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Abstract A full-length 3-tubulin gene has been cloned and
sequenced from Gigaspora gigantea and Glomus clarum,
two arbuscular mycorrhizal fungi (AMF) species in the
phylum Glomeromyota. The gene in both species is or-
ganized into five exons and four introns. Both genes are
94.9% similar and encode a 447 amino acid protein. In
comparison with other fungal groups, the amino acid se-
quence is most similar to that of fungi in the Chytridiomy-
cota. The codon usage of the gene in both AMF species is
broad and biased in favor of an A or a T in the third
position. The four introns varied in length from 87 to
168 bp for G. gigantea and from 90 to 136 bp for G.
clarum. Of all fungi in which full-length sequences have
been published, only AMF do not have an intron before
codon 174. The introns positioned at codons 174 and 257 in
AMF match the position of different introns in [3-tubulin
genes of some Zygomycete, Basidiomycete, and Ascomy-
cete fungi. The 5’ and 3’ splice site consensus sequences are
similar to those found in introns of most fungi. Sequence
analysis from single-strand conformation polymorphism
analysis confirmed the presence of two (3-tubulin gene
copies in G. clarum, but only one copy was evident in G.
gigantea based on Southern hybridization analysis.

Keywords Glomeromycota - Inverse PCR - Beta-tubulin -
Arbuscular mycorrhizal fungi

Z. Msiska (<)) - J. B. Morton

West Virginia University,

1090 Agricultural Science Building,
Morgantown, WV 26506, USA
e-mail: zolamsiska@gmail.com

Introduction

The tubulin gene family consists of six distinct but highly
conserved subfamilies, alpha-, beta-, gamma-, delta-, epsilon-,
and zeta-tubulins (McKean et al. 2001). Since alpha- and
beta-tubulins are the most abundant proteins in a eukaryotic
cell, they have been studied most extensively. Heterodimers
of these proteins are the primary constituents of micro-
tubules, which are the main components of the cell
cytoskeleton. Eukaryotic flagella, cilia, and mitotic spindles
also are composed of microtubules. The 3-tubulin gene is
fairly conserved, with at least 60% amino acid similarity
between the most distantly related lineages (Juuti et al. 2005).

Many fungal species contain only a single {3-tubulin
gene, but some also contain two copies (Ayliffe et al. 2001).
Paralogs of the (-tubulin gene encode proteins ranging
from 60% to 89% amino acid sequence similarity within a
species (Mukherjee et al. 2003; Juuti et al. 2005). In some
fungal species, the gene copies may be differentially ex-
pressed during sporulation and vegetative growth (Panaccione
and Hanau 1990; Cruz and Edlind 1997; May et al. 1987,
Buhr and Dickman 1994). Gene copies also may differ
functionally, such as only one conferring fungicide resistance
(Orbach et al. 1986; Panaccione et al. 1988; Jung et al. 1992;
Goldman et al. 1993; Cruz and Edlind 1997). In other cases,
two [3-tubulin genes are functionally interchangeable, such
as those of Aspergillus nidulans (May 1989; Weatherbee
et al. 1985). Phylogenetic analysis shows that although dif-
ferent in sequence, the two (3-tubulin paralogs of 4. nidulans
cluster in a single clade of Ascomycetes, while those of
Colletotrichum gloeosporioides f. sp. aeschynomene, Tricho-
derma viride, and Galactomyces geotrichum diverge suffi-
ciently to be positioned in different clades (Keeling et al.
2000; Ayliffe et al. 2001). Copies of (-tubulin genes in
Powellomyces variabilis and Spizellomyces punctatus di-
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verged so rapidly that one clusters in Chytridiomycota and
the other in Zygomycota (Corradi et al. 2004a). Similarly,
TUBIlgene of Suillus bovinus clusters with Basidiomycota
but TUB2 gene clusters with Ascomycota (Juuti et al. 2005).
Corradi et al. (2004a, b) identified two P-tubulin gene
variants in four Glomus species: Glomus intraradices,
Glomus claroideum, Glomus diaphanum, and Glomus
proliferum, but paralogs were not detected in Acaulospora
laevis, Gigaspora margarita, Glomus sp. BEG19, Glomus
geosporum, and Scutellospora castanea. Unlike those of
some species in Chytridiomycota and Basidiomycota, the 3-
tubulin paralogs of sampled arbuscular mycorrhizal fungi
(AMF) all clustered within Glomeromycota and supported a
sister grouping between Chytridiomycota and Glomeromy-
cota (Corradi et al. 2004a). In contrast, the 18S rRNA (SSU)
gene phylogeny places AMF as a sister group of Ascomy-
cota and Basidiomycota clades, while actin, «-elongation,
and RPB1 (large subunit of RNA polymerase II) genes
group Glomeromycota with Zygomycota (Helgason et al.
2003; Redecker and Raab 2006).

Intron positions within fungal (3-tubulin genes may pro-
vide some clues of evolutionary relationships among species.

Intron locations generally are characteristic of fungal class and
are conserved within a class, based on comparisons of 3-
tubulin genes of 33 fungal species from the Basidiomycota
and Ascomycota (Ayliffe et al. 2001). Intron numbers in the
[3-tubulin gene range from none for Saccharomyces cerevi-
siae (Neff et al. 1983) to 21 for S. bovinus (Juuti et al. 2005).

The majority of full-length fungal (3-tubulin genes/comple-
mentary DNA (cDNA) have been isolated by screening
genomic libraries, cDNA libraries, or the use of rapid
amplification of cDNA ends (RACE). Inverse polymerase
chain reaction (PCR) is a method that rapidly amplifies
unknown DNA sequences flanking a region of a known
sequence (Ochman et al. 1988). Only Li and Yang (2007) used
this method to obtain a full-length (3-tubulin gene in fungi.
None of the 13 full-length genes of AMF deposited in
Genbank has been isolated using inverse PCR (Table 1). The
aim of this study was to characterize (3-tubulin genes from
genomic DNA of the arbuscular mycorrhizal fungi Gigaspora
gigantea and Glomus clarum after isolation and amplification
by inverse PCR. Isolation of full-length AMF {3-tubulin gene
allowed comparison of intron position and evolution with
other fungal phyla.

Table 1 A synthesis of full-length genes sequenced from arbuscular mycorrhizal fungi and deposited in Genbank

Gene Species Accession # Gene isolation method References
DNA binding protein G. intraradices EF488828 Flores-Gomez et al.
(unpublished manuscript)
Neutral trehalase G. intraradices AY787134 cDNA library, RACE Ocon et al. (2007)
Glomus mosseae AY787133
Heat shock protein 60 G. intraradices DQ383980 cDNA library Gadkar and Rillig (2006)
DQ383981
Alkaline phosphatase G. margarita AB114299 5'-RACE, RT-PCR Aono et al. (2004)
G. intraradices AB114298
Glutamine synthetase G. mosseae AY360451 RACE Breuninger et al. (2004)
G. intraradices AJ315337
H(+)-ATPase G. mosseae BEG12 AY 149918 RACE Requena et al. (2003)
G. mosseae AY193825
Glycogen branching enzyme G. intraradices AF503447 Lammers and Yair
(unpublished manuscript)
Acyl-CoA dehydrogenase G. intraradices AY033936 cDNA library Bago et al. (2002)
Phosphate transporter G. intraradices AF359112 cDNA library Harrison and van Buuren (1995)
Glomus versiforme U38650
3-phosphoglycerate kinase G. mosseae AF072893 RACE Harrier et al. (1998)
Putative cruciform DNA G. versiforme AF034574 cDNA library Burleigh and Harrison 1998
binding protein (Gv1)
Phosphatidylinositol 3-kinase (TOR2) G. mosseae AJ276633 Genomic DNA library Requena et al. (2000)
Beta-oxidation protein (FOX2) G. mosseae AJ243538 Genomic DNA library Requena et al. (1999)
Amino acid permease G. mosseae AY 882560 cDNA library Cappellazzo et al. (2008)
enal and ena2 gene; G. intraradices AM118102 RACE Corradi and Sanders (2006)
P-type II D ATPase AM118103
Chitin synthase G. versiforme AJ009630 Genomic DNA library Lanfranco et al. (1999)
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Materials and methods
Genomic DNA extraction

Two AMF taxa were chosen as model species, one with
small spores (G. clarum) and another with large spores (G.
gigantea). Spores of G. gigantea and G. clarum were
extracted from cultures of the International Culture Collec-
tion of Vesicular Arbuscular Mycorrhizal Fungi (INVAM,
USA) by wet sieving followed by sucrose gradient
centrifugation and then thorough washing with distilled
water (Gerdemann and Nicolson 1963). Spores were
checked under a dissecting microscope and approximately
40 pL of visually healthy spores were transferred to 1.5 mL
Eppendorf tubes. Spores were surface-cleaned three times
for 15 s by ultrasonication followed each time by a sterile
distilled water rinse. Fungal DNA was released from spores
using a mini-bead beater (Biospec, USA) and 0.5 mm glass
beads. After spores were broken, DNA was extracted using
a DNeasy plant mini kit (Qiagen) according to the
manufacturer’s protocol. The amount and quality of DNA
extracted was checked by migration on 1.5% agarose gel
stained with ethidium bromide.

PCR amplification of the (3-tubulin gene internal region

Design of primers was based on partial AMF cDNA
sequences of the (3-tubulin gene available at the National
Center for Biotechnology Information (Franken and Requena
2001). Several primers were designed in the conserved
regions using the program Primer3 (http:/frodo.wi.mit.edu/
cgi-bin/primer3). PCR amplification of a partial 3-tubulin
gene was achieved using primers i36F (5'-ACCCAC
TCCCTTGGTGGTGGT-3") and 2iR (5-GTGAAGACGT
GGGAAAGGAAC-3") in a reaction mixture containing
500 ng genomic DNA, 1.25 mM each of dATP, dCTP,
dGTP, and dTTP, 0.5 U Taq DNA polymerase (Promega),
3.5 mM Mg,Cl, 7 uL 10x buffer, and 1 uM primers. PCR
cyling conditions were as follows: an initial denaturation at
94°C for 2 min followed by 35 cycles of 94°C for 30 s,
annealing at 58°C for 30 s, and extension at 72°C for 1 min,
followed by a final extension step at 72°C for 7 min. PCR
products were visualized by electrophoresis on 1.5% agarose
gels stained with ethidium bromide. Bands were excised and
purified using the Qiagen Gel purification kit. The PCR
products were cloned using a Qiagen PCR cloning Kkit.
Positive transformants were screened further by direct colony
PCR. Plasmid DNA containing the insert was purified using
the Qiagen miniprep kit. The sequence of the internal region
was obtained from Davis sequencing (USA). This 3-tubulin
gene fragment specific for G. gigantea was used as a probe
for Southern hybridization analysis in order to determine f3-
tubulin gene copy number.

Southern blot analysis

Initial analysis was performed with 3 pg of genomic DNA
from both species, but no bands were detected. Hence,
aliquots of 10 pg of genomic DNA were digested with
EcoRI and HindIll. A known partial sequence (600 bp)
contained one HindIIl cleavage site and no EcoRI cleavage
site. Digested DNA was electrophoresed on 0.8% agarose
gels and bands were transferred onto Hybond N+ mem-
branes by capillary transfer. Hybridization was carried out
with a radioactively labeled probe (32-P[dCTP]) (Decap-
rime™ II random priming DNA labeling kit, Ambion, Inc.,
USA). Prehybridization solution contained 2.5 mL 20x
saline—sodium phosphate—EDTA (SSPE), 5 mL formamide,
I mL 10% sodium dodecyl sulfate (SDS), 1 mL 50x
Denhardt’s solution, 400 uL ddH20O, and 100 pL Herring
sperm DNA (10 ng/mL) in a total volume of 10 mL. The
sperm DNA was boiled for 3 min and then added to the
prehybridization solution. Prehybridization was performed
at 42°C for 4 h.

Hybridization solution contained 2.5 mL 20x SSPE, 5 mL
formamide, 1 mL 10% SDS, 200 pL 50x Denhardt’s
solution, 1.2 mL ddH2O, and 100 pL. Herring sperm DNA
(10 ng/mL). Hybridization was performed overnight at 42°C.
The membrane was washed twice at room temperature for
15 min in a solution containing 1x SSPE and 0.1% SDS. A
final wash at 50°C was performed for 15 min. Labeled DNA
was detected using a phosphoimager (Molecular Dynamics,
Sunnyvale, CA, USA).

Nested PCR using conserved primers

Conserved primers with the potential to amplify paralogs of
the 3-tubulin gene were used in order to determine gene copy
number. DNA from G. gigantea and G. clarum was first
amplified using the primers Deg.Tub.F and Deg.Tub.R
according to Corradi et al. (2004a). The nested PCR
employed primers (3.Tub.F and (3.Tub.R according to
Corradi et al. (2004b). Amplification products were electro-
phoretically separated on 1.5% agarose gels and stained with
ethidium bromide. The expected bands were purified with a
Qiagen PCR purification kit. PCR fragments then were
cloned into a Qiagen vector according to the manufacturer’s
protocol. Positive transformants were selected according to
the blue/white screening procedure. Transformed clones
differing in sequences were determined by screening with
single-strand conformation polymorphism (SSCP). From
each species, 30 transformed colonies were re-amplified
with primers B.Tub.F and B.Tub.R. The resultant PCR
products were denatured at 95°C for 10 min and then snap
cooled for 5 min. Submerged gel electrophoresis was carried
out at 4°C and 200 V for 5 h. Gels were stained with silver
nitrate for 20 min. Differences in the banding patterns
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indicated clones with different sequences. Each unique
pattern was chosen for sequencing and analysis.

Preparation of DNA for inverse PCR

The program NEBcutter V2.0 (http://tools.neb.com/NEB
cutter2/index.php) was used to determine the occurrence of
restriction enzyme sites within the known DNA sequence
for the restriction enzymes HindIIl and Haelll. Restriction
analysis was performed by digesting 1 pg of genomic DNA
in 20 pL reactions containing 2 pL of the specific enzyme
buffer (10x), 0.2 puL bovine serum albumin, and 1 puL
restriction enzyme. DNA was digested overnight at 37°C
and then cleaned using the MinElute Reaction Cleanup kit
(Qiagen, USA). Digested DNA was circularized by self-
ligation overnight at 4°C in a total volume of 50 pL. The
reaction mixture contained 10 pL of clean digested DNA,
5 uL buffer, and 3 U of T4 DNA ligase (Promega, USA).

Inverse PCR

Based on a known (600 bp) DNA sequence, specific
primers were designed for each of the two AMF species
and a series of inverse PCR reactions were carried out using
primers listed in Table 2. For G. gigantea, primer pairs
GIGA1F/GIGAIR and GIGA2F/GIGA2R amplified circu-
larized HindlIll-digested DNA and primer pair GIGA3F/
GIGA3R amplified circularized Haelll-digested DNA. For
G. clarum, the primer pair BtubS/GiH4R amplified ge-
nomic DNA; primers GC1F/GCIR amplified circularized
HindlIll-digested DNA. PCR was done in a 50-uL volume
containing 5.0-uL circularized DNA, 0.5 U Expand high
fidelity DNA polymerase (Roche diagnostics), 10x PCR
buffer, 3.5 mM MgCl,, 1.25 mM each of dATP, dCTP,

Table 2 Primers designed for inverse PCR to isolate and amplify the
3-tubulin genes of two representative glomeromycotan species from
genomic DNA preparations

Primer Sequence (5'-3")

Gigaspora gigantea

GIGAIF GGTTTCGGATACTGTTGTTG
GIGAIR AGGACCGACAGAAAACGTGC
GIGA2F GTTCCTTTCCCACGTCTTCAC
GIGA2R AATGTACGGAAGCAAATATC
GIGA3F GCTGCCGTGTGTGATATTCC
GIGA3R TTTGGACAGCCAACATTTGA
Glomus clarum
BtubS ATGAGNGARATHGTTCACTTACAA
GiH4R CATACCCTCACCAGTATACCAATG
GCIF CCGCTGTTTGTGACATTCCACC
GCIR AAAGTTCGAATGCAAATGTC
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dGTP, and dTTP, and 1 uM primers. PCR conditions were
as follows: initial denaturation at 94°C for 2 min followed
by 40 cycles of denaturation at 94°C for 60 s, annealing at
55°C for 60 s, extension at 72°C for 3 min, and a final
extension at 72°C for 10 min. PCR products were
visualized by electrophoresis on 1.5% agarose gels stained
with ethidium bromide. Bands were excised and purified
using the Qiagen Gel purification kit. PCR products were
cloned using a Qiagen PCR cloning kit. Positive trans-
formants were further screened by direct colony PCR.
Plasmid DNA containing the inserts was purified using the
Qiagen miniprep kit. Sequences were obtained from Davis
sequencing (USA). The full-length (3-tubulin gene (coding
and intron regions) was generated by constructing consen-
sus sequences in BioEdit from overlapping fragments.
Nucleotide and amino acid sequence homology searches
were performed using NCBI databases by BLAST search.
Regulatory elements in 3’ and 5’ flanking sites were
predicted using software programs from Harvard University
(http://mbcf.dfci.harvard.edu/cmsmbr/biotools.html).

Phylogenetic analysis

Beta-tubulin protein sequences were searched and down-
loaded from Genbank and the Broad Institute (www.
broad.mit.edu). The sequences were aligned in ClustalX
excluding the highly variable carboxyl-terminus. The
sequences were further edited manually in McClade
before analysis with PAUP. Only exon regions were used
to generate trees showing the distribution of paralogous
sequences in Glomus species. Sequences of G. clarum
clones were deposited in Genbank under accession
numbers FJ687212-FJ687219.

Results
PCR amplification of the [3-tubulin gene internal region

Approximately 26 and 10 pg of high-quality genomic DNA
was extracted from a 40-puL volume of pooled G. gigantea
and G. clarum spores, respectively. A 600-bp internal
region of the (-tubulin gene was amplified from both
species. The [-tubulin gene fragment specific to G.
gigantea provided the probe to analyze G. gigantea
genomic DNA by Southern blot. The gene copy number
for G. clarum could not be determined by Southern blot
because of insufficient genomic DNA.

Southern blot analysis to determine gene copy number

Upon hybridization with the 600-bp {-tubulin gene
fragment specific to G. gigantea, two and one signals were
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detected from DNA digested with HindIll and EcoRl,
respectively. The banding pattern was as predicted from the
nucleotide sequence of the partial 3-tubulin gene fragment.
The EcoRI signal was detected at less than 2 kb. The longer
HindIll signal was detected at less than 2 kb while the
smaller signal was detected at less than 1 kb (Fig. 1). No
bands were observed except those predicted from the
nucleotide sequence, even under conditions of low strin-
gency (2% SSPE wash buffer).

Identification of two (-tubulin genes in G. clarum
using conserved primers

Sequencing of multiple clones from G. clarum indicated
two highly variable {3-tubulin gene sequences designated
BTUB1 and BTUB2. A high number of synonymous
substitutions were observed within the exon regions. The
two genes differed significantly in the length and sequence
of introns. For example, position 1 intron of BTUBI and
BTUB2 was 136 and 207 bp in length, respectively.
Position 2 intron of BTUB1 and BTUB2 was 87 and
69 bp in length, respectively. A phylogenetic analysis of
both genes together with glomeromycotan (3-tubulin gene
sequences deposited in Genbank showed divergence con-
sistent with a duplication event (Fig. 2). Full-length
sequences were obtained only for BTUBI using inverse
PCR. SSCP screening and sequencing of multiple clones
suggested that paralogs are absent in G. gigantea.

Inverse PCR to obtain full-length 3-tubulin sequences

Inverse PCR products generated from G. gigantea DNA
digested with HindIll were approximately 650 and 550 bp
in length, while the product generated from Haelll digest
was approximately 750 bp long. The 650-bp product
included 120 bp of 5'-flanking sequence, while the 750-bp
product included 330 bp of 3’ flanking sequence. Inverse

o3
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gigantea. Total genomic DNA .
samples (10 pg/lane) were

Fig. 1 Southern blot of D P
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PCR product generated from G. clarum DNA digested with
HindIll was approximately 850 bp, while the product
generated from primers BtubS/GiH4R was approximately
1500 bp. The HindIIl fragment included more than 400 bp
of the 3’ flanking sequence. The [-tubulin gene isolated
from G. gigantea was 1,779 bp long, while the BTUBI
gene from G. clarum was 1,752 bp long.

Based on comparisons of the deduced amino acid and
known {3-tubulin sequences, the G. gigantea [3-tubulin gene
encoded a 447 amino acid protein with a calculated
molecular mass of 50.08 kD and an isoelectric point of
4.46 (Fig. 3). The G. clarum BTUBI gene also encoded a
447 amino acid protein with a calculated molecular mass of
50.16 kD and an isoelectric point of 4.41 (Fig. 4). The amino
acid sequences of G. gigantea and G. clarum BTUB1 were
94% similar, differing in only 27 amino acids. The region
from amino acid 427 to the C-terminus was highly variable
and accounted for ten of the 27 different amino acids. A high
number of synonymous substitutions were observed along
the exon sequences.

Comparison of the AMF 3-tubulin amino acid sequences
with 3-tubulin proteins from other fungi revealed that overall
amino acid sequence similarity was highest with the 3-tubulin
gene from species in Chytridiomycota (92% to 94% in
overlapping regions). Neighbor joining (NJ; Fig. 5) and
50% majority rule maximum parsimony (MP; data not
shown) trees generated using nearly full-length amino acid
sequences (436 amino acids in length) did not indicate a
sister grouping of AMF with chytrids. Bootstrap support was
highly significant in the NJ tree at the phylum level, except
for the Ascomycota. Zygomycotan sequences grouped in the
same clade as the highly divergent S. bovinus btub2, which
groups within Ascomycota (Juuti et al. 2005). In contrast to
the NJ tree, the five fungal phyla were monophyletic in the
MP tree; however, support at the phylum level was only
moderately significant.

Intron positions of AMF (-tubulin genes were inferred
by comparison with genes from other fungi rather than
verified by cDNA sequence analysis. Four introns were
positioned after codon 174, within codons 257 and 350, and
after codon 421. In G. gigantea, the position 1 intron was
168 bp long while position 2, 3, and 4 introns were 91, 87,
and 89 bp long, respectively. In G. clarum BTUBI,
position 1, 2, 3, and 4 introns were 136, 87, 90, and
95 bp long, respectively. All introns contained 5" and 3’
consensus splice junctions similar to those in (3-tubulin
genes of other fungi that conformed to the GT-AG rule.

The G+C content of the coding and intron regions of G.
gigantea and G. clarum (3-tubulin genes was 35.3% and
36.6%, respectively. Introns alone had an average G+C
content of 16.2% and 22% for these two fungi, respectively,
while exons alone averaged a G+C content of 41.4% in
both fungi. The G+C content of the 5’ and 3’ flanking
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Fig. 2 Phylogeny of Glomus
species based on partial nucleo-
tide (626 bp) (-tubulin gene
sequences showing the distribu-
tion of paralogous sequences.
Numbers at nodes indicate NJ/
MP analysis bootstrap values
>50%. The tree was rooted with
Paraglomus leptoticha
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sequences were 30.2% and 24.2%, respectively, for G.
gigantea. The G+C content at the 3’ flanking region of G.
clarum was 21.8%.

Two putative polyadenylation signals typical of higher
eukaryotes (AATAAA) were present at positions 1,957 and
2,087 bp in the 3’ flanking sequence of G. gigantea (Fig. 3)
and at positions 1,962 and 1,992 bp of the G. clarum 3'
flanking sequence (Fig. 4). Putative TATA-like elements at
—112 bp and a putative transcription start site at —83 bp were
present in the 5’ flanking region of the G. gigantea gene.
However, no corresponding CAAT box sequence was found.

Discussion

Most full-length AMF cDNAs have been characterized by
RACE or by screening cDNA libraries (Table 1). In this
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study, inverse PCR provided a simple way to sequence the
full-length (3-tubulin gene (coding and intron regions) and
its flanking sequences from two widely recognized AMF
species, G. gigantea and G. clarum. As only 13 full-length
genes have been isolated from AM fungi to date, inverse
PCR offers a tool for rapid isolation of other AMF genes
provided that partial sequences are available to design
specific primers. The inverse PCR method also is advan-
tageous in that the use of overlapping regions ensures that
no contaminants in the sample are sequenced. This
technique also can be used to isolate full-length cDNAs
provided that RNA instead of genomic DNA is used as the
starting material (Huang et al. 2003).

The B-tubulin gene was highly conserved, encoding a
447 amino acid polypeptide in both AMF and most other
fungi (Genbank, www.ncbi.nlm.nih.gov). The highly con-
served glycine-rich sequence, GGGTGAG, was present
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-132 AACCTAGACTGGTCGTTTTTTATAAACGTTGATAATCGTTTTTCATTACA -83
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AACACGTTTTACATTCTTTTTTGTTCCCCTCTCATTTCAACTTTCTTAGT
CTTTACCCCAATATAAACTATTCTATATGACCATGAGAGAAATCGTTCAC
M R E I V H
TTACAAACCGGCCAATGCGGTAATCAAATAGGTGCCAAATTTTGGGAAGT
L Q T G Q ¢ G N Q I G A K F W E V
HaeIII
TATCTCAGATGAACATGGTATTGACTACTCTGGTACATACGTCGGAGATG
I S b EH G I DY S G T Y V G D
CTGACCTCCAACTAGAAAGAATATCCGTTTACTATAATGAAGCCAATGGT
A DL Q L E R I S V Y Y N E A N G
GGAAAGTACGTTCCACGCGCCGTTCTTGTTGACCTTGAACCAGGTACTAT
G K Y v P R AV L V DULE P G T M
GGACTCTGTTCGCGCTGGTCCTTTCGGTCAACTTTTCCGTCCAGACAACT
D s VvV R A G P F G Q L F R P D N
TTGTCTTTGGTCAAAGTGGTGCTGGTAACAACTGGGCTAAGGGTCACTAC
F VvV F G Q s G A G NNW A K G H Y
ACCGAGGGTGCTGAACTTGTTGACACTGTTTTGGATGTTGTTCGTAAAGA

T E G A E L VvV D T V L DV V R K E
AGCCGAATCTTGTGACTGTTTACAAGGTTTCCAAATAACCCACTCTCTGG
A E s C D C L Q G F Q I T H S L
GGGGTGGTACTGGTGCTGGTATGGGTACTTTACTCATCTCTAAAATTCGT
G 6 6 T GA GM G TUL L I S K I R

GAAGAATACCCTGACCGTATGATGTGCACGTTTTCTGTCGTTCCTTCACC

E E Y P DR MMCT F S V V P S P
GIGALR
TAAAgtatgtataaattttattattaaatgaactaaagaaattatggttg
K
catttattgttagcgccatataagattattgatcatgttectttaatteat
ttaatgtgaacgcgtttcttaatgttttcatgatatttattaagataatt

tattaaatttatgtttaattagGTTTCTGATACTGTTGTTGAACCATACA

v s D T VvV V E P Y
GIGALF
ACGCAACACTTTCCGTACATCAATTGGTTGAAAACTCTGATGAAACATTC
N A T L S V H Q L V E N S D E T F

TGTATCGACAATGAAGCTTTATATGATATTTGCTTCCGTACATTGAAATT

¢ I b N E AL Y DI CF R T L K L

HindIII GIGA2R
GAATACACCTACATATGGTGATCTTAATCATTTAGTATCAGCCGTCATGA
N T P T Y G D L N H L V S A V M
GTGGTATCACTACCTGTCTGCGTTTCCCTGGTCAATTGAATGCTGATTTG
s 6 1 T T C L R F P G Q L N A D L
AGAAAATTAGCTGTCAATATGGgtaaatatcttttttaaattattataaa

R K L A V N M
atcatggttattatattacatttatattatcatacttatcatgtatttat

tttttttttccagTTCCTTTCCCACGTCTTCACTTTTTCATGGTCGGATT

v p F P R Lh,. H F F M V G F
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Fig. 3 Nucleotide and deduced amino acid sequence of the Giga-
spora gigantea [3-tubulin gene. Intron regions are in lower case,
restriction enzyme recognition sites and primer sequences are in bold
and underlined. Putative transcriptional control signals are underlined.
Number of nucleotides and amino acids are displayed in the right and
left margins, respectively
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337
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GIGA2F
TGCTCCATTAACTTCTCGTGGTTCTCAAGGTTATCGTGCCTTGACTGTCC
A P L T S R G S Q G Y R A L T V
CCGAATTGACTCAACAAGTTTTTGATGCCAAGAACATGATGGCTGCCTCA
P E L T Q Q v F b A K NM M A A S
GATCCTAGACATGGTCGTTATTTGACCGTTTCAGCCATTTTCAGAGGCCG
D P R HGU R Y L TV S A I F R G R
HaeIII

CTGCTCTATGAAAGAAGTTGAAGATCAAATGTTGGCTGTCCAAACAAAGA

c s M K E V ED Q M L A V Q T K
GIGA3R
ACAGCTCATACTTTGTTGAATGGATTCCTAATAATGTTAAGAgtaagtag
N 8§ S Y F vV EW I P N N V K
aataaatttattttttaatatttattatattttttaaaataataacatta

acaataatcaattgttcattattttctagCTGCCGTGTGTGATATTCCAC

T A vV C D I P
GIGA3F
CACGAGGTCTTAAAATGTCTGTTACTTTTATTGGTAACTCTACTTCTATT
P R G L K M S Vv T F I G N S T S I
CAAGAATTATTCAAACGTATTAGCGATCAATTCACCGCTATGTTCCGACG
Q E L F K R I 8 D Q F T A M F R R
TAAAGCTTTCTTACATTGGTACACCGGTGAGGGTATGGATGAAATGGAAT
K A F L H WY T G E G M D E M E
HindIII
TCACAGAAGCAGAATCTAATATGAACGATCTGGTATCTGAgtatgtataa
F T E A E S N M N D L V S E
tacattataaatttctggttgatatttattattagcattataacttatca
ttaatattgtataatttataacttattagATATCAACAATACCAAGAAGC
Yy o o Y Q E A
TACTGCTGAAGAAGAAGCTGAAGAATATGAAGAAGAAATCGATCAAGAGC
T A E E E A E E Y E E E I D Q E
AAGACATCTAAAACCACACATTTAACACATAATATTCATTATATTTCGCA
Q D I
TCCTTCATCATATATATACATATATGTATATATATATATTACATCTTTTT
ATGATCTATATTTCTCTTATATAAACACTTCTATTTTTACCTAAAAAAAA
AAAAATATTCCGACATCCTTCATATAGTCTTGCTACTGAATAAAGGTCGT
TTTTCACGAGTGGAATTTAARAATTTTTTATTTATAATTAGACATTTCATA
ATATTTGTTAACATAGCAGCGAGCATTTCGTGTTACATGTTTGGCAAGCA

TTTTTTATAATAGTAGAAAATAAAAAATTAAGAGTCCTTTGGACTTAATG

Fig. 3 (continued)

from residues 140 to 146 in AMF (-tubulin genes.
peptide forms part of the GTP-binding site by interacting
with the nucleotide’s phosphates (Nogales et al. 1998), A
potential Mg>" binding site (EALY; Farr and Sternlicht
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Fig. 4 Nucleotide and deduced amino acid sequence of the Glomus P

clarum (-tubulin gene (BTUBI1). Intron regions are in lower case,
restriction enzyme recognition sites and primer sequences are in bold
and underlined. Putative transcriptional control signals are underlined.
Number of nucleotides and amino acids are displayed in the right and
left margins, respectively

1992) was identified between amino acids 205 and 208.
The (-tubulin gene in AMF and other fungi encode an N-
terminal tetrapeptide MREI involved in the autoregulation
of 3-tubulin expression in mammalian cells (Cleveland and
Theodorakis 1994). Point mutations at codons 6 (His to
Tyr/Gln), 50 (Tyr to Asn/Ser), 134 (Gln to His/Lys), 165
(Ala to Val), 167 (Phe to Leu/Tyr), 198 (Glu to Gly/Ala/
Lys/GIn/Asp/Val), 200 (Phe to Tyr), 240 (Leu to Phe), 241
(Arg to His), and 257 (Met to Leu) have conferred
benzimidazole resistance in the (-tubulin gene of more
than 16 fungal species (Goldman et al. 1993; Cruz and
Edlind 1997; Ma et al. 2005). None of these point
mutations were found in AMF {3-tubulin genes, which is
consistent with previous results showing that benomyl
reduces mycorrhizal infection (Fitter and Nichols 1988),
inhibits spore germination (Chiocchio et al. 2000), and can
have long-term inhibition of colonization depending on
host and fungal species, soil type, and the formulation and
concentration of the applied benomyl (Spokes et al. 2006).

The region from amino acid 427 to C-terminus of the
AMF polypeptide was highly variable, as observed in all
other fungal (-tubulin genes in Genbank. The highly
variable carboxyl terminal, which was rich in glutamic acid
residues, is important for binding of microtubule-associated
proteins MAP2 and MAPT (Cross et al. 1994).

The full-length AMF amino acid sequences were in
agreement with partial sequences (201 amino acids)
reported by Corradi et al. (2004a, b) and corroborated the
conclusion by these authors that the amino acid sequence of
glomeromycotan {3-tubulin genes was most similar to those
of chytridiomycotan fungi. Such close similarity could be a
result of the maintenance of the ancestral state due to
functional and/or structural constraints on amino acid
sequences, even after extensive species divergence.

Phylogenetic trees generated in this study using longer
amino acid sequences do not show a sister group
relationship between AMF and chytrids. This is in contrast
to the study done by Corradi et al. (2004b) in which shorter
sequences were used. The positioning of AMF within the
fungal tree using beta-tubulin genes was not clear, as
bootstrap support for the clade clustering AMF with
Zygomycetes/Basidiomycetes/Ascomycetes was not signif-
icant. The branching position of Zygomycota was incon-
sistent, changing with different analysis performed in this
study. This is not surprising, as similar results have been
reported by Keeling et al. (2000).

@ Springer
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ATGAGGGAGATTGTTCACTTACAAACCGGCCAGTGTGGTAACCAAATAGG
M R E I V HL Q T G Q CGN Qo I G
BtubS
TGCCAAATTTTGGGAGGTCATTTCTGACGAACACGGTATTGACTACACTG
A K FWEV I SDEHTGTITUDTY T
GAACCTATAATGGTGACTCCGACCTTCAAATAGAAAGAATCTCTGTATAT
¢ T YN GD S DUIL QI ER I S V Y
TATAATGAAGCTTCTGGTGGTAAATATGTACCACGCGCCGTTCTCGTTGA
Y N EA S G G K Y V P R AV L V D
HindIII
CCTTGAACCCGGTACTATGGACTCCGTTCGTGCTGGTCCTTTTGGACAAC
L E P G T M D S V R A G P F G Q
TCTTCCGTCCAGATAATTTCGTTTTTGGTCAAAGCGGTGCCGGAAACAAT
L F R P DNV FV F G QS GAGN N
TGGGCCAAGGGTCATTACACTGAAGGTGCTGAACTTGTAGATTCTGTATT
W A K G H Y T EGA AZETLV D S V L
AGACGTTGTTCGTAAAGAAGCAGAATCTTGTGATTGTTTACAAGGTTTCC
DV VR KTEHA AEST CDTCTLOQG F
AAATTACCCACTCCCTTGGTGGTGGTACCGGTGCTGGTATGGGTACCTTA
Q0 I TH S L GGG GTGA ATZGMGT L
CTCATCTCAAAAATCCGGGAAGAATATCCAGACCGTATGATGTGCACGTT
L I S K I R EE Y P DU RMMTC T F
CTCGGTGGTTCCATCACCTAAGgtatttttcetgaaacttattttttttte
S VvV P S P K
ctcccattacacttttgtatttggaagggttagaagtcataatcgaatgt
ttgacacgtatatttaacgtgttaaataataattgtttttcatttttect
aaatatagGTTTCTGATACTGTCGTTGAACCATATAACGCTACATTATCA
vV $s DTV VEZPJYDNA ATL S
GTACATCAATTAGTTGAAAATTCTGATGAAACATTCTGTATCGATAATGA
V H Q L V E N 8

D E T F C I D N E

AGCTTTATACGACATTTGCATTCGAACTTTGAAATTAAACACTCCAACCT

A L Yy D I1 ¢ I R TUL K L N T P T

HindIII GC1R
ATGGCGATCTCAACAATTTGGTATCTGCCGTTATGAGTGGAATTACTACA
Yy 6 b L N NL V S AV M S G I T T
TGTTTACGATTCCCAGGTCAACTTAATGCTGATTTGAGAAAATTGGCTGT
¢ L R F P G Q L N A DL R K L A V
CAATATGGgtaatttttgattcttatttcattttcaatggtaaatttgta
N M
actgtatgtcagttaactcatttattattatttgtaatttattagTGCCT
v P
TTTCCACGTCTTCACTTCTTCATGGTCGGATTTGCACCTTTGTTTCCTCG
F P R L H F FM V G F A P L F P R
TGGATCTCAAGGTTATCGTGCCTTGACTGTACCAGAATTAACACAACARAA
G S ¢ G Y R A L TV P E L T Q Q
TGTTCGATGCTAAGAACATGATGGCTGCCTCAGATCCTCGTCATGGTCGT
M F

D A K N MMM A A S D P R H G R

TACTTGACCGTTGCTGCCATGTTCAGGGGTCGCTGTTCAATGAAGGAAGT
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310 Yy L. T v A A M F R G R C S M K E V
TGATGATCAAATGTTATCCGTTCAAACAAAGAACAGTTCATACTTTGTTG 1250
327 D D Q ML S V Q T K N S S Y F V
AATGGATCCCCAATAACGTCAARAgtaagcataaatataaaatatatatg 1300
343 E W I P N N V K
tatgcgttgaaaattttccattgcctatttaattttctaactcggtcata 1350

cgctttaattatagCCGCTGTTTGTGACATTCCACCAAAAGGTCTTAAGA 1400

351 T A vV C D I P P K G L K
GC1F
TGTCAGTTACTTTCATTGGTAATTCGACATCTATTCAGGAACTTTTCAAA 1450
363 M s v T F I G N s T S I Q E L F K
CGTATCAGCGATCAATACACTGCTATGTTTAGACGTAAGGCCTTCTTGCA 1500
380 R I s b Q Y T A M F R R K A F L H

TTGGTATACAGGAGAGGGTATGGATGAAATGGAATTCACTGAAGCTGAAT 1550

397 wy T G E G M D E M E F T E A E
GiH4R
CTAACATGAATGATTTGGTATCTGAgtaagttattttttcttcttttace 1600
413 S N M N D L V S E
aattaaatgtaataagtttttatagaatttttttaaaaaaattaacaata 1650
attatattttattattatagATATCAACAATATCAAGAAGCCACTGTAGA 1700
422 Y Q QY Q E A T V E
AGAAGAAGAAGGCGAATACGAAGAAGAAGAATTAGAGCAAGATGCAGAAT 1750
431 E E E G E Y E E E E L E

Q D A E

AATTTCATTTTTTTTTTACCATAATTACGCATTCATATTTCAAAACATCA 1800

TTCTATTTTTTCAATTTTCTATTTTTTTTTTTTCTTTTTTTTCAATCATT 1850
TTAAAATAGATTTTTATTAAGTTAAAAATAATCAATTTTACATTTGAATA 1900
CAATGTATTATTCTTTTAGAATTAACTTTTTACTATTGGAAAAATTAGCA 1950
AAGTAACGTGTAATAAAAAAAAAAGGTTTATTTTTTTTTAAAATAAAATT 2000

ATGTAACACTTGTATTGGTTATAATTCATGTTGTACACAAATATTGTTTA 2050

ATGATAGATTCAGCGGGTAGCAACAATAATGTTGCGTCTTTAAACTCCTT 2100

AATCCACGAATTGCGCCTTCCATTTAGGAATTAATTTATAAATCAAATCT 2150

TTGTCTTTAAATCTTGTTTCAATTGAAAGGACATTTTTTTTATGGACTC 2199

Fig. 4 (continued)

The location of the first intron in the -tubulin gene of
the two AMF species (at codon 174) differed strikingly
from all other fungal phyla from which full sequences have
been published. None of the chytridiomycotan sequences in
Genbank or in the database at the Broad Institute shared
any similar intron positions with AMF. In Zygomycota, an
intron is present at codon 174 (Table 3), but its location in
relation to other introns in the {3-tubulin gene is unknown
because full-length sequences are not available for com-
parison. It is plausible that some species in Zygomycota
also have the first intron located at codon 174. In

Ascomycete and Basidiomycete fungi characterized thus
far (Ayliffe et al. 2001), the first intron is located within the
first 15 amino acids (Table 3). The second intron occurring
at codon 257 in AMF (3-tubulin gene corresponds to a sixth
intron in the Basidiomycete S. bovinus and Schizophyllum
commune and a fifth intron in the Ascomycete Mycos-
phaerella pini. Several Zygomycete species also have an
intron at this position (Table 3). Introns at codons 350 and
421 were unique to G. gigantea, G. clarum, and most likely
other AMF species.

Comparisons of partial and full-length (3-tubulin sequen-
ces indicated that intron positions are conserved across the
50 AMF species studied to date (Corradi et al. 2004a, b;
Msiska and Morton 2009). Intron positions seem to be
conserved at the order level in glomeromycotan fungi
whereas they are more conserved at the class level in
Basidiomycota and Ascomycota (Ayliffe et al. 2001). The
degree of conservation of introns within Zygomycota and
Chytridiomycota could not be assessed, as only one full-
length sequence containing intron regions is available for
each phylum.

Ayliffe et al. (2001) suggest that intron positions within
fungal (-tubulin genes may reflect evolutionary relation-
ships between species. None of the intron positions within
Chytridiomycotan sequences deposited in Genbank/Broad
Institute appear similar to intron positions in AMF (Table 3).
For now, intron positioning suggests that AMF are more
closely related to the Basidiomycota, Ascomycota, and
Zygomycota. According to the “intron late” theory, spli-
ceosomal introns emerged only in eukaryotes and have
been inserted into protein-coding genes continuously
throughout their evolutionary history (Koonin 2006).
Therefore, the last shared ancestor of the Zygomycota,
Glomeromycota, Ascomycota, and Basidiomycota may
have possessed introns at codons 174 and 257 of the f3-
tubulin gene. All four introns of AMF {-tubulin gene
contained conserved 5" and 3’ splice signals similar to those
of other fungi.

The low G+C content of the (3-tubulin genes calculated in
this study agrees with that reported for Glomeromycotan
partial -tubulin gene sequences (Corradi et al. 2004b). The
low G+C content of the AMF 3-tubulin genes is reflected in
codon usage, wherein 68.5% of all codons end in either an A
or a T. In most fungal (-tubulin genes, pyrimidines occur
more frequently than purines in the third codon position. In
Neurospora crassa and A. nidulans (3-tubulin genes, adenine
generally is excluded from the third codon position (May
et al. 1987; Orbach et al. 1986). A comparison of all AMF
cloned full-length genes shows a preference for an A or T in
the wobble position, except for genes encoding amino acid
permease, chitin synthase, and 3-phosphoglycerate kinase.
The genes encoding amino acid permease, chitin synthase,
and 3-phosphoglycerate kinase are high in G+C content
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Fig. 5 Fungal phylogeny based
on nearly full-length amino acid
sequences (436 amino acids in
length). Numbers at nodes indi-
cate bootstrap values >50%.
Phyla are labeled to the right of
the tree. The tree was rooted
with Animalia

50

[C AA40178 Neotyphodium coenophialum
P17938 Epichloe typhina
AAUB1618 Epichloe festucae
P53374 Gibberella fujikuroi
AF484166 Gibberella pulicaris
AB028929 Passalora fulva
ABDA49715 Metarhizium anisopliae
P41741 Acremonium chrysogenum
ABK27614 Hypocrea lixii tub2
AAD17776 Hypocrea virens tub2
CAA78765 Trichoderma viride tub2
ABK27613 Hypocrea lixii tub1
AAD17775 Hypocrea virens tub1
CAA78764 Trichoderma viride tub1
CACB85551 Cordyceps bassiana
EDKO02768 Magnaporthe grisea
BAF38476 Glomerella acutata tub2
P40904 Glomerella cingulata tub2
P22014 Glomerella graminicola tub2
AF115396 Pestalotiopsis microspora
EAA28433 Neurospora crassa
AAP57940 Sclerotinia sclerotiorum
AAV53378 Phaeosphaeria nodorum
AF257329 Leptosphaeria maculans
Q4RION3 Cochliobolus heterostrophus
P41388 Venturia inaequalis
AAX52522 Cercospora beticola
AAS55060 Mycosphaerella graminicola
AAC02112 Mycosphaerella pini
CAA35709 Blumeria graminis
P53376 Rhynchosporium secalis
CAA93254 Botryotinia fuckellana
AAM23017 Erysiphe necator
XP_G658786 Aspergillus nidulans tub1
ABEO01845 Microsporum canis
AAV33733 Trichophyton rubrum

100§

——BAA11229 Penicillium digitatum
XP_664442 Aspergillus nidulans tub2
CAA44023 Pneumocystis carinii

Rhizopus oryzae

Rhizopus oryzae beta2

Rhizopus oryzae

Rhizopus oryzae
—CAG27309 Suillus bovinus tub2

———AAT91243 Paxillus involutus
CAGB0047 Yarrowia lipolytica
18043298 Galactomyces geotrichum tub2

CAHD0391 Kluyveromyces lactis
P02557 Saccharomyces cerevisae
CAGB6997 Debaryomyces cerevisae
AAB20556 Galactomyces geotrichum
AAC21454 Schizosaccharomyces pombe
BAF38475 Glomerella acutata tubi
P22013 Glomerella graminicola tub1

ASCOMYCOTA

ZYGOMYCOTA

ASCOMYCOTA

66

86

ABK34895

(55.5%, 52%, and 48.9%, respectively). For all other AMF
genes surveyed in Genbank, the G+C content varies from
35% to 42% (Hosny et al. 1997).

The P-tubulin gene nucleotide sequences of both G.
gigantea and G. clarum contain the consensus sequence
AATAAA in the 3' flanking sequence, which may be involved
in 3’ end polyadenylation of precursor messenger RNA
(mRNA). Only one AMF gene (FOX2) has been sequenced
which contained the polyadenylation signal (Requena et al.
1999). The G. gigantea {3-tubulin gene included the consen-
sus TATAAA sequence 29 bp upstream of the putative
transcription start site as predicted by a computer program.
Promoters of genes that transcribe relatively large amounts of

@ Springer

P32928 Glomerella cingulata tub1
CAG27308 Suillus bovinus tub1
P30668 Schizophyllum commune
AAD21093 Pleurotus sajor-caju
BAA19057 Coprinopsis cinerea tub1
CACB83953 Uromyces viciae-fabae
Q9HFQ3 Melampsoni lini

AF295595 Microbotryum violaceum
Q4P235 Ustilago maydis
100||\—FJ174327 Gigaspora gigantea

FJ174327 Glomus clarum tub1

100 Batrachochytrium dendrobatidis
lastocladiella emersonii

NP_035785 Mus musculus betas
NP_001074329 Gallus gallus 2C
NP_001036964 Bombyx mori

JBASIDIOMYCOTA

IGLOMEROMYC OTA
lCHYTRJDlO MYCOTA

IANIMALIA

= 0.01 changes

mRNA have a TATA sequence about 30 bp upstream from the
transcription start site, as well as one or more promoter
elements further upstream (Gilbert 2006). The G. gigantea 3-
tubulin gene did not have the corresponding CCAAT-box in
the promoter region due to a truncated sequence. Only four
AMF genes have been isolated which contain sequences
upstream of the start codon (Requena et al. 1999, 2000;
Lanfranco et al. 1999; Harrier 2001). For G. mosseae beta-
oxidation protein (FOX2) and 3-phosphoglycerate kinase
genes, several TATA sequences were found upstream of the
start codon. In contrast, the Glomus versiforme chitin synthase
gene had only one TATA sequence 65 bp upstream from the

start codon.
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Table 3 Comparison of positions of introns in a representative range of fungal (3-tubulin genes
Species Accession # Intron position
1 4 9 11 12 15 17 21 27 29 35 36 49 50 53 58 62 8 &7 90 104 108
Glomeromycota
Gigaspora gigantea FJ174327 0 0 0 0 O O O O O O O O O O O O O O o0 o0 O 0
Glomus clarum FJj174328 0 0 0 0o 0o O O O O O O O O O O O O O O 0 O 0
Basidiomycota
Schizophyllum commune X63372 o o0 o0 1 o o 1 o0 O O O O O O O O O O o0 0 1 0
Cryptococcus neoformans AEO17343 1 0 0 0 0 0 O 1 O O O o O O O O O O OO 1 O 0
Suillus bovinus AJ698040 0 0 o 1 o0 o 1 O O O O O O O O O O 0 0 o0 1 0
Coprinus cineria ABOOOIl6 0 0 0 1 o O 1 O O O O O O O O O O O O o0 1 0
Ascomycota
Mycosphaerella pini AF044975 0 1T 0 o 1 O O O O O 1 O O O I O O O O O0 O 0
Zygomycota
Rhizopus oryzae o o0 1 o0 o0 1 o0 o0 O O o0 o o o o0 o 1 0 o0 0 O 0
Smittium simuli AY9%44829 N N N N N N 0 O O 0o O O o O O O O O O 0 O 0
Smittium commune AY9%44828 N N N N N N 0 O O O O O o O O O O 0 O 0 O 0
Conidiobolus coronatus AF162058 N N N N N N 0 O O O O O o O O O O O0O O 0 O 0
Absidia spinosa AY9%4781 N N N N N N 0 O O O O 1 o O O O 1 0 O 0 O 0
Dissophora decumbens AY9%44836 N N N N N N O O O O o o o I O O O 0O o0 0 O 1
Absidia parricida AY9%44780 N N N N N N 0 O O O O O o O O O 1 0 O 0 O 0
Chytridiomycota
Batrachochytrium dendrobatidis o o0 o0 o0 o0 1 0 o0 1 0 0O 0O O O O O O o0 1 0 O 0
Monoblepahris polymorpha AY%9%44851 N N N N N N O O O 1 o o I O O 1 O 1 0 0 O 0
Powellomyces variabilis AYI3879¢ N N N N N N 0 O O O O O o O O O O O0o 1 0 O 0
Powellomyces variabilis AY138797 N N N N N N O O O O o o o O O O O O o0 0 O 0
Rhizophlyctis rosea AF162078 N N N N N N 0 O 1 0 O O o O O O O0O O 1 0 O 0
Spizellomyces punctatus AF162077 N N N N N N N N O O O o 0 0 0 O O 0O o0 0 O 0
Spizellomyces punctatus AF162076 N N N N N N N N 1 O O O O O O O O0O o0 1 0 O 0
Species Intron position
121 132 154 162 174 181 182 198 241 246 251 257 285 308 312 348 350 352 354 360 407 408 421 429
Glomeromycota
Gigaspora gigantea o 0 o0 1 o0 o o0 o0 o 1 o0 o0 o0 O 1 o0 o0 O o0 1 0
Glomus clarum 0 0o 0 1 o o o0 o0 o0 1t o o o o 1 O O o o0 o0 1 O
Basidiomycota
Schizophyllum commune o 1 o o0 o0 1 o0 o0 O o0 o0 1 o0 o 1 o O O O o 1 0 0 O
Cryptococcus neoformans o o0 o0 o0 1 o0 o0 o0 O O o o o 1 o0 O O O 1 o o 1 0 O
Suillus bovinus o 1 o o0 o0 1 o o0 O o0 o0 1 o o0 1 o0 O O O o 1 o0 0 O
Coprinus cineria o 1 o o0 o0 1 o0 o0 o0 o0 o0 1 O O 1 O O O O O O o0 o0 1
Ascomycota
Mycosphaerella pini o o0 o o0 o0 o0 o0 o0 o o0 o0 1 O O o o o0 o o o o0 o o0 o
Zygomycota
Rhizopus oryzae o o0 o o0 o o0 o0 o o o o o o o o o o0 o o o o0 o o o
Smittium simuli o o0 o o0 1 o0 O o o o O O O o o O O O 0 O N N N N
Smittium commune o o0 o0 o0 1 o0 O o o o O O O o o O O O 0 O N N N N
Conidiobolus coronatus o o o0 o0 1 o0 O o0 O o o o0 o0 o o O O O 0 O N N N N
Absidia spinosa o o0 o0 o0 o0 o o o o o o 1 O o o0 O O O 0 O N N N N
Dissophora decumbens o o0 o o0 1 o0 o0 O o o0 1 o0 O O O O O O O I N N NN
Absidia parricida o o0 o0 o0 o0 o0 o o o o o 1 o0 o o o0 O O 0 O N N N N
Chytridiomycota
Batrachochytrium dendrobatidis 0 0 0 0 0 0 O O O O O O O O O O O O O o O 0 0 O
Monoblepahris polymorpha i1 o o0 o0 o0 o0 1 o0 O O O o 1 o0 o0 1 O O O O N N N N
Powellomyces variabilis o o o 1 o o0 o0 O o 1 o0 O O O O O O O O O N N N N
Powellomyces variabilis o o0 1 o o o0 o0 O o o0 o o o0 o0 o o o0 1 0 0O N N N N
Rhizophlyctis rosea o o0 o0 1 o0 o0 o0 o o 1 o0 O O o o O O O 0O O N N N N
Spizellomyces punctatus o o 1 o0 o o0 o0 o o o o o o o o o o0 1 0 0O N N N N
Spizellomyces punctatus o o0 o0 1 o0 o0 OO0 o0 o0 1 O O O O O O O O 0O O N N N N

Intron positions are defined by codon number according to Ayliffe et al. (2001). The number designating each intron position refers to the codon
that is either immediately 5’ of the intron or interrupted by the intron. Presence of an intron = 1, absence of an intron = 0, missing data = N
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Corradi et al. (2004b) found only a single copy of the f3-
tubulin gene in G. margarita and two copies in three Glomus
species. A similar result was obtained in this study: only one
gene was found in G. gigantea but two genes were found in
G. clarum. The Glomeromycota are no different from other
fungi in that some species have a single 3-tubulin gene and
others have evolved two copies. A mechanism for duplica-
tion of genes in clonally reproducing species, such as AMF,
has not been elucidated experimentally. Three possible
hypotheses are (1) unequal crossover of sister chromatids
during mitosis, (2) chromosome duplication resulting from
non-disjunction of sister chromatids (aneuploidy), or (3)
whole genome duplication or polyploidy (Comai 2005).

Acknowledgments The authors wish to thank Bill Wheeler for
helping with the manipulation and processing of AMF cultures. We
also thank Dr. Jed Doelling for reviewing the manuscript. We are
grateful to one reviewer for providing an additional source of
information for full-length (-tubulin sequences of the Chytridiomy-
cota and Zygomycota. Funding was provided by a Fulbright
scholarship to Zola Msiska and National Science Foundation grants
DBI0650735 and DEB0649341 to Joseph Morton.

References

Aono T, Maldonado-Mendoza TE, Dewbre GR, Harrison MJ, Saito M
(2004) Expression of alkaline phophatase genes in arbuscular
mycorrhizas. New Phytol 162:525-534. doi:10.1111/j.1469-
8137.2004.01041.x

Ayliffe MA, Dodds PN, Lawrence GJ (2001) Characterisation of a
beta-tubulin gene from Melampsora lini and comparison of
fungal beta-tubulin genes. Mycol Res 105:818-826. doi:10.1017/
S0953756201004245

Bago B, Zipfel W, Williams RM, Jun J, Arreola R, Lammers PJ,
Pfeffer PE, Shachar-hill Y (2002) Translocation and utilization of
fungal storage lipid in the arbuscular mycorrhizal symbiosis.
Plant Physiol 128:108—124. doi:10.1104/pp.010466

Breuninger M, Trujillo CG, Serrano E, Fischer R, Requena N (2004)
Different nitrogen sources modulate activity but not expression
of glutamine synthetase in arbuscular mycorrhizal fungi. Fungal
Genet Biol 41:542-552. doi:10.1016/j.fgb.2004.01.003

Buhr TL, Dickman MB (1994) Isolation, characterization, and expression
of a second 3-tubulin-encoding gene from Colletotrichum gloeospor-
ioides f. sp. aeschynomene. Appl Environ Microbiol 60:4155-4159

Burleigh SH, Harrison MJ (1998) A ¢cDNA from the arbuscular
mycorrhizal fungus Glomus versiforme with homology to a
cruciform DNA-binding protein from Ustilago maydis. Mycor-
rhiza 7:301-306. doi:10.1007/s005720050196

Cappellazzo G, Lanfranco L, Fitz M, Wipf D, Bonfante P (2008)
Characterization of an amino acid permease from the endomy-
corrhizal fungus Glomus mosseae. Plant Physiol 147:429-437.
doi:10.1104/pp.108.117820

Chiocchio V, Venedikian N, Martinez AE, Menendez A, Ocampo JA,
Godeas A (2000) Effect of the fungicide benomyl on spore
germination and hyphal length of the arbuscular mycorrhizal
fungus Glomus mosseae. Int Microbiol 3:173-175

Cleveland DW, Theodorakis NG (1994) Regulation of tubulin
synthesis. In: Hyams JS, Lloyd CW (eds) Microtubules. Wiley-
Liss, New York, pp 47-58

@ Springer

Comai L (2005) The advantages and disadvantages of being
polyploid. Nat Rev Genet 6:836-846. doi:10.1038/nrgl1711
Corradi N, Sanders IR (2006) Evolution of the P-type II ATPase gene
family in the fungi and presence of structural genomic changes
among isolates of Glomus intraradices. BMC Evol Biol 6:21.
doi:10.1186/1471-2148-6-21

Corradi N, Kuhn G, Sanders IR (2004a) Monophyly of b-tubulin and
H-+-ATPase gene variants in Glomus intraradices: consequences
for molecular evolutionary studies of AM fungal genes. Fungal
Genet Biol 41:262-273. doi:10.1016/j.fgb.2003.11.001

Corradi N, Hijri M, Fumagalli L, Sanders IR (2004b) Arbuscular
mycorrhizal fungi (Glomeromycota) harbour ancient fungal
tubulin genes that resemble those of the chytrids (Chytridiomy-
cota). Fungal Genet Biol 41:1037-1045. doi:10.1016/j.
fgb.2004.08.005

Cross D, Farias G, Dominguez J, Avila J, Maccioni RB (1994)
Carboxyl terminal sequences of the beta-tubulin involved in the
interaction of HMW-MAPs. Studies using site specific anti-
bodies. Mol Cell Biochem 16:81-90. doi:10.1007/BF00925677

Cruz MC, Edlind T (1997) Beta-tubulin genes and the basis for
benzimidazole sensitivity of the opportunistic fungus Cryptococ-
cus neoformans. Microbiology 143:2003-2008

Farr GW, Sternlicht H (1992) Site-directed mutagenesis of the GTP-
binding domain of beta-tubulin. J Mol Biol 227:307-321.
doi:10.1016/0022-2836(92)90700-T

Fitter AH, Nichols R (1988) The use of benomyl to control infection
by vesicular—arbuscular mycorrhizal fungi. New Phytol 110:201—
206. doi:10.1111/5.1469-8137.1988.tb00253.x

Franken P, Requena N (2001) Analysis of gene expression in
arbuscular mycorrhizas: new approaches and challenges. New
Phytol 150:517-523

Gadkar V, Rillig MC (2006) The arbuscular mycorrhizal fungal
protein glomalin is a putative homolog of heat shock protein 60.
FEMS Microbiol Lett 263:93-101. doi:10.1111/j.1574-6968.
2006.00412.x

Gerdemann JW, Nicolson TH (1963) Spores of mycorrhizal Endogone
species extracted from soil by wet sieving and decanting. Trans
Br Mycol Soc 46:235-244

Gilbert SF (ed) (2006) Developmental biology, 8th edn. Sinauer,
Massachussetts

Goldman GH, Temmerman W, Jacobs D, Contreras R, van Montagu
M, Herrera-Estrella A (1993) A nucleotide substitution in one of
the beta-tubulin genes of Trichoderma viride confers resistance to
the antimitotic drug methyl benzimidazole-2-yl-carbamate. Mol
Gen Genet 240:73-80. doi:10.1007/BF00276886

Harrier LA (2001) The arbuscular mycorrhizal symbiosis: a molecular
review of the fungal dimension. J Exp Bot 52:469—478

Harrier LA, Wright F, Hooker JE (1998) Isolation of the 3-
phosphoglycerate kinase gene of the arbuscular mycorrhizal
fungus Glomus mosseae (Nicol. & Gerd.) Gerdemann & Trappe.
Curr Genet 34:386-392. doi:10.1007/s002940050411

Harrison MJ, van Buuren ML (1995) A phosphate transporter from
the mycorrhizal fungus Glomus versiforme. Nature 378:626—629.
doi:10.1038/378626a0

Helgason T, Watson 1J, Young JP (2003) Phylogeny of the Glomerales
and Diversiporales (Fungi: Glomeromycota) from actin and
eleongation factor l-alpha sequences. FEMS Microbiol Lett
229:127-132. doi:10.1016/S0378-1097(03)00802-4

Hosny M, Debarros JPP, Gianinazzi-Pearson V, Dulieu H (1997) Base
composition of DNA from Glomalean fungi—high amounts of
methylated cytosine. Fungal Genet Biol 22:103-111. doi:10.
1006/fgbi.1997.1008

Huang S-H, Chen SHM, Jong AY (2003) Use of inverse PCR to clone
c¢DNA ends. In: Ying S-Y (ed) Methods in molecular biology
vol. 221: generation of cDNA libraries: methods and protocols.
Humana, Totowa, NJ, pp 51-58


http://dx.doi.org/10.1111/j.1469-8137.2004.01041.x
http://dx.doi.org/10.1111/j.1469-8137.2004.01041.x
http://dx.doi.org/10.1017/S0953756201004245
http://dx.doi.org/10.1017/S0953756201004245
http://dx.doi.org/10.1104/pp.010466
http://dx.doi.org/10.1016/j.fgb.2004.01.003
http://dx.doi.org/10.1007/s005720050196
http://dx.doi.org/10.1104/pp.108.117820
http://dx.doi.org/10.1038/nrg1711
http://dx.doi.org/10.1186/1471-2148-6-21
http://dx.doi.org/10.1016/j.fgb.2003.11.001
http://dx.doi.org/10.1016/j.fgb.2004.08.005
http://dx.doi.org/10.1016/j.fgb.2004.08.005
http://dx.doi.org/10.1007/BF00925677
http://dx.doi.org/10.1016/0022-2836(92)90700-T
http://dx.doi.org/10.1111/j.1469-8137.1988.tb00253.x
http://dx.doi.org/10.1111/j.1574-6968.2006.00412.x
http://dx.doi.org/10.1111/j.1574-6968.2006.00412.x
http://dx.doi.org/10.1007/BF00276886
http://dx.doi.org/10.1007/s002940050411
http://dx.doi.org/10.1038/378626a0
http://dx.doi.org/10.1016/S0378-1097(03)00802-4
http://dx.doi.org/10.1006/fgbi.1997.1008
http://dx.doi.org/10.1006/fgbi.1997.1008

Mycorrhiza (2009) 19:501-513

513

Jung MK, Wilder IB, Oakley BR (1992) Amino acid alterations in the
benA (beta-tubulin) gene of Aspergillus nidulans that confer
benomyl resistance. Cell Motil Cytoskelet 22:170-174. doi:10.
1002/cm.970220304

Juuti JT, Jokela S, Tarkka MT, Paulin L, Lahdensalo J (2005) Two
phylogenetically highly distinct beta-tubulin genes of the
basidiomycete Suillus bovinus. Curr Genet 47:253-263.
doi:10.1007/s00294-005-0564-6

Keeling PJ, Luker MA, Palmer JD (2000) Evidence from beta-tubulin
phylogeny that microsporidia evolved from within the fungi. Mol
Biol Evol 17:23-31

Koonin EV (2006) The origin of introns and their role in eukaryo-
genesis: a compromise solution to the introns-early versus introns-
late debate? Biol Direct 1:1-22. doi:10.1186/1745-6150-1-1

Lanfranco L, Garnero L, Bonfante P (1999) Chitin synthase genes in
the arbuscular mycorrhizal fungus Glomus versiforme: Full
sequence of a gene encoding a class IV chitin synthase. FEMS
Microbiol Lett 170:59-67. doi:10.1111/j.1574-6968.1999.
tb13355.x

Li M, Yang Q (2007) Isolation and characterization of a beta-tubulin
gene from Trichoderma harzianum. Biochem Genet 45:529-534.
doi:10.1007/510528-007-9094-x

Ma Z, Yoshima MA, Michailides TJ (2005) PCR-based assays for
detection of benzimidazole resistant isolates of Monilinia laxa in
California. Pest Manag Sci 61:449-457. doi:10.1002/ps.982

May GS (1989) The highly divergent beta-tubulins of Aspergillus
nidulans are functionally interchangeable. J Cell Biol 109:2267—
2274. doi:10.1083/j¢cb.109.5.2267

May GS, Tsang MLS, Smith H, Fidel S, Morris NR (1987)
Aspergillus nidulans beta-tubulin genes are unusually divergent.
Gene 55:231-243. doi:10.1016/0378-1119(87)90283-6

McKean PG, Vaughan S, Gull K (2001) The extended tubulin
superfamily. J Cell Sci 114:2723-2733

Msiska Z, Morton JB (2009) Phylogenetic analysis of the Glomer-
omycota by partial beta-tubulin gene sequences. Mycorrhiza
19:247-254. doi:10.1007/s00572-008-0216-z

Mukherjee M, Hadar R, Mukherjee PK, Horwitz BA (2003)
Homologous expression of a mutated beta-tubulin gene does
not confer benomyl resistance on Trichoderma virens. J Appl
Microbiol 95:861-867. doi:10.1046/j.1365-2672.2003.02061.x

Neff NF, Thomas JH, Grisafi P, Botstein D (1983) Isolation of the
beta-tubulin gene from yeast and demonstration of its essential
function in vivo. Cell 33:211-219. doi:10.1016/0092-8674(83)
90350-1

Nogales E, Downing KH, Amos LA, Lowe J (1998) Tubulin and FtsZ
form a distinct family of GTPases. Nat Struct Mol Biol 5:451—
458. doi:10.1038/nsb0698-451

Ochman H, Gerber S, Hartl DL (1988) Genetic applications of an
inverse polymerase chain reaction. Genetics 120:621-623

Ocon A, Hampp R, Requena N (2007) Trehalose turnover during
abiotic stress in arbuscular mycorrhizal fungi. New Phytol
174:879-891. doi:10.1111/j.1469-8137.2007.02048.x

Orbach MJ, Porro EB, Yanofsky C (1986) Cloning and characteriza-
tion of the gene for beta-tubulin from a benomyl resistant mutant
of Neurospora crassa and its use as a dominant selectable
marker. Mol Cell Biol 6:2452-2461

Panaccione DG, Hanau RM (1990) Characterization of two divergent
beta-tubulin genes from Colletotrichum graminicola. Gene
86:163-170. doi:10.1016/0378-1119(90)90275-V

Panaccione DG, McKiernan M, Hanau RM (1988) Colletotrichum
graminicola transformed with homologous and heterologous
benomyl-resistant genes retains expected pathogenicity to corn.
Mol Plant Microbe Interact 1:113-120

Redecker D, Raab P (2006) Phylogeny of the Glomeromycota
(arbuscular mycorrhizal fungi): recent developments and new
gene markers. Mycologia 98:885-895. doi:10.3852/mycologia.
98.6.885

Requena N, Fuller P, Franken P (1999) Molecular characterization of
GmFOX2, an evolutionarily highly conserved gene from the
mycorrhizal fungus Glomus mosseae, down regulated during
interaction with rhizobacteria. Mol Plant Microbe Interact
12:934-942. doi:10.1094/MPMI.1999.12.10.934

Requena N, Mann P, Franken P (2000) A homologue of the cell cycle
check point TOR2 from Saccharomyces cerevisiae exists in the
arbuscular mycorrhizal fungus Glomus mosseae. Protoplasma
212:89-98. doi:10.1007/BF01279350

Requena N, Breuninger M, Franken P, Ocon A (2003) Symbiotic
status, phosphate, and sucrose regulate the expression of two
plasma membrane H+-ATPase genes from the myccorrhizal
fungus Glomus mosseae. Plant Physiol 132:1540—1549. doi:10.
1104/pp.102.019042

Spokes JR, MacDonald RM, Hayman DS (2006) Effects of plant
protection chemicals on vesicular—arbuscular mycorrhizas. Pest
Manag Sci 12:346-350

Weatherbee JA, May GS, Gambino J, Morris NR (1985) Involvement
of a particular species of tubulin (beta3) in conidial development
in Aspergillus nidulans. J Cell Biol 101:706—711. doi:10.1083/
jcb.101.3.706

@ Springer


http://dx.doi.org/10.1002/cm.970220304
http://dx.doi.org/10.1002/cm.970220304
http://dx.doi.org/10.1007/s00294-005-0564-6
http://dx.doi.org/10.1186/1745-6150-1-1
http://dx.doi.org/10.1111/j.1574-6968.1999.tb13355.x
http://dx.doi.org/10.1111/j.1574-6968.1999.tb13355.x
http://dx.doi.org/10.1007/s10528-007-9094-x
http://dx.doi.org/10.1002/ps.982
http://dx.doi.org/10.1083/jcb.109.5.2267
http://dx.doi.org/10.1016/0378-1119(87)90283-6
http://dx.doi.org/10.1007/s00572-008-0216-z
http://dx.doi.org/10.1046/j.1365-2672.2003.02061.x
http://dx.doi.org/10.1016/0092-8674(83)90350-1
http://dx.doi.org/10.1016/0092-8674(83)90350-1
http://dx.doi.org/10.1038/nsb0698-451
http://dx.doi.org/10.1111/j.1469-8137.2007.02048.x
http://dx.doi.org/10.1016/0378-1119(90)90275-V
http://dx.doi.org/10.3852/mycologia.98.6.885
http://dx.doi.org/10.3852/mycologia.98.6.885
http://dx.doi.org/10.1094/MPMI.1999.12.10.934
http://dx.doi.org/10.1007/BF01279350
http://dx.doi.org/10.1104/pp.102.019042
http://dx.doi.org/10.1104/pp.102.019042
http://dx.doi.org/10.1083/jcb.101.3.706
http://dx.doi.org/10.1083/jcb.101.3.706

	Isolation and sequence analysis of a β-tubulin gene from arbuscular mycorrhizal fungi
	Abstract
	Introduction
	Materials and methods
	Genomic DNA extraction
	PCR amplification of the β-tubulin gene internal region
	Southern blot analysis
	Nested PCR using conserved primers
	Preparation of DNA for inverse PCR
	Inverse PCR
	Phylogenetic analysis

	Results
	PCR amplification of the β-tubulin gene internal region
	Southern blot analysis to determine gene copy number
	Identification of two β-tubulin genes in G. clarum using conserved primers
	Inverse PCR to obtain full-length β-tubulin sequences

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


