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INTRODUCTION

Fungi in the family Botryosphaeriaceae are amongst the most 

widespread and important canker and dieback pathogens of 

trees worldwide. Botryosphaeria dothidea s. lat. is one of 

the most common species and occurs on a large number of 

hosts, including more than 24 host genera, with 312 records 

in the literature database (Marsberg et al. 2017; Fungal 

Databases, US National Fungus Collections, https://nt.ars-

grin.gov/fungaldatabases/). 

The interaction of B. dothidea s. lat. with host plants 

includes a latent or endophytic phase. A basic understanding 

of the ecology is particularly important because the fungus 

can easily pass undetected by plant quarantine systems that 

rely on visual inspection (Marsberg et al. 2017). B. dothidea 

s. lat. is considered to be a stress-associated pathogen 

(Ma et al. 2011). Infections typically become symptomatic 

only under conditions of host stress, such as drought, 

physical damage, waterlogging, frost or unsuitable growing 

environments (Bostock et al. 2014, Marsberg et al. 2017). 

Disease symptoms include twig, branch and stem cankers, 

tip and branch dieback, fruit rots, blue stain or, in extreme 

cases, the death of the host plant (Michailides 1991, Slippers 
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on a variety of hosts, such as ring rot of apple, fruit rot of 

olive, grapevine trunk disease, leaf spots and lesions on 

ornamental plants, and dieback and stem cankers on acacia 

and other shade and fruit trees (Marsberg et al. 2017).

Ring rot is one of the most destructive apple diseases 

worldwide, including China, Japan, South Korea, the USA, 

Australia, and South Africa (Ogata et al. 2000, Park 2005, 

Guo et al. 2009, Tang et al. 2012, Xu et al. 2015). Symptoms 

of the disease appear as a soft, light-coloured rot on fruit, 

especially during storage, and extensive cankers and/or warts 

on branches and trunks (Chen 1999, Kang et al. 2009). Xu 

et al. (2015) reappraised the etiology of apple ring rot and 

considered B. kuwatsukai and B. dothidea to be the main 

causal agents. B. kuwatsukai was previously designated 

as Botryosphaeria berengeriana f. sp. pyricola (Hara 1930, 

Koganezawa & Sakuma 1980, 1984 Xu et al. 2015). This 

cryptic species demonstrated substantial genetic and biological 

distinctions from B. dothidea. For example, the two species 
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pathogenicity-related genes, e.g. carbohydrate active enzymes (CAZYs), plant cell wall degrading enzymes (PCWDEs), 

secondary metabolites (SMs) biosynthetic enzymes, cytochrome P450 enzymes (CYPs), and secreted peptidases, 

in comparison to all additional sequenced fungal species involved in various life-styles. The number of pathogenicity-

related genes in B. dothidea and B. kuwatsukai is higher than other genomes of Botryosphaeriaceae pathogens 

(Macrophomina phaseolina and Neofusicoccum parvum), suggesting a secondary round of Botryosphaeria-lineage 
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strategies for disease control and molecular breeding to help ensure global apple production and food security.
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possessed different number and length of group I introns in 

the primary structures of the 18S rDNA (Xu et al. 2013, 2015). 

Morphologically, B. kuwatsukai presents as an appressed 

mycelial mat on PDA whereas B. dothidea displays columns of 

aerial mycelia reaching the lids of the Petri plates, and conidia 

of B. kuwatsukai are longer than those of B. dothidea, whereas 

B. dothidea had a faster growth rate than B. kuwatsukai at 35 

°C and 37 °C (Xu et al. 2015). Pathogenicity tests showed 

that on pear stems B. kawatsukai caused large-scale cankers 

along with blisters whereas B. dothidea was non-pathogenic 

(Xu et al. 2015), but on apple shoots the two fungi induced 

large and small wart-like swellings, respectively, on bark (Xu et 

al. 2015). B. kuwatsukai apparently has a narrow host range; 

until now, it has been reported only from apple and pear (Xu 

et al. 2015).

In this study, we sequenced the genomes of one 

strain (PG45) of B. dothidea and an epitype strain (PG2) 

of B. kuwatsukai. The objectives of this study were to: (1) 

understand the degree of divergence between two species; 

(2) compare these two species to other Botryosphaeriaceae 

plant pathogenic fungi and to fungi with other life-styles; 

and (3) understand variations of pathogenesis-related gene 

content (e.g. CAZYs, SMs, CYPs), secreted peptidases, and 

candidate effectors between B. dothidea and B. kuwatsukai 

by comparative genomics.

MATERIALS AND METHODS

Fungal strains and culture conditions
Strain PG45 of Botryosphaeria dothidea was originally isolated 

from the trunk of a symptomatic apple (Malus ×domestica) 

tree in Shaanxi Province, China. Strain PG2 of B. kuwatsukai 

was originally isolated from a symptomatic apple (Malus 

×domestica) fruit in Shaanxi Province, China. The cultures 
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dextrose agar (PDA) at 25 oC and stored as glycerol stock 

(15 %) at -80 oC in the Fungal Laboratory of Northwest A&F 

University, Yangling, Shaanxi Province, China.

DNA isolation, genome sequencing and 
assembly
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fungal mycelia collected from a 2wk-old PDA culture following 
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protocol (Murray & Thompson 1980). The genomes were 

sequenced with the Illumina HiSeq2500 platform (Novogene, 

Beijing). The insertion size of the sequencing library was 

500 bp and the sequencing strategy was 125 bp pair-ended. 

Filtered clean reads were assembled into scaffolds using the 

SPAdes v. 3.9.0 (Anton et al. 2012). In order to detect the best 

assembly(s), SPAdes is run at many different kmer levels 

(21, 33, 55, 77, 99). The completeness of assembly was 

assessed using BUSCO v.1.2 (Simão et al. 2015). MUMmer 

v. 3.23 was used to make synteny analyses at the nucleotide 

level (NUCmer) (Kurtz et al. 2004). The assembled scaffolds 

generated by the two species were aligned and oriented 

using Mauve, with default settings (Darling et al. 2004).

Gene prediction and genome annotation
GeneMark-ES (Alexandre et al�� !"_6�� �	�� �
��� ���� ���

predict the gene structures. The gene models obtained were 

used to train Augustus v. 3.1 (Mario & Burkhard 2005). The 

predicted gene models from GeneMark-ES and Augustus and 

the homology proteins of the B. dothidea genome (download 

from Department of Energy’s Joint Genome Institute) 

were combined in MAKER2 (Cantarel et al. 2008). Repeat 
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www.repeatmasker.org) and RepeatModeler v. 1.0.7 (Saha 

et al. 2008) and transfer RNA was predicted by tRNAscan-SE 

v. 1.3.1 (Lowe & Eddy 1997) and Rfam (http://rfam.xfam.org). 

For calculation of RIP indices, dinucleotide frequencies were 

determined using the RIPCAL program (Hane & Oliver 2008).

Functional annotation of predicted genes
^	
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���	������������
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as the cutoff E-value (Yin et al. 2012). Putative secondary 
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with SMURF (Khaldi et al. 2010). The ketoacyl synthase (KS) 

domains of PKS and condensation (C) domains of NPRS 

were retrieved by NAPDOS (Ziemert et al. 2012). Candidate 
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domain PF00067. Candidate secreted proteins have a 

secretion signal as determined by SignalP v. 4.1 (Petersen et 

al. 2011) and have no transmembrane domain as determined 

by TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM). 

Eventually, WoLF-PSort v. 0.2 software was used to estimate 

the located sites and only those proteins that were credibly 

positioned in the extracellular space (i.e., extracellular score 
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proteins that are smaller than 200 amino acids and labeled 

as ‘cysteine rich’ when the percentage of cysteine residues 

in the protein was at least twice as high as the average 

percentage of cysteine residues in all predicted proteins of 

that organism (Ohm et al. 2012). Putative proteases were 

�������� 	��� ��	������ ��� >�]$Q�� =�
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MEROPS database v. 12.0 (Rawlings et al. 2018) with a cut-

off E-value of 1 × 10-5.

Phylogenomic analysis
OrthoMCL v. 2.0.9 (Li et al. 2003) was used to identify ortholog 

pairs among compared genomes. The cutoff E-value was 

set as 1 × 10 -5. To construct a genome-based phylogenetic 

tree, single-copy ortholog pairs were aligned with MAFFT v. 7 

(http://mafft.cbrc.jp/alignment/server), conserved sites in the 

alignments were further extracted with Gblocks v. 0.91b using 

the default parameters (Castresama 2000), and the dataset 

was used for maximum likelihood tree construction in RAxML 

(Stamatakis 2006) with the LG+I+G+F amino acid substitution 

model selected by ProtTest v. 3.4 (Darriba et al. 2011). The 

divergence times between species were estimated using the 

PL method with r8s (Taylor & Berbee 2006). MEGA v. 7.0 

was used to generate maximum likelihood phylogeny for KS 

domains, type IV siderophore C domains, CE1, AA7 families 

with the JTT amino acid substitution model (Jones et al. 

1992, Kumar et al. 2016). Statistical support for phylogenetic 

grouping was assessed by 1000 bootstrap re-samplings. 
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CAFE (Computational Analysis of gene Family Evolution) v. 

3 (Han et al. 2013) was used to test whether protein family 

sizes were compatible with a stochastic birth and death 

model, and the Viterbi algorithm in the CAFE program was 

used to assign P-values to the expansions/contractions 

experienced at each branch and using a cutoff of P < 0.05. 

Functional enrichment tests were performed with FUNRICH 

v. 2.1.2 (Pathan et al. 2015).

RESULTS AND DISCUSSION

Data generated in this project has been deposited at DDBJ/

EMBL/GenBank under the accession no. PRJNA394804.

Genome features of Botryoshaeria dothidea 
and B. kuwatsukai 
The genomes of Botryosphaeria. dothidea PG45 and B. 

kuwatsukai PG2 were sequenced with high coverage (163× 

and 156×, respectively). The B. dothidea PG45 genome was 

assembled into 422 scaffolds (> 1 Kb; N50, 352 Kb) with a 

total size of 44.3 Mb, the size is similar with the published 

genome of B. dothidea CBS 115476 (43.5 Mb, from Prunus 

sp.) (Marsberg et al. 2017). The B. kuwatsukai PG2 genome 

was assembled into 768 scaffolds (> 1 Kb; N50, 226 Kb) 

with a genome size of 48.0 Mb, the size is similar to the draft 

genome of B. kuwatsukai LW030101, causing apple ring 

rot (47.4 Mb) (Liu et al. 2016) (Table 1). The genomic GC 

content of B. kuwatsukai (53.01 % in strain PG2 and 53.09 % 

in LW030101) was lower than that of B. dothidea (54.60 % in 

strain PG45 and 54.69 % in CBS 115476). The completeness 

of the two genome assemblies in this study was assessed 

by BUSCO. We found1390 out of 1438 (96.7 %) and 1397 

�������_6����*#�_�<��>�$^���
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B. dothidea PG45 genome and B. kuwatsukai PG2 genome, 

respectively, suggesting a high degree of completeness. The 

two aligned genome sequences shared 96.74 % identity 

at the nucleotide level and show macrosynteny (Fig. 1A). 

According to the genomic alignments, ~94 inverted segments 

were found in the two genomes (Fig. 1B). B. dothidea PG45 

and B. kuwatsukai PG2 were predicted to have 15 661 and 

15 306 protein coding genes, respectively. KOG analysis 

showed that B. dothidea PG45 had more genes involved in 

transport and primary and secondary metabolism than B. 

kuwatsukai PG2, whereas the latter taxon had more genes 

involved in signal transduction and DNA and RNA processing 

than B. dothidea PG45 (Fig. 1C). The average gene density 

of B. dothidea (354 in PG45 and 345 in CBS 115476, genes 

per Mb) was higher than that of B. kuwatsukai (321 in PG2 

and 322 in LW030101, genes per Mb) (Table 1). 

Genome sizes in both B. dothidea and B. kuwatsukai were 

similar to other species in the Botryosphaeriaceae (Islam et al. 

2012, Blanco-Ulate et al. 2013, Yan et al. 2018) and larger than 

the average genome size of Ascomycota (36.9 Mb) (Mohanta 

& Bae 2015). The B. kuwatsukai genome size was larger than 

that of B. dothidea; however, the genome of B. kuwatsukai had 

lower gene density. Thus, the repeat content of B. kuwatsukai 

PG2 and LW030101 were 13.02 % and 12.41 %, respectively, 

compared to 5.12 % in B. dothidea PG45 and 2.09 % in CBS 

115476, indicating that a larger number of repetitive elements 

contributed to the larger genome size and the fewer encoding 

genes in B. kuwatsukai.
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Botryosphaeria kuwatsukai genome
Transposable elements (TEs) comprise 2.84 % and 0.38 

% of Botryoshaeria dothidea PG45 and B. dothidea CBS 

115476, as well as 9.13 % and 8.72 % of B. kuwatsukai 

PG2 and B. kuwatsukai LW030101 genomes, respectively. 

All classes of TEs in B. kuwatsukai were detected, and were 

more numerous than in B. dothidea (Fig. 2A). We observed 

expansion of hAT elements (~11-fold), Copia elements (~8-

fold), Gypsy elements (~4-fold), LINEs elements (~4-fold), 

and Tourist and Tc1-IS630-Pogo elements (~2-fold) in the B. 

kuwatsukai PG2 genome, compared to B. dothidea PG45. 

B. kuwatsukai PG2 had 22 scaffolds containing more or 

Table 1. Genome features of Botryosphaeria dothidea and B. kuwatsukai.

Features B. dothidea PG45 B. dothidea CBS 115476 B. kuwatsukai PG2 B. kuwatsukai LW030101

Sequence coverage, fold 163 NA 156 100

Assemble Size (MB) 44.3 43.5 48.0 47.4

Scaffolds (size > 1000 bp) 422 1711 768 932

Scaffold N50 (Kb) 352 86 226 288

The longest length (Kb) 1154 473 915 1260

GC content (%) 54.60 54.69 53.01 53.09

Protein-coding genes 15 661 14 998 15 306 15 260*

Gene density (per Mbp) 354 345 321 322

Repeat rate (%) 5.12 2.09 13.02 12.41

Nr (%) 86.2 NA 86.1 NA

KEGG (%) 52.6 NA 51.7 NA

KOG (%) 48.4 NA 47.2 NA

tRNAs 138 NA 144 NA

BUSCO estimates (%) 96.7 NA 97.1 NA

* Protein-coding genes were predicted using the pipeline in this study.
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Fig. 1. Genomic alignments and synteny Botryosphaeria dothidea PG45 and B. kuwatsukai PG2. A. Dot plot showing the syntenic blocks between the scaffold sequences of B. dothidea PG45 (vertical axis) 

and B. kuwatsukai PG2 (horizontal axis). B. Fold differences in dinucleotide abundances and RIP indices for repeat families of four Botryosphaeria fungi compared with their nonrepetitive control sequences..
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equal 50 TEs, compared to only eight in B. dothidea 

PG45. As expected, TE-rich scaffolds of B. kuwatsukai 

PG2 encoded fewer genes (n = 1626) than those of B. 

kuwatsukai PG45 (n = 2093). Additionally, there were 

��
� ������������� ���� ��� ��� Q��
���� 
�����

than for B. kuwatsukai PG2 (151 vs. 137). The PFAM 

domain and GO enrichment tests revealed substantial 

enrichment of genes involved in secondary metabolism 

and several families of transcription factors were found 

in TE-rich scaffolds of B. dothidea PG45, whereas DNA 

and RNA processing were enriched in B. kuwatsukai 

PG2 TE-rich regions (Table S1–S4).

Repeat induced point (RIP) mutation is a genome 

defence mechanism in fungi during which duplicated 

sequences are mutated from CpA to TpA (Galagan & 

Selker 2004). RIP in the B. kuwatsukai genome was 

inferred by the high value of TpA/ApT (RIP index, 1.77 

in strain PG2 and 1.76 in strain LW030101), in contrast 

to a considerably lower ratio of TpA/ApT (RIP index, 

1.27 in strain PG45 and 0.83 in strain CBS 115476) in 

B. dothidea genome (Fig. 2B). The higher RIP index 

in B. kuwatsukai suggests more active RIP defence 

mechanisms than in B. dothidea.

Phylogenomic analysis and evolution
To explore gene family evolution of these two species, 

we clustered B. dothidea PG45 and B. kuwatsukai 

PG2 proteomes with those of 14 other representative 

fungi using OrthoMCL, which included B. dothidea 

CBS 115476 isolated from Prunus sp., B. kuwatsukai 

LW030101 isolated from apple, a biotrophic fungus 

(Puccinia graminis), four additional necrotrophs (Valsa 

mali, Pyrenophora tritici-repentis, Neofusicoccum 

parvum, and Macrophomina phaseolina), three hemi-

biotrophic model plant pathogens (Pyricularia oryzae, 

Colletotrichum higginsianum, and Zymoseptoria 

tritici), two saprobes (Neurospora crassa and 

Rhizopus oryzae), a mutualistic symbiotic fungus 

(Laccaria bicolor), and an ectophytic fungus (Peltaster 

fructicola). This produced 23 584 ortholog families 

(groups) comprising 188 147 proteins, as well as 38 

559 orphans that show no homology to any other 

proteins in this dataset. A total of 10 742 and 10 

457 groups (B. dothidea PG45 and B. dothidea CBS 

115476, respectively) and 10 602 and 10 628 groups 

(B. kuwatsukai PG2 and B. kuwatsukai LW030101, 

respectively) had homologs in the other fungi tested, 

of which about 9942 were conserved in all compared 

genomes. A total of 2028 groups involved in all four 

Botryposphaeria strains were Botryosphaeria lineage-

������� ������ �]��� ���� ���� �
� ��	
�� ?�����%���

between the two species and had no ortholog in the 

other fungi we included. About 71 % these lineage-

������� ���� �
� ���������	�� �
������ �
� �	�� ���

homology to sequences in GenBank/ A 81 % of them 

encode proteins without known PFAM domains, and 

the subset of genes with functional domains was 

enriched with genes involved in the production of 

secondary metabolites, transcription factors, and 

heterokaryon incompatibility (Table S5). The number 
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496 groups in B. kuwatsukai and 750 in B. dothidea 

(Fig. 3A). Many of these genes (79–82 %) encoded 

proteins without known functional domains. When 

we compared the Botryosphaeria genomes (2210 in 

PG45, 1904 in CBS 115476, 2020 in PG2 and 2005 

in LW030101) to those of two other closely related 

members of the family Botryosphaeriaceae (2041 in 

M. phaseolina and 1417 in N. parvum), B. dothidea 

PG45 had the largest number of multi-copy genes. 

Among the ortholog families, 748 single copy 

orthologs that were conserved across all fungi 

	�	����� �
� �������� 	��� �������� ��� �	?�����

likelihood phylogenomic analysis. A maximum 

likelihood phylogenomic tree was generated using a 

173 008 amino acid position alignment and calibrated 

with the origin of Ascomycota clade around 500-650 

Mya. The phylogenomic tree, as expected, placed B. 

dothidea and B. kuwatsukai in a monophyletic clade 

closest to M. phaseolina, a devastating necrotrophic 

fungal pathogen worldwide and infects more than 500 

plant hosts (Islam et al. 2012) (Fig. 3B). According to 

the phylogenomic tree and analysis by r8s software, 

B. dothidea and B. kuwatsukai diverged about 2.47 

Mya, suggesting a relatively recent speciation event 

in Botryosphaeria. 

By CAFE analysis, at the most recent common 

ancestor (MRCA) of B. dothidea and B. kuwatsukai, 

the expected number of group gain (expanded groups 

of MRCA of two species) was 265, which exceeds the 

������#+���]����	�����_!+��
�����?�
������������	���

expansion at the Botryosphaeria MRCA (branch P < 

0.05), with gains in putative glucose methanol choline 

(GMC) reductases and SM-related genes (Table 

S6). The GMC family includes extracellular alcohol 

oxidases and cellobiose dehydrogenase, enzymes 

directly involved in lignocellulose degradation 

(Henriksson et al. 2000, Martinez et al. 2004). In the 

B. kuwatsukai clade, gene family decrease exceeded 

expansions according to the CAFE analysis, whereas 

the opposite trend occurred in the B. dothidea clade 

(Fig. 3B). One possible explanation of this divergence 

in pathways is that genes required for infection of 

different host plants may have existed in ancestral 

Botryosphaeria species, and that losses from 

existing families occurred during the process of host 

specialization (Gan et al. 2016); i.e. B. kuwatsukai is 

���������������	����	����	
�

Genes involved in sexual and asexual 
development
Both sexual and asexual morphs have been reported 

in Botyrosphaeria dothidea (Slippers et al. 2004). 

Q�� �
��� {]Q� ��� �=���� ��
� 	� ������ ���

Botryosphaeriales was described for Diplodia sapinea, 

a well-known pathogen of Pinus species (Bihon et 

al��!"_!��$�	
������������_**_��� ������������������

MAT genes of B. dothidea and B. kuwatsukai, as 

well as those of their closest relative, M. phaseolina, 

were compared with those of D. sapinea. In the B. F
ig
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dothidea and B. kuwatsukai genomes, all 

four characterized MAT genes (MAT1-1-

1, MAT1-1-4, MAT 1-2-1 and MAT1-2-5) 

grouped together in the genome at a single 

locus (Fig. 4), indicating that they have a 

homothallic mating system. However, only 

MAT1-1-1 and MAT1-1-4 genes were found 

in M. phaseolina, and only MAT 1-2-1 and 

MAT1-2-5 genes were found in D. sapinea, 

indicating a heterothallic mating system 

(Fig. 4). In addition, the genes adjacent to 

the MAT genes on this locus were oriented 

in the same direction when comparing 

B. dothidea and B. kuwatsukai with M. 

phaseolina, whereas they were inverted with 

D. sapinea (Fig. 4). Apart from mating type, 

a series of other ‘sex-related’ genes have 

�����������	���������%��%�����%	
�����

stages of mating and ascoma production in 

B. dothidea and B. kuwatsukai (Table S7). 

In particular, the high-mobility group box 

(AN1962) involved in ascoma development 

was found only in B. dothidea PG45.

Developmental features that distinguished 

B. dothidea from B. kuwatsukai included 

mycelial and conidial morphology. The latter 

taxon exhibited an appressed mycelial mat on 

PDA, whereas B. dothidea displayed columns 

of aerial mycelia reaching the lids of the Petri 

plates. Furthermore, conidia of B. dothidea 

were longer than those of B. dothidea (Xu et 

al. 2015). Conidiophore pattern and cell-identity 

regulators in Aspergillus nidulans include 

medusa (medA), stunted (stuA), abacus 

(abaA) and bristle (brlA) (Borkovich et al. 2004, 

Amselem et al. 2011). Orthologs of medA 

and stuA were present in B. dothidea and B. 

kuwatsukai, whereas an unambiguous ortholog 

of abaA and brlA was not present in either 

genome (Table S8). However, genes known to 

�������������
	������
�]�� ���������� �	�]���^�

	�����[���
�	����
������������B. dothidea 

and B. kuwatsukai. FluG is present only in B. 

dothidea. Functional analyses will be required 

to determine the role of these genes in biology.

In addition to structures involved in 

sexual and asexual development unrelated 

to pathogenesis, the tetraspanin-encoding 

gene (pls1) required for appressorium 

function in P. oryzae (Xue et al. 2002) was 

also present in B. dothidea and B. kuwatsukai 

(Table S9). Some authors suggested that 

B. dothidea might be capable of infecting 

plant leaves by direct penetration via the 

formation of appressorium-like structures 

(Marsberg et al. 2017). However, the genes 

involved in appressorium formation (emp1), 

appressorium penetration (mas1) and 

adhesion (mpg1, MAD1 and MAD2) were 

absent in both B. dothidea and B. kuwatsukai. F
ig
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Secondary metabolism
One of the crucial weapons that necrotrophic, polyphagous 

pathogens possess is the production of phytotoxic compounds 

to kill cells of a range of plant species (Amselem et al. 2011). To 

identify the pathways involved in the production of secondary 

metabolites in B. dothidea and B. kuwatsukai, we searched 

the genomes for genes encoding key enzymes such as 

NRPS (non-ribosomal peptide synthetase), PKS (polyketide 

synthase), HYBRID (PKS-NRPS) and DMATS (dimethylallyl 

tryptophane synthase). Botryosphaeria strains were found 

��� ����	��� 	� �������	��� ����
� ��� ���� �������� ���

secondary metabolism (SMs) biosynthesis enzymes except 

52 in B. kuwatsukai PG2 (P = 0.056, t-test), 60 in B. dothidea 

PG45 (**, P = 0.005, t-test), 61 in B. dothidea CBS 115476 

(**, P = 0.004, t-test), and 54 in B. kuwatsukai LW030101 

(*, P = 0.032, t-test). Compared to fungi with different life-

styles, these numbers are lower than for the hemi-biotrophic 

model plant pathogen Colletotrichum higginsianum (69) and 

the necrotrophic fungi Valsa mali (85) and Macrophomina 

phaseolina �#|��� �������	����� ����
� ��	�� ��
� 	��� ����
�������

ectophytic, saprobic, and mutualistic symbiotic fungi that 

have been sequenced (Fig. 5A). 

Generally in fungi, most key SM genes belong to clusters 

that encode biosynthesis enzymes, CYPs, regulators and/

or transporters (Keller et al. 2005, Fox & Howlett 2008). 

CYP enzymes catalyze the conversion of hydrophobic 

intermediates of primary and secondary metabolic pathways 

and play essential roles in fungi. A total of 273, 283, 276 and 

270 CYPs were found in B. dothidea PG45, B. dothidea CBS 

115476, B. kuwatsukai PG2 and B. kuwatsukai LW030101, 

respectively. These numbers are higher than for the other 

fungi with which we compared them (Fig. 5B). The SM 

clusters contain a gene encoding the ATP-binding cassette 

(ABC) superfamily or the major facilitator superfamily (MFS) 

transporter that could export the metabolites produced by the 

enzymes encoded by the gene cluster. Both B. dothidea and 

B. kuwatsukai have larger sizes of MFS_1 (PF07690, 327-

355) and ABC_tran (PF00005, 95-107) families than all the 

other fungi studied except for Colletotrichum higginsianum 

(335 of MFS_1 and 120 of ABC_tran) (Fig. 5B). 

All key SM genes present in both B. dothidea and B. 

kuwatsukai and their orthologs were found in other fungal 

������������	��������	��	
���	���������������������

genes involved in the production of secondary metabolites. 

Botryosphaeria dothidea had more genes encoding key 

SM enzymes than B. kuwatsukai. This difference is even 

more striking when considering orthologs and paralogs; 

only 47 key SM genes corresponded to orthologous pairs 

in both genomes, whereas 13 genes were found only in B. 

dothidea PG45 and 5 only in B. kuwatsukai PG2 (Fig. 5C). 

Based on phylogenetic analysis of well-characterized PKS 

protein sequences from other species (Noar & Daub 2016), 

we hypothesize that B. dothidea PG45 and B. kuwatsukai 

PG2 produce ochratoxin, alternapyrone, zearalenones, 

cercosporin, citrinin, 6-methylsalicylic acid and melanin, 

among which, zearalenones are found only in B. dothidea 

PG45 and cercosporin only in B. kuwatsukai PG2 (Fig. S1). 

Both species contained NRPS genes and are orthologous to 

the type IV fungal siderophore synthetase (Fig. S2), whose 

products are essential for fungal virulence (Bushley et al. 

2008, Scharf et al. 2014). Together with the SM enzymes, 

CYP proteins, ABC and MFS transporters are also expanded 

in B. dothidea, and thus, the size and diversity of these 

families may have evolved concomitantly with secondary 

metabolism genes.

Carbohydrate active enzymes
Botryosphaeria dothidea and B. kuwatsukai are particularly 

well equipped with genes encoding carbohydrate-active 

enzymes (CAZYs) (Table S10). The CAZY content in B. 

dothidea PG45 (823), B. dothidea CBS 115476 (825), 

B. kuwatsukai LW030101 (789) and B. kuwatsukai PG2 

(791) genomes is larger than for any of the other 12 

fungal genomes we examined (Fig. 6A), suggesting that 

the evolution of these species has led to different degrees 

of reduction in their carbohydrate degrading capabilities. 

These expanded CAZY arsenals are more similar to those 

of other hemibiotrophic and necrotrophic pathogens than 

to the highly reduced set found in biotrophs (e.g. Puccinia 

graminis) and ectophytes (e.g. Peltaster fructicola). In 

particular, the CAZY repertoire of B. dothidea and B. 

kuwatsukai is extremely expanded relative to that of Z. 

tritici, although all these three pathogens have a latent 

infection phase (Goodwin et al. 2011), suggests that they 

use a different mechanism for avoidance of host defences. 

Analysis of the genome showed that both B. dothidea and 

B. kuwatsukai have a glycoside hydrolase family GH33, 

of which GH33 is not present in the Z. tritici genome. 

The GH33 hydrolase family consists of sialidases which 

hydrolyse the glycosidic linkages of terminal sialic residues 

in oligosaccharides. Sialidases can act as pathogenicity 

factors, which can assist in host adaptation by avoiding 

host recognition or by inhibiting host defence responses 

(Alviano et al��!""6����?�
����	��%
���	���������������

understand how these two pathogens infect hosts without 

resulting in symptoms and can exist as endophytes. 

The ability to degrade complex plant carbohydrates is 

an important aspect of the life-styles of plant-associated 

fungi. Plant cell wall carbohydrates form a complex 

network of different polysaccharides that includes cellulose, 

hemicellulose, pectin, and lignin. This network is the target 

of carbohydrate-active enzymes and auxiliary proteins 

(jointly referred to as CAZY) needed to access internal 

plant tissues and to degrade plant cell wall components to 

simple monomers serving as carbon sources. Both species 

contains a much more extensive set of glycoside hydrolases 

(GHs), polysaccharide lyases (PL), carbohydrate esterases 

(CE), auxiliary activities (AAs), and carbohydrate binding 

modules (CBMs) than the other species (Fig. 6A). The strong 

expansion of GHs, PLs, CEs, AAs, and CBMs suggests an 

expanded capacity to degrade plant cell walls. The genomes 

of B. dothidea (PG45 and CBS 115476) and B. kuwatsukai 

(PG2 and LW030101) contain, respectively, (370 and 372) 

and (350 and 349) genes associated with plant cell wall 

degradation (Table S11); these numbers are larger than the 

average of all plant pathogens analysed (n = 290) as well 

as the average of all non-phytopathogens (n = 118). Their 

potential pectin-degrading capacity is comparable to that of 

N. parvum and M. phaseolina, and exceeds the other fungi 

except for C. higginsianum (Fig. 6B). Botryosphaeria dothidea 
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Fig. 5. Comparison secondary metabolism backbone genes and related genes in Botryosphaeria dothidea and B. kuwatsukai to other 12 fungi species involved in different lifestyles. (A) For each secondary 

metabolism backbone gene family and predicted total gene numbers are shown in cells. Over-represented (+3 to 0) and under-represented (0 to -3) numbers are depicted as Z-scores for each line in 

heatmap. (B) The number of MFS_1 (PF07690) family, ABC_tran (PF00005) family and CYP family were compared between B. dothidea or B. kuwatsukai and all the genomes. (B) Comparative analyses of 

orthologous of secondary metabolism backbone genes in B. dothidea PG45 and B. kuwatsukai PG2. Orthologs were determined by BDBHs.
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Fig. 6. Gene expansion of CAZYs in the Botryosphaeria lineage. A. Overall comparison of glycoside hydrolases (GHs), glycosyl transferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases 

(CEs), auxiliary activities (AAs), and carbohydrate-binding modules (CBMs) against other lifestyles fungi. B. CAZYs expanded in the Botryosphaeria lineage mainly involved in hemicellulose and lignin 

degradation. Over-represented (+2 to 0) and under-represented (0 to -2) numbers are depicted as Z-scores for each line in heatmap.
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and B. kuwatsukai have an intermediate number of enzymes 

putatively involved in degradation of cellulose; however, they 

possess more hemicellulose-degrading enzymes (119 in B. 

dothidea PG45, 113 in B. dothidea CBS 115476, 109 in B. 

kuwatsukai PG2 and 110 in B. kuwatsukai LW030101) than all 

of the other fungi (average = 68) (Fig. 6B). As expected, both 

species, which are woody-tissue colonizing phytopathogens, 

encoded more genes involved in lignin degradation than 

all of the other fungi (Fig. 6B). Interestingly, the number of 

cutinases (15–16) is higher than for all the other fungi except 

for P. oryzae, which suggests that these Botryosphaeria 

species possess a relatively high degree of adaptability to 

fruit cuticles. Hierarchical clustering analysis showed that the 

�^�[����
�����������������������������
�	��������	��

of M. phaseolina and N. parvum in Botryosphaeriaceae (Fig. 

7). A cluster involved in 25 different modules is remarkably 

expanded in the Botryosphaeria lineage, including 11 

hemicellucose, 6 lignin, 5 pectin, 1 cutin, 1 chitin, and 1 

cellulose (Fig. 7). Moderate expansion also occurring in M. 

phaseolina and N. parvum suggests that the ancient ancestor 

of Botryosphaeriaceae possessed many genes involved in 

hemicellulose, lignin, and pectin degradation, whereas 

the Botryosphaeria lineage underwent a second round of 

expansion during evolution.

Comparing the two Botryospheria species, B. dothidea 

(823 and 825 in two strains) had a higher number of genes 

encoding CAZYs compared to B. kuwatsukai (789 and 

791 in two strains). When compared B. kuwatsukai PG2 

and B. dothidea PG45, only 771 CAZYs corresponded 

orthologous pairs in both genomes by Bidirectional Best 

BLAST Hits (BDBHs) analysis, whereas 18 were found only 

in B. kuwatsukai PG2, and 52 only in B. dothidea PG45. 

In particular, B. dothidea PG45 expanded CE1 and AA7 

modules involved in hemicellulose and lignin degradation 

compared to those of B. kuwatsukai PG2 (8 vs. 1 and 11 

vs. 2). Phylogenetic analysis shows that these modules 

����

���	�����������	���������?�	�������������$����

Secretome
Pathogens can secrete a series of proteins that are deployed 

to the host-pathogen interface during infection, and secretome 

proteins play an important role in pathogenicity (O’Connell et 

al. 2012). In the current study, a remarkable number of 986 

and 975 secreted proteins in the B. kuwatsukai PG2 and B. 

Fig. 7. Distribution of selected corresponding plant cell wall degrading enzymes among different fungi. Red dashed box shows a cluster involved 

in different modules expanded in the Botryosphaeria lineage, which mainly include hemicellulose (11), lignin (6), pectin (5),  cellulose (1), cutin 

(1), and chitin (1). Over-represented (+3 to 0) and under-represented (0 to -3) numbers are depicted as Z-scores for each line in heatmap.
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kuwatsukai LW030101 genome, as well as, 1032 and 940 

in the B. dothidea PG45 and B. dothidea CBS 115476 

genome were predicted (*, P < 0.05, t-test) (Fig. 8). The 

number of secreted proteins in both genomes exceeded 

that of M. phaseolina (776) and N. parvum (768), indicating 

a genus-lineage expansion in Botryosphaeria.

Secreted effector proteins that are transferred into 

plant host cells are essential for pathogenesis by many 

plant pathogenic microorganisms. The larger size of 

the B. kuwatsukai secretome was also evident for small 

secreted proteins (SSPs): 199 and 202 in B. kuwatsukai 

(PG2 and LW030101) and 211 and 181 in B. dothidea 

(PG45 and CBS 115476) were smaller in size than 200 

amino acids. The number of SSPs in B. dothidea PG45 

was the highest among the Botryosphaeriaceae in this 

study (Fig. 8). In addition, 129 and 133 in B. kuwatsukai 

(PG2 and LW030101) and 139 and 105 in B. dothidea 

(PG45 and CBS 115476) were cysteine-enriched SSPs, 

which were considered as candidate secreted effectors 

(Fig. 8). Except B. dothidea CBS 115476 candidate 

secreted effectors were fewer than in N. parvum; these 

were more numerous in four Botryosphaeria strains 

than N. parvum (110) and M. phaseolina (88) PFAM 

domain analysis reveals that 7, 9, 10, and 11 known 

���	���� �
� �������� ��� ��� �
������ ��
���

effectors (B. dothidea PG45, B. dothidea CBS 115476, 

B. kuwatsukai PG2, and B. kuwatsukai LW030101) 

respectively (Table S12 and S13). Ribonuclease 

and the cerato-platanin domain were found only in 

B. kuwatsukai; the WSC domain may be involved in 

carbohydrate binding (Ponting & Hofmann 1999) and 

occurred only in B. dothidea PG45; the CAP domain 

related to pathogenesis proteins occurred only in B. 

kuwatsukai LW030101 (Fig. S4). The cerato-platanin 

family of proteins includes the phytotoxin which causes 

severe plant disease accompanied by canker stain 

symptoms (Sbrana et al. 2007). One cerato-platanin 

family effector gene was found only in B. kuwatsukai, 

which may explain why it can cause large cankers 

and blistering on pear stems, whereas as B. dothidea 

induces only localized necrotic spots (Xu et al. 2015). 

Pathogenic as well as saprotrophic fungi secrete 

peptidases to degrade a variety of proteases in their 

�%�
�������Q������
	�	����� ���������	���������	��

in eliminating the activity of antifungal host proteins 

and in providing nutrients. A total of 131, 123, 153, 

and 125 secreted protease-encoding sequences were 

present in B. dothidea PG45, B. dothidea CBS 115476, 

B. kuwatsukai PG2 and B. kuwatsukai LW030101 

respectively (Fig. 8), more than all of the other fungi 

in the study and similar to the hemi-biotrophic plant 

pathogens P. oryzae (127) and C higginsianum (143). 

CONCLUSIONS

Comparative genomics of Botryosphaeria dothidea and 

B. kuwatsukai revealed an expectedly high degree of 

sequence identity and synteny. We observed several 

similarities in gene structure and content between these 

closely related plant pathogens. Organization of the F
ig
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MAT loci and processing of a glycoside hydrolase family 

GH33 are the same in B. dothidea and B. kuwatsukai. Both 

������ ������ 	� �������	��� ����
� ��� %�
����� �	���
���

i.e. CAZYs, PCWDEs, SMs and secreted proteases, in 

comparison to other plant pathogenic fungi we studied. In 

particular, the number of CAZY in both species surpass that 

of all other fungi included in the comparison. They possess 

a large number of plant cell wall breakdown genes in cutin, 

hemicellulose, lignin and pectin degradation, indicating that 

their MCRA expanded these pathogenic genes to adapt to 

a wider host range. In Botryosphaeriaceae, M. phaseolina 

������	��������	�������
����^�����{�$��������
	��

transporters, glycosidases and secondary metabolites (Islam 

et al. 2012). In this study, we documented that the number of 

pathogenicity-related genes in B. dothidea and B. kuwatsukai 

is higher than M. phaseolina, suggesting a secondary round 

of lineage expansion in Botryosphaeriaceae.

Our data also highlighted several striking differences in 

gene content and high genetic diversity between these plant 

�	��������Q���
�������
����	������������������Q����Q��

larger number of TEs in B. kuwatsukai genome resulted in 

larger genome size and fewer encoding genes relative to B. 

dothidea. Previous studies showed that B. dothidea is able 

to infect a wide range of hosts, whereas B. kuwatsukai is 

����������	����	����	
�����
�������et al. 2010, Marques 

et al. 2013, Xu et al. 2013, 2015). The comparative genomics 

analysis further revealed a striking difference between these 

two species in the amount. B. kuwatsukai, which infects only 

apple and pear, apparently lost a set of SM genes, CAZYs 

and PCWDEs, possibly as a result of host specialization. 

Generating and analyzing additional genomes of location-

diversity-based strains will be necessary for discerning 

these common genome features between B. dothidea and 

B. kuwatsukai. These data shed light on the evolutionary and 

mechanistic bases of the genetically complex traits of two 

main plant pathogens causing apple ring rot. With increased 

understanding of the differences between two main apple ring 

rot pathogens at a genomic level, we can begin to develop 

targeted disease control strategies based on molecular 

breeding for resistance.
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Table S1. PFAM Domain enrichment of genes in TE-rich region of 

B. kuwatsukai.

Table S2. GO terms enrichment of genes in TE-rich region of B. 

kuwatsukai.

Table S3. PFAM Domain enrichment of genes in TE-rich region of 

B. dothidea.

Table S4. GO terms enrichment of genes in TE-rich region of B. 

dothidea.

Table S5. B. kuwatsukai-B. dothidea�����������	�����
�������

Table S6. Most recent common ancestor (MRCA) of B. dothidea and 

B. kuwatsukai domains enrichment.

Table S7. Orthologous genes shared between B. kuwatsukai and B. 

dothidea involved in mating development.

Table S8. B. kuwatsukai and B. dothidea orthologs of conidiation-

associated genes in Aspergillus nidulans.

Table S9. B. kuwatsukai and B. dothidea orthologs of appressorium-

associated genes in Pyricularia oryzae.

Table S10. Carbohydrate-active enzyme and associated (CAZY) 

modules of B. kuwatsukai and B. dothidea compared to twelve other 

fungi.

Table S11. Numbers of CAZY family members associated with the 

degradation of plant cell wall.

Table S12. PFAM domains annotation in B. dothidea effectors

Table S13. PFAM domains annotation in B. kuwatsukai effectors.

Figure S1. Phylogenetic tree of the KS domains of B. dothidea 

PG45, B. kuwatsukai PG2 and well-characterized PKS proteins. 

Red and green fond indicates B. dothidea PG45 and B. kuwatsukai 

��!��������������
��������>[>V��
�����%����]��������

numbers for well-characterized PKS proteins were referred to Table 

S1 (Noar and Daub 2016).

Figure S2. Phylogenetic tree of the type IV siderophore C domains 

of B. dothidea PG45 and B. kuwatsukai PG2. Different colors indicate 

six repeated C domains of siderophore.

Figure S3. Phylogenetic tree of CE1 and AA7 family of B. dothidea 

PG45 and B. kuwatsukai PG2. Red and green fond indicates B. 

dothidea PG45 and B. kuwatsukai���!��������������
�����

by BDBHs respectively.


