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Condition-dependent co-regulation of genomic clusters of
virulence factors in the grapevine trunk pathogen Neofusicoccum
parvum

M�ELANIE MASSONNET 1 , ABRAHAM MORALES-CRUZ 1 , ROSA F IGUEROA-BALDERAS 1 ,
DANIEL P . LAWRENCE 2 , KENDRA BAUMGARTNER3 AND DAR IO CANTU 1 , *
1Department of Viticulture and Enology, University of California Davis, Davis, CA 95616, USA
2Department of Plant Pathology, University of California Davis, Davis, CA 95616, USA
3US Department of Agriculture - Agricultural Research Service, Crops Pathology and Genetics Research Unit, Davis, CA 95616, USA

SUMMARY

The ascomycete Neofusicoccum parvum, one of the causal

agents of Botryosphaeria dieback, is a destructive wood-infecting

fungus and a serious threat to grape production worldwide. The

capability to colonize woody tissue, combined with the secretion

of phytotoxic compounds, is thought to underlie its pathogenicity

and virulence. Here, we describe the repertoire of virulence fac-

tors and their transcriptional dynamics as the fungus feeds on

different substrates and colonizes the woody stem. We

assembled and annotated a highly contiguous genome using

single-molecule real-time DNA sequencing. Transcriptome profil-

ing by RNA sequencing determined the genome-wide patterns of

expression of virulence factors both in vitro (potato dextrose

agar or medium amended with grape wood as substrate) and in

planta. Pairwise statistical testing of differential expression, fol-

lowed by co-expression network analysis, revealed that physi-

cally clustered genes coding for putative virulence functions were

induced depending on the substrate or stage of plant infection.

Co-expressed gene clusters were significantly enriched not only

in genes associated with secondary metabolism, but also in those

associated with cell wall degradation, suggesting that dynamic

co-regulation of transcriptional networks contributes to multiple

aspects of N. parvum virulence. In most of the co-expressed clus-

ters, all genes shared at least a common motif in their promoter

region, indicative of co-regulation by the same transcription fac-

tor. Co-expression analysis also identified chromatin regulators

with correlated expression with inducible clusters of virulence

factors, suggesting a complex, multi-layered regulation of the vir-

ulence repertoire of N. parvum.

Keywords: Botryosphaeria dieback, CAZymes, cell wall degra-

dation, RNA-seq, secondary metabolism, single-molecule real-time

(SMRT) sequencing, weighted co-expression network analysis.

INTRODUCTION

Over 20 species of fungi in the family Botryosphaeriaceae

(Botryosphaeriales, Ascomycota) cause Botryosphaeria dieback of

grape (Vitis vinifera L.) and similar diseases of other woody plants

(Slippers and Wingfield, 2007; �Urbez-Torres, 2011). Neofusicoc-

cum parvum (Pennycook & Samuels) is one of the most aggressive

Botryosphaeriaceae species on grape (�Urbez-Torres and Gubler,

2009). Neofusicoccum parvum colonizes the woody tissue through

wounds, killing spurs and adjacent shoots, and causes necrosis of

dormant buds (Fig. 1) (�Urbez-Torres and Gubler, 2009, 2011).

Wedge-shaped cankers in grapevine spurs, cordons and trunks are

typical symptoms of the disease (Fig. 1B). Botryosphaeria dieback

is part of the grapevine trunk disease complex which, together

with Eutypa dieback, Phomopsis dieback and Esca, causes chronic

wood infections that accumulate over time (Bertsch et al., 2013).

Because no practices are available to eradicate the causative fungi

(aka trunk pathogens), short of physically cutting out infected

wood, a practice known as ‘vine surgery’ (Sosnowski et al., 2011),

disease management relies on preventative practices of delayed

pruning or application of pruning wound protectants (Petzoldt

et al., 1981; Rolshausen et al., 2010; Weber et al., 2007).

During wood colonization, the growth and survival of the

invading microorganism depend on its ability to decompose sec-

ondary cell walls to access extra- and intracellular nutrients whilst

overcoming host immune responses (Bruno and Sparapano, 2006;

G�omez et al., 2016). Woody tissue decomposition is a result of

the activities of secreted enzymes that disassemble structural

polymers of the primary and secondary cell walls (King et al.,

2011; Rolshausen et al., 2008). Plant cell walls are not only an

important barrier to be overcome by pathogens to access intercel-

lular material, but are also a carbon-rich substrate (Cantu et al.,

2008). In addition to the enzymatic decomposition of cell wall

components, trunk disease development has also been associated

with the activities of toxins secreted by the invading pathogens

(Andolfi et al., 2011). These structurally heterogeneous, low-

molecular-mass compounds are products of fungal secondary

metabolism and are mostly derived from either polyketides or

non-ribosomal peptides. Toxins can injure host cells by interfering*Correspondence: Email: dacantu@ucdavis.edu
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with enzymatic reactions and cellular transport, and damaging cell

membranes. Previous experiments have shown that N. parvum

produces a broad variety of phytotoxins in vitro, such as dihydro-

toluquinones, epoxylactones, dihydroisocoumarins, hydroxyben-

zoic acids and fatty esters (Abou-Mansour et al., 2015; Evidente

et al., 2010; Martos et al., 2008; Uranga et al., 2016). Purified

hydroxymellein and sphaeropsidone produced in vitro by N. par-

vum have been shown to cause severe foliar symptoms, whereas

terremutin and mellein have been identified in grape wood with

Botryosphaeria dieback symptoms (Abou-Mansour et al., 2015).

In fungal genomes, genes involved in secondary metabolism

are often organized into clusters, where a central biosynthesis

gene is surrounded by genes encoding transporters and enzymes

involved in the post-synthesis modification of the metabolites,

such as cytochrome P450 monooxygenases (P450s), dehydroge-

nases and FAD-binding domain proteins (Brakhage, 2013). Com-

mon transcriptional regulation is thought to be the major

evolutionary driver of this genomic organization (Brakhage, 2013).

Shared regulatory mechanisms, including transcription factors, as

well as chromatin remodelling, can in fact lead to the co-

expression of gene clusters. As a result, a complex and multi-

layered regulatory system, involving global as well as pathway-

specific regulators, modulates the production of secondary

metabolites in response to environmental stimuli, including

carbon and nitrogen sources, light, pH, reactive oxygen species

and hypoxic conditions (Brakhage, 2013; Bruns et al., 2010;

V€odisch et al., 2011; Yin and Keller, 2011). Using short-read

shotgun sequencing, we have recently assembled the first draft

genome of N. parvum (Blanco-Ulate et al., 2013) and have eval-

uated its repertoire of potential virulence factors (Morales-Cruz

et al., 2015). Despite the fragmentary assembly and gene predic-

tion solely based on ab initio methods, we were able to identify

a large number of genes encoding cell wall-degrading enzymes

(CWDEs), as well as several genes involved in secondary metabo-

lism. Comparative analysis with genomes of other trunk patho-

gens revealed a significant expansion in N. parvum of gene

families associated with specific oxidative functions, which may

contribute to lignin degradation and secondary metabolic prod-

ucts, such as non-ribosomal peptides and amino acid-derived

compounds (Morales-Cruz et al., 2015). Lineage-specific expan-

sion of such gene families in N. parvum supports their potential

role in pathogenesis and adaptation.

The objective of this study was to determine the genome-wide

expression dynamics of potential virulence functions of N. parvum

in response to different growth substrates in vitro and during colo-

nization of grapevine woody stems in planta. We first applied

single-molecule real-time (SMRT) DNA sequencing to generate a

more complete and contiguous reference genome. Using a combi-

nation of evidence-based and ab initio prediction methods, we

then expanded and refined the predicted transcriptome. The

improved reference was used to determine genome-wide patterns

of expression of putative virulence factors. Pairwise statistical test-

ing of differential expression, followed by Weighted Gene

Co-expression Network Analysis (WGCNA), revealed a condition-

dependent regulation of physically clustered genes. The analysis of

promoter regions showed that all adjacent genes composing each

genomic cluster shared at least one common motif, indicating that

the expression of adjacent genes might be co-regulated by a com-

mon transcription factor. Interestingly, co-regulated gene clusters

were significantly enriched not only in genes associated with sec-

ondary metabolism, but also in those associated with cell wall deg-

radation, suggesting that dynamic co-regulation of transcriptional

networks contributes to multiple aspects of N. parvum virulence.

RESULTS AND DISCUSSION

SMRT DNA sequencing of the N. parvum genome and

gene discovery

The genome of N. parvum isolate UCD646So was sequenced

using the PacBio P6-C4 chemistry (Appendix S1, see Supporting

Fig. 1 Culture of Neofusicoccum parvum isolate UCD646So on potato

dextrose agar (PDA) (A) and symptoms of Botryosphaeria dieback on

grapevine wood (B, C): wedge-shaped canker (B) and dead spurs (arrows) (C).
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Information: Table S1). Sequencing reads were assembled into 28

contigs, providing a significant improvement in sequence contigu-

ity compared with the 1877 contigs (1287 scaffolds) generated

previously using short-read technology for the genome of isolate

UCR-NP2 (Appendix S1: Fig. S1A and Table S2; Blanco-Ulate

et al., 2013). One of the 28 contigs of isolate UCD646So corre-

sponded to the entire mitochondrial genome with a length of

115.8 kb (Appendix S2, see Supporting Information). The other 27

contigs formed the nuclear genome with a total assembly size of

43.7 Mb and a remarkable N90 of 2.0 Mb (Table 1; Appendix S2).

The total assembly size of the genome was close to the genome

size estimate based on k-mer frequency (44.2 Mb), suggesting

that the shotgun sequencing approach yielded the complete N.

parvum genome. The completeness of the genome was further

supported by the analysis of terminal contig sequences. We identi-

fied TTAGGG telomeric repeats (Podlevsky et al., 2008; Appendix

S1: Fig. S2) at both ends of 16 contigs, suggesting that these con-

tigs encompass complete chromosomes, telomere to telomere. For

two contigs, telomeric repeats were found only at one end. The

18 contigs with terminal telomeric repeats represented 99.1% of

the total assembly and had a similar mean GC content of

56.5 6 1.0% (Fig. 2). The remaining nine contigs displayed a sig-

nificantly different GC content from the rest of the genome

(41.6 6 10.1%; P 5 1.3 3 1026) and did not carry any detectable

protein-coding genes, suggesting that these much shorter frag-

ments are derived from intergenic and repetitive regions of the

genome. We cannot rule out the possibility that some of these

contigs represent whole or fragments of dispensable chromo-

somes. Resequencing of multiple isolates is necessary to shed

light on the relevance of dispensable chromosomes in N. parvum

virulence and host adaptation.

To determine the rate of potential sequence errors not cor-

rected by Quiver, we sequenced the genome of the same isolate

using an Illumina HiSeq2500 platform. Mapping of the Illumina

reads, followed by the GATK variant-discovery pipeline, detected

103 sites in which Illumina and PacBio sequences were in discord-

ance. Assuming that the Illumina reads were correct, we con-

cluded that the genome sequence obtained using SMRT

technology is 99.99976% accurate. Gene space completeness was

assessed using CEGMA (Parra et al., 2009) and BUSCO (Sim~ao

et al., 2015). Both methods identified in the assemblies

approximately 97% of the complete eukaryotic conserved protein-

coding sequences, providing further evidence of the completeness

of the genome (Appendix S1: Table S4).

We applied nucmer (Kurtz et al., 2004) and Assemblytics (Nat-

testad and Schatz, 2016) to compare this assembly with the con-

tigs previously generated using short reads of isolate UCR-NP2

(Blanco-Ulate et al., 2013; Appendix S1: Fig. S1B). A total of

474.84 kb was affected by structural variation (�50 bp). Fifty

per cent of the structural variation detected was caused by shorter

repeats in UCR-NP2, probably as a result of the failure to recon-

struct repeats using short reads. In agreement with this observa-

tion, the total repeat content in the PacBio assemblies was higher

than in the assembly generated using short reads (6.20% vs.

3.60%; Appendix S1: Table S3). Interestingly, 180 sites (�50 bp),

for a total of 113 kb, were absent in the UCR-NP2 genome, possi-

bly because they were inaccessible to Illumina sequencing.

To identify the protein-coding genes in the assembly, we

applied the BRAKER gene discovery pipeline (Hoff et al., 2015),

which combines GeneMark-ET (Lomsadze et al., 2014) and Augus-

tus (Stanke and Waack, 2003) for unsupervised RNA-sequencing

(RNA-seq)-based genome annotation. BRAKER identified 13 124

complete protein-coding genes (Appendix S2), representing 2654

additional genes in comparison with our previous transcriptome

prediction of isolate UCR-NP2, based on short-read assembly and

ab initio gene discovery (Blanco-Ulate et al., 2013; Appendix S1:

Table S3). The mean peptide length was also greater in this new

predicted proteome, probably as a result of a more accurate pre-

diction. Approximately 97% of the 1438 conserved BUSCO ortho-

logues were found in the predicted proteome, supporting its

completeness. Gene density was generally uniform across the con-

tigs with 3.2 6 2.3 genes every 10 kb (Fig. 2). These results show

that shotgun sequencing using SMRT technology resulted in a

more complete and contiguous assembly which, in combination

with evidence-based gene prediction, provided the most compre-

hensive view to date of the protein-coding genes of N. parvum.

Annotation of putative virulence factors

Annotation of the predicted transcriptome focused on functions

potentially associated with pathogenesis and virulence, including:

(i) wood degradation and host colonization, such as carbohydrate-

active enzymes (CAZymes), peroxidases and P450s; (ii) cellular

transporters; and (iii) secondary metabolism, including toxin pro-

duction. Fifty-two per cent of the total transcriptome (6805 genes)

was assigned to these functional groups. We found 567 genes

belonging to 52 CAZyme families potentially involved in the deg-

radation of all components of primary and secondary plant cell

walls (Fig. 3; Appendix S1: Table S5; Appendix S3, see Supporting

Information). A diagram summarizing the CAZymes and their

hypothetical targets in the plant host is provided in Fig. 3A. Glyco-

side hydrolases (GHs) accounted for 50% of the total CWDE

Table 1 General assembly and annotation statistics of the nuclear genome of

Neofusicoccum parvum UCD646So.

Number of contigs 27
Total assembly size (bp) 43 674 556
N50 (bp) 2 555 423
N90 (bp) 2 020 352
Total interspersed repeats (bp) 2 055 934
Predicted complete protein-coding genes 13 124
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repertoire. The most abundant families were involved in hemicel-

lulose breakdown and included 42 b-glucosidases (GH3s), 23

endo-b-1,4-cellulases (GH5s), 32 xyloglucan endo-b-1,4-

glucanases (GH16s) and 31 GH43s.

The ability of N. parvum to decompose lignin is suggested by

the abundant presence of genes belonging to the Auxiliary Activ-

ities (AA) families, namely 28 AA1s, 59 AA3s and 49 AA7s. AA1s

are multicopper oxidases involved in lignin degradation; laccases,

for example, oxidize the phenolic moiety of lignin (Kawai et al.,

1987; Levasseur et al., 2013). Both AA3s and AA7s generate

hydrogen peroxide, which can be used by peroxidases (AA2s)

during lignin decomposition (van Hellemond et al., 2006;

Hern�andez-Ortega et al., 2012). Two hundred and ninety-four of

the CAZyme-coding genes targeting host cell walls carried a secre-

tion signal peptide, suggesting their potential role in extracellular

activities.

Biosynthetic gene clusters (BGCs) potentially involved in sec-

ondary metabolism and toxin production were identified using

antiSMASH (Weber et al., 2015). In total, 160 BGCs were found,

corresponding to 4501 genes (Appendix S3). Among these, 52

BGCs belonged to known classes, such as polyketide synthase

(PKS), non-ribosomal peptide synthetase (NRPS) and terpene

Fig. 2 Circular representation of the Neofusicoccum parvum genome. Different tracks denote (moving inwards): (i) mapping coverage of short Illumina reads; (ii)

percentage GC content; (iii) repeat density; (iv) protein-coding gene density; (v–vii) localization of genes encoding virulence factors: (v) induced in presence of wood,

(vi) expressed exclusively in planta, and (vii) differentially regulated in planta. Figure was prepared using the OmicCircos Bioconductor package (Hu et al., 2014).
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synthase classes (543, 221 and 222 genes, respectively). Never-

theless, most of the detected BGCs were annotated as unknown

biosynthetic types (108 BGCs corresponding to 2858 genes).

We extended the functional annotation to peroxidases and

P450s, which are involved in a broad array of primary, secondary

and xenobiotic metabolic reactions that have been associated

with fungal adaptation to various ecological niches (Chen et al.,

2014; �Cre�snar and Petrič, 2011; Durairaj et al., 2015; Moktali

et al., 2012). We identified 65 peroxidase- and 265 P450-

encoding genes. The latter belonged to 95 different clans, based

on the classification of Moktali et al. (2012; Appendix S3). These

included 39 genes encoding CYP65s, shown to catalyse the epoxi-

dation reaction during the biosynthesis of the mycotoxin trichothe-

cene in Fusarium spp. (Ward et al., 2002), as well as during

radicicol biosynthesis in Aspergillus parasiticus (Wang et al.,

2008).

Fig. 3 Repertoire of putative plant cell wall-degrading enzymes (CWDEs) encoded in the Neofusicoccum parvum genome. (A) List of carbohydrate-active enzymes

(CAZymes), grouped by substrate, showing a schematic representation of their enzymatic activities. Adapted from van den Brink and de Vries (2011). (B) Total

number of protein-coding genes annotated as lignocellulolytic CAZymes and detected as expressed in the in vitro and in planta experiments.

Pathogenomics of Botryosphaeria dieback 5
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Cellular transporters can also contribute to pathogenesis and

virulence, for example those involved in the secretion of virulence

factors and in the exclusion of antimicrobial compounds produced

by the host plant (Denny and VanEtten, 1983; Denny et al., 1987).

In total, we identified 1983 transporters (Appendix S3), 41% more

than in the previous annotation (Morales-Cruz et al., 2015).

Among them, the largest transporter family was the Major Facili-

tator Superfamily (MFS, TCBD code 2.A.1) with 494 members, fol-

lowed by the Peroxisomal Protein Importer (PPI) family (TCDB

code 3.A.20) and the ATP-binding cassette (ABC) superfamily

(TCBD code 3.A.1) with 115 and 68 genes, respectively. MFS and

ABC family transporters, which are both involved in efflux, have

been shown to contribute to pathogenesis in other fungi (Coleman

and Mylonakis, 2009).

Change in growth substrate triggers major

transcriptional reprogramming of virulence-associated

genes

A genome-wide expression profiling experiment, using RNA-seq,

was carried out to determine the portion of the N. parvum tran-

scriptome that is induced when grapevine wood is the carbon

source. Neofusicoccum parvum mycelia were collected after two

cycles of growth either on agar mixed with ground wood of V.

vinifera ‘Cabernet Sauvignon’ or ‘Merlot’, or on potato dextrose

agar (PDA). An average of 9 786 825 6 1 142 788 reads from

three biological replicates were mapped onto the transcriptome of

N. parvum UCD646So. By statistical testing, we identified 1349

genes up-regulated in wood agar (adjusted P� 0.05; Appendix

S4C, see Supporting Information). Among these differentially

expressed (DE) genes, 73 were putative CAZymes involved in host

cell wall degradation, mostly targeting pectin and hemicellulose.

Wood from both cultivars promoted the up-regulation of 12

GMC oxidoreductase genes (AA3s), which may contribute to the

degradation of lignocellulosic components, whereas the three

ligninase-encoding genes (AA2s) identified in the genome were

constitutively expressed at similar levels on all media.

The presence of wood as the sole nutrient promoted not only

the expression of genes involved in wood decomposition, but also

a large set of transporters, which were the functional category

with the most prominent induction with wood in the growth

media. Among these were 92 genes coding for MFS transporters,

including 29 sugar transporters possibly involved in the transport

of products of cell wall degradation, as seen in Trichoderma reesei

(Ivanova et al., 2013): these included six galactose-H1 symport-

ers (TCBD code 2.A.1.1.9), five xylose facilitators (TCBD code

2.A.1.1.40) and two glucose/xylose-H1 symporters (TCBD code

2.A.1.1.51). Five quinate-H1 symporters (TCBD code 2.A.1.1.7)

and eight high-affinity nicotinate permeases (TCBD code

2.A.1.14.11) were also found, indicating an extensive reprogram-

ming of the transporter repertoire in wood agar.

These results show that the addition of wood as a substrate in

vitro affected the expression of approximately 10% of the pre-

dicted genes in the genome. A similar phenomenon was observed

in Phanerochaete carnosa, a white-rot basidiomycete fungus, in

which a wood agar mixture, with wood from soft- and hardwood

hosts, induced the expression of lignocellulolytic CAZyme-coding

genes (MacDonald et al., 2011). The induction of genes encoding

CWDEs, such as cellulase and hemicellulase, has been shown to

involve a positive feedback regulation by the respective hydrolysis

and/or transglycosylation products of cellulose and/or xylan,

such as, for example, gentiobiose in Penicillium purpurogenum

(Kurasawa et al., 1992) and sophorose in Aspergillus terreus and

T. reesei (Amore et al., 2013; Hrmov�a et al., 1991; Mandels et al.,

1962). In addition, genes encoding CWDEs in filamentous fungi

have also been shown to be repressed when preferred carbon

sources (e.g. glucose) are present (Aro et al., 2005; Kubicek et al.,

2009; Ruijter and Visser, 1997; de Vries and Visser, 2001).

Interestingly, we also observed that genes sharing a common

pattern of up-regulation in response to the type of medium often

clustered physically. These clusters of potentially co-regulated

genes included genes belonging to BGCs, but also genes with

functions other than secondary metabolism, such as cell wall deg-

radation (e.g. acetyl xylan esterases and GMC oxidoreductases)

and transcription factors (e.g. C2H2 and C6 zinc finger domain

transcription factors). However, we also found that, within BGCs,

not all genes were co-expressed. For example, in cluster BGC_114

(Fig. 4), the five central genes of the cluster were constitutively

expressed, whereas the rest of the genes of the cluster were all

significantly induced in wood agar.

In planta RNA-seq experiment reveals clusters of

virulence factors differentially regulated during

grapevine woody stem infection

In order to determine the patterns of expression of potential viru-

lence functions as N. parvum colonizes viable host tissues, we

profiled its transcriptome during a time course of infection of the

woody stems of potted grape plants. Total mRNA was sequenced

from three biological replicates at seven time points after inocula-

tion. On average, 14 806 320 6 2 636 797 reads were mapped

onto a combined reference that included the predicted transcrip-

tomes of N. parvum UCD646So and grape (V. vinifera var.

‘PN40024’). The number of N. parvum reads was low at 0 and 3 h

post-inoculation (hpi) (830 6 362 and 367 6 198, respectively),

increased from 24 hpi (11 439 6 900) to 6 weeks post-inoculation

(wpi) (1 071 368 6 816 298), and finally declined until 12 wpi (14

423 6 5087) (Appendix S1: Fig. S3). The overall increase in N. par-

vum transcripts in the sample probably reflected the accumulation

of fungal biomass during wood colonization. Despite the lower

sequencing coverage of the in planta experiment, a similar

6 M. MASSONNET et al .
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number of genes were detected in the two experiments: 12 513

(95.3%) in vitro compared with 12 211 (93%) in planta.

After application of multiple statistical cut-offs to exclude con-

stitutively expressed genes, as described in the Experimental Pro-

cedures section, we identified 78 genes that were DE in planta

(adjusted P� 0.05; Appendix S4E). K-means and hierarchical clus-

tering were used to divide the DE genes based on their pattern of

expression (Appendix S1: Fig. S4). Both clustering methods

divided the 78 DE genes into four groups (Fig. 5; Appendix S4E).

Groups 1 and 2 were composed of genes with peaks of expression

at 24 hpi and 2 wpi, respectively.

Group 1 included five CWDE-coding genes: two pectate lyases

(PL1 and PL3) (Benen et al., 2000), a GH7 and a GH16 involved in

cellulose and xylan/xyloglucan backbone disassembly (Cantarel

et al., 2009; Gielkens et al., 1999) and a GMC oxidoreductase

(AA3), possibly contributing to cellulose, hemicellulose and lignin

degradation (Kremer and Wood, 1992). In Group 1, there was

also a cluster of five genes belonging to BGC_115, which included

a PKS, an MFS transporter (TCBD code 2.A.1.2.17), a salicylate

1-monooxygenase, a P450 and a cupin-like protein (Fig. 6A). Early

up-regulation of a salicylate 1-monooxygenase suggests a mecha-

nism for N. parvum to overcome host immunity. In the corn smut

pathogen Ustilago maydis, a salicylate 1-monooxygenase has

been shown to be transcriptionally induced by salicylic acid and to

be required during the biotrophic stages of development (Rabe

et al., 2013).

Although the gene composition of Group 1 suggests that

genes involved in the degradation of the plant cell wall and in

nutrient storage contribute to the early development of N. par-

vum, the genes of Group 2 suggest that biosynthetic metabolism

is the predominant process during later stages of infection.

Indeed, Group 2 was mostly composed of genes associated with

Fig. 4 Example of Neofusicoccum parvum gene clusters modulated as a

function of in vitro substrate. Arrows represent genes coding for carbohydrate-

active enzymes (CAZymes) (red), P450s (blue) and transporters (yellow). Grey

arrows correspond to genes predicted to be part of a secondary metabolism

cluster, but with other annotations. Asterisks highlight genes with significant

up-regulation in the presence of wood in vitro. Line plots show the RNA-

sequencing mapping coverage in samples grown on minimal medium

amended with finely ground grape wood of either ‘Cabernet Sauvignon’ or

‘Merlot’ or on potato dextrose agar (PDA) without wood.

Fig. 5 Expression profiles of four groups of genes sharing a similar

expression pattern during in planta colonization of grape stems. Groups were

obtained by performing a K-means clustering analysis using the 78

differentially expressed (DE) genes expressed in planta. Each single line

represents the log2-transformed average of the normalized counts for an

individual transcript. Histograms show the counts of genes belonging to each

virulence factor category [i.e. carbohydrate-active enzyme (CAZyme), P450,

cellular transporter, FAD-binding domain, polyketide synthase (PKS) and part

of biosynthetic gene cluster (BGC)].

Pathogenomics of Botryosphaeria dieback 7
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secondary metabolism. These included loci encompassing BGCs

20 and 149 on unitigs 10 and 7, respectively (Fig. 6B). The co-

expressed cluster on unitig 10 was composed of the epoxide

hydrolase, the PKS, the transferase and the two P450 genes of

BGC_20, as well as genes downstream to BGC_20, an aristolo-

chene synthase gene, a FAD-binding protein gene, two P450

genes, two MFS transporter genes (TCBD codes 2.A.1.3.33 and

2.A.1.48.4) and a hydroxymethylglutaryl-CoA synthase gene (Fig.

6B). The latter catalyses the production of hydroxymethylglutaryl-

CoA from acetyl-CoA and acetoacetyl-CoA, and participates in

mevalonate biosynthesis, a precursor required for the biosynthesis

of sterol and terpenoids (Wawrzyn et al., 2012; Withers and

Keasling, 2007). Epoxide hydrolases convert epoxides arising from

aromatic compound degradation into dihydrodiols. Fungal epoxide

hydrolases can play a role in the synthesis of toxins (Bradshaw

and Zhang, 2006; Morisseau et al., 1999), although they can also

be involved in the detoxification of plant aromatic compounds

(Harris et al., 2016). Gene composition suggests that BGC_149

may be involved in toxin biosynthesis. Its central biosynthesis

gene encodes a PKS, whereas the other genes in the cluster are a

FAD-binding domain protein, two hypothetical proteins and an

aldo-keto reductase, followed by two S-adenosylmethionine-

dependent methyltransferases, a MFS transporter (TCBD code

2.A.1.3.27), an alcohol dehydrogenase and a P450. In both gene

clusters, genes that were not considered statistically as DE none-

theless showed the same expression pattern (i.e. up-regulation at

2 wpi) as their DE neighbours. Interestingly, within BGC_20 and

in close proximity to BGC_149, we found putative transcription

factors containing a GAL4-like Zn(II)2Cys6 DNA-binding domain,

which are potentially involved in the regulation of the respective

BGCs, as shown previously in Fusarium graminearum (Lawler

et al., 2013).

The comparison between N. parvum genes detected in wood

agar in vitro and in planta revealed 304 genes expressed exclu-

sively during the colonization of woody grape stems (Appendix

S4D). Table S6 (Appendix S1) provides a summary of the func-

tional annotations of these genes, as well as the 1342 genes

up-regulated in wood agar and detected in planta. These tran-

scriptional differences may be caused by the complexity of both

tissue and plant cell wall structures in planta, as the finely ground

grape wood added to the agar had no tissue structure. More chal-

lenging growth conditions in the woody tissue, including partial

anoxia and dehydration, as well as the accumulation of fungitoxic

metabolites produced by the host, may also contribute to the tran-

scriptional differences. Among the 304 genes, 38 genes were

located on unitig 19, including 12 of the 22 genes that form

BGC_60. This biosynthetic cluster spanned 96 kb on unitig 19 and

comprised three genes coding for putative short-chain dehydro-

genase/reductases (SDRs): one classical SDR, one aldehyde reduc-

tase and one NmrA-like protein. SDRs constitute a large family of

NAD(P)(H)-dependent oxidoreductases (J€ornvall et al., 1999). In

fungi, some members of the SDR family have been found to be

key enzymes in fungal melanin and toxin biosynthesis (Butchko

et al., 2003; Thompson et al., 1997). An SDR has been shown to

be required for pathogenicity of the rice pathogen Magnaporthe

oryzae (Kwon et al., 2010). In total, 89 genes belonging to BGCs,

as well as seven P450- and 20 CWDE-encoding genes, were found

Fig. 6 Examples of gene clusters associated with secondary metabolism

among the co-expressed gene Groups 1 (A) and 2 (B) shown in Fig. 5. Arrows

represent genes coding for polyketide synthases (PKSs) (pink), P450s (blue),

transporters (yellow), transcription factors (green) and FAD-binding proteins

(orange). Grey arrows correspond to genes predicted to be part of a secondary

metabolism cluster, but with other annotations. White arrows represent genes

outside of the biosynthetic gene clusters (BGCs). Asterisks highlight genes

differentially regulated at 24 h post-inoculation (hpi) (A) and 2 weeks post-

inoculation (wpi) (B). For each transcript, the gene expression profile is

represented by the average of the normalized counts at each time point of

woody stem colonization.
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to be expressed exclusively in planta. These results suggest that

N. parvum expresses a repertoire of virulence factor genes during

colonization of living woody tissue, which is unique when com-

pared with that of non-viable woody tissue.

Co-expression network analysis identifies genomic

clusters of co-regulated virulence factors

As described above, transcriptional profiling, followed by pairwise

statistical testing, revealed that different sets of putative virulence

functions are induced depending on the substrate or the stage of

woody stem colonization. In addition, we observed that genes

with a shared pattern of up-regulation were often physically clus-

tered on the fungal genome, suggesting that they are co-

regulated. Therefore, we extended the analysis of co-expression

and co-regulation to the entire transcriptome by constructing a

gene expression correlation network. The objective of this analysis

was to define groups of co-expressed genes (i.e. modules) and to

identify, within these groups, clusters of adjacent genes with

shared patterns of expression and putative promoter motifs,

suggestive of co-regulation by common transcription factors. Co-

expression analysis was carried out using WGCNA (Langfelder

and Horvath, 2008). Both RNA-seq datasets were processed

together. An undirected weighted network with scale-free topol-

ogy composed of 40 modules of genes with correlated expression

(scale-free model fitting index R2> 0.882) was obtained (Fig. 7A;

Appendix S4F). For each module, a unique colour label was

assigned as specific module identifier. The modules were com-

posed, on average, of 319.8 genes, with the largest module (‘tur-

quoise’) containing 3252 genes. Twenty-four genes were not

grouped in any of the 40 modules and were added to the ‘grey’

(or improper) module.

Within the WGCNA modules, we identified 70 genomic clus-

ters containing a minimum of four co-expressed adjacent genes.

These clusters comprised a total of 345 genes, including 29 genes

up-regulated in wood-agar and nine genes up-regulated at 2 wpi

in planta. The greatest number of these clusters was found in the

‘turquoise’ module (54 clusters; Fig. 7B; Appendix S4G). The two

largest clusters, found in the ‘green’ module, corresponded to

genes belonging to BGCs 20 and 149, which were composed of

Fig. 7 Graphical visualization of the Neofusicoccum parvum co-expression network. (A) Dendrogram of all transcripts clustered based on a dissimilarity measure (1

– TOM; TOM, topological overlap mapping metric). Each line of the dendrogram corresponds to a gene. The multi-colour bar below the dendrogram shows the 40

modules with each gene colour coded based on module assignment. (B) Boxplots showing the number of adjacent co-expressed genes in each genomic cluster (�4

adjacent genes per cluster) identified within the co-expression modules. Numbers above the boxplots represent the total number of genomic clusters in each co-

expression module. (C) Functional category distribution of the genes organized in co-expressed genomic clusters. Asterisks point to virulence categories significantly

over represented (Fisher’s exact test; adjusted P< 0.01) in the genomic clusters. BGC, biosynthetic gene cluster; CWDE, cell wall-degrading enzyme. (D) Bar plot

representing the percentage of genomic clusters that contain at least one common promoter motif in all genes that compose the cluster.
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15 and 13 genes, respectively. These two genomic clusters were

described above as part of the set of genes significantly up-

regulated at 2 wpi (Fig. 6B). Approximately 55% of the genes in

co-expressed clusters were annotated as potential virulence fac-

tors (Fig. 7C). Importantly, all virulence categories were signifi-

cantly overrepresented (Fisher’s exact test; adjusted P< 0.01),

suggesting that virulence functions in N. parvum tend to be organ-

ized as physically clustered and co-expressed genes.

We then explored the possibility that co-expressed and clus-

tered genes are regulated by common transcriptional regulators.

We applied the MEME motif discovery analysis (Bailey et al.,

2009) to identify recurrent DNA motifs in the promoter regions

(600 bp upstream of the coding sequences) of all gene clusters.

Interestingly, in almost all clusters (97.1%), the promoter regions

of all genes in each cluster shared at least one common motif. A

maximum of seven shared motifs was found in two clusters in the

‘green yellow module’ (Fig. 7D). Shared motifs showing similarity

to Saccharomyces cerevisiae motifs and motif-associated proteins

(ScAPs), together with their putative N. parvum homologues of

ScAPs, are provided in Appendix S5 (see Supporting Information).

Network topology was analysed to identify highly connected

genes (i.e. intramodular hubs), which potentially include major

transcriptional regulators of the co-expressed gene modules in

which they are located (Ma et al., 2013). The weighted network

was converted into an unweighted network preserving all connec-

tions with topological overlap mapping metric (TOM)> 0.1

(Appendix S4H). Twenty-one transcription factors, listed in Appen-

dix S4I, were among the most highly connected nodes (top 5%).

Interestingly, we also found six gene hubs coding for PHD finger

domain-containing proteins, which are involved in chromatin-

mediated gene regulation (Bienz, 2006; Appendix S4I). Chromatin

modification has been shown to play an important role in the tran-

scriptional regulation of the tightly linked genes involved with the

mycelial pigment aurofusarin in F. graminearum (Reyes-Domi-

nguez et al., 2012). Although chromatin remodelling can prime

the response and set the basal expression of a broad set of genes,

transcription factors can activate smaller subsets of environment-

responsive genes, as proposed in F. graminearum (Lawler et al.,

2013) and in mammalian systems (Garber et al., 2012).

CONCLUSIONS

In this study, we show that the expression of potential virulence

factors of N. parvum, including functions involved in cell wall deg-

radation and secondary metabolism, is influenced by the presence

of woody substrate in vitro and even more so during colonization

of woody stem tissue in planta. Our finding of this condition-

dependent regulation was primarily a result of the co-expression

of physically clustered genes. Most of the co-expressed gene clus-

ters shared at least one common promoter motif, suggesting that

they are co-regulated by common transcription factors. Co-

expression analysis revealed not only transcription factors, but

also chromatin regulators, whose expression was correlated with

inducible clusters of virulence factors. Such multi-layered regula-

tion suggests a complex range of potential virulence factors in N.

parvum. Our findings serve as a basis for further studies on how

N. parvum is able to colonize woody tissues or adapt to this envi-

ronment. An understanding of the functions that lead to the colo-

nization of certain cell types/tissues, and the corresponding fungal

genes activated during subsequent degradation of such host tis-

sues, may help us to understand the mechanism(s) of cultivar

resistance and interactions within the trunk pathogen community.

EXPERIMENTAL PROCEDURES

Biological material

Neofusicoccum parvum isolate UCD646So (ATCC number: MYA-3706)

was isolated from V. vinifera ‘Sauvignon blanc’ in Sonoma County (Cali-

fornia, USA; �Urbez-Torres et al., 2006). For transcriptome profiling of fun-

gal cultures on solid medium (i.e. in vitro experiments), isolate UCD646So

was inoculated onto PDA (Difco, Detroit, MI, USA) or SuperPure agar

(BTS) containing finely ground grape wood (V. vinifera ‘Cabernet

Sauvignon’ FPS 08 and ‘Merlot’ FPS 03), prepared as described in

Morales-Cruz et al. (2015). Cultures were incubated at 25 �C for 7 days,

and then subcultured to the same medium and incubated again for 7

days. Subculturing was carried out three times before collection of RNA.

Hyphae were harvested from the surface of the agar for RNA extraction.

For in planta transcriptome profiling, 1-year-old potted V. vinifera ‘Caber-

net Sauvignon’ FPS 19 plants were inoculated with isolate UCD646So

mycelia, as described in Travadon et al. (2013). Woody stems were col-

lected at seven time points: 0, 3 and 24 hpi, and 2, 6, 8 and 12 wpi.

Wood samples from 1 cm below the inoculation site were collected using

flame-sterilized forceps, immediately placed in liquid nitrogen and then

stored at 2808C for RNA extraction. Infections were confirmed by positive

recovery of the pathogen after 5 days of growth on PDA.

DNA extraction, library preparation and sequencing

High-molecular-weight DNA was extracted following the protocol

described in Stoffel et al. (2012). Four grams of frozen ground mycelia

were combined with 15 mL of 2 3 extraction buffer. DNA purity was

measured with a spectrophotometer, and integrity was evaluated with

pulsed field electrophoresis. For PacBio sequencing library preparation, 15

mg of high-quality genomic DNA was sheared using a Megaruptor (Diage-

node, Denville, NJ, USA). After shearing, fragmented DNA was processed

using a SMRTbell Template Prep Kit 1.0 (Pacific Biosciences, Menlo Park,

CA, USA). Libraries were size selected at 12–50-kb cut-offs using a Blue

Pippin (Sage Science, Beverly, MA, USA), submitted to a final DNA repair

treatment (SMRTbell Damage Repair Kit, Pacific Biosciences) and then

sequenced using a PacBio RS II platform (DNA Technologies Core Facility,

University of California, Davis, CA, USA). Nine SMRT cells yielded a total

of 7.2 Gb of sequence data: 698 022 reads were generated with median

and maximum lengths of 10 and 52.5 kb, respectively (Appendix S1: Table

S1). Sequencing coverage was approximately 160 times the expected
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genome size of 44.2 Mb, which was estimated based on DNA k-mer distri-

bution using SGA v.0.10.6 (Simpson, 2014). For Illumina sequencing, DNA

libraries were prepared as described in Jones et al. (2014). Paired-end,

150-bp reads were sequenced on an Illumina HiSeq2500 (DNA Technolo-

gies Core Facility, University of California). A total of 2.36 Gb was gener-

ated, achieving a median coverage of 50 times the N. parvum genome.

Genomic sequences can be retrieved from the National Center for Biotech-

nology Information (NCBI, Bioproject PRJNA321421).

RNA extraction, library preparation and sequencing

Mycelia from cultures on solid medium were collected in a 2-mL micro-cen-

trifuge tube, which was immediately frozen in liquid nitrogen, and then

ground to a powder with a TissueLyser II (Qiagen, Hilden, Germany) at

30 Hz for 30 s. One millilitre of TRIzol reagent (Ambion, Austin, TX, USA)

was added to the ground mycelia; extraction of total RNA was performed

following the manufacturer’s protocol. For the in planta experiment, stem

fragments 1 cm below the point of inoculation were placed into liquid

nitrogen in pre-cooled, 25-mL stainless-steel jars (Retsch, Haan, Germany)

and ground to a fine powder, as described above. Total RNA was then iso-

lated using a cetyltrimethylammonium bromide (CTAB)-based extraction

protocol, as described in Blanco-Ulate et al. (2013). RNA-seq libraries were

prepared using the Illumina TruSeq RNA sample preparation kit v.2

(Illumina, San Diego, CA, USA). Libraries were sequenced on an Illumina

HiSeq3000 sequencer (DNA Technologies Core Facility, University of

California). Libraries from cultures and infected wood were sequenced in

paired-end, 150-bp mode and single-end, 50-bp mode, respectively.

Sequences were deposited to GEO (NCBI; accession: GSE85079).

Neofusicoccum parvum genome assembly and gene

prediction

PacBio reads were assembled using HGAP v.3.0 (Chin et al., 2013). Reads

were filtered with the parameters: minimum sub-read length 5 1000; min-

imum polymerase read quality 5 0.8; minimum polymerase read length-

5 500. The minimum seed read length for the assembly was set at 6000.

Assembly polishing was carried out with Quiver using only unambiguously

mapped reads. To estimate the error rate, Illumina paired-end reads were

mapped using Bowtie2 v.2.2.327 (Langmead and Salzberg, 2012), poly-

merase chain reaction (PCR) and optical duplicates were removed with

Picard tools (v.1.119; http://broadinstitute.github.io/picard/) and Haploty-

peCaller (GATK v.3.3.0; McKenna et al., 2010) was used to call sequence

variants with the following parameters: –ploidy 1 –min_base_quality_-

score 20.

Gene prediction was carried out using BRAKER v.1.8 (Hoff et al.,

2015). Paired- and single-end RNA-seq reads from in vitro and in planta

expression studies, respectively, were mapped onto the genome assem-

blies using TopHat v.2.0.9 (Trapnell et al., 2009). Prior to gene prediction,

repetitive regions were masked using a combination of ab initio and

homology-based approaches, as described in Jones et al. (2014). BRAKER

prediction was carried out on the soft-masked contigs applying

GeneMark-ET with the branch point model, which was shown to be useful

for fungal genomes. Only complete protein-coding sequences without

internal stop codons were retained for further analysis. Functional annota-

tions were carried out as described in Morales-Cruz et al. (2015).

Transcriptome mapping and statistical analysis

Forward reads from the dataset of in vitro cultures were trimmed to 50 bp

using the FASTX-Toolkit v.0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/

index.html) in order to obtain results comparable with those obtained in

the in planta experiment. Quality trimming (Q> 20) and adapter contami-

nation removal were carried out using sickle (v.1.2.1; Joshi and Fass,

2011) and scythe (v.0.991; Buffalo, 2011), respectively. Single-end reads

were mapped onto the isolate UCD646So transcriptome (CDSs) using

Bowtie2 v.2.2.327 with the following parameters: -q -end-to-end -sensi-

tive -no-unal. For the in planta experiment, the predicted transcriptome of

isolate UCD646So was combined with the predicted transcriptome of V.

vinifera ‘PN40024’ (v.V1 from http://genomes.cribi.unipd.it/grape/) and

used as a reference for read mapping. Counts of uniquely mapped reads

(mapping quality Q> 30) were extracted using sam2counts.py v.0.91

(https://github.com/vsbuffalo/sam2counts). Details on the results of data

trimming and mapping are reported in Appendix S1 (Table S7). The Bio-

conductor package DESeq2 (Love et al., 2014) was used for normalization

and for statistical testing of differential expression for both experiments

(Appendix S4A,B). As described in the Results section, sequencing cover-

age varied greatly between time points and biological replicates, as a

result of fungal biomass accumulation and the variable tissue colonization

rate, commonly observed in experiments with trunk pathogens (e.g.

Czemmel et al., 2015). In order to avoid false discovery of DE genes as a

result of the changes in coverage between time points not corrected com-

pletely by DESeq2, we applied two additional cut-offs that removed

potentially constitutively expressed genes from the analysis. Fungal RNA-

seq read counts provide a good estimation of fungal biomass accumula-

tion in the infected tissue (Blanco-Ulate et al., 2015). Therefore, constitu-

tive genes should: (i) increase their transcript abundance (as raw reads)

linearly as the fungal biomass accumulates (as total fungal raw reads);

and (ii) their normalized reads should display small variation between

time points. To identify constitutive genes, we first calculated a Pearson

correlation coefficient (R) for each gene by comparing the raw read count

of the gene with the total number of raw read counts in each biological

replicate. We imposed a second filter based on gene expression variability

across time points as in Massa et al. (2011). A coefficient of variation (CV)

was calculated for each gene using DESeq2-normalized count means of all

time points. Finally, we considered genes with R> 0.7 and/or CV< 50%

as expressed constitutively (Appendix S1: Fig. S5). Therefore, genes were

considered DE not only if they had a significant differential expression

(adjusted P� 0.05) between each subsequent pair of time points (3 hpi

vs. 0 hpi, 24 hpi vs. 3 hpi, 2 wpi vs. 24 hpi, etc), but also if they had both

R< 0.7 and CV> 50%. K-means and hierarchical clustering analyses

were performed on the genes DE at least at one time point during the in

planta experiment using MeV v.4.9 (Saeed et al., 2003). K-means cluster

analysis was performed with a maximum number of 100 iterations and a

number of random sets equal to four. The number of clusters was estab-

lished using a plot of figure of merit (FOM) vs. the number of clusters (1–

20 clusters, 100 iterations) (Appendix S1: Fig. S6).

Genome-wide co-expression analysis

Co-expression analysis was conducted using WGCNA v.1.51 (Langfelder

and Horvath, 2008). RNA-seq counts from both experiments were com-

bined into one dataset and normalized using DESeq2 (Love et al., 2014).
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A soft-thresholding power of 7 with a scale-free model fitting index

R2> 0.882 was applied with a minimum module size of 20. Within the

co-expression modules identified by WGCNA, genomic clusters were

defined as a minimum of four adjacent co-expressed genes. Fisher’s exact

test was used to calculate functional enrichments in the genomic clusters.

Following Lawler et al. (2013), the promoter region was defined as up to

600 bp upstream of each CDS. Upstream regions of adjacent genes were

analysed using the MEME SUITE (Bailey et al., 2009). MEME v.4.11.1 was

run with the following parameters: -dna -mod zoops -nmotifs 10 -maxw

9. Motifs were annotated by comparison with MacIsaac_v1 and SCPD

databases (MacIsaac et al., 2006; Zhu and Zhang, 1999), using tomtom

v.4.11.1 with the following parameters: -evalue -no-ssc. Neofusicoccum

parvum protein homologues of ScAPs were identified using BLASTp (e-val-

ue< 1026 and matched regions covering �30% of the query or target

sequence). For network topological analyses, the unweighted network

was extracted using a hard threshold of TOM> 0.1 and imported into

Cytoscape v.3.4 (Shannon et al., 2003).
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