are different in
the same group of organisms, then this is evidence of horizontal gene exchange, as
is the case illustrated here where the phylogeny of gene Z differs from those of
gene X and gene Z.
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gene transfer dynamic in strain RASC.

Before describing these experiments, I use the rest of the introductory
chapter to provide background information on the project. I describe the
rationale for this project; give an overview of the evolution of xenobiotic
degradation pathways; describe the 2,4-D model system, the diversity of 2,4-D
degrading organisms, and their genes; and I describe mechanisms of gene

transfer and discuss what is known about gene transfer in the environment.



RATIONALE

"The great aim of education is not knowledge, but action"

~Herbert Spencer (1820-1903)

Earth has entered a new geological era, that of the psychozoic, in which
human influence on the biogeochemistry of the planet approaches the
magnitude of previous abiotic (tectonic) and biotic (i.e. production of
oxidizing atmosphere) forces (Piruzyan et al., 1985). Humans have influenced
the biogeochemistry of the planet in two fundamental ways: by the generation
of millions of axenic compounds and by an explosion in population growth
which in turn has accelerated and altered many biogeochemical processes.

One of these influences is that humans synthesize most of the two
hundred thousand novel substances added yearly to the list of over 5 million
chemical compounds described in Chemical Abstracts (Piruzyan et al., 1985)
and the United States alone produces approximately 100 million tons of
synthetic organic chemicals annually (Cork and Kreuger, 1991). What is the
fate of these xenobiotic compounds in nature? Some, usually analogs of
natural products, may be degraded by extant microorganisms, while for some
others, microbes may evolve novel pathways to degrade them (Allewell, 1989;
Yano, 1980, Ornston and Parke, 1976).

One class of anthropogenic compounds is pesticides, used to combat

plant pests which destroy nearly one-third of the world's agricultural output
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(Davidson et al. 1991). In the United States approximately 200,000 tons of
herbicides are applied annually at a cost of about $5 billion (Zilberman et al.,
1991). The initial cost of pesticides, which have allowed a "Green
Revolution" enabling farmers to grow food enough to feed the planet, does
not include the potential hidden costs, such as contamination of the
environment (Postel, 1988). The removal of unwanted pesticides in some
cases may be achieved through biodegradation. Some pesticides are known to
be degraded due to the evolution of microorganisms capable of metabolizing
the compound as a substrate for growth. A factor contributing to this
metabolic evolution is thought to be the transfer of pesticide degrading genes
between various microbes (Fox, 1983; Kellogg et al., 1981; Yano, 1980).

To fully understand how microbes have evolved to degrade xenobiotic
compounds will require a substantial effort by many research groups.
Nonetheless, one potentially important component of microbial evolution, i.
e., the role of gene transfer, was examined using the pathway for the
degradation of 2,4-dichlorophenoxyacetic acid as a model system.
Bioremediation: The natural phenomenon of biodegradation is now being
exploited by humans to remove toxic, manmade chemicals from chemical
spills, aquifers, and Superfund sites (Kobayashi and Rittman, 1982). An
estimated 20% of the 1245 Superfund sites, for which the U.S. federal
government spends approximately $11 billion annually to clean up, might be
detoxified biologically (Begley and Waldrop, 1989; Ghisalba, 1983, Ghosal et al.
1985, Gibson, 1984; Madsen, 1991; Reinecke and Knackmuss, 1988; Rochkind et
al. 1986). Various strategies have been employed to facilitate biodegradation,

including addition of nutrients or aeration to encourage growth of
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indigenous microbes, as done with the Exxon Valdez oil spill (Fox, 1989) or
addition of exogenous microorganisms capable of utilizing the substrate
(Roberts, 1987). In'the future, genetically engineered microorganisms may be
useful for some bioremediation. If the release of genetically-engineered,
detoxifying microorganisms (GEMs) is approved, introduction of degradative
genes on broad host range, conjugal plasmids or otherwise mobilizable genes
may be an effective method for bioremediation, since the pathways effecting
the metabolism of recalcitrant compounds may function best if naturally
transferred into indigenous populations at the site instead of by adding a
foreign strain which would be less likely to survive (Goldstein et al. 1985).

With more knowledge of how catabolic strains have evolved in
nature, humans can use a more holistic approach to environmental

bioremediation (Verstraete and Top, 1992).

EVOLUTION

"The extent to which we can hope to understand
ourselves and to plan our future depends in some measure on our
ability to read the riddles of the past."

~ George Gaylord Simpson

When and how did 2,4-D degrading microbes evolve? If we can learn
how 2,4-D pathways and organisms evolved we might develop better
solutions for pollution management.

Learning about the mechanisms of evolution in a relatively simple

system such as 2,4-D degrading bacteria can also shed light on evolutionary
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processes in general and add to our understanding of the evolutionary
relatedness of all organisms (Figure 3). A firmer understanding of
evolutionary processes may bolster the theory of evolution, which nearly fifty
percent of the U. S. population doubts, in favor of a theory of creationism
(Gallup, 1994, Taylor, 1994). An excellent model to understand the
fundamental principles of evolution is in the evolution of the diversity of
2,4-D degrading bacteria.
Evolution of pathways for biodegradation of xenobiotic compounds: Gene
transfer has been shown to be involved in the evolution of novel pathways
by the recruitment of protein modules (Baron et al. 1991). Organisms with
novel catabolic pathways appear to have evolved as the result of gene transfer
in vitro (Kellogg et al. 1981; Latorre et al. 1984), yet it is not known how
important gene transfer is in nature for the evolution of novel organisms.
It is surprising that so many exotic, anthropogenic organic compounds
can be biodegraded since microbes were presumably not exposed to these
compounds in any great quantity prior to the 1940's when they were first
synthesized and therefore might be expected to lack enzymes capable of
recognizing such compounds as substrates. Even though over 1500 naturally
occurring chlorinated compounds (including 2,6-dichlorophenol, the sex
pheromone of the female lone star tick ) have been isolated (Suide and
DeBernardis, 1973; Rhodes, 1994), no naturally occurring chlorinated
phenoxyacetic acid has been reported. Have organisms evolved catabolic
pathways de novo since the widespread introduction of these artificially
synthesized compounds, or is this simply outgrowth of already existing
pathways?
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The research described in this dissertation has explored the possibility
that novel 2,4-D degrading organisms have evolved via gene rearrangement
and recruitment facilitated by gene transfer. Several researchers have
explored the evolution of metabolic function, which is reviewed by Mortlock
(1992); Ornston and Parke (1976); and Schlémann et al. (1992). Evidence for
evolution by gene exchange comes from laboratory experiments (Kellogg et
al., 1981; Latorre et al., 1984) but is thought to occur in nature as well.
Although scientists have described the prevalence and importance of gene
transfer in the environment (for review see Coughter and Stewart, 1989; Fry
and Day, 1989; Levy and Miller, 1989; Levy and Marshall, 1988; Stotzky, 1989;
Stotzky and Babich, 1986; Trevors et al. 1986) it is still not known to what
degree gene transfer in the environment facilitates the emergence of novel,

xenobiotic-degrading strains.
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24-D MODEL SYSTEM

2,4-D degradation: A useful model for studying evolution of catabolic
pathways is the pathway for 2,4-dichlorophenoxyacetate degradation. One
reason for its usefulness as a model is because 2,4-D was presumably not a
substrate for bacteria since first being synthesized by humans in 1942 (it has
never been detected in pristine environments). Other reasons for choosing
2,4-D biodegradation as a model system include its widespread use, that it is a
synthetic compound of moderate recalcitrance, and because one pathway for
its degradation has been characterized biochemically (Duxbury et al., 1970;
Tiedje et al., 1969; Bollag et al., 1968; Loos et al., 1966; Don and Pemberton,
1991) and genetically (Perkins et al., 1990; Kaphammer et al.,1990; Don and
Pemberton, 1985; Fukumori and Hausinger, 1993; Suwa et al. in prep;
Matheson et al. 1994; Nakatsu et al. in prep; Kamagata, et al. in prep).

The herbicide 2,4-D is a functional analog of the plant hormone, auxin,
that kills dicotyledonous plants by causing them to “grow to death” (Corbett,
1984). Over 60 million pounds of 2,4-D (sold as over 1500 different registered
products including the bestselling lawn herbicide "Weed-B-Gone," (Ortho))
are applied annually for agriculture, in forests and on turf to control broadleaf
weeds. This herbicide also was used as a defoliant during the military
engagement in "Operation Ranchland" in Viet Nam. The Environmental
Protection Agency (EPA) has concluded that 2,4-D poses no significant health
hazards when used according to the label. This limited hazard is due, at least
in part, to the fact that 2,4-D is readily degraded in the environment.
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Known 2,4-D degradation pathway: The pathway of 2,4-D degradation
encoded by plasmid pJP4 in Alcaligenes eutrophus JMP134 is the most well
characterized of all 2,4-D pathways (Figure 4) and its enzymes are best
understood (Table 1). The initial reaction is catalyzed by the product of the
tfdA gene, 2,4-D dioxygenase, an alpha keto glutarate dependent dioxygenase
(Fukumori, and Hausinger, 1993) which cleaves the ether linkage yielding
glyoxylic acid and and 2,4-dichlorophenol. This latter compound is
subsequently hydroxylated by 2,4-dichlorophenol hydroxylase, encoded by the
tfdB gene, to form 3,5-dichlorocatechol (Perkins et al. 1990). This ring
compound is then cleaved via a modified ortho pathway, to cis,cis-2,4-
dichloromuconic acid, and then to 2-chloro-4-carboxymethylene but-2-enolide
and finally to 2-chloromaleylacetic acid (Perkins et al. 1990). Chromosomally
encoded enzymes further metabolize 2-chloromaleylacetic acid to succinate
and acetyl CoA (Kukor, et al, 1989).

Although only one pathway for the degradation of 2,4-D has been well
characterized, other pathways may exist (as have been shown for toluene
degradation) but have not yet been described. An additional pathway for 2,4-
D degradation has been partially characterized which includes the formation
of a 3,5-dichlorohydroxyhydroquinone intermediate in Nocardioides simplex

(Kozyreva et al. 1993).



;ﬁ/ oCOOH

I
24-D/ a-ketoglutarate
dioxygenase

ﬁj&

tfdF
‘ trans-chlorodiene-lactone
isomerase

tfdB tfdE
- 2,4-dichlorophenol chlorodienelactone
hydroxylase hydrolase
HOOC
“fj T
c N \o
chlorocatechol- * chloromaleylacetate
1,2-dioxygenase reductase
HOOC HOOC
\(CI N
X tfdD moT\/LO
cl chloromuconate
. cycloisomerase

Figure 4. Pathway for 2,4-D degradation found in Alcaligenes eutrophus
JMP134. (Diagram courtesy of Dr. Cindy Nakatsu).
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DIVERSITY OF 24-D DEGRADING ORGANISMS

Before examining the role of gene transfer in generating diversity of
2,4-D degraders, the range of different organisms capable of degrading 2,4-D
needs to be presented. Understanding the diversity of bacteria is not a simple
task, since there are different and sometimes conflicting measures of
diversity, different schemes used to classify this diversity, and even different
definitions for the word "species" used to describe this diversity. In this
section I will discuss the diversity of 2,4-D degrading organisms already
known. Then I will briefly discuss the methods used to characterize and
classify the diversity of recently isolated 2,4-D degraders in an attempt to give
them a species designation. In particular, I will emphasize the use of 16S
rRNA as a tool in determining phylogenetic diversity and mention some of
the methods used to infer phylogenies based on 165 rRNA sequences. Then I
will discuss potential problems in defining diversity, including ambiguities in
nomenclature and the definition of species.

Many organisms have been isolated that can grow on 2,4-D as sole
carbon and energy source, including Arthrobacter (Loos et al., 1966; Tiedje et
al. 1969); Bordatella (Greer et al. 1992); Flavobacterium, (Chaudry and Huang,
1988); Alcaligenes, Pseudomonas cepacia (Greer et al. 1990), and others (Bell,
1957) (Table 2). Many of these isolates that grow on 2,4-D as sole carbon and
energy source include species putatively assigned to Alcaligenes (Amy et
al.,1985), including Alcaligenes eutrophus JMP134, which contains the well
characterized 2,4-D plasmid pJP4 (Don and Pemberton, 1981). In addition to
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Gram negative bacteria, several Gram positive 2,4-D degraders have been
reported, including Arthrobacter (Loos et al. 1966); Nocardioides simplex
(Kozyrevé et al. 1993); Streptomyces sp. (Speicher, 1954); and various other
unidentified Gram positive bacteria (Amy et al. 1985; Tonso et al. in press). In
addition to bacteria, the fungus Phanerochaete chrysosporium has been
shown to degrade 2,4-D, although not as a growth substrate (Yadav and
Reddy, 1993).

In addition to the organisms described above, scores more strains
capable of degrading 2,4-D have been recovered (Ka et al. 1994; Tonso et al.,
submitted). Because of the great numbers of 2,4-D degraders that have been
isolated, researchers have sought new ways to quickly and easily characterize
these strains to understand their diversity. The diversity of any group of
organisms can be classified and organized in two ways: by evolutionary, or
phylogenetic, classification, or by phenotypic classification.

Phenotypic classification: Until relatively recently, phenotypic
characterization has been the only means available for classifying bacteria.
Bergey's Manual of Determinative Bacteriology has been the definitive source
of classification which was based solely on phenotypic classification. Some

techniques for assessing phenotypic characteristics include classical
microbiological techniques (such as the Gram stain), BiologIM, and fatty

acid methyl ester (FAME) analysis (Tonso et al. 1992). Genetic characteristics
have also been used to assess the diversity of 2,4-D degraders, including

plasmid hybridization (Tonso et al. 1994) and a chromosome fingerprinting
technique using PCR amplification of repetitive extragenomic palindromic

(REP) sequences as primers (Fulthorpe et al. submitted; Ka et al. 1994; Tonso
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(REP) sequences as primers (Fulthorpe et al. submitted; Ka et al. 1994; Tonso et
al. in press).

Although non-molecular techniques, such a classical techniques like
Gram stain and morphology, and newer techniques like FAME and Biolog
provide information on the phenotypic diversity and REP and hybridization
analyses indicate the genetic diversity of these organisms, these methods
cannot be relied on to provide a true phylogeny of these organisms, and thus
the ancestral lineage of these strains. Evidence has shown that phenotypic
groupings do not necessarily reflect phylogenies of these strains. For example,
it was originally thought that all purple, photosynthetic bacteria were closely
related and formed a tight clade to the exclusion of other bacteria until Woese
et al. (1980) discovered, using comparisons of 16S rRNA and cytochrome
genes, that these purple photosynthetic bacteria were more related to other
Gram negative bacteria than they were to each other. For this reason, I will
use phylogenetic relatedness based on 16S rRNA as one indicator of the
evolutionary relatedness of these strains. Once the ancestry of the strains and
the relatedness of the genes involved in 2,4-D degradation is known, I can
ask whether the diversity of 2,4-D strains arose by divergence or by gene

transfer.
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Phylogenetic classification: Another way to catalogue the diversity of 2,4-D
degrading strains is using phylogenetic classification using 16S rDNA. This
recently developed technique may fulfill Darwin's prophesy:

"The time will come I believe, though I shall not live to see it,
when we shall have very fairly true genealogical trees of each great
kingdom of nature."

~ Charles Darwin (in Wheelis, 1992)

Studying phylogenies of bacteria has revitalized microbiology
(Margulis, 1992; Olsen et al. 1994). Unlike eukaryotic phylogenies which can
be based on morphological data, bacterial phylogenies were practically
impossible to do before the advent of molecular sequencing. Molecules used
in phylogenetic analysis are often highly conserved and include cytochromes,
elongation factors, and small and large ribosomal subunits. "Molecular
sequencing technology has brought biology into the era of global (universal)
classification” in which all organisms can be compared to all others (Wheelis
et al. 1992).

Phylogenetic analysis is growing in popularity as molecular techniques
become increasingly widespread. Now that phylogenies based on molecular
sequence data have become better understood, many phenotypic
characteristics, such as biochemical markers, have been discovered to be
phylogenetically relevant. For example, particular fatty acid methyl esters
have been found to be indicators of alpha, beta, and all four gamma
subgroups of Proteobacteria. In addition to these markers, one might ask if
any of the 2,4-D genes are markers for particular phylogenetic groups. This

research will address this question.
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16S rRNA: Of all the molecules to be sequenced for phylogenetic analysis,
16S rRNA is the most popular, as indicated by the large numbers of sequences
deposited in GenBank and the Ribosomal Database Project and the deeply
rooted, extensive phylogenies produced with this molecule (Figure 5). This
molecule, which is approximately 1500 nucleotides in length in bacteria, is
highly ‘conserved (Figure 6), and is therefore a useful molecule for doing
phylogenetic studies. It is convenient to use this molecule because new
sequences can be compared to large numbers of other 165 rRNA molecules.
Since first sequenced in Escherichia coli (Brosius et al. 1978), over 2600
additional sequences of small ribosomal sequences have been added to the
rapidly growing Ribosomal Database Project (RDP) and even more are
accessible in Genbank. Comparing small ribosomal subunits has been
extremely useful in creating a universal phylogeny (Woese, 1978; Fox et al.
1980). In addition to characterizing extant, cultured organisms, 16S rDNA
sequencing has allowed researchers to characterize ancient organisms, such as
Bacilli trapped in bee guts in amber 25-40 million years old (Cano, 1994) and
organisms which have not been cultured (Amann et al. 1994; Schmidt et al.
1991).
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Figure 6. Diagram of 16S rRNA molecule. Heavy lines indicate highly
conserved regions and dashed lines indicate hypervariable regions.
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Inference of Phylogeny

Determining the diversity of strains based on sequence comparisons
requires the reconstruction of a phylogeny. Reconstructing a true phylogeny
is often a difficult task as illustrated by the fact that the number of possible

unrooted, binary trees for N taxa is

(2N-5)1!

(thatis,1x3x5...x(2N-5)) (Penny, 1991). So, for example, 10 taxa would
yield 2,027,025 possible different trees (Penny, 1991). To assist in determining
the correct tree from the huge number of possibilities, several methods can be
used to infer a phylogeny from sequence data (reviewed by Doolittle, 1990;
Felsenstein, 1988; Goodfellow, 1985; Kumar et al. 1993; Maddison and
Maddison, 1992; Penny, 1991; and Swofford and Olsen, 1990) The three major
categories of methods, including parsimony, distance matrix and maximum
likelihood, are briefly outlined here.

Parsimony: Parsimony uses the least amount of convergence and reversal
among the characters to determine a tree. The measure of.evolutionary
change is the treelength, which is calculated by the weighted sum of "steps, "
or base pair changes. Programs designed to analyze trees using maximum
parsimony include PAUP, PHYLIP and MacClade. MacClade lets one observe
treelengths and other tree statistics, although it does not automatically
calculate the shortest treelength. PAUP and a program in the PHYLIP package

automatically calculates the most parsimonious trees using a variety of
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algorithms. Parsimony methods work well if there is little change over
evolutionary time (Felsenstein, 1981; Stewart, 1993). However, parsimony
methods can fail if there are large amounts of change or if some branches of
the tree are much longer than other branches of the tree, since parsimony
tends to group all long branches together, even if they are not related.
Distance Matrix: There are several distance matrix methods which build trees
based on distances between pairs of strains. These techniques include
unweighted pair group method of analysis, UPGMA, the neighbor joining
method and the Fitch and Kitch least squares techniques (Felsenstein, 1993).
The DeSoete Tree Fit package used by the RDP is an example of using the least
squares fitting algorithm on a distance matrix. UPGMA tends to fail if a
molecular clock is not obeyed, that is, if rates of evolution differ between
different taxa being analyzed (Felsenstein, 1981). Another problem with these
methods is that they fail to fully exploit all information in the original data.
Maximum Likelihood: This involves inferring phylogenies from a simple
probabilistic model of evolution (Felsenstein, 1981). Maximum likelihood
"involves finding that evolutionary tree which yields the highest probability
of evolving the observed data" (Felsenstein, 1981, p 369). This is based on a
function of the tree (the hypothesis) and not a function of the data
(sequences). RESTML, which is part of the PHYLIP package, is software
designed to estimate maximum-likelihoods from restriction site data
(Felsenstein, 1992)

Confidence test for phylogenies: Because different methods often yield
different trees, and sometimes more than one optimal tree is found per

method, it is important to estimate the confidence in the tree (Felsenstein,
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1985). The most widely used statistical tool for this task is the "Bootstrap”
method, which Felsenstein was the first to apply to phylogenies. For this
method to work, many iterations of the tree algorithm are performed, each
one with resampled data. In each iteration of the bootstrap, nucleotides (or
other character types) in a data matrix are resampled such that some
nucleotides (characters) are counted one or more times and other nucleotides
are not counted at all.
Phylogenetic congruency: How reliable is a single molecule, such as 165
rRNA, for determining the phylogeny of an entire organism? This question
has not been extensively investigated and is not yet known how great an
effect gene transfer and gene duplication has had on the evolution of
organisms (Doolittle and Brown, 1994). However, in cases that have been
tested, the deeper branches of the 16S phylogenetic tree have shown to be
congruous with phylogenies derived from using cytochromes, elongation
factors, and ATPases (Iwabe et al. 1989).
Species Definition: In discussing diversity, the term "species” is often
invoked, although in bacteria this term is difficult to define. There are two
ways to define species: 1) using a phenotypic definition or 2) using a biological
species definition which says members of same species are inbreeding groups.
Adherents of the biological species concept at one extreme claim that
there are no species of bacteria, since there is no genetic isolation among
bacteria (Sonea, 1989). A more moderate view of the biological species is that
of Dykhuizen and Green (1991) who define species as those strains which
demonstrate a high degree of recombination.

The current working definition of bacterial species accepted by most
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microbiologists is phenetic definition. This definition was agreed to by a
convention of bacterial systematists who decided that two strains that are at
least 70% identical on the level of DNA:DNA hybridization are members of
the same species (Wayne et al. 1987).

Because so many researchers are now using 165 rDNA to classify
bacteria, Stackebrandt and Goebel (1994) have proposed that any two strains
sharing less than 97% similarity of 165 rRNA sequences belong to different
species. Stackebrandt and Goebel (1994) report that "organisms that have less
than 97.0% sequence homology will not reassociate to more than 60%" which
is below the 70% threshold for a species definition. It should be noted that the
divergence of total genomic DNA is not necessarily reflected in the
divergence of 16S rDNA (Table 4). For example, Burkholderia cepacia and
Alcaligenes eutrophus differ by 4.3% at level of 165 rDNA sequences, whereas
these differ by 93% at level of DNA-DNA similarity (Li, 1993).

Our definition aﬁd understanding of species may define our
understanding of the diversity of 2,4-D degrading strains. For example, many
2,4-D degrading strains appear to be pseudomonads (Ka et al. 1994) and like
other pseudomonads may share a high degree of sequence similarity at the
level of 16S TDNA, yet may have diverged considerably at the level of total
genomic DNA (Johnson and Palleroni, 1989). "In contrast, strains of different
species of other genera may show in their DNAs a degree of conservatism
approaching that of the ribosomal genes. It is tempting to attribute these
peculiar properties of the pseudomonads to the ubiquitous occurrence of
these organisms and the concomitant need for adjustment to the selective

pressures of highly variable natural habitats." (Johnson, 1989). Perhaps these
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pseudomonads adjust to their habitats by genetic exchange.

Determining the diversity of 2,4-D degrading strains could be confused
not only by differences in species concepts, but also by the confusion brought
on by changing species and genus names. For example, Pseudomonas strains
have undergone various name changes in the past 10 years. Strains once
belonging to the genus Pseudomonas have been reclassified into several
groups such as Burkholderia, Sphingomonas, Comamonas, and
Xanthomonas (de Ley et al. 1986; Stackebrandt et al. 1988; Yabuuchi et al.,
1992). In order to help sort out changing names and classifications, Table 3
shows past and present names and classifications of selected strains of

Proteobacteria.
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DIVERSITY OF 2,4-D DEGRADING GENES

In the previous section I discussed methods and issues for assessing the
diversity of bacteria. However, this knowledge reveals nothing of a strain's
genetic constitution for degrading 2,4-D. In this section I will discuss what is
known about the diversity of genes for degrading 2,4-D and related
chloroaromatic compounds.

Gene Similarities: There has been little comparison of the genes responsible
for degrading 2,4-D. The entire pathway, tfdA-tfdF, has been sequenced only
in JMP134(pJP4) (Don et al. 1985; Perkins et al. 1990, Streber et al. 1987). The
tfdA gene has subsequently been sequenced and found to be identical in
strains EML159 and TFD38 (Fukumori, personal communication) and
pCSV90 (Bhat et al. 1994) and found to differ by 23 percent in Burkholderia
strain RASC (Suwa et al. 1994) and Burkholderia strain TFD6 (Matheson,
1994), the latter two of which are identical to each other.

It appears that alternate pathways and/or other genes involved in 2,4-D
degradation differ substantially from those genes in the pathway of pJP4. This
is suggested by 2,4-D organisms which do not hybridize to pJP4 in colony
hybridization experiments. For example, Matheson et al., (1991) assessed the
diversity of 2,4-D strains from different sources and found that pJP4
hybridized to only 16 of 52 (30%) of the 2,4-D degrading colonies isolated from
three different locations. Furthermore, Holben et al., (1990) found that total
bacterial DNA isolated from a Saskatchewan soil exposed to 2,4-D hybridized
with genes tfdA and tfdB, but had no significant hybridization to tfdC, D, E, or
F indicating a population of 2,4-D degraders different than that of pJP4. Ka et
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al. (1994) isolated 2,4-D degrading strains from a Michigan agricultural plot,
some of which contain plasmids that hybridize to tfdA only, others to
tfdA,B,C,D and still others which had no apparent similarity to pJP4.

Other chloroaromatic degradation genes: Other studies have examined the
diversity of genes related to tfdC, a catechol dioxygenase, from other
chloroaromatic degradative pathways such as the 3-chlorobenzoate (3CB)
pathway and trichlorobenzene (TCB) pathways (for review see van der Meer,
1992 ; Harayama and Kok, 1992; and Fukuda, 1993; Ghosal and You, 1988;
Ghosal et al. 1985). These studies showed that gene analogs of ¢fdC, D, E, F
were in the same orders in operons found in the 2,4-D pathway of JMP134, in
the 3CB pathway in plasmid pAC127, and in the TCB pathway of
Pseudomonas P51 (Figure 7). Gene similarities can be determined by amino
acid similarity, DNA sequence similarity or by gene probing. In contrast,
hybridization analysis with various probes made from 2,4-D genes and 3-
chlorobenzoate (3CB) genes (which have sequence similarity to the lower
pathway of 2,4-D degradation in pJP4) offers a means of more efficiently
surveying sequence similarity of the genes for 2,4-D degradation.
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GENE TRANSFER POTENTIAL

To understand the role of gene transfer in the evolution of 2,4-D
degrading strains, it is useful to review some of the literature pertaining to
gene transfer mechanisms in general, what is known about mobile 2,4-D
degrading genetic elements in particular, and about gene transfer in nature.

Although conjugal gene transfer among certain types of 2,4-D degraders
is documented (Don and Pemberton, 1981), it is not known to what extent
gene transfer is responsible for the diversity of 2,4-D degraders observed. One
aim of this research was to assess the ability of various 2,4-D degrading strains
to transfer the 2,4-D phenotype. In addition, this project examines other
modes of gene transfer aside from conjugation. Conjugation has been the
only means of gene transfer reported for transfer of the 2,4-D phenotype.
Horizontal Gene Transfer: Interspecies horizontal gene transfer has been
observed in a huge variety of strains, crossing all sorts of phylogenetic
boundaries including species,ygenus, order, and even kingdom (Figure 8) (for
review see Heinemann, 1991; Sikorski et al. 1990; Stachel and Zambryski,
1989). Transfer has been shown to occur by transformation (Frischer et al.
1990) transduction, conjugation of plasmids and transposons on these
plasmids (Fulthorpe and Wyndham, 1991; Nakatsu, 1992) and retro-transfer
(Top et al. 1994).

Perhaps mobile genetic elements are as important, or more important,
than the chromosome itself in determining the persistence of a catabolic
phenotype, particularly in pollution stressed environments. Different

bacterial hosts may or may not survive in a stressed environment, but mobile
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Figure 8. Diagram of interspecies gene transfer.
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genetic elements might survive if transferred to an appropriate indigenous
host. Populations of non-native organisms often are reduced to below
detectable levels when introduced into an environment (Steffan et al.1989;
Jain et al.,1987; McClure et al.,1989) thus minimizing their effectiveness in
bioremediation. Perhaps the effectiveness of these introduced strains would
be increased if the degradative genes were on mobile genetic elements.
Conjugation: Since the genes for 2,4-D degradation, like many other catabolic
pathways, are often plasmid encoded, conjugation may play a major role in
dispersing and evolving new catabolic pathways in the environment
(Heinemann, 1991; Berg and Howe, 1990). For example, it has been
hypothesized that "module’s” of distinct parts of the 2,4-D pathway of pJP4
have been sequentially assembled on a plasmid (Streber et al.,1987).

Over 100 plasmids capable of catabolizing recalcitrant and manmade
organic compounds have been isolated (Chakrabarty and Gunsalas, 1971;
Mergeay et al., 1990; Sayler et al., 1990; Timmis and Piihler, 1979). Plasmids
may be important for distributing genes involved in the degradation of
pollutant compounds, (Sayler et al., 1990; Mergeay et al., 1990). It has been
reported that when there is a high concentration of a contaminant, for which
degradative genes are encoded on plasmids, the frequency of these plasmids
increases in the population. For example, fewer than 5% of bacteria in
pristine aquifers have been shown to contain plasmids, yet nearly 40% of the
bacteria in contaminated aquifers contain plasmids (Wickham and Atlas,
1988).

Conjugation is a mode of horizontal gene transfer that allows exchange

of genetic material within species, between species, between genera (Brisson-
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Noel et al., 1988; Chatterjee and Chatterjee, 1987; Clewell, 1993; Datta and
Hedges, 1972; Hardy, 1987; Mazodier et al., 1989; Natarajan and Oriel, 1991;
Thomas, 1989; Trieu-Cout et al.,1987; Willets, 1985) and even between
kingdoms (Heinemann and Sprague, 1989). Several plasmid incompatibility
groups, including IncP1 (e. g. RP4), IncQ (e. g. RSF1010), IncN, and IncW can
transfer to a wide range of species at relatively high frequencies (Bagdasarian
et al., 1981; Frey and Bagdasarian, 1989; Simon et al,1981; Thomas, 1989). The
features of these broad host range plasmids that allow them to be transferred
to, and maintained in, a broad range of organisms are that they contain
relatively few restriction sites and can replicate in a wide range of hosts by
having special, largely self-contained replication machinery. Interspecies
gene transfer is limited to some degree by the ability of plasmids to be
transferred from one species to another, but is limited more by the aBility of
that plasmid to be maintained in various hosts (Sayler et al., 1990; Heineman,
1991).

Plasmid pJP4: The best studied plasmid for 2,4-D degradation, plasmid pJP4
(Don and Pemberton, 1981; Figure 9) is a broad host range, self transmissible
plasmid of the IncP1£8 incompatibility group. The 87.9 kb pJP4 has been
shown to transfer freely to E.coli, Rhodopseudomonas sphaeroides,
Rhizobium sp., Agrobacterium tumefaciens, Pseudomonas putida,

Pseudomonas fluorescens, and Acinetobacter calcoaceticus at frequencies
ranging from 10-1 to 10-7 (Don and Pemberton, 1981; Friedrich et al., 1985).

Although pJP4 can be transferred to different species and genera of bacteria,
the phenotype for 2,4-D degradation is observed only in A. eutrophus,
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Figure 9. Diagram of plasmid pJP4 from Alcaligenes
eutrophus JMP134.
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A. paradoxus, P. cepacia and P. putida (Table 5). This phenotype is not
detected in pJP4 transconjugants of Agrobacterium, Rhizobium, E. coli,
Rhodopseudomonas, Acinetobacter, P. fluorescens and P. aeruginosa. One
possible explanation for the limited host range of expression of genes for 2,4-D
degradation is that the final gene in the pathway, maleylacetate reductase
(mar) is chromosomally encoded, such that only strains with this gene can
metabolize 2,4-D as their sole source of energy (Kukor et al.,1989).

Other 2,4-D plasmids: Other 2,4-D degraders have been found with 2,4-D
genes located on plasmids (Amy et al.,1985; Chaudry and Huang, 1988; Don
and Pemberton, 1981; Ausmees and Heinaru, 1989; Bhat et al. 1994).

Pemberton et al., (1979), found that of 22 colonies isolated on 2,4-D, 17
produced 2,4-D negative segregants (tfd") after only 15 to 20 generations when

cultured in non-selective broth, suggesting loss of a plasmid encoding genes
for 2,4-D degradation. The remaining five strains all contained plasmids
conferring ability to catabolize 2,4-D. Three of these were similar to pJP4 in
size and restriction pattern and incompatibility group, whereas pJP2 and pJP9
differed in size, incompatibility group and had the ability to degrade
phenoxyacetic acid (when not induced by 2,4-D), which pJP4 does not.
Chaudry and Huang (1988) found another plasmid, pRC10, encoding a 2,4-D
pathway in Flavobacterium. This 45 kb plasmid has sequences that hybridize
to tfdA and tfdB of pJP4, but has no sequences that hybridize to the regions of
pJP4 involved in conjugation, incompatibility, and maintenance. = Amy and
colleagues (1985) found plasmid pEML159 in Oregon sludge which was

similar to pJP4 in size, restriction endonuclease fragment patterns, and ability



Table 5. Recipients of plasmid pJP4 from Alcaligenes eutrophus JMP134
indicating ability of recipients to express 2,4-D phenotype.
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Proteobacteria  Frequency Growth
Recipients Subdivision of transfer on 24D Ref*
Alcaligenes eutrophus Beta 10-50% + 1
Variovorax paradoxus Beta 10-50% + 1
Burkholderia cepacia Beta 50% + 2,3
Pseudomonas oxalaticus nd + 2
Pseudomonas sp. PKO1 + 4
Burkholderia pickettii Beta + 5
Burkholderia putida Gamma nd - 2
Burkholderia putida ~Gamma nd + 1
Escherichia coli Gamma 4x104 - 1
Pseudomonas fluorescens Gamma 7x104 - 1
Alcaligenes calcoaceticus 1x 103 - 1
Pseudomonas aeruginosa Gamma - 2
Rhodopseudomonas Alpha 5x 106 - 1
sphaeroides
Rhizobium Alpha 1x 106 - 1
Agrobacterium Alpha 2x 102 - 1

* References: 1= Don and Pemberton, 1981; 2=Harker,et al., 1989; 3=this

lab;4=Kukor, et al, 1989; 5 = Friederich, et al., 1983.
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to transfer the 2,4-D degrading phenotype to other bacteria. This similarity is
perhaps surprising since pJP4 was isolated on the other side of the world in
Australia. Ausmees and Heinaru (1989) found three other 2,4-D degrading
strains in Estonia which contain plasmids for 2,4-D degradation.

In addition to pJP4, pRC10, pEML159 and the Estonian plasmids, many
other plasmids have been found in 2,4-D degrading strains (Tonso et al. 1994
and Ka et al. 1994). It is still not known whether the 2,4-D degradative
pathways in these strains are plasmid borne but presumably some of these
plasmids are responsible for the 2,4-D phenotype since they hybridize to pJP4.
Others plasmids which have no sequence similarity to pJP4 may or may not
be responsible for the 2,4-D phenotype.

Some 2,4-D strains appear to be on plasmids which are capable of
integrating into and excisizing from the chromosome. Ka and Tiedje showed
that strain P. pickettii strain 2118 had variants with 2,4-D genes alternating
between the plasmid and chromosome, and that under further selection for
24-D growth, a second, smaller version of the plasmid was excised which
apparently left ¢{fdA behind on the chromosome.

Chromosomally encoded 2,4-D genes: Although the best characterized genes
for 2,4-D degradation are plasmid encoded (Fisher et al. 1978; Don and
Pemberton, 1982; Friedrich et al. 1983; Chaudry and Huang, 1988; Ausmees et
al. 1990; Amy et al. 1985; Bhat et al. 1994) there is evidence that many other
2,4-D degraders have chromosomally encoded 2,4-D genes, including RASC
(chapter 4; Suwa, in prep); TFD6 (Matheson,et al., 1994) and BRI6001 (Greer et
al. 1990) which appears to be identical to TFD6. Ka et al. 1994 also found that

genes for 2,4-D degradation were chromosomally located. It is not known
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whether chromosomally located 2,4-D genes can be transferred.

Gene transfer in the environment: The first in situ observation of plasmid
transfer in nature involved antibiotic resistant plasmids and introduced
strains of E. coli as donor and recipient in sterile soil (Weinberg and Stotzky,
1972). Since then, many researchers have investigated plasmid transfer in
nature and several review articles and books have been written on this topic
(Levy and Marshall, 1988; Coughter and Stewart, 1989; Trevors et al.,1986;
Stotzky,1989; Stotzky and Babich, 1986; Levy and Miller, 1989; Fry and Day,
1989). Most of these studies have focused on transfer of antibiotic resistance
between strains of introduced bacteria. For the sake of brevity, I will discuss
only selected studies, especially those which focus on transfer of catabolic
plasmids and transfer to autochthonous soil microorganisms (Table 6).

To demonstrate that soils contained potential indigenous recipients of
plasmids, Schlif and Klingmdiller (1983) showed that 1.3% of 600 randomly
isolated soil bacteria could be recipients of pRD1, a plasmid encoding
resistance to carbenicillin, kanamycin and tetracycline, from E. coli.

In live soil, conjugal plasmid transfer has been demonstrated between
introduced strains. Trevors and Oddie (1986) demonstrated transfer of
tetracycline resistance of the R plasmid between strains of introduced E. coli
in soil. Transfer of heavy metal resistance plasmids from E. coli to
Alcaligenes eutrophus has been demonstrated in live soil amended with
nutrients (Top et al., 1990). In addition, plasmid transfer has been shown to
occur in soil between introduce strains of Bacillus (van Elsas et al., 1987) and

between introduced strains of Streptomyces (Wellington et al., 1990).
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The few studies demonstrating transfer to indigenous soil bacteria,
generally have involved transfer of antibiotic resistance. For example,
Henschke and Schmidt, (1990) demonstrated the transfer of the RSF1010-
derived, kanamycin resistant recombinant plasmid pFL119-2, from E. coli into
indigenous soil microorganisms. In their system, the kanamycin resistance
gene was cloned behind a strong, broad host range tac promotor and in front
of a strong terminator. The plasmid was mobilized by the transfer functions
of RP4 cloned into the chromosome of the donor strain, E. coli, Although
not necessarily resident on a plasmid, tetracycline resistance from the
conjugative transposon Tn916 has been shown to transfer from Bacillus
subtilis into indigenous soil actinomycetes (Natarajan and Oriel, 1991).

Transfer of catabolic plasmids has been demonstrated in various
microcosm systems. For example, plasmid pWWO-EB62, a recombinant TOL
plasmid with the ability to degrade ethylbenzoate, was shown to transfer from
an introduced strain of P. putida KT2440 carrying the plasmid into the
introduced recipient P. putida UWC1 in an activated sludge microcosm
(NiiBlein et al., submitted). Transfer of the catabolic plasmid pBRC60,
encoding 3-chlorobenzoate (3CB) degradation ability, into indigenous
microorganisms has been demonstrated in a freshwater mesocosm
(Fulthorpe and Wyndham, 1991). McClure et al., (1991) demonstrated
transfer of the non self-conjugative 3CB recombinant plasmid, pD10, from P.
putida UWCS5.10, an indigenous strain with transfer functions, to 19 different
morphotypic, gram negative, oxidase positive strains in an activated sludge
bioreactor.

Transfer of catabolic genes to indigenous soil microorganisms has been
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demonstrated in two cases in irrigated soil columns. Pertsova et al., (1984),
inoculated soil with 3.9 x 107 P. putida with a plasmid encoding enzymes for

3-chlorobenzoate degradation. A stream of mineral medium with 0.1% 3CB
was run through 30 g of soil in column at a rate of 40-50 ml per day for 10 or
30 days. They found that the 3CB phenotype had transferred into strains in
the inoculated soil column, but not in the control. Although the strains
differed in various phenotypes from the introduced strain, no molecular or
genetic analyses were employed to determine whether these were different
strains or simply mutants of the original donor. Brokamp and Schmidt (1991)
used a 40% so0il/60% sand column to demonstrate the transfer of plasmid
pFLAO (carrying genes for Dalapon (2,2-dichloropropionic acid) degradation)
from Alcaligenes xylosoxidans ABIV into indigenous microorganisms. After
50 days in a soil column inoculated with the donor, various indigenous soil
microorganisms were isolated which had received and expressed the plasmid,
including a Pseudomonas species, P. fluorescens, P. paucimobilis, and

Alcaligenes sp.

SUMMARY
In this chapter I have provided the background needed for assessing
the role of gene transfer in the evolution of 2,4-D degrading strains. Three of
these issues are: 1) the diversity of the strains; 2) the diversity of the genes
involved in 2,4-D degradation; and 3) the transfer potential of these genes.
Here I have presented information on the diversity of bacteria capable

of degrading 2,4-D and discussed various methods which have been used to
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analysis for evaluating the diversity of bacteria in general. Because it
provides unambiguous data, and because a large database exists for sequence
comparison, 16S rRNA sequence analysis is the method I have chosen to
measure diversity of 2,4-D degrading strains.

The second issue to be addressed in understanding gene transfer in
evolution of 2,4-D degraders is determining the diversity of 2,4-D degrading
genes within these strains. In this chapter I have shown that one
2,4-D pathway has been extensively studied, yet other pathways known to
exist have been only partially characterized or still remain unknown. Also,
the distribution of the known pathways has been poorly studied. One way to
examine the distribution of tfd genes is to hybridize the tfd genes of the well
characterized plasmid pJP4 to various strains. This has been done by Ka et al.
(1994). However, they used stringency hybridizations which would not detect
tfd genes less than 90% identical to those of pJP4. In chapter 2, I describe low
stringency hybridization experiments done collaboratively with Dr. Roberta
Fulthorpe to detect additional, related 2,4-D degradation genes. In addition to
hybridization analysis, the tfdA gene was sequenced to determine additional
diversity of this gene.

The third issue in better understanding the role of gene exchange in
generating the divert of 2,4-D degraders, is the potential for gene transfer
potential. In the last part of this chapter I reviewed a small portion of the vast
literature describing gene exchange as it occurs in the laboratory and where it
has been shown in nature. In the last two chapters of this dissertation, I
describe experiments investigating a somewhat unusual exchange of 2,4-D

degrading genes in laboratory studies.
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degrading genes in laboratory studies.
Taken together, these studies conclusively show that gene exchange
has played an important role in the formation of the 2,4-D pathways found in

2,4-D degrading populations in nature.



Chapter Two

Phylogeny of 16S rDNA Genes from Diverse
2,4-Dichlorophenoxyacetate Degrading Bacteria
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Phylogeny of 16S Ribosomal DNA from Diverse
2,4-Dichlorophenoxyacetate Degrading Bacteria

SUMMARY
Many 2,4-D degrading bacteria isolated from various sites in North

America and Australia have been shown to be phenotypically and
genotypically diverse, yet the phylogenetic relationship of these organisms
was previously not known. The phylogenetic relationship of these strains
was determined using two methods of 16S ribosomal DNA analysis. One
method compared partially sequenced 16S genes and the other compared 16S
ribosomal DNA using restriction fragment length polymorphisms (RFLPs)
from PCR-amplified 16S rDNA. These fragments were digested with four-
base cutting restriction enzymes and the resulting RFLP patterns were
subjected to phylogenetic analysis. These strains were found to be
phylogenetically distributed throughout the alpha, beta and gamma
subgroups of the Proteobacteria. Of the 23 2,4-D degrading strains examined,
17 had unique 165 rDNA sequences, differing by up to 28 percent of their
nucleotides. The majority of these strains were members of the beta subgroup
of Proteobacteria and six of these were most closely related to the genus
Burkholderia. Three 165 rDNA sequences were closely related to members of
the beta subgroup of Proteobacteria most closely related to Rhodoferax
fermentens.  One salt tolerant strain was found to be closely related to the
genus Halomonas in the gamma Proteobacteria. Five were members of the
alpha Proteobacteria related to the genus Sphingomonas; and one was found
to be most closely related to Rhodopseudomonas palustris from the alpha

subgroup of Proteobacteria.
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INTRODUCTION

"Nothing in biology makes sense except in the light of evolution.”

- Theodosius Dobzhansky, 1973

This observation is particularly true for studying gene transfer since it
is difficult to study gene flow without knowing how strains are related. This
first part of the dissertation examines the phylogenetic relationships between
2,4-D degrading bacteria using 165 rDNA as a molecular marker.

The pesticide 2,4-D is quickly degraded in many environments due to a
broad diversity of organisms capable of using 2,4-D (Alexander et al., 1969;
Tiedje et al., 1969; Amy et al., 1985; Ka et al., 1993; Matheson et al., 1991;
Vallaeys, personal communication; Mae ét al., 1993). Although these strains
have tentatively been assigned to include species in the genera of
Arthrobacter (Loos, et al, 1966; Tiedje et al., 1969) Flavobacterium,
Streptomyces (Speicher, 1954), Alcaligenes (Bounds and Colmer, 1965), and
Pseudomonas (Evans and Smith, 1954; Greer‘et al., 1990) the evolutionary
relatedness of these strains remains in some cases uncertain due to
ambiguities in bacterial nomenclature. For example, the genus designation
Pseudomonas (despite its name meaning "false unit") continues to cause
much confusion, since this "genus" comprises member species which are
scattered throughout three of the four classes of the bacterial subdivision
known as Proteobacteria (Woese, et al., 1984,Woese, 1994).

The diversity of 2,4-D degraders has been assessed by a variety of

means, including classical bacteriological methods (Alexander et al., 1969;
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Amy et al., 1987); by substrate utilization patterns using BiologTM; fatty acid

methyl ester (FAME) (Ka and Tiedje, 1994; Tonso et al., 1992), plasmid
hybridization (Matheson et al., 1991) and by genomic fingerprinting using
PCR amplification of Repetitive Extragenomic Palindromic (REP) analyses
(Ka, 1994; Tonso, et al., 1994; Fulthorpe, in prep) and by polyphasic taxonomic
methods incorporating all of the above methods (Tonso et al., 1994). Classical
methods, FAME, and Biolog provide information on the phenotypic
diversity, and REP and hybridization analyses indicates the genetic diversity
of these organisms, but none of these methods provides a rigorous phylogeny
of these organisms. In contrast, it is hypothesized that 165 rDNA sequence
analysis provides reliable bacterial phylogenies which in most cases have
been confirmed by phylogenies derived from other sequence data such as
cytochromes and elongation factors (Olsen et al., 1994; Woese, 1987). For this
reason, comparative analyses of 165 IDNA sequences was used to assess the
evolutionary relatedness of these strains.

In this study, we looked at the diversity of 23 2,4-D degrading strains
isolated from various parts of the North America and Australia by two
methods involving 16S rDNA. One method compared RFLP patterns
derived from 16S rDNA digested with various 4-base cutting restriction
enzymes, a method referred to as Amplified Ribosomal DNA Restriction
Analysis (ARDRA) (Massol-Deya, 1994). Restriction pattern analysis of 165
genes has been successfully employed as a rapid system to analyze
populations of bacteria from bioreactors degrading toluene (Massol-Deya,
1994); in estimating the diversity of strains from hydrothermal vent microbial

mats (Moyer et al., 1994); in identifying various strains of Rhizobia (Laguerre
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et al., 1994) and symbionts of Flashlight fish (Wolfe and Haywood, 1991); and
for sorting clones before sequencing (Giovanonni et al., 1991).

The second method used in analyzing these 2,4-D degrading strains
involved comparing partial 165 rRNA sequences (Woese, 1981). A
commonly used 16S primer, 519R, was used to obtain sequences from
positions (corresponding to E. coli) of approximately 500 to 200. These
sequences were compared to sequences in the Genbank database. Sequencing
of 16S rDNA has been employed to infer the phylogenies of hundreds of
strains including more than 2600 strains in the Ribosomal Database Project
(Olsen et al., 1993, 1994), and for many smaller projects (e. g. Dewhirst et al.,
1989; Giovanonni et al., 1990; Hiraishi et al., 1991; Li, et al., 1993; Olsen et al.,
1993; Pace et al., 1986; Ward et al., 1993; Yabuuchi et al., 1992). More recently,
several 16S rDNA sequencing studies have analyzed bacteria capable of
degrading various xenobiotic compounds including toluene (Zhou et al,,
1994); polychlorinated biphenyls (Tonso, et al., 1994; Williams, 1994) and

other xenobiotic compounds (Busse et al., 1992).
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MATERIALS AND METHODS

Media and growth conditions: Cultures were grown in MMO medium
containing 500 or 250 ppm 2,4-D (Sigma) in a minimal mineral salts medium
(Stanier, 1966 ). All cultures were grown at 30°C. Broth cultures were aerated
by shaking on an Innova 4300 shaker (New Brunswick Scientific Co., New
Brunswick, NJ) at 200 rpm.

Bacterial strains: Strains used in this study are listed in Table 1. Strains RASC
and EML 159 were isolated from return activated sludge in Corvalis, Oregon,
and EML 146 was isolated from the Willamette River in Corvalis, Oregon
(Amy et al., 1985). Alcaligenes eutrophus JMP134(pJP4) (Don and
Pemberton, 1981) was provided by Dr. R. H. Olson. Strains with prefix TFD
were isolated by Holben et al., from the Kellogg Biological Station soils,
Hickory Corners, Michigan, and from the Experimental Farm soils, Indian
Head, Saskatchewan, Canada (Tonso et al., 1995; Holben et al., 1992).
Pseudomonas cepacia strain BRI6001 was isolated from peat in Nova Scotia,
Canada (Greer et al., 1990). Strain E2w1, isolated from soil in the El Loquillo
forest of Puerto Rico, and those strains with prefix B6 (from Quebec) were
from Dr. Roberta Fulthorpe. Strain 1443 and K712 were isolated from the
Geneflow soil plots at the Kellogg Biological Station, Hickory Corners,
Michigan (Ka et al., 1994). Strain M1 is an oligotrophic 2,4-D degrader isolated
by Dr. Roberta Fulthorpe from the island of Moorea, French Polynesia. Strain
2,4-D1 was isolated by Robert Sanford from a herbicide wastewater facility in
Montana.

24-D Biodegradation: Disappearance of 2,4-D from the culture medium was
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monitored by HPLC. The 2,4-D medium with cells was centrifuged at 14,000
rpm in a microfuge and filtered through 0.2 p filters. These samples were
then analyzed by HPLC on Lichrosorb Rp-18 column (Anspec Co., Ann Arbor)
using 60% methanol and 40% 0.1% H3POs as the eluant. 2,4-D was detected by
measuring light absorption at 230 nm.

Amplification of 16S genes: Prior to amplification by PCR, DNA was isolated
using the DNA extraction procedure of Ausubel (1992). DNA from strains was
subjected to PCR using primers to amplify most of the 16S rDNA of
Eubacteria. These primers included fD1 (E. coli position 8-27F = 5AGA GTT
TGA TCC TGG CTC AG3') and D1 (E. coli positions 1541-1524 = 5'-AAG GAG
GTG ATC CAG CC A-3') (Weisburg et al., 1991) synthesized by the
Macromolecular Sequencing Facility at Michigan State University. The PCR
reaction mixtures were prepared according to the manufacturer's protocol
(Perkins Elmer, Cetus). A master solution was prepared containing the
following: 77.5 ul ddH20; 10 pl PCR Buffer; 2 pl each of 2 mM dCTP, dGTP,
dATP and dTTP; 1 pl of 20 pmol/ul primer rD1; 1 pul of 20 pmol/pl primer
fD1; 0.5 ul of 5U/ul Taq polymerase (Perkin Elmer, Cetus). Thermal cycling
was done in a Perkin Elmer 9700 Thermal Cycler using the following

conditions: melting at 92°C for 1 min; cycling 35 times at 92°C for 1 min, 10 s;

55°C for 30 s; 72°C for 2 min 10 s followed by a final extension of 6 min 10 s at
72°C.

Restriction Fragment Length Polymorphism Analysis: DNA was digested
according to manufacturer's directions using restriction enzymes from
Boehringer Mannheim and Gibco BRL (Gaithersburg, MD). The enzymes
used were Hae IIl, Rsal, Alul, SauAl and Msp. Digested products were
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separated by electrophoresis on a 1.75% agarose gel (Boehringer Mannheim)
at 38V for 12 hours. DNA molecular weight markers included bacteriophage
lambda digested with HindIll (Boehringer Mannheim) and a 100 bp marker
(Bethesda Research Laboratories, Gaithersburg, MD). Gels were stained with
ethidium bromide and photographed with Polaroid positive negative film 55.
The presence or absence of restriction fragments was entered into MacClade's
data editor (Maddison and Maddison, 1992) and this data was used for the
program RestML, a restriction fragment analysis program written by
Felsenstein to determine a phylogenetic tree based on a maximum likelihood
method (Felsenstein, 1992).

16S rDNA Partial Sequencing: PCR products were purified using the Gene
Clean Kit (Bio 101, La Jolla, CA). Purified DNA was eluted from glass beads in
50 ul H20 and quantitated using gel electrophoresis by comparison with a

DNA mass ladder (Gibco, BRL, Gaithersburg, MD). Approximately 150 pl
DNA template was added to 25 pmols primer and brought up to a volume of
20 pl with H20. The sequencing primer used was 519R (5' GTA TTA CCG
CGG CTG CTG G -3') synthesized by the Macromolecular Sequencing Facility
at Michigan State University. This primer was chosen because it is a
eubacterial version of one of the universal primers which has been shown to
successfully amplify partial 16S DNA from every organism tested (Lane et al,,
1985) and because many researchers have previously used this probe and thus
there are a larger number of sequences in the database (Dewhirst,et al., 1992;
Hiraishi et al., 1992; Lane et al., 1985; Paster et al., 1994; Schmidt et al., 1991).
Sequencing, using fluorescently-labeled dye termination, was performed at

Michigan State University Sequencing Facility using the Applied Biosystems
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Model 373A automatic sequencer (Perkin Elmer Cetus).

Sequence Analysis: Sequences from 506 to 206 (according to E. coli
numbering) were compared to sequences in databases from Genbank.
Comparisons were made using the Basic Local Alignment Search Tool
(BLAST) from the National Center for Biotechnology Information (Altschul,
1990). Those strains with highest maximal segment pair (MSP) scores were
retrieved from Genbank (Table 2 lists accession numbers and ATCC
designations) for building a phylogenetic tree. Sequences were aligned
manually using the software SeqEd (Applied Biosystems) and with MacClade
(Maddison and Maddison, 1992). A distance matrix was compiled based on
the number of nucleotide changes per hundred base pairs using software
programmed in HyperCard and with the Dnadist program from the PHYLIP
package version 3.5 (Felsenstein, 1993) using the Jukes-Cantor model of base
changes. Ambiguous nucleotides were deleted from the sequence alignments
leaving 283 unambiguous sites before preparing the distance matrix.
Phylogenetic trees were constructed using the neighbor joining distance
matrix method (Felsenstein, 1993) and the maximum parsimony method

using PAUP (Swofford, 1991).
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RESULTS

Twenty three strains of 2,4-D degrading isolates and one non-2,4-D
degrading strain of Pseudomonas cepacia strain D5 (aka Burkholderia
cepacia) were selected (Table 1) from a larger collection of 2,4-D degraders on
the basis of their uniqueness based on REP-PCR (Fulthorpe, personal
communication), polyphasic characterization (Tonso et al., submitted) and
hybridization patterns (next chapter). Two pairs of these strains, TFD41 and
TFD38, and TFD6 and TFD20, appeared to be identical by all criteria examined.
These four strains were isolated from Michigan samples. These were
included to determine whether they contained identical 16S rDNA
sequences.
Analysis of restriction patterns from 16S rDNA genes: After PCR
amplification, DNA from individual strains was digested with each of five
different restriction enzymes which recognize different four bp sites. Products
were separated on a 1.75% agarose gel which allowed fragments as small as 50
nucleotides in size to be resolved. Of the 23 strains analyzed by this method,
15 had unique restriction patterns when digested with Msp I (Figure 1a), 13
when digested with Haelll (Figure 1b); six when digested with Sau3A (Figure
1c); 10 with Alul (Figure 1d) and 11 types when cut with Rsal (Figure 1e). In
the latter three gels, E. coli was added to serve as an outgroup in phylogenetic
analyses.

Several strains had identical 16S RFLP patterns, including TFD41 and
TFD38; and TFD6, and TFD20. This was not surprising, since these appeared
identical by all other measures.

Several other strains had nearly identical RFLP patterns, differing by
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100 BP Ladder

100 BP Ladder

Figure 1. Amplified 16S ribosomal DNA restriction analysis (ARDRA) of
2,4-D degrading isolates. DNA was PCR amplified with 165 rDNA primers,
digested with four-base cutting restriction enzyme, and size fractionated by
electrophoresis on a 1.5% agarose gel. Figure la digested with Mspl; 1b with
Haell; 1c with Sau3A; 1d with Alul; and 1e with Rsal.
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only one or two restriction fragments. For example, JMP134 was closely
related to TFD41 and TFD38; D5 was nearly the same as TFD6; and B6-9
differed from TFD23 and TFD31 by only one Alul band.

The fragment sizes resulting from these five restriction enzyme
digestions were combined and 18 unique strain types could be distinguished
(Table 2). The maximum likelihood method of Felsenstein (1992) using
RestML program was used to estimate the phylogeny from restriction data.
The resulting tree (Figure 2) contains a topology similar with some
differences to that obtained by the sequence data (discussed below).
Diagnostic restriction fragment bands: These restriction fragment length
polymorphisms were examined to see if any were diagnostic for particular
lineages. We found several restriction fragments which may be diagnostic for
different lineages including three for the Proteobacteria, or at least the alpha,
beta and gamma subdivisions examined here; one band diagnostic of the beta
subgroup; and three diagnostic restriction fragments for the alpha subgroup.

The several restriction fragments shared by all strains included a 150 bp
Rsal fragment; a 200 bp Alull fragment; and a 100 bp Mspl fragment.
Although it is tempting to speculate that these are signature fragment sizes
for the Proteobacteria, more strains would have to be tested.

Only one band, a 350 bp Haelll fragment, appeared to be diagnostic for
all of the beta Proteobacteria group 2,4-D degraders in this study, and was not
found in any of the alphas, nor in E. coli, a member of the gamma
Proteobacteria.

One restriction fragment, an 870 bp Sau3A fragment, although found
in all beta strains tested here, was also found in two of the alpha strains,
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Table 2. Presence, +, or absence, 0, of restriction fragments of amplified 16S rDNA.
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Figure 2. Dendrogram of 2,4-D degrading bacteria based on
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E. coli ¥

maximum likelihood analysis of restriction data using tetrameric

restriction enzymes. Note that branch lengths are not to scale.
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thereby lessening its usefulness as a diagnostic band.

Several bands were found in all of the alphas, but not in the betas nor
in E. coli. These fragments included a 350 bp fragment from MspI, 150 and
300 bp fragments with Haelll, and a 150 bp fragment from Alu I 150.
16S rDNA sequencing: A flowchart for acquiring and analyzing the 16S
rDNA sequence data is depicted in Figure 3. Nucleotide sequences from
approximately 510 to O (relative to Escherichia coli) were obtained for all
strains. Since nucleotide resolution began to deteriorate in some strains from
approximately 150 to 0 in the reverse direction, this data was not used in
subsequent analyses. An example of the chromatogram obtained from the
ABI sequencer depicts the typical data quality of sequences (Figure 4). The
quality of the data for the first 300 nucleotides was high since the average
numbers of ambiguous nucleotides averaged 1 per 300 nucleotides with a
range of 0 to 3. As a control for sequencing accuracy, strain TFD6é was
sequenced twice on different dates and yielded identical sequences on both
occasions. In addition, strains TFD6 and TFD20, which were identical in
every other respect (Tonso et al., 1994; Fulthorpe et al., 1994) also showed
identical sequences, as did TFD38 and TFD41. In addition, some strains that
had minor difference in REP patterns contained identical 16S sequences. For
example, TFD23 and TFD31 had a few different REP bands, but shared
identical 16S IDNA sequences. Also, E2w1 contained a REP pattern slightly
different from that of TFD6, yet both had identical 16S rDNA sequences.
Sequence alignment: The 165 rDNA sequences were aligned manually using
SeqEd and MacClade (Figure 5). Additional 165 rDNA reference sequences
from the Ribosomal Database (Larsen, 1993) and from GenBank were added to
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Figure 5. Alignment of 16S sequences from positions 209-506 according to the E. coli
numbering system.
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Burkholderia cepacia TACCAAGGCGACGATCAGTAGCT?GTCTGAGAGGACGACCAGCCACACTGGGACTGAGAC [120)
Burkholderia cepacia DS  ....... 2 et Gotttteeeeeeeaanoaaaceaecoeseneonees [120])
Burkholderia cepacia G4  ........ieiiiiiiiiiannns [120)
Burkholderia mallei @ = .......iiiiiiinnnnnennn e [120]
Burkholderia gladioli Gttt iteeeaaecteeennnns Got it ttteeeeeeeananonaaaaaaceeaaanans {120]
TPFD6E il Covvnnnnn D L S [120]
BRIGOO1 L. Covenennn b R TR [120])
BEML1SO 0 ... Covvnnne L A TR PPN [120]
TFD2 i Covivnnnn D A S O [120])
Burkholderia caryophylli  ................ C.vvnns [120)
Burkholderia andropogonis ................ [ P (120]
RASC Covininnieennen, C.oovnnn Giiiiiteeenooesesososossceaaaasananens [120]
K712 C.o.nnn 2 Coounnn Gitt it ie et et et [120]
JMP134 Crovtrerenrencesancnnnns Gevrenrnnnnnnnn b S [120]
TFD41 C..ont Covnnnnnnnnn b R ¢ S 5 A [120)
TFD38 C.oovnnn Covinvnnnnnnn T..Govviiiieiennn, 5 [120])
Alcaligenes eutrophuS = ........c.ecievennacannn Gevveinienns 2 S [120])
Burkholderia solanacearum C..........ccovevuueanen Givvrrvvnnennns ) P {120}
TFD39 C...... Covvennnn C...A..G...ovvieennnns ) [120]
Alcaligenes xylosoxidans C............... C.entn L [120)
TFD9 Cooonn Covvvnnnn [ o [ [120]
B6O ... Covernnnn B A S ¢, A........ [120]
TFD23 iieee.. Coevennnn b A S ¢ A........ [120]
TPD31T Ll Covivnnnn B ) A A........ [120]
Rhodoferax fermentans Covetiitennnnnes Tevuenn e A........ [120]
Comamonas testostosteroni ....... C.7G..... b W P [120]
Halomonas elongata Chivenennnonnnens C.ovunn [ T..Teeevnnn. TCiveereunnnn [120]
E. coli C...Teieeenenann cC..... [ b S A........ [120]
Halomonas halmph @ = .. ...cceieeieannn [ o 2, T..T..ovvne. TC.vrirenennn [120]
Del.hphila Coverenan G..... C.oennn Gevevrrnnnnn T..Teeen.... TC.veeeneennn [120)
'I-18  iiee.. C..?..... C...C..G........... T..Teeeen.. TC.vierennnn ? [120]
24D il CCovnnnnn CT..... Givvvrnnnnnn b A [120]
Sphingomonas adhaesiva  ....... Covivennn [ o] [ N b L [120)
Sphingomonas paucimobilus ....... [ CA..... [ b S [120]
Flavobacterium capsulatum ....... Covivnnnn CT..... [ b T [120]
B65 e eeeieaaee CT..... Givrvrvnnnnn b U N [120])
B610 C...... Covvnnnnn CT..T..G.eovvennnn. b A [120]
K1443 Cocunnn [ CT..... [ L U N [120]
EML146 C...... Covennnnn CT..... [ b A [120]
Sphingamonas yanoikuyae Covernnnnnncanns CT..... Guivienennnne b S [120)
Rhodopseudomonas palustris C......c.ceeevveenennnnnn [ T..Teevven.. b [120]
M C...... Covvnennrnnnnnns Givivernnnnn T..T........ b (120]
Desulfomonile tiedjii C..?2..... CGA...GGT..... ittt T.. Tt Al [118)

Figure 5. (continued)
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Burkholderia cepacia ACGGCCC ?GACTCCTACGGGAGGCAGCAGTGGGGAATTTTGGACAATGGGCGAAAGCCTG [180]
Burkholderia cepacia DS  ....... - (180]
Burkholderia cepacia G4  ....... ) [(180])
Burkholderia mallei = ....... N Covvvnnn [180])
Burkholderia gladioli = ....... A ittt ittt eee ettt [180)
TFD6 = ieeiee. - C.ovvn [{180)
BRI6OO1 L.l N Covvennn [180])
EML159 L.l Y [0 [180]
TFD2 e P G.C..C.... [180)
Burkholderia caryophylli ....... A ittt ittt ettt et G.C..C.... [180)
Burkholderia andropogonis ....... N Covnnnn [180]
RASC e ) P (180]
K712 ... - Cc..C [(180]
JMP134 2 L. N G.C..C [180]
TPDAl .. B ittt iieeie et ae et G.C..C.... [180]
TFD38 .. P G.C..C.... [180]
Alcaligenes eutrophus = ....... Attt ittt it aaaatata et etec e enn G.C..C [180]
Burkholderia solanacearum ....... A ittt iiiiereee et G.C..C.... [(180]
TFD39 = iiiee.. N NP PP [180]
Alcaligenes xylosoxidans ....... A...... 2 G....C.... (180]
TFD9 e D G....C.... [(180])
B69 D . Coovnnnn [(180)
TFD23 eeeePeeAe i iitetecotosesasssssacescasesossassscsonsas Covennnn (180])
TFD31 B - Covvennn [180])
Rhodoferax fermentans R N Civieann [180)
Comamonas testostosteroni ....... N [180])
Halaomonas elongata @ ....... GA. it iiitietttenannansnacnann . S G.C..C.... (180)
E. coli T L . P A...C....oivee Covvnnnn (180]
Halomonas halmph = ...... (. N N N [180)
Del.hphila = ..... A7 - VP P 7 [180]
'I1-18" ...?...GA..... 2t eecetceserraa e D N G.C..C.... [180]
24Dl 0 iieees P - [(180]
Sphingomonas adhaesiva  ....... Attt ettt - [180)
Sphingomonas paucimobilus ....... . . (180]
Flavobacterium capsulatum ....... . P . N, Covvennn [180)
B6S L. S, A...... Aoeieiriiinans GTC..C.... [180])
B610 L., A...C..CC..C.ivvinnnnnnnns S S, A.... [180]
K443 L. N, A...... ) N GTC..C.... [180)
EML146 000000 L. - A...... - S G.C..C.... [180)
Sphingomonas yanoikuyae — ....... A ittt AL iiiiciceaaneae [180])
Rhodopseudomonas palustris ....... AA. .. ittt . G....C.... [180])
o AA. ...ttt retacaettsaaann Ao, Covennnn [180)
Desulfomonile tiedjii JR ) (R A..... A...GG...... AG....CT... [178]

Figure 5. (continued)
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Burkholderia cepacia AG-AAATCCTTGGCTCTAATACAGCCGGGGGATGACGGTACCGGAAGAATAAGCACCGG [298)
Burkholderia cepacia D5 e ireeseeetee e . [298])
Burkholderia cepacia G4 PPN [298]
Burkholderia mallei P N A..CIGG....... [0 ¢ €7 N [298]
Burkholderia gladioli e GA.GG...... TOCTTC . ittt itettennanennnecaenanennnns [298)
TFD6 ..-...A...C.TGGT...... COGT . st etetenrteneesnaneonecnnannanns [298]
BRI6001 ..-...A...C.TGGT...... [0 e LR [298]
EML159 ..-...A...C.TGGT...... COGT e et veteececcareneasosacnasnsanens [298)
TFD2 ..-...A...CC.TC....... GG, it iiieeececncesenenosnsoanananss [298]
Burkholderia caryophylli T GCCTGA...... [ o Y [298]
Burkholderia andropogonis ..-...AGGCGA.GG...... L L0 0\ &) S o N (298]
RASC e T eeeen C...TC...... PG . ittt ieteseseencacsenasanennsennnns [298)
K712 e C...TC...... L ¢ [298])
JMP134 ..-...A..C.T..C....... G.TG. ittt itennsoscecanesesnnannss [298]
TFD41 ..-...A...CC..C.G..... e J 1 P [298)
TFD38 ..-...A...CC..C.G..... [ 4 ¢ (298]
Alcaligenes eutrophus ..-....GGC.CTGGT...... [0.0. ¢ ¢ L . & [298]
Burkholderia solanacearum ..-..... GCACTGGT. ..... [0 4 ¢ € U | G..... [298]
TFD39 ce=e..G..A....Colal TIG.T. . iviiiennnennn Covriiiienanens [298])
Alcaligenes xylosoxidans ..-...0GTCGT.GGT. ..... CC.GC..CAC.......... b S [297)
TFD9 ..-...CGTCAT.GGT...... CC.GT.AAAC.......... T.Covviiiiianannn [298]
B69 C.-...0GG..CT...covvvnnn GG..CTA............ L AP [298])
TFD23 C.-...0GG..CT...cvvvnnnn GG..CTA..coveveunns b [298)
TFD31 C.-...CGG..CT.......0... GG..CTA............ b S [298])
Rhodoferax fermentans c.-...GG...CT.-....... GAGG..CTC...ccvvunnnn . [297)
Comamonas testostosteroni C.-...AG.C...GG...... TCC..... b 4 2 [298])
Halamonas elongata -..TG.T.GTCGGT. ..... CCGGCAA. .GA...ATC..TC.C....G......... [298])
E. coli T.-..GGGAG.AAAGT...... CTTT.CTCAT..... T....C.C....G......... [298])
Halamonas halmph ..-..GG.T.GTCGGT. ..... CCGGCA. .A.G...ATC..TCAC....G....C.... [298)
Del.hphila ..-..0G.T.GT.GGT...... CCTGCAA.A.G...ATC..TC.C....G.eevener [298])
'I1-18" ..-..GG...GCTG?.C..... CCAGCA. .A.G...ATC..TC.C....G......... (298]
2401 T ATA.. ... A..... T.G.eoveennn T.... [273)
Sphingomonas adhaesiva T ATA..... A....... [ ¢ J T.... [273])
Sphingomonas paucimobilus . ATA..... | Geveenonn C.... [273]
Flavobacterium capsulatum T .ATA..... A..... T.Geverennnn T.... [273)
B65 T ATA..... A...T...G......... C.... [273)
B610 . JATA..... Teeervnns Gevvrrnnn T.... [273)
K1443 T ATA..... A....... G.ivvvnnnn C.... [273)
EML146 T ATA..... A....... (< C.... [273]
Sphingomonas yanoikuyae T .ATA..... A....... Gevevnnnnn T.... [273)
Rhodopseudomonas palustris . -ATA. ...cvennnnn [ C.... [273)
Ml . ATA. . cocvieenen Coiveneennne C.... [273]
Desul fomonile tiedjii ..A..CCTT.GC.GA.G....GTC.GT.AAAC........... CC.A.GG......... [297])

Figure 5. (continued)
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the alignment. For the alignment of 16S rDNA sequences, only the
nucleotides from 506R to 209 (using the E. coli numbering system) were used,
and a mask was used to exclude any ambiguous nucleotides. This resulted in
283 aligned nucleotides which included 95 variable nucleotide positions.
Phylogenetic inference: Two methods were used to infer the phylogeny of the
strains. Once the sequences were aligned and ambiguous sites eliminated,
percent differences in nucleotides between strains were used to make a
pairwise matrix of distances (Table 4) between strains sequenced for this study
and sequences from Genbank (Table 3) used as references. This matrix was
then used in the Neighbor Joining distance matrix program of Felsenstein to
create the tree depicted in Figure 6.

In addition to using a distance matrix method for creating a tree, a
parsimony method was also employed using PAUP (Swofford, 1993) (figure
7). In this analysis, the beta group contained 25 taxa with 68 phylogenetically
informative characters. The alpha subgroup contained 10 taxa which had 34
phylogenetically informative characters. Within that, the eight
Sphingomonas-like strains had 17 phylogenetically informative characters.
Confidence level for tree: The validity of using partial 16S sequences for
making reliable trees has been established by Lane et al. (1985) who found that
fewer than 350 nucleotides of aligned sequence data yielded the same tree as
did using the entire 16S sequence, for which only about 950 nucleotides were
aligned unambiguously (Lane et al., 1985). In this study, strains which
differed by more than 5% could be unambiguously grouped. It was also
found that some of the uncertainty of the phylogeny of selected beta

Proteobacteria was the same using either 300 or 1400 nucleotides (data not
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Table 3. Reference strains used in building phylogenies.

GenBank Accession

Strain Numbers
Burkholderia cepacia G4 128675
Burkholderia gladioli X67038
Burkholderia solanacearum X67041
Burkholderia mallei S55000
Burkholderia cepacia M22518
Burkholderia andropogonis X67037
Alcaligenes xylosoxidans M22509
Alcaligenes eutrophus M32021
Rhodoferax fermentans D16211
Burkholderia caryophylli X67039
Sphingomonas sp. D16148
Sphingomonas capsulata D16147
Sphingomonas yanoikuyae D13782
Sphingomonas paucimobilus D16144
Sphingomonas adhasiva D16146
Sphingomonas parapaucimobilus X72723
Flavobacterium capsulatum M59296
Blastobacter 223156
Rhodopseudomonas palustris D25312
Desulfomonile tiedjii RDP*
Halomonas elongata RDP*
E. coli RDP*

* 16S sequences taken from Ribosomal Database Project
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Figure 6. Dendrogram of 2,4-D degrading strains (bold type) and reference strains
(italics) based on Neighbor Joining Method of PHYLIP. Subgroups of Proteobacteria are
indicated in color: blue indicates betas; green gammas; red are alphas; and black
indicates delta Proteobacteria. Numbers along branches indicate unambiguous nucleotide
base changes between branches.
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Figure 7. Phylogeny, based on maximum parsimony, of 165 rDNA from 2,4-D
degrading bacteria, indicated in bold letters, and reference strains, indicated in
italics. Colored lines indicate phylogenetic groups of Proteobacteria: blue are beta,
green are gamma, red are alpha, and black is delta Proteobacteria.
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shown).

There has been discussion as to whether or not 300 nucleotides is
sufficient data to adequately resolve a phylogeny for a group of molecules.
According to Stewart (1993), as a general principle, phylogenetic analysis
works well only when there are more phylogenetically informative characters
than taxa (strains) to test. This was certainly the case in this study, since the 23
strains under investigation had 95 variable characters.

The 300 nucleotides of aligned partial sequences used here yielded a
tree with branching patterns similar to several trees published previously.
For example, the tree produced by maximum parsimony correlated well with
the same major branches as the recently released tree in the RDP, version 4,
and with the previously published tree of Woese, 1984, which used oligo-
nucleotide cataloging to build a tree which included members of the alpha,
beta and gamma Proteobacteria (or group R, RII and R[] as they were then

designated). The most parsimonious tree presented here also agrees well
with that of Yabuuchi et al., depicting a group of beta 2 Proteobacteria, which
is now referred to as the genus Burkholderia (Yabuuchi et al., 1992; IJSB,
1992). The tree presented here also has a similar topology to that of the beta
subgroup published by DeWhirst et al., 1989. Our tree also had a similar
branching order as that for the the Sphingomonas and Rhizomonas group of
alpha 4 (rRNA Superfamily IV) Proteobacteria (270 aligned nucleotides,
positions 50-350) determined by Van Bruggen et al., 1993.
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DISCUSSION

This study shows that the 2,4-D degraders investigated here represent
diverse members of the Proteobacteria (Stackebrandt et al., 1988) which
encompasses a large proportion of all Gram-negative bacteria (Murray et al.,
1990). Proteobacteria aptly describes this diverse group of strains, since the
term "proteo” is from the Greek sea god, Proteus, who had the ability to
assume many diverse shapes and the Proteobacteria have members with
many diverse metabolic capabilities.

Two methods based on comparisons of 16S ribosomal genes were
employed to examine the diversity of these strains. The RFLP method was
found to be useful for predicting minor differences in closely related strains
and the 16S sequencing method was found useful in placing these strains
among the burgeoning branches of the 16S phylogenetic tree (Woese, 1994;
Larsen, 1993).

RFLP analysis of amplified 16S IDNA

This study compared 165 rDNA RFLPs to 16S partial sequence data.
The trees derived from the two sets of data correlated well at the "twigs" of
the trees, but not at deeper branches. The diversity of strains observed by
sequence data generally reflected the diversity of strains determined by
ARDRA data. For example, strains TFD23, TFD31 and B6-9 shared identical
sequence similarity over all 300 nucleotides. However, B6-9 lacked one
restriction band (a 350 bp Rsal fragment) that was shared by TFD23 and TFD31.
This difference is probably due to base pair differences in sequence outside the
300 nucleotides that were sequenced.
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For initial quick and inexpensive genomic screening of many strains,
where sequencing is too expensive, ARDRA has been shown to predict
similar 16S genes and is therefore useful in eliminating duplicate strains
before sequencing. ARDRA is better technique than REP-PCR for this
purpose, because ARDRA data is reproducible under all conditions, whereas
REP PCR can give variable results depending on the concentration of DNA,
of magnesium, or of primer and on a variety of other conditions (Ausubel et
al,, 1992). ARDRA has the additional benefit over REP-PCR in that a database
of ARDRA fragments can be made with which to compare test strains.
Because REP fragments can be elements involved in recombination (Higgins
et al., 1988; Stern et al., 1984; Gilson et al., 1987), at least some fragments may
be subject to rearrahgement within a few generations of laboratory cultivation
(Nakatsu, personal communication) making REP-PCR suitable for strain
identification at a more refined level than that provided by 16S rDNA RFLP
analysis. This was observed in strains TFD23 and TFD31 which have identical
16S rDNA sequences, but showed different REP patterns (Tonso, 1994;
Fulthorpe, personal communication).

Although ARDRA provides an inexpensive initial screen for choosing
which strains to characterize more fully by sequencing, the information it
yields is not suitable for phylogenetic analysis for five reasons: 1) the data
cannot be compared to reference data outside this study because there is no
large database of RFLP data as there is for 16S sequence data; 2) more than
five restriction enzymes are required for proper resolution of deeper
phylogenetic branches and eight restriction enzymes may not be enough

(Tiedje and Moyer, personal communication); 3) data is prone to error due to
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band doublets; and 4) ARDRA has fewer phylogenetically informative
characters and 5) bands of similar size which are not necessarily homologous
could possibility be mistaken for convergent bands.

When used in conjunction with ARDRA to eliminate related strains,
analysis of 16S rDNA sequences gives a reproducible, reliable and increasingly
inexpensive means of determining the phylogenetic placement of strains.
Advantages of 16S rDNA sequencing over FAME and BIOLOG, two of the
most popular and widely used methods of identifying bacteria, include 1)
largest strain database (2600 strains in the Ribosomal Database Project versus
1100 for BIOLOG and 1300 for MIDI in 1994); 2) more reproducibility
independent of the strain's metabolic condition; 3) better software programs
for phylogenetic comparison; and 4) characters of 165 rDNA are independent,
unlike phenotypic characters of FAME or Biolog in which a single genetic
change could influence a whole range of genetic characters. These benefits
may justify the higher cost of sequencing especially since the cost of
sequencing is declining.

In this study, we found that the most appropriate use of ARDRA is for
determining the relatedness of strains to reduce replicates before sequencing.
For this purpose, no more than two restriction enzymes would be necessary,
making this technique a cost and time effective initial screen.

Diversity of 2,4-D degraders

Thirteen unique species of bacteria were obs<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>