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FIG. 1. Strict consensus of 21 amino acid data MP trees used for outgroup selection. Tree is midpoint rooted. 

as recently suggested (Dick 1995), and not as a mem- 
ber of the Peronosporomycetidae as previously pro- 
posed (Dick 1990). 

Nucleotide analysis.-An unambiguous alignment of 
the common nucleotide data set was obtained by 
Clustal V (Higgins et al 1992) with manual adjust- 
ment to maintain appropriate codon alignments. 
This data set consisted of 581 aligned sites exclusive 
of PCR primer regions. Of 344 variable nucleotide 
positions 250 were phylogenetically informative in 
MP analysis. Heuristic search of this data set (gaps 
treated as missing data) yielded two most parsimo- 
nious trees (not shown). These trees differed only in 
the placement of genera within the Pythiales clade. 
In one instance, Phytophthora and Peronophythora ap- 
peared as a clade and as a sister group to the clade 
consisting of Pythium and Lagenidium. In the alter- 
native tree Pythium and Lagenidium formed a clade, 
but Peronophythora and Phytophthora did not. Conser- 
vatively recoding the indel as one character (pres- 

ence/absence of indel) and adding it to the data set 
yielded the same two trees. 

The bootstrap MP tree (FIG. 3) provided evidence 
for monophyly of the two proposed subclasses (Dick 
1990). The Saprolegniomycetidae included the sam- 
pled representatives of both the Saprolegniales and 
the Leptomitales in support of Dick's (1995) hypoth- 
esis. Similarly, the grouping of the clade containing 
Aphanomyces, Leptolegnia, and Plectospira with genera 
of the Saprolegniales s. s. lends strong support to the 
Saprolegniales s. 1. Bootstrap MP analysis also sup- 
ports a clade consisting of both the Pythiales and 
Rhipidiales (subclass Peronosporomycetidae). 

Of particular interest with respect to the parsimony 
tree was the unusual transition/transversion (Ts/Tv) 
ratio evident from the analysis. The minima/maxima 
of 272-331 transitions versus 627-686 transversions 
required by the COX2 data set yields a ratio of 0.5. 
This phenomenon is most likely attributable to the 
high A-T content of peronosporomycete mitochon- 
drial genomes which generate a codon usage strongly 
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FIG. 2. MP fifty-percent majority-rule bootstrap consen- 
sus tree obtained from analysis of amino acid data set. Num- 
bers represent bootstrap percentages of clades. 

biased towards third position A's or T's (Sachay et al 
1993). Thus, A--G and T--C transitions would be 
strongly selected against at third, and to a lesser ex- 
tent first, codon positions. 

Prompted by recent suggestions that maximum 
likelihood (ML) may frequently be a more accurate 
and robust method for inferring phylogeny (Huel- 
senbeck and Rannala 1997) ML analysis was per- 
formed using global rearrangement and jumble op- 
tions of DNAml in the PHYLIP program package 
(Felsenstein 1993) which recovered the single tree 
shown in FIG. 4 (In likelihood = -5127.96820). 

DISCUSSION 

A molecular phylogenetic hypothesis.-The consistent 
tree topologies generated by MP and ML combined 
with bootstrap values for nodes in both the amino 
acid and nucleotide MP trees lends support to this 
molecular hypothesis for the Peronosporomycetes. In 
essence, all tree topologies support recognizing the 
Peronosporomycetidae and the Saprolegniomyceti- 
dae as natural groups. In addition, both the Leptom- 
itales and the Saprolegniales are included within the 
Saprolegniomycetidae as suggested by Dick (1995). 
The Saprolegniales in turn form two clades-the Sap- 
rolegniales s. s. consisting of Achlya, Thraustotheca, 
Dictyuchus, Pythiopsis, and Saprolegnia, and a sister 
clade containing Aphanomyces, Leptolegnia, and Plec- 
tospira. When combined these two clades constitute 
the more traditional Saprolegniales s. 1. (Dick 1973a). 

FIG. 3. MP fifty-percent majority-rule bootstrap consen- 
sus tree obtained from analysis of nucleotide data set. Num- 
bers represent bootstrap percentages of clades. 

Within the Saprolegniales s. s. the topology for Ach- 
lya, Thraustotheca, Dictyuchus, and Saprolegnia is 
identical to that inferred from ITS sequence data 
previously used in examining the evolution of zoos- 
porangial emptying mechanisms for these genera 
(Daugherty et al 1998). In the Peronosporomyceti- 
dae all studied members of the Pythiales (Dick 1990) 
form a clade. 

Two other molecular features discovered in this 
study also support these interpretations. Absence of 
the indel appears to be a diagnostic character for the 
Saprolegniales, whereas codon usage analysis of the 
COX2 locus for ArgC (T, GlyGGA, and ThrAc(C also sup- 

ports the separation of the Saprolegniales s. s. 

Mapping of nonmolecular characters.-In an attempt 
to compare the COX2 molecular phylogeny with the 
nonphylogenetic classical interpretation of the mor- 
phological and biological characters of the Peronos- 

poromycetes, 11 taxonomic characters and the amino 
acid gap as a character (see list in FIG. 4, only un- 
ambiguous character mappings are noted on the 
tree) were mapped using parsimony on the ML 
COX2 tree. Since no data for these characters exist 
outside of the Peronosporomycetes outgroup taxa 
could not be used to assist in the polarity determi- 
nation. However, when considering the most parsi- 
monious distribution of these character states on the 
ML tree (FIG. 4), ancestral (plesiomorphic) states 
and putative shared-derived features could be in- 
ferred in certain cases. These unambiguous map- 
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Order Subclass 

Saprolegniomycetidae 

Peronosporomycetidae 
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FIG. 4. ML COX2 tree with taxonomic characters listed. Numbers on the branches refer to characters unambiguously 

mapped by parsimony. Characters and character states are as follows; states in bold are apomorphic (derived) as inferred by 
mapping. 1. Lipid globules: numerous and centric only = 1; centric, eccentric, subcentric or subeccentric, numerous or 
single = 2 (Dick 1995); 2. Oosporogenesis: centripetal = 1; centrifugal = 2 (Dick 1995); 3. Ooplast: solid and hyaline = 1; 
fluid and granular = 2 (Dick 1995); 4. Use of S04-2: unable to use = 1; can use = 2 (Reischer 1951a); 5. Absolute requirement 
for organic nitrogen source: needs organic nitrogen = 2; uses inorganic nitrogen = 1 (Reischer 1951b); 6. Strict saprophytes 
= 2; not strict saprophytes = 1 (Dick 1990); 7. Oospore: elaborate exospore membrane = 1; rarely ornamented intra-epispore 
membrane = 2; gametic membrane = 3 (Dick 1995); 8. Amino acid gap: 3 aa missing = 1; 3 aa present = 2, (this work); 
9. Cellulin granules: present = 2; none present = 1 (Dick 1990); 10. Strongly oxidadtive = 2; not notably oxidative = 1 
(Natvig 1982); 11. Fermentative = 2; nonfermentative = 1 (Dick 1990); 12. K-bodies: morphotypes as labelled in Powell and 
Blackwell (1995). 

pings provide hypotheses for the evolutionary inter- 
pretation of certain classical peronosporomycete 
characteristics. For taxa where molecular data are 
likely to remain difficult to obtain, assessments of 
which traditional character states represent putative 
synapomorphies (versus shared ancestral states) are 
important for developing testable phylogenetic hy- 
potheses. 

As interpreted from the COX2 ML tree, a solid and 
hyaline ooplast and the ability to use SO4-2 as a sole 
source of sulfur appear to be ancestral (plesiomorph- 

ic) states retained by the Leptomitales, Pythiales, and 
Rhipidiales; by the tenets of cladistics, shared ances- 
tral states are not informative about phylogenetic re- 
lationships. Other ancestral states inferred in this 
analysis include rarely ornamented intra-epispore 
membrane, absence of cellulin granules, and non- 
markedly oxidative metabolism. In contrast, a fluid 
and granular ooplast, and the loss of the ability to 
use SO4-2 as a sole source of sulfur are inferred to 
be shared-derived characters for the Saprolegniales 
(FIG. 4). Parsimony mapping suggests that three 

Genus 
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states are putative synapomorphies for the Leptomi- 
tales: a gametic membrane in the oospore, presence 
of cellulin granules, and strongly oxidative metabo- 
lism (FIG. 4). Fermentative metabolism and an elab- 
orate exospore membrane appears to be derived 
within the Rhipidiales, however, additional taxa are 
needed to assess if members of this taxon are mono- 
phyletic. Character-state distributions for lipid glob- 
ules and oosporogenesis are consistent with clades 
representing Peronosporomycetidae and Saproleg- 
niomycetidae. However, ancestral states are equivocal 
for both characters, thus it is uncertain which 
clade(s) is supported by a shared-derived state in 
each case. Mapping of K-body morphotypes (Powell 
and Blackwell 1995) on the COX2 tree does not yield 
any unambiguous hypothesis regarding which states 
may be shared-derived features. 

Considering only the presence or absence of the 
three amino acid indel, loss of these residues is a 
putative synapomorphy for the Saprolegniales (FIG. 
4). With consideration of the presence and type of 
amino acids found in Hyphochytrium (the sister-taxon 
to the Peronosporomycetes in the molecular trees), 
amino acid states in Leptomitales (YTD), and Pythi- 
ales plus Rhipidiales (LEF/Y) are also shared-derived 
states. The distribution of the character mappings for 
strict saprophytic nutrition and the requirement for 
organic nitrogen are identical, which is consistent 
with the idea that these features may be correlated 
as a consequence of organismal ecology. However, for 
these latter two characters parsimony mapping yields 
equivocal reconstructions for ancestral lineages deep 
in the tree such that interpretation of the derived 
versus ancestral condition is not possible by this ap- 
proach. 

An heuristic search of the 12 taxonomic characters 
for the 15 oomycete taxa yields 5250 trees (maxtrees 
set to 10 000) each with a length of 18 and a CI of 
0.857 (excluding uninformative characters). Both the 
strict consensus and the 50% majority-rule consensus 
of these trees yield identical topologies (trees not 
shown). Characters in these analyses were treated as 
unordered states and the tree was midpoint rooted 
because these data were unavailable for the outgroup 
taxa. Since the indel character is derived from the 
molecular data set a separate heuristic search exclud- 
ing it was also performed. The exclusion of the indel 
made no difference in either tree topology or the 
number of trees, but treelength was reduced to 16 
and CI to 0.833. Although the consensus trees from 
these analyses were poorly resolved, it is notable that 
the Saprolegniales and Leptomitales were recovered 
as monophyletic groups. 

This work has provided the first molecular phylo- 
genetic analysis, at both the ordinal and generic 

level, of this economically important group of stra- 
minopiles. Monophyletic groups have been hypoth- 
esized at the ordinal level for the Saprolegniales, Lep- 
tomitales, and the Pythiales. However, additional rep- 
resentatives of the Rhipidiales will be required to as- 
sess monophyly for this order. Additional studies have 
already been initiated that involve the addition of 
more diverse taxa, and the inclusion of other genetic 
loci. It is anticipated that a more comprehensive mo- 
lecular phylogeny for this group can contribute to an 
improved understanding of the Peronosporomycetes 
by providing an expanded evolutionary framework 
for interpreting their biological characteristics. 
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and LSU-rRNA (Riethmuller et al, 1999. Can J Bot-Rev Can Bot 77:1790-1800) phylogenies appeared. 
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