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Abstract

As a method for the determination of the taxonomic
affinities of plant pathogens and other organisms, a set
of ‘universal’ polymerase chain reaction (PCR) primers
which amplify a taxonomically diverse sequence domain
of 28S ribosomal DNA (rDNA) were designed. The PCR
primers chosen by information-theory analysis generated
PCR products using DNA templates from a wide diver-
sity of organisms. Sequences of PCR products were then
obtained which allowed phylogenetic dendrograms to be
constructed. Based on the above analysis, the Oomycete
pathogen Phytophthora infestans clustered with the pro-
tist Prorocentrum micans rather than with representatives
of the true fungi, consistent with its designation as a
‘pseudofungus’. Magnaporthe grisea, another important
plant pathogen, clustered with the true fungi as expected.
The approach described can be used with other plant
pathogens to clarify phylogeny of new or ambiguously
designated species.

Zusammenfassung

Phylogenetische Erkenntnisse auf Grundlage einer auf Informa-
tionstheorie basierenden PCR-Amplifikation

Als Verfahren zur Bestimmung taxonomischer Ahn-
lichkeiten von Pflanzenpathogenen und anderen Organis-
men entwickelten wir einen Satz ‘universeller” PCR-
Primer, die einen bei verschiedenen Taxa unterschiedli-
chen Sequenzbereich von 28S-ribosomaler DNA (rDNA)
amplifizieren. Mit Hilfe der informationstheoretischen
Analyse ausgewiihlte PCR-Primer erzeugten PCR-Pro-
dukte von DNA-Matrizen ganz unterschiedlicher Orga-
nismen. Wir erhielten Sequenzen von PCR-Produkten,
die eine Konstruktion phylogenetischer Dendrogramme
erlaubten. Basierend auf der oben genannten Analyse
clusterte das zu den Oomyceten gehorende Pathogen
Phytophthora infestans mit dem Einzeller Prorocentrum
micans und nicht mit héheren Pilzen, was mit seiner Ein-
stufung als ‘Scheinpilz’ iibereinstimmt. Magnaporthe

grisea, ein anderes wichtiges Pflanzenpathogen, clusterte
dagegen erwartungsgemil3 mit den hoheren Pilzen. Das
von uns beschriebene Verfahren kann auch fir andere
Pflanzenpathogene angewendet werden, um die Phyloge-
nese neuer Arten zu untersuchen oder bei strittiger
Nomenklatur Klidrung herbeizufiihren.

Introduction

The use of DNA sequences to classify organisms and
derive phylogenies has become widespread (Fitch and
Margoliash, 1967; Woese, 1987; Field etal., 1988; Sogin,
1990; Embly etal., 1994). However, problems exist with
certain regions of DNA, such as 5S ribosomal DNA in
which too few variable sites may exist for meaningful
analysis. Such uninformative regions of DNA cannot
thus be used to identify unknown organisms. To add
information which may help clarify the taxonomic status
of the pathogen Phytophthora infestans, the method of
visual display of sequence conservation has been applied
in identifying a region of sequence divergence flanked by
two regions of conservation. The degree of conservation
of the sequence is visualized with a sequence ‘logo’
(Schneider and Stephens, 1990), which displays the
nucleotides graphically along with their information
(sequence conservation) content. Previously, information
analysis was performed on a set of aligned 288 ribosomal
DNA (rDNA) sequences from five phyla to select the
region to be amplified (Rogan etal., 1995). The sequence
chosen was 28S rDNA, for which the 5" and 3’ terminal
coordinates of the PCR product correspond to positions
2698 and 2849 of the human sequence (GenBank entry
HUMRGM, accession number M11167) (Rogan etal.,
1995). The variable domain chosen is readable on a single
sequencing gel so that rapid, low-resolution taxonomic
designations can be made. The benefit of this approach
is to satisfy the requirement of PCR for two conserved
sequences from which to perform DNA amplification,
and the desirability from a taxonomic perspective of
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amplifying a highly variable region from which to make
evolutionary comparisons. Thus, the sequences of riboso-
mal RNAs from widely divergent species can be aligned
and phylogenetic relationships assessed. This approach
lends itself to the identification of unknown organisms
by placing them on a phylogenetic tree.

Previously, the above primers were shown to amplify
the variable domain in 28S rDNA in a wide variety of
eukaryotes (Rogan etal., 1995). The purpose of the pre-
sent studies was to obtain sequence information of this
region for the ambiguously classified P. infestans as well
as the taxonomically well-defined rice blast fungus Mag-
naporthe grisea, and determine the utility of this approach
in the placement of these organisms on a phylogenetic
tree. The general utility of the information theory
approach in its application to diverse organisms and the
classification of such organisms through phylogenetic
analysis has also been determined.

Materials and Methods
DNA was extracted from fungal plant pathogens M.
grisea and P. infestans using the method described by
Goodwin etal. (1992). Human placental DNA was
extracted using standard protocols (Sambrook etal.,
1989). DNA of Saccharomyces cerevisiae and Pichia pinus
were obtained from the laboratory of Dr Jeffrey Stra-
thern, National Cancer Institute, Frederick, MD, USA.
Full-length 28S ribosomal DNA sequences rep-
resenting a broad taxonomic distribution and obtained
from the GenBank repository (Burks etal., 1991) were
aligned using a rectification algorithm (Feng and Doo-
little, 1987; Higgins and Sharp, 1989) in which the human
sequence was chosen as a reference. A sequence logo
(Schneider and Stephens, 1990) was created from the
aligned 28S sequences, and a region selected with two
conserved regions (ones with greater than 1.5 bits per
position) flanking a divergent region (with less than 0.5
bits per position) (Fig. 1). The sequence logo was used to
choose two PCR primers which were in regions of high
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conservation (in bits) but flanking a single contiguous
region of low conservation of information content.
Sequences at the 3’ termini of the primers consisted of
invariant segments (>3 nucleotides), so the primer end
which is extended by the DNA polymerase is consistently
annealed to the DNA. The primers were also designed to
contain restriction sites useful for subsequent cloning of
the amplification products. The amplified human PCR
product was predicted to be 159 base pairs long (positions
10-168 of GenBank entry HUMRGM, accession number
M11167)and the primers were as follows: Sacl primer: 5'-
GGTGAGCTCTCGCTGGCCCTTGA-3", and BamHI
primer: 5-GTTACGGATCCGGCTTGCCGACTTC-3".
The PCR cycling conditions consisted of 4min at 94°C
followed by 40 cycles of 94°C for 1 min, 55°C for I min, and
72°C for 2min followed by a final step at 72°C for 7 min.

The DNA was cloned into the m13 mpl9 vector after
digestion of the vector with Sacl, BamHI, and Kpnl
restriction enzymes. The DNA hybridization analysis was
carried out by running 1-3 pug of DNA on 0.7% agarose
gels following restriction with HinDIII. The DNA frag-
ments were denatured and blotted onto Nylon (Micron
Separations Inc., Westborough, MA, USA) membranes
by capillary transfer for 16 h. Prehybridization was car-
ried out at 65°C for 1h in 0.25m NaHPO, (pH7.2) —
0.25M NaCl-7% sodium dodecyl sulphate (SDS) — I mm
EDTA (Sigma Chemical Co., St. Louis, M1, USA) (Ama-
sino, 1986). Hybridization was performed at the same
temperature for 14-16h after the addition of radi-
olabelled probe. The membranes were washed at 65°C
for 20min in 2 X SSC - 0.1% SDS and twice in a 0.1 X
SSC - 0.1% SDS solutionand then they were exposed to
X-ray film at —80°C for 24-72h.

Single stranded DNA was produced using a standard
protocol (Amersham, Arligton Heights, IL, USA) and
DNA sequenced manually using Sequenase version 2.0
and 6% acrylamide gels. DNA sequences were analysed
using the GCG software package on a VAX mainframe
computer at the Frederick Biomedical Supercomputing
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Fig. 1 Sequence logo created from aligned sequences for part of the 285 rDNA from nine species including Homo sapiens, Citrus limon, Mucor
racemosis, Oryza sativa, Physarum polycephalum, Lycopersicon esculentum, Caenorhabditis elegans, Xenopus laevis, and Saccharomyces cerevisiae

(Rogan etal., 1995)
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Facility (Devereaux etal., 1984). Sequences were ana-
lysed in pryLIP for DNA distance analyses and bootstrap
analysis (Felsenstein, 1993).

Results

The PCR amplification products of the expected size
(159 bp) obtained for all organisms tested were cloned
into the vector m13 mp19 and used as probes on southern
blots of restriction digested genomic DNA to confirm
that amplification products hybridized with rDNA of the
organisms. The PCR products showed hybridization to
multicopy conserved restriction fragments, consistent
with tandem repeat organization (data not shown).
Sequences of the amplified 288 rDNA region were aligned
with sequences of the same region derived from Genbank
for a group of organisms which included Xenopus laevis,
Prorocentrum micans, Caenorhabditis elegans, Lyco-
persicon esculentum, Oryza sativa, Citrus limon, Mucor
racemosus, and Physarum polycephalum. Five of the
sequences obtained were combined with the eight Gen-
Bank sequences in a data set for which DNA distance
values were obtained using pHyLIP. The data were then
subjected to bootstrap analysis using SEQBOOT within
puyLIP and a dendrogram produced showing phylo-
genetic relationships among the organisms based on the
chosen 28S rDNA region (Fig. 2). The three plant species
represented (L. esculentum, O. sativa, and C. limon) all
grouped together, as did the four species of true fungi
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Fig. 2 Consensus tree derived from bootstrap analysis in PHYLIP of 285
rDNA sequences from 13 different organisms amplified using primers
developed based on information theory. Bootstrap values are shown
on the branches (values less than 500 were omitted)

(plant pathogen M. grisea. P. pinus, S. cerevisiae, and
M. racemosus). Phytophthora infestans grouped with the
protist P. micans and the nematode C. elegans. The slime
mould P. polvcephalum, the amphibian X. laevis, and
Homo sapiens all were placed distantly from one another
and from the other organisms in the analysis (Fig. 2).

Discussion

In this study, the application of a general approach to
comparing organisms based on information analysis of a
known set of 28S rDNA sequences, which was used to
select a phylogenetically informative domain has been
demonstrated. Although a relatively short sequence was
analysed, the dendrogram derived from these sequences
groups the organisms into phylogenetically reasonable
groups. The destructive plant pathogen P. infestans gro-
uped with the protist P. micans and the nematode C.
elegans, and not with the true fungi included in the study.
This finding lends support to the hypothesis that, evol-
utionarily, P. infestans is thought to be more closely
related to heterokont algae and other members of the
‘fifth kingdom’ (Margulis and Schwartz, 1982) than to
the true fungi due to features such as the heterokont
pattern of zoospore flagellation, mitochondria with tubu-
lar cristae, and other characters (Margulis and Schwartz,
1982; Cavalier-Smith, 1987; Beakes, 1989; Marguliset al.,
1990).

In addition to clarifying taxonomic relationships
among plant pathogens, other potential applications of
the method described include rapidly generating 28S
rDNA sequences from different organisms (e.g. poly-
morphism studies of intergenic spacer regions), resolving
ambiguous taxononic designations and classifying
unknown or anonymous specimens (i.e. where mor-
phological characters can no longer be assessed). With
the accumulating data set for the selected sequence being
generated from known species, it may be possible to use
this approach to make approximate identifications of
unknown, unclassified, or damaged specimens.
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