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FiG. 1. Sample sites in the Pacific Northwest, USA. Site numbers correspond to TABLE I. Physiographic regions are: Idaho-
Montana (IM), Idaho-South (IS), Oregon-East (OE) and Oregon-West (OW), Washington (WA).

heuristic algorithm to search for sequence homology
(Altschul et al 1990).

To see the phylogenetic relationships among our
Saprolegniaceae sequences, we used Geneious Pro® (ver-
sion 2.5.2) to produce a multiple global alignment of 88
sequences. The sequences in our phylogeny included: (i) all
samples identified by BLAST as Saprolegnia, Achlya, or
Leptolegnia (n  68); (ii) three ATCC type strains that were

FIG. 2. Oregon spotted frog (Rana pretiosa) egg mass
with high mortality and microorganisms on embryos
(center) surrounded by healthy developing egg masses
from Oregon.

cultured and sequenced in our lab (S. ferax [Gruithuisen]
Thuret, S. parasitica Coker and A. americana Humphrey);
(iii) 16 Saprolegnia, Achlya, or Leptolegnia (Leclerc et al
2000) that we downloaded from the GenBank NCBI
database (TABLE II); and (iv) the non-Saprolegniaceae
outgroup Phytophthora botryosa (ITS sequence GenBank
AF266784, Cooke et al 2000). We saved the alignment in the
Nexus format.

The sequence alignment was analyzed with both a
distance and parsimony analysis using PAUP (version 4.0
beta; Swofford 2003). We performed the distance analysis
using the Jukes-Cantor option with equal rates for variable
sites (Jukes and Cantor 1969). A bootstrap analysis of the
neighbor joining tree was done with a neighbor joining
search with 1000 replicates. Groups with 70% or greater
frequency were retained. The parsimony analysis was done
using the heuristic search option. The maximum number of
trees saved was set to 2000. The parsimony consensus tree
was computed with 70% majority rule. A bootstrap analysis
of the parsimony consensus tree was done using a fast
heuristic search with 1000 replicates.

RESULTS

Of the 203 samples we cultured, 138 filamentous
cultures grew. BLAST was able to identify sequences
from 111 isolates from 28 collection sites. We
identified 68 sequences as Saprolegniaceae (TABLE I).
The remaining 43 sequences were true fungi:
Trichoderma (n 27), Mucor (n 6), Verticillium
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TABLE II.  Reference sequences and cultures used for phylogenetic analysis

Reference Cultures

Source and accession number

Achlya americana

Achlya americana Humphrey ATCC 22599
Achlya aquatica

Achlya colorata

Achlya intricata

Achlya oligacantha

Achlya papillosa

Achlya racemosa

Leptolegnia CBS 177.86

Phytophthora botryosa

Saprolegnia anomalies

Saprolegnia bulbosa

Saprolegnia diclina Humphrey ATCC 90215
Saprolegnia ferax (Gruithuisen) Thuret ATCC 26116
Saprolegnia hypogyna

Saprolegnia longicaulis

Saprolegnia oliviae

Saprolegnia parasitica Coker ATCC 22284
Saprolegnia salmonis

Saprolegnia semihypogyna

GenBank AF218145
our laboratory
GenBank AF218150
GenBank AF218159
GenBank AF218148
GenBank AF218162
GenBank AF218161
GenBank AF218158
GenBank AY310502
GenBank AF266784
GenBank DQ322632
GenBank AY267011
GenBank AY455775
our laboratory
GenBank AY647188
GenBank AY270032
GenBank AY270031
our laboratory
Genbank AY647193
GenBank AY647194

gyna groups are resolved with bootstrap support of
100. The Saprolegnia group is resolved from Lepto-
legnia with bootstrap support of 91. The consensus
parsimony tree has lower bootstrap support of 73 for
the resolution of the Saprolegnia and Leptolegnia
groups from the tree and lower bootstrap support
(86) for the resolution of the Achlya and S.
semihypogyna groupings. The Saprolegnia group is
resolved from Leptolegnia with bootstrap support of
71 instead of the 91 seen in the neighbor joining tree.

Our neighbor joining distance tree (FIG. 3) re-
solved field and reference samples into two major
groups outside the Phytophthora outgroup. The first
major group (bootstrap value 75) comprised two
subgroups that further resolved into a total of six
groupings. Thirteen isolates from amphibian eggs
grouped strongly with the Leptolegnia reference
sequence (bootstrap 100), and two egg samples
separated from that group with strong support
(bootstrap 100). A group including all Saprolegnia
reference sequences except S. semihypogyna had
strong support (bootstrap 91). The separation be-
tween the group including S. parasitica and S. diclina
and the group including the other seven reference
Saprolegnia had weaker support (bootstrap  70).
Isolates from two Idaho-Montana amphibian egg
samples grouped with S. parasitica ATCC 22284
(bootstrap 93) which was near but distinct from 14
amphibian samples that grouped strongly with S.
diclina ATCC 90215 (bootstrap 100). Thirteen of the
14 isolates in the S. diclina grouping were from the

Idaho-Montana cluster. A sample from a wild trout
scraping (IS-13-1) also might be associated with the
group including S. parasitica and S. diclina. The
group containing S. salmonis, S. hypogyna and S. ferax
ATCC 26116 included one field sample from a
Chinook salmon scraping (IS-11-1). A grouping of S.
bulbosa, S. oliviae, S. longicaulis and S. anomalies
included 13 isolates from amphibian eggs and one
isolate from eggs of hatchery rainbow trout (IS-12-1).
With the exception of the hatchery trout, all samples
in this group were collected in Oregon and Washing-
ton.

The second major group also was resolved into two
subgroups. The Achlya group included all eight
Achlya reference sequences and was resolved further
into five groupings. Our finding of low bootstrap
support (60) for the Achlya group concurs with other
studies that imply the genus is likely to be polyphyletic
(Leclerc et al 2000). Outside the three groups of
Achlya reference samples were two groups of amphib-
ian egg samples that were not directly affiliated with
reference species. The first group (including IM-1-1,
OW-20-1, OE-22-2, OW-21-1 and OE-22-3) was most
closely related to the grouping of A. colorata and A.
racemosa. The second group of egg samples (OW-23-
3, WA-15-5 and WA-15-4) also was distinct from all our
other Achlya sequences (bootstrap 100). Separate
from the main Achlya group was a second subgroup
including one amphibian egg sample with S. semz-
hypogyna (bootstrap 99) and a distinct cluster of 12
amphibian egg isolates (bootstrap 100). All these
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FiG. 3.
scrapings or eggs (n

3) and reference samples (n

20). Bootstrap values

70 are not shown.

Jukes-Cantor neighbor joining distance tree for Saprolegniaceae isolates from amphibian eggs (n

65), fish
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samples came from our northern sites in Washington,
Montana and Idaho. The generic and specific
identities of these 12 isolates are unclear.

DISCUSSION

To our knowledge this is the first broad survey of
oomycetes on amphibian eggs outside work in
Poland. This also appears to be one of the first
studies of filamentous microorganisms on amphibian
eggs that uses molecular phylogenetic techniques to
circumvent some of the difficulties of oomycete
identification based on unstable reproductive struc-
tures. The BLAST analysis of the NCBI database was
able to identify most of our isolates to the generic
level. The GenBank and ATCC reference species
served as the foundation for our phylogeny. Our
neighbor joining distance analysis of ITS regions
successfully resolved the known Saprolegnia, Achlya
and Leptolegnia sequences into distinct genera and
species groups and helped us to see the phylogenetic
relationships among these three groups.

Our sequence identification and phylogenetic
analysis confirm that a diversity of Saprolegniaceae
occur on amphibian eggs in the Pacific Northwest. We
estimate that we had representatives of at least 7-12
species and three genera of Saprolegniaceae on our
amphibian eggs. Czeczuga et al (1998) also reported a
diversity of taxa based on morphological identifica-
tion, including 33 species of Saprolegniaceae (14
Achlya, 10 Leptolegnia, nine Saprolegnia) and 18 other
zoosporic fungi from Polish amphibians raised in five
different water sources.

Our phylogenetic analysis is in general agreement
with recent molecular work on the Saprolegniaceae
(e.g. Dick et al 1999, Riethmuller et al 1999, Leclerc
et al 2000). Most (78%) of our oomycete samples (68)
grouped within Saprolegnia and Achlya but we also
identified a subset of our amphibian egg cultures as
probable members of Leptolegnia (n 13) or a
related but separable group (bootstrap support of
100; n 2). Few Leptolegnia species are documented
in GenBank, so it is possible that our samples could
be further resolved with more reference species. The
separation of the Leptolegnia group from our primary
Saprolegnia group is strongly supported (bootstrap
100) and generally concurs with phylogenies based on
18S rDNA (Dick et al 1999) and LSU rDNA data
(Leclerc et al 2000). Our Leptolegnia samples came
from four amphibians (A. macrodactylum, R. cascadae,
R. luteiventris, R. pretiosa) and from all four states.
Czeczuga et al (1998) reported L. caudata de Bary
from eggs of five amphibians when they were reared
in water from five different wetlands. Leptolegnia
caudata and other members of the genus are

pathogenic on mosquito larvae (Bisht et al 1996,
Scholte et al 2004). Although not sampled specifical-
ly, mosquitoes were abundant at many of our sites.

Our neighbor joining distance analysis also suggests
a distinct division between most of our Saprolegnia
samples and members of the genus Achlya. This
generally agrees with 28S rDNA data (Riethmuller et
al 1999) and the cladistic analysis of LSU rDNA data
reported by Leclerc et al (2000). In contrast a
neighbor joining distance tree (Leclerc et al 2000)
placed some Achlya (including A. racemosa, A.
colorata, A. oligacantha and A. papillosa) closer to
Saprolegnia than with the main Achlya clade (includ-
ing A. aquatica, A. americana and A. intricata). Both
our phylogeny and analysis by Leclerc et al (2000) of
the LSU identify the same three Achlya subgroups: (i)
A. americana/A. aquatica/A. intricata, (i) A. oliga-
cantha/A. papillosa and (iii) A. racemosa/A. colorata.
These Achlya subgroups are consistent with divisions
based on oospore morphology outlined by Dick
(1969). None of our eight isolates from field samples
directly matched sequences of our reference Achlya
species, so we are unsure of their species-level
taxonomy. Given the paucity of field sampling for
Saprolegniaceae in western North America, it is
possible this lineage represents a new species.
Czeczuga et al (1998) reported 15 Achlya species
(including A. colorata) from amphibian eggs in
Poland, but little else is published on Achlya on
amphibians. A variety of Achlya (including A.
americana, A. colorata, and A. racemosa) have been
reported on fish eggs (Czeczuga and Muszynska 1997,
1999).

Most phylogenetic work suggests that the genus
Achlya is not a monophyletic unit in its current
configuration (e.g. Green and Dick 1972, Dick et al
1999, Riethmuller et al 1999, Leclerc et al 2000).
Similarly Leclerc et al (2000) indicated that Sapro-
legnia might not be monophyletic, and difficulties
remain in distinguishing generic affiliations of some
Achlya and Saprolegnia species. Our phylogeny
grouped reference sequences of Saprolegnia (boot-
strap 91) and Achlya together in relatively cohesive
respective groups. However our S. semihypogyna and
an associated group of field samples resolved more
closely with Achlya than to the main group of
Saprolegnia. Type specimens of S. semihypogyna were
described from Japan (Inaba and Tokumasu 2002),
and ITS and 28 LSU sequences are in GenBank. We
did not inspect the morphology of any of our samples,
but if our phylogeny is correct the generic attribution
of S. semihypogyna may merit reconsideration. The
identity of the tightly clustered group adjoining S.
semihypogyna (bootstrap 99) and its relationship to
other Achlya and Saprolegnia is unclear.












