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PA view

(28t Jun, 2008 )

PA view

CT Scan

Paragonimus westermani

P. miyazakii

Fasciola sp.

Clonorchis sinensis

Spirometra erinacei

( 8t Feb, 2010 )
Fig. 1 Rontgenographic findings of chest
Dirofilaria immitis 4= -
Toxocora canis - -
Ascaris suum +— 4
Anisakis sp. +— -
Gnathostoma doloresi +— -
Strongyloides sp. ++ -

Cysticercus cellulosus

Fig. 2 Multiple-dot ELISA of the patient’s serum showing positive reaction

against S. stercoralis.
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FEABRIE & % ff - F- B EED 1 ) 181

Fig. 3 Endoscopy findings in duodenum indicate a huge num-
ber of small white powder-like protrusions.

Fig. 4 In a duodenal biopsy specimen, eosinophilic inflamma-
tion of mucosa and parasites are recognized.

-

Fig. 5 Stool examination shows strongyloides larva.
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Apii:omplexan parasites of the genus Plasmodium, pathogens causing malaria, and the genera Babesia and
Theileria, aetiological agents of piroplasmosis, are closely related. However, their mitochondrial (mt) genome
structures are highly divergent: Plasmodium has a concatemer of 6-kb unit and Babesia/Theileria a monomer
of 6.6- to 8.2-kb with terminal inverted repeats. Fragmentation of ribosomal RNA (rRNA) genes and gene
arrangements are remarkably distinctive. To elucidate the evolutionary origin of this structural divergence,
we determined the mt genome of Eimeria tenella, pathogens of coccidiosis in domestic fowls. Analysis
revealed that E. tenella mt genome was concatemeric with similar protein-coding genes and rRNA gene
fragments to Plasmodium. Copy number was 50-fold of the nuclear genome. Evolution of structural divergence
in the apicomplexan mt genomes is discussed.

© 2010 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Mitochondria, organelles essential for a range of cellular processes
and cellular signaling, are ubiquitous in all eukaryotes. Mitochondrial
(mt) genomes exhibit remarkable variation in structure and size (Gray
et al, 2004), from the 6-kb genome in the malaria parasite Plasmodium
(Feagin, 1992) to the large (180 to 2400 kb) mt genome in land plants
(Ward et al, 1981; Palmer et al, 1992). Plasmodium belongs to the
phylum Apicomplexa, with more than 5000 species, all clinically and/or
economically important pathogens (Levine, 1988): Eimerig, responsible
for the diseases of intestinal coccidiosis in intensively reared livestock;
Toxoplasma, etiological agent of toxoplasmosis in immune-compromised
patients and congenitally infected fetuses; Cryptosporidium, pathogens
for cryptosporidiosis in humans and animals; Babesia, causing babesiosis
in ruminants and humans; and Theileria, causal agents of tropical
theileriosis and East Coast fever in cattle.

Mt genomes of a few apicomplexan genera have been studied, and
available data suggest that they are remarkably diverse in structure

* (Corresponding author. Laboratory of Malariology, International Research Center of
Infectious Diseases, Research Institute for Microbial Diseases, Osaka University, 3-1
Yamadaoka, Suita, Osaka 565-0871, Japan. Tel.: +81 6 6879 4260; fax: +81 6 6879
4262.

E-mail address: kztanabe@biken.osaka-u.ac.jp (K. Tanabe).

and genome organization. The minuscule 6-kb tandemly repeated
linear or concatenated mtDNA of Plasmodium encodes only three
protein-coding genes (cytochrome ¢ oxidase subunits I [cox1] and 11l
[cox3] and cytochrome b [cob]) in addition to large subunit (LSU) and
small subunit (SSU) ribosomal RNA (rRNA) genes (Preiser et al.,
1996). The two rRNA genes are highly fragmented with 19 identified
rRNA pieces (Feagin et al.,, 1997). The arrangement of these mt genes
is completely conserved in the genus (Perkins, 2008). In the genera of
Babesia and Theileria, known as piroplasms, closely related to
Plasmodium (Lau, 2009), the mt genomes are monomeric linear,
from 6.6 kb to 8.2 kb, with terminal inverted repeats on both ends
(Kairo et al., 1994; Hikosaka et al,, 2010). Although the Babesia/
Theileria mt genomes encode the same three protein-coding genes,
gene array and transcriptional direction are different. Furthermore,
only six fragmented LSU have been identified in the Babesia/Theileria
mt genomes, with fragmentation different from that of Plasmodium.
Thus, the mt genomes of Plasmodium and Babesia/Theileria are
structurally highly divergent regardless of their close relatedness.
Although the mt genome of Toxoplasma gondii has yet to be
sequenced, multiple copies of partial mt genes (cox1 and cob) were
found to be scattered throughout the nuclear genome (Ossorio et al.,
1991). In Cryptosporidium, the mitochondrion is reduced to mitosome
and has no DNA (Mogi and Kita, 2010). The phylum Apicomplexa,
therefore, encompasses a large number of interesting genera to
further understand the evolution of mt genomes.

1567-7249/% - see front matter © 2010 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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In Apicomplexa, Plasmodium and Babesia/Theileria belong to the

class Haematozoea, and Eimeria and other intestinal coccidian parasites -

including Toxoplasma belong to the class Coccidea (Hausmann and
Hiilsmann, 1996). The genus Eimeria undergoes all of its developmental
stages in one host, whereas parasites belonging to the class Haemato-
zoea require two hosts to complete their life cycles, namely, the sexual
development in invertebrate vectors and the asexual development in
vertebrate host. Coccidian parasites have, nevertheless, complex
developmental cycles: first, oocysts excreted from the hosts undergo
differentiation (sporulation) in the environment and become infective.
When ingested by a host animal, oocysts undergo rounds of discrete,
expansive asexual reproduction (merogony and schizogony) in the
intestine, followed by sexual differentiation, fertilization and shedding
of unsporulated oocysts (Jeurissen et al., 1996). Eimeria tenella is one of
the most important Eimeria species, as it causes intestinal coccidiosis in
domestic fowls (Gallus gallus), imposing enormous economic losses
(Shirley et al.,, 2004). In E. tenella, two extrachromosomal DNAs have
been demonstrated by pulsed-field gel electrophoresis (Dunn et al.,
1998): one is the 35 kb apicoplast genome (Cai et al., 2003) and the
other is a smaller size mt genome. The primary structure and the gene
organization of E. tenella mt genome, however, remain undetermined. In
this study, we report the mt genome sequence of E. tenella, and show
that the E. tenella mt genome has the form of a tandemly repeated linear
element or concatemer structure, and contains 19 rRNA fragments as
well as three protein-coding genes. This finding indicates that the mt
genomes of both Eimeria and Plasmodium retain common structural
features. We discuss evolution of structural divergence in the
apicomplexan mt genomes. Additionally, we identified nuclear genome
DNA fragments that are shared by the mt genome of E. tenella.

2. Materials and methods
2.1. Blast search for mt genome sequence

A contig of Eimeria tenella (Houghton strain), containing mtDNA,
was retrieved from Eimeria tenella GeneDB (http://www.genedb.org/
Homepage/Etenella) using the following gene names: cytochrome c¢
oxidase subunit 1, cytochrome ¢ oxidase subunit 3 and cytochrome b.
Two unfinished genomic sequences (EIMER_contig_00018071 and
EIMER_contig_00018452), encoding putative COX1 and putative COB,
respectively, were obtained from the Wellcome Trust Sanger Institute
(http://www.sanger.ac.uk/Projects/E_tenella/).

2.2. DNA sequencing

E. tenella NIAH strain was maintained at Tohoku University by
routine passage through chickens. Oocyst stage parasites were
collected from feces of infected chickens and purified by the
centrifugation method (Nakai et al., 1993). Purified oocysts were
subjected to 5 times repeated freeze-thawing. Parasite genomic DNA
was isolated using QIAamp DNA Blood Mini Kit (QIAGEN, Hilden,
Germany). Genomic DNA of Plasmodium gallinaceum (8A strain) was
kindly provided by the late M. Shahabuddin (NIAID/NIH, USA).
Nucleotide sequences of the E. tenella mt genome; small subunit (SSU)
and large subunit (LSU) rRNA genes of the E. tenella apicoplast
genome; cox! and cob of the P. gallinaceum mt genome were
determined by direct sequencing of polymerase chain reaction
(PCR) products using specific primers (Supplementary Table 1A)
designed from retrieved sequences. Amplification conditions, PCR
product purification (QIAquick PCR purification kit, QIAGEN) and DNA
sequencing of two independent PCR products were carried out as
previously described (Hikosaka et al, 2010). Sequencing primers
were designed to cover target regions in both directions. The
sequences obtained in this study have been deposited in DDBJ/
EMBL/GenBank with the following accession numbers: AB564272 to
AB564276.

2.3. Gene annotation

Nucleotide sequences of E. tenella were aligned with reported
sequences from P. falciparum (GenBank accession # M76611), P.
mexicanum (EF079653), B. bovis (AB499088), T. parva (AB499089)
and T. annulata (NW_001091933) by CLUSTAL W (Thompson et al.,
1994) with manual corrections. Protein-coding genes were predicted
using previously annotated sequences from the five parasite species.
Putative TRNA genes were identified essentially as described (Hikosaka
et al, 2010). MtDNA sequence or annotated rRNA gene fragments from
P. falciparum (M76611) were used as query under suggested algorithm
parameters (Freyhult et al, 2007) in NCBI BLAST 2.2 (Altschul et al,,
1990). The termini of the candidate genes were assigned using aligned
sequences and putative base-pairings between fragments proposed for
P. falciparum mt rRNA fragments, and secondary structure predicted by
CentroidHomfold (Hamada et al., 2009).

2.4. Southern blot hybridization

Genomic DNA of E. tenella, either undigested or digested with
Hindll or Pvull, were electrophoresed on 1.0% agarose gels in TAE
(40 mM Tris-acetate, 1 mM EDTA) and transferred to a positively
charged nylon membrane (Amersham Hybond-N+, GE Healthcare,
Little Chalfont, England). PCR products specifically amplified for target .
regions of the E. tenella mt genome were labeled with digoxigenin- -
dUTP using the DIG High Prime DNA Labeling and Detection Starter
Kit I (Roche Diagnostics, Rotkreuz, Switzerland). After overnight
hybridization with the DIG-labeled DNA probes, blots were washed
twice with 2x SSC, 0.1% SDS and twice with 0.5x SSC, 0.1% SDS, at
65 °C for 15 min. Hybridization signals were detected using Detection
Starter Kit II. Southern blot hybridization was also done in parallel
with P. falciparum, whose mt genome structure is known to be circular
or linear concatenated with numerous branching off (Preiser et al,,
1996).

2.5. Phylogenetic analysis

The concatenated amino acid sequences of COX1 and COB (755
sites) from 15 apicomplexan parasites (Supplementary Table 2) were
used for phylogenetic analysis. A free-living ciliate, Tetrahymena
thermophila (Brunk et al.,, 2003), was included as an outgroup. COX3
was not used, since cox3 of T. thermophila is present in the nuclear (but
not mt) genome. We constructed the maximum likelihood (ML)
phylogenetic trees by the PROML program in PHYLIP version 3.68
(Felsenstein and Churchill, 1996). CODEML program in PAML version
4.2 (Yang, 2007) was used to estimate the I' shape parameter value o,
Bootstrap analysis was done by applying PROML to 100 re-sampled
datasets produced by SEQBOOT program in PHYLIP.

A phylogenetic tree of LSU sequences of the mt genomes (LSUE, LSUF,
LSUG and RNA10, 379 sites in total) was constructed using the ML method
implemented in PAUP* 4.0 b10 (Swofford, 2002). SSU/LSU sequences of
the apicoplast genomes (3045 sites) (Supplementary Table 2) were also
used for phylogenetic analysis. The non-photosynthetic flagellate, Astasia
longa, was included as an outgroup instead of T. thermophila which lacks a
plastid genome. Bootstrap probability was estimated from 1000 heuristic
replicates. For statistical comparisons among the best-tree and its
alternatives, p-values of the KH test (Kishino and Hasegawa, 1989), the
SH test (Shimodaira and Hasegawa, 1999) and the AU test (Shimodaira,
2002) were obtained. -

2.6. Search for nuclear mitochondrial DNA in E. tenella

In some eukaryotes, nuclear genomes contain DNA segments
which have a high sequence similarity to mtDNA (Caro et al,, 2010;
Hazkani-Covo et al., 2010). These sequences are considered to have
been derived from mtDNA and thus designated as nuclear mtDNAs
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(NUMTs) (Richly and Leister, 2004). The contigs (File version;
assembly 2007_05_08.gz) of E. tenella were retrieved from the
Wellcome Trust Sanger Institute, and the whole mt sequence obtained
in this study was used as query under cut-off conditions of >50
nucleotides and >95% identity. We identified 21 NUMTs and
confirmed these by direct sequencing (Supplementary Table 3). Two
NUMTSs, Emt3 and Emt4 occurring in contigs 00028951 and 00029260,
respectively (Supplementary Table 1B), were used for Southern blot
hybridization analysis against E. tenella DNA. Copy number of E. tenella
mt genome was estimated using dot blot hybridization. Briefly, DNA
fragments of the mt genome and the contig (contig_00029260) were
amplified by PCR using specific primers (Supplementary Table 1C),
and DNA amount was measured. Serial known dilutions of control PCR
products were dot-blotted onto a nylon membrane, following heat
denaturation (99 °C, 10 min). Genomic DNA were electrophoresed on
agarose gels and then transferred to a nylon membrane. A PCR
product specifically amplified from target regions of the E. tenella mt
genome (Supplementary Table 1B) was labeled as described.
Chemiluminescence signals were quantitated using LAS-4000mini.

3. Results and discussion
3.1. Mitochondrial genome organization

We obtained a mt genome sequence (6213 bp) from E. tenella, in
which three protein-coding genes, cob, coxI and cox3, and 12
fragments of the large subunit (LSU) rRNA gene and 7 fragments of
the small subunit (SSU) rRNA gene were identified (Fig. 1A). These
genes and rRNA gene fragments are also present in the P. falciparum
(Fig. 1B) (Feagin et al,, 1997), although gene arrangements greatly
differ between the two mt genomes.

Southern blot hybridization with a cox3 probe (Emtl) against
undigested DNA produced a smeared signal from around 4 kb to
20 kb. Hybridization against DNA digested with Hindlll gave a major
band at 6.2 kb which tailed-off to lower contiguous fragments.
Hybridization against DNA digested with Pvull yielded a clear signal
at 2.6 kb. These signal sizes matched to those predicted from the
E. tenella mt sequence (Fig. 2A and C). A cox1 probe (Emt2) gave
similar results (not shown). Southern blot hybridization using a
P. falciparum probe (Pmt1) revealed a smeared signal from 6 kb to
23 kb against P. falciparum undigested DNA, a distinct band at 1.3 kb
against Hindlll-digested DNA, and a predominant 6.0 kb single band
which tailed-off to a smear against Pvull-digested DNA (Fig. 2B and D);
yielding a similar hybridization pattern to E. tenella. This suggests that
the E. tenella mt genome structure is similar to that of P. falciparum. The
long tailing-off smears observed in both E. tenella and P. falciparum were
not found in the mt genomes of Babesia and Theileria (Hikosaka et al.,
2010), which have monomeric linear structures. The tailing-off smears

A LG
[ cob ] cox! i

probably reflect DNA fragments of various sizes branching off from
polydispersed linear DNA molecules with various length termini
(Preiser et al., 1996), which seems to be characteristics of a
polydispersed concatenated mtDNA. In E. tenella, this tailing was
somewhat longer than in P. falciparum, probably due to fragmentation
caused by repeated freeze-thawing to disrupt the oocyst wall, which is
highly rigid and not permeable to common solvents used for disruption.
The absence of specific restriction fragments smaller than 6.2 kb after
digestion with single-site enzymes suggests that the ends of the linear
concatemers are not defined by telomere-like unique sequences, as seen
in Babesia and Theileria (Kairo et al.,, 1994; Hikosaka et al.,, 2010). These
results strongly suggest that the bulk of E. tenella mtDNA consist of
polydisperse head-to-tail tandem arrays of the 6.2 kb element as in
P. falciparum.

3.2. Phylogeny

The ML tree of concatenated COX1 and COB amino acid sequences
revealed monophyly of the genera Babesia and Theileria, and of the
genus Plasmodium with high BP values of 98 and 89%, respectively
(Fig. 3A). E. tenella was positioned close to Plasmodium with a
moderate BP value (75%). The ML tree of LSU sequences showed the
same topology to that of the cox1+ cob tree (Supplementary Fig. 1):
E. tenella positioned close to Plasmodium with a low BP value (55%).
ML tree using SSU and LSU sequences of the apicoplast genome,
however, yielded a topology with E. tenella and T. gondii branching off
from a common ancestor of Plasmodium and Babesia/Theileria with
100% BP (Fig. 3B). Thus, topologies of the mt trees and the apicoplast
tree are not consistent. The inconsistency was not due to differences
in the number of taxa used for tree construction because BP value
changed little (76%) even when the number of taxa in the cox1-+ cob
tree was reduced to the same as the apicoplast tree (data not shown).

The two mt tree topologies are also not consistent with
phylogenetic trees constructed using 18S rRNA gene or hundreds of
protein-coding nuclear genes (Morrison and Ellis, 1997; Philippe
et al,, 2004; Kuo et al., 2008), whereas the apicoplast tree is consistent
with trees of nuclear genes. Since the positions of E. tenella in the two
mt trees were not well supported with high BP values, we tested other
possibilities of E. tenella position. The KH, the SH or the AU tests did
not reject these alternative positions of E. tenella placed at a common
ancestor of Plasmodium and Babesia/Theileria (arrow a in Fig. 3A) or at
a common ancestor of Babesia/Theileria (arrow b in Fig. 3A)
(Supplementary Table 4). Phylogenetic position of E. tenella, thus,
remains unresolved with the mt dataset. Eimeria and other intestinal
coccidians belong to the class Coccidea, and Plasmodium and Babesia/
Theileria belong to the class Haematozoea. The two classes show
remarkably different life cycles (Hausmann and Hiilsmann, 1996).
This taxonomical classification is consistent with phylogenetic trees
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1.0 2.0 3.0 4.0 5.0 6.0 (xb)

Fig. 1. Mitochondrial genome structure of Eimeria tenella (A) and Plasmodium falciparum (B). Genes shown above the bold line in each genome have predicted transcriptional
directions from left to right; and those below, from right to left. Because the 6.2 kb element of E. tenella mt genome is tandemly repeated, both termini are arbitrary. For details refer
to GenBank accession numbers AB564272 and M76611. White boxes indicate protein-coding genes (cox1, cox3 and cob); fragments of LSU (LA-LG, 1,2, 3, 10 and 13) and SSU (SA, SB,

SD-SF, 8 and 9) rRNA genes are shown by dark and light gray boxes, respectively.

-372-



276 K. Hikosaka et al. / Mitochondrion 11 (2011) 273-278

B

(kb)

L — 6.0

ol }x coh ;E
fﬁidﬂl 5»211 LB

HindI HindHl

Fig. 2. Southern blot hybridization showing the mitochondrial (mt) genomes of Eimeria tenella (A) and Plasmodium faiciparum (B). E. tenella probes (Emt1 and Emt2) and a P.
falciparum probe (Pmt1), whose positions are shown in (C) and (D), were hybridized against undigested DNA of E. tenella and P. falciparum, respectively (lanes 1 and 4) and DNA
digested with Hindlll (lanes 2 and 5) or Pvull (lanes 3 and 6).
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Fig. 3. Maximum likelihood phylogenetic trees of mitochondrial genes, cox1 and cob, from Plasmodium, Eimeria tenella, Babesia and Theileria with Tetrahymena thermophila as an outgroup
(A); and of apicoplast small and large subunits (SSU and LSU) of rRNA genes from six apicomplexan species with Astasia longa as an outgroup (B). For cox1+ cob tree, concatenated amino
acid sequences (755 sites) were used with 1000 heuristic replicates under a Jones, Taylor, and Thornton model (Jones etal,, 1992) (o= 0.86). For apicoplast SSU-+LSU tree, concatenated
nucleotide sequences (3045 sites in total: 1037 bp for SSU; 2008 bp for LSU) were used with 1000 heuristic replicates under a GTR+I model (o =1.22). Numbers shown along nodes
represent bootstrap values. Arrows a and b indicate alternative positions of E. tenella. Both possibilities were statistically compared by the SH, KH and AU tests.
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constructed using nuclear genes (Morrison and Ellis, 1997; Philippe
et al,, 2004; Kuo et al., 2008) and the apicoplast genome tree (Fig. 3B).
We therefore consider it likely that E. tenella branched off from a
common ancestor of Plasmodium clade and Babesia/Theileria clade.

Adopting this phylogenetic relationship allows us to infer a
scenario for evolutionary trajectory of the mt genome structure of
apicomplexans. Since both Eimeria and Plasmodium possess concat-
enated mtDNA, a common ancestor of these two parasites might have
had a concatenated form of the mt genome, and the monomeric linear
mt genomes of Babesia/Theileria were generated in the lineage. The
present finding that Eimeria has the same 19 rRNA gene fragments as
seen in the Plasmodium mt genome supports this scenario. Although
we favor this scenario, we cannot completely rule out the possibility
that a monomeric linear structure was an ancestral form and
concatenated genome structures of Eimeria and Plasmodium evolved
independently in each lineage. The likelihood is supported by
Tetrahymena which has linear mt genomes, similar to those found in
mt genomes of Babesia/Theileria. However, evolutionary distance
between Tetrahymena and Apicomplexa is too far to gain insights into
an ancestral form of the apicomplexan mt genome and, likewise,
changes in molecular architecture of mt genomes are very frequent
(Nosek and Tomaska, 2003). Nevertheless, it should be noted that mt
genome architecture is conserved and does not change frequently
within genus of the phylum: thus, in apicomplexan mt genome
sequences available to date, all eight Babesia/Theileria species have
the form of linear structure (Hikosaka et al, 2010), and all 23
Plasmodium species have the form of concatemer structure (Hikosaka et
al., unpublished data). This within-genus stability of mt genome
structure should allow us to infer an ancestral form of the apicomplexan
mt genomes. In order to clarify evolutionary trajectory of the mt genome
of Apicomplexa, further analysis of mt genomes of algae, closely related
to apicomplexans such as Chromera velia and CCMP3155 (an unde-
scribed species) would be required (Janouskovec et al., 2010).

3.3. Nuclear mitochondrial DNAs (NUMTs) in E. tenella

Blast search identified 21 sequence segments similar to the E. tenella
mtDNA with lengths from 51 to 146 nucleotides in the E. tenella contigs
(Supplementary Table 5). In contigs containing multiple NUMTs, several
NUMTs were found arrayed in direct junction or in close proximity.
Southern blot hybridization using probes Emt3 and Emt4, which contain
NUMTSs, gave signals derived from the E. tenella mt genome. We were,
however, unable to detect signals derived from the nuclear genome by a
similar procedure (Supplementary Fig. 2). In contrast, a probe specific to
the nuclear genome (Enu1) hybridized at predicted sizes against either
undigested DNA or DNA digested with Hindlll or EcoRl, when a large
amount of gDNA was used (data not shown). Copy number estimation
analysis using Southern hybridization showed that E. tenella cells
contained around 50 copies of the 6.2 kb element per haploid nuclear
genome. The failure of detecting NUMTSs in the nuclear genome with
Emt3 and Emt4 was thus likely due to this copy number difference, with
potential signals from the nuclear genome being masked in a smear of
mtDNA.

4. Conclusion

This study suggests that the mt genome of ancestral apicomplexan
parasites had a concatenated structure containing 19 rRNA gene
fragments as well as three protein-coding genes and that the
monomeric linear mt genome of Babesia/Theileria was generated in
the lineage of the genera. Elucidation of a molecular mechanism, by
which a linear mt genome with terminal inverted repeats on both
ends was established, should help to further understand the evolution
and divergence of mt genomes.

Supplementary data to this article can be found online at
doi:10.1016/j.mit0.2010.10.003.
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ARTICLE INFO ABSTRACT

Mitochondrial (mt) genomes from diverse phylogenetic groups vary considerably in size, structure and
organization. The genus Plasmodium, the causative agent of malaria, has the smallest mt genome in the form of
a tandemly repeated, linear element of 6 kb. The Plasmodium mt genome encodes only three protein genes
(cox1, cox3 and cob) and large- and small-subunit ribosomal RNA (rRNA) genes, which are highly fragmented
with 19 identified rRNA pieces. The complete mt genome sequences of 21 Plasmodium species have been
published but a thorough investigation of the arrangement of rRNA gene fragments has been undertaken for
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l\/;)tzvchrondrion only Plasmodium falciparum, the human malaria parasite. In this study, we determined the arrangement of mt
Plasmodium rRNA gene fragments in 23 Plasmodium species, including two newly determined mt genome sequences
Apicomplexa from P. gallinaceun and P. vinckei vinckei, as well as Leucocytozoon caulleryi, an outgroup of Plasmodium.

Comparative analysis reveals complete conservation of the arrangement of rRNA gene fragments in the mt
genomes of all the 23 Plasmodium species and L. caulleryi. Surveys for a new rRNA gene fragment using hidden
Markov models enriched with recent mt genome sequences led us to suggest the mtR-26 sequence as a novel
candidate LSU rRNA fragment in the mt genomes of the 24 species. Additionally, we found 22-25 bp-inverted
repeat sequences, which may be involved in the generation of lineage-specific mt genome arrangements after

Genome structure
Inverted repeat sequence
Evolution

divergence from a common ancestor of the genera Eimeria and Plasmodium/Leucocytozoon.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Mitochondria are essential organelles required for energy transduc-
tion and cellular functions, and are ubiquitous in almost all eukaryotic
cells. Like nuclear genomes, mitochondrial (mt) genomes exhibit
remarkable variation in structure and size [1]. The largest mt genome
is found in land plants, in which the size ranges from 180 to 2400 kb
[2,3]. The smallest mt genome is 6kb and is found in the genus
Plasmodium, the causal agent of malaria, which belongs to the phylum
Apicomplexa. Almost all members of the Apicomplexa are clinically and/
or economically important pathogenic parasites [4]. The mt genomes of
apicomplexan parasites are highly diverse in structure and organization.
In Plasmodium, the mt genome at the asexual erythrocytic stages is a
tandemly repeated linear 6-kb element [5]. The 6-kb element contains
only three protein-coding genes (cytochrome c oxidase subunit I {cox1]
and Il [cox3] and cytochrome b [cob]) and large subunit (LSU) and small

* Corresponding author at: Laboratory of Malariology, International Research Center
of Infectious Diseases, Research Institute for Microbial Diseases, Osaka University, 3-1
Yamadaoka, Suita, Osaka 565-0871, Japan. Tel.: +81 6 6879 4260; fax: +81 6 6879
4262.

E-mail address: kztanabe@biken.osaka-u.ac.jp (K. Tanabe),

1383-5769/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.parint.2011.02.001

subunit (SSU) ribosomal RNA (rRNA) genes. The two rRNA genes are
highly fragmented with 19 identified rRNA sequences [6]. In Babesia and
Theileria, genera that are closely related to Plasmodium [7], the mt
genomes are monomeric linear, with sizes ranging from 6.6 kb to 8.2 kb,
and contain terminal inverted repeats on both ends [8,9]. Although the
Babesia/Theileria mt genomes encode the same three protein-coding
genes as Plasmodium, gene arrangements and transcriptional direction
are different from Plasmodium. Furthermore, only six fragmented LSU
rRNA sequences have been identified in the Babesia/Theileria mt
genomes, and the pattern of fragmentation differs drastically from
Plasmodium [9]. Thus, the mt genomes of Plasmodium and Babesia/
Theileria are structurally highly divergent.

We have recently shown that the mt genome of Eimeria tenellq,
which is distantly related to Plasmodium and Babesia/Theileria, has a
concatemeric form and contains the same three protein-coding genes
and 19 rRNA gene fragments as Plasmodium. This suggests that a
concatemeric structure is an ancestral form of Plasmdoium and Eimeria
mt genomes [10]. In spite of this similarity, the gene arrangements
and transcriptional direction greatly differ between the Plasmodium
and Eimeria mt genomes. It remains unknown how these differences
were generated. Furthermore, even though the complete mt genome
sequences are available for 21 Plasmodium species, little is known
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about the variation in arrangement of the mt rRNA gene fragments. In
this study, we report the arrangement of mt rRNA gene fragments in
23 Plasmodium species, including two newly determined mt genome
sequences from P. gallinaceum and P. vinckei vinckei, as well as
Leucocytozoon caulleryi, an outgroup of Plasmodium. There is complete
conservation of the arrangement of rRNA gene fragments in the mt
genomes of all the Plasmodium species and L. caulleryi. A novel
candidate LSU rRNA fragment was found in the mt genomes of the
parasite species. Additionally, 22- to 25-bp inverted repeat sequences
were detected, which may be involved in the generation of lineage-
specific mt genome arrangements.

2. Materials and methods
2.1. DNA sequencing

Genomic DNA of P. gallinaceum (A8 strain) was kindly provided by the
late M. Shahabuddin (NIAID/NIH, USA). Genomic DNA of P. vinckei vinckei
was extracted using a QJAamp DNA Blood Mini Kit (QIAGEN,
Hilden, Germany) as previously described [11]. Nucleotide sequences of
P. gallinaceum and P. vinckei vinckei mt genomes were determined
by direct sequencing of polymerase chain reaction (PCR) products
using conserved primers (Supplementary Table 1), which were designed
by aligning the mt genome sequences of P. falciparum (DDBJ/EMBL/
GenBank accession number M76611), P. chabaudi (AB379663), P. relictum
(AY733089) and P. mexicanum (AB375765). The PCR amplification
conditions, product purification and DNA sequencing protocol were the
same as previously described [11]. Sequencing primers were designed to
cover target regions in both directions. DNA sequencing was conducted
on a 3130 Genetyx Analyzer automated sequencer (Applied Biosystems,
Foster City, CA, USA) and was with at least two independent amplification
products and sequencing runs. The sequences obtained in this study have
been deposited in DDBJ/EMBL/GenBank with the following accession
numbers: AB599930 (P. gallinaceum mt genome) and AB599931
(P. vinckei vinckei mt genome).

2.2. Gene annotation
Nucleotide sequences of the mt genomes from P. gallinaceum and

P. vinckei vinckei and their deduced amino acid sequences were
aligned with the mt genome sequences of P. falciparum (M76611) and

other 20 Plasmodium species plus L. caulleryi retrieved from GenBank
(Table 1) using Clustalw [12] with manual corrections. Protein-
coding genes were predicted using previously annotated sequences
from P. falciparum.

Putative rRNA gene fragments were identified using the annotated
IRNA gene fragments from P. falciparum (M76611) as a query sequence
[6] under suggested algorithm parameters [13] in NCBI BLAST 2.2 [14].
The termini of candidate gene fragments were determined using aligned

" sequences. The accession numbers of mt genomes used for identifying

rRNA gene fragments are shown in Table 1.

Hidden Markov model of bacterial rRNA has recently been suggested
to be useful to search for fragmented rRNA genes in metagenomic data
[15]. In addition, the alpha-proteobacterial origin of mitochondria is
widely accepted [16], and mt and bacterial rRNAs are closely related.
We thus applied this model to identify novel rRNA gene fragments in
P. falciparum. We also performed BLAST searches using Tetrahymena
pyriformis mt rRNA fragments (AF160864). T. pyriformis, a member of
ciliates, is closely related to the phylum Apicomplexa [17], and its
mt rRNAs are fragmented [18,19]. Putative regions, missing from the
P. falciparum mt rRNA, were surveyed with possible consensus
sequence/structure from mt rRNAs [20}] using scan_for_matches [21].
In addition, hidden Markov models constructed using mt sequences
from Babesia gibsoni (AB499087), Theileria orientalis (AB499090) and
Theileria equi (AB499091) [9] with HMMER 1.8.3 [22] were used to
survey for mt genomes from representative Plasmodium/Letcocytozoon
species (P. falciparum, P. fragile, and L. caulleryi).

2.3. Search for direct and inverted repeat sequences

Repeat sequences, such as an inverted repeat sequence, can po-
tentially form secondary structures and may be involved in rearrange-
ment events of genomes. Therefore, searches for repeat sequences were
performed on the mt genomes for the 24 species used in this study
(Table 1) and E. tenella (AB564272), which contains the same three
protein-coding genes and 19 rRNA gene fragments as Plasmodium [10].
These searches were performed using the program REPFIND (http://
zlab.bu.edu/repfind/) [23] under cut-off conditions of >10 nucleotides
and a P-value<0.0001. Inverted repeat sequences were searched for
using a ‘self against self BLASTN search [24] under cut-off conditions of
>10 nucleotides. Furthermore, additional searches for repeats and

Table 1

Twenty three Plasmodium species and one Leucocytozoon species used in this study.
Species Strain Host Accession number
Plasmodium gallinaceum A8 strain Bird AB599930 (this study)
Plasmoidum vinckei vinckei - Rodent AB599931 (this study)
Plasmodium falciparum C10 line Human M76611
Plasmodium vivax Salvador 1 Human NC_007243
Plasmodium malariae Uganda | Human AB354570
Plasmodium ovale Nigeria Il Human AB354571
Plasmodium reichenowi CDC1 Chimpanzee NC_002235
Plasmodium hylobati WAK (ATCC30194) Gibbon AB354573
Plasmodium cynomolgi Langur Monkey AB434919
Plasmodium simiovale (ATCC 30140) Monkey AB434920
Plasmodium fieldi N-3 strain (ATCC30163) Monkey AB354574
Plasmodium inui IM-Perak {ATCC30156) Monkey AB354572
Plasmodium fragile Hackeri Monkey AY722799
Plasmodium coatneyi CDC strain Monkey AB354575
Plasmodium knowlesi Malayan strain (ATCC30192) Monkey/Human NC_007232
Plasmodium gonderi (ATCC 30045) Monkey AB434918
Plasmodium yoelii 17XNL Rodent MALPY00209
Plasmodium chabaudi AS strain Rodent AB379663
Plasmodium berghei ANKA strain Rodent ANKA contig 5406
Plasmodium relictum (ATCC 30141) Bird AY733089
Plasmodium juxtanucleare - Bird AB250415
Plasmodium mexicanum - Lizard AB375765
Plasmodium floridense - Lizard NC_009961
Leucocytozoon caulleryi - Bird AB302215
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inverted repeats were performed using GENETYX software (Version 8;
SDC, Tokyo, Japan).

3. Results

3.1. Mitochondrial genome organization of P. gallinaceum and P. vinckei
vinckei

We sequenced the mt genomes from P. gallinaceum (6.0 kb) and
P. vinckei vinckei (5.9 kb), and identified three protein-coding genes
(Fig. 1A and B). These genes are syntenic to the P. falciparum mt
genome (Fig. 1C).

Using the P. falciparum mt genome sequence as a query, we also
identified 12 fragments of LSU rRNA gene and seven fragments of SSU
rRNA gene in the mt genomes of P. gallinaceum, P. vinckei vinckei, and 20
other Plasmodium species and L. caulleryi (Supplementary Table 2).
Several approaches were undertaken to explore putative missing
sequences of Plasmodium mt rRNA gene fragments. Searches with
bacterial rRNA hidden Markov models and BLAST searches with
T. pyriformis mt rRNA sequences both failed to detect any additional
fragmented rRNA candidates. Additional searches using hidden Markov
models constructed with Babesia/Theileria sequences revealed that six
nucleotides in mtR-26, a recently identified P. falciparum transcript
[25], are complementary to a region in RNA1, one of the mt LSU rRNA
fragments of P. falciparum, if G-U pairs are allowed (Fig. 2A). G-U
“wobble” base pairing is one of the most frequently found “mismatches”
in various RNAs including rRNAs [26]. Thus, the interaction between

A P gallinaceum

RNAT and mtR-26 including G-U pair(s) seems to be very likely. The

* mtR-26 corresponds to E. coli LSU rRNA positions between 579-584 and

flanking regions, and is perfectly conserved in the mt genomes of the 23
Plasmodium species and L. caulleryi (Fig. 2B) (Supplementary Table 2).
Thus, we suggest that P. falciparum mtR-26 and its putative homologs in
22 Plasmodium species (as well as L. caulleryi) are a fragmented LSU
rRNA. The organization and predicted transcriptional direction of rRNA
gene fragments including mtR-26 are completely conserved among the
24 parasite species examined here.

3.2. Comparison of mt genome sequences

Pairwise sequence identity of cox3, coxI and cob is comparable
among the 23 Plasmodium species and L. caulleryi (Table 2): 79.9-
98.9% for cox3, 85.0-99.2% for cox1 and 82.5-99% for cob at the
nucleotide sequence level, and 79.6-99.6% for COX3, 90.6-100% for
COX1 and 82.2-100% for COB at the amino acid sequence level. In
contrast to these protein-coding genes, pairwise sequence identity of
20 rRNA gene fragments is very high, 94.4-99.9% (94.7-100% for 13
LSUs and 93.8-100% for seven SSUs) among the 24 species. Pairwise
sequence identity of intergenic regions is also high, 89.5-99.4% among
the 24 species. Pairwise sequence identity of 10 representative
parasites is given in Supplementary Tables 3-5,

Small differences in size of the 24 mt genomes (5948 bp of P. vinckei
vinckei to 6014 bp of P. juxtanucleare) are due to variations in the number
of A or T homopolymers, and insertion/deletion of A or T in rRNA gene
fragments and intergenic regions.

9

/ 4
2 coxl ] cob !
LCLG SBl LB
B P vinckei vinckei
9 4
E coxl " cob *
LCLGSB 10 LB
i mtR-26
C P falciparum
SE
] 3
L L | coxl 1l cob
| gl cox3 |
LCLGSB 0 SA
| mtR-26
z : l coxl H cob
2 i3 9SD 10 LGLF
T T T T T T
1.0 2.0 3.0 4.0 5.0 6.0 (kb)

Fig. 1. Structure of the mitochondrial (mt) genomes of P. gallinaceum (A) and P. vinckei vinckei (B). Shown for comparison are the mt genomes of P. falciparum (C) (M76611) and
Eimeria tenella (D) (AB564272). Elements within these genomes are tandemly repeated, so the designation of both termini is arbitrary. Genes shown above the bold line in each
genome are transcribed left to right and those below are transcribed from right to left. Dark and light grey boxes indicate fragments of LSU and SSU rRNA genes, respectively. Black
boxes indicate transcript, RNA4, which has not been annotated (M76611). Arrows indicate the position of inverted repeat sequences. cox1, cytochrome c oxidase subunit I; cox3,

cytochrome ¢ oxidase subunit III; cob, cytochrome b.
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Fig. 2. Complementarity between P. falciparum mtR-26 and RNA1 (A), and nucleotide
sequence alignments of P. falciparum mtR-26 and its homologs from 22 Plasmodium
species and Leucocytozoon caulleryi (B). In panel A, the six nucleotides of mtR-26
correspond to E. coli LSU rRNA positions between 579 and 584. Dots and asterisks
indicate G-U base pairing motifs and A-U/G-C pairs, respectively. In panel B, a
predicted sequence region complementary to RNA1 is boxed. Dots indicate identical
nucleotides to P. falciparum mtR-26.

3.3. Repeat sequences of the Plasmodium mt genomes

Searches for direct repeat sequences identified one to six repeats
with lengths of 10 to 15 bp in the mt genomes of all species examined
here, except P. gallinaceum and P. floridense. These repeat sequences
are not conserved among the 23 species but one pair of inverted
repeat sequences of 22 to 25 bp is conserved in all Plasmodium species
and L. caulleryi (Fig. 3). These inverted repeat sequences were located

Table 2

K. Hikosaka et al. / Parasitology International 60 (2011) 175-180

at the 3’ region of LSUF, which has been identified as a LSU rRNA gene
fragment and at the 5’ region of RNA4, the function of which in the
P. falciparum mt genome (M76611) is unknown (Feagin, personal
communication). The nucleotide positions of RNA4 in each species
examined here are shown in Supplementary Table 2. In contrast, no
inverted repeat sequences were found in the E. tenella mt genome.

4. Discussion

This study shows that the organization and predicted transcrip-
tional direction of mt protein-coding genes and mt rRNA gene
fragments are highly conserved among the 23 Plasmodium species and
L. caulleryi examined. In addition, arrangements and nucleotide
sequences of intergenic regions ranging from 953 bp to 1011 bp,
which represent approximately one-sixth of the 6-kb genome, are
also highly conserved. Recently, transcription of almost all intergenic
regions of P. falciparum mt genome has been demonstrated [25]. These
highly conserved sequence regions may thus code for functional
RNAs. This study suggests that one of the transcripts, mtR-26, is a
fragment of the LSU rRNA gene.

The high degree of conservation of the Plasmodium mt genome
structure may be due to structural constraints on the genome. In
general, mt genomes display a tendency of size reduction or deletional
bias [27]. Since the Plasmodium mt genome is the smallest so far
known, a further reduction and rearrangement of sequences may
deleteriously affect the function of their genomes. Consistent with this
proposition, the size and gene arrangement of vertebrate mt genomes
remain virtually unchanged over long evolutionary time; e.g. the gene
arrangements of human and trout mt genomes are nearly identical
[28]. Although vertebrate mt genomes are much larger (16 kb) than
the Plasmodium mt genome, the high conservation of vertebrate mt
genome structures supports our proposition that structural con-
straints limit mt genome change.

In the present study, an inverted repeat sequence was identified in
all Plasmodium species and L. caulleryi. The presence of this inverted
repeat sequence allows us to infer a scenario for the evolutionary
trajectory of the mt genome structures of Plasmodium and E. tenella. A
comparison of the arrangements of three protein coding genes between
Plasmodium and Eimeria suggests that at least one inversion event of a
region containing cox1/cob or cox3 must have occurred in an ancestral
lineage leading to either Plasmodium or Eimeria. The inverted repeat
sequences are located 5/ to coxI and 3’ to cob. Therefore, these inverted
repeats may have been involved in an inversion event of either cox1/cob
or cox3 in an ancestral lineage. The present data set does not predict
whether the inverted repeats were inserted into an ancestral lineage of
Plasmodium or deleted from an ancestral lineage of Eimeria.

Sequence identity of protein-coding genes, rRNA gene fragments and the intergenic region of the mitochondrial genomes of 23 Plasmodium species and Leucocytozoon caulleryi.

Region No. of Sequence identity
sites Mean + SE® (%) Range (%)
Protein-coding gene cox3 - cox1 + cob 3318 nt 8944035 83.0-98.9
(Amino acid sequence) (1106 aa) (92.0+£047) (85.6~599.5)
cox3 753 nt 88.0+0.61 79.9-98.9
(Amino acid sequence) (251 aa) (884+1.14) (79.6-99.6)
cox1 1434 nt 89.6+042 85.0-99.2
(Amino acid sequence) (478 aa) (94.7 £ 0.61) (90.6-100)
Cob 1131 nt 89.940.45 82.5-99.0
(Amino acid sequence) (377 aa) (91.04+0.85) (82.2-100)
rRNA gene fragment LSU +SsU 1624 nt 97.840.20 94.4-99.9
LSU 1091 nt 97.74+0.26 94.7-100
Ssu 533 nt 97.94-0.30 93.8-100
Intergenic regions 884 nt 943+0.39 89.5-99.4

? Standard error (SE) estimates were obtained by a bootstrap procedure (500 replicates) using MEGA4 [30].
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3" region of LSUF

Complementary and inverted
sequences of 57 region of RNA4

Consensus ATGTCGTCTCATCGCAGCCTTGTAA ATGTCGTCTCATCGCAGCCTTGTAA
P. gallinaceum A T c c T ATGTCGT ATCGCAGCCTT
P.vinckeivinckei A T c CGCAGCCTTG[dA ATIHITEY cTilATcelllAceccTT
P. falciparum AT c cGoAGCCTTGIAA ATGTCEYTCTATCIMCACT T
P. vivax AT ceTcTcATcGCAGCCTTG[gAA AT[TcGeTCcTilATCGAGCCTT
P. malariae ATGTCGTCTCATCGCAGCCTTGTAA ATE¥TceTcTpATCGiAGCCTT
P. ovale ATGTCGTCTCATCGCAGCCTTG[JAA ATEdTcoTcTiATCGRllAGCCTT
P. reichenowi ATGTCGTCTCATCGCAGCCTTGAA ATGTCTcTRRA T C ADMlC T T
P. hylobati ATeTceTcTCcATCcGCAGCCTTGMAA AT[TclrcTilATccflaGceceTT
P. cynomolgi ATeTceTcTCcATCGCAGCCTTGMAA ATITclYrcTilAaTcclllAGceccTT
P. simiovale ATGTCGTCTCATCGCAGCCTTG[AAA ATITcl¥TcTi@ArTcllAGccTT
P. fieldi ATGTCGTCTCATCGCAGCCTTG[EAA ATE¥TCGTCTRATCGAGCCTT
P. inui ATeTceTcTCcATCcGCcAGCCTTGAA ATITEHlcTcTlATcollAGceccT T
P. fragile ATGTCGTCTCATCGCAGCCTTG[MAA ATE§TCcoTCcTiATCGllAGCCTT
P. coatneyi ATGeTCGTCcTCcATCGCAGCCTTGAA ATE§TcoTCcTATCcllAGCcCTT
P. knowlesi AteTcaeTcTcATCcGCoAGCCTTGAA ATINTHceTcTgATccollAccTT
P. gonderi ATGTCGTCTCATCGCAGCCTTG[AA AT[¥§TCcoTcTillATCGAGCCTT
P. yoelii ATGTCGTCTCATCGCAGCCTTGMAA AT[§rcoTcTilATCcoiliAGceceTT
P. chabaudi ATeTceTcTcATCcGCAGCCTTG[IAA ATINTENTCcTATCcllAGCcCTT
P. berghei ATGTCGTCTCATCGCAGCCTTG[MAA ATIdTceTCcTiATCGllAGCCTT
P. relictum ATGTCGTCTCATCGCAGCCTTGAA ATGTCGIICTRIATCGCAGCCTT
P.juxtanucleare AT GTCGTCTCATCGCAGCCTTGAA ATETCGeTCTHATCGCAGCCTT
P. mexicanum ATGTCGTCTCATCGCAGCCTTG[AA ATGTCGTCTCATCGCAGCCTTGTAA
P. floridense ATGTCGTCTCATCGCAGCCTTGI[JAA ATGTCGTCTHIATCGCAGCCTTGTAA
L. caulleryi ATGTCGTCTCATCGCAGCCTTGTAA ATGTCGTCTCATCGCAGCCTTEITAA

Fig. 3. Nucleotide sequence alignments of inverted repeats in the mt genomes of 23 Plasmodium species and Luecocytozoon caulleryi. Alignments are located at the 3’ region of LSUF
(left) and 5’ region of RNA4 (right). RNA4 sequences shown are complementary and inverted. White characters highlighted in black indicate nucleotides differing from the

consensus sequence.

A closer examination of the gene order of cox1 and cob, as well as
many of the 19 rRNA gene fragments, reveals that it is considerably
different between Plasmodium and Eimeria. This difference cannot be
explained by an inversion event. It is generally assumed that the
duplication and random loss (TDRL) model [28] accounts for changes
in gene order. According to the TDRL model, genes or gene fragments
are duplicated and some of these are subsequently lost thereby
generating a new gene order. For example, a duplication of a segment
containing cox1/cob in the Plasmodium mt genome, followed by the
loss of the 5/-end cox1 and the 3/-end cob, can generate the gene order
of cob/cox1, which is found in the Eimeria mt genome (shown in a
complementary direction, in Fig. 1). However, rearrangements of
rRNA gene fragments are very extensive between the mt genomes of
Plasmodium and Eimeria (Fig. 1). Therefore, TDRL model may be too
simple to adequately account for the observed rearrangements of
rRNA gene fragments.

Complete mt genome sequences are now available for 23
Plasmodium species but the biological function of their very compact
mt genome remains largely unknown [29]. It is extremely difficult to
purify and therefore characterize mitochondria from Plasmodium. The
high conservation of mt genomes among Plasmodium species may
shed some light on the importance of mt function. Further molecular
and biochemical studies are required to determine the significance of
this sequence conservation.
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Screening for NADH-fumarate reductase inhibitors led to the isolation of the new polyketide compounds,
ukulactones A and B (1 and 2, Fig. 1) from a culture broth of Penicillium sp. FKI-3389. The structure of
ukulactone A was elucidated as a methylated derivative of prugosene A1, which was produced by Pen-
icillium rugulosum and NOESY experiment revealed ukulactone B was a stereoisomer of ukulactone A.
Ukulactone A showed potent inhibitory activity against NADH-fumarate reductase of the roundworm

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

NADH-fumarate reductase (NFRD), consisting of mitochondrial
complexes 1 and II, is an electron transport system involved in
a unique energy metabolic pathway found in many anaerobic or-
ganisms, such as helminths.! This system is used to generate ATP in
the absence of oxygen and allows helminths to live in anaerobic cir-
cumstances inside the host. Therefore, a selective inhibitor of NFRD is
expected to be a good anthelmintic. We have screened for NFRD in-
hibitors in culture broths of fungi using helminth (Ascaris suum)
mitochondria, and found some potent inhibitors, such as nafuredin,?
atpenins,? verticipyrone, and paecilaminol.’ During this screening
we obtained new NFRD inhibitors, ukulactones A and B (1 and 2,
Fig. 1), from the culture broth of the terrestrial fungus Penicillium sp.
FKI-3389. In this report, we describe the isolation, structural eluci-
dation, and biological activities of these two ukulactones.

2. Results and discussion

2.1. Isolation and structure elucidation of ukulactones A (1)
and B (2)

A solid culture of Penicillium sp. FKI-3389 was extracted with
EtOAc and the extract was purified by silica gel column

* Corresponding authors. E-mail addresses: shiomi@lisci.kitasato-u.ac,jp (K. Shiomi),
omuras@insti.kitasato-u.acjp (S. Omura).

0040-4020/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2011.05.090

Fig. 1. Structures of ukulactones A (1) and B (2).

chromatography and HPLC. From 3 kg of the solid broth, 515 mg of 1
and 3.5 mg of 2 were isolated.

Ukulactone A (1) was obtained as a yellow syrup. The molecular
formula was elucidated to be Cy9H3305 by HRFABMS (observed
[M]* at 466.2722, calcd [M]* 466.2719). The characteristic ab-
sorption maxima at 325, 340, and 358 nm in the UV spectrum,
strongly suggested that 1 has a pentaene in the structure. The IR
absorptions indicated the presence of hydroxyl (3730 cm™') and
carbonyl (1795 and 1745 cm™!) groups.
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Table 1
H and *C NMR data of 1 and 2 (in CDCl5)

Position 12 2b

oy (Int,, mult, J in Hz) bc mult, 0n (Int., mult, J in Hz) dc mult,
1 1714 s 1714 s
2 70.1s 701s
3 2076 s 2076 s
4 2.65(1H, qd, 74, 2.2) 44.3d 2.66 (1H, qd, 74, 2.2) 443d
5 5.15(1H,d, 2.2) 85.2d 516 (1H,d, 2.2) 852d
6 57.9s 579s
7 521 (1H, s) 127.7d 522 (1H,s) 1278 d
8 1388 s 1388 s
9 6.12 (1H, d, 14.4) 136.1d 6.13 (1H, d, 14.4) 1362d
10 6.32 (1H, dd, 144, 10.9) 1335d 6.38 (1H, dd, 14.4, 10.9) 1342d
11 6.27 (1H, dd, 14.4, 10.9) 132.7d 6.24 (1H, dd, 14.4, 10.9) 132.8d
12 6.37 (1H, dd, 14.4, 10.9) 1343 d 6.31 (1H, dd, 144, 10.9) 1336d
13 6.30 (1H, dd, 14.4, 10.9) 1295d 6.28 (1H, dd, 14.4, 10.9) 1295d
14 6.47 (1H, dd, 14.4, 10.9) 129.1d 6.49 (1H, dd, 14.4, 10.9) 129.2d
15 6.16 (1H, d, 10.9) 130.5d 5.82 (1H, d, 10.9) 1289d
16 1363 s 1349 s
17 4.36 (1H, s) 85.2d 430 (1H, s) 80.7d
18 1363 s 1348 s
19 : 5.68 (1H, s) 1308 d 5.66 (1H, s) 130.1d
20 67.0s 673s
21 347 (1H, q,6.3) 77.2d 3.51(1H, q, 6.3) 71.0d
22 1.21 (3H, s) 48q 121 (3H,s) 48q
23 1.18 (3H,d, 74) 11.6q 1.19(3H,d, 74) 116q
24 1.40 (3H, s) 16.8 q 140 (3H, s) 16.8 q
25 1.89 (3H, s) 143 q 1.90 (3H, s) 144 q
26 1.70 (3H, s) 12.0q 1.90 (3H, s) 162 q
27 147 (3H, s) 18.5q 1.62 (3H, s) 201 q
28 1.14 (3H, s) 235q 1.13 (3H, s) 237q
29 1.22 (3H,d, 6.3) 142 q 1.15 (3H, d, 6.3) 140q

2 Recorded at 300 MHz ("H) and 75 MHz (*3C).
b Recorded at 400 MHz ('H) and 100 MHz (*3C).

The 'H and ®C NMR data of 1 are shown in Table 1. Analysis of
the 'H and 3C NMR, DEPT, and HSQC spectra revealed the presence
of eight methyl groups, one sp> methine carbon, three quaternary
carbons, three oxymethine carbons, nine sp? methine carbons,
three sp? quaternary carbons, one carboxyl group, and one carbonyl
group. The COSY correlations showed the presence of a spin system
of seven olefin protons (from H-9 to H-15) in a pentaene moiety
suggested by UV spectrum. The configurations of the olefins were
assigned to be trans by their coupling constants (J=14.4 and
10.9 Hz). In the pentaene moiety, NOE correlations between H-7
and H-9 and between H-14 and H-26 were observed (Fig. 2). In
addition, '3C chemical shifts of the olefin methyl carbons C-25
(6 14.3) and C-26 (6 12.0) suggested the configuration of the pen-
taene moiety was all-trans.%

HMBC correlations from methyl proton H-25 to C-7, C-8, and C-9
and from H-26 to C-15, C-16, and C-17 were observed (Figs. 3 and
5), thus two methyl moieties were attached to C-8 and C-16 of
the pentaene substructure of 1, respectively. By the HMBC corre-
lations in Fig. 3, another partial structure was deduced to be 4,6,7-
trimethyl-2-oxabicyclo[2.2.1]heptane-3,5-dione contained in shi-
malactones A and B, prugosenes A1-A3.2 coccidiostatin A® and
wartmannilactones E, F, and H.'° The 'H and 3C chemical shifts of
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Fig. 2. COSY (bold line) and key NOESY (arrow) correlations of pentaene unit of 1.

this substructure were in good accordance with those of shima-
lactones A and B in CDClz.” The HMBC correlations from the methyl
proton H-24 revealed that this bicyclo unit connected to C-7 of the
pentaene (Fig. 3). We conducted a NOESY experiment to analyze
relative configuration of the bicyclo unit. The observed NOE cor-
relations are shown in Fig. 4. The data indicated the relative con-
ﬁguratign of this unit was (25,4R,55,65) the same as prugosenes
A1-A3.

HMBC correlations (Fig. 5) clarified 1 had the 3,6-dihydro-3-
hydroxy-2,3,5-trimethyl-2H-pyran ring also contained in prugo-
sene A1® and wortmannilactones E and E.1° The relative conformation
of the dihydropyran ring was (17S,20R,21R), indicated by NOE cor-
relations from H-17 to H-21, H-26 and H-27, and those from H-28 to
H-19 and H-21 (Fig. 6). Therefore, ukulactone Awas deduced to be an
8-methyl derivative of prugosene Al.

Ukulactone B (2) was also obtained as a yellow syrup. The mo-
lecular formula was elucidated to be CygHzg0s, the same value as
ukulactone A (1) by HRFABMS. UV and IR spectra were almost
identical, but the sign of [a]p, which was opposite to that of 1,
suggested 2 is a stereoisomer of 1. As compared with 'H and 13C

Fig. 3. HMBC correlations of the trimethyloxabicyclo[2.2.1 Jheptane unit of 1.
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