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30Intra-specific comparison of mitochondrial genomes can help elucidate the evolution of a species, how-
31ever it has not been performed for hypocrealean fungi that form diverse symbiotic associations with
32other organisms. In this study, comparative analyses of three completely sequenced mitochondrial gen-
33omes of a hypocrealean fungus, Cordyceps militaris, the type species of Cordyceps genus, revealed that the
34introns were the main contributors to mitochondrial genome size variations among strains.
35Mitochondrial genes in C. militaris have been invaded by group I introns in at least eight positions. PCR
36assays of various C. militaris isolates showed abundant variations of intron presence/absence among
37strains at seven of the eight intronic loci. Although the ancestral intron pattern was inferred to contain
38all eight introns, loss and/or gain events occurred for seven of the eight introns. These introns invaded
39the C. militaris mitochondrial genome probably by horizontal transfer from other fungi, and intron inser-
40tions into intronless genes in C. militaris were accompanied by co-conversions of upstream exon
41sequences especially for those introns targeting protein-coding genes. We also detected phylogenetic
42congruence between the intron and exon trees at each individual locus, consistent with the ancestral
43mitochondria of C. militaris as having all eight introns. This study helps to explain the evolution of C. mili-
44taris mitochondrial genomes and will facilitate population genetic studies of this medicinally important
45fungus.
46� 2015 Published by Elsevier Inc.
47

48

49
50 1. Introduction

51 Mitochondria play various essential roles in eukaryotic cells,
52 particularly with respect to their primary functions in respiratory
53 metabolism and energy production. With the emergence of next-
54 generation sequencing in recent years, access to whole genome
55 sequences has become easier and more affordable than ever before.
56 Accordingly, the number of completely sequenced mitochondrial
57 genomes (mitogenomes) of fungi has increased dramatically. To
58 date, mitogenomes of more than 180 fungal species have been
59 released in the public database (http://www.ncbi.nlm.nih.gov/gen-
60 omes/GenomesGroup.cgi?taxid=4751&opt=organelle), including
61 17 species within the order Hypocreales which contains some
62 important entomogenous fungi and plant pathogens. Sizes of mito-
63 genomes of these hypocrealean fungi vary between 22.4 kb and

6495.7 kb (data obtained from public database), but they generally
65contain 14 conserved mitochondrial protein-coding genes, two
66rRNA genes and a variable number of tRNA genes with almost
67identical gene order (Eldarov et al., 2015). Their genome size varia-
68tions are primarily due to differences in the number of introns and
69the length at inter-genic regions.
70Intra-specific comparative analysis of mitogenomes can help elu-
71cidate the evolution of a species and identify highly polymorphic
72regions and/or strain-specific markers (Bartelli et al., 2013;
73Formey et al., 2012). So far, intra-specific comparison of whole mito-
74genomes have been performed in seven fungal species: Candida
75albicans (Saccharomycetales, Saccharomycetes, Ascomycota)
76(Bartelli et al., 2013), Lachancea kluyveri (Saccharomycetales,
77Saccharomycetes, Ascomycota) (Jung et al., 2012), Lachancea ther-
78motolerans (Freel et al., 2014), Mycosphaerella graminicola
79(Capnodiales, Dothideomycetes, Ascomycota) (Torriani et al.,
802008), Neurospora crassa (Sordariales, Sordariomycetes,
81Ascomycota) (McCluskey, 2012), Podospora anserina (Sordariales,
82Sordariomycetes, Ascomycota) (Cummings et al., 1990), and
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83 Rhizophagus irregularis (Glomerales, Glomeromycetes,
84 Glomeromycota) (Formey et al., 2012). Because species of
85 Hypocreales form diverse symbiotic associations that include
86 antagonistic to mutualistic interactions with numerous animals,
87 plants, and other fungi (Sung et al., 2008), it is interesting to under-
88 stand the mitochondrial DNA (mtDNA) evolution of a hypocrealean
89 species. Variations of mtDNA among different isolates of the same
90 hypocrealean species, however, are currently unknown. Although
91 there are mitogenome data from two Beauvera bassiana isolates in
92 the public database (Ghikas et al., 2010; Xu et al., 2009a), they likely
93 represent two different species (see Results of this study).
94 Cordyceps militaris, which generally parasitizes larva or pupa of
95 lepidopteran insects, is the type species of the genus Cordyceps
96 (Hypocreales, Ascomycetes). This fungus is distributed worldwide
97 from 0 to >2000 m above sea level (Shrestha et al., 2012). Its fruit-
98 ing body has now been mass-produced artificially and developed
99 into health food (i.e. not just nutritious in an ordinary sense, but

100 eaten specifically for its health-promoting properties), and the spe-
101 cies is one of the most representative and widely-used species in
102 Cordyceps sensu lato (Shrestha et al., 2012). Biologically active
103 compounds (e.g., cordycepin, polysaccharides, cordymin) isolated
104 from the fungus exhibit a variety of pharmacological effects,
105 including anti-cancer, antioxidant, anti-inflammatory, immune-
106 enhancing, or antifungal activities (Das et al., 2010; Tuli et al.,
107 2013; Wang et al., 2013; Wong et al., 2011). In addition to the
108 interest in artificial cultivation and pharmacological effects,
109 researchers have studied this fungus broadly from the viewpoints
110 of genomics (Zheng et al., 2011), transcriptomics (Xiong et al.,
111 2010; Yin et al., 2012), and proteomics (Yin et al., 2012).
112 Investigation on intra-specific genetic variation in C. militaris, how-
113 ever, has been rather limited (Zhang et al., 2013).
114 During the preparation of this paper, the mitogenome of one C.
115 militaris strain, EFCC-C2, was submitted to the public database
116 (Sung, 2015). Therefore, the objectives for this work were: (1) to
117 perform the first comparative mitogenomic analysis of hypocre-
118 alean fungi in C. militaris, (2) to document intron presence/absence
119 dynamics in mitochondrial genes in C. militaris, and (3) to
120 characterize the ancestral intron distribution pattern and the evo-
121 lution of introns in C. militaris. In this study, we reported the com-
122 plete mitogenomes of two new C. militaris isolates, CM01 and V26-
123 17. Intra-specific comparison of the two isolates plus EFCC-C2
124 revealed intron presence/absence dynamics which were further
125 expanded by investigating additional isolates. The ancestral state
126 of C. militaris was inferred to have introns at all eight investigated
127 loci. Intron loss was the dominant event; however, independent
128 intron gain after intron loss was also inferred for at least two
129 introns. All mitochondrial introns of C. militaris were acquired
130 probably through horizontal gene transfer likely at the beginning
131 of C. militaris speciation, and intron invasions were often accompa-
132 nied by co-conversions of upstream exon sequences flanking
133 intron insertion sites. This study broadens our understanding of
134 the mtDNA evolution of hypocrealean fungi.

135 2. Materials and methods

136 2.1. Fungal materials

137 Cordyceps militaris strains CM01, whose nuclear genome was
138 previously reported (Zheng et al., 2011), and V26-17, a mono-as-
139 cospore isolate, were employed to obtain full-length mitogenome
140 sequences. The two isolates plus the C. militaris isolate EFCC-2C,
141 whose mitogenome was recently reported (Sung, 2015), were used
142 to perform comparative mitogenomics. Isolates CM01, V26-17, and
143 18 other C. militaris isolates (Supplementary Table 1) were used in
144 PCR assays to investigate presence/absence dynamics of introns

145and other sequences. The 20 isolates showed only one nucleotide
146difference in the 528 bp of the internal transcribed spacers of the
147nuclear ribosomal rRNA gene cluster, consistent with these strains
148belonging to the same species. To obtain their genomic DNA, these
149isolates were cultivated at 25 �C for 10 days in PDA media with cel-
150lophane paper covering the medium surface. Mycelia were col-
151lected and used to extract total genomic DNA using the CTAB
152method (Zhang et al., 2010).

1532.2. Assembly, annotation, and comparative analysis of different
154mitogenomes of C. militaris

155BLAST analysis against the C. militaris CM01 genome data (NCBI
156accession no. AEVU00000000), using Beauveria bassiana mitogen-
157ome (NC_017842) as the query, revealed one scaffold (i.e.,
158CCM_S00011) harboring mitochondrial genes, but this scaffold
159was incomplete due to existence of nine gap regions. To fill the
160gaps and complete the scaffold, primers were designed based on
161known sequences of CCM_S00011. PCRs were performed using
162the DNA polymerase KOD FX (TOYOBO Bio-Technology Co. LTD,
163Japan), and sequences of amplicons were determined by Sanger
164sequencing at SinoGenoMax Co. Ltd. (Beijing, China) or at the
165Mobix lab of McMaster University (Hamilton, Canada). To obtain
166the complete mitogenome of V26-17, multiple overlapping PCR
167primer sets were designed based on the assembled mtDNA
168sequence of CM01, and amplicons were sequenced and assembled.
169All primers used in this study were designed using the online soft-
170ware Primer3 (Untergasser et al., 2012); primer information is
171available upon request.
172The mitogenome of C. militaris was first annotated automati-
173cally using the MFannot tool (http://megasun.bch.umontreal.ca/
174cgi-bin/mfannot/mfannotInterface.pl) based on genetic code 4.
175The MFannot program can predict protein-encoding genes,
176rRNAs, tRNAs, and intron types. The predictions were individually
177checked as follows. First, the boundaries of rRNAs (especially for
178the 50 and 30 termini and exons of rnl) were determined by aligning
179with other hypocrealean fungi whose mitogenomes have been
180reported. Second, transfer-RNA (tRNA) annotations were further
181confirmed by tRNAscan-SE 1.21 (Schattner et al., 2005). Third,
182intron–exon boundaries were confirmed by aligning corresponding
183sequences with an intron-less gene from a related species or with
184other C. militaris isolates without corresponding introns. Fourth,
185intronic and inter-genic regions were further searched by ORF
186Finder (http://www.ncbi.nlm.nih.gov) to identify additional ORFs
187(open reading frames) larger than 300 bp. Functional assignments
188of these new ORFs were made based on sequence similarity to
189characterized fungal mitochondrial proteins using BLASTP searches
190against NCBI databases (http://www.ncbi.nlm.nih.gov) and HMM
191searches against the protein families in the Pfam 27.0 database
192(Finn et al., 2014). ORFs that had no significant similarity to known
193genes and were at least 100 amino acids in length were annotated
194as hypothetical proteins.
195The mitogenomes of three C. militaris isolates, CM01, V26-17,
196and EFCC-C2, were aligned using Mauve 2.3.1 (Darling et al.,
1972010) to illustrate positions of introns and major alignment gaps.
198Alignments of each exonic or intronic region were made by
199Muscle (Edgar, 2004) as implemented in MEGA 6.0 (Tamura
200et al., 2013).

2012.3. Phylogenetic analysis of hypocrealean species

202To determine the evolutionary relationships between C. militaris
203and other hypocrealean species, concatenated amino acid
204sequences of atp6, atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2,
205nad3, nad4, nad4L, nad5, and nad6, a total of 4,195 characters, were
206used in a phylogenetic analysis for all hypocrealean species whose
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