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Abstract

Botryosphaeriaceae (Botryosphaeriales, Dothideomycetes, Ascomycota) encompasses commonly encountered opportunistic
pathogens that cause stem cankers on woody plants. Lifestyles of Botryosphaeriaceae species could vary as endophytes,
pathogens and saprobes and one species can have one or more lifestyles. Therefore, this family is an excellent candidate to
study the relationships among lifestyles and lifestyle changes. It is postulated that this family has saprobic ancestors, and the
mechanisms by which they evolved from nonpathogenic ancestors to woody pathogens remain unclear. Here, we present an
analysis of 18 Botryosphaeriaceae genomes, including four newly generated high-quality genomes of Botryosphaeriaceae
strains. We compared Botryosphaeriaceae genomes with phylogenetically closely related Dothideomycetes taxa including
plant pathogens and saprobes which revealed significant net gene family expansion in Botryosphaeriaceae. This gene expan-
sion is prominent in the early ancestors before the divergence of genera of Botryosphaeriaceae. This expansion affected
the pathogenicity-related genes and detoxification genes. Furthermore, we analysed horizontal gene transfer, which is a
mechanism of transfer to genetic material between organisms that are not in a parent—offspring relationship and identified
widespread putative intra-kingdom horizontal gene transfer events in this family. Most were transferred during the evolution
of ancient ancestors of Botryosphaeriaceae, before the divergence of the modern genera and were enriched in pathogenicity-
related genes and detoxification genes. Furthermore, The RNA sequencing analysis of the Botryosphaeriaceae species
Lasiodiplodia theobromae revealed that pathogenicity-related genes and detoxification genes, including those obtained
through gene family expansion and horizontal gene transfers, were significantly induced after the infection of plant hosts
rather than before infection. These insights reveal critical roles for gene family expansion and horizontal gene transfers in
the evolutionary adaptation of Botryosphaeriaceae in the infection of woody plants. We postulate that the pathogenic life-
style of Botryosphaeriaceae species evolved from saprobic or endophytic lifestyles in the early divergence of this family.
However, there are few endophytic genomes available for closely related species of Botryosphaeriaceae, thus further studies
are necessary to clarify the evolutionary relationships of the endophytes.
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Introduction

Botryosphaeriaceae is a family of ecologically important
taxa that colonize diverse, globally distributed woody plants
(Phillips et al. 2013; Yan et al. 2013). These species cause
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stem cankers in a variety of economically important plants
including apples, grapes, peaches, and pears (Mancero-
Castillo et al. 2018; Yan et al. 2013; Delgado-Cerrone et al.
2016; Feijo et al. 2019). These pathogens can block xylem
vessels and induce the death of xylem parenchyma and
bark tissues (Cedefio et al. 1996; Biggs and Britton 1988;
Mahadevan et al. 2022; Obrador-Sanchez and Hernandez-
Martinez 2020). When colonizing the xylem tissues, they
can produce phytotoxic metabolites and translocate them
via the xylem sap, and cause canopy disease symptoms,
including leaf wilt and chlorosis (Bertsch et al. 2013). Apart
from being pathogens, Botryosphaeriaceae species are also
saprobes and have been isolated from dead aerial branches,
stems, and leaves from urban and forest tree species (Dissa-
nayake et al. 2017; Phillips et al. 2013). In addition, species
may be endophytes that colonize bark and internal woody
tissues without causing any obvious symptoms for extended
periods until stress commences (Slippers and Wingfield
2007; Osorio et al. 2017).

A previous study based on comparative genome analysis
suggested that the ancestors of Botryosphaeriaceae origi-
nated as saprobes and underwent at least three transitions
from saprobic to phytopathogenic lifestyles (Yu et al. 2022).
Furthermore, Rathnayaka et al. (2023) suggested that ances-
tors of Botryosphaeriaceae may originate as endophytes
and then switch into saprobes or pathogens. Bhunjun et al.
(2023) proposed that all fungi have endophytic ancestors.

Studies have found Botryosphaeriaceae species are
enriched with genes with biochemical functions such as cell
wall degradation, nutrient uptake, secondary metabolism,
and membrane transporters. Importantly, these functions are
closely related to colonizing (endophytic lifestyle), killing
(pathogens), and/or decomposing (saprobes) host tissues
(Yan et al. 2018; Garcia et al. 2021; Wang et al. 2018; Nagel
et al. 2021), suggesting that Botryosphaeriaceae have with
different lifestyles. It has been observed that clade specific
gene expansion occurs in this family which are involved in
toxin production and mobilization, wood degradation, and
nutrient uptake. This could contribute to the virulence dif-
ferences in Botryosphaeriaceae (Garcia et al. 2021). In addi-
tion, Nagel et al. (2021) found secreted hydrolytic enzymes
and secondary metabolite biosynthetic gene clusters in
Botryosphaeriaceae which contribute to plant—pathogen
interactions. However, whether these genes existed in their
ancestral states or evolved from their saprobic/endophytic
ancestors is still unclear.

Woody tissues are enriched with lignin, a source of phe-
nolic compounds, that can provide mechanical strength to the
cell wall (Yadav and Chattopadhyay 2023; Tribot et al. 2019).
Phenolics are aromatic compounds that are commonly found
in woody tissues as secondary metabolites and are generally
involved in defenses against plant pathogens (Tanase et al.
2019). Phenolic compounds may influence reactive oxygen
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species (ROS) and iron homeostasis in plant—pathogen inter-
actions, which are also important in controlling fungal colo-
nization and proliferation (Karamanoli et al. 2011; Kumar
et al. 2020). Recent studies have indicated that pathogens and
avirulent pathogens induce different plant defense strategies
during infection. Avirulent pathogens can induce a biphasic
ROS production in plants, but virulent pathogens only induce
the first phase ROS wave during interactions (Shetty et al.
2007; Mengiste 2012). However, the mechanisms underlying
how Botryosphaeriaceae species evolved these genes to adapt
to woody pathogenic infections from their ancestors remains
unclear.

Horizontal gene transfer or lateral gene transfer refers to
the transfer of genetic material among phylogenetically dis-
tant species (Soucy et al. 2015). This is a universal phenom-
enon in bacterial and archaeal genomes and is an important
mechanism by which these organisms gain new pathogenicity-
related genes (Arnold et al. 2022; Gophna and Altman-Price
2022). However, horizontal gene transfer is not as common
in eukaryotes as in bacteria or archaea (Fitzpatrick 2012;
Richards 2011). Nevertheless, increasing evidence implicates
horizontal gene transfer as an important mechanism in fungal
evolution and in providing fungi species with the capacity to
adapt to new lifestyles, environments, and hosts (Soanes and
Richards 2014; Dhillon et al. 2015; Qiu et al. 2016; Milner
et al. 2019). Therefore, horizontal gene transfer may also be an
important evolutionary driver in Botryosphaeriaceae in life-
style changes. Mitogenome analysis of Botryosphaeria species
revealed that nearly half of the mitogenome introns were most
likely obtained through horizontal gene transfer from other
organisms (Wang et al. 2021). However, the extent to which
horizontal gene transfer has contributed to the evolution of
Botryosphaeriaceae remains largely unknown.

Here, we investigated the genome evolution and origin
of pathogenicity in Botryosphaeriaceae using compara-
tive genomics, transcriptomics, and horizontal gene transfer
analysis. For the comparative genomic analysis, we sequenced
four Botryosphaeriaceae genomes and combined them with
another 14 Botryosphaeriaceae species. In addition, 56 pre-
viously published phylogenetic closely related dothideomy-
cete genomes, including plant pathogenic fungi and saprobes
were included in the analysis. These analyses provide a unique
opportunity to explore pathogenicity- and detoxification-
related genes in Botryosphaeriaceae, and illuminate the mech-
anisms of how Botryosphaeriaceae evolved from saprobic or
endophytic ancestors to woody pathogenic infections.
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Materials and methods
Strains, genome sequencing, and assembly

The four strains evaluated in this study, namely Botry-
osphaeria dothidea, Neofusicoccum parvum, Lasiodip-
lodia theobromae, and L. pseudotheobromae, were col-
lected from Vitis vinifera plants grown in different Chinese
provinces (Table S1). The strains were identified based on
the traditional and genomic taxonomic approaches, and
deposited at the culture collection of Beijing Academy
of Agricultural and Forestry Sciences in Beijing, China.

Long-read sequencing was conducted using total
genomic DNA from the four strains. The DNA was
extracted using the CTAB method and then fragmented
using 26 G blunt-end needles. Fragments greater than 20
kbp were then selected via Blue Pippin electrophoresis
(Sage Sciences, Beverly, MA, USA). The DNA libraries
were then prepared using the Pacific Biosciences Express
Template Prep Kit and sequenced on the PacBio Sequel
platform (Pacific Biosciences of California, Menlo Park,
CA, USA). A total of 4.04-5.31 Gbp of raw data were
generated for each strain and then quality-filtered using the
SMRTlink program (version 5.0, https://www.pacb.com/
support/software-downloads), with the parameters —min-
Length =50 and --minReadScore =0.8. The N50 lengths
of the long subreads ranged from 10.2 to 10.8 kbp. Short-
read sequencing was also conducted using the Illumina
X Ten platform to generate 150-bp paired-end sequence
libraries (average fragment size of 500 bp). The quality of
the raw short-read sequence was assessed using FastQC
(Wingett and Andrews 2018), followed by quality-filtering
and removal of low-quality and short reads with Trimmo-
matic (version 0.30) (Bolger et al. 2014).

The long PacBio reads were first corrected using the
Canu software program (Koren et al. 2017). Three dif-
ferent assemblers were independently used to assemble
the long-read data, using default parameters for the initial
genome assemblies, namely Canu (version 2.1), WTDBG2
(Ruan and Li 2020), and MASURCA (version 3.3.8)
(Zimin et al. 2013). Canu and WTDBG2 were only used
to assemble the PacBio long reads, while MASURCA was
used to produce a hybrid assembly with the PacBio and
[llumina long and short reads. The initial genome assem-
bly was then polished with Pilon (version 1.23) (Walker
et al. 2014) using the Illumina short reads. The draft Canu
assemblies were separately merged with the MASURCA
and WTDBG?2 assemblies using the Quickmerge program
(version 0.3) (Solares et al. 2018). Pilon was again used
to polish the merged assembly for further analysis. The
BUSCO program (version 3.0.2) was used to evaluate
the completeness of each assembly using the fungi odb9

dataset and a total of 290 BUSCO genes (Manni et al.
2021). The Illumina short reads were mapped to each of
the assemblies using the BWA aligner (version 0.7.17) to
further evaluate assembly quality (Li and Durbin 2010).

Genome annotation and gene prediction

To annotate the repeat sequences within each genome, a de
novo repeat library was constructed for each genome assem-
bly using RepeatModeler (version 1.0.11) (Saha et al. 2008),
and RepeatMasker (version 4.0.9, http://www.repeatmasker.
org) was then used to screen and annotate the whole genome.
The BRAKER pipeline (version 2) was used to predict pro-
tein-coding genes in each genome using the model of pro-
teins that considers any evolutionary distance (Bruna et al.
2021). The BRAKER? protein prediction combined with the
two gene prediction programs GeneMark-EP+and AUGUS-
TUS allowed greater prediction accuracy than MAKER?2
alone. The model was run using the OrthoDB fungal protein
database (version 10) (Kriventseva et al. 2019) and with the
parameter --softmasking.

Gene functional annotation

Carbohydrate active enzymes (CAZymes) were classified
using the dbCAN (version 2) classification system (Zhang
et al. 2018). The HMMER (with parameters --hmm_eval
le-15 --hmm_cov 0.35), DIAMOND (with parameter --dia_
eval le-102), and Hotpep (with parameters --hotpep_hits 6
--hotpep_freq 2.6) program algorithms were combined to
predict CAZyme genes, and only results that were identified
by at least two methods were used for further analysis. Puta-
tive secondary metabolite biosynthesis clusters were iden-
tified with antiSMASH (version 5.2.0) (Blin et al. 2021),
while candidate cytochrome P450s were identified with
InterProScan (version 5.52-86.0) (Jones et al. 2014) using
the PFAM domain PFO0067 as the reference. Secreted pro-
teins typically contain secretion signals that were identified
using the SignalP (version 4.1) (Almagro Armenteros et al.
2019) and TargetP (version 2) (Emanuelsson et al. 2007)
programs to identify the lack of transmembrane domains, as
previously described (Krogh et al. 2001). Only proteins with
signal peptides predicted by both SignalP and TargetP, along
with the lack of identified transmembrane domains outside
the signal peptide that would be predicted by TMHMM,
were regarded as predicted secreted proteins. The secreted
protein datasets were then used to identify candidate effec-
tors using EffectorP (version 2) (Sperschneider et al. 2016).
Putative proteases were identified and classified using the
MEROPS database (release 12.3) with a BLASTp approach
by using an E-value cutoff of 1e™> (Rawlings et al. 2018).
InterProScan (version 5.52-86.0) (Jones et al. 2014) was
used to predict protein domains and Gene Ontology (GO)
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annotations for each encoded proteome. The GO terms
were assigned to a gene family only when they occurred
in at least three of the four strains, followed by enrich-
ment analysis using hypergeometric tests. Those GO terms
with at least three genes or gene families and with adjusted
P-values < 0.05 were considered statistically significantly
enriched. The IPRSCAN terms in the InterProScan results
for each genome were mapped to the Fungal Transcription
Factor database and used to predict transcription factors
(Park et al. 2008). Transporters were then predicted by map-
ping the PFAM terms from the InterProScan results to the
Transporter Classification Database (Saier et al. 2021).

Detoxification-related gene prediction

The reviewed Swiss-Prot database was used to predict
genes involved in detoxification systems using BLASTp
searches and with a cutoff of P <e™!%. To identify genes
involved in phenolic compound degradation, the salicy-
late hydroxylase amino acid sequence of FgShyl from
Fusarium graminearum (Rocheleau et al. 2019), the pre-
dicted salicylate hydroxylase (NAHG-Anid) from A. nidu-
lans (AN2114 [http://www.aspergillusgenome.org/cgi-bin/
locus.pl?locus=AN2114&organism=A_nidulans_FGSC_
A4]), and the predicted salicylate hydroxylase (SH) from
L. theobromae (comp12473_c0_seql) (Paolinelli-Alfonso
et al. 2016) were added to the Swiss-Prot database to iden-
tify the salicylate hydroxylase SHY 1. In addition, the amino
acid sequence of a suggested salicylate 3-hydroxylase from
A. nidulans (Martins et al. 2015) was added to the Swiss-
Prot database to identify the salicylate hydroxylase SHY3.
Furthermore, the amino acid sequence of DhbA from the A.
niger NRRL3 genome (NRRL3_4385) was used to identify
DHBA homologs (Lubbers et al. 2021). Lastly, the amino
acid sequence of the four intradiol ring cleavage dioxygenase
genes NRRL3_02644, NRRL3_04787, NRRL3_01405, and
NRRL3_05330 of A. niger (Semana and Powlowski 2019)
and the predicted IRCD gene of L. theobromae (comp4276_
c0_seql) (Paolinelli-Alfonso et al. 2016) were added to the
Swiss-Prot database to identify IRCD genes.

Genomic data collection

We also collected 14 other Botryosphaeriaceae species
across six genera. Among these, the genome sequence of
Diplodia corticola was downloaded from the RefSeq data-
base, and the other 13 genome sequences were downloaded
from the GenBank. Gene identification and protein annota-
tion for these 13 species were performed using the same
workflow described in the previous section.

Fifty-eight other phylogenetic closely related Dothideo-
mycetes genomes were included in the comparative analyses,
including Phyllosticta citriasiana, Aplosporella prunicola,
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and Saccharata proteae; non-Botryosphaeriaceae Botry-
osphaeriales in another three families; and 56 non-Botry-
osphaeriales Dothideomycetes including 21 plant pathogens
and 30 saprobes across seven orders and two saprobes in
unknown orders of Dothideomycetes. We only included
species with predicted lifestyles as plant pathogens or sap-
robes based on all the methods used in a previous study of
101 Dothideomycetes genomes (Haridas et al. 2020). The
detailed species information and their lifestyle prediction
can be found in Table S2.

Phylogenomic analyses

Proteins without premature stop codons and with over 50
amino acids were extracted for gene family analysis from
all of the 76 genomes (including Pyricularia oryzae and
Aspergillus flavus). Proteins were clustered using the all-
to-all DIAMOND method using an E-value threshold of
1073 with OrthoFinder (Emms and Kelly 2019), resulting
in 30,694 identified gene families. A total of 968 protein
sequences were randomly sampled from 1936 conserved
single-copy genes in 41 species, including 18 Botryospha-
eriaceae, 21 Dothideomycetes, P. oryzae, and A. flavus.
The proteins were then used to construct a species tree, as
described below.

The MAFFT aligner (version 7.313) was used to sepa-
rately align each gene using default parameters (Katoh
and Standley 2013). Spurious sequences or poorly aligned
regions were removed from the multiple sequence align-
ments using trimAl (version 1.2) with the parameter set-
ting of ‘-automated1’ (Capella-Gutierrez et al. 2009), fol-
lowed by a concatenation of the 968 alignments into a single
matrix. The RAXML-NG program was then used to conduct
Maximum Likelihood phylogenetic inference using the fol-
lowing parameters: --all, --model LG+I+G4, and --bs-trees
100 (Kozlov et al. 2019). The phylogenetic trees were rooted
using P. oryzae and A. flavus sequences.

Gene family expansion and contraction analyses

The Markov Chain Monte Carlo method within MCMC-
TREE of PAML66 (version 4.91) was used to estimate the
divergence times of fungal species (Yang 1997). Fossil times
for the divergences of P. oryzae and A. flavus (241-402
million years (Mya)) were used based on the Time Tree
database (http://www.timetree.org), with the crown age
of Botryosphaeriales set to 110 Mya (Phillips et al. 2019).
Independent clock rates (clock=2) and a constraint on the
root age (RootAge <500 Mya) were set in the control file.
The MCMCTREE program was then run using the param-
eter settings of burnin=20,000, sampfreq = 100, and nsam-
ple =100,000. Two independent runs were performed to
assess the convergence of the results.
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The Computational Analysis of gene Family Evolution
(CAFE) program (version 5.0) was then used to evaluate
the evolution of gene family size (De Bie et al. 2006).
The CAFE program uses a random birth and death pro-
cess to identify gene gains and losses and may provide
false results if the included gene families do not have data
in the tree regarding their most recent common ancestor
(MRCA). A total of 20,531 gene families were present in
the 41 species’ genomes and were used in the gene family
expansion and contraction analysis. The phylogenetic time
tree obtained (as described above) was used to assess gene
family evolution herein.

Transcriptomic sequencing

The L. theobromae strain Lasl cultures were used for
inoculation experiments onto detached Vitis vinifera cv.
‘Summer Black’ branches. Briefly, green grapevine shoot
wounds were inoculated with 5-mm-diameter mycelium
plugs that were cut with a cork borer and then main-
tained under alternating dark/light cycles inside a growth
chamber with a humidity of 80% and a temperature of
25 °C. The inoculated grapevine tissues were collected
at 6, 24, and 72 h post-inoculation, while fungal myce-
lia were collected as controls from the potato dextrose
agar (PDA) plates at 6 h post-culturing and subjected to
subsequent RNA-Seq analyses. Total RNA was extracted
from the samples, processed, and used to generate Illu-
mina RNA-Seq libraries following standard protocols
at Novogene Company. Paired-end sequencing was then
performed to generate 150-bp paired-end reads for each
library using three independent biological replicates. The
RNA-Seq reads were quality-filtered and mapped to the
Las1 genome using the Hisat2 aligner with default param-
eters (Kim et al. 2015). Differential expression was subse-
quently assessed using the R/Bioconductor package limma
(v.3.0.8) (Ritchie et al. 2015). Genes with an adjusted
P-value <0.05 and a fold change > 1.5 were considered
differentially expressed.

Gene expression data were also retrieved from a previ-
ously published study of the L. theobromae isolate AM2As
before inoculation and during infection of cacao leaf disks
for 48 h (Ali et al. 2020). This dataset did not contain raw
RNA-Seq data, and so to compare the AM2A genes to those
of Lasl, their proteomes were reciprocally compared using
BLASTYp analysis to identify orthologs in these two isolates.
Previously generated transcriptomes for L. theobromae-
infected wounded tea leaves for 48 h and before inoculation
were also included for comparison (Jiang et al. 2021). The
raw RNA-Seq data from this study were mapped to the Lasl
genome, and the same pipeline described above was used to
perform differential expression analysis.

Horizontal gene transfer analysis

The NCBI non-redundant (Nr) database was used to inves-
tigate inter- and intra-kingdom horizontal gene transfers
within the newly sequenced four genomes of this study
as well as by using phylogenomics and phylogeny-inde-
pendent approaches. To facilitate the calculation of hori-
zontal gene transfer event transfer times, the proteomes
of the four species of this study and of the 14 other Bot-
ryosphaeriaceae species that were predicted using our
gene prediction pipeline were added to the Nr database
and combined as an Nr+ database for subsequent horizon-
tal gene transfer analysis. The horizontal gene transfers
originating from distantly related donors outside Doth-
ideomycetes were considered and included potential inter-
kingdom donors of viruses, archaea, bacteria, animals,
and plants. In addition, potential intra-kingdom donors
included the non-Ascomycota donors of Mucoromycota
and Basidiomycota. Furthermore, the intra-kingdom Asco-
mycota donors of Taphrinomycotina, Saccharomycotina,
Sordariomyceta, and other non-Dothideomycetes classes
in Pezizomycotina were also included in the horizontal
gene transfer analysis (Table S3). Non-Botryosphaeriales
species within Dothideomycetes were considered the clos-
est outgroup taxa and a reference for identifying horizontal
gene transfers among the four Botryosphaeriaceae species
genomes. Sixteen non-Botryosphaeriales orders are pre-
sent within Dothideomycetes, and 110 species have well-
represented genomes in the NCBI Nr database. Thus, these
datasets are likely sufficient to mitigate candidate horizon-
tal gene transfers that could be erroneously inferred due to
under-sampled lineages.

To construct single-gene phylogenetic trees for each
of the four strains, their protein sequences were searched
against the Nr+ database using the Diamond BLASTp
method (e-value = 107'%). Genes with> 10 matches in a
putative non-Dothideomycetes donor group were retained
for downstream phylogenomic analyses. The retained genes
were further filtered using the following criteria. First, the
protein sequence identity must be above 20% between the
putative donor group and the recipient group. Second, for
the top 50 best non-Botryosphaeriales BLAST hits in each
query gene, at least 80% of the species must belong to one of
the donor groups listed above, or at least 90% of the species
must be within Sordariomyceta and Eurotiomycetes. Third,
for each gene, the frequency values of non-Botryosphaeri-
ales Dothideomycetes species within the top 500 BLASTp
hits must be less than 30%, and at least 50% of the species
must belong to one of the donor groups listed above, or must
be within the Sordariomyceta and Eurotiomycetes in the top
500 BLASTDp hits. Fourth, the Alien Index (AI) (Fan et al.
2020) score must be more than 0. The Al was calculated as
follows:
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Al=1n <DEvalue + > - ln<OEvalue +

)
10200

In the equation, the DEvalue is the e-value of the best
hit from the sequence of the closest non-Botryosphaeri-
ales species within Dothideomycetes from the BLASTp
search results. The OEvalue is the e-value of the best
hit from more distant species outside Dothideomycetes.
Higher Al scores indicate greater possibilities of genes
coming from more distant species than from Dothideo-
mycetes species.

Putative sequencing contamination was removed from
the horizontal gene transfer results using two criteria.
First, candidate genes must be located on long assem-
bled scaffolds (> 20 kbp) and not at the end of a scaffold.
Second, candidate genes could also be found in at least
one of the other publicly available genomes from closely
related species.

For each BLASTp result in the filtered candidate
horizontal gene transfer gene dataset, the amino acid
sequences of the 500 best matches were then retrieved.
The retrieved homologous sequence sets were then
aligned with the query gene using MAFFT, followed by
the removal of poorly aligned regions with TrimAlI, as
described above. Trimmed alignments with lengths <50
amino acids were discarded. Maximum Likelihood
trees of the homologs were constructed using IQ-TREE
(v.1.6.9) (Nguyen et al. 2015) and with an automatically
selected best-fit amino acid substitution model. Standard
non-parametric bootstraps (-b 1000) were used to assess
branch support with the parameter setting of ‘-gt 0.4°.
FastTree (version 2.1.10) was also run using the param-
eters -1g -spr 4 -mlacc 2 -slownni, with the branch support
values estimated using the Shimodaira-Hasegawa test to
confirm the IQ-TREE (Price et al. 2009).

When the query genes of Botryosphaeriales species
were nested within the donor groups with at least two
confident nodes both in IQ-TREE and FastTree (Fan et al.
2020), their IQ-TREE trees were then manually checked
to infer horizontal gene transfers. The transfer time was
predicted before or after Botryosphaeriaceae lineage for-
mation based on the Botryosphaeriales species in the gene
trees using the Botryosphaeriales phylogenetic time tree
as a reference. Sequences of all horizontal gene trans-
fer genes in the four Botryosphaeriaceae species in the
same protein ortholog groups were extracted and merged
with the sequences of the 500 best BLASTp matches in
one randomly selected horizontal gene transfer gene in
the ortholog group. Ortholog horizontal gene transfers
gene trees were then constructed using the same workflow
described above and visualized with the command version
of iTOL v5 (Letunic and Bork 2021).

1 0200
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Results

Genome assembly of four Botryosphaeriaceae
genomes

Genome sequencing was conducted for the four Botryospha-
eriaceae strains, including Botryosphaeria dothidea (Bodl),
Neofusicoccum parvum (Neol), Lasiodiplodia theobromae
(Lasl), and L. pseudotheobromae (Las3), using a combina-
tion of PacBio Sequel and Illumina sequencing platforms,
and were assembled to 24 and 178 scaffolds, with 43—-47
Mbp of assembled data per genome (Tables S1, S4). The
BUSCO scores were > 99 for all assemblies and >99.5%
of the Illumina reads could be mapped to the assembled
genomes, suggesting a high degree of completeness for all
four genomes (Table S4). The four genomes were predicted
to encode 13,105-13,523 genes, comparable to the repre-
sentative genomes publicly available in the GenBank or
RefSeq databases. Blast analysis revealed that 92% of the
predicted L. theobromae genes were one-to-one mapped
genes in the RefSeq representative genome, suggesting a
high quality of gene prediction in this study (Table S4).

Widespread gene family expansion
before the divergence of Botryosphaeriaceae genera

Phylogenetic analysis based on a concatenated alignment
of 968 protein sequences encoded by conserved single-
copy genes in the genomes of 18 Botryosphaeriaceae,
three Botryosphaeriales plant pathogens in other families,
and 18 non-Botryosphaeriales Dothideomycetes confirmed
the position of Botryosphaeriales within Pleosporomy-
cetidae (See section “Materials and methods”, Fig. 1a).
Further, the saprobes Coniosporium apollinis, Patellaria
atrata, Verruconis gallopava, Mytilinidion resinicola, and
Hysterium pulicare were their closest relatives. After fix-
ing the crown age of Botryosphaeriales at 110 Mya fol-
lowing Phillips et al. (2019), the ages of the 18 Botry-
osphaeriaceae taxa were estimated at 39 Mya, with their
divergence from Phyllostictaceae estimated at 67 Mya.
Based on the phylogenetic tree, the 18 Botryospha-
eriaceae species could be classified into four clades: five
Neofusicoccum species were in clade I, four Lasiodiplodia
species were in clade III, and five Diplodia species were
in clade IV. Clade II had three genera including Neoscyta-
lidium, Macrophomina, and Botryosphaeria. The genome
lengths of all four clades were significantly expanded
compared with those of the three non-Botryosphaeriaceae
pathogenic species in Botryosphaeriales or their closest
saprobic relatives (Fig. 1b). A high variation of transpos-
able element (TE) content was identified in these four
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stages of Botryosphaeriales evolution listed in panel a

the other three clades showed relatively higher gene num-
bers than species in other Botryosphaeriales families or
their closest saprobic relatives, further suggesting genome
expansion in Botryosphaeriaceae (Fig. S1b).
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Gene family expansion and contraction analysis revealed
abundant gene gains in the MRCA of Botryosphaeriaceae.
Specifically, a total of 652 gene family gains were identi-
fied in the MRCA of Botryosphaeriaceae, compared with
14 losses. More recent extensive gene gain events were also
observed in the MRCA of clade I (531 gains vs. 40 losses),
the MRCA of clade II (141 gains vs. 18 losses), and the
MRCA of clade III (328 gains vs. 19 losses; Fig. 1a). Sig-
nificant gene gain was also identified in the MRCA of Bot-
ryosphaeria in clade II (297 gains vs. 67 losses). However,
comparable gene gains and losses were found in the early
ancestor of clade IV, and more genes were lost in the later
ancestor of clade I'V.

The GO analysis revealed that gene families gained in
stages before and after Botryosphaeriaceae diverged from
Phyllostictaceae (also of Botryosphaeriales) were particu-
larly enriched in genes encoding proteins involved in trans-
membrane transport and oxidoreductase activity (Fig. 1c).
However, GO terms in response to oxidative stress and
siderophore biosynthetic processes in iron detoxification
systems were enriched among the gene families gained only
within the MRCA of Botryosphaeriaceae.

Expansion of putative pathogenicity-related genes
in Botryosphaeriaceae

To characterize the gene repertoires involved in invading
host plants, gene families associated with host infection and
pathogenicity including those encoding CAZymes, effectors,
secondary metabolism enzyme clusters (SM), proteases,
cytochrome P450 enzymes, transcription factors (TFs), and
transporters for 18 Botryosphaeriaceae were compared
against 56 other phylogenetic closely related Dothideomy-
cetes genomes comprising plant pathogens (24) and sap-
robes (32, See section “Materials and methods”, Table S2).
Botryosphaeriaceae harboured a greater abundance of genes
encoding CAZymes that can potentially degrade plant cell
walls than other plant pathogens and saprobes (P <0.01,
Wilcoxon rank sum test; Fig. 2a and Table S5). Cytochrome
P450 enzymes, TFs, and transporters were also significantly
expanded in the genomes of these 18 Botryosphaeriaceae
species compared with other plant pathogens and sap-
robes (P <0.05, Wilcoxon rank sum test; Fig. 2a and Fig.
S2). However, a significant expansion of effectors was not
observed in Botryosphaeriaceae genomes and was compa-
rable to saprobes but was significantly lower than other plant
pathogens (Fig. 2a).

A total of 40 and 34 CAZyme families were identified in
Botryosphaeriaceae that exhibited higher gene numbers than
other plant pathogens and saprobes, respectively (P <0.001,
Wilcoxon rank sum test; Table S6). These gene families
included plant cell wall-degrading enzymes (PCWDEs)
that can degrade chitin, cellulose, hemicellulose, pectin,
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and lignin, which play critical roles in breaking down plant
cell walls during host—pathogen interactions (Kubicek et al.
2014). Among these gene families, five families (GH1, GH3,
GH12, GH29, and GH43) can degrade cellulose or hemicel-
lulose and five families (GH28, GH78, PL1, PL3, PL4, and
PL9) that can degrade pectin, in addition to two families
(AA3 and MCO) involved in lignin degradation, were sig-
nificantly expanded in Botryosphaeriaceae compared with
other plant pathogens and saprobes (Fig. 2b and Table S6).
Further analysis revealed the presence of three transporter
superfamilies that were enriched in Botryosphaeriaceae,
namely APC, LysE, and TOG superfamilies (Fig. 2b). Fami-
lies related to SMs (3), proteases (21), TFs (3), and P450s
(20) were also found to be enriched in Botryosphaeriaceae
genomes in comparison to other plant pathogens and sap-
robes (P <0.001; Table S6). These results collectively sug-
gest that Botryosphaeriaceae exhibit special pathogenicity-
related gene repertoires that are used for infecting hosts.

Expansion of iron detoxification genes
in Botryosphaeriaceae

During the early stages of plant—microbe interactions, fungi
need to scavenge ROS to successfully invade their hosts.
However, we did not find that the number of these genes in
Botryosphaeriaceae was higher than that in other plant path-
ogens or saprobes, except for Trx homologs in thioredoxin
system (P <0.001, Table S7). Fungi can produce low-molec-
ular-weight (500-1500 Da) ferric-iron-specific chelating
siderophores that uptake iron from their hosts. Particularly,
ornithine-N3-monooxygenase (Siderophore biosynthetic
enzyme A, SIDA) is the enzyme responsible for the first
step of fungal siderophore biosynthesis (Haas et al. 2008).
Relatively lower numbers of SIDAs were observed for Bot-
ryosphaeriaceae than for other plant pathogen and saprobe
fungal genomes (P <0.001; Fig. S3 and Table S7). Further
analysis revealed the presence of homologs for enzymes for
intracellular (SIDC) and extracellular (SIDD) siderophore
biosynthesis that are involved in subsequent biosynthesis
steps in Botryosphaeriaceae genomes, and these families
were significantly expanded in Botryosphaeriaceae when
compared with other plant pathogen and saprobe genomes
(P<0.001; Fig. 3a).

The siderophore iron transporter (SIT) gene family is
a subfamily of the major facilitator superfamily, and its
products are used by fungi to take up siderophore iron
chelates during infection (Haas et al. 2008). A total of
743 SIT homologs were identified among the 76 fungal
genomes in this analysis (including Pyricularia oryzae
and Aspergillus flavus), with Botryosphaeriaceae encod-
ing more members of the SIT family compared with other
plant pathogen and saprobe fungal genomes (P <0.001;
Fig. 3a and Table S7). Phylogenetic analysis of these 743
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Fig.2 Analysis of pathogenicity-related genes in Botryospha-
eriaceae. a Boxplots showing the distribution of total genes in dif-
ferent pathogenicity-related groups among the 74 genomes analyzed
in this study. Wilcoxon rank sum tests were used to separately com-
pare the gene numbers in Botryosphaeriaceae genomes with those
of non-Botryosphaeriaceae Dothideomycetes. Botry: Botryospha-
eriaceae; Pathogen: other non-Botryosphaeriaceae plant pathogens.

homologs classified them into five groups, comprising
three with homology to the MIRA, MIRB, and MIRC
SIT families of Aspergillus nidulans, one group homolo-
gous to the MFS1 SIT family of Ceriporiopsis subvermis-
pora, and another group homologous to the SIT1 family
of Aspergillus fumigatus (Fig. S5 and Table S8). Fungi
use different SIT families to chelate different siderophore
substrates (Haas et al. 2003; Park et al. 2016; Raymond-
Bouchard et al. 2012). The MIRA, MIRB and MFS1
of these five SIT families were significantly enriched
(P <0.001) in Botryosphaeriaceae genomes compared

k% P<0.001; **: P<0.01; and *: P<0.05. b Heatmap showing
the gene numbers of different pathogenicity-related families among
the 74 species analyzed in this study. We randomly selected five and
six species from 25 pathogens and 31 saprobes for heatmap analysis,
respectively. The last two columns on the right show the statistical
significance of the comparison of Botryosphaeriaceae with all Patho-
gen and Saprobe species. *: P <0.05, 0.01, or 0.001

with other plant pathogen and saprobe genomes (Fig. S5).
Thus, Botryosphaeriaceae may have a more robust capac-
ity to transport special siderophore substrates to maintain
iron homeostasis during infection.

Siderophore-chelated iron can also be transported via
the reductive iron assimilation (RIA) pathway. Gene fami-
lies in this pathway were also expanded in Botryospha-
eriaceae compared with other plant pathogen and saprobe
fungal genomes (P <0.001; Table S7). Thus, the RIA path-
way may also be important for balancing iron levels in
Botryosphaeriaceae during host infection.
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Fig.3 Detoxification-related genes in Botryosphaeriaceae. a Box-
plots showing the distribution of total gene numbers in families
related to iron siderophore biosynthesis and transport. b Gene num-
bers in families related to phenolic compound degradation pathways.
*#%: P<0.001; **: P<0.01; and *: P<0.05. ¢ Pathogenicity analysis
of L. theobromae Lasl during the infection of grapevine branches.
Assays were conducted by inoculating 1-year-old wounded grapevine
shoots with 5-mm-diameter mycelial plugs, followed by incubation
at 25 °C. The inoculated shoots were then photographed at 4, 8, 24,
and 72 h post-inoculation. I: wounded and inoculated shoots; CK:
wounded shoots without inoculation. d Transcriptional analysis of
detoxification-related genes of L. theobromae Lasl during grapevine
branch infection. Dual RNA-Seq (host and pathogen RNA sequenced
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together) was conducted by inoculating grapevine shoots with Lasl
for 6, 24, and 72 h. Fungal transcriptomic reads were mapped to
the Lasl genome and compared with fungal mycelia that were col-
lected from PDA 6 h post-culturing. Before (B): fungal gene expres-
sion from cultivation in PDA; after (A): fungal gene expression after
inoculation into grapevine branches. The last three columns on the
right show the statistical significance of differential gene expression
between inoculated samples and cultures grown on PDA. 1: signifi-
cant difference, where the expression of inoculated samples is greater
than that of cultures grown on PDA; — 1: significant difference, where
the expression of inoculated samples is lesser than that of cultures
grown on PDA; and 0: no difference in expression
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Expansion of phenolic degradation genes
in Botryosphaeriaceae

The degradation of host salicylic acid (SA) plays an impor-
tant role in overcoming host defense during plant—fungal
interactions. In this pathway, SA is first converted to cat-
echol by a salicylate hydroxylase (SHY1) or 3-hydroxy-
lated to 2,3-dihydroxybenzoic acid by salicylate 3-hydroxy-
lase (SHY3), followed by decarboxylation to catechol by
2,3-dihydroxybenzoate decarboxylase (DHBA). Compara-
tive analysis revealed a significantly higher number of SHY3
and DHBA homologs encoded by Botryosphaeriaceae
genomes than by other plant pathogen and saprobe genomes,
suggesting a greater expansion of SA-degrading genes in
Botryosphaeriaceae (P <0.001; Fig. 3b and Table S7). A
significantly higher number of SHY1 homologs were also
identified in Botryosphaeriaceae (P <0.001; Fig. S3) than
in other plant pathogens; however, this number was only
moderately higher than that identified in saprobes (P <0.05).

The catechol ring is then opened by an intradiol ring
cleavage dioxygenase (IRCD) catechol 1,2-dioxygenase
(Lubbers et al. 2019, 2021; Rao et al. 1967; Martins et al.
2015). Fungi can use IRCDs to degrade different phenolic
metabolites that are components of plant defense. To identify
IRCDs encoded by the 76 fungal genomes analyzed here,
four well-annotated A. niger IRCD genes (IRCD1-4) includ-
ing IRCD4 in SA degradation and a reported IRCD gene of
L. theobromae (IRCDS5) with unknown function were used
to identify their homologs (Semana and Powlowski 2019;
Paolinelli-Alfonso et al. 2016). A total of 535 IRCD genes
were identified in 76 genomes, with Botryosphaeriaceae
encoding more IRCD genes than other plant pathogen and
saprobe genomes (P <0.001; Fig. 3b). Phylogenetic analy-
sis classified these 535 IRCDs into four groups, including
three with homology to four A. niger IRCDs and a group
with homology to IRCDS5. The IRCD5-encoding genes were
significantly more prevalent in Botryosphaeriaceae genomes
than in other plant pathogen and saprobe fungal genomes
(P<0.001; Fig. S7a and Table S8). Phylogenetic analysis
indicated that the IRCDS5 members were more closely related
to the spider mite Tetranychus urticae IRCDs, which can
degrade jasmonic acid (JA) (Fig. S7b) (Njiru et al. 2022).
Overall, these results suggest that genes involved in degrad-
ing SA and other phenolic compounds were significantly
expanded in Botryosphaeriaceae genomes.

Genome expansion in Botryosphaeriaceae
contributed to plant-pathogen interactions

We characterized the function of expanded gene families
in the MRCA of Botryosphaeriaceae. A greater abundance
of genes encoding CAZymes, transporters, SMs, and pro-
teases was encoded by gained gene families identified

in the MRCA of the 18 Botryosphaeriaceae members
compared with the genomic background (Fig. S8a—d;
P <0.001). Furthermore, genes in iron detoxification and
phenolic compound degradation were enriched in gene
families expanded in the MRCA of the 18 Botryospha-
eriaceae members compared with the genomic background
(Fig. S8e-h; P <0.001).

To further investigate the functions of expanded gene
families during host infection, the stems of V. vinifera var.
‘Summer Black’ were infected with L. theobromae, and the
mixed plant—fungi transcriptomes were evaluated at 6, 24,
and 72 h post-infection based on the pathogenicity pheno-
types in grapevine branches (Fig. 3¢). The resultant fungal
transcriptome was compared against a control transcriptome
from L. theobromae maintained in PDA medium under the
same conditions (Table S9).

We identified comparable differential expressed genes in
L. theobromae in each of the post-infection stages compared
to the control transcriptome (Fig. S9a). Most of the induced
genes were enriched in oxidation—reduction process, cellu-
lar aromatic compound metabolic process, transmembrane
transport, amino acid transport, proteolysis and so on (Fig.
S9b). The frequency of induced genes in expanded gene
families during infection compared to those grown on PDA
before infection was significantly higher than the genomic
background (Fig. S9c).

Considering the iron detoxification systems of the fungi,
SIDAs and SIDCs were significantly repressed in L. theo-
bromae during the infection grapevine than grown on PDA
before infection. However, no statistically significant dif-
ferences were observed for SIDD genes (Fig. 3d). Of the
18 SIT genes encoded by the L. theobromae genome, eight
were expressed in the transcriptomes generated here, and
most exhibited relatively high expression during infection,
with four that were significantly upregulated compared with
gene expression before the invasion, suggesting that sidero-
phore transporter genes may help pathogens infect their
hosts (Fig. 3d).

Among the 29 predicted phenolic degradation genes in
the L. theobromae genome, 18 were expressed in the tran-
scriptomic data (Fig. 3d). Seventeen exhibited significantly
upregulated expression after inoculation compared with
PDA-grown cultures, suggesting the importance of phe-
nolic degradation for L. theobromae infection of hosts. Of
the eight predicted SA-degradation homolog genes (SHY 1,
SHY3, DHBA, and IRCD4), most of them (six) exhibited
their highest expression at 6 h or 24 h after infection (includ-
ing IRCD4). By contrast, the expression of IRCDS homologs
was induced later than that of the SA-degradation genes,
with four most expressed at 24 h and four others peaked at
72 h after infection (Fig. 3d). These results all suggest that
the degradation of different phenolic compounds is stag-
gered during L. theobromae infection of its hosts, with SA
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degradation occurring earlier and the degradation of other
phenolic compounds occurring later.

To further characterize the functions of expanded genes
in infecting other plants and tissues, two published tran-
scriptomic datasets, namely one for L. theobromae infec-
tion of cacao leaves at 48 h (Ali et al. 2020) and another
for the infection of tea leaves at 48 h (Jiang et al. 2021),
were included to investigate the expression of expanded
genes involved in the siderophore iron uptake pathway and
phenolic degradation pathway. Comparable frequencies
of expressed genes were identified in samples before and
after infection of hosts in these three datasets (Fig. S10a).
However, more induced genes were identified in the detoxi-
fication system compared with genomic backgrounds, par-
ticularly in the tea leaf infection dataset (Fig. S10b, c), sug-
gesting that greater numbers of detoxification genes were
induced and contributed to their infection within different
host—pathogen interaction systems.

Ancient intra-kingdom horizontal gene transfer
in Botryosphaeriaceae

To evaluate the presence of horizontal gene transfers in
Botryosphaeriaceae (transfer events occurred after Botry-
osphaeriales diverged from other orders of Dothideomy-
cetes), phylogenomics and phylogeny-independent analytical
approaches were used to investigate horizontal gene trans-
fer events within the backgrounds of our four Botryospha-
eriaceae genomes because of their high assembly quality.
Both inter- and intra-kingdom horizontal gene transfers were
investigated. To exclude false-positive horizontal gene trans-
fers that may be identified due to under-sampled lineages, we
only considered donors from distant archaeal, bacterial, and
other inter-kingdom eukaryotic species, in addition to well
classified intra-kingdom fungal species outside Dothideomy-
cetes (Table S3). After a strict filtering procedure (see the
“Materials and methods” section and Fig. S11), a total of 36
putative horizontal gene transfer events were identified in the
four genomes, comprising 27 in N. parvum, 31 in B. doth-
idea, 33 in L. theobromae, and 34 in L. pseudotheobromae
(Fig. 4a and Tables S10, 11). The putative horizontal gene
transfer genes had shorter coding sequences and lower GC
contents than the vertical descent genes in the host genome
(Fig. 4b; pairwise r-test, P <0.05) for all four strains, indicat-
ing that foreign-derived genes exhibit unique gene features
relative to their host genomes, which was also found in HGT
genes of other species (Husnik and McCutcheon 2018).
Most of the putative horizontal gene transfer events
occurred in the MRCA of the 18 Botryosphaeriaceae species
(15 horizontal gene transfer events), with six horizontal gene
transfer events occurring early before Botryosphaeriaceae
species diverged from other Botryosphaeriales families
(Fig. 4a). For example, an inferred horizontal gene transfer
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event was identified in all four species. It was derived from
Proteobacteria and transferred to Botryosphaeriales at an
early stage, leading to its ubiquity among Botryosphaeri-
ales and suggesting an ancient transfer from bacteria to the
ancestor of Botryosphaeriales (Fig. S12). Putative horizontal
gene transfers were also identified for the MRCA of vari-
ous genera in Botryosphaeriaceae (Fig. 4a), suggesting that
horizontal gene transfer events were also common after this
family diverged into different lineages. Further analysis indi-
cated that the majority of horizontal gene transfers (29) were
from Sordariomycetes, with the rest deriving from bacteria
(2) and a rankless taxon Sordariomyceta (taxon that includes
the classes of Sordariomycetes, Laboulbeniomycetes and
Leotiomycetes; 5; Fig. 4c). The Fig. 4d shows an inferred
horizontal gene transfer of a TrxR ROS scavenger gene from
Sordariomycetes into Botryosphaeriaceae in the early ances-
tor of this family. It was ubiquitously found in Botryospha-
eriaceae and was further duplicated in Lasiodiplodia. Thus,
the gain of foreign intra-kingdom genetic material may be
common for Botryosphaeriaceae. Even though Sordariomy-
cetes and Dothideomycetes may share common ancestors in
early Ascomycota (Wijayawardene et al. 2018), our results
suggested the possibility of continuous gene family loss and
gain during the later stages of evolution in Dothideomycetes
(Haridas et al. 2020).

Horizontal gene transfers contributed
to the expansion of pathogenicity-related genes
and detoxification systems in Botryosphaeriaceae

For the 33 inferred horizontal transfer genes in L. theobro-
mae, nearly 30% induced their expression in samples before
and after host infection in the cacao and tea leaf datasets,
which is significantly higher than their genomic backgrounds
(Fig. 5a and Fig. S13a). Further, nine horizontal gene trans-
fer events were associated with the transfer of pathogenicity-
related genes, comprising one protease-encoding gene, three
transporter-encoding genes, and five TF-encoding genes,
and nearly half of them were inferred to have been trans-
ferred from donor Sordariomycetes or Sordariomyceta into
the MRCA of the 18 Botryosphaeriaceae members (Fig. 5b
and Fig. S13b).

Five horizontal gene transfer events were identified for
proteins involved in detoxification systems, including one
TrxR horizontal gene transfer (Fig. 4d) involved in ROS
scavenging, two SIT horizontal gene transfers (HGT1 and
HGT?2; Fig. 5b) involved in siderophore transport, and two
IRCDS HGTs (HGT3 and HGT4; Fig. 5b) involved in the
degradation of phenolics. Similar to the abovementioned
inferred horizontal gene transfer events, the donor taxa
for inferred horizontal gene transfers in detoxification sys-
tems were from Sordariomycetes or Sordariomyceta. Three
putative horizontal gene transfers including TrxR, IRCD5
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Fig.4 Evidence for horizontal gene transfer in Botryosphaeriaceae.
a Inferred horizontal gene transfer (HGT) events in Botryospha-
eriaceae. The HGT analysis was conducted for the four Botryospha-
eriaceae species sequenced in this study. Numbers in the orange
circles refer to inferred HGT genes from corresponding organisms.
Numbers in light coral and the medium-light shade of cyan cir-
cles at each node refer to HGT events inferred in Botryosphaeriales
and Botryosphaeriaceae, respectively, based on the distribution of
inferred HGT ortholog genes in species descending from that node.

(HGT3), and SIT (HGT1) were gained in the MRCA of
the 18 Botryosphaeriaceae species (Fig. S14a). Inferred
HGT genes in these detoxification systems were more
enriched in the four genomes compared with their genomic

A total of 36 HGT events were identified among all Botryosphaeri-
ales nodes. b Comparison of gene structures including average CDS
lengths and CDS GC contents in inferred HGTs with those in non-
HGT genes (controls) for the four strains. Pairwise #-tests were used
to assess statistical significance. *: P<0.001. ¢ Donor distribution of
the 36 inferred HGT events. d An example of a TrxR HGT gene that
was transferred from Sordariomycetes into an early ancestor of Botry-
osphaeriaceae. The full tree information can be found in the figshare
repository (https://doi.org/10.6084/m9.figshare.22224061)

backgrounds (P <0.001; Fig. S14b), with eight, six, seven,
and seven of these horizontal gene transfer genes found in
the Botryosphaeria dothidea, Neofusicoccum parvum, Lasi-
odiplodia theobromae, and L. pseudotheobromae genomes,
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respectively (Fig. 5b). Among the seven HGT genes of L.
theobromae, five were significantly upregulated in at least
one transcriptome dataset after infection of their plant hosts
(Fig. S13a), suggesting that these horizontal gene transfer
genes play important roles in host infection by fungi.
HGT4 in IRCDS5 was transferred from Sordariomycetes
before Botryosphaeriaceae diverged from Aplosporel-
laceae (Fig. 5c, d). Each of the four species in this study
encoded three HGT4 genes in their genomes, and these were
inferred to have experienced two duplication events in Bot-
ryosphaeriaceae after being transferred to Botryosphaeri-
ales (Fig. 5d). Among the three L. theobromae HGT4 genes,
two significantly upregulated their expression in samples
after host infection in the cacao and tea leaf datasets than
before infection (Fig. S13a). These results suggest that the
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Botryosphaeriales before Botryosphaeriaceae diverged from Aplo-
sporella prunicola. Las1.g3824.t1 in L. theobromae was used as the
query to build the gene tree. c: Circular tree. d: Collapsed rectangular
tree. Others: species outside the blue inner circle of the circular tree
in ¢. The full tree information can be found in the figshare repository
(https://doi.org/10.6084/m9.figshare.22224061)

duplication of genes derived from horizontal gene transfers
contributed to the expansion of detoxification systems in
Botryosphaeriaceae.

Discussion

In this study, we investigated genome evolution and patho-
genicity origin in Botryosphaeriaceae using comparative
genomics, transcriptomics, and horizontal gene transfer anal-
ysis. For the comparative genomic analysis, genomes of four
Botryosphaeriaceae species were sequenced and combined
with another 14 Botryosphaeriaceae species. Our newly
assembled sequences showed significantly higher N50 val-
ues and BUSCO scores than previously assembled genomes
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in other Botryosphaeriaceae species using only the [llumina
sequencing platform (Garcia et al. 2021; Nagel et al. 2021;
Yu et al. 2022). In addition, 56 previously published phylo-
genetic closely related Dothideomycetes genomes of plant
pathogenic and saprobic isolates were also included in this
analysis. However, it should be pointed out that endophytic
strains were not included in this study as they were not avail-
able. Bhunjun et al. (2023) has postulated that all fungi have
evolved from endophytic ancestors, however, since we do
not have endophytic genomic data, this study does not reject
or confirm this hypothesis. Therefore, any reference to sap-
robes also refers to possible endophytes as they could not
be distinguished (Oses et al. 2008; Promputtha et al. 2010).

Our analyses of high-quality genomes revealed signifi-
cant gene family expansion and horizontal gene transfers in
the ancient ancestors of Botryosphaeriaceae that may have
aided changes in lifestyles by expanding their CAZymes,
SMs, proteases, P450s, TFs, and transporters, as well as
by expanding their detoxification systems including in iron
detoxification and phenolic compound degradation. Phenolic
phytohormones like salicylic acid play important roles in
the activation of basal defences against plant pathogens
(Bhattacharya et al. 2010; Shalaby and Horwitz 2015). To
successfully invade woody hosts, Botryosphaeriaceae may
evolved different scavenging abilities to suppress or neutral-
ize ROS defences, maintain iron homeostasis, and degrade
phenolics to manipulate plant defence responses compared
to their saprobic or endophytic ancestors (Yaakoub et al.
2022; Misslinger et al. 2021; Rocheleau et al. 2019).

Further, our isolates had a close relationship to saprobes
as their closest relatives (Coniosporium apollinis, Patellaria
atrata, Verruconis gallopava, Mytilinidion resinicola, and
Hysterium pulicare) which indicates that the ancestors of
Botryosphaeriaceae (Botryosphaeriales) might originate
from saprobes and began to obtain pathogenicity before
Botryosphaeriaceae diverged from other families (Yu et al.
2022). As proposed in Rathnayaka et al. (2023), the ances-
tors of Botryosphaeriaceae may also originate as endophytes
and then switch into saprobes or pathogens. We postulate
that during this time, Botryosphaeriaceae may have evolved
genes to facilitate their infection of woody plants.

PCWDE are the major virulence determinants in phy-
topathogenens (Cubitt et al. 2013). Compared to other plant
pathogens and saprobes, the expansion of the PCWDE rep-
ertoire of CAZymes in Botryosphaeriaceae underpins their
ability to act as powerful wood decayers that can efficiently
degrade cellulose, hemicellulose, pectin and lignin (Fig. 2b).
Widespread gene family expansion were also found in trans-
porters, which were also conceded as pathogenicity factors
(Lu et al. 2014; Moktali et al. 2012; Vela-Corcia et al. 2019).
The expanded APC superfamilies are involved in transport-
ing amino acids and their derivatives that may help fungi
acquire nutrients from their hosts (Jack et al. 2000). The

expanded LysE superfamily consists of transmembrane
transport proteins that catalyze the export of amino acids,
lipids, and heavy metal ions, and are involved in cell physiol-
ogy and pathogenesis (Tsu and Saier 2015). In our analysis,
we found a significantly high number of genome innovation
events in the MRCA of the Botryosphaeriaceae, suggesting
this family mainly gained their pathogenicity features from
their saprobic ancestors in that stage.

Woody tissues contain large quantities of phenolic com-
pounds and lignin (Tanase et al. 2019; Bucher et al. 2004).
The expansion of lignin-degrading enzymes suggests Botry-
osphaeriaceae were adapted to efficiently degrading lignin,
which is not found in other woody pathogens that cannot
effectively degrade xylem (Yin et al. 2015). Phenolics are
aromatic benzene ring compounds produced by plants with
critical roles for plant—pathogen interactions (Shalaby and
Horwitz 2015). The salicylic acid degradation genes SHY'1
and SHY?3, in addition to the estradiol ring cleavage dioxy-
genase IRCDS that can degrade aromatic compounds, were
significantly expanded in Botryosphaeriaceae. Recent stud-
ies have found that Botryosphaeriaceae species can quickly
metabolize phenolic compounds such as stilbene phytoalex-
ins during grapevine infection, thereby helping fungi bypass
the defence responses of the host (Labois et al. 2021; Stem-
pien et al. 2017). The IRCDS homologs were more closely
related to IRCD genes from one herbivorous spider, with the
latter induced in response to jasmonic acid defense signaling
which can cleave a surprisingly wide array of aromatic plant
metabolites (Njiru et al. 2022). These genes were inducted
later than SA degradation genes after L. theobromae inocu-
lation into grapevine branches, suggesting that the Botry-
osphaeriaceae can degrade different phenolic compounds
efficiently in different infection stages.

Iron is an essential element for plants and fungi. Con-
sequently, pathogens and their hosts often compete for the
acquisition of iron (Herlihy et al. 2020). Abundant iron in
a plant may increase local oxidative stress, while deple-
tion of iron in hosts could also trigger defence responses to
pathogens (Liu et al. 2021). Xylem and phloem are critical
for iron transport in plants. The expansion of gene families
involved in siderophore and RIA iron uptake pathways may
help Botryosphaeriaceae efficiently maintain iron balance
and help avoid plant defence responses when penetrating
the xylem and phloem. A previous study had found sidero-
phore transporters were also expanded in other woody
pathogens, suggesting these genes may be important for
woody pathogens infections (Yin et al. 2015). Biosynthesis
of siderophore is required for virulence and can induce host
immune responses (Albarouki and Deising 2013; Albarouki
et al. 2014). Therefore, tight control of the activity of these
iron uptake pathways could be important for pathogens to
maintain iron homeostasis during infection. In the grapevine
branches transcriptome data, SIDA and SIDC expression by
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L. theobromae was repressed and more SIT genes were up-
regulated after infection of branches, potentially due to the
abundance of ferrous iron in xylem (Pandey and Sonti 2010).
Thus, increased SIT gene expression could be sufficient to
transport iron from their hosts and siderophore biosynthesis
would not be much needed to avoid causing host defence
responses.

Our results suggest widespread horizontal gene transfer
events in Botryosphaeriaceae before the divergence of gen-
era. Most of the inferred horizontal gene transfer events in
Botryosphaeriaceae genomes occurred in the distant past
and were mainly transferred from Sordariomycetes. Previous
studies have primarily focused on inter-kingdom horizontal
gene transfers or more recently intra-kingdom horizontal
gene transfers whereas few horizontal gene transfers have
been identified in fungal genomes (Zhang et al. 2019; Sun
et al. 2016). Though Sordariomycetes and Dothideomycetes
may share common early ancestors in Ascomycota (Wijaya-
wardene et al. 2018), horizontal gene transfer may still occur
in Dothideomycetes that was transferred from Sordari-
omycetes. Lineage-specific genetic content was commonly
found among organisms, including in different classes of
fungi (Sipos et al. 2017; Cai et al. 2006; Schoch et al. 2009).
Previous study had found nearly 8.5% of genes in Doth-
ideomycetes were not found in other fungi classes (Schoch
et al. 2009). In our ortholog gene analysis which included
38 Dothideomycete species and 48 Sordariomycetes species
we identified 31,297 ortholog gene groups in these species.
Among these ortholog genes, 3222 were enriched in Doth-
ideomycetes than in Sordariomycetes, 1515 were enriched in
Sordariomycetes than in Dothideomycetes. Further analysis
shows 102 ortholog genes were only found in Dothideomy-
cetes, and 61 only in Sordariomycetes. These results sug-
gested that even though Sordariomycetes and Dothideomy-
cetes may share common ancestors, their genetic materials
may be significantly different. In addition, previous studies
have found a lot of horizontal gene transfer events in Doth-
ideomycetes that were transferred from Sordariomycetes
(Reynolds et al. 2017; Wang et al. 2019; Herzog et al. 2020).
Thus, we suggest it is possible to transfer genetic materials
from Sordariomycetes to Dothideomycetes. Furthermore,
our results are consistent with those from previous studies,
wherein few horizontal gene transfers were inferred to have
been transferred from archaea, bacteria, or even non-fungal
eukaryotes. An increasing number of studies have supported
the presence of intra-kingdom DNA transfers among fun-
gal species (Qiu et al. 2016; Druzhinina et al. 2018). These
intra-kingdom horizontal gene transfers may be a common
method for the fungal exchange of genetic material in their
ancient ancestors, especially in Botryosphaeriaceae.

Our study estimated the divergence time of the Bot-
ryosphaeriaceae lineage from other Botryosphaeriales
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families at 67 Mya. After this time the Cretaceous—Paleo-
gene extinction, the global mass extinction event occurred
and eliminated approximately 80% of plant species (Raup
1986; Alvarez et al. 1980). This may dramatically increase
the available substrates for saprophytic organisms. On the
other hand, the increased atmospheric sulfur aerosols and
dust may reduce solar insolation and change the earth's
temperature at that time. These two conditions may favour
saprophyte activity. Thus, the widespread depletion of
arboreous vegetation and favourable climatic conditions
caused a large expansion of fungi with saprobic abili-
ties, resulting in a “fungal spike” (Vajda and McLoughlin
2004). This was then followed by an episode of explosive
plant radiations to recover Earth’s flora (Vajda et al. 2001;
McElwain and Punyasena 2007). The ancestor of Botry-
osphaeriaceae, or its successors, may have experienced
drastic environmental and host changes and had a greater
chance of survival with other fungi sharing different life-
styles, thereby allowing for frequent DNA exchange dur-
ing that period. Concomitantly, gene family expansion and
intra-kingdom horizontal gene transfers have been com-
monly observed in Botryosphaeriaceae ancestors (Fig. 1a,
4a). These genome innovations likely expanded patho-
genicity-related gene repertoires and fungal detoxification
systems that helped them transition from saprotrophs to
pathogenic lifestyles to adapt to the changed environmen-
tal conditions or hosts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13225-023-00530-7.

Acknowledgements We thank Alan J. L. Phillips for their comments
on the manuscript.

Author contributions JY, XL and XW conceived the project. JY and
XW designed the experiments. WZ, JP, LW performed the experi-
ments. XW and JY conducted data analyses. XW, ISM, WZ, JP and JY
prepared the article. All authors read and approved the final manuscript.

Funding This work was supported by Youth Beijing Scholar Grant,
China Agriculture Research System of MOF and MARA, and Out-
standing Scientist Grant of Beijing Academy of Agriculture and For-
estry Sciences (JKZX202204).

Data availability The raw RNA-Seq data have been deposited in
the Gene Expression Omnibus database under the accession num-
ber GSE190625. Raw genome sequence reads are available in the
NCBI Sequence Read Archive database under the BioProject acces-
sion number PRINA785365. The whole-genome shotgun data have
been deposited in the DDBJ/ENA/GenBank databases under the
accession numbers JAJQKG000000000 (Bot1), JAJQKDO000000000
(Neol), JAIQKA000000000 (Las1), and JAJQJY000000000 (Las3).
The versions described in this paper are JAJQKG010000000,
JAJQKDO010000000, JAJQKA010000000, and JAJQJY010000000. All
genome sequences, gene annotations, protein sequences, pathogenicity-
related genes, detoxification system genes, and horizontal gene transfer
genes and trees are publicly available on the figshare repository (https://
doi.org/10.6084/m9.figshare.22224061).


https://doi.org/10.1007/s13225-023-00530-7
https://doi.org/10.6084/m9.figshare.22224061
https://doi.org/10.6084/m9.figshare.22224061

Fungal Diversity (2024) 125:221-241

237

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Albarouki E, Deising HB (2013) Infection structure-specific reductive
iron assimilation is required for cell wall integrity and full viru-
lence of the maize pathogen Colletotrichum graminicola. Mol
Plant Microbe Interact 26(6):695-708. https://doi.org/10.1094/
MPMI-01-13-0003-R

Albarouki E, Schafferer L, Ye F, von Wiren N, Haas H, Deising HB
(2014) Biotrophy-specific downregulation of siderophore biosyn-
thesis in Colletotrichum graminicola is required for modulation
of immune responses of maize. Mol Microbiol 92(2):338-355.
https://doi.org/10.1111/mmi.12561

Ali SS, Asman A, Shao J, Balidion JF, Strem MD, Puig AS, Meinhardt
LW, Bailey BA (2020) Genome and transcriptome analysis of the
latent pathogen Lasiodiplodia theobromae, an emerging threat
to the cacao industry. Genome 63(1):37-52. https://doi.org/10.
1139/gen-2019-0112

Almagro Armenteros JJ, Tsirigos KD, Sonderby CK, Petersen TN,
Winther O, Brunak S, von Heijne G, Nielsen H (2019) SignalP
5.0 improves signal peptide predictions using deep neural net-
works. Nat Biotechnol 37(4):420-423. https://doi.org/10.1038/
s41587-019-0036-z

Alvarez LW, Alvarez W, Asaro F, Michel HV (1980) Extrater-
restrial cause for the cretaceous-tertiary extinction. Science
208(4448):1095-1108. https://doi.org/10.1126/science.208.
4448.1095

Arnold BJ, Huang IT, Hanage WP (2022) Horizontal gene transfer and
adaptive evolution in bacteria. Nat Rev Microbiol 20(4):206—
218. https://doi.org/10.1038/s41579-021-00650-4

Bertsch C, Ramirez-Suero M, Magnin-Robert M, Larignon P, Chong
J, Abou-Mansour E, Spagnolo A, Clement C, Fontaine F (2013)
Grapevine trunk diseases: complex and still poorly understood.
Plant Pathol 62(2):243-265. https://doi.org/10.1111/j.1365-3059.
2012.02674.x

Bhunjun CS, Phukhamsakda C, Hyde KD, McKenzie EHC, Sax-
ena RK, Li QR (2023) Do all fungi have ancestors with endo-
phytic lifestyles? Fungal Divers. https://doi.org/10.1007/
$13225-023-00516-5

Biggs AR, Britton KO (1988) Presymptom histopathology of peach-
trees inoculated with Botryosphaeria-Obtusa and Botryospha-
eria-Dothidea. Phytopathology 78(8):1109—1118. https://doi.org/
10.1094/Phyto-78-1109

Blin K, Shaw S, Kloosterman AM, Charlop-Powers Z, van Wezel
GP, Medema MH, Weber T (2021) antiSMASH 6.0: improving
cluster detection and comparison capabilities. Nucleic Acids Res
49(W1):W29-W35. https://doi.org/10.1093/nar/gkab335

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics 30(15):2114—
2120. https://doi.org/10.1093/bioinformatics/btul 70

Bruna T, Hoff KJ, Lomsadze A, Stanke M, Borodovsky M (2021)
BRAKER?2: automatic eukaryotic genome annotation with Gen-
eMark-EP+ and AUGUSTUS supported by a protein database.
NAR Genomics Bioinform 3(1):1108. https://doi.org/10.1093/
nargab/lqaal08

Bucher VVC, Pointing SB, Hyde KD, Reddy CA (2004) Production
of wood decay enzymes, loss of mass, and lignin solubiliza-
tion in wood by diverse tropical freshwater fungi. Microb Ecol
48(3):331-337. https://doi.org/10.1007/s00248-003-0132-x

Cai JJ, Woo PCY, Lau SKP, Smith DK, Yuen KY (2006) Acceler-
ated evolutionary rate may be responsible for the emergence of
lineage-specific genes in Ascomycota. J] Mol Evol 63(1):1-11.
https://doi.org/10.1007/s00239-004-0372-5

Capella-Gutierrez S, Silla-Martinez JM, Gabaldon T (2009) trimAl:
a tool for automated alignment trimming in large-scale phylo-
genetic analyses. Bioinformatics 25(15):1972-1973. https://
doi.org/10.1093/bioinformatics/btp348

Cedeio L, Mohali S, Palacios-Prii E (1996) Ultrastructure of Lasi-
odiplodia theobromae causal agent of caribbean pine blue stain
in Venezuela. Interciencia 21:264-271

Cubitt MF, Hedley PE, Williamson NR, Morris JA, Campbell E, Toth
IK, Salmond GPC (2013) A metabolic regulator modulates
virulence and quorum sensing signal production in Pectobacte-
rium atrosepticum. Mol Plant Microbe Interact 26(3):356-366.
https://doi.org/10.1094/Mpmi-09-12-0210-R

De Bie T, Cristianini N, Demuth JP, Hahn MW (2006) CAFE: a
computational tool for the study of gene family evolution. Bio-
informatics 22(10):1269-1271. https://doi.org/10.1093/bioin
formatics/btl097

Delgado-Cerrone L, Mondino-Hintz P, Alaniz-Ferro S (2016) Bot-
ryosphariaceae species associated with stem canker, die-
back and fruit rot on apple in Uruguay. Eur J Plant Pathol
146(3):637-655. https://doi.org/10.1007/s10658-016-0949-z

Dhillon B, Feau N, Aerts AL, Beauseigle S, Bernier L, Copeland
A, Foster A, Gill N, Henrissat B, Herath P, LaButti KM, Lev-
asseur A, Lindquist EA, Majoor E, Ohm RA, Pangilinan JL,
Pribowo A, Saddler JN, Sakalidis ML, de Vries RP, Grigoriev
1V, Goodwin SB, Tanguay P, Hamelin RC (2015) Horizon-
tal gene transfer and gene dosage drives adaptation to wood
colonization in a tree pathogen. Proc Natl Acad Sci USA
112(11):3451-3456. https://doi.org/10.1073/pnas.1424293112

Dissanayake AJ, Camporesi E, Hyde KD, Yan JY, Li XH (2017)
Saprobic Botryosphaeriaceae, including Dothiorella italica
sp nov., associated with urban and forest trees in Italy. Myco-
sphere 8(2):1157-1176. https://doi.org/10.5943/mycosphere/8/
2/7

Druzhinina IS, Chenthamara K, Zhang J, Atanasova L, Yang D, Miao
Y, Rahimi MJ, Grujic M, Cai F, Pourmehdi S, Salim KA, Pretzer
C, Kopchinskiy AG, Henrissat B, Kuo A, Hundley H, Wang M,
Aerts A, Salamov A, Lipzen A, LaButti K, Barry K, Grigoriev
IV, Shen Q, Kubicek CP (2018) Massive lateral transfer of genes
encoding plant cell wall-degrading enzymes to the mycoparasitic
fungus Trichoderma from its plant-associated hosts. PLoS Genet
14(4):e1007322. https://doi.org/10.1371/journal.pgen.1007322

Emanuelsson O, Brunak S, von Heijne G, Nielsen H (2007) Locating
proteins in the cell using TargetP, SignalP and related tools. Nat
Protoc 2(4):953-971. https://doi.org/10.1038/nprot.2007.131

Emms DM, Kelly S (2019) OrthoFinder: phylogenetic orthology infer-
ence for comparative genomics. Genome Biol 20(1):238. https://
doi.org/10.1186/s13059-019-1832-y

Fan X, Qiu H, Han W, Wang Y, Xu D, Zhang X, Bhattacharya D,
Ye N (2020) Phytoplankton pangenome reveals extensive

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1094/MPMI-01-13-0003-R
https://doi.org/10.1094/MPMI-01-13-0003-R
https://doi.org/10.1111/mmi.12561
https://doi.org/10.1139/gen-2019-0112
https://doi.org/10.1139/gen-2019-0112
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1126/science.208.4448.1095
https://doi.org/10.1126/science.208.4448.1095
https://doi.org/10.1038/s41579-021-00650-4
https://doi.org/10.1111/j.1365-3059.2012.02674.x
https://doi.org/10.1111/j.1365-3059.2012.02674.x
https://doi.org/10.1007/s13225-023-00516-5
https://doi.org/10.1007/s13225-023-00516-5
https://doi.org/10.1094/Phyto-78-1109
https://doi.org/10.1094/Phyto-78-1109
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/nargab/lqaa108
https://doi.org/10.1093/nargab/lqaa108
https://doi.org/10.1007/s00248-003-0132-x
https://doi.org/10.1007/s00239-004-0372-5
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1094/Mpmi-09-12-0210-R
https://doi.org/10.1093/bioinformatics/btl097
https://doi.org/10.1093/bioinformatics/btl097
https://doi.org/10.1007/s10658-016-0949-z
https://doi.org/10.1073/pnas.1424293112
https://doi.org/10.5943/mycosphere/8/2/7
https://doi.org/10.5943/mycosphere/8/2/7
https://doi.org/10.1371/journal.pgen.1007322
https://doi.org/10.1038/nprot.2007.131
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y

238

Fungal Diversity (2024) 125:221-241

prokaryotic horizontal gene transfer of diverse functions. Sci Adv
6(18):eaba0111. https://doi.org/10.1126/sciadv.aba0111

Feijo FM, Silva MJS, Nascimento AD, Infante NB, Ramos-Sobrinho
R, Assuncao IP, Lima GSA (2019) Botryosphaeriaceae species
associated with the pickly pear cactus, Nopalea cochenillif-
era. Trop Plant Pathol 44(5):452-459. https://doi.org/10.1007/
s40858-019-00299-8

Fitzpatrick DA (2012) Horizontal gene transfer in fungi. FEMS Micro-
biol Lett 329(1):1-8. https://doi.org/10.1111/j.1574-6968.2011.
02465.x

Garcia JF, Lawrence DP, Morales-Cruz A, Travadon R, Minio A, Her-
nandez-Martinez R, Rolshausen PE, Baumgartner K, Cantu D
(2021) Phylogenomics of plant-associated Botryosphaeriaceae
species. Front Microbiol. https://doi.org/10.3389/fmicb.2021.
652802

Gophna U, Altman-Price N (2022) Horizontal gene transfer in
archaea-from mechanisms to genome evolution. Annu
Rev Microbiol 76:481-502. https://doi.org/10.1146/annur
ev-micro-040820-124627

Haas H, Schoeser M, Lesuisse E, Ernst JF, Parson W, Abt B, Winkel-
mann G, Oberegger H (2003) Characterization of the Aspergil-
lus nidulans transporters for the siderophores enterobactin and
triacetylfusarinine C. Biochem J 371(Pt 2):505-513. https://doi.
org/10.1042/BJ20021685

Haas H, Eisendle M, Turgeon BG (2008) Siderophores in fungal physi-
ology and virulence. Annu Rev Phytopathol 46:149-187. https://
doi.org/10.1146/annurev.phyto.45.062806.094338

Haridas S, Albert R, Binder M, Bloem J, LaButti K, Salamov A,
Andreopoulos B, Baker SE, Barry K, Bills G, Bluhm BH, Can-
non C, Castanera R, Culley DE, Daum C, Ezra D, Gonzalez JB,
Henrissat B, Kuo A, Liang C, Lipzen A, Lutzoni F, Magnuson J,
Mondo SJ, Nolan M, Ohm RA, Pangilinan J, Park HJ, Ramirez L,
Alfaro M, Sun H, Tritt A, Yoshinaga Y, Zwiers LH, Turgeon BG,
Goodwin SB, Spatafora JW, Crous PW, Grigoriev IV (2020) 101
Dothideomycetes genomes: a test case for predicting lifestyles
and emergence of pathogens. Stud Mycol 96:141-153. https://
doi.org/10.1016/j.simyc0.2020.01.003

Herlihy JH, Long TA, McDowell IM (2020) Iron homeostasis and plant
immune responses: recent insights and translational implications.
J Biol Chem 295(39):13444—13457. https://doi.org/10.1074/jbc.
REV120.010856

Herzog S, Brinkmann H, Vences M, Fleissner A (2020) Evidence of
repeated horizontal transfer of sterol C-5 desaturase encoding
genes among dikarya fungi. Mol Phylogenet Evol. https://doi.
org/10.1016/j.ympev.2020.10685

Husnik F, McCutcheon JP (2018) Functional horizontal gene transfer
from bacteria to eukaryotes. Nat Rev Microbiol 16(2):67-79.
https://doi.org/10.1038/nrmicro.2017.137

Jack DL, Paulsen IT, Saier MH (2000) The amino acid/polyamine/
organocation (APC) superfamily of transporters specific for
amino acids, polyamines and organocations. Microbiology
(reading) 146(Pt 8):1797-1814. https://doi.org/10.1099/00221
287-146-8-1797

Jiang S, Yin Q, Li D, Wu X, Wang Y, Wang D, Chen Z (2021) Inte-
grated mRNA and small RNA sequencing for analyzing tea leaf
spot pathogen Lasiodiplodia theobromae, under in vitro condi-
tions and the course of infection. Phytopathology 111(5):882—
885. https://doi.org/10.1094/PHY TO-07-20-0297-A

Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, McWil-
liam H, Maslen J, Mitchell A, Nuka G, Pesseat S, Quinn AF,
Sangrador-Vegas A, Scheremetjew M, Yong SY, Lopez R, Hunter
S (2014) InterProScan 5: genome-scale protein function clas-
sification. Bioinformatics 30(9):1236-1240. https://doi.org/10.
1093/bioinformatics/btu031

Karamanoli K, Bouligaraki P, Constantinidou H, Lindow S (2011)
Polyphenolic compounds on leaves limit iron availability and

@ Springer

affect growth of epiphytic bacteria. Ann Appl Biol 159:99-108.
https://doi.org/10.1111/j.1744-7348.2011.00478

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment
software version 7: improvements in performance and usability.
Mol Biol Evol 30(4):772-780. https://doi.org/10.1093/molbev/
mst010

Kim D, Langmead B, Salzberg SL (2015) HISAT: a fast spliced aligner
with low memory requirements. Nat Methods 12(4):357-360.
https://doi.org/10.1038/nmeth.3317

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy
AM (2017) Canu: scalable and accurate long-read assembly via
adaptive k-mer weighting and repeat separation. Genome Res
27(5):722-736. https://doi.org/10.1101/gr.215087.116

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A (2019)
RAXML-NG: a fast, scalable and user-friendly tool for maximum
likelihood phylogenetic inference. Bioinformatics 35(21):4453—
4455. https://doi.org/10.1093/bioinformatics/btz305

Kriventseva EV, Kuznetsov D, Tegenfeldt F, Manni M, Dias R, Simao
FA, Zdobnov EM (2019) OrthoDB v10: sampling the diversity of
animal, plant, fungal, protist, bacterial and viral genomes for evo-
lutionary and functional annotations of orthologs. Nucleic Acids
Res 47(D1):D807-D811. https://doi.org/10.1093/nar/gky 1053

Krogh A, Larsson B, von Heijne G, Sonnhammer EL (2001) Predicting
transmembrane protein topology with a hidden Markov model:
application to complete genomes. J Mol Biol 305(3):567-580.
https://doi.org/10.1006/jmbi.2000.4315

Kubicek CP, Starr TL, Glass NL (2014) Plant cell wall-degrading
enzymes and their secretion in plant-pathogenic fungi. Annu
Rev Phytopathol 52:427-451. https://doi.org/10.1146/annur
ev-phyto-102313-045831

Kumar S, Abedin MM, Singh AK, Das S (2020) Role of phenolic
compounds in plant-defensive mechanisms. In: Lone R, Shuab
R, Kamili AN (eds) Plant phenolics in sustainable agriculture:
volume 1. Springer Singapore, Singapore, pp 517-532. https://
doi.org/10.1007/978-981-15-4890-1_22

Labois C, Stempien E, Schneider J, Schaeffer-Reiss C, Bertsch C,
Goddard ML, Chong J (2021) Comparative study of secreted
proteins, enzymatic activities of wood degradation and stilbene
metabolization in grapevine Botryosphaeria dieback fungi. J
Fungi (Basel). https://doi.org/10.3390/jof7070568

Letunic I, Bork P (2021) Interactive Tree Of Life (iTOL) v5: an online
tool for phylogenetic tree display and annotation. Nucleic Acids
Res 49(W1):W293-W296. https://doi.org/10.1093/nar/gkab301

Li H, Durbin R (2010) Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics 26(5):589-595.
https://doi.org/10.1093/bioinformatics/btp698

Liu Y, Kong D, Wu HL, Ling HQ (2021) Iron in plant-pathogen inter-
actions. J Exp Bot 72(6):2114-2124. https://doi.org/10.1093/jxb/
eraa516

Lu J, Cao H, Zhang L, Huang P, Lin F (2014) Systematic analysis
of Zn,Cys, transcription factors required for development and
pathogenicity by high-throughput gene knockout in the rice blast
fungus. PLoS Pathog 10(10):e1004432. https://doi.org/10.1371/
journal.ppat.1004432

Lubbers RJIM, Dilokpimol A, Visser J, Makela MR, Hilden KS, de
Vries RP (2019) A comparison between the homocyclic aromatic
metabolic pathways from plant-derived compounds by bacteria
and fungi. Biotechnol Adv. https://doi.org/10.1016/j.biotechadv.
2019.05.002

Lubbers RIM, Dilokpimol A, Visser J, Hilden KS, Makela MR, de
Vries RP (2021) Discovery and functional analysis of a salicylic
acid hydroxylase from Aspergillus niger. Appl Environ Micro-
biol. https://doi.org/10.1128/AEM.02701-20

Mahadevan N, Sinniah GD, Priyadarshani CDN, Samarakoon SMSM,
Karunajeewa DGNP (2022) Botryosphaeriaceae fungi causing


https://doi.org/10.1126/sciadv.aba0111
https://doi.org/10.1007/s40858-019-00299-8
https://doi.org/10.1007/s40858-019-00299-8
https://doi.org/10.1111/j.1574-6968.2011.02465.x
https://doi.org/10.1111/j.1574-6968.2011.02465.x
https://doi.org/10.3389/fmicb.2021.652802
https://doi.org/10.3389/fmicb.2021.652802
https://doi.org/10.1146/annurev-micro-040820-124627
https://doi.org/10.1146/annurev-micro-040820-124627
https://doi.org/10.1042/BJ20021685
https://doi.org/10.1042/BJ20021685
https://doi.org/10.1146/annurev.phyto.45.062806.094338
https://doi.org/10.1146/annurev.phyto.45.062806.094338
https://doi.org/10.1016/j.simyco.2020.01.003
https://doi.org/10.1016/j.simyco.2020.01.003
https://doi.org/10.1074/jbc.REV120.010856
https://doi.org/10.1074/jbc.REV120.010856
https://doi.org/10.1016/j.ympev.2020.10685
https://doi.org/10.1016/j.ympev.2020.10685
https://doi.org/10.1038/nrmicro.2017.137
https://doi.org/10.1099/00221287-146-8-1797
https://doi.org/10.1099/00221287-146-8-1797
https://doi.org/10.1094/PHYTO-07-20-0297-A
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1111/j.1744-7348.2011.00478
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1093/bioinformatics/btz305
https://doi.org/10.1093/nar/gky1053
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1146/annurev-phyto-102313-045831
https://doi.org/10.1146/annurev-phyto-102313-045831
https://doi.org/10.1007/978-981-15-4890-1_22
https://doi.org/10.1007/978-981-15-4890-1_22
https://doi.org/10.3390/jof7070568
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/jxb/eraa516
https://doi.org/10.1093/jxb/eraa516
https://doi.org/10.1371/journal.ppat.1004432
https://doi.org/10.1371/journal.ppat.1004432
https://doi.org/10.1016/j.biotechadv.2019.05.002
https://doi.org/10.1016/j.biotechadv.2019.05.002
https://doi.org/10.1128/AEM.02701-20

Fungal Diversity (2024) 125:221-241

239

canker and die-back on Grevillea robusta in tea plantations of
Sri Lanka. Australas Plant Path 51:371-382

Mancero-Castillo D, Beckman TG, Harmon PF, Chaparro JX
(2018) A major locus for resistance to Botryosphaeria doth-
idea in Prunus. Tree Genet Genomes. https://doi.org/10.1007/
s11295-018-1241-5

Manni M, Berkeley MR, Seppey M, Simao FA, Zdobnov EM (2021)
BUSCO update: novel and streamlined workflows along with
broader and deeper phylogenetic coverage for scoring of
eukaryotic, prokaryotic, and viral genomes. Mol Biol Evol
38(10):4647—-4654. https://doi.org/10.1093/molbev/msab199

Martins TM, Hartmann DO, Planchon S, Martins I, Renaut J, Pereira
CS (2015) The old 3-oxoadipate pathway revisited: new insights
in the catabolism of aromatics in the saprophytic fungus Asper-
gillus nidulans. Fungal Genet Biol 74:32—-44. https://doi.org/10.
1016/j.fgb.2014.11.002

McElwain JC, Punyasena SW (2007) Mass extinction events and the
plant fossil record. Trends Ecol Evol 22(10):548-557. https://
doi.org/10.1016/j.tree.2007.09.003

Mengiste T (2012) Plant immunity to necrotrophs. Annu Rev
Phytopathol 50:267-294. https://doi.org/10.1146/annur
ev-phyto-081211-172955

Milner DS, Attah V, Cook E, Maguire F, Savory FR, Morrison M,
Muller CA, Foster PG, Talbot NJ, Leonard G, Richards TA
(2019) Environment-dependent fitness gains can be driven by
horizontal gene transfer of transporter-encoding genes. Proc
Natl Acad Sci USA 116(12):5613-5622. https://doi.org/10.
1073/pnas.1815994116

Moktali V, Park J, Fedorova-Abrams ND, Park B, Choi J, Lee YH,
Kang S (2012) Systematic and searchable classification of
cytochrome P450 proteins encoded by fungal and oomycete
genomes. BMC Genomics 13:525. https://doi.org/10.1186/
1471-2164-13-525

Nagel JH, Wingfield MJ, Slippers B (2021) Increased abundance of
secreted hydrolytic enzymes and secondary metabolite gene
clusters define the genomes of latent plant pathogens in the
Botryosphaeriaceae. BMC Genomics 22(1):589. https://doi.
org/10.1186/512864-021-07902-w

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ (2015) 1Q-
TREE: a fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol Biol Evol 32(1):268-
274. https://doi.org/10.1093/molbev/msu300

Njiru C, Xue W, De Rouck S, Alba JM, Kant MR, Chruszcz M,
Vanholme B, Dermauw W, Wybouw N, Van Leeuwen T (2022)
Intradiol ring cleavage dioxygenases from herbivorous spider
mites as a new detoxification enzyme family in animals. BMC
Biol 20(1):131. https://doi.org/10.1186/s12915-022-01323-1

Obrador-Sanchez JA, Hernandez-Martinez R (2020) Microscope
observations of Botryosphaeriaceae spp. in the presence of
grapevine wood. Phytopathol Mediterr 59(1):119-129. https://
doi.org/10.14601/Phyto-11040

Oses R, Valenzuela S, Freer J, Sanfuentes E, Rodriguez J (2008)
Fungal endophytes in xylem of healthy Chilean trees and their
possible role in early wood decay. Fungal Divers 33:77-86

Osorio JA, Crous CJ, de Beer ZW, Wingfield MJ, Roux J (2017)
Endophytic Botryosphaeriaceae, including five new species,
associated with mangrove trees in South Africa. Fungal Biol
121(4):361-393. https://doi.org/10.1016/j.funbio.2016.09.004

Pandey A, Sonti RV (2010) Role of the FeoB protein and siderophore
in promoting virulence of Xanthomonas oryzae pv. oryzae on
rice. J Bacteriol 192(12):3187-3203. https://doi.org/10.1128/
JB.01558-09

Paolinelli-Alfonso M, Villalobos-Escobedo JM, Rolshausen P, Her-
rera-Estrella A, Galindo-Sanchez C, Lopez-Hernandez JF, Her-
nandez-Martinez R (2016) Global transcriptional analysis sug-
gests Lasiodiplodia theobromae pathogenicity factors involved

in modulation of grapevine defensive response. BMC Genom-
ics 17(1):615. https://doi.org/10.1186/s12864-016-2952-3

Park J, Park J, Jang S, Kim S, Kong S, Choi J, Ahn K, Kim J, Lee S,
Kim S, Park B, Jung K, Kim S, Kang S, Lee YH (2008) FTFD:
an informatics pipeline supporting phylogenomic analysis of
fungal transcription factors. Bioinformatics 24(7):1024-1025.
https://doi.org/10.1093/bioinformatics/btn058

Park YS, Kim JY, Yun CW (2016) Identification of ferrichrome- and
ferrioxamine B-mediated iron uptake by Aspergillus fumigatus.
Biochem J 473(9):1203-1213. https://doi.org/10.1042/BCJ20
160066

Phillips AJL, Alves A, Abdollahzadeh J, Slippers B, Wingfield MJ,
Groenewald JZ, Crous PW (2013) The Botryosphaeriaceae:
genera and species known from culture. Stud Mycol 76:51-
167. https://doi.org/10.3114/sim0021

Phillips AJL, Hyde KD, Alves A, Liu JK (2019) Families in Botry-
osphaeriales: a phylogenetic, morphological and evolutionary
perspective. Fungal Divers 94(1):1-22. https://doi.org/10.1007/
$13225-018-0416-6

Price MN, Dehal PS, Arkin AP (2009) FastTree: computing large mini-
mum evolution trees with profiles instead of a distance matrix.
Mol Biol Evol 26(7):1641-1650. https://doi.org/10.1093/molbev/
msp077

Promputtha I, Hyde KD, McKenzie EHC, Peberdy JF, Lumyong S
(2010) Can leaf degrading enzymes provide evidence that endo-
phytic fungi becoming saprobes? Fungal Divers 41(1):89-99.
https://doi.org/10.1007/s13225-010-0024-6

Qiu H, Cai G, Luo J, Bhattacharya D, Zhang N (2016) Extensive hori-
zontal gene transfers between plant pathogenic fungi. BMC Biol
14:41. https://doi.org/10.1186/s12915-016-0264-3

Rao PV, Moore K, Towers GH (1967) O-Pyrocatechiuc acid car-
boxy-lyase from Aspergillus niger. Arch Biochem Biophys
122(2):466—473. https://doi.org/10.1016/0003-9861(67)90220-2

Rathnayaka AR, Chethana KWT, Phillips AJL, Liu JK, Samarakoon
MC, Jones EBG, Karunarathna SC, Zhao CL (2023) Re-evaluat-
ing Botryosphaeriales: ancestral state reconstructions of selected
characters and evolution of nutritional modes. J Fungi (Basel).
https://doi.org/10.3390/jof9020184

Raup DM (1986) Biological extinction in earth history. Science
231:1528-1533. https://doi.org/10.1126/science.11542058

Rawlings ND, Barrett AJ, Thomas PD, Huang X, Bateman A, Finn RD
(2018) The MEROPS database of proteolytic enzymes, their sub-
strates and inhibitors in 2017 and a comparison with peptidases
in the PANTHER database. Nucleic Acids Res 46(D1):D624—
D632. https://doi.org/10.1093/nar/gkx 1134

Raymond-Bouchard I, Carroll CS, Nesbitt JR, Henry KA, Pinto LJ,
Moinzadeh M, Scott JK, Moore MM (2012) Structural require-
ments for the activity of the MirB ferrisiderophore transporter of
Aspergillus fumigatus. Eukaryot Cell 11(11):1333—1344. https://
doi.org/10.1128/EC.00159-12

Reynolds HT, Slot JC, Divon HH, Lysoe E, Proctor RH, Brown DW
(2017) Differential retention of gene functions in a secondary
metabolite cluster. Mol Biol Evol 34(8):2002-2015. https://doi.
org/10.1093/molbev/msx 145

Richards TA (2011) Genome evolution: horizontal movements in the
fungi. Curr Biol 21(4):R166-R168. https://doi.org/10.1016/j.cub.
2011.01.028

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK
(2015) limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res 43(7):e47.
https://doi.org/10.1093/nar/gkv007

Rocheleau H, Al-Harthi R, Ouellet T (2019) Degradation of salicylic
acid by Fusarium graminearum. Fungal Biol 123(1):77-86.
https://doi.org/10.1016/j.funbio.2018.11.002

@ Springer


https://doi.org/10.1007/s11295-018-1241-5
https://doi.org/10.1007/s11295-018-1241-5
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1016/j.fgb.2014.11.002
https://doi.org/10.1016/j.fgb.2014.11.002
https://doi.org/10.1016/j.tree.2007.09.003
https://doi.org/10.1016/j.tree.2007.09.003
https://doi.org/10.1146/annurev-phyto-081211-172955
https://doi.org/10.1146/annurev-phyto-081211-172955
https://doi.org/10.1073/pnas.1815994116
https://doi.org/10.1073/pnas.1815994116
https://doi.org/10.1186/1471-2164-13-525
https://doi.org/10.1186/1471-2164-13-525
https://doi.org/10.1186/s12864-021-07902-w
https://doi.org/10.1186/s12864-021-07902-w
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1186/s12915-022-01323-1
https://doi.org/10.14601/Phyto-11040
https://doi.org/10.14601/Phyto-11040
https://doi.org/10.1016/j.funbio.2016.09.004
https://doi.org/10.1128/JB.01558-09
https://doi.org/10.1128/JB.01558-09
https://doi.org/10.1186/s12864-016-2952-3
https://doi.org/10.1093/bioinformatics/btn058
https://doi.org/10.1042/BCJ20160066
https://doi.org/10.1042/BCJ20160066
https://doi.org/10.3114/sim0021
https://doi.org/10.1007/s13225-018-0416-6
https://doi.org/10.1007/s13225-018-0416-6
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1007/s13225-010-0024-6
https://doi.org/10.1186/s12915-016-0264-3
https://doi.org/10.1016/0003-9861(67)90220-2
https://doi.org/10.3390/jof9020184
https://doi.org/10.1126/science.11542058
https://doi.org/10.1093/nar/gkx1134
https://doi.org/10.1128/EC.00159-12
https://doi.org/10.1128/EC.00159-12
https://doi.org/10.1093/molbev/msx145
https://doi.org/10.1093/molbev/msx145
https://doi.org/10.1016/j.cub.2011.01.028
https://doi.org/10.1016/j.cub.2011.01.028
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.funbio.2018.11.002

240

Fungal Diversity (2024) 125:221-241

Ruan J, Li H (2020) Fast and accurate long-read assembly with
wtdbg2. Nat Methods 17(2):155-158. https://doi.org/10.1038/
$41592-019-0669-3

Saha S, Bridges S, Magbanua ZV, Peterson DG (2008) Empirical com-
parison of ab initio repeat finding programs. Nucleic Acids Res
36(7):2284-2294. https://doi.org/10.1093/nar/gkn064

Saier MH, Reddy VS, Moreno-Hagelsieb G, Hendargo KJ, Zhang Y,
Iddamsetty V, Lam KJK, Tian N, Russum S, Wang J, Medrano-
Soto A (2021) The Transporter Classification Database (TCDB):
2021 update. Nucleic Acids Res 49(D1):D461-D467. https://doi.
org/10.1093/nar/gkaal004

Schoch CL, Crous PW, Groenewald JZ, Boechm EWA, Burgess TI,
de Gruyter J, de Hoog GS, Dixon LJ, Grube M, Gueidan C,
Harada Y, Hatakeyama S, Hirayama K, Hosoya T, Huhndorf
SM, Hyde KD, Jones EBG, Kohlmeyer J, Kruys A, Li YM,
Liicking R, Lumbsch HT, Marvanova L, Mbatchou JS, Mcvay
AH, Miller AN, Mugambi GK, Muggia L, Nelsen MP, Nelson
P, Owensby CA, Phillips AJL, Phongpaichit S, Pointing SB,
Pujade-Renaud V, Raja HA, Plata ER, Robbertse B, Ruibal
C, Sakayaroj J, Sano T, Selbmann L, Shearer CA, Shirouzu
T, Slippers B, Suetrong S, Tanaka K, Volkmann-Kohlmeyer
B, Wingfield MJ, Wood AR, Woudenberg JHC, Yonezawa
H, Zhang Y, Spatafora JW (2009) A class-wide phylogenetic
assessment of. Stud Mycol 64:1-15. https://doi.org/10.3114/
sim.2009.64.01

Semana P, Powlowski J (2019) Four aromatic intradiol ring cleavage
dioxygenases from Aspergillus niger. Appl Environ Microbiol.
https://doi.org/10.1128/AEM.01786-19

Shalaby S, Horwitz BA (2015) Plant phenolic compounds and
oxidative stress: integrated signals in fungal-plant interac-
tions. Curr Genet 61(3):347-357. https://doi.org/10.1007/
$00294-014-0458-6

Shetty NP, Mehrabi R, Lutken H, Haldrup A, Kema GHJ, Collinge
DB, Jorgensen HIL (2007) Role of hydrogen peroxide during the
interaction between the hemibiotrophic fungal pathogen Septoria
tritici and wheat. New Phytol 174(3):637-647. https://doi.org/10.
1111/j.1469-8137.2007.02026.x

Sipos G, Prasanna AN, Walter MC, O’Connor E, Balint B, Krizsan
K, Kiss B, Hess J, Varga T, Slot J, Riley R, Boka B, Rigling D,
Barry K, Lee J, Mihaltcheva S, LaButti K, Lipzen A, Waldron R,
Moloney NM, Sperisen C, Kredics L, Vagvolgyi C, Patrignani A,
Fitzpatrick D, Nagy I, Doyle S, Anderson JB, Grigoriev IV, Gul-
dener U, Munsterkotter M, Nagy LG (2017) Genome expansion
and lineage-specific genetic innovations in the forest pathogenic
fungi Armillaria. Nat Ecol Evol 1(12):1931-1941. https://doi.
org/10.1038/s41559-017-0347-8

Slippers M, Wingfield MJ (2007) Botryosphaeriaceae as endophytes
and latent pathogens of woody plants: diversity, ecology and
impact. Fungal Biol Rev 21(2-3):90-106

Soanes D, Richards TA (2014) Horizontal gene transfer in eukaryotic
plant pathogens. Annu Rev Phytopathol 52:583-614. https://doi.
org/10.1146/annurev-phyto-102313-050127

Solares EA, Chakraborty M, Miller DE, Kalsow S, Hall K, Perera AG,
Emerson JJ, Hawley RS (2018) Rapid low-cost assembly of the
Drosophila melanogaster reference genome using low-coverage,
long-read sequencing. G3 (Bethesda) 8(10):3143-3154. https://
doi.org/10.1534/g3.118.200162

Soucy SM, Huang J, Gogarten JP (2015) Horizontal gene transfer:
building the web of life. Nat Rev Genet 16(8):472-482. https://
doi.org/10.1038/nrg3962

Sperschneider J, Gardiner DM, Dodds PN, Tini F, Covarelli L, Singh
KB, Manners JM, Taylor JM (2016) EffectorP: predicting fungal
effector proteins from secretomes using machine learning. New
Phytol 210(2):743-761. https://doi.org/10.1111/nph.13794

Stempien E, Goddard ML, Wilhelm K, Tarnus C, Bertsch C, Chong
J (2017) Grapevine Botryosphaeria dieback fungi have specific

@ Springer

aggressiveness factor repertory involved in wood decay and stil-
bene metabolization. PLoS ONE. https://doi.org/10.1371/journ
al.pone.0188766

Sun B, Li T, Xiao J, Liu L, Zhang P, Murphy RW, He S, Huang D
(2016) Contribution of multiple inter-kingdom horizontal
gene transfers to evolution and adaptation of amphibian-kill-
ing chytrid, Batrachochytrium dendrobatidis. Front Microbiol
7:1360. https://doi.org/10.3389/fmicb.2016.01360

Tanase C, Cosarca S, Muntean DL (2019) A critical review of phenolic
compounds extracted from the bark of woody vascular plants and
their potential biological activity. Molecules. https://doi.org/10.
3390/molecules24061182

Tribot A, Amer G, Alio MA, de Baynast H, Delattre C, Pons A,
Mathias JD, Callois JM, Vial C, Michaud P, Dussap CG (2019)
Wood-lignin: supply, extraction processes and use as bio-based
material. Eur Polym J 112:228-240. https://doi.org/10.1016/j.
eurpolym;j.2019.01.007

Tsu BV, Saier MH Jr (2015) The LysE superfamily of transport
proteins involved in cell physiology and pathogenesis. PLoS
ONE 10(10):e0137184. https://doi.org/10.1371/journal.pone.
0137184

Vajda V, McLoughlin S (2004) Fungal proliferation at the Cretaceous-
Tertiary boundary. Science 303(5663):1489-1489. https://doi.
org/10.1126/science.1093807

Vajda V, Raine JI, Hollis CJ (2001) Indication of global deforestation
at the Cretaceous-Tertiary boundary by New Zealand fern spike.
Science 294(5547):1700-1702. https://doi.org/10.1126/science.
1064706

Vela-Corcia D, Aditya Srivastava D, Dafa-Berger A, Rotem N, Barda
O, Levy M (2019) MFS transporter from Botrytis cinerea pro-
vides tolerance to glucosinolate-breakdown products and is
required for pathogenicity. Nat Commun 10(1):2886. https://
doi.org/10.1038/s41467-019-10860-3

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S,
Cuomo CA, Zeng Q, Wortman J, Young SK, Earl AM (2014)
Pilon: an integrated tool for comprehensive microbial vari-
ant detection and genome assembly improvement. PLoS ONE
9(11):e112963. https://doi.org/10.1371/journal.pone.0112963

Wang B, Liang X, Gleason ML, Zhang R, Sun G (2018) Compara-
tive genomics of Botryosphaeria dothidea and B. kuwatsukai,
causal agents of apple ring rot, reveals both species expansion
of pathogenicity-related genes and variations in virulence gene
content during speciation. IMA Fungus 9:243-257. https://doi.
org/10.5598/imafungus.2018.09.02.02

Wang MS, Fu HL, Shen XX, Ruan RX, Rokas A, Li HY (2019)
Genomic features and evolution of the conditionally dispensa-
ble chromosome in the tangerine pathotype of. Mol Plant Pathol
20(10):1425-1438. https://doi.org/10.1111/mpp.12848

Wang B, Liang X, Hao X, Dang H, Hsiang T, Gleason ML, Zhang R,
Sun G (2021) Comparison of mitochondrial genomes provides
insights into intron dynamics and evolution in Botryosphaeria
dothidea and B. kuwatsukai. Environ Microbiol. https://doi.org/
10.1111/1462-2920.15608

Wingett SW, Andrews S (2018) FastQ Screen: a tool for multi-genome
mapping and quality control. FIO00Res 7:1338. https://doi.org/
10.12688/f1000research.15931.2

Yadav S, Chattopadhyay D (2023) Lignin: the building block of defense
responses to stress in plants. J Plant Growth Regul. https://doi.
org/10.1007/s00344-023-10926-z

YanJY, Xie Y, Zhang W, Wang Y, Liu JK, Hyde KD, Seem RC, Zhang
GZ, Wang 7Y, Yao SW, Bai XJ, Dissanayake AJ, Peng YL, Li
XH (2013) Species of Botryosphaeriaceae involved in grapevine
dieback in China. Fungal Divers 61(1):221-236. https://doi.org/
10.1007/s13225-013-0251-8

Yan JY, Zhao WS, Chen Z, Xing QK, Zhang W, Chethana KWT,
Xue MF, Xu JP, Phillips AJL, Wang Y, Liu JH, Liu M, Zhou


https://doi.org/10.1038/s41592-019-0669-3
https://doi.org/10.1038/s41592-019-0669-3
https://doi.org/10.1093/nar/gkn064
https://doi.org/10.1093/nar/gkaa1004
https://doi.org/10.1093/nar/gkaa1004
https://doi.org/10.3114/sim.2009.64.01
https://doi.org/10.3114/sim.2009.64.01
https://doi.org/10.1128/AEM.01786-19
https://doi.org/10.1007/s00294-014-0458-6
https://doi.org/10.1007/s00294-014-0458-6
https://doi.org/10.1111/j.1469-8137.2007.02026.x
https://doi.org/10.1111/j.1469-8137.2007.02026.x
https://doi.org/10.1038/s41559-017-0347-8
https://doi.org/10.1038/s41559-017-0347-8
https://doi.org/10.1146/annurev-phyto-102313-050127
https://doi.org/10.1146/annurev-phyto-102313-050127
https://doi.org/10.1534/g3.118.200162
https://doi.org/10.1534/g3.118.200162
https://doi.org/10.1038/nrg3962
https://doi.org/10.1038/nrg3962
https://doi.org/10.1111/nph.13794
https://doi.org/10.1371/journal.pone.0188766
https://doi.org/10.1371/journal.pone.0188766
https://doi.org/10.3389/fmicb.2016.01360
https://doi.org/10.3390/molecules24061182
https://doi.org/10.3390/molecules24061182
https://doi.org/10.1016/j.eurpolymj.2019.01.007
https://doi.org/10.1016/j.eurpolymj.2019.01.007
https://doi.org/10.1371/journal.pone.0137184
https://doi.org/10.1371/journal.pone.0137184
https://doi.org/10.1126/science.1093807
https://doi.org/10.1126/science.1093807
https://doi.org/10.1126/science.1064706
https://doi.org/10.1126/science.1064706
https://doi.org/10.1038/s41467-019-10860-3
https://doi.org/10.1038/s41467-019-10860-3
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.5598/imafungus.2018.09.02.02
https://doi.org/10.5598/imafungus.2018.09.02.02
https://doi.org/10.1111/mpp.12848
https://doi.org/10.1111/1462-2920.15608
https://doi.org/10.1111/1462-2920.15608
https://doi.org/10.12688/f1000research.15931.2
https://doi.org/10.12688/f1000research.15931.2
https://doi.org/10.1007/s00344-023-10926-z
https://doi.org/10.1007/s00344-023-10926-z
https://doi.org/10.1007/s13225-013-0251-8
https://doi.org/10.1007/s13225-013-0251-8

Fungal Diversity (2024) 125:221-241

241

Y, Jayawardena RS, Manawasinghe IS, Huang JB, Qiao GH,
Fu CY, Guo FF, Dissanayake AJ, Peng YL, Hyde KD, Li XH
(2018) Comparative genome and transcriptome analyses reveal
adaptations to opportunistic infections in woody plant degrad-
ing pathogens of Botryosphaeriaceae. DNA Res 25(1):87-102.
https://doi.org/10.1093/dnares/dsx040

Yang Z (1997) PAML.: a program package for phylogenetic analysis
by maximum likelihood. Comput Appl Biosci 13(5):555-556.
https://doi.org/10.1093/bioinformatics/13.5.555

Yin Z, Liu H, Li Z, Ke X, Dou D, Gao X, Song N, Dai Q, Wu Y, Xu
JR, Kang Z, Huang L (2015) Genome sequence of Valsa can-
ker pathogens uncovers a potential adaptation of colonization
of woody bark. New Phytol 208(4):1202-1216. https://doi.org/
10.1111/nph.13544

Yu C, Diao Y, Lu Q, Zhao J, Cui S, Xiong X, Lu A, Zhang X, Liu
H (2022) Comparative genomics reveals evolutionary traits,
mating strategies, and pathogenicity-related genes variation of

Botryosphaeriaceae. Front Microbiol 13:800981. https://doi.org/
10.3389/fmicb.2022.800981

Zhang H, Yohe T, Huang L, Entwistle S, Wu P, Yang Z, Busk PK,
Xu Y, Yin Y (2018) dbCAN2: a meta server for automated
carbohydrate-active enzyme annotation. Nucleic Acids Res
46(W1):W95-W101. https://doi.org/10.1093/nar/gky418

Zhang Q, Chen X, Xu C, Zhao H, Zhang X, Zeng G, Qian Y, Liu
R, Guo N, Mi W, Meng Y, Leger RJS, Fang W (2019) Hori-
zontal gene transfer allowed the emergence of broad host range
entomopathogens. Proc Natl Acad Sci USA 116(16):7982-7989.
https://doi.org/10.1073/pnas. 1816430116

Zimin AV, Marcais G, Puiu D, Roberts M, Salzberg SL, Yorke JA
(2013) The MaSuRCA genome assembler. Bioinformatics
29(21):2669-2677. https://doi.org/10.1093/bioinformatics/btt476

@ Springer


https://doi.org/10.1093/dnares/dsx040
https://doi.org/10.1093/bioinformatics/13.5.555
https://doi.org/10.1111/nph.13544
https://doi.org/10.1111/nph.13544
https://doi.org/10.3389/fmicb.2022.800981
https://doi.org/10.3389/fmicb.2022.800981
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1073/pnas.1816430116
https://doi.org/10.1093/bioinformatics/btt476

	Lifestyle changes in Botryosphaeriaceae as evidenced by ancestral genome expansion and horizontal gene transfer
	Abstract
	Introduction
	Materials and methods
	Strains, genome sequencing, and assembly
	Genome annotation and gene prediction
	Gene functional annotation
	Detoxification-related gene prediction
	Genomic data collection
	Phylogenomic analyses
	Gene family expansion and contraction analyses
	Transcriptomic sequencing
	Horizontal gene transfer analysis

	Results
	Genome assembly of four Botryosphaeriaceae genomes
	Widespread gene family expansion before the divergence of Botryosphaeriaceae genera
	Expansion of putative pathogenicity-related genes in Botryosphaeriaceae
	Expansion of iron detoxification genes in Botryosphaeriaceae
	Expansion of phenolic degradation genes in Botryosphaeriaceae
	Genome expansion in Botryosphaeriaceae contributed to plant–pathogen interactions
	Ancient intra-kingdom horizontal gene transfer in Botryosphaeriaceae
	Horizontal gene transfers contributed to the expansion of pathogenicity-related genes and detoxification systems in Botryosphaeriaceae

	Discussion
	Acknowledgements 
	References




