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Summary

Botryosphaeria dothidea is one of the most common
fungal pathogens on a large number of hosts world-
wide. Botryosphaeria dothidea and B. kuwatsukai are
also the main causal agents of apple ring rot. In this
study, we sequenced, assembled and annotated the
circular mitogenomes of 12 diverse B. dothidea iso-
lates (105.7-114.8 kb) infecting various plants includ-
ing apple, and five diverse B. kuwatsukai isolates
(118.0-124.6 kb) from apple. B. dothidea mitogenomes
harboured a set of 29-31 introns and 48-52 ORFs. In
contrast, B. kuwatsukai mitogenomes harboured more
introns (32-34) and ORFs (51-54). The variation in
mitogenome sizes was associated mainly with differ-
ent numbers of introns and insertions of mobile
genetic elements. Interestingly, B. dothidea and B.
kuwatsukai displayed distinct intron distribution pat-
terns, with three intron loci showing presence/
absence dynamics in each species. Large numbers of
introns (57% in B. dothidea and 49% in B. kuwatsukai)
were most likely obtained through horizontal transfer
from non-Dothideomycetes. The mitochondrial gene
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phylogeny supported the differentiation of the two
species. Overall, this study sheds light into the mito-
chondrial evolution of the plant pathogens B. dothidea
and B. kuwatsukai, and intron distribution patterns
could be useful markers for studies on population
diversity.

Introduction

Fungi in the family Botryosphaeriaceae are among the
most cosmopolitan fungi, and many species in this family
are important canker and dieback pathogens of woody
plants worldwide. Botryosphaeria dothidea is one of the
most prominent pathogens on a large number of hosts,
including more than 24 host genera, with 285 records in
the literature, causing many destructive diseases, such
as poplar canker, grape branch blight and apple ring rot
(Marsberg et al., 2017). Ring rot, caused by B. dothidea
and B. kuwatsukai, is one of the most destructive apple
diseases worldwide, including China, Japan, South
Korea, the United States, Australia and South Africa
(Xu et al., 2015). Ring rot symptoms of the disease
include a soft, light-coloured rot on fruit, especially during
storage, and extensive cankers or warts on branches and
trunks (Chen, 1999). Xu et al. (2015) reappraised the
aetiology of apple ring rot and considered B. kuwatsukai
and B. dothidea to be the main causal agents in China.
Botryosphaeria kuwatsukai demonstrated substantial
genetic and biological distinctions from B. dothidea. For
example, the two species possess different intron inser-
tion positions in the primary structures of the rDNA SSU
(Xu et al., 2013, 2015). Morphologically, B. kuwatsukai
presents aerial mycelium compact on potato dextrose
agar (PDA), whereas B. dothidea displays funicle of
aerial mycelium well developed of the Petri plates. Con-
idia of B. kuwatsukai are longer than those of B. doth-
idea, whereas B. dothidea has a faster growth rate than
B. kuwatsukai at 35°C and 37°C (Xu et al., 2015). Patho-
genicity tests showed that B. kuwatsukai caused large
cankers and bark blisters on pear (Pyrus communis),
whereas B. dothidea was non-pathogenic on pear; how-
ever, on apple shoots, B. kuwatsukai and B. dothidea
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induced large and small wart-like bark swellings respec-
tively (Xu et al., 2015). The host range of B. kuwatsukai
is apparently narrower; it has been reported only from
apple and pear, whereas B. dothidea is able to infect a
wide range of hosts (Xu et al., 2015).

In a previous study, we sequenced the nuclear
genomes of B. dothidea and B. kuwatsukai, and con-
ducted a genomic level comparative analysis of these
two genomes (Wang et al., 2018a). We found that B.
kuwatsukai, compared to B. dothidea, apparently lost a
set of carbohydrate-active enzymes, plant cell wall-
degrading enzymes and secondary metabolites biosyn-
thetic enzymes, possibly as a result of host specialization
(Wang et al., 2018a).

Mitogenomes are a valuable source of genetic informa-
tion and have been successfully used in evolutionary
biology and systematic studies in eukaryotes (Pantou
et al., 2006; Kouvelis et al., 2008). Mitochondrial genes
evolve more quickly than nuclear genes (Ballard and
Whitlock, 2004), but for yeast, the opposite is true
(De Chiara et al., 2020). Fungal mitogenomes are char-
acterized by a variable number of group | and group I
introns that may carry homing endonuclease genes
(HEGs) with LAGLIDADG or GIY-YIG motifs (Lang
et al., 1999; Bullerwell and Lang, 2005; Lang et al.,
2007). In general, group | introns are abundant in fungal
mitogenomes, while group Il introns are predominant in
plant mitogenomes. Group | introns are further divided
into several subgroups (e.g. IA, 1AS3, IB, IC1, IC2, ID)
based on phylogenetic analyses. Occurrence of these
subgroups is uneven among fungi, with subgroup IB
being generally more frequent than other subgroups
(Lang et al., 2007). Recently, mitochondrial genomes
have been widely used for phylogenetic analysis in plant,
animals and fungi (Shen et al., 2015; Li et al., 2019; Hu
et al., 2020; Yang et al., 2021).

HEGs are selfish genetic mobile elements that encode
endonucleases whose catalytic activity promotes their own
propagation by introducing DNA double-strand breaks
(DSBs) into alleles lacking the endonuclease-coding
sequence, and by the subsequent repair of these DSBs
via homologous recombination using the endonuclease-
containing allele as template (Burt and Koufopanou, 2004;
Edgell, 2009). This mechanism of propagation can result
in the insertion, deletion or mutation of DNA sequences
(Stoddard, 2011). Indeed, mobile introns and HEGs repre-
sent one of the major sources of variability within fungal
mitogenomes (Repar and Warnecke, 2017).

In this study, we assembled and annotated mitogenomes
of 12 B. dothidea isolates recovered from several hosts,
and five B. kuwatsukai isolates from apple. We compared
these 17 mitogenomes in detail regarding their sizes, gene
contents and arrangement, and intron characteristics. Our
goals were as follows: (i) determine intraspecific

mitogenomic variations within B. dothidea and B.
kuwatsukai; (i) to investigate interspecific mitogenomic vari-
ation between the two species for speciation; and (jii) to elu-
cidate the origin and evolution of mitochondrial introns in
Botryosphaeria fungal species. These results should enrich
the available genomic information about these two main
causal agents of apple ring rot and provide valuable refer-
ence for further investigation of mitogenomic evolution in
Botryosphaeriales and related species.

Materials and methods
Fungal culture conditions and identification

All fungi were single-spore cultures maintained (Table 1)
on PDA medium at 25°C (Sun and Zhang, 1996), and
stored in 15% glycerol at —80°C in the Fungal Laboratory
of Northwest A&F University, Yangling, Shaanxi Prov-
ince, China. The isolates were identified based on mor-
phology and phylogenetic analysis. The internal
transcribed spacer (ITS) and EF-1a (translation elonga-
tion factor-1 alpha) sequences were obtained with con-
served primers by PCR amplification (Bio-Rad C1000,
Bio-Rad Laboratories, USA) (White et al., 1990;
Inderbitzin et al., 2010; Xu et al., 2015). The sequences
of selected B. dothidea and B. kuwatsukai species were
edited/assembled by BioEdit v. 7.0.9 (Hall, 1999) and
uploaded to GenBank (Table S1). A maximum-likelihood
phylogenetic tree based on concatenated sequences
(ITS and EF-1a) was constructed using MEGA v. 7 with
the Kimura 2-parameter model (Kumar et al., 2016). Sta-
tistical support for phylogenetic grouping was assessed
by 1000 bootstrap re-samplings.

Genome sequencing and assembly

For isolates confirmed as Botryosphaeria, highly purified
total genomic DNA was isolated from the fungal mycelia
collected from each 2-week-old culture on PDA plate fol-
lowing a modified cetyltrimethylammonium bromide pro-
tocol (Murray and Thompson, 1980). The genomes were
sequenced on the lllumina HiSeq™4000 platform at the
Novogene Genomic Sequencing Center, Beijing, China,
targeting >100x coverage per genome. The insertion
size of the sequencing library was 350 bp with a 150 bp
paired-end sequencing strategy. Reads were filtered by
using fastp software (Chen et al., 2018). Filtered clean
reads were assembled into scaffolds using the SPAdes
v. 3.9.0 with ‘--careful’ (Bankevich et al., 2012). To find
assemblies with the highest N50 values, SPAdes was
run at multiple kmers (21, 33, 55, 77, 99). Contigs rep-
resenting mitochondrial DNA sequences were identified
by BLAST search against the mitogenome of
Zymoseptoria tritici (GenBank accession: EU090238)

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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(Torriani et al., 2008). The 17 mitogenomes are complete
with no gaps, and each mitogenome was represented in
a single circular contig respectively.

Sequence annotation

Gene annotation was performed with MFannot (http:/
megasun.bch.umontreal.ca/RNAweasel/, last accessed
date: 04-28-2021) using the NCBI translation Table 4 (The
Mold, Protozoan, and Coelenterate Mitochondrial Code
and the Mycoplasma/Spiroplasma Code). MFannot anno-
tations were checked by GeSeq (Tillich et al., 2017) and
manually checked to confirm gene boundaries as well as
intron—exon boundaries by aligning the predicted genes
with their orthologues in closely related fungal species. To
predict the types of identified HEGs, the coding proteins
were searched against the NCBI nr and Pfam databases
(http://pfam.xfam.org, last accessed date: 04-28-2021).
Intron nomenclature was based on the position of the
insertion sites of the introns (Johansen and Haugen, 2001;
Zhang and Zhang, 2019). The intronic pair was examined
by using EMBOSS Stretcher global alignment (https:/www.
bioinformatics.nl/cgi-bin/femboss/stretcher, last accessed
date: 05-18-2021), and the duplication events between
mitogenome and nucleic genome were examined by
BLASTN v. 2.9.0. The graphical map of mitochondrial
genome was created using OrganellarGenomeDraw
(OGDRAW) v. 1.3.1 tool (Greiner et al., 2019).

Phylogenetic analysis

Phylogenetic analyses were performed by using
concatenated amino acid sequences of 12 mitochondrion-
encoded proteins. The mitogenomes of selected Doth-
ideomycete species (Bipolaris sorokiniana, Stemphylium
lycopersici, Parastagonospora nodorum, Zymoseptoria
tritici, Shiraia bambusicola and Zasmidium cellare) were
obtained from NCBI (Table S2). The mitogenome of
Zymoseptoria tritici was used as the outgroup. Best-fit par-
titioning schemes and models of evolution for each subset
were determined according to Prottest v. 3.4.2 (Darriba
et al., 2011). Phylogenetic relationships based on the
12 genes were inferred using Bayesian inference
(Bl) approaches implemented in MrBayes v. 3.2.7 with four
steps: (i) prset aamodelpr = fixed (Cprev+G + F);
(if) memc; (iii) sump burnin = 500; (iv) sumt burnin = 500
(Ronquist et al., 2012), and maximum likelihood (ML) trees
were constructed in RAXML with f a -x 12345 -p 12345
-# 100 -m PROTGAMMACPREVX’ (Stamatakis, 2006).

Comparison of mitogenomes of Botryosphaeria species

The mitogenomic sequences of Botryosphaeria isolates
were aligned using the online program MAFFT v. 7

(http://mafft.cbrc.jp/alignment/server/, last accessed date:
04-28-2021) (Katoh and Standley, 2013). For genes with
intron presence/absence variations among the isolates
studied, exonic sequences between intron-carrying and
intron-lacking isolates were compared to see if there
were characteristic exonic sequences that flanked
introns. The nucleotide variations of intronic and exonic
sequences were summarized using DnaSP v. 6.12.03
(Rozas et al., 2017). A comparative map was generated
under default alignment parameters in Mauve v. 2.4.0
(Darling et al., 2010) to visualize variations in the geno-
mic architecture. An UPGMA dendrogram based on intron
presence/absence patterns at every intron locus assessed
from all isolates was constructed based on Jaccard
similarity using the online program DendroUPGMA
(http://genomes.urv.cat/UPGMA/, last accessed date:
04-28-2021). Presumed gain/loss history for each intron
identified in isolates of B. dothidea and B. kuwatsukai
was traced using the parsimony method in Mesquite
v. 3.51 (http:/mesquiteproject.org, last accessed date:
04-28-2021), and the above phylogeny constructed using
nucleotide data was used in this analysis. For both Den-
droUPGMA and Mesquite analyses, intron absence/pres-
ence patterns were coded as 0/1 matrices. To infer the
ancestral intron distribution pattern, we performed a
Bayesian binary MCMC analysis under the CpREV + G
model based on the obtained Bl tree (similar to the Bl set-
tings above) in RASP v. 4.0 (Yu et al., 2015). The t-test
was calculated by R script with ‘geom_signif (comparisons
= list(c(“sample1”, “sample2”)), test = “t.test”)’ (https://
rdocumentation.org/packages/ggsignif/versions/0.6.1, last
accessed date: 05-18-2021).

Fsr and Ka/Ks analysis

Fst was calculated using vcftools v. 0.1.14 with ‘--vcf
merge.vcf --weir-fst-pop B.dothidea_population_1.txt --weir-
fst-pop B. kuwatsukai_population_2.txt --out result_Fst’
(Danecek et al., 2011). The merge.vcf was obtained
using ‘samtools + bcftools’ pipeline (Danecek et al.,
2021). The ratio of nonsynonymous (Ka) to synonymous
(Ks) nucleotide substitution rates (Ka/Ks) was calculated
by ParaAT v. 2.0 and KaKs_Calculator v. 2.0 with YN
model (Wang et al., 2010; Zhang et al., 2012).

Results
Isolate selection and identification

In previous research, we reappraised the host range of
B. dothidea and B. kuwatsukai, and found that the host
range of B. kuwatsukai is apparently narrower, whereas
B. dothidea is able to infect a wide range of hosts
(Xu et al., 2015). To understand the diversity of two

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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species on apple, we chose five B. dothidea isolates
(PG45, PGLWX, PGLB9, PGZH16 and PGZH20) and
five B. kuwatsukai isolates (PGYT19, PGLT3, PGZH18,
PG2 and PGYC4) from apple. With the wide host range
of B. dothidea in mind, seven isolates from other hosts
were chosen for comparative analysis (Table 1).

The Botryosphaeria isolates were collected from differ-
ent provinces including Shaanxi, Hennan, Shandong and
Shanxi, with their host species from different families,
including Rosaceae, Vitaceae, Ebenaceae, Salicaceae,
Juglandaceae, Salicaceae and Punicaceae (Table 1).
Based on molecular phylogenic analysis of the combined
nuclear DNA locus data of ITS and EF-1a (Table S1), we
identified 17 isolates in two species, Botryosphaeria
dothidea and B. kuwatsukai (Fig. S1; Table 1).

Botryosphaeria kuwatsukai mitogenome sizes were
significantly larger than those of B. dothidea

We compared these 17 mitogenomes with regard to
sizes, gene contents and arrangement, and intron char-
acteristics. Sizes of the 12 B. dothidea mitogenomes
ranged between 105700 and 114 832 bp with G + C
content from 29.4% to 29.7%, whereas the five B.
kuwatsukai mitogenomes ranged in size from 118 031 to
124 609 bp with G + C content from 29.2% to 29.7%
(Table 1). The mitogenome sizes of the B. kuwatsukai
group were significantly larger than that for the B. doth-
idea group (P < 0.05) (Fig. S2). For B. dothidea, intronic
regions accounted for 47.1%-49.2% of the whole
mitogenome, whereas for B. kuwatsukai, intronic regions
accounted for more than half of the whole mitogenome
(51.8%—-54.3%). All 17 sequenced mitogenomes

Botryosphaeria dothidea

PGZH16
105 700 bp

Mitogenomes of B. dothidea and B. kuwatsukai 5

contained 13 core genes involved in four cytochrome
¢ oxidase subunits (cox71, cox2, cox3 and cob), two atp
synthase subunits (afp6 and atp9) and seven NADH
dehydrogenase subunits (nad7, nad2, nad3, nad4,
nad4L, nad5 and nad6), but atp8 was missing. The fungi
Stemphylium lycopersici, Parastagonospora nodorum
and Shiraia bambusicola have also lost the afp8 and
atp9 genes, and all fungi examined contained the 12 core
genes (Table S2). The untranslated genes of the small
and large ribosomal RNA (rRNA) subunits (rns and rml
respectively) and a set of transfer RNA (tRNA) genes
were all present on the forward strand (Fig. 1A and B).
The ribosomal protein S3 (rps3) was also detected in all
17 isolates. The number of tRNA genes (n = 28), tRNA
total length (2087 bp) and tRNA cluster were assessed
for the 17 isolates. The 28 tRNA genes coded for all
20 standard amino acids. All 13 core protein-coding
genes started with the canonical AUG initiation codon
except cox? with UUG and cox2 with GUG. The pre-
ferred stop codon was UAA, with the exception of cox2,
atp6, nadi and atp9, which used UAG, and cox7
with UGA.

Botryosphaeria dothidea and B. kuwatsukai
(Botryosphaeriales) were found to have among the larg-
est mitogenome sizes (106 kb—125 kb) compared to pub-
lished fungal species in Dothideomycetes, including
138 kb for Bipolaris sorokiniana (Pleosporales), 76 kb for
Stemphylium lycopersici (Pleosporales), 50kb for
Parastagonospora nodorum (Pleosporales), 44 kb for
Zymoseptoria tritici (Capnodiales), 39 kb for Shiraia
bambusicola (Pleosporales) and 24 kb for Zasmidium
cellare (Capnodiales) (Table S2). The intron numbers of
B. dothidea and B. kuwatsukai (n = 29-34) were

had. &
“965, O 0 4L S+

Botryosphaeria kuwatsukai

PGYC4
118 031 bp

rnl

Fig. 1. Circular complete graphic mitogenome maps of B. dothidea PGZH16 (A) and B. kuwatsukai PGYC4 (B). The circular map created by
OGDRAW contained two ribosomal RNA genes, 13 standard protein-coding genes of the oxidative phosphorylation system, 28 tRNA genes. All
tRNA were actually located outside the circle, for beauty, they were placed inside the circle manually. Arrows indicate transcription directions.
The inner grey rings show the G + C content of these genomes. [Color figure can be viewed at wileyonlinelibrary.com]
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significantly expanded (P < 0.05) (Table S2). The gene presence/absence in mitochondrial genes, 2421-bp and

order in these examined Dothideomycetes was similar 1769-bp insertions were found in the cob-tmR and rns-tmY
within genus but was not consistent in different genera intergenic regions of TCPTT1 respectively, contributing to
(Table S2). the largest size among mitogenomes in this study.

These mitochondrial genome size variations can largely
be explained by the presence/absence of introns in certain

A variety of intronic patterns within B. dothidea genes and additional length variations among intergenic

All mitogenomes contained rnl, s, tRNA genes and stan- regions. Specifically, 28 introns were found in all 12 B.
dard genes coding proteins; however, the genomes varied dothidea mitogenomes: four cob, nine cox7, two cox2,
in size ranging from 105.7 to 114.8 kb. Isolates having four nad5, one atp6, one nad1, one nad4, three cox3, one
larger mitogenome sizes contained higher intron numbers nad2 and two rnl genes. Around 80% of predicted introns
(Table 1). By mitogenomic alignment analysis, intron pres- belonged to the group | intron family with several specific
ence/absence dynamics were detected among 12 B. doth- types: IA, IB, IC,, ID and | derived (Fig. 3B). Only two
idea isolates (Fig. 2A). For instance, the 2521-2648 bp group Il intron types were detected in Bdo.cobS100 and
Bdo.cobS100 sequences were present in most isolates but Bdo.cox15202. About 90% of B. dothidea intronic ORFs
absent in PGZH20 and PGZH16 both from apple, which were classified with the ‘LAGLIDADG’ type endonuclease.
likely contributed to their smaller sizes. Although Bdo. Introns  of Bdo.cox1P9480, Bdo.cox3P220 and Bdo.
cobS100 was present in SLBM-2-2 from pomegranate, the cox3P4669 contained two connected intronic ORFs. Inter-

2380-2447 bp Bdo.nad5P9350 sequence was absent, estingly, the two connected intronic ORFs in Bdo.
which also contributed to its smaller size. The 1625 cox1P9480 encoded one ‘LAGLIDADG’ type endonucle-

. ‘G - G! -
1626 bp Bdo.cox1P15445 sequences were present only in ase, and another one was a ‘GlY-YIG’ type endonucle
TCPTT1 from grape and PG45 from app|e, which made ase. Strains PGZH20 and PGZH16 contained no Bdo.
their mitogenome sizes relatively large. In addition to intron cobS100 group Il intron, and SLBM-2-2 lost the Bdo.
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] 1] et [ Il I
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Fig. 2. Alignment of 12 B. dothidea mitogenomes and five B. kuwatsukai mitogenomes.

A. Numbered scale bars indicate distance in base pairs, and vertical bars indicate sequence similarity. Size differences among the
12 mitogenomes were mainly due to presence/absence of introns in certain genes (G1, G3 and G4). Two DNA insertions of intergenic region
(G2 and G5) made TCPTT1 the longest size of all B. dothidea mitogenomes. G1, the 2521-2648 bp Bdo.cobS100 sequences present in all
strains but absent in PGZH20 and PGZH16; G2, the 2421 bp insertion located at the cob-trnR intergenic region present only in TCPTT1; G3, the
1625-1626 bp Bdo.cox1P15445 sequences present only in TCPTT1 and PG45. G4, the 2380-2447 Bdo.nad5P9350 sequences absent only in
SLBM-2-2; G5, the 1769 bp insertion located at the rns-tmY intergenic region present only in TCPTT1.

B. Numbered scale bars indicate distance in base pairs, and vertical bars indicate sequence similarity. Size differences among the five
mitogenomes were mainly due to presence/absence of introns in certain genes (G1, G2 and G4). G1, the 1522 bp Bku.cobP202 sequences pre-
sent only in PGYT19 and PGLT3 and showed rearrangement between these two strains. G2, the 3250 bp Bku.mS3720 sequences present only
in PGYT19. G3, the 852 bp DNA fragment inserted in Bku.mL87138 sequences of PGYT19. G4, the 1625 bp Bku.cox1P14777 sequences pre-
sent only in PGZH18. [Color figure can be viewed at wileyonlinelibrary.com]
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Fig. 3. The B. dothidea and B. kuwatsukai mitogenome introns.

A. The introns classified into groups I-A, 1-B, I-C2 and I-D and harbour homing endonuclease genes (HEG) were classified into ‘LAGLIDADG’
and ‘GIY-YIG’ types. The distribution patterns of 29-31 introns were shown.

B. The introns classified into groups I-A, I-B, I-C2 and I-D and harbour homing endonuclease genes (HEG) were classified into ‘LAGLIDADG’
and ‘GIY-YIG’ types. The distribution patterns of 32—-34 introns were shown. [Color figure can be viewed at wileyonlinelibrary.com]

nad5P9350 IC, intron and its intronic ‘LAGLIDADG’ endo-
nuclease (Fig. 3B). In contrast, strains PG45 and TCPTT1
gained a Bdo.cox1P15445 IB intron with a ‘GIY-YIG’ type
endonuclease (Fig. 3B).

We compared genetic diversity of intron sequences
with their host gene exon sequences. Overall, exons gen-
erally showed a higher variation frequency than introns
(6.55 vs. 6.05). Nucleotide variations were observed in
exonic sequences of cob, cox1, nad1, nad3, nad4,
nad5, rps3 and rRNA genes. For protein-coding genes,
the highest variation frequency was 5.56%, occurring in
cob exons with one ‘TTTATAAAAATA’ indel event and
64 SNPs, resulting in 16 amino acid changes. Other
exonic variations were all non-synonymous changes but
for no amino acid changes observed in nad5. Indels were
more frequently found in introns compared to exons
(4 vs. 36) (Table S3).

Comparison between isolates carrying introns and iso-
lates lacking introns identified characteristic nucleotides at
upstream/downstream exon sequences (Table S4). A co-

conversion between Bdo.nad5P9350 and upstream exon
was observed, such as ‘ATGACGGGATTCTATTC’ existing
in isolates without intron, but ‘ATGACCGGTTTTTATTC’
existing in isolates with introns (Table S4). This change did
not affect the protein sequence of the nad5 gene.

A vatriety of intronic patterns within B. kuwatsukai

Five B. kuwatsukai isolates from apple were chosen for
analysis of intra-species mitogenomic diversity (Table 1).
By whole mitogenomic alignment analysis, intron pres-
ence/absence dynamics were detected among five B.
kuwatsukai isolates (Fig. 2B). For instance, the 1522 bp
Bku.cobP202 sequence was present only in PGYT19
and PGLT3, but, the Bku.cobP202 fragment was
rearranged between two isolates. The 3250 bp Bku.
mS70919 sequence and the 852 bp Bku.mL87138 inser-
tion were present only in PGYT19, making it the largest
among B. kuwatsukai isolates examined. The 1625 bp
Bku.cox1P14777 sequence was present only in
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PGZH18. Botryosphaeria kuwatsukai mitogenomes
together contained 32 different introns: two cob, seven
cox1, three cox2, four nad5, two atp6, three nad7, one
nad4, four cox3, one nad2, two rns and three rnl genes
(Fig. 3B). About 78% of the predicted introns belonged to
the group | intron family which could be divided into sev-
eral specific types: IA, 1B, IC,, ID and | derived (Fig. 3B).
Only two group Il introns were detected, and these were
located in Bku.cobP202/Bku.cobP3566 and Bku.
mS73334. About 69% of the B. kuwatsukai intronic ORFs
belonged to ‘LAGLIDADG’ type endonuclease. Introns of
Bku.cox1P9067 and Bku.cox3P220 contained two contin-
uous intronic ORFs (Fig. 3B). Interestingly, the two con-
tinuous intronic ORFs in Bku.cox1P9067 encoded one
‘LAGLIDADG’ type endonuclease and one ‘GIY-YIG’
type endonuclease. Strains PGZH18, PG2 and PGZH16
contained no Bku.cobP202 introns, but PGZH18 gained
a Bku.cox1P14777 intron. Strain PGYT19 gained a Bku.
mS3720 unclassified type intron (Fig. 3B).

We compared genetic diversity of intron sequences with
their host gene exon sequences. Unlike B. dothidea, introns
of B. kuwatsukai generally showed a higher variation
frequency than exons (1.08% vs. 0.29%) (Table S5). Nucle-
otide variations were observed only in exonic sequences
of cox7 with five SNP mutations. These variations were syn-
onymous changes. Indels were more frequently found in
introns compared to exons (10 vs. 5). Comparison between
isolates carrying introns and isolates lacking introns identi-
fied characteristic nucleotides at upstream/downstream
exon sequences (Table S4). A co-conversion between
Bku.cox1P14777 and upstream/downstream exon was
observed, such as “TTGGTGTTAATCTTACTTTCTTTCCT
from upstream of the inserted intron existing in isolates with-
out the intron, but ‘TAGGGGTTAATCTTACTTTCTTCCCT’
was found in isolates with the intron; and ‘GTTTACAA
GGAATGCCGA’ from downstream of the intron was found
in isolates without the intron, but ‘GTCTACAAGGAAT
GCCTA’ was found in isolates with intron (Table S4). The
five SNP changes of the cox7 gene were synonymous
mutations. The Ka/Ks ratios in 12 B. dothidea isolates and
5 B. kuwatsukai isolates were all unavailable, and between
B. dothidea and B. kuwatsukai were very low, ranging from
0.0 to 0.87 (Fig. S3), suggesting that all protein-coding
genes were under negative (purifying) selection.

Intron variations probably contribute to speciation and
interspecific genetic diversity of B. dothidea and B.
kuwatsukai

We chose five B. dothidea isolates with different intronic
patterns according to Fig. 2A, and four B. kuwatsukai iso-
lates with different patterns according to Fig. 2B, to ana-
lyse the interspecific genetic diversity. Mitogenome-wide

comparison between B. dothidea and B. kuwatsukai spe-
cies indicated 11 homologous blocks (HB) shared
between the two species (Fig. 4). We found five HBs
(HB2: 247 bp, HB3: 290 bp, HB5: 255 bp, HB7: 299 bp
and HB8: 858 bp) rearranged between two species
(Fig. 4). The mobile elements in HB2 and HB3 all
belonged to group IB intronic sequences, and those in
HB5, HB7 and HB8 belonged to group IC,. The length of
HB1 in B. dothidea isolates was significantly larger than
that of B. kuwatsukai, mainly due to 4-6 cob and cox1
intronic presence/absence events. In contrast, the HB9,
HB10 and HB11 sizes of B. kuwatsukai were significantly
larger than that of B. dothidea, mainly due to nad1 of B.
kuwatsukai gained two more introns than B. dothidea;
rns gained 2-3 intronic insertions than B. dothidea; rnl
gained a large insertion compared to B. dothidea; B.
kuwatsukai gained trnC-trnN intergenic region insertions.

The possible origins of mitochondrial introns in B. doth-
idea and B. kuwatsukai were examined. First, the possi-
bility of intra-mitogenomic duplication was tested by
performing BLASTN analyses of these introns against
each other in B. dothidea. We found significant sequence
similarities only between Bdo.nad5P3441 and Bdo.
nad5P5355 intron pairs at 88.5% identity with 182 bp
alignment length (Table S6). This intronic pair was exam-
ined by using EMBOSS Stretcher global alignment, and
only 31.7% identity was obtained. The same analysis
was applied in B. kuwatsukai mitogenomes, and for max-
imum global alignment identity, low similarity was
observed in the intronic pair (Table S7). Based on com-
parisons with published nuclear genomes which includes
B. dothidea (GCA_004016265.1) and B. kuwatsukai
(GCA_004016305.1) (Wang et al., 2018a), we did not
detect obvious duplication events between mitogenomes
and nuclear genomes by BLASTN.

There was evidence of horizontal transfer for two Botry-
osphaeria introns when BLASTN searches against the
public nucleotide database were performed (Tables S8
and S9). Most introns, 57% in B. dothidea and 49% in
B. kuwatsukai, showed high sequence identities to
orthologous introns found in non-Dothideomycetes includ-
ing Leotiomycetes, Eurotiomycetes and Sordariomycetes
fungi (Tables S8 and S9). Interestingly, the Bdo.cobP8060
intronic sequence of B. dothidea might have been horizon-
tally transferred from Moniliophthora roreri in Basidiomycota,
with 99% query coverage and 83% identity (Table S8).

The B. dothidea and B. kuwatsukai mitogenomes con-
tained seven different intron distribution patterns
(Table S10), and none of these was shared between the
two species (Fig. 5A). In B. dothidea, strain SLBM-2-2
displayed an exclusive pattern A with a Bdo.nad5P9350
intronic absence. Intron distribution pattern B was found
in PG45 and TCPTT1, which were the only mitogenomes
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Fig. 4. Genome-wide comparison between B. dothidea and B. kuwatsukai. It shows the homologous blocks shared among the mitogenomes
based on the Mauve analysis, and it also showed the five homologous block (HB2: 247 bp alignment length, HB3: 290 bp alignment length, HB5:
255 bp alignment length, HB7: 299 bp alignment length, and HB8: 858 bp alignment length) rearrangement between two species. Gaps show
unique sequences for each mitogenome. [Color figure can be viewed at wileyonlinelibrary.com]

with Bdo.cox1P15445. Pattern C included seven isolates
without Bdo.cox1P15445. PGZH20 and PGZH16
formed pattern D, due to their Bdo.cobS100 loss. In
B. kuwatsukai, intron patterns E, F and G were found
(Fig. 5A). PGYT19 and PGLT3 lost the Bku.cox1P14777
intron, forming pattern E. The Bku.cobP202 intron
absence and Bku.cox1P14777 present made PGZH18
an exclusive pattern F. Absence of introns Bku.cobP202
and Bku.cox1P14777 made up pattern G in PGYC4
and PG2.

We constructed an ML phylogenetic tree using
concatenated protein sequences of 12 standard mito-
chondrial protein-coding genes (cob, cox1, cox2, nad4L,
nad5, atp6, nad1, nad4, nad6, cox3, nad2 and nad3)
from 17 isolates of Botryosphaeria and other isolates
from Pleosporales and Capnodiales (Fig. S4). The B.
kuwatsukai isolates clustered together with 100% boot-
strap support, and the B. dothidea isolates clustered
together with 74% bootstrap support, and these two spe-
cies were distinguished by mitogenomic phylogeny with
100% bootstrap support (Fig. S4). In addition, mean Fst

value between B. dothidea and B. kuwatsukai was
0.298, indicating these two populations were strong
genetic differentiation.

Based on inferences from ancestral intron distribution
patterns, the tree from RASP roots nodes of B. dothidea
and B. kuwatsukai was suggested to have the intron
presence/absence patterns C and G respectively
(Fig. 5B). Intron gain/loss event investigations showed
that Bku.atp6P3205 and Bku.cobP3566 were each lost
once in B. dothidea and B. kuwatsukai, whereas Bku.
nad5P5695 and Bku.cobP202 might have experienced
two and three loss events respectively. Bdo.cox1P15445
might have experienced two independent gain events
occurring in the two species (Fig. 6).

Discussion

To date, many mitogenomes have been published for
members of the Dothideomycetes, such as the phyto-
pathogenic fungus Bipolaris sorokiniana (Pleosporales)
(Song et al., 2020), wheat pathogens Parastagonospora
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Fig. 5. Ancestral intron distribution pattern analysis of B. dothidea and B. kuwatsukai.

A. Dendrograms constructed based on intron presence/absence patterns (Please also refer to Supporting Information Table S10 for details.).

B. Pattern analysis by Bayesian binary MCMC analysis in RASP software. Nodes are displayed most likely states only. Pie charts at each node
represent the marginal probabilities for each alternative intron distribution pattern (denoted with the respective letters A-G showing in Fig. 5A).
Partially black coloured pie charts indicate that none of the defined patterns was obtained. Parastagonospora nodorum was used as an outgroup.

[Color figure can be viewed at wileyonlinelibrary.com]

nodorum (Pleosporales) (McDonald et al., 2019),
Zymoseptoria tritici (Capnodiales) (Torriani et al., 2008),
Shiraia bambusicola (Pleosporales) (Shen et al., 2015),
Zasmidium cellare (Capnodiales) (Goodwin et al., 2016)
and Stemphylium lycopersici (Pleosporales) (Franco
et al., 2017). All of these species have mitogenomes of
small to moderate sizes, ranging from 24 to 76 kb, except
for Bipolaris sorokiniana at 138 kb. This is the first report
of the mitochondrial genomes of B. dothidea and B.
kuwatsukai (Botryosphaeriales). Among sequenced
Dothideomycetes, these were large mitogenome sizes
(106-125 kb) due to significant expansions of introns and
ORFs insertions. These expanded introns were possibly
obtained by horizontal gene transfer from non-
Dothideomycetes fungal species, which is a phenomenon
common in the fungal kingdom (Wang et al., 2018b; Fan
etal., 2019).

We performed intraspecific comparative analysis of B.
dothidea mitogenomes using 12 isolates from geographi-
cally distant hosts, and of B. kuwatsukai using five iso-
lates from geographically distant apples. We found that
intraspecific comparisons showed intron polymorphisms
in terms of presence or absence. In B. dothidea, up to
31 introns were present in each of the isolates, and there
were 29 common to all 12 isolates, while three introns
were only found in certain isolates. The number of B.
kuwatsukai introns (32-34) was larger than that of B.
dothidea, with 13 shared between all isolates. There were

three intronic loci in certain isolates only, such as Bku.
cox1P14777 only in PGZH18. The phenomenon of mito-
chondrial intron presence/absence dynamics at the intra-
specific level has been previously reported for non-
Dothideomycetes fungi, such as Podospora anserina
(Cummings et al., 1990), Rhizophagus irregularis
(Formey et al., 2012), Hirsutella thompsonii (Wang
et al., 2018b), Isaria cicadae (Fan et al., 2019) and sev-
eral yeasts (Jung et al.,, 2012; Freel et al., 2014; Xiao
et al., 2017). Based on inferences from ancestral intron
distribution patterns, B. dothidea and B. kuwatsukai
dynamic introns might have experienced two to three gain
or loss events. We suggest that B. kuwatsukai intronic
gains or losses might have occurred after the fungus split
from its putative sister species, B. dothidea (intron pattern
C to D). Dynamic introns of non-Dothideomycetes fungi
Hirsutella thompsonii and Isaria cicadae were reportedly
gain or loss events (Wang et al., 2018b; Fan et al., 2019),
indicating that intron dynamic evolution might be a com-
mon phenomenon in Fungi.

Apple ring rot inflicts severe economic losses in the
main apple-producing areas of China and Japan (Ogata
et al., 2000; Tang et al., 2012). In Japan, the causal
organisms were identified as Botryosphaeria dothidea
and B. berengeriana f. sp. piricola (syn. Physalospora
piricola) (Koganezawa and Sakuma, 1984). In the United
States, a similar disease, white rot of apple has been
reported, and B. dothidea was described as the causal
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Fig. 6. Inference of gain/loss events of introns identified in B. dothidea and B. kuwatsukai. The six different intron distribution patterns were
shown, each pattern was represented by one intron. Hollow white lines indicate the absence of an intron in a given strain, and solid black lines

indicate the presence of an intron in corresponding strain.

agent. Our previous study reappraised the aetiology of
apple ring rot using polyphasic taxonomy, and consid-
ered B. kuwatsukai (syn. B. berengeriana f. sp. piricola)
and B. dothidea to be separate species (Xu et al., 2015).
The results also showed that apple ring rot in eastern
Asia might be the same disease as white rot in the United
States (Xu et al., 2015), and our genomic analysis of
these two species supported this contention (Wang
et al., 2018a). In this study, these two species were dis-
tinguished further by the phylogeny of mitogenomes.
Previous research showed that there was a marked dif-
ference between the two species groups by RAPD and
ISSR analysis (Huang and Liu, 2001; Peng et al., 2011).
In this study, B. dothidea and B. kuwatsukai displayed
seven intronic distribution patterns, unique to each spe-
cies. The intronic distribution patterns of the
mitogenomes could be used as a marker for Botry-
osphaeria population structure analysis and dynamics in
ecology. It will be beneficial to the ecological control of
diseases causing by Botryosphaeria species. Further
investigation should be carried out with more isolates to

reveal whether there are more intronic types among iso-
lates of these two species and whether these different
patterns correlate with host and geography.

Intraspecific genetic diversity of mitogenomes of B.
dothidea was significantly higher than that of B.
kuwatsukai based on genetic diversity analysis. Almost
all exonic variations in B. dothidea mitogenomes were
nonsynonymous changes, but only synonymous muta-
tions were found in B. kuwatsukai. We speculate that the
nonsynonymous changes in the mitogenomes of B. doth-
idea allowed for adaptation to a wider host range and
ecological niche, whereas the synonymous mutations
with no acid amino changes in mitogenomes of B.
kuwatsukai resulted from its host specialization
(Xu et al., 2015).

Conclusion

In this study, we sequenced the mitochondrial genomes
of 17 B. dothidea and B. kuwatsukai isolates and exam-
ined the mitogenomic variation at the population level.
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Both species had the largest mitogenome sizes among
Dothideomycetes studied, attributable to significant intron
expansion, and the expansion may have been through
horizontal gene transfer from non-Dothideomycetes fungi.
The variation in mitogenomic sizes within and between
the two species was mainly caused by the gain or loss of
introns. The intronic distribution patterns of the
mitogenomes could be useful markers for population
diversity. The mitochondrial gene phylogeny supported
the separation of B. dothidea and B. kuwatsukai as inde-
pendent species, which is consistent with our previous
results on genomic analysis and multiple nuclear DNA
locus phylogeny.
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Fig. S4. ML phylogenetic tree based on 12 concatenated
mitochondrial core  proteins  (cob-cox7-cox2-nad4L-
nad5-atp6-nad1-nad4-nad6-cox3-nad2-nad3). The tree
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