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We sequenced the genomic DNA and the tran-
scribed RNA of the ascomycetous budding yeast
Saitoella complicata, which belongs to the earliest
lineage (Taphrinomycotina) of ascomycetes. We
found 3 protein-coding regions similar to Clr6 of
Schizosaccharomyces (a member of Taphrinomyco-
tina). Clr6 has a structure similar to that of Rpd3
and Hos2 of Saccharomyces. These proteins belong
to the class 1 histone deacetylase (HDAC) family.
The phylogenetic tree showed that the Clr6, Hos2,
and Rpd3 lineages are separated in fungal HDACs.
Basidiomycetes have 3 proteins belonging to the
Clr6, Hos2, and Rpd3 lineages. On the other hand,
whereas ascomycetes except for Schizosaccharomy-
ces have the Hos2 and Rpd3 homologs, and lack the
Clr6 homolog, Schizosaccharomyces has the Clr6
and Hos2 homologs, and lacks the Rpd3 homolog.
Interestingly, Prneumocystis and Saitoella have 3
proteins belonging to the Clr6, Hos2, and Rpd3 lin-
eages. Thus, these fungi are the first ascomycete
found to possess all 3 types. Our findings indicated
that Taphrinomycotina has conserved the Clr6 pro-
tein, suggesting that the ancestor of Dikarya (asco-
mycetes and basidiomycetes) had 3 proteins belong-
ing to the Clr6, Hos2, and Rpd3 lineages. During
ascomycete evolution, Pezizomycotina and Saccha-
romycotina appear to have lost their Clr6 homologs
and Schizosaccharomyces to have lost its Rpd3 ho-
molog.
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Introduction

The subphylum Taphrinomycotina (“Archiascomycetes”)
is the earliest ascomycetous lineage that diverged before the
separation of the subphyla Pezizomycotina (“Euascomyce-
tes”) and Saccharomycotina (“Hemiascomycetes”) (Nishida
and Sugiyama, 1993; An et al., 2002; Liu et al., 2009; Schoch
et al., 2009). Genome analyses of ascomycetes belonging to
Taphrinomycotina are central to the elucidation of ascomy-
cetes evolution. At present, genome information on Taphri-
nomycotina is limited to that of species belonging to the
genus Schizosaccharomyces (Wood et al., 2002; Rhind et al.,
2011). The anamorphic and saprobic yeast Saitoella compli-
cata is a member of Taphrinomycotina which has been
isolated from Himalayan soil (Goto et al., 1987). Although
Schizosaccharomyces is a fission yeast, Saitoella is a
budding yeast. Saitoella complicata shares some character-
istics with both ascomycetous and basidiomycetous yeasts
(Sugiyama et al., 1985; Goto et al., 1987). For example, a
negative diazonium blue B reaction and negative extracel-
lular deoxyribonuclease activity are characteristics of
ascomycetous yeasts, whereas positive urease activity, the
major ubiquinone system Q-10, and enteroblastic budding
are traits of basidiomycetous yeasts (Sugiyama et al., 1985;
Goto et al., 1987). Based on 18S ribosomal DNA sequence
comparison, Saitoella complicata forms a monophyletic
lineage with Schizosaccharomyces pombe and Taphrina
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wiesneri (Nishida and Sugiyama, 1993). The genus Saitoella
consisted solely of Saitoella complicata until Saitoella
coloradoensis was reported in 2012 (Kurtzman and Robnett,
2012).

In a previous study, we showed an initial genome assembly
of Saitoella complicata comprising 7,981 contigs
(12,981,880 bp) (Nishida et al., 2011), in which most DNA
sequences encode fragmented genes. A fragmented amino
acid sequence similarity search showed that approximately
65% of the putative amino acid sequences had the highest
similarity with proteins of Pezizomycotina (Nishida et al.,
2011). Only 11.6% of the putative amino acid sequences had
the highest similarity with proteins of Schizosaccharomyces
(Nishida et al., 2011). To elucidate the characteristics of the
Saitoella genomic DNA sequence, we refined the genome
assembly with additional genomic DNA sequencing and
annotated coding genes based on RNA sequencing using the
[llumina HiSeq sequencing system.

In order to discuss phylogenetic relationships among
Taphrinomycotina, we searched for homologs to Clr6 of
Schizosaccharomyces pombe or Rpd3 of Saccharomyces
cerevisiae and homologs to Elp3 in the Saitoella compicata
genome, because the evolutionary conservation level of Clr6
(or Rpd3) is the highest among fungal histone deacetylases
(HDAC:S) and Elp3 is the highest among histone acetyltrans-
ferases (HATs) (Nishida, 2009). Eukaryotic genomic DNA is
packaged with histone proteins to form chromatin (Kornberg,
1977; Igo-Kemenes et al., 1982). The precise organization of
the chromatin is important for the maintenance of the
genomic DNA. Histones are generally post-translationally
modified. Reversible histone acetylation, which is regulated
by HAT and HDAC, is one such modification (de Ruijter et
al., 2003; Lee and Workman, 2007; Yang and Seto, 2008). In
addition to the maintenance of genomic DNA, the acetyla-
tion and deacetylation of histones play an important role in
the regulation of transcription (Li et al., 2007; Luger and
Richmond, 1998). HDACs are evolutionarily more ancient
than their histone substrates and are phylogenetically divided
into 3 main classes: Hos2- and Rpd3-like (class 1) proteins,
Hdal-like (class 2) proteins, and Sir2-like (class 3) proteins
(Ekwall, 2005). Class 1 HDACs are crucial for transcrip-
tional repression and epigenetic landscaping (Yang and Seto,
2008). For example, Clr6 of Schizosaccharomyces, Hosl,
Hos2, and Rpd3 of Saccharomyces belong to this class.
However, the phylogenetic position of Hosl is distant from
those of Clr6, Hos2, and Rpd3 (Bjerling et al., 2002). In this
study, we analyzed proteins similar to Clr6, Hos2, and Rpd3.

Materials and Methods

Saitoella complicata culture.  Saitoella complicata NBRC
10748 (= JCM 7358, = IAM 12963; type strain) was used in
this study. After the strain was cultivated in YM broth (3 g
yeast extract, 3 g malt extract, 5 g peptone, 10 g dextrose,
and 1 L water) at 25°C for 3 days, the cells were washed 3
times with Tris-ethylenediaminetetraacetic acid buffer (pH
8).

DNA and RNA sequencing. Genome sequencing was
performed and the complementary DNAs (cDNAs) from
total messenger RNAs (mRNAs) were sequenced using the
Illumina HiSeq sequencing system. The read pairs were

dereplicated by FULCRUM (Burriesci et al., 2012) and
assembled using the SOAPdenovo assembler (Li et al.,
2010). The DNA Data Bank of Japan Supercomputer System
was used for mapping of the Illumina reads to the genomes
and some related computation.

High-throughput RNA sequencing-based gene prediction.
Using AUGUSTUS (Stanke et al., 2008), a gene prediction
software program based on the alignment of expressed
sequences with the genome, we determined the coding exons
(open reading frames) of the genes expressed on the
assembled genome of Saitoella according to the gene model
of Schizosaccharomyces pombe (a member of Taphrinomy-
cotina), which is thought to have some taxonomic proximity
to Saitoella. We obtained a total of 124,350,706 read pairs
(100-bp X 2) by sequencing cDNAs from the total mMRNAs
of Saitoella with the Illumina HiSeq sequencing system. Of
the read pairs, 114,441,522 were aligned uniquely to the
genome using the BLAT (Kent, 2002). Based on the coordi-
nates mapped by the expressed sequences, AUGUSTUS
predicted 10,253 genes on the genome. We searched for
amino acid sequences similar to Clr6 and Elp3 of Schizosac-
charomyces pombe using BLAST (Altshul et al., 1990).

Phylogenetic analysis. BLAST (Altshul et al., 1990)
was used to search for amino acid sequences similar to Clr6
of Schizosaccharomyces pombe. We selected the following
29 genomes of Dikarya (asomycetes and basidiomycetes): 7
genomes from Saccharomycotina (Candida tropicalis,
Debaryomyces hansenii, Kluyveromyces lactis, Lodderomy-
ces elongisporus, Saccharomyces cerevisiae, Vanderwalto-
zyma polyspora, and Yarrowia lipolytica), 9 genomes from
Pezizomycotina (Aspergillus nidulans, Botryotinia fuckeli-
ana, Coccidioides immitis, Nectria haematococca, Neuros-
pora crassa, Penicillium chrysogenum, Phaeosphaeria
nodorum, Podospora anserina, and Tuber melanosporum),
4 genomes from Taphrinomycotina (Preumocystis jirovecii,
Saitoella complicata, Schizosaccharomyces pombe, and
Taphrina deformans), and 9 genomes from Basidiomycota
(Coprinopsis cinerea, Cryptococcus neoformans, Laccaria
bicolor, Malassezia globosa, Moniliophthora perniciosa,
Postia  placenta, Puccinia graminis, Schizophyllum
commune, and Ustilago maydis). Multiple alignments were
generated using MUSCLE (Edgar, 2004). Gap positions
were not considered. A maximum likelihood tree was
reconstructed using MEGA version 5 (Tamura et al., 2011).
We used the general reverse transcriptase model (Dimmic et
al., 2002) as the best amino acid substitution model based on
the Bayesian information criterion score using MEGA
version 5. The nearest neighbor interchange was used as the
maximum likelihood heuristic method. The initial tree was
automatically generated. The y-distributed rate was consid-
ered and the number of discrete gamma categories was 5.
The bootstrap was performed with 100 replicates.

In addition, BLAST was used to search for amino acid
sequences similar to Elp3 of Schizosaccharomyces pombe.
We used 69 fungal genomes. The phylogenetic analysis was
performed as described above.

Genome-wide protein similarity search. The BLAST
program was downloaded from the National Center for
Biotechnology Information (NCBI, www.ncbi.nlm.nih.gov).
The protein sequence data of Aspergillus oryzae (Pezizomy-
cotina, Ascomycota), Mixia osmundae (Pucciniomycotina,
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Basidiomycota), Pneumocystis jirovecii (Taphrinomycotina,
Ascomycota), Saccharomyces cerevisiae (Saccharomycoti-
na, Ascomycota), Schizosaccharomyces pombe (Taphrino-
mycotina, Ascomycota), Taphrina deformans (Taphrinomy-
coita, Ascomycota), Tuber melanosporum (Pezizomycotina,
Ascomycota), Ustilago maydis (Ustilaginomycotina,
Basidiomycota), and Yarrowia lipolytica (Saccharomycoti-
na, Ascomycota) were also downloaded from the NCBI
BioProjects PRINA28175, PRIDA48573, PRIEA68827,
PRINA128, PRINA127, PRJEA74523, PRINA49017,
PRINA14007, and PRINA12414, respectively. Recently,
the Taphrinomycotina draft genomes of Pneunocystis jirove-
cii (Cisséa et al., 2012) and Taphrina deformans (Cisséa et
al.,, 2013) were reported. There is a hypothesis that the
earliest diverging fungi in the Pezizomycotina and Saccha-
romycotina have the proteins similar to Taphrinomycotina
proteins. These fungi were included in this study. The class
Pezizomycetes is the earliest diverging lineage in the Pezizo-
mycotina (Lutzoni et al., 2004; Reeb et al., 2004). Tuber
melanosporum belongs to the Pezizomycetes. Yarrowia
lipolytica is the earliest diverging lineage in the Saccharo-
mycotina (Wang et al., 2009). The BLASTP was used to
search proteins with E-value<<0.001. Among the similar
proteins for each query protein, the protein with the lowest
score was collected.

Results

We generated a total of 11,384,538 read pairs (100-bp X 2)
by sequencing the genomic DNA of Saitoella complicata
using the Illumina HiSeq sequencing system. Assembly of
the sequence data resulted in 1,800 contigs (14,220,909 bas-
es). Those 1,800 DNA sequences were deposited in the DNA
Data Bank of Japan, under the accession numbers
BACD02000001-BACD02001800.

In order to elucidate the relationships between Taphrino-
mycotina and Pezizomycotina, we performed a genome-
wide protein similarity search among 4 species of Taphrino-
mycotina (Pneunocystis jirovecii, Saitoella complicata,
Schizosaccharomyces pombe, and Taphrina deformans),
2 species of Saccharomycotina (Saccharomyces cerevisiae
and Yarrowia lipolytica), 2 species of Pezizomycotina
(Aspergillus oryzae and Tuber melanosporum), and 2 species
of Basidomycota (Mixia osmundae and Ustilago maydis).
As the results, 3,357, 5,955, 4,786, and 4,198 proteins of
Pneumocystis, Saitoella, Schizosaccharomyces, and Taphri-

na exhibited the highest similarity to the other 9 fungal
proteins, respectively (Table 1). The 25.9%, 46.7%, 25.3%,
and 28.9% of the Pneumocystis, Saitoella, Schizosaccharo-
myces, and Taphrina proteins showed the highest similarity
to proteins of Pezizomycotina, respectively (Table 1). It
showed that not only the Saitoella complicata proteins but
also 3 other Taphrinomycotina proteins exhibited higher
similarity to proteins of Pezizomycotina than those of
Saccharomycotina (Table 1).

We found 1 protein-coding region (g2957) similar to Elp3
of Schizosaccharomyces pombe in the Saitoella complicata
genome using BLAST. The phylogenetic tree showed that
Dikarya (ascomycetes and basidiomycetes) have a single
Elp3, except for Puccinia graminis (Fig. 1). The phyloge-
netic tree showed that Ascomycota and Basidiomycota are
separated and Ascomycota consists of Pezizomycotina,
Saccharomycotina, and Taphrinomycotina (Fig. 1). However,
Taphrinomycotina was separated into 2 lineages, the Saitoel-
la-Taphrina lineage and the Pneumocystis-Schizosaccharo-
myces lineage, with low bootstrap support (Fig. 1).

On the other hand, we found 3 protein-coding regions
(g336, g6187, and g6226) similar to Clr6 of Schizosaccharo-
myces pombe in the Saitoella complicata genome using
BLAST. Although we found 3 proteins similar to the Schizo-
saccharomyces Clr6 in Pneumocystis jirovecii, we did not
find any similar protein in 7aphrina deformans. The phyloge-
netic tree showed that Dikarya have the Clr6, Hos2, and
Rpd3 lineages (Fig. 2). Although the Hos2 and Rpd3 lineag-
es had high bootstrap support (99% and 95%, respectively),
the Clr6 lineage had low support (27%). The phylogenetic
position of Saitoella complicata g336 is located near those
of Pneumocystis jirovecii gi430812636 and Schizosaccharo-
myces pombe Clr6 (Fig. 2). Those of g6187 and g6226 are
located in the Hos2 and Rpd3 lineages, respectively (Fig. 2).

Basidiomycetes have the 3 types of Clr6, Hos2, and Rpd3
homologs. On the other hand, Pezizomycotina and Saccha-
romycotina of ascomycetes lack the Clr3-like protein and
Schizosaccharomyces lacks the Rpd3-like protein. Thus,
Pneumocystis jirovecii and Saitoella complicata are the first
ascomycetes found to possess all 3 of the Clr6, Hos2, and
Rpd3 homologs.

Discussion

The gene content of the Saitoella complicata genome has
higher affinity to Pezizomycotina than to Saccharomycotina

Table 1. Number of fungi with which each protein of query species had the highest similarity using BLASTP.

Query Pneumocystis Saitoella Schizosaccharomyces Taphrina

Pneumocystis 590 (9.9%) 603 (12.6%) 393 ( 9.4%)
Saitoella 1,244 (37.1%) 1,413 (29.5%) 1,669 (39.8%)
Schizosaccharomyces 447 (13.3%) 475 ( 8.0%) 398 ( 9.5%)
Taphrina 558 (16.6%) 1,248 (21.0%) 863 (18.0%)
Aspergillus 291 ( 8.7%) 1,179 (19.8%) 577 (12.1%) 645 (15.4%)
Tuber 577 (17.2%) 1,600 (26.9%) 627 (13.1%) 566 (13.5%)
Saccharomyces 41 ( 1.2%) 68 ( 1.1%) 174 ( 3.6%) 30 ( 0.7%)
Yarrowia 86 ( 2.6%) 321 ( 5.4%) 334 ( 7.0%) 200 ( 4.8%)
Mixia 52 ( 1.5%) 233 ( 3.9%) 95 ( 2.0%) 161 ( 3.8%)
Ustilago 61 ( 1.8%) 241 ( 4.0%) 100 ( 2.1%) 136 ( 3.2%)
Total 3,357 5,955 4,786 4,198
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Fig. 1.

Multiple alignments were generated using MUSCLE (Edgar, 2004). The maximum likeli-
hood tree was reconstructed using MEGA version 5 (Tamura et al., 2011). The general reverse
transcriptase model (Dimmic et al., 2002) was used as the amino acid substitution model. The
nearest neighbor interchange was used as the maximum likelihood heuristic method. The
y-distributed rate was considered and the number of discrete gamma categories was 5. The
bootstrap was performed with 100 replicates.

Phylogenetic relationships among Elp3 and their homologous proteins.

or Schizosaccharomyces. Based on a comparison of ribosom-
al RNA, RNA polymerase, and B-tubulin genes, the genus
Saitoella is more closely related to the lineage of the 2
genera Protomyces and Taphrina than to that of other genera
including Schizosaccharomyces (Sugiyama et al., 2006).
These relationships were also found in a comparison of
ribosomal RNA, RNA polymerase, and translation elonga-
tion factor genes (Kurtzman and Robnett, 2013). Ascospores
of Protomyces and Taphrina can grow as budding yeasts in
culture and have characteristics similar to those of Saitoella
(Fonseca and Rodrigues, 2011; Kurtzman, 2011; Sugiyama
and Hamamoto, 2011). To elucidate the phylogenetic
relationships among Taphrinomycotina, genome sequences
of Archaeorhizomycetes and Neolectomycetes are needed.
We showed that the Taphrinomycotina proteins exhibited

higher similarity to proteins of Pezizomycotina than those of
Saccharomycotina (Table 1). The results showed that the
Taphrinomycotina genetic characteristics show greater
similarity to those of filamentous ascomycetes than to those
of ascomycetous yeasts. The results also support the notion
that ancestral ascomycetes were filamentous and that hyphal
growth was lost independently (Liu and Hall, 2004).
Taphrinomycotina is the earliest ascomycetous lineage
that diverged before the separation of the subphyla Pezizo-
mycotina and Saccharomycotina (Nishida and Sugiyama,
1993; An et al., 2002; Liu et al., 2009; Schoch et al., 2009).
Thus, the genome information of Taphrinomycotina may
retain the ancestral character of ascomycetes. In this study,
we used HDACs similar to Clr6 of Schizosaccharomyces or
Rpd3 of Saccharomyces as phylogenetic markers for a
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Fig. 2. Phylogenetic relationships among Hos2, Rpd3, and their homologous proteins.

Multiple alignments were generated using MUSCLE (Edgar, 2004). The maximum likelihood
tree was reconstructed using MEGA version 5 (Tamura et al., 2011). The general reverse transcrip-
tase model (Dimmic et al., 2002) was used as the amino acid substitution model. The nearest
neighbor interchange was used as the maximum likelihood heuristic method. The y-distributed rate
was considered and the number of discrete gamma categories was 5. The bootstrap was performed
with 100 replicates. Clr6 of Schizosaccharomyces pombe is SPBC36.05¢. Hos2 and Rpd3 of Sac-
charomyces cerevisiae are YGL194C and YNL330C, respectively. Bas, Pez, and Sac indicate Ba-
sidiomycota, Pezizomycotina, and Saccharomycotina, respectively.

comparative study, because the evolutionary conservation
level of these HDAC:s is the highest among fungal HDACs
(Nishida, 2009).

Interestingly, the phylogenetic tree showed that Clr6 of
Schizosaccharomyces pombe is located at a distance from
other ascomycetous Rpd3 proteins and forms a lineage with
basidiomycetous proteins, Pneumocystis jirovecii gi430812636,
and Saitoella complicata g336 (Fig. 2). Although the Schizo-
saccharomyces Clr6 has several functional similarities with
Saccharomyces Rpd3 (Wirén et al., 2005), the phylogenetic
tree (Fig. 2) strongly suggests that Clr6-like proteins are
functionally different from Rpd3-proteins in Dikarya
(ascomycetes and basidiomycetes). Thus, Dikarya have the
3 lineages of Clr6 homologs, Hos2 homologs, and Rpd3
homologs. Pneumocystis jirovecii and Saitoella complicata

are the first ascomycetes found to possess all 3 of these
homologs. This suggests that the ancestor of Dikarya had all
3 types of HDACs. During ascomycete evolution, Pezizo-
mycotina and Saccharomycotina appear to have lost their
CIr6 homologs and Schizosaccharomyces to have lost its
Rpd3 homolog.
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