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ABSTRACT: Mitochondria play a key role in energy production in all eukaryotic systems and these
are autonomous organelles containing their own genetic material in the form of mt genome. With
the advent of DNA sequencing, mt genomes were sequenced and with the help of computational
biology tools sequenced genomes can be annotated and analyzed in various ways to bring out the
aspects like genetic structure, gene compositions, rearrangements, codon usage bias (CUB), intron
analysis, synteny, phylogeny etc. The present study compares Hypocrealean fungal mt genomes. A
variety of comparative analyses were performed using various bioinformatics tools to explore the
details of mt genomes. Mt genomes being smaller with a limited number of key genes, the
comparative analysis showed highly conserved nature among the organisms with similar lifestyle
and they were grouped together when a phylogenetic tree is constructed. All the mt genomes encoded

14 conserved core protein coding genes with a slight varying number of tRNA genes.
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1.INTRODUCTION
In eukaryotic cells, mitochondria play essential roles, primary function in respiration and energy

production using electron transport coupled with oxidative phosphorylation to generate ATP [1]. The
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mitochondria have a genome originating from an endosymbiotic a-proteobacterial ancestor whose

genetic function is well conserved [2]. Mitochondrial genome (mt DNA) being small in size has
conserved gene content [3]. Over the past few years, many mitochondrial genomes were sequenced
and data is available through databases. A comparative analysis of the nuclear genomes of
Entomopathogenic fungi (EPFs) with fungi with plant pathogenic (PPFs) habit has been done [4]. A
number of studies provided insights into fungal mitochondrial (mt) genomes till to date [5, 6, 7, 8,
9, 10, 11]. Genome sequencing has become an important tool in understanding the organism to its
genetic level, with the emerging strategies of sequencing. So many economically important
organisms are being sequenced now-a-days. When compared to nuclear gnomes, organellar genomes
have a quite smaller size and have been studied intensively. Hypocrealean fungi belong to the group
Ascomycota which contains the sac fungi. The order Hypocreales comprises of fungi with
diversified lifestyles viz., saprobes, pathogens (Plant pathogens, Entomopathogens,
Nematopathogens etc.) and were reported to be a crucial part in forest succession [12]. PPFs pose a
threat to the economically important crops. EPFs are responsible for significant natural control of
insect populations [13, 14] with insect pests in crop fields decimated due to their epizootics.
Mimicking this natural phenomenon, EPFs are being used in the biological control of insect pests in
agriculture. All commercial biopesticide formulations are made from Hypocrealean EPFs.
Nematopathogenic fungi (NPFs) play a vital role in natural biocontrol of nematodes. With the advent
of genomics the nuclear and mitochondrial genomes of these fungi have been sequenced and
analyzed. However, to our knowledge there has not been a comparative analysis on EPFs, PPFs and
NPFmt genomes providing a picture on the mt genome analysis. Mt genome comparison paves way
to identify the similarities and dissimilarities (if any) among the compared genomes that can provide
insights into the evolutionary aspects. In the present study mitochondrial genomes of 7 fungi
belonging to the order Hypocreales are investigated, which include EPFs (Beauveria bassiana,
Metarhizium anisopliae and Cordyceps militaris), PPFs (Fusarium graminearum, F. oxysporum and
Verticillium dahliae) and a NPF (Hirsutella minnesotensis). Here, therefore we set our investigation
on comparing aspects like synteny (gene order), codon usage (codon bias), intron analysis, trn
analysis.

2. MATERIALS AND METHODS

1. mt genome Sequence retrieval

Mitochondrial genomes of the three EPFs: Beauveria bassiana, Metarhizium anisopliae and
Cordyceps militaris; three PPFs: Fusarium graminearum, F. oxysporum and Verticillium dahliae and
a NPF: Hirsutella minnesotensis were downloaded from NCBI. The mt genome sequences were

retrieved from NCBI in (.gbk, .faa, .fasta) formats (Accession numbers NC 010652, NC 008066,
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NC 022834, HG970331, NC 017930, NC 008248 and NC 027660 respectively)

(http://www.ncbi.nlm.nih.gov/genome/). The selected organisms’ genomes were sequenced and
these include both asexually and sexually reproducing fungi with different genome sizes.

2. Examination of General features of mt genomes

The general features of the genome such as size, GC content, gene content were examined. The GC
content and Nucleotide composition (NC) was calculated wusing CAlcal tool
(http://genomes.urv.cat/CAlcal/) [15].

3. tRNAand Codon Usage Bias (CUB) analysis

tRNA count in mt genomes is less than that of the nuclear tRNA count. In order to examine if the
tRNA genes cater entirely to the protein synthesis of the mt protein coding genes, codon usage
analysis was done with CodonW (http://codonw.sourceforge.net/) [16]. For this analysis, the coding
sequences of all the seven mitochondrial genomes were retrieved from NCBI
(http://www.ncbi.nlm.nih.gov/genome/). All coding sequences of each corresponding organism are
concatenated using concatenate option in codonW and are given as input data for calculation of
overall Relative Synonymous Codon Usage (RSCU).

4. Intron analysis

Presence and enumeration of types of introns in the mt genes were identified using RNAweasel [17,
18]  (http://megasun.bch.umontreal.ca/cgibin/RNAweasel/RNAweasellnterface.pl) and Gene
Structure Display Server GSDS2.0 tool (http://gsds.cbi.pku.edu.cn/index.php) [19].

5. Synteny analysis

The synteny analysis of the genomes was done by Progressive mauve software
(http://darlinglab.org/mauve/mauve.html) [20].

6. Phylogenetic analysis

The phylogenetic analysis of the Hypocrealean fungi was carried out by concatenation of the protein
coding genes, by using Maximum Likelihood (ML) approach using MEGA version 6 [21] using
default parameters.

3. RESULTS AND DISCUSSION

1. Gene content and genome organization

The comparative analysis of the fungal genomes shows that the fungi are very divergent [22] and
are very dynamic in nature [23]. The mt genomes of seven fungi belonging to the order Hypocreales
show their genome size ranging from 24.67kb (M. anisopliae) to 95.68kb (F. graminearum) and their
GC content ranging from 26.8% (C. militaris) to 31.8% (F. graminearum) (Table 1). The mt genomes
of fungi tend to be AT rich [24], which is evident from our study as well. The mitochondrial genomes

encode a set of conserved genes including cytochrome c oxidase subunits (cox/, cox2 &cox3),
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apocytochrome b (cob), three ATP synthase subunits (atp6, atp8 & atp9), seven NADH

dehydrogenase subunits (nadl, nad2, nad3, nad4, nad4l, nad5 & nad6), the small and large
ribosomal subunits (rns & rnl), rps3 and tRNAs ranging from 24 to 28 (Table 1&2).

Table 1: General features of mitochondrial genomes of Hypocrealean fungi with different habit

Length | % Genes % of
5.No Fungus GenbankAcc | ") | GC | Protein | rRNA | tRNA | Total | coding
Entomopathogens (EPFs)

] Beauveria bassiana | NC_010652.2 | 2996 | 272 15 2 25 42 48.27
2 Metarhizium NC 008068 | 24.67 | 28.4 15 2 24 41 59.01
anisopliae -
Plant pathogens (PPFs)
4 | Fusarium oxysporum | NC_017930.1 | 34.48 31 15 2 25 42 44.66
5 Fusarium NC 009493.1 | 95.68 | 31.8 50 2 28 46* 55.97
graminearum -
6 Verticillium dahlia | NC_008248.1 | 27.18 | 273 15 2 25 42 53.66
Nematophagous (NPF)
7 Hirsutella NC 027660.1 | 5225 | 284 30 2 25 56% 57.34
minnesotensis -

*Having ORFs coding hypothetical proteins and endonuclease coding regions

The fungi of the order Hypocreales with different lifestyles show varying genome sizes (Table 1).
EPFs B. bassiana, C. militaris and M. anisopliae show a little variation among their genome size
1.e., 29.96kb, 33.28kb and 24.67kb respectively. Comparatively there is a remarkable difference in
the genome size between C. militaris and M. anisopliae. B. bassiana being a close relative of C.
militaris shows a moderate genome size between the three EPFs. The three PPFs F. graminearum,
FE oxysporum and V. dahliae also show considerable variations in their genome sizes i.e., 95.68kb,
34.48kb and 27.18kb respectively. The NPF H. minnesotensis showing a genome size of 52.25kb.
The genome size is highly varying with the plant pathogen F. graminearum, the size difference is
due to the presence of more number of introns in cox, cob and nadl,2 genes (Table 1 and 3). There
is no considerable variation in the GC content among the compared mt genomes (Table 1), EPFs B.
bassiana, C. militaris and M. anisopliae showing 27.2%, 26.8% and 28.4% respectively. Though the
genome size of C. militarisis larger than the other two EPFs (B. bassiana and M. anisopliae), it is
showing lower GC content than M. anisopliae which is showing higher GC content despite its small
genome size. B. bassiana showing a moderate GC content like its genome size in comparison with
C. militaris and M. anisopliae. A moderate level of GC content exhibited by the PPFs and NPF, F.
graminearum (31.8%), F. oxysporum (31%) and V. dahliae (27.3%) and H. minnesotensis (28.4%).
Despite larger genomes, F. graminearum and H. minnesotensis exhibit GC content similar to other
fungi. The overall Nucleotide composition (NC) showed that the mt genome is AT rich. Coding
proportion of M. anisopliae (59.01%) is the highest and C. militaris (43.10%) is the lowest of all the
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compared fungi (Table 1).

2. Synteny

Genes in the mt genomes are encoded on only one strand i.e., plus strand (Figures 1 and 2). Genes
were encoded on a single strand which is typical in mt genomes of Ascomycota [10]. The Mauve
alignments between the three EPFs B. bassaiana, C. militaris and M. anisopliae (Figure 1), and
between B. bassiana and the PPFs F. graminearum, F. oxysporum, V. dahlia and NPF H.
minnesotensis (Figure 2), visualize locally collinear blocks (LCBs), representing homologous
regions of sequences that do not contain major rearrangements [25]. Four LCBs are seen in figure 1,
gene clusters in each LCB are highly conserved, three LCBs contained all the protein and rRNA
coding genes following conserved order and content within each LCB. The syntenic structure of the
three EPFs is similar. Figure 2 also shows four LCBs in all the organisms except F. oxysporum which
is lacking the smallest LCB. Three LCBs in figure 2 contained all protein and rRNA coding genes,
gene clusters in between the organisms (B. bassiana, PPFs and NPF) is not highly conserved as in
case of EPFs (Figure 1). Gene order of protein coding genes in the studied Hypocreales is rnl-rps3-
nad2-nad3-atp9-cox2-nad4L-nad5-cob-coxI-nadl-nad4-atp8-atp6-rns-cox3-nadé6, this synteny is
being deviated by V. dahliae showing a translocation of the nadl-nad4-atp8-atp6-rns-cox3-nad6
region in between nad3 and atp9 (Table 2 and Figure 2). Highly conserved gene order is identified
with a very little variation among the studied organisms. Gene orders tend to be conserved, especially
within major phyla although they can be variable between them [26]. Syntenic #rn clusters in
between EPFs are conserved, in LCB1 a cluster (TEM) is conserved in between C. militaris, M.
anisopliae and F. oxysporum while EM found as a cluster in B. bassiana and another cluster
(MLAFKLQHM) is conserved in between B. bassiana, M. anisopliae and F. oxysporum, this cluster
separated into MLAFK, LH and M in C. militaris and V. dahliae showing (TEMMLAFKLQHM) as

a single cluster.
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Table 2: Gene order of the mitochondrial protein coding genes of Hypocrealean fungi with

different habit
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Figure 1: Alignments between the mt genomes of Beauveria bassiana, Cordyceps militaris and
Metarhizium anisopliae. The ProgressiveMauve algorithm was used to align the mt DNAs of
Beauveria bassiana, Cordyceps militaris and Metarhizium anisopliae. Corresponding colour boxes are
locally collinear blocks (LCBs). A sequence identity similarity profile is shown in each box. Annotations
are shown above and below the LCBs. White boxes are protein coding genes, Red boxes are rRNA genes

and Green boxes are tRNA genes.
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In LCB3 a cluster (YDSN) is conserved in C. militaris and M. anisopliae, while YD translocated

next to D in B. bassiana and YD rearranged as DY in F. graminearum, and in V. dahliae YN formed
a cluster with translocation of DS in between G and V which visible in LCB4. In LCB4, two clusters
(VI; SWP) are conserved in B. bassiana and C. militaris while M. anisopliae showing SW as a
cluster as P is missing completely (Figure 1 and 2). Conserved protein coding or core genes, tRNA
clusters and conserved syntenic regions were identified which aid in understanding genomic

architecture and evolutionary history of genomes.
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Figure 2: Alignments between the mt genomes of B.bassiana, F.graminearum, F.oxysporum,
H.minnesotensis and V.dahliae. The ProgressiveMauve algorithm was used to align the mt DNAs of
B.bassiana, F.graminearum, F.oxysporum, H. minnesotensis and V.dahliae. Corresponding colour boxes
are locally collinear blocks (LCBs). A sequence identity similarity profile is shown in each box.
Annotations are shown above and below the LCBs. White boxes are protein coding genes, Red boxes
are rRNA genes, Green boxes are tRNA genes and large pink box is repeat region.

3. Intron comparison

A comparison of mt genomes in Sordariomycetes suggests that intergenic regions or intronic regions
contribute the size of the most mt genomes [11]. Fungi mostly have group I introns [27], whose
number is variable [ 10]; here in our study also different groupl introns were observed whose number
was varied. The present data support for intronic variability among Hypocreales. Whole mtDNA
analysis and protein coding genes analysis revealed the presence of group I introns in the fungi
(Table 3). All the fungi are showing intronic ORF coding for a putative ribosomal protein rps3. The
introns number is ranging from 1 to 35. The lowest numbers of introns are possessed by M.
anisopliae and V. dahliae having a single intron which is an intronic ORF encoding rps3 protein.
The next lowest number of introns is shown by B. bassiana, two introns ID in cob and IB complete
in cox2; F. oxysporum showing two introns ID in cob and IB complete in nad5. C. militaris showing
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eight introns ID in cob, IB complete in cox/ and cox2, I derived A in cox3 and unlike others, three

additional introns (IB complete, two IC1s) are shown in rnl. The NPF H. minnesotensis is showing
eleven introns, two introns in cob (IA, ID), five introns in cox/ (IB complete-4, IderivedB2), IC2 in
nad3 and nad4, one intron in nad4L (I derived A) and unlike others, IA S'partial in rnl. F.
graminearum showing 35 introns, one intron in atp6 (IB complete), one intron in a#p9 (IA), five
introns in cob (IB complete, 1A, ID, IC1-2), twelve introns in cox/ (IB complete-7, IB extra
insertion-2, IB 3' partial, I derivedB1, ID), three introns in cox2 (IB complete, IC1, IC2), three
introns in cox3 (IB complete, I derivedA, 1C2),

Table 3: Details of introns in the mitochondrial genes of Hypocrealean fungi with different habit

Life style EPF PPF NP
anism | Beauveria | Metarhizium | Cordyceps | Fusarium Fusarium Verticillium Hirsutella
Geng bassiana | anisoplieae militaris | oxysporum | graminearum dahliae minnesotensis
atp6 - - - - 1(IB complete) - -
atp8 - - - - - - -
atp9 - - - - 1(IA) - -
5B
cob 1(ID) - 1(ID) 1(ID) complete, [A, - 2(IA, ID)
1D, IC1-2)
12 (IB
comp!ete—7? IB 5(IB
1(IB extra insertion-
coxl - - - , . - complete-4,
complete) 2, IB 3' partial, IderivedB2)
I derivedBl, v
ID)
1(IB 1(IB 3(IB complete,
coxll complete) ) complete) ) IC1, IC2) ) )
(I 3(IB complete,
coxIIl - - derive(’i A) - I derivedA, - -
’ 1C2)
2(IB complete,
nadl ) ) ) ) I derived) ) )
nad?2 - - - - 4(IA,IC2-3) - -
nad3 - - - - 1(IC2) - 1(IC2)
nad4 - - - - - - 1(IC2)
nad4L - - - - 1(IC1) - 1(IderivedA)
1(IB
nady - - - complete) 1(IB complete) - -
nad6 - - - - - - -
rps3 - - - - - - -
4(IA, IB 1A 5
rnl 1(IA) 1(IA) complete, 1(IA) 1(IA) 1(IA) artial)
IC1-2) P
Total no. 3 | 8 3 35 1 11
of introns

two introns in nadl (IB complete, I derived), four introns in nad2 (IA,IC2-3), one intron in
nad4L(IC1), and one intron in nad5(IB complete). IA intron is found in all studied organisms in the
rnl coding gene. The next commonly found intron is ID in the cob gene which is found in all except
M. anisopliae and V. dahliae. Though the entomopathogens B. bassiana and C.militaris are closely

related they are having varied intron number. The presence of exceptions in the number of introns
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is an interesting feature which provides information for understanding fungal evolution [9]. F.

graminearum and H. minnesotensis are with larger genomes where larger genome sizes were due to
the presence of homing endonuclease regions/ genes (HEGs) (viz., LAGLIDAG and GIY) which
are considered to be mobile invasive elements common in fungi and plants [28]. HEGs drive the
mobility and persistence of their own coding sequences [29, 30]. The variability among HEGs can
be exploited to develop phylogenetic markers which may be useful for differentiating various
species and also being employed in biotechnology, medicine and agriculture by engineering for
targeting specific cleavage sites in the genome [31].

4. tRNAs

The total number of tRNAs encoded by mitochondrial genomes of present study range from 25-28
(Table 1 and 4). All 20 amino acids coding tRNA are present only in 3 organisms (B. bassiana, F.
graminearum and H. minnesotensis), while the others lack one or two amino acid(s) coding tRNA(s).
C. militaris lacks Glutamine (Q) coding tRNA, M. anisopliae lacks Valine (V) and Proline (P)
coding tRNAs and V. dahliae lacks Cysteine(C) coding tRNA (Table 4). Most mt proteins are
specified by nuclear genes which are synthesized in the cytosol and imported to the organelle [32].
tRNA gene order is also a highly conserved phenomenon, all the mt genomes of present study

followed a conserved gene order of tRNA with a very slight variation, forming tRNA clusters.
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Figure 3: Gene order of the conserved #rn gene clusters in the mt genomes of the order
Hypocreales. Flanking are the protein coding or the rRNA genes / or the ORFs represented by black
boxes and gaps. Gene order is based on Genbank sequences: B. bassiana (NC_010652.2), M.
anisopliae (NC_008068), C. militaris (NC_022834.1), E oxysporum (NC_017930.1), F. graminearum
(NC _009493.1), V. dahliae (NC _008248.1), and H. minnesotensis (NC_027660.1)
trn genes are maintained in clusters while some genes are scattered as single genes (Figure 3). Apart
from scattered single genes rest of the genes are clustered into groups of 2, 3,4, 5,7, 11, 12 and 14
clusters. Clustering of #7n genes is suggested to be a unique characteristic of all Pezizomycotina [6].
Out of these grouped clusters the groups containing 12, 4 and 5 genes are highly conserved. First
highly conserved cluster containing 12 genes is located.between rn/ and nad2 genes in B. bassiana,
M. anisopliae and F. oxysporum, H. minnesotensis also maintaining a 12 gene cluster with an ORF
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after fifth #rn gene. 14 genes cluster is in F. graminearum where it is having an ORF after seventh

trn gene. 11 gene clusters are in C. militaris, which is missing Q (Table 4) in its 12 gene cluster and
in V. dahliae, which is missing K. Second highly conserved cluster (YDSN) is located between rns
and cox3 genes in almost all organisms except V. dahliae and C. militaris showing YSDNR, addition
of R gene to the YSDN cluster. Third highly conserved cluster (VISWP) is adjacent to nad6 gene
and also maintained by all organisms except V. dahliae and M. anisopliae shows a cluster with VISW
with a missing P t7n gene (Table 4). YDSN and VISWP clusters are conserved clusters in the order
Hypocreales which is evident from a study by Lin et al. 2015 [11]. V. dahliae showing a four gene
cluster KGDS in between cox3 and nad6 genes. In all organisms scattered single genes are #7nRs,
trnG and trnC. Variation in gene order is due to tRNA location change which is a rare event [33].
Change in the location of #nG is reported in previous studies [6, 8, 11, 34]. B. bassiana and M.
anisopliae are showing highly conserved trn gene order and clustering. All the organisms are
conserved in maintaining the #7n gene order and clusters except V. dahliae, there is a lot of
rearrangements in the order oftrm genes (Figure 3). tRNA rearrangements were observed in
pezizomycotina[11]. tRNAs display editing, excision and integration capabilities, that allow them
to change location within the genome and participate in Horizontal gene transfer (HGT) events [35].
Rearrangement events may provide insight into the phylogeny and evolution of the fungi [11].
Table 4: The order of tRNA genes (referred by the letter of aminoacid for which they carry

an anticodon) in the mt genomes of Hypocrealean fungi with different habit.

Habit

Organism tRNA genes

EPF

Total
tRNA

Beauveria
bassiana

Metarhizium
anisopliae

Cordyceps
militaris

PPF

Fusarium
oxysporum

Fusarium
graminearum

Verticillium
dahliae

NPF

IR ||| R|E|X

Hirsutella
minnesotensis

5. Codon bias
In general 61 codons of 64, code for 20 amino acids where the remaining 3 codons are stop codons

(UAA, UAG and UGA). But this universal concept varies with mitochondrial genetic code where
‘UGA’ being a universal stop codon here codes for ‘Tryptophan’ (W), making the genetic code
nearly universal. Mitochondria often use a different genetic code different from standard genetic

code [36, 3].
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Table 5: Codon usage table
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AA Bb Man Cm F.gram F.oxy V.dah H.min
Codon [ N |RSCU| N |RSCU| N [RSCU| N | RSCU| N |RSCU| N |RSCU| N |RSCU
Ala(A) | GCU* | 152 224 151 228 151 229 38 209 142 206 18 271 238 217
GCC [ 19 028 25 038 20 03 81 044 27 039 21 031 38 035
GCA (9% 14 86 13 84 127 202 109 89 129 64 093 137 1.25
GCG |5 007 3 005 9 014 70 038 18 026 4 006 26 0.24
Cys(C |UGU* | 26 158 36 167 22 163 149 157 25 167 25 2 115 1.63
ucC [ 7 042 7 033 5 037 41 043 5 033 O 0 26 0.37
Asp(D) | GAU* (106 18 90 148 110 191 573 162 105 162 95 158 261 1.69
GAC (12 02 32 052 5 009 135 038 25 038 25 042 48 031
Glu(E) | GAA* | 109 179 119 184 100 175 609 152 124 175 122 183 306 1.65
GAG (13 021 10 016 14 025 191 048 18 025 11 0417 65 035
Phe(F) [UUU* (260 138 190 099 260 139 833 156 258 132 268 135 526 1.59
UucC | 116 0.62 192 1.01* 115 0.61 233 044 132 068 129 065 137 041
Gly(G) | GGU* | 174 221 139 176 169 215 441 19 156 193 151 191 267 215
GGC [ 2 003 8 0.1 1 001 50 022 4 005 O 0 21 0.17
GGA* | 120 152 148 187 123 157 321 138 138 17 142 179 166 1.34
GGG |19 024 21 027 21 027 117 05 26 032 24 03 42 034
His(H) | CAU* | 87 181 44 096 81 174 297 16 67 14 70 159 153 164
CAC | 9 019 48 1.04* 12 026 74 04 29 06 18 041 34 0.36
lle() | AUU (177 0.88 131 0.71 196 099 619 1.12* 157 0.78 210 1.14* 386 1.06*
AUC | 34 017 55 03 24 012 146 026 41 02 29 016 71 02
AUA* | 390 195 365 199 376 189 899 162 406 202 316 171 632 174
Lys(K) | AAA* | 159 186 18 183 161 186 1132 164 205 186 169 192 573 17
AAG | 12 014 17 017 12 014 248 036 15 014 7 008 102 03
Leu(L) | UUA* | 619 537 618 527 617 536 1233 372 569 475 597 51 823 4.17
UuG | 19 016 20 0417 29 025 152 046 21 018 12 01 93 047
CuU (29 025 24 02 23 02 240 072 60 05 62 053 122 0.62
cuCc [ 2 002 2 002 O 0 40 012 2 002 1 001 14 0.07
CUA (21 018 38 032 21 018 266 08 57 048 31 026 114 0.8
CuG [ 2 002 2 002 1 001 5 017 9 008 O 0 18 0.09
Met(M [ AUG | 123 1 124 1 124 1 324 1 135 1 114 1 218 1
Asn(N) | AAU* | 225 1.7 169 137 222 171 961 159 250 164 227 168 580 1.66
AAC |39 03 77 063 38 029 246 041 55 036 43 032 118 034
Pro(P) | CCU* | 101 266 98 267 99 255 331 236 97 249 123 3 174 253
ccc| 2 005 7 019 11 028 47 034 10 026 4 0.1 18 0.26
CCA | 48 1.26* 40 1.09* 41 1.06* 146 1.04* 42 1.08* 34 083 66 0.96
cCCG (1 003 2 005 4 0.1 36 026 7 018 3 007 17 0.25
GIn(Q) [ CAA* [ 97 196 90 191 94 186 376 165 99 19 90 194 208 1.74
CAG [ 2 004 4 009 7 014 8 035 5 0.1 3 006 31 0.26
ArgR) | CGU [ 15 082 14 078 15 087 117 099 15 078 15 082 40 071
cGC (1 005 1 006 O 0 17 014 O 0 0 0 10 0.8
CGA [ O 0 0 0 0 0 30 025 O 0 2 011 29 051
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CGG | O 0 3 017 O 0 15 013 1 005 1 005 8 014
AGA*|[ 92 502 81 45 83 483 457 387 97 502 90 491 200 354
AGG | 2 011 9 0.5 5 029 72 061 3 016 2 011 52 092
Ser(S) |UCU* | 98 141 97 148 97 14 494 195 135 187 159 227 270 192
ucc | 4 006 7 011 7 0.1 80 032 15 021 1 001 39 0.28
UCA* | 121 174 117 179 122 176 337 133 104 144 74 105 168 1.2
ucéG | 5 007 3 005 8 012 55 022 4 006 1 001 18 0.13
AGU* | 169 243 151 231 164 236 439 173 148 205 168 239 285 2.03
AGC (20 029 18 027 19 027 116 046 28 039 18 026 63 045
Thr(T) | ACU* | 112 168 75 12 113 169 450 194 129 197 124 195 244 1.89
ACC | 2 003 4 006 3 004 8 037 5 008 1 002 33 026
ACA* [ 151 226 165 265 149 223 338 146 125 191 127 199 223 1.73
ACG| 2 003 5 008 2 003 5% 024 3 005 3 005 17 0.3
val(V) [GUU* [ 73 109 114 131 76 114 326 133 120 141 137 173 225 1.63
GuC | 4 006 4 005 2 003 54 022 5 006 O 0 19 014
GUA* | 177 2,63 203 233 170 255 493 201 173 204 168 213 264 192
GUG (15 022 27 031 19 028 108 044 42 049 11 014 43 031
Trp(W) | UGA* | 66 197 65 183 65 197 178 161 70 194 68 2 112 1.66
uGé (1 003 6 017r 1 003 43 039 2 006 O 0 23 034
Tyr(Y) [ UAU* (218 1.79 180 143 220 18 760 16 211 16 198 16 449 1.63
UAC | 25 021 72 057 24 02 191 04 52 04 50 04 101 0.37
TER |UAA*| 14 187 15 2 15 2 9% 121 13 163 14 187 40 121
UAG | 1 013 O 0 0 0 63 079 3 038 1 013 26 0.79

*Codons /RSCU values showing high RSCU values >1; RSCU values in boldrepresent the
codons for which corresponding tRNA present in mt genome and RSCU values underlined are
the codons for which wobbling is possible.

So, in case of mitochondria 62 codons code for 20 amino acids and 2 are stop codons. The genes
coding for the proteins of mt genomes all started with translation initiation codon AUG, whereas the
preferred stop codon is UAA, with UAG as an alternative stop codon. The most frequently used
codons are UUA (RSCU value 3.5 to 5.37), AGA (3.5 to 5.02) and CCU (2.36 to 2.67) that code for
Leucine (Leu), Arginine (Arg) and Proline (Pro) respectively, the corresponding tRNAs for UUA
and AGA are present in all the corresponding mt genomes but CCU corresponding tRNA is absent
in all mt genomes though it is showing high RSCU value (>2 to 3) (Table 5). Bb and Cm are
showing identity in their codon composition in relation to RSCU values with only one difference
1.e., trnQ is totally absent in Cm, whereas Man showing equal similarity and dissimilarity with both
B. bassiana and C. militaris. All the 3 PPs and the NP are showing more similarity with little RSCU
variations within them as well as with the EPFs (Table 5). Genome hypothesis of Grantham
postulates that each species uses certain synonymous codons (codons that code for the same amino
acid) systematically in coding sequences [37]. Codon usage bias may be influenced by many factors

like selection, mutations, effective population size, random drift, biased gene conversion, mRNA
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secondary structure, translational initiation and evolutionary history [38, 3].

6. Phylogenetic analysis

The phylogenetic relationships of the 7 Hypocrealean fungi were inferred using Neurospora crassa
as outgroup. Concatenated phylogenetic trees were constructed using 14 conserved protein-coding
genes (cox1, cox2 and cox3; cob; atp6, atp8 and atp9; nadl, nad2, nad3, nad4, nad4L, nad5 and
nad6) using Maximum Likelihood (ML) approach (Figure 4). Phylogenetic analysis inferred that
organisms of same habitat are grouped together, because of the conserved nature of the genes of mt
(mentioned in the results in synteny). The concatenated ML tree shows that the EPFs were grouped
together in adjacent clades while the B. bassiana and C. militaris are highly closely related sharing
the same clade, while the PPFs grouped in adjacent clades and the H. minnesotensis forms a clade
in between the EPFs and PPFs. Phylogenetic analysis showed a similar topology to the trees that are
constructed using B-tubulin, small and large subunit rRNA sequences by Neelapu et al. 2009 [39].
We used protein coding genes devoid of rRNA coding genes and we’re able to view the similar
topology of the resulted phylogenetic trees with the phylogenetic tree produced from the analysis of

amino acid sequences for Ascomycota mitochondrial genomes [18].

F. graminearum

00—

PPFs
L F oxysporum
200 72 H. minnesotensis | NPF
{M. anisopliae
99 C. militaris | EPFs
ﬁ’:}i bassiana
V. dahliae | PPF
N. crassa

Figure 4: Phylogenetic tree constructed using 14 conserved protein coding genes
(concatenated) (coxI1-3; cob; atp6, 8 and 9; nadl-4, nad4L, nad5 and 6) of seven hypocrealean
fungi using ML approach. Number at nodes indicate bootstrap value.

This may suggest that mt protein coding genes may be used as markers for identification and
phylogenetic analyses just like rRNA genes of mitochondria. Mitochondrial markers also have been
considered due to their favourable features,like their high copy number, the possibility of an easier
and cheaper recovering of their sequences and the paucity of repetitive regions which could produce
misleading results owing to the comparison of non-orthologous sequences pairs [40].

4. CONCLUSION

Comparative analysis of mt genomes in the present study revealed the conserved nature of mt
genomes. All the core protein coding genes were conserved in showing synteny (conserved gene

order) with seldom seen rearrangements. EPFs’ has shown the high level of synteny when compared
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to others. IA introns were common in all organisms. RSCU analysis revealed the most of the tRNAs

were coded by the mt genome but certain tRNAs showing high RSCU value were missing indicating

that such tRNAs probably being catered by the nuclear genome. Phylogenetic analysis inferred that

the mt core genes are helpful in grouping the related organisms together meaning these core genes
may be developed as phylogenetic markers on par with the nuclear gene markers. Further in depth
analyses may dwell more into the evolutionary aspects of these organisms.
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