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ABSTRACT. This revision of the classification of unicellular eukaryotes updates that of Levine et al. (1980) for the protozoa and
expands it to include other protists. Whereas the previous revision was primarily to incorporate the results of ultrastructural studies, this
revision incorporates results from both ultrastructural research since 1980 and molecular phylogenetic studies. We propose a scheme that
is based on nameless ranked systematics. The vocabulary of the taxonomy is updated, particularly to clarify the naming of groups that have
been repositioned. We recognize six clusters of eukaryotes that may represent the basic groupings similar to traditional ‘‘kingdoms.”’
The multicellular lineages emerged from within monophyletic protist lineages: animals and fungi from Opisthokonta, plants from
Archaeplastida, and brown algae from Stramenopiles.
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INCE the previous classification proposed by the Society of
Protozoologists (Levine et al. 1980), there have been many
changes to our understanding of relatedness among phylogenetic
lineages of eukaryotes. Many traditional groups are no longer
valid and have been abandoned (see Hausmann, Hiilsmann, and
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Radek 2003 for a recent historical review of classification
schemes proposed since then). In particular, the classical scheme
of Biitschli (1880-1889), which divided Protozoa into Sarcodina
(amoeboid organisms), Sporozoa (a parasitic group), Mast-
igophora (flagellated species), and Infusoria (ciliates), was aban-
doned decades ago by protistologists. It is, unfortunately, still
used by non-protistologists. Despite some initial controversies,
data from modern morphological approaches, biochemical path-
ways, and molecular phylogenetics are generally complementary.
This has resulted in a classification scheme that we believe will
have some stability in the near term.
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The proposed classification scheme recognizes taxa that are
considered to be evolutionarily related and the remaining para-
phyletic taxa are identified. The highest ranking groups recog-
nized have been summarized recently by Simpson and Roger
(2002, 2004). Molecular phylogenies group eukaryotes into six
clusters: (1) the Opisthokonta, grouping the animals, fungi,
choanoflagellates, and Mesomycetozoa; (2) the Amoebozoa,
grouping most traditional amoebae, slime moulds, many testate
amoebae, some amoebo-flagellates, and several species without
mitochondria; (3) the Excavata, grouping oxymonads, parabasa-
lids, diplomonads, jakobids, and several other genera of heterotro-
phic flagellates, and possibly including the Euglenozoa and
Heterolobosea; (4) the Rhizaria, grouping the Foraminifera, most
of the traditional Radiolaria, and the Cercozoa with filose pseu-
dopodia, such as many amoebo-flagellates and some testate amoe-
bae; (5) the Archaeplastida, grouping the Glaucophyta, red algae,
green algae, and Plantae; (6) the Chromalveolata, grouping the
Alveolata (ciliates, dinoflagellates, Apicomplexa), the Strameno-
piles (brown algae, diatoms, many zoosporic fungi, and the opal-
inids amongst others), with the Haptophyta and Cryptophyceae. It
is argued that chromalveolates are derived from a single symbiosis
of a phagotrophic heterotrophic eukaryote with a photosynthetic
red alga eukaryote (Keeling 2003). The plastid was secondarily
lost in several lineages (Delwiche et al. 2004). Whereas each of
these lineages is monophyletic, the grouping of Alveolata and
Stramenopiles with Haptophyta and Cryptophyceae may not be
monophyletic. It remains contentious whether the Ciliophora had
an ancestral Archaeplastida endosymbiont.

Several terms, highlighted below in bold, were identified as
being problematic or requiring clarification. Others are no longer
recognized as formal taxa, but remain useful terms. We recom-
mend that they be spelled without capitalization. They include
algae (phototrophic protists), zoosporic fungi (an eclectic mix of
heterotrophic and saprotrophic groups), and protozoa (predomi-
nantly non-filamentous heterotrophic species). One must recog-
nize that many species in these groups are mixotrophic and cannot
exclusively be considered as autotrophic or heterotrophic. This
also weakens the usefulness of terms such as phytoplankton and
zooplankton. There are numerous examples that blur the bound-
ary between autotrophs and heterotrophs: some heterotrophs re-
tain their prey’s plastids; other heterotrophs form symbioses with
photosynthetic species; and many photosynthetic species are also
phagotrophic and osmotrophic. There are also cases of secondary
loss of plastids, with partial retention of a plastid remnant, as for
the Apicomplexa. We no longer formally recognize Haeckel’s
taxon Protista (Haeckel 1866) and Protoctista from Hogg’s infor-
mal term protoktistae (Hogg 1860). The popular term protist is
retained to describe eukaryotes with a unicellular level of organ-
isation, without cell differentiation into tissues. Where vegetative
cell differentiation occurs in protists, it is restricted to sexual re-
production, alternate vegetative morphology, and quiescent or re-
sistant stages, such as cysts. In other words, task sharing by
tissues, a property of multicellular species, does not occur in pro-
tists. Based on this new definition, we clearly recognize that some
algae are multicellular. Protist morphology is varied and includes
single independent cells that may or may not be motile, filament-
ous species, colonial (linked by a common stalk, or sheath, or
cytoplasmic extensions), sheets of cells (phyllose), and parenchy-
matous or otherwise attached cells. Multinucleate forms (in-
cluding coenocytic, plasmodial, hyphal, syncytial, or siphonous
forms) occur in many taxa. We recognize prokaryotes to include
the Archaea and the Eubacteria, with bacteria being a convenient
common term for prokaryotes (Cavalier-Smith 2002; Walsh and
Doolittle 2005). Eukaryotes, the Eukaryota Chatton, 1925, are
distinguished from prokaryotes by the presence of a nucleus. The
nucleus is defined as an organelle bounded by a double mem-
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brane, the outer being derived from the endomembrane network,
with the nuclear pore complex traversing both membranes, and
with one or more linear chromosomes typically packaged by
histones and usually with a centromere and telomeres. We rec-
ommend restricting the use of cyst to vegetative quiescent
stages, while restricting the use of spore for reproductive stages.
The eukaryote motility organelle is the cilium, or ‘‘eukaryotic
flagellum,”” which consists of a cell membrane-bound extension
supported by a microtubular-based axoneme and a basal body
or kinetosome with associated cytoskeletal elements serving as
anchors.

Overall, we have tried to be conservative with the classifica-
tion by avoiding uncertain subdivision of lineages, and specula-
tive clustering of the clades. Two groups warrant caution at
this time. One is the grouping of the Cryptophyceae, Haptophyta,
Stramenopiles, and Alveolata, together called the chromalveolates
(Delwiche 1999; Fast et al. 2002; Harper and Keeling 2003;
Harper, Waanders, and Keeling 2005; Yoon et al. 2002) and the
other is the grouping of the Euglenozoa and Heterolobosea, to-
gether with other excavates (Simpson and Roger 2004). However,
we show what these highest ranking clusters seem to be, based on
current molecular phylogenies (Table 1). We have included in our
descriptions in Table 2 the apomorphies for each group, where
possible. Groups that are probably still paraphyletic are indicated
with (P). For several groups, in particular within the Cercozoa,
formal diagnosis did not exist and we provided descriptions based
on characters that seemed to hold the group together. Groups that
did not exist in the traditional taxonomy based on morphological
characters but were established based on molecular phylogenetics,
are indicated as ribogroups (R). Where a group is currently only
known from one described species, it is indicated as being
monotypic (M). We further understand that many described
morphospecies are probably clusters of several biologically dis-
tinct entities.

We adopted a hierarchical system without formal rank desig-
nations, such as ‘‘class,”” ‘‘sub-class, super-order,”” or ‘‘or-
der’” (Table 2). The decision to do so has been primarily
motivated by utility, to avoid the common problem of a single
change causing a cascade of changes to the system. The hierarchy
is represented by indented paragraphs. We believe this to be more
utilitarian, and less problematic than traditional conventions, as it
is not constrained by formally attributing a limited number of rank
names. This approach has the advantage of being more flexible
and easier to modify. For this presentation, we limited our de-
scriptions to the first four highest ranks for most groups. Several
genera and groups remain with uncertain affiliations within the
protists, and they have been listed separately (Table 3). It is com-
forting that this list is considerably shorter than the one provided
by Patterson (2002). The most significant change has been the
identification of several monophyletic lineages within the protists.
The traditional ‘‘Kingdoms,”” such as Metazoa, Fungi, and Plant-
ae, are now clearly recognized as being derived from within mon-
ophyletic protist lineages (Table 1, 2). It is now clear that the
Animalia and Fungi arose within the Opisthokonta, and the plants
from within Charophyta. Therefore, traditional classification
schemes and modern cladistics were difficult to reconcile with-
out having ‘‘Kingdoms’’ within ‘‘Kingdoms.”’

The rules followed to establish this new taxonomy were few
and simple. We have used the older name that describes each
group, unless its composition was substantially modified. In these
cases, we have used a newer term and its appropriate authorship.
In cases where several terms were in popular use to describe the
same taxon, we often used the older term, emended if necessary;
the other terms, whether synonymous or not, are placed in brack-
ets. In cases where ranks were created to include a single lower
rank, the higher ranks were eliminated as superfluous. Therefore,

s k¢



ADL ET AL—NEW CLASSIFICATION OF PROTISTS

401

Table 1. Highest ranks of the eukaryotes with the next two ranks as presented in Table 2.

Super-groups First rank Second rank, examples
Amoebozoa Tubulinea Leptomyxida, Testacealobosia, Tubulinida
Flabellinea Cochliopodium, Dactylopodia, Thecamoebida, Vanellida
Stereomyxida
Acanthamoebidae
Entamoebida
Mastigamoebidae
Pelomyxa
FEumycetozoa Dictyostelia, Myxogastria, Protostelia
Opisthokonta Fungi Ascomycota, Basidiomycota, Chytridiomycetes,
Glomeromycota, Microsporidia, Urediniomycetes,
Ustilaginomycetes, Zygomycota
Mesomycetozoa Aphelidea, Capsaspora, Corallochytrium, Ichthyosporea,
Ministeria, Nucleariida
Choanomonada Acanthoecidae, Monosigidae, Salpingoecidae
Metazoa™ Porifera, Trichoplax, Mesozoa, Animalia
Rhizaria Cercozoa Cercomonadida, Chlorarachniophyta, Nucleohelea, Phacodarea,
Phytomyxea, Silicofilosea
Haplosporidia
Foraminifera Subdivisions uncertain
Gromia
Radiolaria Acantharia, Polycystinea, Sticholonche
Archaeplastida Glaucophyta
Rhodophyceae Subdivisions uncertain
Chloroplastida Charophyta®, Chlorodendrales, Chlorophyta, Mesostigma,
Prasinophytae
Chromalveolata Cryptophyceae Cryptomonadales, Goniomonadales
Haptophyta Pavlovophyceae, Prymnesiophyceae
Stramenopiles Actinophryidae, Bacillariophyta, Bolidomonas, Bicosoecida,
Chrysophyceae, Dictyochophyceae, Eustigmatales,
Hypochytriales, Labyrinthulomycetes, Opalinata,
Pelagophyceae, Peronosporomycetes, Phacophyceae™,
Phaeothamniophyceae, Pinguiochrysidales, Raphidiophyceae,
Schizocladia, Synurales, Xanthophyceae
Alveolata Apicomplexa, Ciliophora, Dinozoa
Excavata Fornicata Carpediemonas, Eopharyngia
Malawimonas
Parabasalia Cristamonadida, Spirotrichonymphida, Trichomonadida,
Trichonymphida
Preaxostyla Oxymonadida, Trimastix
Jakobida Histionidae, Jakoba
Heterolobosea Acrasidae, Gruberellidae, Vahlkampfiidae
Euglenozoa Euglenida, Diplonemea, Kinetoplastea

#Clades with multicellular groups.

in several instances, we have placed in brackets ranks of the
traditional codes of nomenclature, where they were no longer
necessary. In this scheme, monotypic taxa are represented by the
genus only and each receives the highest rank within its group.
The presence of taxonomic endings that conveyed hierarchical
information in the traditional codes are, in this classification, con-
sidered an accident of history and the endings are not intended to
carry any hierarchical meaning. The formal names provided in
this classification, with the genera they cluster, were based on ac-
cepted monophyly according to the information available. In
some instances, the term used required significant modification,
and these were emphasised by ‘‘emend.”” Where a new term was
introduced in this classification, it was identified with ‘‘Adl et al.
2005°’ as the authority, or by the submitting author (e.g. Mann in
Adl et al., 2005). They are to be cited as emended in this publi-
cation. The descriptions provided are not intended to substitute for
formal diagnoses. They are provided primarily to identify com-
mon morphological features, such as synapomorphies and
apomorphies, within monophyletic lineages.

This classification (Table 2) provides formal names within
a modern framework, in lieu of the imprecise, informal, some-
times redundant or parallel vocabulary that has accumulated.
When referring to a rank in this nameless-rank system, the posi-
tion of the organism referred to should be followed by two or three
higher ranks placed in brackets, highest rank first. For example,
to clarify the position of Paramecium, it could be written as
Paramecium [Alveolata: Ciliophora], or to locate the genus
more precisely as Paramecium [Ciliophora: Oligohymenophora:
Peniculia].

While this revised classification of protists is proposed by the
International Society of Protistologists, it should be noted that it is
the work of a committee that worked in collaboration with spe-
cialists from many societies (phycologists, mycologists, parasi-
tologists, and other protistologists), and that many experts were
consulted on issues as needed. However, it should not be assumed
that all contributors agreed on all points. The final synthesis is,
nonetheless, a classification that we recommend as the basis for
future revisions. (cont’d p. 446)
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Table 2. Classification of the higher ranks of the protists and multicellular groups. The authority to whom the name is attributed appears
immediately after the taxon name. In the square brackets following are commonly used names for the group that we did not accept and their taxo-
nomic authority. References to the recent literature can be found in Appendix 1 under the major monophyletic clusters. Citations in the Notes to this table
can be found in the LITERATURE CITED. If the taxon description has been emended herein, the authority name is followed by ‘‘emend. Adl et al.,
2005°’. Finally, notation is made of some features of the group as follows: (M)—monotypic group with only one described species; (P)—paraphyletic
group; and (R)—ribogroup, usually based on molecular phylogenetic analyses of rRNA genes. Throughout this table, reference to flagellum refers to the
eukaryotic flagellum or cilium.

AMOEBOZOA Liihe, 1913, emend. Cavalier-Smith, 1998

Amoeboid locomotion generally with non-eruptive morphologically variable pseudopodia
(lobopodia); sub-pseudopodia common in some groups; cells ‘‘naked’’ or testate; tubular
cristae, often branched (ramicristate), secondarily lost in some; usually uninucleate, rarely
binucleate, sometimes multinucleate; cysts common, morphologically variable; cell in-
clusions (parasomes and trichocysts) of diagnostic value in some; flagellate stages if
present, rarely bikont, usually with one kinetid bearing a single flagellum.

e Tubulinea Smirnov et al., 2005 (R)
Naked or testate amoeboid organisms producing tubular sub-cylindrical pseudopodia or
capable of altering shape from flattened and expanded to a sub-cylindrical one; mono-
axial flow of the cytoplasm in entire cell or each pseudopodium; without centrosomes;
locomotion based on actino-myosin cytoskeleton; cytoplasmic microtubules, if present,
rare and never in bundles; without flagellate stages.

ee Tubulinida Smirnov et al., 2005 (R)
Without test; produce sub-cylindrical pseudopoedia or are monopodial; without
alteration of the locomotive morphology; non-adhesive uroid. Amoeba, Cashia,
Chaos, Deuteramoeba, Glaeseria, Hartmannella, Hydramoeba, Nolandella, Para-
chaos, Polychaos, Saccamoeba, Trichamoeba.

ee | eptomyxida Pussard and Pons, 1976, emend. Page, 1987 (R)
Locomotive form generally a flattened, reticulate or highly branched sheet; most
active locomotive form sub-cyclindrical; with adhesive uroid; uninucleate, some-
times multinucleate; glycocalyx thin and amorphous; cysts common, double-walled,
without pores. Flabellula, Gephyramoeba, Leptomyxa, Paraflabellula, Rhizamoeba.

ee Testacealobosia De Saedeleer, 1934
Test outside cell membrane encloses cell, with one (rarely more) distinct opening;
although sex has not been conclusively demonstrated, meiosis has been reported in
at least one species. Note 1.

eee Arcellinida Kent, 1880
Test outside cell membrane, with single distinct opening and composed of or-
ganic matrix, which may be encrusted with mineral particles (silt) or other
mineral debris, such as diatom shells; encystment inside test. Arcella, Centro-
pyxis, Difflugia.

eee Incertae sedis Testacealobosia
Trichosphaerium Mébius, 1889 [Trichosidae] (M)
Multinucleate with synchronous divisions by closed mitosis; two life phases
—with calcite spicules in one phase and outer layer fibrillar overlain with
mucin and embedded spicules in the other phase; multiple semi-permanent
openings for pseudopodia (described as tactile dactylopods). Trichosphaerium.

ee Incertae sedis Tubulinea: Echinamoeba.

e Flabellinea Smirnov et al., 2005 (P)
Flattened locomotive amoebae, without tubular sub-cylindrical pseudopodia; the loco-
motive form is never altered; cytoplasmic flow poly-axial or without pronounced axis;
locomotion based on actino-myosin cytoskeleton; without centrosome; without flagel-
late stages.

1. AMOEBOZOA: Testacealobosia: The testate amoebae in this group are poorly studied, with very little tax-
onomic sampling in molecular phylogenies. Although some genera clearly belong to the Arcellinida, for many
genera, we simply do not know. The rank is retained because without doubt, there are undescribed subdivisions in
this clade besides the Arcellinida.
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.

AMOEBOZOA cont’d.

ee Dactylopodida Smirnov et al., 2005 (R)

Flattened locomotive form an irregular triangle with broad hyaline margin; hyaline
sub-pseudopodia finger-like (i.e. dactylopodia) emerge from the edge of the hy-
aline cytoplasm; uninucleate with central nucleolus; parasomes in Neoparamoeba
and Paramoeba; cell coat variable, consists of microscales, hexagonal or pentag-
onal glycostyles, or fibrous. Korotnevella, Mayorella, Neoparamoeba, Paramoeba,
Pseudoparamoeba, Vexillifera. Other possible genera: Boveella, Dactylo-
sphaerium, Oscillodignum, Podostoma, Strioluatus, Subulamoeba, Trienamoeba.

ee Vannellida Bovee, 1979 (R)
Flattened, fan-shaped to spatulate in locomotion; frontal area of the hyaloplasm
occupying up to half of the area of the cell; posterior granuloplasm accumulated in a
“‘hump”’ often raised off the substratum; single nucleus, with vesicular or periph-
eral nucleoli; single-walled cysts in some species; cell coat a layer of hexagonal
prismatic structures (Platyamoeba), with short glycostyles (Clydonella, Lingul-
amoeba) or pentagonal glycostyles, with or without simple filaments (Vannella).
Clydonella, Lingulamoeba, Platyamoeba, Vannella. Other possible genera: Disc-
amoeba, Pessonella, Unda.

ee Thecamoebida Schaeffer, 1926, emend. Smirnov and Goodkov, 1993 (P)
Locomotive form oblong with hyaline antero-lateral crescent, usually less than half
the body length; without sub-pseudopodia; single nucleus (except Sappinia, which
has several pairs of closely adjacent nuclei); nucleus vesicular or with several pe-
ripheral nucleoli; dorsal surface wrinkled (Parvamoeba, Thecamoeba) or smooth
(other genera); cell coat amorphous, with glycostyles or fibrous. Dermamoeba,
Paradermamoeba, Parvamoeba, Sappinia, Thecamoeba.

ee Cochliopodium Hertwig and Lesser, 1874
Dorsal surface covered with a tectum comprised of elaborate microscales; cysts in
some. Cochliopodium.

ee Incertae sedis Flabellinea: Flamella, Ovalopodium, Paragocevia, Pellita, Pseudo-
thecamoeba, Thecochaos. Other possible genera: Gibbodiscus.

e Stereomyxida Grell, 1966 (P?)
Branched or reticulate plasmodial organisms; trilaminate centrosome. Corallomyxa,
Stereomyxa.

e Acanthamoebidae Sawyer and Griffin, 1975 (R)
Glycocalyx extremely thin; sub-pseudopoedia prominent, flexible, and tapering to a fine or
blunt tip (acanthopodia); uninucleate; non-adhesive uroid; cysts of most species double-
walled, with operculate pores; locomotion based on actino-myosin cytoskeleton; centriole-
like body present. Acanthamoeba (syn. Comandonia), Balamuthia, Protacanthamoeba.

e Entamoebida Cavalier-Smith, 1993
Flagellum and centrioles absent; mitochondrion, peroxisomes, and hydrogenosomes
absent; mitosis closed with endonuclear centrosome and spindle; reduced Golgi dictyo-
some. Entamoeba.

e Mastigamoebidae Goldschmidt, 1907
Amoeboid with several pseudopodia; sometimes body stiff without amoeboid motion,
depending on conditions; single flagellum directed forward, with stiff vibrating beat;
single kinetosome with cone of microtubules extending to nucleus; uninucleate, some
species multinucleate; large nucleoli persist through division with intranuclear spindle;
stages without flagellum occur; without mitochondria; cysts; occurring in micro-
aerophilic to anaerobic habitats rich in dissolved nutrients. Mastigella, Mastigamoeba.
Incertae sedis Endolimax, Mastigina.

e Pelomyxa Greef, 1874 [Pelobiontida Page, 1976] (M)
Multiple cilia; anaerobic; lacking mitochondria, peroxisomes, and hydrogenosomes;
with structural vacuoles; polymorphic life cycle with multinucleate stages; with
symbionts. Pelomyxa palustris.
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.

AMOEBOZOA cont’d.
e Eumycetozoa Zopf, 1884, emend. Olive, 1975 [Mycetozoa de Bary, 1873]

“Fruiting body’’ producing amoeboid organisms, called slime moulds; amoebae of
various types, all with acutely pointed sub-pseudopodia; tubular cristae; life cycle stages
with uninucleate amoebo-flagellates; non-flagellate stages as uninucleate obligate
amoebae, multinucleate (2—-10 nuclei) obligate amoebae, and multinucleate (up to
> 107 nuclei) obligate amoebae; some amoeboid states absent from some life cycles,
other types of amoebae derived from modifications of amoeboflagellate or derived from
the obligate amoebae that develop following the amoeboflagellate stage; with two (or
one) kinetosomes, with at least two microtubular roots from the dorsal fibrils of the
anterior kinetosome; sub-aerial fruiting body either a sporocarp, developing from a
single amoeboid cell (myxomycetes and protostelids), or a sorocarp, developing from
an aggregate of amoeboid cells (dictyostelids).

ee Protostelia Olive, 1975 (P)

Sporocarps from single amoeba or nucleated fragment of a multinucleate obligate
amoeba; sporocarp a hollow acellular stalk (length from <5 to >100 um) that
supports 1-8 spores; spores monoclonal from cell division after the stalk has been
secreted; trophic cells amoeboflagellates only, amoeboflagellates and obligate
amoebae, or obligate amoebae only; filose pseudopodia; at least three separate or-
igins of obligate amoebae likely, all morphologically and ultrastructurally distinct.
Cavostellium, Ceratiomyxa, Ceratiomyxella, Microglomus, Nematostelium, Pro-
tostelium, Tychosporium.

ee Myxogastria Macbride, 1899 [Myxomycetes Link, 1833, emend. Haeckel, 1866]
Trophic stages free-living, multinucleate amoeboflagellate and coenocytic, saprobic
multinucleate obligate amoeba (plasmodium); under poor conditions plasmodium
sometimes becomes a sclerotium; sporocarps (<1 mm-—ca 1 m) from multinucleate
obligate amoeba, the plasmodium, or fragment of plasmodium; most with stalked
sporangia but also sessile sporangia, plasmodiocarps, aethalia or pseudoaethalia;
stalks when present acellular; meiosis in uninucleate spores with sculptured spore
walls, with spores produced in masses; spores in some suspended by thread-like
acellular capillitium; haploid gametic amoeboflagellates (in sexual species) germi-
nate from spores to trophic state that may alternate between flagellated (swarm cell)
and non-flagellated (myxamoeba) state, or dormant thin-walled microcysts; kinetid
closely associated with nucleus, present until mitosis; anterior kinetosome with
orthogonally attached posterior kinetosome; microtubule roots 1, 2, 3, 4, 5, and
posterior parakinetosomal structure associated with kinetosome; suspended am-
oeboflagellates twisted and obconic with distinct uroid; anteriorly directed flag-
ellum and shorter recurved posterior flagellum in groove underlain by microtubule
arrays 4, 5; mitosis centric and open; plasmodium develops a from zygote in sexual
species, directly from amoeboflagellate in apomictic species; small and unveined
with 8—100 nuclei (protoplasmodium) or large and veined network with 10°—> 10’
nuclei with thick gel-like cortex shuttle in veins (phaneroplasmodium) or thin
transparent veins (aphanoplasmodium); mitosis in plasmodium intra-nuclear with
non-centric poles; dormancy as sclerotia of many macrocysts or as sporocarps.
Traditional subdivisions may not represent monophyletic assemblages. Arcyria,
Badhamia, Barbyella, Bréfeldia, Comatricha, Cribraria, Diachea, Diderma,
Dydimium, Echinostelium, Fuligo, Lamproderma, Leocarpus, Lepidoderma,
Licea, Lycogala, Macbrideola, Metatrichia, Perichaena, Physarella, Physarum,
Stemonitis, Trichia, Tubulifera, Willkommlangea.

ee Dictyostelia Lister, 1909, emend. Olive, 1970
Cellular slime moulds, with stalked fruiting bodies from aggregation of amoebae;
sorocarps of stalks with terminal sori of haploid spores; stalks (sorophores), acel-
lular (Acytostelium), cellular, and unbranched to sparsely branched (Dictyostelium)
or cellular with whorls of branches (Polysphondyliumy); stalk cells forming cell wall
and dying; spores usually ellipsoid, occasionally reniform or spherical; trophic
amoebae, non-flagellated, haploid, uninucleate; nucleus with reticulate peripheral
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.
AMOEBOZOA cont’d.

ee Dictyostelia cont’d.

nucleolus; microtubular cytoskeleton of amoebae radiating from lamellar discoid or-
ganelle near nucleus; amoebae of some species entering dormant stage as thin-walled
microcysts; upon starvation, populations of amoebae becoming aggregation-compe-
tent, aggregating into a multicellular aggregation centre in response to a chemical
attractant called an acrasin; acrasins vary according to taxon; aggregated cells dif-
ferentiating directly into subaerial sorogens that become sorocarps, or migrating
along the substrate as slugs, prior to differentiating into sorogens that culminate as
sorocarps; stalks produced by both migrating slugs and sorogens in most species,
although a few species have stalkless migration; stalk tubes secreted by inner ends of
cells at at least the anterior end of the slug/sorogen; in taxa with cellular stalks an
anterior population of prestalk cells becoming enclosed in the stalk tube as the slug/
sorogen advances, enlarging, secreting walls, vacuolating, and dying as mature stalk
cells; remaining posterior prespore cells developing into spores suspended in a slime
matrix; sexual zygote amoebae forming and acting as aggregation centres for haploid
amoebae, which are ingested by the zygote; entire small aggregate secreting a thick
wall and then becoming a dormant macrocyst once all the haploid amoebae are in-
gested; meiosis occuring when dormancy of macrocyst is broken; haploid amoebae
germinating from macrocyst. Classical ranks are not monophyletic. Acytostelium,
Dictyostelium, Polysphondylium. Incertae sedis Coenonia.

ee Incertae sedis Eumycetozoa: Copromyxa, Copromyxella, Fonticula.

e Incertae sedis AMOEBOZOA: Filamoeba, Gocevia, Hartmannia, Janickia,
Malamoeba, Malpigamoeba, Multicilia, Stygamoeba.

e Incertae sedis AMOEBOZOA: Spongomonadida Hibberd, 1983, emend. Karpov, 1990
Sessile feeding cells, solitary or colonial, often embedded in mucoid matrix with en-
dogenous globules; cells ovoid with one or two similar parallel flagella, emerging apic-
ally and surrounded by a cytoplasmic collar or asymmetric protrusion; vesicular tubular
cristae; kinetosome microtubular rootlet tending to radial symmetry; forming rounded
or branching colonies. Note 2.

ee Phalansterium Stein, 1878
Single kinetosome and cilium; cilium surrounded by a collar of cytoplasm, used in
feeding; often colonial in a gelatinous matrix. Phalansterium.

ee Spongomonadidae Karpov, 1990
Biflagellated with asymmetrical cell projection at anterior. Rhipidodendron, Spon-
gomonas.

OPISTHOKONTA Cavalier-Smith, 1987, emend. Cavalier-Smith and Chao, 1995,
emend. Adl et al., 2005

Single posterior cilium without mastigonemes, present in at least one life cycle stage, or
secondarily lost; with pair of kinetosomes or centrioles, sometimes modified; flat cristae in
the unicellular stage.

e Fungi Linnaeus 1753, emend. Cavalier-Smith, 1981, 1987
Heterotrophic, not phagotrophic; often with walls and multinucleate hyphae; walls,
when present, with B-glucan and usually chitin, at least in spore walls; AAA lysine
biosynthesis pathway; mitochondria and peroxisomes present, except in Microsporidia;
flattened cristae; plastids and tubular mastigonemes absent.

ee Basidiomycota de Barry 1866, emend. Schaffer, 1975
Mycelium present, but some with a yeast state primarily in the Tremellomycetidae;
basidia produced in a fertile layer with or without fleshy sporocarp; basidia whole or
divided longitudinally, typically with four spores per basidium but ranging from
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2. AMOEBOZOA: Spongomonadidae: Initially in Rhizaria, placement follows small subunit TRNA phylogenies;
Spongomonas sp. TA and Spongomonas minima UT1 (Cavalier-Smith and Chao, 2003) were not correctly iden-
tified (Ekelund and Karpov, unpublished).
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.

OPISTHOKONTA cont’d.

Basidiomycota cont’d.

one to eight; fusion of compatible mycelia of opposite mating types results in a
dikaryotic mycelium in which nuclei of the parent mycelia remain paired but not
fused; karyogamy quickly followed by meiosis, one or more mitotic divisions and
migration of the nuclei into the developing basidiospores; asexual reproduction may
occur through production of conidiospores or via spores produced on basidia from
nuclei that have not undergone karyogamy and meiosis (secondary homothallism);
cell wall with xylose; septa with swelling near pore; septal pore caps (parenthe-
somes—multilayered endoplasmic reticulum) usually present, elaborate in Tremel-
lomycetidae; clamp connections present in hyphae or at base of basidia in some
groups. Subdivisions not shown. Agaricus, Auricularia, Boletes, Cantharellus,
Dacrymyces, Fistullina, Gautieria, Hyphodontia, Jaapia, Laccaria, Lycoperdon,
Phlebia, Polyporus, Russula, Tremella.

Urediniomycetes Swann and Taylor, 1995

Mycelial or yeast states; many are plant pathogens (rusts), animal pathogens,
non-pathogenic endophytes, and rhizosphere species; karyogamy typically in
probasidium or teliospore, followed by meiosis in a separate compartment
(metabasidia), but in some it occurs in the same compartment (holobasidia);
holobasidia remain whole or fragment at septation after meiosis (phragmobasidia);
metabasidia typically transversely septate with basidiospore borne laterally; cell
wall with xylose; parenthesome pore caps absent but with microbodies at septal
pores; septal pores occluded by a plug; centrosome multilayered. Subdivisions not
shown. Agaricostilbum, Caeoma, Melampsora, Rhodotorula, Uromyces.

Ustilaginomycetes Bower, Oberw, and Vanky, 1997

Myecelial in the parasitic phase, and many with saprobic yeast or ballisticonidial
states; plant parasites causing rusts and smuts; meiospores produced on septate or
aseptate basidia; cell wall carbohydrates dominated by glucose; xylose absent;
parenthesomes absent at septal pores; swellings absent at septal pores except
in Tilletia; centrosomes globose, unlayered. Subdivisions not shown. Malassezia,
Tilletia, Ustilago.

Ascomycota Berkeley, 1857

Sexual reproduction within asci (saccate structures); meiosis usually followed by
mitosis to produce from one to over 1,000 ascospores, but usually eight; ascospore
walls form inside ascus; mating types heterothallic, homothallic (selfing) or both;
may reproduce sexually (teleomorph) or asexually (anamorph) only, or both sex-
ually and asexually (holomorph); asci cylindrical, fusiform, clavate or globose,
persistent or evanescent, with or without a fruiting structure (ascoma, -ata); asci
developing directly from ascogenous hyphae, from a crozier or from a single cell;
asexual reproduction by conidiospores (mitospores) formed by fragmentation of
vegetative hyphae (thallic), blastically from single cells, hyphae, or conidiophores;
vegetative body of single cells or tubular, septate filaments (hyphae); septa with
simple pores, except for those associated with ascogenous hyphae and asci; cell
walls lamellate with a thin electron-dense outer layer and a relatively thick electron-
transparent inner layer, consisting of varying proportions of chitin and glucans; sa-
probes, endophytes, parasites (especially on plants) or lichen forming. Note 3.

eee Neolecta Spegazzini, 1881 [Neolectomycetes Eriksson and Winka, 1997]
Mycelium present, multinucleate; ascomata apothecial, stalked, fleshy;
interascal tissue absent; cylindrical asci formed from binucleate cells that

3. FUNGI: Information on the Ascomycota was compiled from the following references: Alexopoulos et al.
(1996); Eriksson and Winka (1997, 1998); Eriksson et al. (2004); Kirk et al. (2001); Liu and Hall (2004); and
Lutzoni et al. (2004). The Ascomycota is the largest group of fungal species. Many species remain to be dis-
covered and relationships among most existing species are not well understood. For many groups, classification is
currently unsettled with several different taxonomic systems in use. For periodic updates on the classification the
reader is referred to Myconet (http://www.umu.se/myconet/Myconet.html). For references on taxonomic treat-
ments of specific groups see Kirk et al. (2001).
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.

OPISTHOKONTA cont’d.

Neolecta cont’d.

undergo karyogamy, meiosis and one mitotic division to produce eight cylin-
drical ascospores, thin-walled, walls blueing in iodine, ascus apex truncate,
slightly thickened below ascus wall, with wide apical slit, persistent; ascospores
ellipsoidal to globose, hyaline, aseptate; anamorph unknown; saprobic; found in
wet mixed woodlands. Neolecta.

Taphrinomycotina Eriksson and Winka, 1997
Mycelium present or absent; asci produced from binucleate cells; do not form
croziers or interascal tissue.

eeee Pneumocystis Delano€ and Delano&, 1912 [Pneumocystidomycetes
Eriksson and Winka, 1997]
Mycelium and ascomata absent; vegetative cells thin-walled, irregularly
shaped, uninucleate, dividing by fission; sexual reproduction initiated
by fusion of two vegetative cells followed by karyogamy, cyst wall for-
mation, meiosis, and in some, one mitotic division, to produce four to eight
nuclei that are delimited by the cyst (ascus) vesicle; ascospore walls are
deposited between the delimiting membranes; cyst walls rupture to release
ascospores; extracellular parasite of mammalian lungs. Pneumocystis.

eeee Schizosaccharomycetes Eriksson and Winka, 1997

Mycelium absent or poorly developed; ascomata absent; vegetative cells
cylindrical, proliferating by mitosis followed by cell division to produce
two daughter cells (fission); cell wall composition differs from that of
species of Saccharomycetes; sexual reproduction initiated by fusion of
two vegetative cells to form an ascus; karyogamy and meiosis occur
within the ascus to produce four nuclei, which may or may not divide
once again mitotically; ascospores aseptate, delimited by enveloping
membrane system (EMS), wall formed within bilayers of EMS, wall
blueing in iodine, hyaline or pigmented; saprophytes in sugary plant
exudates; fermentation positive. Schizosaccharomyces.

eeee Taphrinomycetes Eriksson and Winka, 1997
Vegetative mycelium mostly absent; ascomata absent; interascal tissue
absent; dikaryotic mycelium infects host and proliferates through host
tissue; dikaryotic cells or mycelium develop directly into asci, often
forming a palisade layer on the host; asci globose or ellipsoidal, eight-
spored; ascospores hyaline, aseptate; biotrophic on angiosperms form-
ing galls or lesions; cells bud from ascospores to form a yeast-like,
monokaryotic, saprobic anamorph. Taphrina.

Saccharomycetes Eriksson and Winka, 1997

Mycelium mostly absent or poorly developed; hyphae, when present, septate,
with septa having numerous pores rather than a single septal pore; vegetative
cells proliferating by budding or fission; walls usually lacking chitin except
around bud scars; ascomata absent; sexual reproduction by fusion of two veg-
etative haploid cells or fusion of two haploid nuclei in a single cell or within
diploid cells, followed by meiosis and, in some cases, one mitotic division to
produce either four or eight nuclei; cells undergoing meiosis become asci, as-
cospores delimited by an enveloping membrane system (EMS), ascospore wall
formed within bilayers of EMS; ascospores aseptate, colourless or pigmented,
often with wall thickenings of various types; most osmotrophic, some species
parasitic on animals. Candida, Saccharomyces.

Pezizomycotina Eriksson and Winka, 1997

Mycelium present; hyphae filamentous, septate; septa with simple pores and
Woronin bodies; life cycle haploid with a dikaryotic stage immediately prior to
sexual reproduction; ascomata discoid, perithecial, cleistothecial or occasion-
ally lacking; antheridium (male sex organ) present or absent; ascogonium
(female sex organ), ascogenous hyphae and crosiers present; the penultimate
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.
OPISTHOKONTA cont’d.

eee Pezizomycotina cont’d.

cell of the crozier, in which meiosis and usually one mitotic division occur,
becomes the ascus; asci fissitunicate or not fissitunicate, cylindrical, clavate or
saccate; asci frequently with ascospore discharge mechanism; ascospores (usu-
ally eight) surrounded by enveloping membrane system; ascospore morphol-
ogy and pigmentation varied; asexual state present or absent, produced from
vegetative hyphae in a thallic or blastic manner; mitospores (conidiospores)

varied in morphology and pigmentation.

eeee Arthoniomycetes Eriksson and Winka, 1997

Ascomata usually apothecial, occasionally closed with an elongated
poroid opening; peridium thin- or thick-walled; interascal tissue of
branched paraphysoids in a gel matrix; asci thick-walled, fissitunicate,
blueing in iodine, with or without a large apical dome; ascospores asept-
ate or septate, sometimes becoming brown and ornamented; anamorphs
pycnidial; forming crustose lichens with green algae, lichenicolous or
saprobic on plants. Arthonia.

eeee Dothideomycetes Eriksson and Winka, 1997

Ascomata variable (apothecial, perithecial, cleistothecial), formed lys-
igenously from stromatic tissue (ascolocular); interascal tissue present or
absent, of branched paraphysoids or pseudoparaphyses; asci cylindrical to
saccate, thick-walled, fissitunicate, rarely with apical structures; asco-
spores mostly septate or muriform, colorless to dark brown; anamorphs
hyphomycetous or coelomycetous; saprobes, plant parasites, cop-
rophilous or lichen forming. Dothidea.

eeee Chaetothyriomycetes Eriksson and Winka, 1997

Mycelium usually superficial of brown narrow hyphae; ascomata peri-
thecial, often formed beneath a subiculum, spherical or flattened with or
without a papilla, sometimes setose; papilla with a periphysate ostiole;
interascal tissue of short apical periphysoids; hymenium usually blueing
in iodine; asci fissitunicate, saccate; ascospores hyaline or brown, trans-
versely septate or muriform; anamorphs hyphomycetous; epiphytic or
biotrophic on leaves. Chaetothyrium.

eeee LFurotiomycetes Eriksson and Winka, 1997

Ascomata cleistothecial, sometimes absent; peridium thin, membranous
or hyphal; interascal tissue absent; asci not fissitunicate, clavate or sacc-
ate, often evanescent; ascospores aseptate, with equatorial ornamenta-
tion; anamorphs hyphomycetous, important industrially and medically
(Aspergillus, Penicillium); saprobic, pathogenic on animals. Eurotium,
Talaromyces.

eeee Pezizomycetes Eriksson and Winka, 1997

Ascomata apothecial or cleistothecial, usually visible with unaided eye,
leathery or fleshy; carotenoids (bright colours to dark) sometimes
present; interascal tissue present (paraphyses); asci not fissitunicate,
usually elongated, cylindrical (more or less globose in cleistothecial
species), thin-walled, lacking obvious apical wall thickening or apical
apparatus, with operculum or vertical slit (except in cleistothecial spe-
cies), forcibly discharging ascospores except in cleistothecial species;
ascospores usually ellipsoidal or globose, aseptate, hyaline to darkly
pigmented, smooth or ornamented; anamorphs hyphomycetous, where
known; saprobes on soil, dead wood or dung; some species hypogeous
and mycorrhizal. Ascobolus, Helvella, Morchella, Peziza, Sarcoscypha.

eeee [aboulbeniomycetes Engler, 1898

Mycelium absent except in Pyxidiophorales; cellular thallus hyaline to
dark, with basal haustorium present; ascomata perithecial, frequently
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.

OPISTHOKONTA cont’d.

Laboulbeniomycetes cont’d.

surrounded by complex appendages, translucent, ovoid, thin-walled;
interascal tissue absent; asci few and basal, not fissitunicate, clavate,
thin-walled, evanescent, maturing sequentially, usually with four asco-
spores; ascospores two-celled, hyaline, elongate, one end modified as
attachment to host; anamorphs hyphomycetous, spermatial; ectoparasit-
ic on insects, some may be coprophilous. Laboulbenia, Pyxidiophora.

Lecanoromycetes Eriksson et al., 2001

Ascomata apothecial, discoid, perithecial or elongated, sometimes
stalked or immersed, occasionally evanescent; interascal tissue of sim-
ple or branched paraphyses swollen at the apices, often with a pigmented
or iodine-staining epithecium; hymenial gel often present; asci not fis-
situnicate, thick-walled, with a thickened, cap-like apex, often with an
internal apical ocular chamber, ascus walls and thickened apex often
stains blue with iodine; ascospores one to several septate, occasionally,
multiseptate, rarely plurilocular, hyaline or pigmented; anamorphs
pycnidial where known; mostly lichen forming with protococcoid al-
gae, with thallus foliose, fructicose, crustose or occasionally absent;
some lichenicolous, some saprobic. Gyalecta, Lecanora.

Leotiomycetes Eriksson and Winka, 1997 [Leotiomycetes-1 sensu
Lutzoni et al., 2004]

Ascomata apothecial, discoid, cleistothecial, elongated or rarely absent;
apothecia stalked or sessile, frequently fleshy, sometimes hairy or with
appendages, occasionally stromatic or sclerotioid; interascal tissue of
simple paraphyses or absent; peridium thin-walled; asci typically in-
operculate, cylindrical, thin-walled, not fissitunicate, occasionally with
apical pore; apical apparatus variable; ascospores aseptate or transverse-
ly septate, hyaline or pigmented and longitudinally slightly asymmetri-
cal; anamorphs occasionally present, hyphomycetous or coelomycetous;
saprobes or plant parasites, some lichenized or lichenicolous. Crinula,
Leotia, Rhytisma, Sclerotinia, Sphaerotheca, Uncinula.

Lichinomycetes Reeb, Lutzoni, and Roux, 2004

Ascomata apothecial, discoid, sometimes immersed, occasionally clav-
ate, stalked, setose, and fleshy, peridium often not well-defined; inter-
ascal tissue varied; hymenium often stains blue with iodine; asci thin-
walled or apically thickened, not fissitunicate, without well-defined api-
cal structures, usually with an iodine-staining outer gelatinized layer;
ascospores one-septate or occasionally multiseptate, ellipsoidal to fusi-
form, hyaline or pigmented; anamorphs pycnidial; lichenized with
cyanobacteria forming crustose, fruticose or foliose often gelatinized
thalli. Lichina, Peltula.

Orbiliomycetes Eriksson and Baral, 2003

Ascomata apothecial, small, waxy, translucent or lightly pigmented; in-
terascal tissue of simple paraphyses, usually with knob-like apices, unit-
ed by a matrix; asci minute, not fissitunicate, apex truncate, with J apical
rings, often forked at the base; ascospores minute, cylindrical, hyaline,
often aseptate; anamorphs hyphomycetous where known; saprobic, of-
ten on wet wood. Halorbilia, Orbilia.

Sordariomycetes Eriksson and Winka, 1997, emend. Eriksson et al., 2004
Ascomata perithecial or cleistothecial, sometimes translucent, coloured or
darkly pigmented, often hairy; peridium thin- or thick-walled, membra-
nous or carbonaceous; paraphyses septate, simple or branched or absent;
asci not fissitunicate, with or without apical structures, cylindrical, clavate
or globose, persistent or evanescent; ascospores with or without at least
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Table 2. Classification of the higher ranks of the protists and multicellular groups. cont’d.

OPISTHOKONTA cont’d.

eeee Sordariomycetes cont’d.
one dark cell with germ pore, varied in shape and colour, with or without
gelatinous sheaths or appendages; saprobic or parasitic on plants, cop-
rophilous, fungicolous or lichenicolous. Neurospora, Sordaria.

Microsporidia Balbiani, 1882

Obligate intracellular parasites, usually of animals; without mitochondria and per-
oxisomes; spores with inner chitin wall and outer proteinaceous wall; without
kinetosomes, centrioles or cilia; centrosomal plaque; extrusive specialized polar
tube for host penetration; sexual, asexual or both. Subdivisions uncer-
tain at this time. Amblyospora, Amphiacantha, Buxtehudia, Caudospora, Chytridio-
psis, Desportesia, Encephalitozoon, Enterocytozoon, Glugea, Hessea, Metchnikov-
ella, Nosema, Spraguea, Vairimorpha.

Glomeromycota Schiissler et al., 2001 [Glomales Morton and Benny, 1990;
Glomomycetes Cavalier-Smith, 1998]

Filamentous; primarily endomycorrhizal, arbuscular, sometimes with vesicles; without
cilium; asexual spores outside host (chlamydospores, azygospores); without centrioles,
conidia, and aerial spores. Acaulospora, Archaeospora, Diversispora, Entrophospora,
Geosiphon, Gigaspora, Glomus, Pacispora, Paraglomus, Scutellospora.

Zygomycota Fischer, 1892, emend