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Abstract
Background  Comparative studies of mitochondrial genomes can assist in determining evolutionary and 
phylogenetic relationships. In the Ceratocystidaceae fungal family, mitochondrial genomes from only two genera are 
publicly available. In this study, mitochondrial genomes from 10 genera in Ceratocystidaceae were characterised and 
comparatively analysed.

Results  Mitochondrial (mt) genomes were fully assembled and characterized for 18 species and 10 genera of the 
Ceratocystidaceae. These mt genomes displayed a remarkable level of diversity owing to the variation in the intergenic 
regions and intron, both in size and number. Despite large variation in size, these mt genomes displayed high 
levels of synteny and sequence conservation in the oxidative phosphorylation (OXPHOS) genes and the ribosomal 
RNA and tRNA genes. The genes are found in identical order and orientation in all mt genomes characterized and 
the coding sequence of all the OXPHOS genes are highly conserved. Phylogenetic analysis of mitochondrial and 
nuclear DNA sequences reveals significant differences in evolutionary relationships among species and genera of 
Ceratocystidaceae.

Conclusion  The remarkable variation in mt genome sizes in species of the Ceratocystidaceae is due to the variation 
observed in the intergenic regions and intron size and number in the conserved protein-coding genes. The gene 
order and content are identical across all species investigated.
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Background
The Ceratocystidaceae (Ascomycota) represents a large 
assemblage of plant and insect associated fungi. This 
family is currently divided into ten genera, all of which—
except Huntiella—include plant pathogens [1–4]. The 
most notable genus in the family is Ceratocystis, which 
comprises highly aggressive pathogens of forestry and 
agriculturally important crops [1]. Noteworthy species 
include Ceratocystis fimbriata, which causes black rot 
of sweet potatoes [5]; Ceratocystis platani, the causal 
agent of canker and wilt of plane trees [6, 7]; Cerato-
cystis manginecans, which causes causing wilt disease 
in various hosts [8]; and Ceratocystis lukuohia which is 
responsible for large scale ‘ōhi’a lehua mortality in in the 
Hawaiian Islands [9].

The mitochondrion essentially has the same func-
tions in all eukaryotic cells [10]. It is responsible for ATP 
production and the translation of mitochondrial pro-
teins [10–12]. In fungi, these processes are driven by 14 
conserved protein coding genes, also referred to as the 
OXPHOS genes. These genes include ATP synthase sub-
unit proteins (atp6, atp8 and atp9), the cytochrome oxi-
dase subunits (cox1, cox2 and cox3), the cytochrome b 
gene (cob) and the seven NADH dehydrogenase subunits 
genes (nad1, nad2, nad3, nad4, nad4L, nad5 and nad6) 
[10, 13, 14]. In addition to the OXPHOS genes, fungal 
mitochondrial genomes typically contain ribosomal pro-
tein S3 (RPS3), the large and small subunit of ribosomal 
RNA genes (rns and rnl, respectively) and a variable 
number of transfer RNA (tRNA) genes [10, 15].

Studies on mitochondrial (mt) genomes in fungi are 
fewer than those in animals and plants. Despite that, dif-
ferences in mt genome sizes and variations have been 
relatively well documented across the three eukaryotic 
kingdoms [12]. Animal mt genomes are typically smaller, 
gene-dense and intron-poor when compared to fungal 
mitochondrial genomes [12], while plant mt genomes are 
larger, contain large intergenic regions and a highly vari-
able number of introns [10, 16]. The genome size varia-
tion observed in fungal mt genomes is greater than that 
in plants and animals [10]. Fungal mt genome size varia-
tion has been reported between strains of the same spe-
cies and between species of the same genus, although the 
latter tends to be more pronounced [10, 17].

The variability in the number and size of introns found 
in the conserved protein-coding genes highly contributes 
to the mitochondrial genome size variation observed 
in fungi [18–20]. Both group I and group II introns are 
found in fungi [10, 15] with group I introns being more 
common. This is in contrast with plant mitochondrial 
genomes where mainly group II introns are found [21]. 
Group I introns contain homing endonuclease genes 
(HEGs) which code for DNA-cleaving enzymes that 
are responsible for the movement of these introns [21]. 

In fungi, mitochondrial HEGs are classified as LAGL-
IDADG or GIY-YIG endonucleases. The naming corre-
sponds to the conserved sequence motifs present in the 
endonuclease sequence [21, 22]. The presence of large 
intergenic regions is a common characteristic of mito-
chondrial genomes from plants and fungi despite fungi 
being more closely related to animals [12].

Despite the increasing availability of whole genome 
data for species of the Ceratocystidaceae, there are only 
a few mt genomes that have been fully assembled and 
characterised for these fungi. These include mt genome 
for Endoconidiophora resinifera [23] and those from sev-
eral other Ceratocystis species [24, 25]. This limits the 
knowledge of the structure, organization and evolution 
of mitochondrial genomes across the family of Cerato-
cystidaceae species. Mitochondrial genomes are ideal for 
comparative studies, determining evolutionary relation-
ship and resolving phylogenetic incongruences due to 
the increased evolutionary rate and the relatively small 
genome sizes [11, 26].

The aim of the study was thus to characterise and com-
paratively analyse mitochondrial genomes of species 
residing in 10 genera in the Ceratocystidaceae. Compar-
ative analysis on the content, order and organisation of 
genes and genome size variation, more specifically the 
amount and type of introns and ORFs were conducted. 
Additionally, a phylogenetic relationship was inferred 
from 14 conserved mt genes and compared to the phy-
logeny constructed using a phylogenomic approach 
based on nuclear genes.

Results
Mitochondrial genome size, gene content and 
organization
Complete mitochondrial (mt) genomes were success-
fully assembled and annotated for 18 species. The mt 
genomes were assembled for 2 species per genera includ-
ing Ceratocystis, Berkeleyomyces, Chalaropsis, Endoco-
nidiophora, Davidsoniella, Thielaviopsis, Huntiella, and 
Ambrosiella, and one for Catunica adiposa and one for 
Bretziella fagacearum. The mt genomes from species of 
Endoconidiophora were the largest with assembled mt 
genome size of 225 205 bp and 215 106 bp for E. larici-
cola and E. resinifera, respectively. Ceratocystis mangin-
ecans has the smallest mt genome with 98 989 bp (Fig. 1). 
The mt genome GC contents were similar among the 18 
species investigated with the highest being 31.38% for H. 
abstrusa and the lowest 26.42% for Chalaropsis populi 
(Table 1).

The conserved protein coding genes were all found on 
the same mtDNA strand as is typical in most ascomy-
cetes [12]. Thirteen conserved fungal mt protein cod-
ing genes (atp6, atp8, cob, cox1, cox2, cox3, nad1, nad2, 
nad3, nad4, nad4L, nad5 and nad6) were found in all 18 
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species’ mt genomes. The fourteenth conserved fungal mt 
gene, atp9, was found to be partial (only between 28 and 
72 amino acids) in 13 out of the 18 species. Five species, 
namely A. beaveri, A. xylebori, H. omanensis, H. abstrusa 
and Ca. adiposa, were found to not have apt9 in their mt 
genomes. The large (rnl) and small (rns) ribosomal sub-
unit RNA genes were identified in all mt genomes of 18 
species at a conserved genomic location but varying in 
sizes. The rnl genes are located between the nad6 and 

nad2 genes, while the rns genes are located between the 
atp6 and cox3 genes.

The order and direction of the conserved protein-cod-
ing and ribosomal RNA genes were conserved in all 18 
mt genomes which is rnl-nad2-nad3-atp9-cox2-nad4L-
nad5-cob-cox1-nad1-nad4-atp8-atp6-rns-cox3-nad6. 
The NADH dehydrogenase genes, nad2-nad3 and nad4L-
nad5, overlapped with a single nucleotide in majority 

Table 1  Mitochondrial genome characteristics of species in the Ceratocystidaceae generated in this study. The genome sizes 
(bp = base pairs), the number of OXPHOS genes, tRNA, rRNA, ORFs found between the protein coding genes (intergenic ORFs), ORFs in 
the introns within the protein coding genes (intronic ORFs) and overlapping genes are provided
Species GenBank 

accession
Size (bp) GC (%) Protein 

coding 
genes

tRNA 
genes

rRNA
genes

Inter-
genic 
ORFs

Intronic 
ORFs

Overlapping genes
NAD2-NAD3 NAD4L-NAD5

C. albifundus PZ018566 173 838 27.79 14 28 2 19 59 Yes Yes

C. manginecans PZ018555 98 989 26.81 14 28 2 6 33 Yes Yes

B. basicola PZ018551 167 061 26.89 14 27 2 12 65 Yes Yes

B. rouxiae PZ018552 162 754 26.84 14 27 2 15 82 Yes Yes

Ch. populi PZ018550 158 098 26.42 14 26 2 24 61 Yes Yes

Ch. thielavioides PZ018549 161 041 26.44 14 26 2 20 67 Yes Yes

E. resinifera PZ018556 215 106 29.20 14 24 2 30 66 Yes Yes

E. laricicola PZ018557 225 205 28.50 14 24 2 22 78 Yes Yes

D. eucalypti PZ018554 170 773 27.18 14 25 2 21 51 Yes Yes

D. virescens PZ018553 204 954 27.68 14 24 2 34 80 Yes Yes

T. musarum PZ018558 100 960 27.17 14 25 2 9 31 Yes Yes

T. punctulata PZ018559 156 214 27.12 14 25 2 15 61 Yes Yes

H. omanensis PZ018561 132 123 30.21 13 25 2 8 23 Yes No

H. abstrusa PZ018560 130 551 31.38 13 25 2 4 21 Yes No

A. xylebori PZ018562 106 720 26.88 13 27 2 16 29 Yes Yes

A. beaveri PZ018563 113 827 26.85 13 25 2 11 37 Yes Yes

Ca. adiposa PZ018564 108 953 29.01 13 25 2 8 29 Yes Yes

Br. fagacearum PZ018565 190 176 30.28 14 26 2 34 63 Yes Yes

Fig. 1  The distribution of mitochondrial genome size of representative species of the Ceratocystidaceae (A). Correlation between the number of introns 
and mitochondrial genome size (B)
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of the assembled mt genomes, except for Huntiella spp. 
where nad4L and nad5 did not overlap.

Comparative analysis
tRNA clusters
All mt genomes contained tRNAs coding for all 20 essen-
tial amino acids, although the number of tRNAs varied 
between 24 and 28 (Fig. 2). The majority of the tRNAs are 
found in 3 clusters that are conserved across the species. 
These clusters contain more than 2 adjacent tRNAs and 
in some cases interrupted by the presence of intergenic 
open reading frames (ORF). This is especially evident in 
the largest cluster which is found between the rnl and 
nad2 genes. This cluster contains up to 12 tRNA genes, 
namely tRNA-Thr, tRNA-Glu, tRNA-Leu, tRNA-Met, 
tRNA-Leu, tRNA-Ala, tRNA-Phe, tRNA-Leu, tRNA-Leu, 
tRNA-Gln, tRNA-His, tRNA-Met (Fig.  2). All 12 tRNA 
genes were present as in the cluster in the mt genomes of 
4 out of the 18 species, namely C. albifundus, C. mang-
inecans, B. basicola and B. rouxiae. For the remaining 14 
species, the number of tRNA genes in this cluster range 

from 10 to 11. Intergenic ORFs that interrupt this cluster 
were found in 11 of the 18 species.

The second cluster is located between the cox3 and 
nad6 genes and is the most conserved. It contains 5 
tRNA genes, tRNA-Gly, tRNA-Lys, tRNA-Asp, tRNA-Ser, 
tRNA-Trp. In C. albifundus and Br. fagacearum, a single 
intergenic ORF interrupts this cluster at the same posi-
tion between tRNA-Asp and tRNA-Ser.

The third cluster shows little variation and is made 
up of up to 6 tRNA genes namely tRNA-Val, tRNA-Trp, 
tRNA-Ile, tRNA-Ser, tRNA-Asn and tRNA-Pro and is 
found between the nad6 and rnl genes. Only C. albi-
fundus and C. manginecans contain all 6 tRNA genes; 
the rest of the mt genomes have only 5 and are missing 
the tRNA-Trp. Endoconidiophora resinifera has an inter-
genic ORF in this region, which splits this cluster in two 
sub-clusters.

Conserved single tRNAs were found between specific 
pairs of protein-coding genes across all mitochondrial 
genomes analyzed: tRNA-Arg between cox2-nad4L, 
tRNA-Cys between nad5-cob and tRNA–Arg between 

Fig. 2  The tRNA clusters found in the mitochondrial genomes of 18 species of the Ceratocystidaceae. The order of the tRNA genes is representative of the 
order in the mitochondrial genomes. The tRNA and the amino acid recognized are represented by the single letter standard abbreviation. The (-) indicates 
the absence of the particular tRNA. The red brackets indicate the three main tRNA clusters. The phylogenetic tree generated from mt gene sequences 
using IQ-TREE was used as backbone for this illustration
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cox1-nad4. With the exception of the Endoconidiophora 
species and D. virescens, there are two tRNA genes, 
tRNA-Met and tRNA-Tyr, found between the rns and 
the cox3 gene. The tRNA gene content and order is 
conserved, with the exceptions found within the tRNA 
clusters.

Introns, intergenic- and intron-encoded ORFs
The number of introns identified in the conserved pro-
tein coding genes involved in oxidative phosphorylation 
were highly variable. The smallest variation observed in 
number of introns is found in the ATP synthase encod-
ing genes (atp6, atp8 and atp9), which ranges from 0 
to 3 introns per gene. The number of introns present in 
cytochrome b (cob) genes ranges from 2 to 11, whereas 
introns identified in the NADH dehydrogenase subunit 
genes (nad1, nad2, nad3, nad4, nad4L, nad5 and nad6) 
ranges from 0 to 13 introns per gene. The highest varia-
tion in intron number was observed in the cytochrome c 
oxidase subunit genes (cox1, cox2 and cox3) which range 
from 3 to 21 introns (Supplementary Table 1).

The introns were classified as Group IA (A or 5’ par-
tial), Group IB (5’ partial, complete or 3’ partial), Group 
IC, Group ID, Group I derived (A, B1, B2) or Group 
II (domain V). The majority of the species contained 
both Group I and II introns, with most of these belong-
ing to Group I introns, which accounted for 86.43%, 
while Group II introns were significantly less abundant, 
accounting for only 2.69% of all introns. Several species, 
including Ca. adiposa, T. musarum, T. punctulata, A. 
xylebori, Ch. populi and C. manginecans, had only Group 
I introns. The percentage representation of each intron 
type was calculated for all 18 species and presented in 
Fig. 3.

The Group IB (complete) intron types are the most 
widespread intron type making up 33.94% of introns 
found in all 18 species, while Group IA (5’ partial) is the 
rarest intron type with only 0.65%. The unknown intron 
types (10.38%) are mainly found in the cox and nad genes 
with the exceptions of Br. fagacearum, D. eucalypti and 
A. beaveri where the cob gene also contains unknown 
introns.

Open reading frames (ORFs) identified within the 
introns of the protein coding genes are called intronic 
ORFs; while ORFs found between the conserved genes 
are called intergenic ORFs. Intergenic ORFs are less com-
mon (24.76%) compared to intronic ORFs (75.24%). The 
number of ORFs identified in the Ceratocystidaceae spe-
cies is highly variable as some introns can contain more 
than one ORF. Most of the identified ORFs in all 18 mt 
genomes were HEGs, LAGLIDADG or GIY-YIG family 
endonucleases and some were unknown. The unknown 
ORFs were labelled hypothetical protein and did not 
have any functional annotation that could be identified 
in any currently available protein database (Table 2). An 
ORF encoding for ribosomal protein S3 was found in the 
rnl gene in all 18 Ceratocystidaceae mt genomes. ORFs 
encoding for hypothetical proteins was mostly observed 
in two regions of the mt genomes. Firstly, between 
rnl and nad2 gene in B. rouxiae, D. virescens and Br. 
fagacearum with an ORF size ranging between 99 and 
118 amino acids. Secondly, between the nad5 and cob 
genes in E. resinifera, E. laricicola, D. virescens, T. musa-
rum, T. punctulata and Br. fagacearum ranging from 315 
to 359 amino acids.

Codon usage
Codon usage and the frequency usage of each codon 
were determined for all mt genomes investigated. The 

Fig. 3  Proportions of different intron types found in the mitochondrial genomes of 18 species
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conserved protein coding genes in all mt genomes mostly 
favoured the start codon (ATG) and stop codon (TAA) 
with a few exceptions. The overlap between the nad2 and 
nad3 gene resulted in 10 out of 18 mt genomes having 
the nad2 gene with TAG as the stop codon and subse-
quently resulting in the nad3 gene having GTG as a start 
codon (Fig.  4). The TAG stop codon was used in the 
cox2 gene in T. punctulata, in the cob gene for both the 
Huntiella species, in the nad1 gene for Ambrosiella spe-
cies, Br. fagacearum and Ca. adiposa and in cox3 for Br. 
fagacearum and Ca. adiposa.

Conserved whole mitochondrial genome synteny
Comparative analysis of the conserved gene order of all 
18 Ceratocystidaceae species’ entire mt genomes showed 
a high level of end-to-end synteny (Fig. 5). The only varia-
tion observed was in the presence or absence of the atp9 
gene.

Phylogenetic analysis
Phylogenetic analyses using both supertree and superma-
trix approaches resulted in identical phylogenies for each 
of the mitochondrial and nuclear datasets (Fig. 6). Several 
differences in evolutionary relationships were observed 
between nuclear phylogeny and mt phylogeny (Fig.  6). 
The most notable and well supported difference was in 
the placement of Thielaviopsis in which it was sister to 
the clade of Ceratocystis, Chalaropsis, Berkeleyomyces, 

Endoconidiophora and Davidsoniella in the mt phylogeny 
but it was sister to the clade of only Ceratocystis, Chala-
ropsis, Berkeleyomyces in the nuclear phylogeny. Another 
notable difference was in the placement of Bretziella 
where it was sister to the clade of Ambrosiella, Catunica 
and Huntiella in the mt phylogeny where it was only 
sister to the clade of Ambrosiella and Catunica in the 
nuclear phylogeny (Fig. 6). Other minor differences were 
the placement of Chalaropsis in relation to Ceratocystis 
and Berkeleyomyces in the two phylogenies, and the poly-
phyly of Davidsoniella in the mt phylogeny.

Discussion
Fungal mt genomes sizes are known to be highly vari-
able, sometimes even within the genus, due to variations 
in intergenic regions, protein coding genes’ introns size 
and number, and number of rRNA genes [10, 16, 18]. The 
comparison and characterization of the 18 assembled 
mt genomes from species residing in 10 genera in Cera-
tocystidaceae in this study indicate that even though the 
synteny of the protein coding genes are highly conserved, 
the variability in the non-coding regions contributes to 
the mt genome size variation. Mt genome sizes ranged 
from 98 989 bp (C. manginecans) to 225 205 bp (E. lar-
icicola) which is not unexpected given the wide range of 
mt genome size variation observed in other fungal spe-
cies [10]. The mt genome size variation is also observed 
between species from the same genus as in the case of 
C. manginecans (98 989 bp) and C. albifundus (173 838 
bp). The GC content ranging from 26.42% in Ch. populi 
to 31.38% in H. abstrusa is also consistent with the over-
all AT-rich nature of fungal mt genomes [15]. This high-
lights that there was a strong correlation between the mt 
genome size and the number of introns as the largest mt 
genome assembled was E. laricicola (225 205 bp) which 
has 78 introns, while the smallest mt genome C. mangin-
ecans (98 989 bp) only has 33 introns.

Thirteen protein coding OXPHOS genes were consis-
tently found in all of the Ceratocystidaceae fungal species 
mt genomes, with the atp9 gene being partially pres-
ent in 13 of the 18 mt genomes. The atp9 gene is absent 
completely in A. beaveri, A. xylebori, H. omanensis, H. 
abstrusa and Ca. adiposa. The OXPHOS genes are essen-
tial mt genes responsible for oxidative phosphorylation 
[11, 13]. The core set of conserved protein-coding genes 
includes cytochrome oxidase subunits 1, 2 and 3; apocy-
tochrome b (cob); NADH dehydrogenase subunits 1, 2, 
3, 4, 4 L, 5 and 6; and ATP synthase subunits 6, 8 and 9 
[15]. The order of rRNA and OXPHOS genes (rnl-nad2-
nad3-atp9-cox2-nad4L-nad5-cob-cox1-nad1-nad4-atp8-
atp6-rns-cox3-nad6) remained conserved across all 18 
mt genomes and a single nucleotide overlap is present 
for nad2 and nad3 genes, as well as for nad4L and nad5 
genes, with the latter being absent in only the Huntiella 

Table 2  ORFs encoding for hypothetical proteins. The species 
in which the hypothetical protein ORFs was found, ORF number, 
position in the mt genome (intronic, intergenic) and the size of 
the ORF. No homology or pfam domains could be identified for 
these ORFs on either NCBI or InterPro databases, respectively
Species ORF Genome position Length 

of en-
coded 
protein

C. albifundus ORF103 Second intron ofnad2 103

B. rouxiae ORF114 Third intron ofnad2 114

“” ORF99 Fifth intron ofnad5 99

“” ORF99 Between rnl and nad2 99

Ch. thielavioides ORF31 Between rns and cox3 31

E. resinifera ORF317 Between nad5 and cob 317

E. laricicola ORF131 Fifth intron ofnad5 131

“” ORF317 Between nad5 and cob 317

D. virescens ORF102 Between rnl and nad2 102

“” ORF315 Between nad5 and cob 315

“” ORF101 Between nad4 and rns 101

T. musarum ORF317 Between nad5 and cob 311

T. punctulata ORF319 Between nad5 and cob 312

Br. fagacearum ORF160 Seventh intron ofnad5 160

“” ORF118 Between rnl and nad2 118

“” ORF105 Between rnl and nad2 105

“” ORF359 Between nad5 and cob 359
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species. The partial presence/absence of the atp9 gene, 
which is widely conserved in fungal mt genomes, suggest 
possible gene loss or gene transference into the nuclear 
genome [27]. The atp9 gene, usually involved in energy 
production, has been lost in several fungal species in the 
Ascomycota division, like the lichenized fungi found in 
the Usnea genus [28] and the pathogenic fungus Stem-
phylium lycopersici, where the atp9 gene was found in the 
nuclear genome [29]. In most Ceratocystidaceae species, 
small sections of the atp9 gene were found in both the mt 
genome as well as in the nuclear genome although nei-
ther genome contain a complete atp9 gene.

Codon usage for the coding sequences of all the mt 
genomes was variable. The start codon ATG was overall 
favoured except in some cases where the nad2 and nad3 
gene overlapped. Species of Ceratocystis, Berkeleyomyces, 
Chalaropsis, Thielaviopsis, Br. fagacearum and Ca. adi-
posa contained a single nucleotide overlap in which nad2 
has the TAG stop codon, resulting in GTG being used as 
start codon for nad3 gene. While ATG is the start codon 
most frequently observed, the use of alternative start 
codons like GTG and TTG has been observed in other 

fungal species [30, 31]. The traditional mt stop codon 
(TAA) was observed in most of the coding genes except 
for a few genes in closely related species’ mt genomes. 
The TAG stop codon was favoured in the cox2 gene of 
T. punctulata, the cob gene in both Huntiella species’ 
mt genomes, the nad1 gene in both Ambrosiella species, 
the nad1 and nad6 in Ca. adiposa and lastly in the nad1, 
nad3 and nad6 genes in Br. fagacearum.

The synteny figure constructed from pairwise BLAST 
comparisons illustrates highly conserved and syntenic 
regions in all the mt regions especially for the OXPHOS 
genes in the Ceratocystidaceae and how the number 
of introns contributes to the mt genome size variabil-
ity observed. The coding sequences of these OXPHOS 
genes remained relatively conserved in all 18 assembled 
mt genomes. When looking at the cox1 there is a slight 
variation in the encoded protein size ranging from 527 to 
537 amino acids but the number of introns found within 
this gene varies greatly between all the assembled mt 
genomes. The number of introns found in the cox1 gene 
ranges from 9 in C. manginecans and A. xylebori to 21 in 
E. laricicola. This pattern of variation has been observed 

Fig. 4  Frequency of codon usage in OXPHOS genes in mitochondrial genomes of Ceratocystidaceae species. Codon frequency was calculated as a fre-
quency per 1000 codons
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Fig. 5  Mitochondrial genome synteny of Ceratocystidaceae species. Green arrows indicate the rnl and rns genes, yellow arrows indicate nad genes, purple 
arrows indicate cox genes, red arrows indicate atp genes, and dark blue arrows indicate cob genes. Synteny blocks (ranging from 65% to 100%) identified 
with blastn are indicated by blue ribbons. Species with bold font type indicate mitochondrial genomes assembled and characterized in this study. Figure 
was generated using Easyfig
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in all the other protein coding genes, with the excep-
tion of atp8, as it is the only OXPHOS gene that has no 
introns in any of the mt genomes investigated. The cod-
ing sequences of all the OXPHOS genes as well as the 
small (rns) and large (rnl) ribosomal subunit genes are 
conserved across all the genomes, the largest contribut-
ing factor to the genome size variation is the variability of 
the number of introns.

The types and frequencies of introns found in the Cer-
atocystidaceae is not unexpected as it has been found 
previously that Group I introns are the most commonly 
found in fungal mt genomes [21]. The Group I introns 
could be further divided into subgroups of which Group 
IB was found to be the most abundant making up a 
third of all introns present in all 18 mt genomes. Group 
II introns are rare in fungal mt genomes but have been 
detected in protein-coding genes and rRNA genes 
[32–34]. Group II introns in the 18 Ceratocystidaceae 
species investigated were identified in the nad and cox 
genes. More specifically, the nad2 gene in C. albifundus, 
B. basicola, B. rouxiae, Ch. thielaviodes, E. laricicola, D. 
eucalypti, D. virescens and Br. fagacearum; as well as the 
cox1 gene in C. albifundus, E. resinifera, D. eucalypti, D. 
virescens, H. omanensis, H. abstrusa, A. beaveri and Br. 
fagacearum. Additional Group II introns were found in 
the nad6 gene of C. albifundus and in the cox2 and nad4 
gene of Br. fagacearum.

Results of this study revealed significant differences in 
evolutionary relationships between genera of the Cerato-
cystidaceae when comparing mitochondrial- and nuclear 

genes phylogeny. Molecular sequence data can be used 
to clarify different evolutionary scenarios, and the choice 
of using genome data (such as mitochondrial or nuclear 
DNA) or functional sequences (like protein-coding ver-
sus non-coding genes) depends on the study’s objec-
tive [35]. For the estimation of phylogenies of recently 
diverged species, mitochondrial gene sequences are a 
compelling option due to the rate of evolution and the 
linkage of genes as a single group, while nuclear genes 
evolve slower and genes can be selected from different 
chromosomes from which individual gene trees can be 
constructed making it a better option when deeper phy-
logenetic resolution is required [36, 37]. Several factors 
can contribute to incongruences between mitochondrial 
and nuclear gene tree phylogenies including horizontal 
gene transfer, gene duplication, introgressive hybridiza-
tion, especially in recently diverged species and incom-
plete lineage sorting [38–41]. A study that compared the 
rate of substitution between a mitochondrial gene and 
its corresponding pseudogenes in the nuclear genome 
found that substitution in the mitochondrial gene can 
be up to 39 times faster, which can also contribute to 
discordance between mitochondrial and nuclear gene 
trees [42]. Mitochondrial DNA is almost exclusively 
inherited from the maternal parent and undergoes little 
to no recombination, but it has been shown that “leak-
age” of the paternal mitochondrial genome can happen 
during hybridization [43, 44]. There is thus the possibil-
ity of recombination between the maternal and pater-
nal mitochondrial genomes, especially if there is cell 

Fig. 6  Phylogenetic comparison between the mitochondrial phylogeny and nuclear phylogeny of Ceratocystidaceae species. The gene concordance 
factor (gCF) and site concordance factor (sCF) support values can be found at the nodes (gCF/sCF)
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fusion between the parental species [38, 43, 44]. Hori-
zontal transfer of genetic elements between mitochon-
drial genomes of different fungal species has also been 
observed, potentially contributing to discordant phyloge-
netic signals [24]. Phylogenetic analysis can also be fur-
ther complicated by translocation of mitochondrial DNA 
into the nuclear genome, which will cause phylogenetic 
trees to be incongruent due to the high sequence simi-
larity between the translocated mtDNA and organellar 
mtDNA [42].

Conclusion
The mitochondrial genomes of 18 species from 10 genera 
of the Ceratocystidaceae were successfully assembled and 
annotated in this study. The results indicate that while 
there was a large variation in genome size, there is high 
conservation of the conserved mitochondrial gene con-
tent and their order across all species investigated. The 
mitochondrial genome size variation observed is mostly 
due to the variation in the number and the sizes of the 
intron found in the intergenic regions and the conserved 
protein coding regions. Our results further support the 
link between mitochondrial genome sizes and the num-
ber of introns and how that plays a role in mitochondrial 
genome size variability. There are several factors that 
can thus contribute to incongruences in the topologies 
of phylogenetic trees constructed using mitochondrial 
DNA and nuclear DNA and the importance of scruti-
nizing both mitochondrial DNA and nuclear DNA is 
emphasized in order to better understand the phyloge-
netic relationship between closely related species and/or 
the evolutionary history of species.

Methods
Mt genome assembly
Raw sequence data for Ceratocystis albifundus 
CMW24860, C. manginecans CMW17570, Davidsoni-
ella eucalypti CMW3254, D. virescens CMW17339, 
Endoconidiophora laricicola CBS100207, Berkeleyomyces 
basicola CMW49352, Chalaropsis populi CMW26388, 
Bretziella fagacearum CMW2656, Catunica adiposa 
CBS136.34, Thielaviopsis musarum CMW1546 and 
Huntiella omanensis CMW11056 were obtained from 
whole genome sequencing studies performed in Forestry 
and Agricultural Biotechnology Institute (FABI), Univer-
sity of Pretoria.

The whole genome data for Chalaropsis thielavi-
oides JCM1933 (GenBank Accession number: 
GCA_001599435.1), Thielaviopsis punctulata CR-DP1 
(GenBank Accession number: GCA_000968615.1), Hunt-
iella abstrusa CMW21092 (GenBank Accession Number: 
GCA_025685495.1) and Ambrosiella beaveri CMW26179 
(GenBank Accession Number: GCA_030294605.1 ) as 
well as the mitochondrial data from Endoconidiophora 

resinifera WIN(M)79 (GenBank Accession number: 
MH551223.1) were obtained from National Center for 
Biotechnology Information (NCBI).

All the above-mentioned raw sequence data are Illu-
mina data, except for Berkeleyomyces basicola which 
is PacBio data, B. rouxiae which is Nanopore data and 
Huntiella abstrusa where a combination of PacBio and 
Illumina data was used to for the genome assembly.

Mitochondrial genome assembly using short read Illumina 
sequences
The Illumina raw read sequences were trimmed using 
Trimmomatic v0.32 [45] to remove all adaptor sequences 
and then assembled using SPAdes v3.14 [46]. Potential 
mt contigs were extracted based on the coverage. Con-
tigs with overlapping flanking sequences were considered 
complete and those contigs were circularised and further 
analysed. Certain species’ mt genomes could be assem-
bled as one single contig using SPAdes whereas other 
species’ mt genome assembly required additional steps.

The first additional strategy followed was using an 
iterative script that used the fragmented contigs from 
the initial SPAdes assembly as references. This assembly 
strategy has 3 steps where firstly the short read sequence 
data were mapped to the reference sequences using 
Bowtie v2.3.5.1 [47]. Secondly, SAMtools v1.9 [48] was 
used to extract the mapped reads and those with match-
ing k-mers were identified using Mirabait. The last step 
which was contig extension and it involved the initial 
SPAdes assembly and the two above mentioned steps 
being repeated for 10 iterations.

For the assembly of mt genomes with unsuccessful de 
novo assembly, a combination of RaGOO [49] using spe-
cies from the same genus as reference and GapFiller [50] 
was used.

Assembly using Oxford Nanopore sequences
The total genomic DNA from B. rouxiae (CMW5472) 
was extracted from freeze-dried mycelium using QIA-
GEN genomic tip as described in [51] with the excep-
tion that cellulase was omitted from the cell lysing step. 
Nanopore sequencing was carried out using the SQK-
LSK109 library preparation kit (Oxford Nanopore) and 
sequenced on the FLO-MIN106 flow cell with the Min-
ION Mk1B sequencer as described in Engelbrecht et al. 
(2021).

The low coverage genome Nanopore data for B. roux-
iae was used to assemble the mt genome by using the de 
novo assembler Canu [52] followed by error correction 
using Racon [53] and two rounds of Medaka v 1.3.4 to 
create the consensus sequence. Potential mt contigs were 
identified based on expected higher sequence coverage 
compared to the nuclear contigs.
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Assembly using PacBio sequences
The draft genome assembly of Huntiella abstrusa 
CMW21092 available on NCBI was used for mt assem-
bly. The mt genome was extracted based on coverage and 
polishing with Pilon v1.23 [54] using the Illumina short 
reads available under the same accession number as the 
draft genome assembly to improve the quality of the mt 
genome.

Mt genome annotation
MFannot (​h​t​t​p​​s​:​/​​/​m​e​g​​a​s​​u​n​.​​b​c​h​​.​u​m​o​​n​t​​r​e​a​​l​.​c​​a​/​a​p​​p​s​​/​m​f​a​n​
n​o​t​/) was used to predict conserved genes, tRNA, large 
and small subunit RNA and introns using the genetic 
code 4 (Mold mitochondrial DNA). The putatively anno-
tated mt genomes were manually inspected and curated 
on CLC Main Workbench v 8.1 using BLASTp against 
the non-redundant protein sequence database of the 
NCBI. For manual curation, the Sequence Manipula-
tion Suite (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​o​​r​g​/​​s​m​s​2​​/​t​​r​a​n​s​l​a​
t​e​.​h​t​m​l) translation function was used to translate DNA 
sequences to amino acid sequences.

Comparative genome analysis
All 18 assembled and annotated mt genomes from 10 
different genera were comparatively analysed. The GC 
content for all 18 mt genomes was calculated using the 
GC content calculator (​h​t​t​p​​s​:​/​​/​j​a​m​​i​e​​m​c​g​​o​w​a​​n​.​i​e​​/​b​​i​o​i​n​f​/​
g​c​.​h​t​m​l). The tRNAs predicted by MFannot were ​c​o​m​p​
a​r​e​d between all 18 species. Introns were characterised 
as Group IA (A or 5’ partial), Group IB (5’ partial, com-
plete or 3’ partial), Group IC, Group ID, Group I derived 
(A, B1, B2) or Group II (domain V) by RNAweasel (​h​t​t​
p​​s​:​/​​/​m​e​g​​a​s​​u​n​.​​b​c​h​​.​u​m​o​​n​t​​r​e​a​​l​.​c​​a​/​a​p​​p​s​​/​r​n​a​w​e​a​s​e​l​/). ​A​s​s​i​g​
n​m​e​n​t of intergenic and intronic ORFs as LAGLIDADG 
or GIY-YIG homing endonucleases or hypothetical pro-
teins was done using BLASTp on NCBI (​h​t​t​p​​s​:​/​​/​w​w​w​​.​
n​​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/) and InterPro (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​
k​/​i​​n​t​​e​r​p​r​o​/). Codon usages for the codon sequence of 
core set of conserved protein-coding genes of all 18 mt 
genomes were calculated using the codon function of the 
Sequence Manipulation Suite (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​
c​​s​.​o​​r​g​/​​s​m​s​2​​/​c​​o​d​o​n​_​u​s​a​g​e​.​h​t​m​l). Synteny between the mt 
genomes were investigated by generating BLAST output 
file using BLASTn and visualising the relationship using 
Easyfig [55].

Sequence and phylogenetic analysis
Two different approaches were used to construct the 
phylogenetic trees for both the conserved genes from 
the mitochondria as well as the shared nuclear BUSCO 
genes. The phylogenetic trees were constructed using 
the supermatrix and supertree approach. The nuclear 
genomes of 17 publically available Ceratocystidaceae spe-
cies were tested for completeness with BUSCO v4.0.5 

using ascomycota_odb9 dataset [56]. There is no pub-
licly available Endoconidiophora resinifera genome, thus 
excluding it from the phylogenetic analysis. The shared 
BUSCO genes that were present in 5 or more taxa were 
extracted. Both the coding sequences of the conserved 
mitochondrial genes and shared conserved nuclear genes 
were aligned using MAFFT [57] and trimmed with tri-
mAl [58]. The trimmed and aligned data was used for 
both the supertree and supermatrix approaches. Indi-
vidual gene trees were created for the supertree approach 
using IQ-TREE [59] and the individual trees combined 
into a single final phylogenetic tree using ASTRAL [60] 
for both the conserved mitochondrial genes and con-
served nuclear genes respectively. Using IQ-TREE, the 
branch length estimation, gene concordance factor (gCF) 
and site concordance factor (sCF) [61, 62] was deter-
mined for both the resulting phylogenies.

The supermatrix approach used the aligned and 
trimmed data to create a data matrix using FASconCAT 
[63]. The best model of evolution was determined using 
PartitionFinder 2 [64], after which IQ-TREE was used 
to generate the phylogenetic trees for the conserved mt 
genes and the shared nuclear genes.
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