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Abstract

Among genes coding for proteins with basic structural functions in all eukaryotes, the highly conserved and functionally essential gene for β-
tubulin is receiving increasing attention in the reconstruction of phylogenies within a broad organismic range.We therefore constructed a set of
twelve universally applicable primers that allow reliable amplification of β-tubulin genes among all major eukaryotic kingdoms including fungi
(Fungi), animals (Animalia) and green plants (Planta). For primer design, the amino acid sequences of 35 β-tubulin genes from Ascomycota,
Basidiomycota, Chytridiomycota, Zygomycota, Animalia, Oophyta and Planta were aligned and used for the definition of four well-conserved
regions. These are suitable priming sites in PCR amplification experiments. Out of these amino acid regions twelve primers were designed
which initiate especially the amplification of fungal β-tubulin genes. In four pairwise primer applications gene fragments of up to 1500 bp in
size could be isolated, which comprise nearly complete β-tubulin genes from twelve species representative of the Fungi. The sequences of
seven β-tubulin fragments were obtained from Allomyces moniliformis, A. neomoniliformis, Blastocladiella britannica, Chytridium confervae,
Mortierella isabellina and Trametes versicolor, respectively. Reliable amplification of β-tubulin over a broad spectrum of organisms provides a
strong basis for the establishment of both deep-level phylogenies and studies of complex species groups based on β-tubulin gene trees.
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Introduction

Tubulin proteins play a crucial role in eukaryotic cellular
processes. As elementary subunits of the microtubules,
they represent major components of the cytoskeleton
(including mitotic spindles) and eukaryotic flagellae.
Tubulins are the major components of the microtubules.
In association with other proteins like kinesins and
dyneins, tubulins assemble the dynamic polymers of the
microtubule which provide the molecular basis for chro-
mosome segregation, cell division, generation and main-
tenance of cell shape, intracellular transport, and cell
motility by flagellar-ciliar movement. Therefore, it is
not surprising that tubulins are postulated to be manda-
tory in the transition from prokaryotic to eukaryotic cells
(Faguy & Doolittle 1998) and in the macroevolution of

plant vegetative and reproductive organs (Meagher et al.
1999). Tubulins constitute a protein family involving
α(alpha)-, β(beta)-, γ(gamma)-, δ(delta)-, ε(epsilon)-,
ζ(zeta)- and η(eta)-tubulins (McKean et al. 2001). Of
the seven varieties, α- and β-tubulins are the most abun-
dant in the eukaryotic cell, as their heterodimers are the
primary constituents of the microtubules. γ-tubulin plays
a role in the nucleation of microtubule assembly during
the establisment of microtubule organizing centers,
whereas the remaining four tubulin varieties are func-
tionally associated with the centriole or basal body of
eukaryotic cells and organisms (Oakley 2000, McKean
et al. 2001).

As all eukaryotic cells contain microtubules, tubulin
proteins probably originated when the eukaryotes first
evolved approximately 1,600 million years ago (Wang
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et al. 1999). Recently, evidence has been given that
tubulin homologues, namely FtsZ, can be found in bac-
teria (van den Ent et al. 2001). This may place the origin
of tubulins at a time before the divergence of prokary-
otes and eukaryotes. Apart from this ancient ancestry,
which might force us to expect highly divergent se-
quences due to increasing sequence variability over long
evolutionary terms, α- and β-tubulins, especially their
N-terminal peptides, are remarkably conserved (Little et
al. 1981). Sequence identities of 65–70% among all eu-
karyotic taxa contribute to a high level of evolutionary
conservation of both proteins (Baldauf et al. 2000).
Within ancient species complexes like centric diatoms,
the DNA sequence divergence of the β-tubulin gene
amounts to 2.8% and an amino acid sequence diver-
gence is not evident (Armbrust & Galindo 2001). This
low sequence divergence originates from structural and
functional constraints which are imposed by the require-
ments of microtubule integration and disintegration,
coupled with the binding of the associated proteins ki-
nesin and dynein (Burns & Surridge 1994).

The genes for tubulins, especially for β-tubulin, are
receiving increasing attention in the investigation of
evolutionary relationships at all levels: (i) in kingdom-
level phylogenetic analyses (Keeling & Doolittle 1996,
Baldauf et al. 2000), and (ii) in studies of complex
species groups within protists, animals, fungi and plants
(Mages et al. 1995, Keeling et al. 1998, Schutze et al.
1999, Ayliffe et al. 2001, Edgcomb et al. 2001). The in-
clusion of organisms in phylogenetic analyses depends
on the reliable amplification of β-tubulin genes. Here we
report primer pairs which facilitate the PCR amplifica-
tion of nearly complete β-tubulin genes from a broad
range of organismic groups, with special emphasis on
fungal phyla.

Material and methods

Sequence alignments and primer design

Thirty-five β-tubulin sequences (listed in Table 1) were obtained
from GenBank (http://www.ncbi.nlm.nih.gov). The deduced
amino acid and nucleic acid sequences were aligned using
CLUSTAL version 1.20 (Higgins & Sharp 1989) as implement-
ed with PC/Gene 6.70 (Bairoch 1992). Alignments of more com-
plex sequence multitudes were carried out with CLUSTAL-W
version 1.74 (Thompson et al. 1994). The aligned data matrices
are available as an Organisms Diversity and Evolution Electron-
ic Supplement http://www.senckenberg.de/odes/03-10.htm, Part
1). Codon usages were analysed using the statistics imple-
mented with PC/Gene 6.70. The complete β-tubulin genes of
the sea urchin Paracentrotus lividus (GenBank accession no.
X15389) and the green plants Arabidopsis thaliana (acc. no.
M20405), Eleusine indica (acc. no. AF059287) and Triticum
aestivum (Acc. no. U76744) were included in this analysis.
Primers were constructed applying the universal code and

were verified by the estimations of the preferably used
codons. 

Fungal strains, media and growth conditions

Twelve fungal strains have been used in this study: three
anamorphic species of the Ascomycota (Alternaria alternata
FSU 512, Fusarium subglutinans FSU 36, Phoma lingam FSU
132), three species of the Basidiomycota (Polyporus lepideus
FSU 69, Schizophyllum commune FSU 2488, Trametes versi-
color FSU 2571), three species of the Chytridiomycota (Al-
lomyces neomoniliformis FSU 2496, Blastocladiella britanni-
ca FSU 2500, Chytridium confervae FSU 2503), and three
species of the Zygomycota (Linderina macrospora FSU 700,
Mortierella isabellina FSU 265, Rhizopus microsporus var.
oligosporus FSU 752). All strains are deposited and main-
tained in the Fungal Reference Centre Jena and are available
upon request. The chytrids were cultivated on ARCH medium
containing 2.0 g L–1 peptone (Difco, Detroit, U.S.A.), 3.0 g L–1

malt extract (Serva, Heidelberg, Germany), 5.0 g L–1 glucose
(Merck, Darmstadt, Germany), or on YpSs medium consisting
of 4.0 g L–1 yeast extract (Oxoid, Hampshire, U.K.), 15.0 g L–1

soluble starch (Merck, Darmstadt, Germany), 1.0 g L–1

K2HPO4 (Merck, Darmstadt, Germany), 0.5 g L–1 MgSO4 × 7
H2O (Merck, Darmstadt, Germany). All other strains were
grown on 30.0 g L–1 malt extract agar supplemented with 5.0 g
L–1 yeast extract (Oxoid, Hampshire, U.K.). For solidification
the media were supplemented with 20 g L–1 agar agar (Roth,
Karlsruhe, Germany). Petri dishes were incubated at 25 °C
until sporulation for about 10 days. Allomyces neomonili-
formis andRhizopus microsporus var. oligosporus are ther-
mophilic and were cultivated at 30 °C. Rhizopus microsporus
var. oligosporus sporulated vigorously after 5 days, whereas
Allomyces neomoniliformis formed acceptable amounts of
zoospores within 14 days. The fungal spores served as inocu-
lum for the mycelial growth for DNA extraction procedures.
Liquid cultures appropriate for each of the fungal strains
were inoculated with spore suspensions (approximately 106

spores ml–1) in 500ml round flasks. The liquid cultures were
incubated for 5–10 days at 25 °C under constant shaking
(120 rpm).

Isolation of genomic DNA

The mycelia were harvested by filtration, washed in cold TE
buffer (10 mM Tris-HCl pH 8.0; 1 mM EDTA), frozen in liq-
uid nitrogen and ground with pestle and mortar to a fine pow-
der. Genomic DNA was extracted using a modified method
based on the minipreparation protocol of Cenis (1993):
100 mg mycelium was transferred to a tube with 0.3 ml extrac-
tion buffer containing 200 mM Tris-HCl pH 8.5, 250 mM
NaCl, 25 mM EDTA, 0.5 g L–1 SDS as described by Raeder &
Broda (1985). After vigorous vortexing for 3 min the samples
were incubated for 10 min at 60 °C. After that, 0.15 ml 3M
sodium acetate (pH 5.2) was added and tubes were placed at
–20 °C for 10 min. Tubes were then centrifuged in a microfuge
at 13,000 rpm and 0.3 ml of the supernatant transferred to an-
other tube. An equal volume of isopropanol was added and
after 15 min at room temperature the precipitated DNA was
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initial heat treatment of 5 min at 95 °C all assays were subject-
ed to polymerase chain reaction in a programmable thermocy-
cler Primus (MWG-Biotech, Ebersberg, Germany) using 30
cycles of the following temperature profile: 0.5 min at 95 °C
for denaturation, 1 min at 50–55 °C for primer annealing, and
1 min at 72 °C for primer extension.

The PCR products were electrophoretically separated on
1.2% agarose gels (SeaKem LE; BMA, Rockland, Maine,
U.S.A.).

Southern hybridization experiments

To verify the β-tubulin identity of the PCR products, the DNA
was transferred to Protran® nitrocellulose membranes (Schlei-
cher & Schuell, Dassel, Germany) by capillary transfer
(Southern 1975). Southern hybridization experiments at inter-

pelleted by centrifugation at 13,000 rpm. DNA pellets were
washed twice in 70%(v/v) ethanol, vacuum dried for some
minutes and resuspended in 50 µl TE. The amount of the ob-
tained DNA ranged from 2 to 6 µg and is enough for 50–100
PCR assays.

PCR amplification of �-tubulin gene fragments

The validity of the primer pairs was tested on twelve fungal
species under PCR conditions as described by Voigt et al.
(1998). In the PCR experiments one assay contained 50–100
ng genomic DNA, 10 pmol of each primer, 16.0 mM
(NH4)2SO4, 50.0 mM Tris-HCl pH 8.8, 0.01%(v/v) Tween 20,
2.0 mM magnesium chloride, 0.2 mM of each dNTP (Roth,
Karlsruhe, Germany) and 1 unit Taq polymerase (InViTek,
Berlin, Germany) in a total reaction volume of 50 ml. After an
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Table 1. β-tubulin sequences used for the design of primers. Their partial amino acid sequences are available from Electr. Suppl. 03-10, Pt 1.
Sequence numbers 1–14, 17–19, 21–24, 29 and 32 contain information about intron positions.

No. Organism Organismic group Coding sequence GenBank
acc. number

1 Aspergillus flavus Fungi – Ascomycota complete M38265
2 Blumeria graminis Fungi – Ascomycota complete (βtub2) X51326 and M30927
3 Epichloe typhina Fungi – Ascomycota complete X52616
4 Neurospora crassa Fungi – Ascomycota complete M13630
5 Schizosaccharomyces pombe Fungi – Ascomycota complete M10347
6 Coprinus cinereus Fungi – Basidiomycota complete AB000116
7 Melampsora lini Fungi – Basidiomycota complete AF317682
8 Pleurotus sajor-caju Fungi – Basidiomycota complete AF132911
9 Schizophyllum commune Fungi – Basidiomycota complete (βtub2) X63372 and S45884

10 Uromyces fabae Fungi – Basidiomycota complete AJ311552
11 Harpochytrium sp. Fungi – Chytridiomycota partial AF162079
12 Rhizophlyctis rosea Fungi – Chytridiomycota partial AF162078
13 Spizellomyces punctatus Fungi – Chytridiomycota partial (βtub1) AF162076
14 Spizellomyces punctatus Fungi – Chytridiomycota partial (βtub2) AF162077
15 Basidiobolus ranarum Fungi – Zygomycota partial (βtub1) AF162060
16 Basidiobolus ranarum Fungi – Zygomycota partial (βtub2) AF162059
17 Conidiobolus coronatus Fungi – Zygomycota partial (βtub1) AF162058
18 Conidiobolus coronatus Fungi – Zygomycota partial (βtub2) AF162057
19 Entomophaga maimaiga Fungi – Zygomycota partial AF162062
20 Linderina pennispora Fungi – Zygomycota partial AF162056
21 Micromucor ramannianus Fungi – Zygomycota partial AF162073
22 Rhizopus microsporus var. oligosporus Fungi – Zygomycota partial (βtub1) AF162064
23 Rhizopus microsporus var. oligosporus Fungi – Zygomycota partial (βtub2) AF162065
24 Rhizopus microsporus var. oligosporus Fungi – Zygomycota partial (βtub3) AF162066
25 Spiromyces minutus Fungi – Zygomycota partial (βtub1) AF162067
26 Spiromyces minutus Fungi – Zygomycota partial (βtub2) AF162068
27 Syncephalis depressa Fungi – Zygomycota partial AF162070
28 Bombyx mori Animalia – Arthropoda complete X74951
29 Brugia pahangi Animalia – Nematoda complete M36380
30 Octopus dofleini Animalia – Mollusca complete L10111
31 Oryza sativa Planta – Embryophyta complete X79367
32 Zea mays Planta – Embryophyta complete X52878
33 Achlya klebsiana Stramenopiles – Oophyta complete J05597
34 Phytophthora cinnamomi Stramenopiles – Oophyta complete U22050
35 Pythium ultimum Stramenopiles – Oophyta complete AF218256



parsimony-uninformative, and 198 variable characters were
parsimony-informative. Six equally parsimonious trees (tree
length = 1232 steps; consistency index = 0.56; homoplasy
index = 0.44; retention index = 0.71; rescaled consistency
index = 0.40) were found and subjected to strict consensus tree
computation. The phylograms were displayed and printed in
TreeView version 1.6.6. (Page 1996). Bootstrap analyses
(Felsenstein 1985; 50% majority rule) with 1000 replicates,
each with 10 random addition sequence entry order replicates,
‘TBR branch swapping’, ‘steepest descent’ and ‘MulTrees’ op-
tions not in effect were used to calculate clade stability. For all
analyses MaxTrees were set to 100 and auto-increased by 100.
The phylogenetic tree (Fig. 3) and the aligned data matrix
(Electr. Suppl. 03-10, Pt 1), including all accession numbers of
the β-tubulin sequences used in the phylogenetic analysis, are
also available from TreeBase at http://www.treebase.org/tree-
base/index.html (study accession no. S857, matrix accession
no. M1392).

Results

Sequence analyses
and the design of oligonucleotide primers

Eighteen complete and seventeen partial β-tubulin se-
quences (listed in Table 1) were obtained from the Gen-
Bank database. Their deduced amino acid sequences
were aligned (Electr. Suppl. 03-10, Pt 1). The analysis
was based on sequences from 27 fungi (5 Asco-, 5 Ba-
sidio-, 4 Chytridio-, and 13 Zygomycota), 3 metazoan
animals (Animalia), 3 stramenopiles (Oophyta), and
2 green plants (Planta). At the amino acid level four
well-conserved regions (Electr. Suppl. 03-10, Pt 1) were
defined which led to the design of twelve standard PCR
primers (Table 2) for the universal amplification of
β-tubulin genes over a broad range of organismic
groups. Primer construction was performed following
the rules by Voigt & Wöstemeyer (2000). Implementing
statistical analysis of the specific codon usage of Planta,
Animalia and Fungi, three subsets of oligonucleotide
primers were designed in accordance to their specificity
for Planta, Animalia and Fungi, respectively. The middle
part and the 3´ regions of the primers F-βtub1, P-βtub3,
F-βtub2r and F-βtub4r are highly specific for the β-tubu-
lin genes of the Oophyta which are represented by the
species Achlya klebsiana, Phytophthora cinnamomi and
Pythium ultimum (Tables 1, 2).

The extent of amplification of the structural gene
encoding �-tubulin

For Schizosaccharomyces pombe as an example, the
general structure of the complete β-tubulin gene is
shown in Fig. 1. The 2029 bp long sequence of S. pombe
(accession no. M10347) was chosen because it contains
the entire β-tubulin gene including all exons, introns

mediate stringency were performed according to Schleier et al.
(1997). A radioactively (32-P[dATP]; Perkin Elmer, Zaven-
tem, Belgium) multiprime-labelled 1.2kb PCR fragment (F-
βtub1-4r) of the β-tubulin of Rhizopus microsporus var.
oligosporus (according to Keeling et al. 2000) was used as het-
erologous probe at a hybridization temperature of 37 °C in a
buffer containing 50% formamide, 1× Denhardt’s solution
(Denhardt 1966), 0.5 mg ml–1 salmon sperm DNA, 0.1% (v/v)
SDS, 5 × SSC, 50 mM sodium phosphate (pH 7.0). Hybridized
filters were washed following the washing procedure for inter-
mediate stringency (Schleier et al. 1997).

Cloning and sequencing of PCR products

Amplified PCR products were purified by adsorption of DNA
to glass particles (GeneClean II, BIO 101, Vista, CA) based on
a procedure of Vogelstein & Gillespie (1979). The purified
PCR products were ligated into the pCR4®-TOPO® vector (In-
vitrogen, Karlsruhe, Germany) and, after heat shock, cloned in
chemically competent Top10 one shot® cells of Escherichia
coli (Invitrogen, Karlsruhe, Germany). Plasmids were purified
after a modified protocol of Birnboim & Doly (1979) using
additional purification steps (additional removal of proteins
with potassium acetate to a final concentration of 1.0 M and
chloroform extraction in a second step). Cycle sequencing was
conducted in a programmable water bath with the BigdyeTM

fluorescent-labelled terminator dye deoxy protocol applying
AmpliTaq polymerase (PE Applied Biosystems, Warrington,
U.K.) by using the following temperature profile: 20 sec at
96 °C, 30 sec at 45 °C, 240 sec at 60 °C, for 30 cycles. The ini-
tial denaturation step was prolonged to 3 min. Each sequenc-
ing reaction mixture was precipitated with isopropanol and re-
suspended in 20 ml formamide (Template Suppression
Reagent; PE Applied Biosystems, Warrington, U.K.) before
running on an ABI PrismTM 310 (PE Applied Biosystems, Fos-
ter City, CA, U.S.A.) automated sequencer. Sequence frag-
ments were assembled with PC/Gene version 6.70 (Bairoch
1992). Seven new β-tubulin sequences (AMbtub1 and AMb-
tub2 for Allomyces moniliformis, ANbtub for A. neomonili-
formis, BBbtub for Blastocladiella britannica, CCbtub for
Chytridium confervae, MIbtub for Mortierella isabellina [syn-
onymous: Umbelopsis isabellina Oudemans & Gams], and
TVbtub for Trametes versicolor) were generated in this study,
and were deposited in GenBank under accession numbers
AY131268-AY131274.

Phylogenetic analysis

Unweighted distance and parsimony analyses were carried out
on 57 amino acid sequences using PAUP*4.0b10 (Swofford
1998). The neighbor-joining tree (Saitou & Nei 1987) shown
in Fig. 3 was inferred from standard distances using mean
character differences as distance measure under the option of
among-site rate variations and the optimality criterion set to
distance. To search for islands of the shortest trees in maxi-
mum parsimony analyses, heuristic searches were conducted
with 1000 replicates, each with single addition sequence order
entry, and ‘MulTrees’ option in effect. Of the 430 total amino
acid characters, 150 were constant, 82 variable characters were
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YAG-3′ (Takaya et al. 1994; abbreviations of nu-
cleotides follow the official IUPAC-IUB single-letter
base code). All other intron splice sequences are consis-
tent with reported consensus sequences (Sharp 1981).
Out of the 35 coding sequences, 14 represent complete
coding sequences. Out of 55 intron sites 13 characterize
large taxon groups: intron sites 4 and 7 are specific for
the Basidiomycota; sites 3, 19, 47, 51 and 55 for the rust
fungi (Urediniomycetes) Melampsora lini and Uro-
myces fabae; 36 and 41 for the Homobasidiomycetes;
intron site 5 for the Pezizomycotina; 8, 46 and 50 for the

and flanking regulatory regions. Intron positions, which
are known to be often conserved, need to be avoided
within priming sites. In this respect an extensive analy-
sis of introns and intron positions is mandatory. 55 in-
tron positions were found in the coding sequences of the
35 organisms studied (see Electr. Suppl. 03-10, Pt 2).
Introns were assumed by comparison of nucleotide- and
their respective amino acid sequences to the reference
sequences listed in Table 1. In fungi, the nucleotide po-
sitions marking the presence of introns were found to
match the intron consensus 5′-GTRAGT---RYTNAY---

Primers for β-tubulin gene analyses in fungi 189
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Table 2. Conserved primer-binding sites, universal b-tubulin-specific primer pairs and the organismic range of their specificity. Primers were
named with initial letters F for fungi,A for animals, and P for plants; trailing letter r denotes reverse primers.Abbreviations of nucleotides follow
the official IUPAC-IUB single-letter base code (I = inosine). Asterisks * indicate intron positions in fungi.

Region Primer-binding site Position Primer Organismic range of Primer sequence (5′ to 3′)
(N to C terminal) (peptid) name primer specificity

1 Q A/T GQCGNQ 8–15 F-βtub1 Fungi (& Oophyta) CAR GCY GGT CAR*TGY*GGT AAC CA
A-βtub1 Animalia CAR GCY GGK CAR TGY GGB AAC CA
P-βtub1 Planta CAR GGC GGC CAR TGY GGB AAC CA

2 WAKG H/Y/F YT 101–107 F-βtub3 Fungi TGG GCY AAG GGT Y*AY TAY AC
A-βtub3 Animalia TGG GCY AAR GGA CAY TAY AC
P-βtub3 Planta (& Oophyta) TGG GCC AAG GGI CAC TAY AC

3 FVEWIP 341–346 F-βtub2r Fungi (& Oophyta) GG RAT CCA YTC RAC RAA
A-βtub2r Animalia GG RAT CCA YTC RAC GAA
P-βtub2r Planta GG GAT CCA YTC MAC RAA

4 MDEMEFTEA 403–411 F-βtub4r Fungi (& Oophyta) GC CTC AGT RAA*YTC CAT YTC RTC CAT
A-βtub4r Animalia GC YTC YGY RAA YTC CAG YTC VTC CAT
P-βtub4r Planta GC CTC RGT GAA CTC CAT CTC GTC CAT

Fig. 1. Map of the entire b-tubulin gene of Schizosaccharomyces pombe, indicating the positions of promoter, coding and termination se-
quences, and five introns. The map is based on the DNA sequence available from GenBank under accession no. M10347 (Hiraoka et al. 1984).
Lines in lower part of map indicate positions of four highly conserved priming sites spanning coding sequence fragments of approximately 750,
1000, 1200 and 1500 bp, respectively.
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verified by Southern hybridization with a 1.2 kb β-tubulin
fragment of Rhizopus microsporus var. oligosporus (ac-
cording to Keeling et al. 2000), which was generated by
PCR with primer pair F-βtub1-4r (Fig. 2). Strong signals
appeared in the lanes of all four amplicons of Schizophyl-
lum commune, Allomyces neomoniliformis and Rhizopus
microsporus var. oligosporus. Further hybridization sig-
nals can be adjusted to the F-βtub1-4r, F-βtub1-2r and
F-βtub3-2r amplicons of Chytridium confervae and
Mortierella isabellina.

Phylogenetic relationships
among multiple eukaryotic kingdoms

β-tubulin genes are found reliably in all eukaryotes,
which makes this gene ideally suited for phylogenetic
analysis, especially for the estimation of deep-level phy-
logenies. A multi-kingdom phylogram based on β-tubu-
lin sequences is shown in Fig. 3. Oophyta (bootstrap
proportion BP = 100%), Spermatophyta (BP = 100%),
Glomeromycota (BP = 96%), Ascomycota (BP = 98%),
and Basidiomycota (BP = 97%) all form well-supported
monophyla. The monophyly of the Animalia is support-
ed by a BP value of 72%. In accordance with the find-
ings of Baldauf & Palmer (1993), animals and fungi are
each other’s closest relatives, which is supported by a
BP value of 78%. Within the Ascomycota, two classes,
the Pezizomycotina (BP = 96%) and the Saccha-
romycetes (BP = 100%), appear as monophyla, whereas
Schizosaccharomyces pombe is paraphyletic (BP = 74%)
to the Saccharomycetes. Also the Pneumocystis-Taphrina
clade diverges in a paraphyletic manner (BP = 61%)
from the Pezizomycotina. The Chytridio- and Zygomy-
cota emerge as lineages basal to the Asco- and Basid-
iomycota, a view which is shared with Cavalier-Smith
(1998) who placed the Zygo- and the Chytridiomycota
into the ancient Archaemycota phyl. nov. The Tricho-
mycetes (BP = 100%), represented by the harpellalean
species Furculomyces boomerangus, Capniomyces stel-
latus and Smittium culisetae, are phylogenetically relat-
ed to the kickxellalean zygomycete Spiromyces minutus
(BP = 100%). This relationship between Harpellales
and Kickxellales is in accordance with the interpreta-
tions of O´Donnell et al. (1998). The Mucorales (Rhizo-
pus microsporus, Umbelopsis isabellina [synonymous:
Mortierella isabellina Oudemans], and Micromucor ra-
mannianus) diverge as a well-supported monophylum
(BP = 100%) among the other Zygomycota, a finding
which is concordant with multi-gene approaches based
on concatenated phylogenetic analyses of actin and
translation elongation factor EF-1α (Voigt & Wöste-
meyer 2001). However, the phylogenetic relationships
among all other taxa of the Zygomycetes, a class which
together with the Trichomycetes constitutes the Zygo-
mycota, remain unresolved.

Nematoda. Other intron sites are genus- or species-
specific, e.g. 14, 18, 25, 29, 37 and 42 for Harpochytri-
um sp., or intron site 13 for Micromucor ramannianus.
There are also differences between the copies of the
β-tubulin genes within one species, e.g. intron site 49 is
specific for βtub2 of Spizellomyces punctatus. On the
other hand, intron sites can vary over copies and taxa,
e.g. intron site 24 for the chytrid Allomyces monili-
formis βtub1 and few zygomycetous species, or intron
sites 26, 34 and 39 for the zygomycete Spizellomyces
punctatus βtub1 and the chytrid Rhizophlyctis rosea. In
most cases the intron positions are variable, which ham-
pers the discovery of universal primer regions. Primer
region 3 (βtub2r; Table 2) does not contain intron sites,
whereas in fungi primer regions 1, 2 and 4 (βtub1,
βtub3 and βtub4r; Table 2) include introns 4 and 5 (be-
tween amino acid positions Q–C and C–G), 28 (be-
tween the first two codon positions for the amino acid
position H/Y/F), and 52 (between amino acid positions
E–F), respectively. The intron sites are marked by aster-
isks in Table 2. Since introns 4, 28 and 52 could be de-
tected in a few Basidiomycota, and intron 5 in Pezi-
zomycotina, the primers F-βtub1, F-βtub3 and F-βtub4r
occasionally have limited applications in the amplifica-
tion of the β-tubulin gene in genomic PCR assays. Am-
plifications based on cDNA templates will circumvent
this problem.

Validation of primers in PCR analyses

A subset of four primers, F-βtub1, F-βtub2r, F-βtub3
and F-βtub4r, was tested in PCR experiments among
fungal species comprising representative members
of the four phyla of the Fungi: the Asco-, Basidio-, Chytri-
dio- and Zygomycota (Fig. 2). The expected size of the
gene fragments highly depends on the amount and on the
extent of intron sequences. Thus, the sizes of the β-tubulin
amplicons varied between 500 and 1500 bp. Applying
primer F-βtub3 paired with F-βtub2r, a clear-cut differ-
ence in size could be observed between the β-tubulin frag-
ments of the basal (Chytridio- and Zygomycota) and the
derived fungal phyla, the Asco- and Basidiomycota. The
amplicons of the basal species are smaller (about 650 bp)
in size than those of the more derived species which are
represented by 750 bp long PCR products. So far, the va-
lidity of the primer pair F-βtub1 and F-βtub4r has been
tested successfully on 73 fungal species (5 from the As-
comycota; 4 Basidiomycota; 13 Chytridiomycota; and 51
from either of the two classes of Zygomycota, the Tricho-
and the Zygomycetes). The same primer pair has also been
successfully used for the amplification of β-tubulin gene
fragments from Pythium and Saprolegnia, two genera of
the Oophyta, which are known to be derived from brown
algae (Baldauf et al. 2000). In all cases unequivocal β-
tubulin PCR fragments were obtained. Their identity was
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Fig. 3. Neighbor-joining tree of mean character differences as calculated with PAUP*4.0b10 based on analysis of 430 unambiguously aligned
amino acid sequences of the b-tubulin gene from 57 species which comprise 43 fungal taxa, five metazoan taxa, five green plants, three
oophytes, and one diplomonad. The b-tubulin genes from Allomyces moniliformis, A. neomoniliformis, Blastocladiella britannica, Chytridium
confervae, Mortierella isabellina and Trametes versicolor were amplified by the use of primer pair F-btub1/F-btub4r and sequenced during this
study.The tree was rooted to the diplomonad Giardia intestinalis (GenBank accession no. X06748).The scale bar indicates 0.1 substitutions per
site. Branch support was estimated by bootstrapping using parsimony. Numbers above branches represent bootstrap proportions (BP) >95%.
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