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SUMMARY

Following earlier incomplete and fragmented versions of a

genome sequence for the grey mould Botrytis cinerea, a gapless,

near-finished genome sequence for B. cinerea strain B05.10 is

reported. The assembly comprised 18 chromosomes and was

confirmed by an optical map and a genetic map based on

approximately 75 000 single nucleotide polymorphism (SNP)

markers. All chromosomes contained fully assembled centromeric

regions, and 10 chromosomes had telomeres on both ends. The

genetic map consisted of 4153 cM and a comparison of the

genetic distances with the physical distances identified 40 recom-

bination hotspots. The linkage map also identified two muta-

tions, located in the previously described genes Bos1 and

BcsdhB, that conferred resistance to the fungicides boscalid and

iprodione. The genome was predicted to encode 11 701 proteins.

RNAseq data from >20 different samples were used to validate

and improve gene models. Manual curation of chromosome 1

revealed interesting features, such as the occurrence of a dicis-

tronic transcript and fully overlapping genes in opposite orienta-

tions, as well as many spliced antisense transcripts. Manual

curation also revealed that the untranslated regions (UTRs) of

genes can be complex and long, with many UTRs exceeding

lengths of 1 kb and possessing multiple introns. Community

annotation is in progress.

Keywords: genetic map, grey mould, optical map, SMRT

sequencing.

INTRODUCTION

The rapid development of sequencing methodology has resulted

in an overwhelming increase in genome sequence information

for many biological systems. Sanger sequencing methodology

has been in vogue for over two decades (1985–2010), and was

gradually replaced in the early 21st century by 454 and Illumina

technologies, which have become increasingly affordable in the

past decade. More recently, third-generation sequencing meth-

ods have been introduced and their data quality has increased

with a concomitant price reduction. These developments have

prompted biologists in many disciplines to sequence the

genome of their favourite organism(s) de novo, or to increase

the quality of existing data with the ultimate goal to close the

existing gaps and obtain a truly finished genome sequence

(Thomma et al., 2016).

Fungi act as saprotrophic biomass decomposers, pathogens

and mutualistic symbionts, and numerous fungal species are of

medical, agricultural or industrial relevance. Fungi are attractive

organisms to study because of their haploidy (in particular the

phylum Ascomycota), genetic tractability and generally small

genome size, associated with limited repeat content. To further

facilitate research into fungal biology and evolution, an initiative

to sequence 1000 genomes from species across the fungal tree of

life is currently ongoing (Spatafora et al., 2013).

Botrytis cinerea is a necrotrophic plant-pathogenic fungus

from the class Leotiomycetes, family Sclerotiniaceae, which infects

at least 1400 plant species (Elad et al., 2015), including many

crops of economic importance (Dean et al., 2012; Williamson

et al., 2007). The fungus not only exploits the plant programmed

cell death machinery to cause infection on vegetative host tissues,

but also affects flowers and fruit (van Kan, 2006; Williamson

et al., 2007). There is recent evidence that B. cinerea can also
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systemically colonize plants without causing disease symptoms

(van Kan et al., 2014; Sowley et al., 2009). Disease control by fun-

gicides is common practice, but there is increasing concern about

fungicide resistance development in the Botrytis population

(Hahn, 2014; Leroch et al., 2013). Botrytis cinerea was ranked as

the second most important plant-pathogenic fungus, based on sci-

entific and economic significance (Dean et al., 2012), and has

become one of the most extensively studied necrotrophic plant

pathogens. There are many studies on the functional roles of

genes in virulence, development, metabolism, signalling and fun-

gicide resistance. Such studies rely on accurate gene models and

expression information, and are strongly facilitated by the avail-

ability of genome sequences.

First draft versions of the genome sequences of two B. cinerea

strains were based on Sanger sequencing data with only approxi-

mately 5–103 coverage (Amselem et al., 2011). In spite of the

extensive biological information gained from detailed annotation

(Amselem et al., 2011), the incompleteness of the genome

sequence and the inaccuracy of gene models merited the genera-

tion of improved draft versions based on Illumina data (Staats and

van Kan, 2012). However, the growing B. cinerea research com-

munity, as well as the fungal community and industrial parties

involved in the development of grey mould control measures,

would benefit from access to a finished genome for at least one

strain that can serve as a reference for future research. We report

here the use of novel sequence data, partially derived from third-

generation sequencing platforms, an optical map and a genetic

map, to generate a gapless, near-finished genome assembly of B.

cinerea isolate B05.10.

RESULTS

Genome sequences that are derived only from the assembly of

sequence reads potentially suffer from errors, especially around

regions with repetitive sequences. This is also true for earlier ver-

sions of B. cinerea genome assemblies (Amselem et al., 2011;

Staats and van Kan, 2012). In addition to using novel sequencing

data, we employed physical and genetic maps to provide support

for de novo genome assemblies.

Optical map of strain B05.10

An optical map of B. cinerea strain B05.10 was constructed using

the restriction enzyme BstEII. The finished optical map comprises

18 chromosomes (Fig. S1, see Supporting Information) with a

length of 42.9 Mb and an average 903 genomic coverage (Table

1). Two small chromosomes (250 and 210 kb) showed lower cov-

erage, possibly as a result of the parameters set for optical map-

ping (optical contig size cut-off of 200 kb, in combination with a

small number of BstEII restriction sites, leading to larger than

normal optical fragment sizes).

Genetic linkage map

Botrytis cinerea field isolate 09Bc11, carrying resistance to several

fungicides, was sequenced with Illumina methodology, yielding

503 genomic coverage. Mapping reads on the improved draft (v2)

genome of B05.10 (Staats and van Kan, 2012) identified >200 000

single nucleotide polymorphisms (SNPs) between B05.10 and

09Bc11. A cross was performed between 09Bc11 (as maternal par-

ent) and B05.10, and ascospores were collected. Germlings of 70

Table 1 Comparison of the optical map with the sequence assembly.

Chromosome Optical length (kb) Optical coverage Average optical fragment size (kb) Assembly length (kb) 50-telomere 30-telomere Comment

1 4068 107 12.3 4109 �* �

2 3264 97 12.2 3341 � �

3 3208 90 12.3 3227 � �

4 3055 138 10.3 2472 580† � rDNA repeat
5 2965 107 13.6 2959 50† 22†

6 2657 91 13.9 2726 � �

7 2632 103 12.7 2652 28† �

8 2617 92 13.7 2617 � �

9 2516 88 13.5 2548 25† �

10 2421 91 12.5 2419 � 42†

11 2327 83 13.1 2360 25† �

12 2322 101 12.8 2353 � �

13 2233 110 13.1 2258 � �

14 2156 117 12.6 2138 32† �

15 2015 81 12.3 2028 � �

16 1967 97 12.4 1970 � 43†

17 250 12 22.7 247 � �

18 210 32 17.5 209 � �

*Telomeric repeat present in assembly.
†Approximate length (in kb) of telomeric sequence missing from the assembly, as estimated from the optical map.
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ascospore progeny were cultured and their DNA was isolated and

sequenced individually at approximately 403 coverage. Analysis of

the segregation of SNP alleles revealed that three progeny had

identical alleles to one of the parents, probably resulting from the

contamination of asexual conidia in the ascospore suspension; data

from these non-recombinants were eliminated from linkage analy-

ses. Two recombinant progeny had identical allele patterns; one

was eliminated from linkage analyses.

Filtering of SNPs yielded 2062 marker groups, which were

used to calculate a genetic map with 18 linkage groups. Fifteen

linkage groups [including LG13, 5 chromosome 2 (Chr2); Fig. 1]

were as expected. The map, however, provided evidence for a

translocation: LG1 (Chr6) appeared to be a merging of LG10 and

LG8, with a genetic distance of 34 cM between markers C06-024

(the last marker on LG10) and C06-26 (the first marker on LG8).

These markers were located on the same contig in the improved

draft (v2) assembly of strain B05.10 (Staats and van Kan, 2012) at

a distance of 43 kb. These observations are consistent with the

existence of a translocation in isolate 09Bc11 between markers

C06-024 and C06-026. The other breakpoint of the translocation

was on LG11 (Chr1).

Resequencing strain B05.10

Strain B05.10 has been sequenced previously using Sanger (v1;

Amselem et al., 2011) and Illumina (v2; Staats and van Kan,

2012) methodology. In order to obtain higher coverage and better

scaffolding, the Illumina read data (175-nucleotide paired-end and

3.5-kb mate pair libraries) used by Staats and van Kan (2012)

were combined with new 10-kb mate pair reads and assembled.

The assembly yielded 128 scaffolds with a length of 42 Mb, with

an N50 of 2.44 Mb. Comparison of the genetic map with the order

of marker groups on the assembly identified incongruences in the

assembly. Such regions were manually split, reassembled and vali-

dated by inspecting the mapping of paired-end reads over the

merged region. Gap closure was performed using previously avail-

able Sanger reads (Amselem et al., 2011). The manually adjusted

assembly of 41.5 Mb still had approximately 100 gaps (>20

nucleotides) and approximately 1000 ambiguous base calls in

low-repetitive regions. In order to further close gaps and include

telomeric regions in the assembly, single-molecule real-time

(SMRT) sequencing and a de novo assembly were performed and

yielded 123 contigs, which could be merged and integrated into

18 chromosomes, based on comparison with the optical map and

alignment with the above Illumina-based assembly. Nine short

contigs (<50 kb) containing telomeric repeats on one end

remained unassigned to chromosomes, because they did not con-

tain sufficient unique sequences to be connected to specific subte-

lomeric regions. The rDNA repeat appeared to be incorrectly

assembled and was manually adjusted.

Mapping Illumina reads (from RNA and genomic DNA) on the

PacBio consensus assembly revealed approximately 450 indels

generated by the assembly software. On correction of the indels,

the final assembly consisted of 18 chromosomes lacking internal

gaps, with a total length of 42.6 Mb (containing a single copy of

the rDNA unit at the start of Chr4). Chr17 and Chr18 are very

small, 247.2 and 208.8 kb, respectively.

To ascertain that the assembly did not contain erroneously joint

contigs, an in silico digest of the assembly was aligned to the optical

map (Fig. S1). Figure 2 shows a summary of the results for three

chromosomes that are representative of the dataset. In ten

Fig. 1 Linkage map for a subset of the 18 identified linkage groups (LGs). LG13 (chromosome 2, Chr2) shows normal linkage patterns. The top arm of LG1 (Chr6) is

identical to LG10, whereas the rest of LG1 is identical to LG8, indicative of a translocation.
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chromosomes (including Chr1), the optical map was congruent with

the assembly over their entire length, including telomeric regions.

The optical map of Chr4 was 580 kb longer than the assembly at its

50-end. The rDNA repeat is present in a single unit in the assembly;

however, the repetitive restriction pattern in the optical map is indic-

ative of additional rDNA copies at the beginning of Chr4. The optical

map of Chr5 was in agreement with the assembly, except for the

absence of telomeric repeats at both ends (Fig. 2). Six other chromo-

somes contained a telomeric repeat at one end, but lacked one at

the other end. The estimated lengths of sequences missing from the

assembly at telomeres range between 22 and 50 kb (Table 1), bring-

ing the length of missing sequence to 847 kb (267 kb for telomeric

regions and 580 kb for rDNA repeats).

From the lack of internal gaps, we infer that all chromosomes

contain fully assembled centromeric regions. Assuming that cen-

tromeres in filamentous fungi contain >20 kb of sequence, are

devoid of genes and remain untranscribed (Smith et al., 2012),

the positions of centromeres can be proposed for 17 chromo-

somes (Table S1, see Supporting Information). Chr1 has two

regions that might fulfil the criteria for centromeres (Fig. S2, see

Supporting Information).

Analysis of meiotic progeny

The sequence reads of progeny from the cross between strains

09Bc11 and B05.10 were mapped onto the assembly. Read cover-

age over entire chromosomes was normalized and plotted for

each individual (Fig. 3). For Chr1–16, the reads per kilobase per

million (RPKM) values per chromosome were around 24 in nearly

all cases, with two exceptions. First, for Chr4, the RPKM value

was around 30 for all progeny. This was caused by the single copy

of the rDNA repeat at the 50-end of Chr4 (not shown), on which

many mapped reads collapsed. Second, one single individual

among the progeny (NGS0171-046L10) showed an RPKM value of

approximately 30 for Chr1, whereas the RPKM value for other

chromosomes in this progeny was normal (�24). Further explora-

tion of the read mapping depicting the coverage over Chr1 in this

individual did not provide an explanation for this observation.

Chr18 of strain B05.10 was lacking entirely in strain 09Bc11;

hence, half of the progeny from the cross between these isolates

did not contain any sequences derived from Chr18. Remarkably,

however, the coverage of sequences derived from Chr17 and

Chr18 varied between progeny and was often much lower when

compared with the read coverage for ‘core’ chromosomes Chr1–

16. For Chr17 and Chr18, some progeny showed RPKM values of

five, whereas other progeny had values around 20 (Fig. 3).

Mapping of fungicide resistance loci

The strains used in the cross, 09Bc11 and B05.10, differ in fungicide

sensitivity patterns. Strain 09Bc11 is resistant to boscalid and ipro-

dione, whereas B05.10 is sensitive to both fungicides. To evaluate

the mapping resolution achievable by the full progeny sequencing

approach for independent loci, 67 sexual progeny of the cross

between 09Bc11 and B05.10 were phenotyped on boscalid and ipro-

dione. Resistant alleles segregated in a Mendelian 1 : 1 manner in

the offspring (30R and 37S to iprodione; 37R and 30S to boscalid).

Linkage was determined between fungicide resistance traits and

SNP alleles (Fig. 4). Boscalid resistance fully co-segregated (at a fre-

quency of >97%) with a single non-synonymous SNP allele that

mapped to Chr1 around position 1 800 000, whereas iprodione

resistance co-segregated (at a frequency of >97%) with 16 non-

Fig. 2 Examples of alignments between the optical map (orange, top) and the in silico digest of the sequence assembly (grey, bottom) for three selected

chromosomes. Each vertical line reflects the presence of a BstEII restriction site, either experimentally determined (optical map) or predicted from the assembly. The

red boxes highlight regions in the optical map which are not represented in the sequence assembly.
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synonymous SNP alleles on Chr1 around position 2 200 000. Further

examination of these regions showed that boscalid and iprodione

resistance were caused by the known H272R mutation in the succi-

nate dehydrogenase gene BcSdhB (Leroux et al., 2010) and the

known I365S mutation in the histidine kinase gene Bos1 (Leroux

et al., 2002), respectively.

Recombination rates

Using the final assembly of strain B05.10 as a reference, SNPs

between B05.10 and 09Bc11 were re-calculated. The average

frequency of SNPs over the entire genome was 1 in 150 bp. The

distribution of SNPs between B05.10 and 09Bc11 along the chro-

mosomes was heterogeneous: there were very long regions with

only few SNPs and other regions with a high density of SNPs (Fig.

5). Approximately 75 000 SNPs that could be mapped unambigu-

ously were used to construct a high-confidence, high-density link-

age map. The genetic map had a cumulative length of 4153 cM

and the ratio of physical versus genetic distance ranged from 7.8

kb/cM (Chr6) to 11.6 kb/cM (Chr2), with a genome-wide average

of 10 kb/cM. A genetic distance of 1 cM corresponded to a physical

distance ranging from 0 to 138 kb. The linkage map identified 40

Fig. 3 Reads per kilobase per million (RPKM) values for a subset of chromosomes in sexual progeny from the cross 09Bc11 3 B05.10. Each panel depicts RPKM

values (y-axis) over one entire chromosome (indicated by their number) in 70 individual progeny as well as parental isolate 09Bc11. Each isolate is represented by

one vertical bar in the graph, with isolate 09Bc11 on the extreme right. Plots for chromosomes 5–16 (Chr5–16) look similar to those for Chr2 and Chr3.
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Fig. 4 Mapping of two fungicide resistance loci to chromosome 1 (Chr1). The x-axis represents sequence assembly coordinates. The y-axis represents the

subtraction of frequencies at which a single nucleotide polymorphism (SNP) is found in respective fungicide resistant (R) minus sensitive (S) bulk. Frequencies were

calculated for each position in the R or S bulk using the formula: total number of reads representing the SNP at position/total number of reads covering the position

in bulk. The y value for any SNP position can vary between zero for unlinked positions to 11 for positively linked positions (SNP linked to resistance) or to 21 in the

case of a negative linkage (SNP linked to sensitivity). Blue circles represent synonymous SNPs or SNPs outside coding sequences and green circles represent non-

synonymous SNPs, exclusively. Red circles represent the SNPs that confer resistance. (A) Mapping of the boscalid resistance locus. (B) Mapping of the iprodione

resistance locus.
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regions (between one and four per chromosome) with high recom-

bination rates (Figs 5 and S2). These regions were, with two excep-

tions, located at least 200 kb away from telomeric regions,

whereas several recombination hotspot regions were adjacent to

the centromeres, as in Chr2, 11, 14, 15 and 16 (Fig. S2). Regions

with high recombination rates were not preferentially associated

with the presence of transposable elements: only two of the 40

regions with high recombination rates contained a known transpos-

able element (Table S2, see Supporting Information).

Gene prediction and annotation

Gene prediction was performed through an integration of tools,

with support from intron hints derived from a pool of RNAseq

data from biological samples representing conidia, mycelium, scle-

rotia, apothecia, ascospores and infected tomato tissues. Gene

models corresponding to known transposable elements were iden-

tified by BLAST analysis with the transposons reported by Amselem

et al. (2011), and were removed. There were, in total, 11 701 pre-

dicted genes. An estimate of the quality of the prediction was

Fig. 5 Relationship between

physical and genetic distances for

chromosomes 2 and 15 (Chr2 and

Chr15). The x-axis displays the

genetic distance in centimorgan

(cM) and the y-axis displays the

chromosome coordinates in base

pairs (bp). The correlation between

physical and genetic distances and

the correlation coefficient are given

in the top right-hand corner of the

graph. Each blue diamond

represents a marker group [cluster

of single nucleotide polymorphisms

(SNPs) fully co-segregating in all

progeny]. The green hatched arrow

indicates the approximate position

of the centromere. Black arrows

indicate regions with high

recombination rates.
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obtained by manual curation of all gene models in Chr1, as well

as a subset of gene models in other chromosomes. Of 1153 cod-

ing sequences analysed on Chr1, 1037 appeared to be entirely

correctly predicted with respect to the translation start and termi-

nation sites, as well as splice junctions. The majority of errors (59)

were caused by incorrect translation start site selection, whereas

41 gene models suffered from improper prediction of at least one

(often non-canonical) splice junction. Such errors were manually

corrected. A total of 181 genes on Chr1 possessed splice variants

that represent a substantial proportion of the mRNA population

for that specific gene.

Among the B. cinerea virulence factors that have been exten-

sively studied are secondary metabolite gene clusters involved in

the production of the phytotoxic compounds botrydial and botcinic

acid. Strain B05.10 produces botrydial (Dalmais et al., 2011;

Pinedo et al., 2008), yet neither the draft genome sequence

(Amselem et al., 2011) nor the improved draft (Staats and

van Kan, 2012) contained an intact botrydial gene cluster. The

gapless assembly contains an intact botrydial gene cluster

(Bcin12g06370–Bcin12g06410), flanked by two repetitive regions

of approximately 10 kb each. Furthermore, the botcinic acid bio-

synthetic genes, previously reported to be in separate clusters

(Dalmais et al., 2011), were located at the 50-end of Chr1, with 16

kb of repetitive sequences separating the previously identified

clusters. BcBOA1 is the first gene on Chr1 and is located only 5.5

kb from the telomeric repeat. Expression data suggest that the

cluster contains only 13 genes (Bcin01g00010–Bcin01g00130,

previously annotated as BcBOA1–13) based on co-expression in

most samples (not shown). Gene models Bcin01g00140 and

Bcin01g00150 (BcBOA15 and BcBOA16) are pseudogenes,

whereas Bcin01g00160 (BcBOA17) has an expression profile very

different from Bcin01g00010–Bcin01g00130.

Manual curation of Chr1 led to a number of further observa-

tions. There is one example of a transcript containing two predicted

open reading frames (ORFs) that are translated from a single tran-

script. The ORF encoding the arginine-specific carbamoyl phosphate

synthase small subunit (CarA, Bcin01g06930) is preceded by a

short upstream ORF of 24 amino acids, which is a member of the

Leader Carboxypeptidase A1 (CPA1) superfamily (described in Sac-

charomyces cerevisiae, Neurospora crassa and other filamentous

fungi). These peptides are involved in the translational control of

carbamoyl phosphate synthase biogenesis (Wang and Sachs, 1996;

Wang et al., 1998, 1999). In B. cinerea, there are 59 nucleotides

between the stop codon of the leader peptide and the start codon

of the carbamoyl phosphate synthase ORF.

Gene model Bcin01g02590 (encoding a protein of 100 amino

acids) is entirely located inside a long intron in Bcin01g02580,

and is supported by RNAseq. Gene model Bcin01g03590.3 has a

non-canonical 30-splice junction GT. . .AT, confirmed by RNAseq

data, a complex splicing pattern and unusual coverage in the 50-

untranslated region (50-UTR). Gene models Bcin01g04940 and

Bcin01g04941, as well as Bcin01g06680 and Bcin01g06690, are

overlapping over their entire length in opposite orientations.

The lengths of 50-UTRs of the gene models in Chr1 ranged

from 26 to 1869 nucleotides, with a mean length of 290 nucleo-

tides. The lengths of 30-UTRs of the gene models in Chr1 ranged

from 26 to 1446 nucleotides, with a mean length of 310 nucleo-

tides. There are 14 genes on Chr1 which appear to have at least

two introns in their 50-UTR, and 25 genes with a 50-UTR of at least

1000 nucleotides in length (Table S3, see Supporting Information).

There are also 30 genes for which there is evidence for antisense

spliced RNAs which overlap the coding sequence of the gene

(Table S4, see Supporting Information).

Validation

The genome assembly of strain B05.10 and the quality of the pro-

posed gene models were validated by several methods. First,

alignments between optical contigs and in silico maps (Fig. S1)

derived from the 18 assembled chromosomes were highly congru-

ent: >99% of fragments aligned over their entire length, including

putative centromeric regions. Second, the final assembly was

totally congruent with the linkage map. Third, to assess the com-

pleteness of the assembled gene space, we searched for ortho-

logues of core eukaryotic genes using the CEGMA pipeline and

identified 98.8% of the CEGMA core genes in the final genome

assembly as being completely or partially present (Table 2). The

three KOGs that were not detected by CEGMA appeared to be

present in B. cinerea and those genes were complete, suggesting

a sensitivity problem of the CEGMA pipeline.

The quality of gene models was explored by comparing the

identification of tryptic peptides in the predicted proteome of

three different versions of the B05.10 genome. A sample of solu-

ble proteins from mycelium was digested with trypsin, and the

peptides were separated by iso-electric focusing and analysed by

nano-liquid chromatography-mass spectrometry (NanoLC-MS).

Peptide masses were matched with in silico tryptic digests of

Table 2 Statistics of the completeness of the Botrytis cinerea B05.10 genome

based on 248 core eukaryotic genes (CEGs).

No. of proteins Completeness (%) Total no. Average Ortho (%)

Complete 238 96.0 259 1.09 8.0
Group 1 62 93.9 68 1.10 6.4
Group 2 53 94.6 58 1.09 9.4
Group 3 59 96.7 64 1.08 8.5
Group 4 64 98.5 69 1.08 7.8

Partial 245 98.8 276 1.13 10.6
Group 1 65 98.5 71 1.09 6.2
Group 2 55 98.2 63 1.15 14.6
Group 3 60 98.4 68 1.13 11.7
Group 4 65 100 74 1.14 10.8
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entire proteomes predicted on the earlier versions of the B05.10

genome (v1 and v2) and the proteome predicted on the current,

gapless genome (v3), as well as on a six-frame translation of the

v3 genome assembly (Table 3). The number of proteins and pep-

tides that were identified was substantially higher for the v3 pro-

teome when compared with the earlier versions (Fig. 6). About

504 peptides could be detected in v3, which were not identified in

v1 or v2. The 54 peptides that were uniquely identified in v1, but

not in v2 and v3, were manually checked in order to verify

whether any gene models present in v1 were overlooked in v3.

The majority of these peptides were, in fact, present in proteins

predicted in v3, but remained undetected because of their low

Mascot scores. Only 10 of the 54 peptides specifically matching

the v1 proteome corresponded to proteins that were missing or

truncated in the v3 gene prediction.

SNP analysis of evolutionary pressure on coding

sequences

SNP analysis between strains B05.10 and 09Bc11 was car-

ried out to search for gene functions that might be under

positive selection. The dN/dS ratio was calculated using

PAML and the 10% of genes with the highest ratios were

considered as potentially under evolutionary selection. This

gene set did not show a significant over-representation of

gene ontology terms or over-representation of putatively

secreted proteins.

DISCUSSION

A combination of existing and new sequence data from Illumina

and PacBio technology, supported by an optical map and a link-

age map, was used to generate a near-finished, gapless assembly

of the genome of B. cinerea, considered to be among the most

important plant-pathogenic fungi in terms of economic and scien-

tific relevance (Dean et al., 2012). Isolate B05.10 is the most fre-

quently used strain in molecular genetic studies on the virulence

and developmental biology of this species (Antal et al., 2012; Can-

essa et al., 2013; Gonzalez et al., 2013; Gronover et al., 2005; van

Kan et al., 1997; Rui and Hahn, 2007; Schumacher et al., 2014;

Simon et al., 2013; Stefanato et al., 2009; Turrion-Gomez et al.,

2010; Viefhues et al., 2014; Weiberg et al., 2013).

Neither of the sequencing methods alone sufficed to generate

an assembly of the quality that was obtained when combing Pac-

Bio with optical and linkage mapping. The PacBio assembly pro-

cess resulted in the lowest number of contigs, but introduced

several hundred indels, which caused inadvertent frameshifts in

approximately 100 bona fide coding sequences (not shown). The

assembly of Illumina sequence reads, even when performed with

data from three different sized libraries (175 nucleotides, 3.5 and

10 kb), resulted in 100 gaps and approximately 1000 ambiguous

base calls in low-repetitive sequences, and failed to include the

majority of telomeric regions. Neither of the assembly methods

alone could have included as many telomeric regions if they had

not been supported by the optical map and linkage map. These

observations concur with previous work on other filamentous

pathogens with similar genome size and repeat content. De novo

PacBio assemblies or assemblies that combine PacBio data with

Illumina data, albeit often able to resolve chromosomes, are gen-

erally insufficient to generate gapless, near-complete genome

assemblies without the use of optical mapping (Faino et al., 2015;

Seidl et al., 2015). The genome assembly of B. cinerea presented

here still contains nine unplaced contigs that represent telomeric

regions which could not confidently be anchored, because of the

lack of conspicuous, unique sequences that would allow them to

be assigned to a specific chromosome. Therefore, the present

assembly is gapless, but should be considered as near-finished.

The assembly comprises 18 contigs, 10 of which represent full

chromosomes from telomere to telomere. The rDNA repeat is

located at the beginning of Chr4. A single B. cinerea rDNA repeat

unit is 9.0 kb in length and, from the size of sequences missing in

the assembly (580 kb, as judged from the optical map), we

Fig. 6 Validation of gene predictions by proteome analysis. The numbers in

the Venn diagram represent the numbers of peptides (derived from tryptic

digests of soluble mycelium proteins) mapping to the three versions of the

predicted proteome of Botrytis cinerea B05.10.

Table 3 Number of proteins and peptides, as identified by mass spectrome-

try, matching the predicted proteomes of three different versions of the Botry-

tis cinerea genome, the pool of all three predicted proteomes and the six-

frame translation of the gapless assembly.

Protein IDs Peptide IDs

v1 gene models 3405 17 057
v2 gene models 3195 16 664
v3 gene models 3560 19 363
v1 1 v2 1 v3 combined 3629 19 594
v3 six-frame translation 2239 14 769
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conclude that there are approximately 65 copies of the rDNA

repeat in the B. cinerea genome. This is in line with the number of

rDNA copies in ascomycete genomes, which has been reported to

range from 45 to 150 (Ganley and Kobayashi, 2007). In addition

to the rDNA repeats, eight telomeric regions that are missing in

the assembly cover approximately 267 kb of sequence, which

brings the entire genome size of B. cinerea B05.10 to 43.5 Mb.

We propose the approximate position for the centromeric regions

in 17 of the 18 chromosomes, but their exact locations and

lengths remain to be confirmed by chromatin immunoprecipitation

sequencing (CHIPseq), as carried out in other filamentous fungi

(Smith et al., 2012).

The genome contains two mini-chromosomes of 247 and 209

kb, respectively. Cytological studies by Shirane et al. (1989) on

five Botrytis species indicated that four species analysed, including

B. cinerea, contained 16 chromosomes, whereas the hybrid spe-

cies B. allii contained 32 chromosomes. In addition, Sclerotinia

sclerotiorum, the closest relative of B. cinerea for which a genome

sequence is available, has been reported to possess 16 chromo-

somes (Amselem et al., 2011). However, karyotype analysis by

CHEF (contour-clamped homogeneous electrical field) gel electro-

phoresis of five B. cinerea isolates (not including B05.10) revealed

the presence of one to three mini-chromosomes with sizes ranging

from 0.22 to 0.58 Mb (van Kan et al., 1993), similar to the small

chromosomes observed in isolate B05.10. Such molecules are too

small to be detected by standard microscopy as performed by Shir-

ane et al. (1989).

Chr18 of strain B05.10 appeared to be lacking in strain

09Bc11; hence, half of the progeny from the cross between these

two isolates did not contain any sequences derived from Chr18.

Strikingly, however, the coverage of sequences derived from

Chr17 and Chr18 in meiotic progeny was often lower when com-

pared with the read coverage for ‘core’ chromosomes. Some prog-

eny showed only approximately 25% of the read coverage for

Chr17 and Chr18 when compared with other progeny, whereas

the read coverage for Chr1–16 was even across all progeny. This

can partly be explained by the high diversity between the parents

for these chromosomes. The mapping of sequence reads from

strain 09Bc11 onto B05.10 Chr17 showed a patchy pattern, with

regions lacking mapped reads interspersed with regions showing

properly mapped reads, suggesting a quite different architecture

of the Chr17-derived sequences in strain 09Bc11. Progeny that

inherit the 09Bc11 chromosome are therefore expected to have a

lower read coverage. In addition, these mini-chromosomes may

be mitotically unstable, for instance as a result of non-disjunction

during mitosis resulting in lower coverage from the culture of

genetically heterogeneous mycelium. Previous experiments identi-

fied non-Mendelian segregation of B. cinerea mini-chromosomes

in meiosis. A clone derived from a 0.22-Mb mini-chromosome in

strain SAS56 (van Kan et al., 1993) was used as probe in dot blot

hybridizations to examine mini-chromosome inheritance in four

complete tetrads sampled from a cross between isolates either

carrying (SAS56) or lacking (Bc29) this mini-chromosome. In two

of the four tetrads analysed, DNA from all eight single ascospore

progeny hybridized to the mini-chromosome-specific probe,

whereas the other tetrads showed a 4 : 4 segregation of hybrid-

ization signal (T. W. Prins and J. A. L. van Kan, unpublished data),

which could be indicative of non-disjunction for these chromo-

somes during meiosis.

The two mini-chromosomes contain only few predicted genes

(18 and 14 genes, respectively), most of which have no similarity

to known proteins and are poorly supported by RNAseq evidence

(not shown). Three genes on Chr17 (Bcin17g00020–

Bcin17g00040) have orthologues in Sclerotinia sclerotiorum Chr1

(SS1G09724–SS1G09722); the remainder of Chr17 has no homol-

ogy to S. sclerotiorum. Botrytis cinerea Chr18 has no homology to

S. sclerotiorum whatsoever. There are several examples of plant-

pathogenic fungi possessing accessory chromosomes (e.g. Fusar-

ium oxysporum, Nectria haematococca) which contain large sets

of genes that are important for pathogenesis (Coleman et al.,

2009; Ma et al., 2010). The relevance of the two B. cinerea mini-

chromosomes in virulence is not obvious from their sequence or

the nature of the genes that they harbour, especially when consid-

ering the complete absence of Chr18 from strain 09Bc11. The

large diversity in sequence coverage for Chr17 and Chr18, and,

especially, the very low coverage observed in some progeny,

raises the question of how such seemingly unstable chromosomes

are retained at all.

The genetic linkage map not only provided a robust tool to

anchor, correct and validate the sequence assembly, but also

yielded evidence for a translocation between strains B05.10 and

09Bc11, between Chr1 and Chr6. In addition, the linkage map

provided insight into the correlation between the genetic and

physical distances. The recombination rate in the cross varied

between chromosomes, and ranged from 86 to 128 cM/Mb, which

is on the same order of magnitude as in Zymoseptoria tritici (Croll

et al., 2015). Several recombination hotspots were detected: in

some cases, the physical distance between markers that were

10 cM apart was only a few kilobases, whereas, in other cases,

regions were identified that spanned many dozens of kilobases,

yet did not show a single recombination event. The regions with

high sexual recombination rates were not located close to telo-

meres, as reported for Z. tritici (Croll et al., 2015), nor were they

preferentially associated with the presence of transposable ele-

ments. With the full genome sequence of both parents available,

it would be interesting to explore the underlying drivers of varia-

tions in recombination frequencies.

The quality of the present genome assembly and the predicted

proteins was assessed by peptide identification of a soluble myce-

lial protein sample. The number of proteins identified in the v3
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proteome was 3560, reflecting one-third of the total (predicted)

gene products encoded in the B. cinerea genome in a single pro-

tein sample. It is likely that the analysis of protein extracts from

additional tissue types (conidia, sclerotia, apothecia) or the use of

different sampling methods (e.g. for membrane-bound proteins)

would further increase the number of proteins identified. The

number of detected peptides matching the predicted proteins in

the three versions of the genome reflected the quality of the

genomes and their gene models. The v1 draft genome with 10%

Ns contained the highest number of predicted proteins (16 448),

approximately 2800 of which were considered to be spurious

(Amselem et al. 2011). Less than 50% of the 13 664 ‘high-

confidence’ v1 gene models were completely correct (J. A. L. van

Kan, unpublished data). The improved draft assembly was more

concordant (fewer scaffolds and only 1% Ns), but the number of

peptides matching the predicted proteins of v2 was even lower

than for v1, because the gene prediction for v2 was imprecise,

leading to an underestimation of the predicted v2 proteome by

about 10% (not shown). The present v3 proteome lacks only very

few bona fide gene models that were identified in the soluble pro-

teome analysis.

Manual inspection and curation of all gene models on Chr1

have already resulted in the correction of several incorrect gene

predictions and revealed features for which the biological

relevance remains to be explored: the occurrence of extremely

unusual splice junctions that are clearly spliced efficiently; two

regions in which gene models overlap over their entire length in

opposite strands; the presence of spliced antisense RNAs overlap-

ping coding sequences; and 50-UTRs containing multiple introns,

some with lengths beyond 1000 nucleotides. A community cura-

tion effort is ongoing to curate gene models on all chromosomes,

culminating in further improvement of gene models and a

genome-wide overview of the occurrence of such unusual gene

structures, which may generate novel biological questions. Results

of the community curation will be shared through the Ensembl-

Fungi platform (http://fungi.ensembl.org/Botrytis_cinerea/) as they

become available. The annotation of repetitive sequences and

transposable elements (Amselem et al., 2015) will result in a bet-

ter understanding of the dynamics of these elements, and unveil

their contribution to the production of small effector RNAs that

are capable of modulating the plant immune response (Weiberg

et al., 2013).

The present genome assembly will serve as a valuable refer-

ence for comparison with other B. cinerea isolates, as well as

related taxa. Several projects are ongoing to explore the diversity

between B. cinerea and its close relatives (M. Hahn, University of

Kaiserslautern, Germany, personal communication), more distant

Botrytis species (J. A. L. van Kan, unpublished data) and members

of the Sclerotiniaceae (J. Rollins, University of Florida, Gainesville,

USA, and L. M. Kohn, University of Toronto, Canada, personal

communication; R. Oliver, Curtin University, Australia, personal

communication). Finally, this gapless reference genome can be

considered as an essential milestone towards more systematic

functional genomics in B. cinerea. This may become particularly

relevant in the context of the fast development of genome editing

techniques in multiple biological systems, including filamentous

fungi (Arazoe et al., 2015; Nødvig et al., 2015).

EXPERIMENTAL PROCEDURES

Chromosomal DNA extraction and optical map data

acquisition

Botrytis cinerea protoplasts were embedded in 0.5% low melting temper-

ature agarose gel inserts (Schwartz and Cantor, 1984), and then lysed

using 0.5 M ethylenediaminetetraacetic acid (EDTA), 1% lauroyl sarcosine,

2 mg/mL proteinase K, 1 M NaCl, pH 9.5, for two 24-h incubations at

50 8C. Then, the DNA gel inserts were washed overnight in TE [10 mM

tris(hydroxymethyl)aminomethane (Tris), 1 mM EDTA, pH 8.0], melted at

72 8C for 7 min, followed by the addition of b-agarase (100 mL of TE 1 1

Unit b-agarase; New England Biolabs, Ipswich, MA, USA), and incubated

at 42 8C for 2 h. Dilutions were made with TE to ensure minimal crowding

of molecules on optical mapping surfaces. Bacteriophage T3 DNA was

added (10 pg/mL) as internal size standard. Samples were mounted onto

an optical mapping surface and examined by fluorescence microscopy to

check integrity and concentration. DNA molecules were mounted onto

optical mapping surfaces using a silicone microchannel device (Dimalanta

et al., 2004; Zhou et al., 2007) for the generation of single-molecule

image datasets, which were automatically processed using a pipeline

(Teague et al., 2010) that constructed approximately 140 000 Rmaps

(cleaved by BstEII). The Rmap (single-molecule restriction maps) dataset

was approximately 38.5 Gb, representing approximately 9073 coverage

of the B. cinerea genome.

Optical map de novo assembly and comparisons with

sequence scaffolds

An optical map spanning the entire genome was assembled using the

Optical Mapping System (Dimalanta et al., 2004; Teague et al., 2010;

Zhou et al., 2007). The previously described Rmap dataset was clustered

using a k-mer hash to approximate a De Bruijn graph algorithm. Each of

the clustered Rmaps was independently assembled using the optical map

assembler (Valouev et al., 2006a,b, c; Zhou et al., 2007). The finished

optical map (42.4 Mb) comprised 18 chromosomes. Each chromosomal

(optical) contig was, on average, spanned at a depth of >803 by Rmaps,

with the exception of Chr17 and Chr18 (Table 1).

Sexual crosses and isolation of single ascospore

progeny

Sexual crosses were performed between strains 09Bc11 (maternal parent)

and B05.10 (paternal parent) following the protocol of Faretra et al. (1988).

Mature apothecia were sampled and crushed in water to release the asco-

spores. The spore suspension was filtered through glasswool to remove cell

debris and plated at low density on agar plates. Single ascospore germlings
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were sampled after 2 days and propagated for fungicide resistance assess-

ment and DNA extraction. A total of 70 progeny was analysed.

Illumina sequencing of strain 09Bc11 and sexual

progeny

One microgram of DNA was fragmented to approximately 400 bp using a

Covaris S2 ultrasonicator (Covaris, Woburn, Massachusetts, USA). Illumina

P5/P7 sequencing adapters were ligated using an Apollo 324 NGS Library

Prep System with a PrepX ILM DNA Library Kit (WaferGen Biosystems, Fre-

mont, California, USA). A unique multiplex index was added to each sam-

ple at the polymerase chain reaction (PCR) amplification step using KAPA

HiFi HotStart ReadyMix (23) (Kapa Biosystems Inc., Wilmington, Massa-

chusetts, USA). Ten to twelve indexed samples were pooled and

sequenced per lane on a HiSeq2000 (100 cycle paired-end runs) (Illumina

Inc., San Diego, California, USA). The yield was 18 000 read pairs/sample,

equivalent to 3.6 Gb/sample.

Illumina sequencing of strain B05.10, processing and

assembly

Botrytis cinerea strain B05.10 DNA was isolated, sequenced and trimmed as

described previously (Staats and van Kan, 2012), with the exception that

the 3.5-kb insert library was trimmed as described below. In addition, a

mate pair sequencing library with an estimated fragment size of 11.1 6 1.4

kb was prepared and sequenced by Beijing Genomics Institute (BGI, Hong

Kong) using Illumina HiSeq2000 technology (22 299 530 reads). Reads

were trimmed to a length of 33 bp, starting at the fourth and ending at the

36th nucleotide, using fastx trimmer. Sequencing libraries were used as

input for AllPathsLG (version 43019) (Gnerre et al., 2011; Ribeiro et al.,

2012), which was run using default settings for a haploid genome. All-

PathsLG produced 128 scaffolds of a total length of just over 42 Mb, with

an N50 of 2436 kb (taking into account 1.3 million N characters).

The Illumina reads of the 70 sexual progeny were mapped on the v2

assembly of B05.10 (Staats and van Kan, 2012) to identify SNPs. Four

progeny were removed from the analysis, three because they were identi-

cal to the B05.10 parent and one which was identical to one other prog-

eny. SNPs were filtered if any of the following conditions were met:

ambiguous score in any of the progeny; missing data in any of the prog-

eny; less than 25 reference or less than 25 variant calls across all progeny;

or the presence of ambiguous residues or sequence ends within 50 nucleo-

tides of the SNP. After filtering, 75 117 high-confidence SNPs were

retained as markers. These were mapped onto subsequent assemblies by

aligning a short sequence of 101 nucleotides composed of 50 nucleotides

on either side of the SNP and the B05.10 allele of the SNP itself using strict

alignment criteria. Adjacent markers that showed the same pattern of

inheritance over the sequenced progeny were merged into groups, yielding

2062 marker groups. These groups were used to calculate the most likely

genetic map employing JoinMap (v 4.0). Regions with a genetic distance

of >7.5 cM over a sequence of <20 kb, or a genetic distance of >15 cM

over a sequence of <50 kb, were considered as recombination hotspots.

Comparison of the linkage map with the order of marker groups on

the assembly identified incongruences in the assembly. Regions of incon-

gruence were manually split, reassembled and validated by inspecting the

mapping of paired-end reads over the merged region. Finally, gap closure

was performed using a library of Sanger sequence reads employed for v1

of the B05.10 genome sequence (Amselem et al., 2011) to fill the gaps.

Briefly, sequences flanking either side of the gap were used to match

Sanger reads. Matching reads were reassembled together with the flank-

ing sequence into contigs using CAP3 (Huang and Madan, 1999). The

resulting (extended) contigs were then used as input for subsequent itera-

tive rounds of Sanger read matching and reassembly. The procedure

removed 173 gaps (from a total of 803) larger than 20 nucleotides, remov-

ing 62 027 N characters, shortening the assembly by 17 149 bp.

PacBio sequencing of strain B05.10 and de novo

assembly

High-molecular-weight DNA was isolated from protoplasts of strain

B05.10 by gently lysing the protoplasts in 15 mL of 25 mM Tris-HCl,

10 mM EDTA (TE, pH 8.0) with 1% sodium dodecylsulfate (SDS) at 50 8C

under gentle agitation. The lysate was centrifuged at 2000 g for 15 min

and the pellet was discarded. One volume of isopropanol and one-tenth

volume of 3 M sodium acetate (pH 5.5) were added to the supernatant

and the precipitating DNA was removed with a glass hook. The precipitate

was washed twice with 70% ethanol, dried, dissolved in 10 mL of TE and

treated with 5 lg/mL RNAse A at 37 8C for 1 h. The sample was then

extracted with buffer-saturated phenol under gentle agitation for 3 days,

and centrifuged. The aqueous phase was extracted with chloroform under

gentle agitation for 1 day. After centrifugation, the aqueous phase was

recovered and DNA was precipitated by the addition of one volume of iso-

propanol and one-tenth volume of 3 M sodium acetate (pH 5.5). Precipitat-

ing DNA was retrieved with a glass hook, washed twice with 70%

ethanol, dried and dissolved in 0.5 mL of 10 mM Tris-HCl, 0.1 mM EDTA

(pH 7.5). Gel electrophoresis showed that the DNA obtained was larger

than undigested phage k DNA (48 kb). The yield of DNA was approxi-

mately 25 lg. DNA was concentrated using Ampure PB beads (Pacific Bio-

sciences of California, Inc., Menlo Park, CA, USA). PacBio SMRTbell

libraries were constructed and sequenced by Keygene NV (Wageningen,

the Netherlands) according to the manufacturer’s instructions (Pacific Bio-

sciences). A total of 273 637 reads was obtained with a total number of

read bases of 2.76 3 109 (post-filtering), of which the mean read length

was 10 088 nucleotides. Sequence reads were assembled using HGAP

(v3, Chin et al., 2013) and the contigs were scaffolded by PBJelly (version

14.9.9, English et al., 2012). After scaffolding, consensus was generated

using Quiver (Chin et al., 2013).

mRNA sequencing

mRNA from germlings, spores, mycelia, fungicide-treated and dimethyl-

sulfoxide (DMSO)-treated mycelium was isolated from 3 lg of total RNA

using the NEBNextV
R

Poly(A) mRNA Magnetic Isolation Module (New Eng-

land Biolabs, Ipswich, Massachusetts, USA). The resulting mRNA was

fragmented to approximately 200 nucleotides using the NEBNextV
R

Mag-

nesium RNA Fragmentation Module and converted to cDNA using the

NEBNextV
R

RNA First Strand Synthesis Module plus the NEBNextV
R

Second

Strand Synthesis Module (New England Biolabs). The addition of Illumina

sequencing adapters and multiplexing indices was performed using the

method described above. Libraries were multiplexed and run in a single

HiSeq lane in a 100-cycle paired-end run. The average number of read

pairs per sample was 24 000 000 000.
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RNA from sclerotia, apothecia (in different stages of development)

and ascospores was isolated as described by Terhem (2015) and

sequenced by BGI.

RNA was isolated from B. cinerea (isolate B05.10)-inoculated leaves

and stem segments of tomato cultivar Moneymaker, its wild relative Sola-

num habrochaites (genotype Lyc4) and two introgression lines derived

from a cross between Moneymaker and Lyc4 (Finkers et al., 2007). Plant

tissues were sampled for RNA extraction at 1 and 3 days post-inoculation.

Sequencing was carried out at the Wageningen UR sequencing facility.

Gene prediction

Repeat masking was performed as described by Staats and van Kan

(2012). For gene predictions, several gene callers were run and later inte-

grated using EVM (Haas et al., 2008). Genes were predicted using

Genemark-HMM-ES (Ter-Hovhannisyan et al., 2008), Augustus (Stanke

et al., 2006) and SNAP (Korf, 2004). Genemark-HMM-ES was self-trained

on the full genome sequence or a version in which large repeats were

masked. A training set based on approximately 1000 manually curated

gene models from v2 (Staats and van Kan, 2012) was used to train Augus-

tus and SNAP. Augustus was also run with intron hints, using GSNAP

alignment of RNAseq reads of five distinct RNA samples.

RNA sequences were employed in genome-guided assembly using

Trinity (Grabherr et al., 2011) and PASA (Haas et al., 2003), the output of

which was also used as input for EVM. Finally, proteomes of 12 related

fungal species (Table S5, see Supporting Information) were aligned to the

assembly using the National Center for Biotechnology Information (NCBI)

BLAST (Altschul et al., 1990) for initial placement, followed by alignment

using Exonerate to the region containing the best BLAST match and pre-

sented to EVM as separate tracks. In EVM, ab initio predictions were

weighted as follows: SNAP 1, Naive Augustus 1, Augustus with hints 3

and Genemark on a masked or unmasked genome as 2 each. All Exoner-

ate protein alignments were weighted as 1 per species. Alignments of

PASA-assembled transcripts were weighted as 20. Gene models that had

large overlap with repeat regions were removed. Gene models were fur-

ther refined by manual curation. In cases in which splice variants were

annotated, the isoform estimated to be most common based on RNAseq

coverage levels was selected as representative.

Analysis for the presence of core eukaryotic genes was performed

using the CEGMA pipeline, version 2.5 (Parra et al., 2007).

In-solution digestion of proteins

Mycelium total protein concentration was measured using the Bradford

protein assay [bovine serum albumin as standard; Bio-Rad Ltd.; Hemel

Hempstead, Hertfordshire, United Kingdom]. A total of 500 lg of protein

was transferred into a reaction tube and denatured in 8 M urea reduced

with 10 mM dithiothreitol (DTT) for 45 min at 50 8C. Samples were alky-

lated in 50 mM iodoacetamide for 1 h in the dark at room temperature.

Six volumes of pre-chilled acetone (220 8C) were added to each sample

to precipitate protein overnight, prior to trypsin digestion. Acetone was

decanted and samples were left to air dry for 20 min. Pellets were resus-

pended in 20 mL of tetrafluoroethylene, followed by 20 mL of 50 mM tetra-

ethylammonium bicarbonate (TEAB), and trypsin was added at an enzyme

to protein ratio of 1 : 100 (w/w). Incubation took place overnight at 37 8C

with agitation. OFFGEL isoelectric focusing in-solution peptide separation

was carried out using the 24-well set-up as instructed in the manufac-

turer’s instruction manual (Agilent Technologies LDA UK Ltd.; Stockport,

Cheshire, United Kingdom). Following separation, Thermo Scientific Pierce

(Fisher Scientific – UK Ltd.; Bishop Meadow Road, Loughborough, United

Kingdom) C18 Tips (100 lL) were used to enable fast and efficient pep-

tide capture, concentration, desalting and elution. All OFFGEL fractions

were then dried down and stored at 220 8C.

MS analysis

Samples were run on a Q-Exactive Plus mass spectrometer coupled to a

Dionex Ultimate 3000 RSLC nano system (Thermo Fisher Scientific Ltd.;

Hemel Hempstead, Hertfordshire, United Kingdom). Prior to injection,

samples were resuspended in 50 lL of 0.1% formic acid. An injection of 5

mL was loaded onto a C18 PepMap 300 Å trap column, 200 mm 3 5 mm

(5 mm bead size). Reversed-phase chromatographic separation was per-

formed on a 75-mm i.d. 3 50-cm column (2 mm bead size) using a 90-min

linear gradient of 3%–40% solvent B (CH3CN 100% 1 0.1% formic acid)

with a flow rate of 300 nL/min. The mass spectrometer was operated in a

data-dependent mode to automatically switch between Orbitrap MS and

MS/MS acquisition. Survey full-scan spectra (from m/z 300 to 1800) were

acquired in the Orbitrap with a resolution of 70 000 at m/z 200 and an

Fourier transform target value of 1 3 106 ions. The 10 most intense ions

were sequentially selected for fragmentation using higher energy colli-

sional dissociation (HCD) and dynamically excluded for 30 s. Fragmented

ions were scanned in the Orbitrap at a resolution of 17 500 at m/z 200.

For accurate mass measurement, the lock mass option was enabled using

the polydimethylcyclosiloxane ion (m/z 445.120025) as an internal cali-

brant. Data processing was carried out using Proteome Discoverer 1.4

(Thermo Scientific), and database searching was conducted on an in-

house installation of Mascot Server 2.5 (Matrix Science Ltd.; London,

United Kingdom). Mascot settings were as follows: precursor mass toler-

ance, 3 ppm; fragment mass tolerance, 0.5 Da; maximum missed cleavage

sites, 2; ion score or expected cut-off, 20; significance threshold, P< 0.01;

cysteine carbamidomethylation (CAM-C) was chosen as fixed post-

translational modification (PTM), whereas methionine oxidation (Met-Ox)

was chosen as variable PTM.

Data storage

The genome is available at the Ensembl-Fungi platform (http://fungi.

ensembl.org/Botrytis_cinerea/); the underlying data can be downloaded

from the European Bioinformatics Institute (EBI). Nucleotide sequences of

Chr1–Chr18 are deposited in GenBank under accession numbers

CP009805–CP009822, BioProject number PRJNA264284.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1 Alignments between the optical map (orange, top) and

an in silico digest of the sequence assembly (grey, bottom) for

all chromosomes. Each vertical line reflects the presence of a

BstEII restriction site.

Fig. S2 Correlation between physical and genetic distances for

all chromosomes. The x-axis displays the genetic distance in

centimorgan (cM) and the y-axis displays the physical distance

in base pairs (bp). The correlation between physical and

genetic distances and the correlation coefficients for separate

chromosomes are given in the top right-hand corners of each

graph. Each blue diamond represents a marker group [set of

single nucleotide polymorphisms (SNPs) fully co-segregating in

all progeny]. The green hatched arrow indicates the approxi-

mate position of a centromere [for chromosome 1 (Chr1), two

possible positions of the centromere are indicated]. Black

arrows indicate regions with high recombination rates.

Table S1 Proposed locations of centromeric regions.

Table S2 Regions in the Botrytis cinerea genome with high

sexual recombination rates.

Table S3 Genes on chromosome 1 (Chr1) with an untranslated

region (UTR) length of >1000 nucleotides and/or at least two

introns in the UTR.

Table S4 Examples of spliced antisense RNAs that occur in the

coding sequence.

Table S5 Information on 12 fungal proteomes used in gene

prediction and annotation.
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