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Reconstructing the early evolution of Fungi
using a six-gene phylogeny
Timothy Y. James1, Frank Kauff1, Conrad L. Schoch2*, P. Brandon Matheny3*, Valérie Hofstetter1*, Cymon J. Cox1{,
Gail Celio4, Cécile Gueidan1, Emily Fraker1, Jolanta Miadlikowska1, H. Thorsten Lumbsch5, Alexandra Rauhut6,
Valérie Reeb1, A. Elizabeth Arnold1{, Anja Amtoft7, Jason E. Stajich8, Kentaro Hosaka2{, Gi-Ho Sung2,
Desiree Johnson2, Ben O’Rourke2, Michael Crockett2, Manfred Binder3, Judd M. Curtis3, Jason C. Slot3,
Zheng Wang3{, Andrew W. Wilson3, Arthur Schüßler9, Joyce E. Longcore10, Kerry O’Donnell11,
Sharon Mozley-Standridge12, David Porter12, Peter M. Letcher13, Martha J. Powell13, John W. Taylor14,
Merlin M. White15, Gareth W. Griffith16, David R. Davies17, Richard A. Humber18, Joseph B. Morton19,
Junta Sugiyama20, Amy Y. Rossman21, Jack D. Rogers22, Don H. Pfister23, David Hewitt23, Karen Hansen23,
Sarah Hambleton24, Robert A. Shoemaker24, Jan Kohlmeyer25, Brigitte Volkmann-Kohlmeyer25, Robert A. Spotts26,
Maryna Serdani26, Pedro W. Crous27, Karen W. Hughes28, Kenji Matsuura29, Ewald Langer30, Gitta Langer30,
Wendy A. Untereiner31, Robert Lücking5, Burkhard Büdel6, David M. Geiser32, André Aptroot33, Paul Diederich34,
Imke Schmitt5{, Matthias Schultz35, Rebecca Yahr1{, David S. Hibbett3, François Lutzoni1, David J. McLaughlin4,
Joseph W. Spatafora2 & Rytas Vilgalys1
The ancestors of fungi are believed to be simple aquatic forms with flagellated spores, similar to members of the extant
phylum Chytridiomycota (chytrids). Current classifications assume that chytrids form an early-diverging clade within the
kingdom Fungi and imply a single loss of the spore flagellum, leading to the diversification of terrestrial fungi. Here we
develop phylogenetic hypotheses for Fungi using data from six gene regions and nearly 200 species. Our results indicate that
there may have been at least four independent losses of the flagellum in the kingdom Fungi. These losses of swimming spores
coincided with the evolution of new mechanisms of spore dispersal, such as aerial dispersal in mycelial groups and polar tube
eversion in the microsporidia (unicellular forms that lack mitochondria). The enigmatic microsporidia seem to be derived
from an endoparasitic chytrid ancestor similar to Rozella allomycis, on the earliest diverging branch of the fungal
phylogenetic tree.
Fungi, Viridiplantae and Animalia are all large clades descended from
unicellular, flagellated, aquatic forms that radiated extensively on
land. For both plants and animals, biologists have developed unified
hypotheses regarding the evolution of morphology and ecology from
ancestral to highly derived traits. For example, among green plants,
morphologically simple photosynthetic forms, such as unicellular

green algae, gave rise to multicellular forms such as bryophytes,
and were followed by a radiation of complex flowering forms with
highly derived sexual mechanisms at the tips of the plant phylogeny1,2. Similarly, animals seem to have evolved increasingly complex
tissue systems and development from a simple, flagellated, protistlike ancestor similar to extant Choanoflagellida3.
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Currently, no accepted phylogenetic hypothesis exists for the
evolution of form and nutritional mode for the earliest fungi.
Traditional views of fungal phylogeny indicate that fungi with flagellated cells (Chytridiomycota) are the sister group of the remaining
phyla of non-flagellated fungi (Zygomycota, Glomeromycota,
Ascomycota and Basidiomycota), implying a single loss of the flagellum coincident with a shift to land. Key adaptations to the terrestrial
habit in the fungi include the evolution of a filamentous growth
form and the development of aerially dispersed spores. However,
recent phylogenetic studies question the monophyly of the basal
phyla Chytridiomycota and Zygomycota4,5. Resolving the phylogeny
of the basal groups of the Fungi and their relationships to Ascomycota and Basidiomycota is necessary to understand the sequence
of events leading to the colonization of land and the evolution of
terrestrial ecosystems. Here we present a multilocus phylogeny of the
kingdom Fungi, including representatives of all currently recognized
phyla. This analysis provides a robust kingdom-level phylogeny and
suggests that there were at least four independent losses of flagella
during the early evolution of the Fungi.
We estimated the phylogeny of the Fungi using data from six
gene regions: 18S rRNA, 28S rRNA, 5.8S rRNA, elongation factor
1-a (EF1a), and two RNA polymerase II subunits (RPB1 and RPB2).
Incongruence among gene regions was tested by maximum likelihood bootstrap (MLBS) analyses of each data partition. This strategy allowed us to identify potential contaminant sequences in
addition to conflicting phylogenetic signal. Very little conflicting
signal among genes was detected, allowing construction of one
super-matrix combining the data for all six gene regions for 199
fungal taxa, 29 of which used data from genome sequencing projects
(Supplementary Notes 1). Only 6% of the cells in the super-matrix
were missing data, and the number of aligned nucleotides was 6,436.
The data were analysed by bayesian methods using a heterogeneous
amino-acid and nucleotide model (see Supplementary Notes 2 for a
nucleotide-only analysis). Support was estimated at nodes by bayesian posterior probabilities (BPP), MLBS and analysis of individual
gene partitions (Supplementary Notes 3).
Chytridiomycota is not monophyletic
The combined gene phylogeny of the Fungi supported monophyly of
the Ascomycota, Basidiomycota and Glomeromycota (Fig. 1). The
Ascomycota and Basidiomycota formed a clade of ‘dikarya’ (that is,
fungi characterized by having a portion of their life cycle with paired
nuclei). Phylogenetic analyses also supported, by BPP, a clade uniting
the dikarya and Glomeromycota, in agreement with previously
published 18S rRNA phylogenies6,7. The opisthokont clade (Fungi,
Metazoa and Choanoflagellida) was also recovered, as has been
reported in other studies3,8,9. Two unexpected results were the placements of the endoparasitic, spizellomycetalean chytrids Olpidium
brassicae and R. allomycis. Olpidium brassicae grouped with the
Zygomycota as sister taxon to Basidiobolus ranarum, and R. allomycis
grouped with the microsporidia as the earliest diverging branch of
the Fungi.
The phylum Chytridiomycota consists of true fungi that produce
flagellated spores (zoospores). On the basis of ultrastructural studies,
the chytrid zoospore is homologous to that of non-fungal opisthokonts10. The ultrastructural complexity of the opisthokont zoospore
suggests that it has evolved only once. Because the zoospore is an
ancestral trait, Chytridiomycota is solely defined on a shared ancestral trait (symplesiomorphy) rather than a shared derived trait (synapomorphy). Our phylogeny indicates that the Chytridiomycota
is polyphyletic (Fig. 1), consisting of early diverging lineages that
have retained the zoospore. However, one large clade of Chytridiomycota uniting the orders Chytridiales, Monoblepharidales,
Neocallimastigales and some Spizellomycetales (which we call the
‘euchytrids’) is recovered with high support values in the combined
analysis as well as in multiple, single-gene-based analyses (Fig. 1 and
Supplementary Notes 3).

In the present phylogeny (Fig. 1), six losses of the flagellum are
inferred to have occurred during the evolution of the Fungi.
Ancestral state reconstruction of the presence or absence of the
flagellum along the phylogeny for each of the 58,611 credible trees
demonstrated 4–6 losses (mean 5.86) of the flagellum within the
Fungi. One well-supported loss took place along the branch leading
to Hyaloraphidium curvatum, a unique fungus that grows superficially like a unicellular planktonic alga11. A second loss occurred
in the lineage leading to the microsporidia and 2–4 losses occurred
among Zygomycota. Variation in the number of losses of the flagellum is attributable, in part, to the uncertain placement of O. brassicae
and members of the microsporidia. Rearrangement of the phylogenetic position of O. brassicae and microsporidia can create phylogenies
requiring only two or three losses of the flagellum; however, each of
these alternative phylogenies is rejected as statistically worse (in likelihood; P , 0.05) than that shown in Fig. 1.
Most molecular phylogenies of the Fungi based on 18S rDNA have
placed the zygomycete Basidiobolus among Chytridiomycota4,12. This
placement indicated that Basidiobolus might have made the transition
recently from a zoosporic state, and that an independent loss of a
flagellum occurred in this lineage12. This argument was strengthened
by the presence in two Basidiobolus species of a ring-shaped spindle
pole body that contains 11–12 singlet microtubules similar to a centriole, but lacks centriolar ninefold symmetry13. Our phylogeny is the
first to place Basidiobolus close to Entomophthorales, the order within
which it has been classified traditionally and to which it is ecologically
and morphologically allied14 (for additional phylogenetic support
from a paralogous copy of EF1a, see Supplementary Notes 4).
Unexpectedly, the phylogeny also suggests a relationship between B.
ranarum and the chytrid O. brassicae (Fig. 1). A functional link between
the two taxa is unclear: O. brassicae is an endoparasite of plant roots,
whereas Basidiobolus is associated with insects, soil and amphibians.
Phylogenetic position of the microsporidia
Microsporidia are obligately endoparasitic, protist-like organisms
with highly reduced morphology and genomes15. A defining characteristic of these parasites is the elaborate mechanism by which the
spore contents are rapidly injected into the host’s cytoplasm through
a thin polar tube. Placement of microsporidia in the tree of life
has been problematic owing to their extremely accelerated rate of
sequence evolution. The earliest phylogenetic analyses of 18S rRNA
placed the microsporidia among the earliest diverging lineages of
eukaryotes15; however, these analyses now seem to have been an
artefact of ‘long branch attraction’ of microsporidia to the base of
the phylogeny15. More recent results using RPB1, a- and b-tubulin,
and other genes, have suggested a fungal origin of the microsporidia16–18, a placement consistent with their having the shared traits of
closed mitosis and spores that contain chitin and trehalose 19. Only
one study has placed the microsporidia with a specific fungal lineage,
in which a relationship was demonstrated between members of the
Zygomycota and microsporidia by using tubulin proteins18. However, tubulin proteins seem to have evolved at different rates in flagellated and non-flagellated fungi18,20.
The microsporidia and R. allomycis are intracellular parasites
of primarily animals and fungi, respectively. A similarity between
microsporidia and R. allomycis is the absence of a cell wall when
invading host cells, such that the plasma membrane of the parasite
makes direct contact with the cytoplasm of the host cell19,21. Although
R. allomycis does not seem to occupy a long phylogenetic branch, we
tested whether the placement of microsporidia with R. allomycis was
due to long branch attraction. Two different methods suggested that
the relationship between microsporidia and R. allomycis is not due to
long branch attraction (see Supplementary Notes 5). We also tested
whether alternative placements for the microsporidia could be
statistically rejected from the maximum likelihood phylogeny
shown in Fig. 1 using the approximately unbiased test22. Alternative
placements of microsporidia with Fungi that have been suggested
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Figure 1 | Phylogeny of the kingdom Fungi using bayesian analysis of the
combined, six-gene data set. Each fungal species begins with a unique
‘Assembling the Fungal Tree of Life’ identifier, followed by genus and
species. Indicated for each terminal taxon are: nutritional mode, whether
they produce flagellated cells and if there is a genome sequence for the taxon
completed or underway. Thickened branches indicate those that are
supported both by heterogeneous bayesian analysis (BPP $95%) and by
MLBS ($70%). Almost every branch was supported by BPP and thus values
are not shown. Where indicated, support values (percentage of trees in
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1087 Coprinopsis cinerea S
480 Lycoperdon pyriforme S
626 Coprinus comatus S
563 Clavaria zollingeri ?
673 Amanita brunnescens M
625 Pluteus romellii S
285 Cortinarius iodes M
564 Pleurotus ostreatus S
449 Armillaria mellea S P M
558 Flammulina velutipes S
556 Marasmius alliaceus S
542 Ampulloclitocybe clavipes ?
Phagotroph
557 Collybia tuberosa S
Phototroph
Dikarya
468 Henningsomyces candidus S
Mutualist
729 Hygrocybe aff. conica S
Pathogen
439 Calostoma cinnabarinum M
100/71
Saprobe
713 Boletellus projectellus M
714 Hygrophoropsis aurantiaca S
Uncertain
717 Suillus pictus M
Genome
576 Fibulorhizoctonia sp. I
sequenced
455 Echinodontium tinctorium S
682 Lactarius deceptivus M
Motile cell stage
452 Bondarzewia montana S
present
492 Stereum hirsutum S
447 Coltricia perennis M
688 Fomitiporia mediterranea S P
484 Phlebia radiata S
767 Climacodon septentrionalis S
776 Phanerochaete chrysosporium S
562 Grifola sordulenta S P
100/100
701 Grifola frondosa S P
770 Fomitopsis pinicola S P
518
Hyphoderma praetermissum S
100/92
700 Cotylidia sp. ?
466 Gautieria otthii M
100/73
724 Ramaria rubella M
471 Hydnum albomagnum M
438 Calocera cornea S
454 Dacryopinax spathularia S
1088 Cryptococcus neoformans A
505 Ustilago maydis P
867 Cintractia sorghi vulgaris P
870 Tilletiopsis sp. P
865 Tilletiaria anomala P
100/80
675 Agaricostilbum hyphaenes S
709 Colacogloea peniophorae Y
674 Rhodotorula hordea S P
456 Endocronartium harknessii P
1459 Puccinia graminis P
710 Platygloea disciformis Y
138 Scutellospora heterogama M
139 Glomus mosseae M
845 Glomus intraradices M
574 Geosiphon pyriformis M
844 Paraglomus occultum M
141 Mortierella verticillata S
144 Umbelopsis ramanniana S
184 Phycomyces blakesleeanus S
1241 Rhizopus oryzae S
539 Endogone pisiformis S
136 Dimargaris bacillispora Y
140 Coemansia reversa S
1062 Orphella aff. haysii I
29 Smittium culisetae I
185 Spiromyces aspiralis S
142 Rhopalomyces elegans A
145 Piptocephalis corymbifera Y
--/85
301 Basidiobolus ranarum S A
633 Olpidium brassicae P
28 Entomophthora muscae A
137 Conidiobolus coronatus S A
19 Physoderma maydis P
18 Coelomomyces stegomyiae A
300 Allomyces arbusculus S
20 Rhizoclosmatium sp. S
24 Polychytrium aggregatum S
27 Cladochytrium replicatum S
Fungi
21 Batrachochytrium dendrobatidis A
689 Rhizophydium macroporosum S
43 Rhizophlyctis rosea S
182 Spizellomyces punctatus S
635 Synchytrium macrosporum P
25 Monoblepharella sp. S
26 Hyaloraphidium curvatum S
638 Neocallimastix sp. S
1068 Encephalitozoon cuniculi A
1089 Antonospora locustae A
297 Rozella allomycis Y
Caenorhabditis elegans H
Ciona intestinalis H
Homo sapiens H
Drosophila melanogaster H
Monosiga brevicollis H
Dictyostelium discoideum H
Cryptosporidium parvum A
Toxoplasma gondii A
Phytophthora sojae P
Thalassiosira pseudonana O
Cyanidioschyzon merolae O
Arabidopsis thaliana O
Populus trichocarpa O
Oryza sativa O
Chlamydomonas reinhardtii O

1078 Neurospora crassa S
216 Sordaria fimicola S
1085 Podospora anserina S
217 Chaetomium globosum S
1081 Magnaporthe grisea P
935 Diaporthe eres P
952 Gnomonia gnomon P
51 Xylaria hypoxylon S
63 Xylaria acuta S
100/100
1082 Fusarium graminearum P
161 Fusarium aff. solani P
186 Hydropisphaera erubescens S
52 Hypocrea citrina Y
914 Microascus trigonosporus S
413 Lindra thalassiae S
424 Lulworthia grandispora S
1 Leotia lubrica S
147 Coccomyces dentatus S
744 Potebniamyces pyri P
151 Chlorociboria aeruginosa S
76 Mollisia cinerea P
279 Monilinia fructicola P
Ascomycota:
59 Botryotinia fuckeliana P
Leotiomycetes
941 Dermea acerina S
166 Cudoniella clavus S
49 Lachnum virgineum S
56 Geoglossum nigritum S
64 Trichoglossum hirsutum S
1004 Pleopsidium chlorophanum L
1005 Acarospora schleicheri L
1007 Acarospora laqueata L
106 Echinoplaca strigulacea L
958 Diploschistes ocellatus L
78 Acarosporina microspora S
398 Stictis radiata S
296 Orceolina kerguelensis L
962 Trapelia placodioides L
224 Pertusaria dactylina L
358 Dibaeis baeomyces L
Ascomycota:
645 Umbilicaria mammulata L
Lecanoromycetes
687 Hypocenomyce scalaris L
134 Peltigera degenii L
196 Mycoblastus sanguinarius L
639 Lecanora hybocarpa L
6 Canoparmelia caroliniana L
3 Cladonia caroliniana L
642 Bacidia schweinitzii L
84 Physcia aipolia L
1079 Aspergillus fumigatus S A
1080 Aspergillus nidulans S
426 Monascus purpureus S
1083 Histoplasma capsulatum A
1084 Coccidioides immitis A
430 Spiromastix warcupii S
657 Capronia pilosella S
668 Exophiala dermatitidis S A
100/81
659 Ramichloridium anceps S
669 Exophiala pisciphila S A
684 Agonimia sp. L
91 Dermatocarpon miniatum L
661 Endocarpon pallidulum L
697 Staurothele frustulenta L
342 Pyrgillus javanicus L
387 Pyrenula pseudobufonia L
891 Peltula umbilicata L
Ascomycota:
892 Peltula auriculata L
Lichinomycetes
896 Lichinella iodopulchra L
101 Anisomeridium polypori L
1036 Trematosphaeria heterospora S
1037 Westerdykella cylindrica S
283 Pyrenophora phaeocomes P
54 Cochliobolus heterostrophus P
940 Pleospora herbarum S
110 Trypethelium sp. L
Ascomycota:
274 Dothidea sambuci P
921 Dothidea insculpta S
Dothideomycetes
939 Capnodium coffeae P
355 Dendrographa minor L
Ascomycota:
126 Roccella fuciformis L
Arthoniomycetes
Pezizomycotina
80 Simonyella variegata L
148 Cheilymenia stercorea S
62 Scutellinia scutellata S
100/94
65 Aleuria aurantia S
949 Pyronema domesticum S
50 Sarcoscypha coccinea S
152 Caloscypha fulgens S
Ascomycota:
176 Gyromitra californica S
Pezizomycetes
179 Disciotis sp. S
60 Morchella aff. esculenta S
66 Helvella compressa S
181 Ascobolus crenulatus S
507 Peziza vesiculosa S
100/93
71 Peziza proteana S
905 Orbilia vinosa S
Ascomycota: Orbiliomycetes
906 Orbilia auricolor S
1069 Saccharomyces cerevisiae S
1070 Saccharomyces castellii S
1073 Candida glabrata A
1071 Kluyveromyces waltii S
1072 Ashbya gossypii P
100/94
1075 Kluyveromyces lactis S
Ascomycota:
1074 Candida albicans A
Saccharomycotina
1269 Candida tropicalis A
1270 Candida guilliermondii A
1077 Debaryomyces hansenii S
1268 Candida lusitaniae A
1076 Yarrowia lipolytica S
1199 Schizosaccharomyces pombe S
265 Taphrina wiesneri P
Ascomycota:
266 Protomyces inouyei P
Taphrinomycotina
100/98
1192 Pneumocystis carinii A

Ascomycota: Sordariomycetes
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agreement out of 58,611 trees) indicate BPP followed by MLBS. Branches are
shaded according to reconstruction of nutritional mode. Microsporidia
branches have been shortened three times (double black break) to increase
readability. Red vertical ticks on branches indicate alternative placements of
microsporidia that might be significantly rejected (P , 0.05) and green ticks
indicate placements that cannot be rejected. Quotation marks indicate nonmonophyly of the taxon. The name ‘Mucormycotina’ will be validated in a
manuscript that is in preparation.

820
©2006 Nature Publishing Group

ARTICLES

NATURE | Vol 443 | 19 October 2006

include: a sister relationship to the dikarya23; sister to the zygomycete order Entomophthorales18; and among the harpellid
Trichomycetes19, represented here by Smittium culisetae. We were
able to reject (P , 0.05) nine alternative placements of the microsporidia (red vertical ticks in Fig. 1), including early divergences
among eukaryotes. However, we were unable to reject a placement
of microsporidia as sister to Entomophthorales, as sister to the blastocladialean chytrids, as sister to the zygomycete Dimargaris, as sister
to dikarya and as sister to the Fungi (green vertical ticks in Fig. 1).
Taken together, our results suggest that the relationship between
the microsporidia and R. allomycis is a result of true phylogenetic
signal. The present phylogeny provides an alternative hypothesis for
the placement of microsporidia, specifically on the earliest diverging
fungal branch with the chytrid R. allomycis. However, support for this
relationship is derived only from the RPB1 and RPB2 gene partitions
and is not supported by rDNA (see Supplementary Notes 3); alternative hypotheses in which the microsporidia diverge among early
fungi cannot be rejected. The ultimate resolution of the placement
of microsporidia will require sampling of additional genes from basal
fungal taxa.
Dikarya
The majority (,98%) of described fungal species are members of
the dikarya clade, which includes the two phyla Ascomycota and
Basidiomycota. Ascomycota is the largest phylum within the Fungi
and is characterized by the production of meiospores (ascospores)
in specialized sac-shaped meiosporangia (asci), which may or may
not be produced within a sporocarp (ascoma). Ascomycota is
divided into three monophyletic subphyla: Taphrinomycotina,
Saccharomycotina and Pezizomycotina (each of which is well supported as monophyletic in the phylogeny; Fig. 1). Taphrinomycotina
is resolved as the earliest diverging clade; it includes a diverse group
of species that exhibit yeast-like (for example, Pneumocystis) and
dimorphic—that is, yeast-like and filamentous (for example,
Taphrina)—growth forms. The subphylum Saccharomycotina consists of the ‘true yeasts’, including bakers’ yeast (Saccharomyces cerevisiae) and Candida albicans, the most frequently encountered fungal pathogen of humans. Pezizomycotina is the largest subphylum of Ascomycota and includes the vast majority of filamentous,
fruit-body-producing species. Data presented here resolved the
Orbiliomycetes and Pezizomycetes as the early-diverging lineages of
the Pezizomycotina, with the remaining seven classes sampled forming
a well-supported crown clade. Reduced ascomatal morphologies,
whereby asci are contained within fruit bodies that are enclosed partially (Dothideomycetes, Eurotiomycetes and some Sordariomycetes)
or completely (Eurotiomycetes, Leotiomycetes and some Sordariomycetes), are restricted to the crown clade of Pezizomycotina.
The Basidiomycota includes about 30,000 species of rusts, smuts,
yeasts, and mushroom fungi24. Most are characterized by meiospores
(basidiospores) on the exterior of typically club-shaped meiosporangia (basidia). Phylogenetic relationships among the three subphyla
of Basidiomycota are uncertain. The subphylum Pucciniomycotina is
primarily distinguished by containing the rust fungi (7,000 species),
which are primarily pathogens of land plants. Cytological and biochemical data25 are consistent with a sister group relationship
between the subphyla Ustilaginomycotina and Agaricomycotina, as
shown in Fig. 1. The Ustilaginomycotina includes 1,500 species of
true smut fungi and yeasts, most of which cause systemic infections of
angiosperm hosts. The Agaricomycotina includes almost two-thirds
of known basidiomycetes, including the vast majority of mushroomforming fungi. Much of the morphological diversity exemplified in
mushroom fruiting bodies is the result of radiations of certain
lineages within the Agaricomycotina, and recovering their relationships with confidence has proven difficult26,27. Early-diverging
lineages in the Agaricomycotina, which are strongly supported in
Fig. 1, also include parasitic and/or saprotrophic fungi capable of
dimorphism or yeast-like phases. The mycorrhizal basidiomycetes

seem to have multiple, independent evolutionary origins from saprotrophic ancestors as previously suggested28.
Characteristics of early fungi
We reconstructed ancestral states for major nutritional modes in the
Fungi using maximum likelihood (Fig. 1). Most of the ancestral
character states of deep nodes are equivocal, with the exception of
the common ancestor of members of the Basidiomycota, for which a
parasitic ancestor is suggested. The phylogeny suggests that numerous transitions from a pathogenic to a saprophytic nutritional mode
have occurred, as well as the reverse (Fig. 1). Although the nutritional
mode of the common ancestor of Fungi is ambiguous, the earliest
diverging branch in the Fungi contains parasitic species (R. allomycis
and microsporidia). Recent studies9,29 showed that the closest known
relative to Fungi is the amoeboid protist Nuclearia, which grows
phagotrophically on algae and bacteria. Amoeboid phases are also
observed in basal fungi: Rozella seems to phagocytose the organelles
of its host30 and many chytrid zoospores undergo an amoeboid,
motile phase before encysting. After the divergence of the Rozella
and microsporidia lineage, the remaining fungi evolved filamentous
growth (for example, hyphae and rhizoids), which aids in substrate
attachment and absorptive nutrition involving extracellular digestion. Within the Basidiomycota and Ascomycota, a reversion to a
unicellular, yeast-like growth form is observed among the earliest
diverging lineages, perhaps implicating a prior advantage for this
growth form in the early history of the Fungi.
It is unclear whether the common ancestor of Fungi was marine.
Most zoosporic true fungi, including all of the chytrids sampled in
this study, grow in freshwater or soil habitats. Therefore, the diversification of the major lineages (phyla) within the kingdom Fungi
probably occurred in a terrestrial environment but before the emergence of land plants31,32. Mycorrhiza-like symbioses of the phylum
Glomeromycota are suggested to have been crucial in the colonization of land by plants33. Extant members of the Glomeromycota live
exclusively as obligate symbionts of photoautotrophs, including not
only vascular plants and bryophytes, but also cyanobacteria. This
raises the hypothesis that terrestrial members of the Glomeromycota living symbiotically with cyanobacteria or algae, in semiaquatic and humid habitats later became the symbiotic partners of
early land plants34.
The present multilocus phylogeny explains the possible morphology and ecology of early fungi. The early-diverging lineages consist
of a grade of zoosporic fungi, suggesting that the earliest fungi were
primarily aquatic and lacked aerial spore dispersal. The loss of flagellated spores is inferred to have occurred at least four times. Each
loss seems to have coincided with novel innovations in spore production and dispersal: microscopic wind-dispersed spores in terrestrial fungi; forcibly discharged conidia in the Entomophthorales;
non-flagellated, mitotically produced spores in the planktonic
Hyaloraphidium curvatum; and a complex polar tube apparatus in
microsporidia. The sister kingdom to the Fungi (Animalia) evolved
diverse body plans capable of feeding by ingestion, whereas the fungal
branch developed a myriad of unicellular and filamentous forms
optimized for absorptive nutrition. With a well-resolved phylogeny,
fungal biologists can now study the evolution of complexity and
multicellularity, and compare the evolution of these traits in fungi
with their evolution in plants and animals.
METHODS
Molecular techniques. Sequence data were generated from 170 fungal species,
primarily using pure cultures and herbarium material (Supplementary Notes 1).
We used standard polymerase chain reaction (PCR) protocols25 for amplification and sequencing of six gene regions: the 18S ribosomal RNA gene (nearly full
length), the 28S ribosomal RNA gene (primers LR0R and LR7), the internal
transcribed spacer (ITS) RNA gene region (full length), EF1a (mostly primers
EF1-983F and EF1-2218R), RNA polymerase II largest subunit (RPB1, mostly
primers RPB1-Af and RPB1-G2R) and RNA polymerase II second largest subunit (RPB2, primers RPB2-5F and RPB2-11bR). Information on the PCR primers can be found at http://www.aftol.org/primers.php. In a number of basal
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fungal taxa, the EF1a gene was not detected, but a paralogous copy of the gene
was recovered (EFL, or the EF1a-like gene35; see Supplementary Notes 4). We
also obtained sequences from fungal and eukaryotic genomes by retrieving
sequences from GenBank and genome servers. Although our data set contains
both partial sequences and missing data points, in the case of only one taxon (the
choanoflagellate Monosiga brevicollis) were fewer than four genes sampled.
Phylogenetic reconstruction. The data set consisted of 214 taxa, 199 of which
were fungi. Sequences were aligned and ambiguous regions excluded in
MacClade36. Conflict among the six genes was assessed by separate MLBS of each
data partition using 250 bootstrap replicates in PHYML37. We ignored two
conflicts, one including microsporidian 18S sequences (known to be subject to
long branch attraction) and the other involving marginally conflicting signal of
the Pyrenulales (Ascomycota). Data were combined into one matrix with EF1a,
RPB1 and RPB2 translated into amino acids and 18S, 28S and 5.8S as nucleotides.
We applied a heterogeneous maximum likelihood model to the data set with six
unlinked partitions, one for each gene. The 18S and 28S genes were fitted to a
general-time-reversible model with a proportion of invariant sites and gamma
distributed rates (GTR1I1C), the 5.8S data used GTR1C and proteins used the
JTT1I1C fixed rate model. The gamma distribution was approximated using
four rate classes. We used MrBayes 3.1.1 (ref. 38) for phylogenetic estimation.
Five independent runs were conducted (each with four chains) for 9.5 3 106
generations, sampling every 500 generations. Runs were discarded if they failed
to reach the same likelihood plateau observed in other independent runs. We
computed the consensus of the sampled trees, the posterior probabilities of
clades, and average branch lengths from runs that converged to the same likelihood plateau (58,611 trees). For the analysis of the combined super-matrix we
also tested for convergence of runs by analysing frequencies of splits using the
software AWTY39 and found that the consensus topology constructed using this
criterion trivially differed from that based on log likelihood scores. We also
assessed support for nodes on the nucleotide data (third codon positions
excluded) by MLBS (500 replicates) using PHYML with a GTR1I1C model.
Tests for statistical differences in likelihoods of alternative topologies were
assessed using the approximately unbiased test22 on the nucleotide data with
site-wise, log-likelihood values calculated using TREE-PUZZLE v5.2 (ref. 40).
Ancestral character state reconstruction of nutritional mode was conducted
using the maximum likelihood model Mk1 in Mesquite 1.0 (ref. 41). Taxa were
assigned to ecological character states on the basis of published literature, resolving ambiguous assignments when possible. Reconstructions are reported for
only those branches significantly assigned an unequivocal character state in a
majority of 1,000 trees randomly drawn from the sample of credible trees. The
number of losses of the flagellum within the Fungi was also estimated for all
58,611 credible trees using Dollo parsimony as implemented in MacClade.
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6. Schüßler, A., Schwarzott, D. & Walker, C. A new fungal phylum, the
Glomeromycota: phylogeny and evolution. Mycol. Res. 105, 1413–-1421 (2001).
7. Tehler, A., Little, D. P. & Farris, J. S. The full-length phylogenetic tree from 1551
ribosomal sequences of chitinous fungi, Fungi. Mycol. Res. 107, 901–-916 (2003).
8. Cavalier-Smith, T. & Chao, E. E. The opalozoan Apusomonas is related to the
common ancestor of animals, fungi, and choanoflagellates. Proc. R. Soc. Lond. B
261, 1–-9 (1995).
9. Steenkamp, E. T., Wright, J. & Baldauf, S. L. The protistan origins of animals and
fungi. Mol. Biol. Evol. 23, 93–-106 (2005).
10. Barr, D. J. S. Evolution and kingdoms of organisms from the perspective of a
mycologist. Mycologia 84, 1–-11 (1992).
11. Ustinova, I., Krienitz, L. & Huss, V. A. R. Hyaloraphidium curvatum is not a green
alga, but a lower fungus; Amoebidium parasiticum is not a fungus, but a member of
the DRIPs. Protist 151, 253–-262 (2000).
12. Nagahama, T., Sato, H., Shimazu, M. & Sugiyama, J. Phylogenetic divergence of
the entomophthoralean fungi: evidence from nuclear 18S ribosomal RNA gene
sequences. Mycologia 87, 203–-209 (1995).
13. McKerracher, L. J. & Heath, I. B. The structure and cycle of the nucleus-associated
organelle in two species of Basidiobolus. Mycologia 77, 412–-417 (1985).

14. Blackwell, M. & Malloch, D. Similarity of Amphoromorpha and secondary
capilliconidia of Basidiobolus. Mycologia 81, 735–-741 (1989).
15. Keeling, P. J. & Fast, N. M. in Insect–-Fungal Associations: Ecology and Evolution (eds
Vega, F. E. & Blackwell, M.) 97–-118 (Oxford Univ. Press, Oxford, 2005).
16. Hirt, R. P. et al. Microsporidia are related to fungi: evidence from the largest
subunit of RNA polymerase II and other proteins. Proc. Natl Acad. Sci. USA 96,
580–-585 (1999).
17. Katinka, M. D. et al. Genome sequence and gene compaction of the eukaryote
parasite Encephalitozoon cuniculi. Nature 414, 450–-453 (2001).
18. Keeling, P. J. Congruent evidence from a-tubulin and b-tubulin gene phylogenies
for a zygomycete origin of microsporidia. Fungal Genet. Biol. 38, 298–-309 (2003).
19. Cavalier-Smith, T. in The Mycota (eds McLaughlin, D. J., McLaughlin, E. G. &
Lemke, P. A.) 3–-37 (Springer, New York, 2001).
20. Corradi, N., Hijri, M., Fumagalli, L. & Sanders, I. R. Arbuscular mycorrhizal fungi
(Glomeromycota) harbour ancient fungal tubulin genes that resemble those of
the chytrids (Chytridiomycota). Fungal Genet. Biol. 41, 1037–-1045 (2004).
21. Held, A. A. Rozella and Rozellopsis: Naked endoparasitic fungi which dress up as
their hosts. Bot. Rev. 47, 451–-515 (1981).
22. Shimodaira, H. An approximately unbiased test of phylogenetic tree selection.
Syst. Biol. 51, 492–-508 (2002).
23. Gill, E. E. & Fast, N. M. Assessing the microsporidia–-fungi relationship: combined
phylogenetic analysis of eight genes. Gene 375, 103–-109 (2006).
24. Kirk, P. M., Cannon, P. F., David, J. C. & Stalpers, J. A. (eds) Ainsworth & Bisby’s;
Dictionary of the Fungi 60 (CAB International, Wallingford, UK, 2001).
25. Lutzoni, F. et al. Assembling the fungal tree of life: progress, classification, and
evolution of subcellular traits. Am. J. Bot. 91, 1446–-1480 (2004).
26. Binder, M. et al. The phylogenetic distribution of resupinate forms across the
major clades of mushroom-forming fungi (Homobasidiomycetes). Systematics
and Biodiversity 3, 113–-157 (2005).
27. Moncalvo, J-M. et al. One hundred and seventeen clades of euagarics. Mol.
Phylogenet. Evol. 23, 357–-400 (2002).
28. Hibbett, D. S., Gilbert, L-B. & Donoghue, M. J. Evolutionary instability of
ectomycorrhizal symbioses in basidiomycetes. Nature 407, 506–-508 (2000).
29. Medina, M. et al. Phylogeny of Opisthokonta and the evolution of multicellularity
and complexity in Fungi and Metazoa. Int. J. Astrobiol. 2, 203–-211 (2003).
30. Powell, M. J. Fine structure of the unwalled thallus of Rozella polyphagi in its host
Polyphagus euglenae. Mycologia 76, 1039–-1048 (1984).
31. Berbee, M. L. & Taylor, J. W. in The Mycota (eds McLaughlin, D. J., McLaughlin,
E. G. & Lemke, P. A.) 229–-245 (Springer, New York, 2001).
32. Heckman, D. S. et al. Molecular evidence for the early colonization of land by fungi
and plants. Science 293, 1129–-1133 (2001).
33. Pirozynski, K. A. & Malloch, D. W. The origin of land plants: a matter of
mycotrophism. Biosystems 5, 153–-164 (1975).
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