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Verticillium spp are soil-borne pathogens that cause wilt disease 
on more than 200 plant species in temperate and sub-tropical 
regions. Verticillium wilts are notorious because they are difficult 
to control due to persistent resting structures that reside in the soil 
and that are difficult to eradicate with currently available control 
measures, absence of fungicides to cure infected plants, and the 
availability of relatively few sources of genetic resistance.1,2 Thus 
far, the only well characterized Verticillium resistance gene is the 
tomato Ve1 gene that provides resistance against race 1 isolates of 
V. dahliae and V. albo-atrum.3,4 Recently, a genome sequence has 
been determined for each of these two species.5 Until recently, 
the Verticillium molecule that is intercepted by the Ve1 immune 
receptor remained unknown. However, by population genome 
high-throughput sequencing this effector, designated Ave1 (for 
Avirulence on Ve1 tomato), was identified.6 Intriguingly, Ave1 
was found to be homologous to a widespread family of plant 
proteins, suggesting that the fungus acquired Ave1 from plants 
through horizontal gene transfer.6

As part of the sequencing strategy to identify the Verticillium 
effector that is detected by the Ve1 immune receptor, RNA-Seq 
was performed on samples of V. dahliae-infected plants. The plant 
species used to generate the samples for RNA-Seq was Nicotiana 
benthamiana, which is able to accumulate more V. dahliae bio-
mass upon infection than tomato or Arabidopsis, the other two 
model plants that have mostly been used to study this pathogen.3,5

N. benthamiana is an Australian endemic tobacco species which 
has been extensively used in research on plant-pathogen interac-
tions.7 The popularity of N. benthamiana as a model to study 
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such interactions can be attributed to the relative ease of genetic 
manipulation, such as transient overexpression and gene silenc-
ing, when compared with other Solanaceous species. Moreover, 
N. benthamiana has been used successfully to study interactions 
between various immune receptors and pathogen effectors as well 
as immune signaling. Here, we describe the transcriptome of N. 
benthamiana infected by V. dahliae as determined by RNA-Seq.6

Deep RNA sequencing was performed on three-week-old N. 
benthamiana plants inoculated through root-dipping in a conidial 
suspension of V. dahliae strain JR2 as described previously, and 
harvested in a time course on 4, 8, 12 and 16 d post inocula-
tion (DPI).5,6 Total RNA was extracted using the RNeasy Mini 
Kit (Qiagen), and cDNA synthesis, library preparation (200-bp 
inserts), and Illumina sequencing (90-bp paired-end reads) was 
performed at the Beijing Genomics Institute (BGI). For each sam-
ple, ~25 million paired-end 90 bp reads were obtained. A quality 
check was performed on the reads using the FastQC software 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/), result-
ing in a high quality score, and thus no reads were discarded. 
To reconstruct the N. benthamiana transcriptome, reads belong-
ing to the N. benthamiana transcriptome were separated from 
those belonging to the V. dahliae transcriptome using Tophat.8 To 
this end, the complete RNA-Seq data set was mapped onto the 
draft genome sequence of Verticillium dahliae strain JR26 and the 
unmapped reads were isolated. Only 0.05% of the reads obtained 
at 4 DPI could be mapped on the V. dahliae genome, implying that 
the remaining 99.95% were plant derived. By 16 DPI, the amount 
of V. dahliae derived transcripts increased to 0.9%. By removing 
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were used as input for the Oases software. Surprisingly, the Oases 
software produced better results using the Velvet k-mer 31 output 
rather than the 51 k-mer output (Fig. 1). In de Bruijn graph based 
software, longer k-mers provide a higher specificity for the place-
ment of reads in a contig, while the sensitivity for the placement 
is lower due to a lower coverage as a result of the increased k-mer 
length. Oases, taking into consideration dynamic expression and 
multiple transcript isoforms, tries to position reads that can con-
nect contigs that were generated by Velvet. Consequently, a more 
conservative assembly generated by Velvet using a k-mer of 31 
leads to a more fragmented assembly into contigs which allows 
Oases more flexibility to connect these contigs into transcripts. 
The Oases assembly based on the Velvet k-mer 31 output resulted 
in 142,738 transcripts larger than 100 bp (N50 of 1,464 bp, N90 
of 744 bp) (Fig. 1), the longest transcript being 15,046 bp, with an 
average GC content of 42.15%. Within the assembled sequences, 
55,808 sequences represented only one transcript, while 18,830 
sequences represented multiple (average ~4.5) transcript isoforms. 
In order to reduce transcript redundancy, the longest mRNA was 
selected in case multiple transcript isoforms were obtained. The 
selection resulted in a set of 74,638 non-redundant transcripts. 
Subsequently, the non-redundant transcripts were aligned to the 
V. dahliae genome5 and to the N. benthamiana genome version 0.3 
(ftp://ftp.solgenomics.net/genomes/Nicotiana_benthamiana/
assemblies/) in order to eliminate pathogen-derived transcripts 
that were not subtracted upon mapping of the short reads with 
Tophat and retain only transcripts matching to the N. benthami-
ana genome. This analysis showed that 1,597 out of the 74,638 

all reads mapping to V. dahliae, a total of 105,152,616 reads were 
retained which were used for assembly of the N. benthamiana tran-
scriptome using the Velvet-Oases package.9,10 The Velvet software 
uses a so-called de Bruijn graph for the construction of contigs. 
In general, de Bruijn graph based assembly software is not well 
suited for the assembly of transcripts because the algorithm does 
not account for alternative splicing and fluctuations in coverage 
depth within a contig, thus specific software for mRNA assembly 
has been developed. The Oases software uses the Velvet assembly 
as input and tries to connect contigs by using the information 
from the reads taking alternative splicing and dynamic expres-
sion levels into account.11 The assembly result largely depends on 
two parameters: the k-mer length and coverage cut-off. A k-mer 
is a fragment of a read of arbitrary length k, while the coverage 
cut-off is the minimal number of times that a nucleotide needs 
to be represented in a contig at a specific position in order to be 
included in the final assembly. The Perl script VelvetOptimizer.pl, 
included in the Velvet package, was used to optimize these two 
parameters by comparing the N50 (the size N at which 50% of 
the genome is assembled in contigs of size N or greater) and the 
total number of large contigs obtained upon assembly using dif-
ferent k-mer sizes. The k-mers tested ranged from 23 to 61 with 
2 step intervals, while the coverage cut-off was automatically 
set by the software. The analysis showed that a k-mer setting of 
51 resulted in a higher N50 and longer contigs when compared 
with the standard k-mer setting of 31 (Fig. 1). Although higher 
N50 and longer contigs were obtained with a k-mer setting of 51, 
assembly results obtained with both k-mer settings of 31 and 51 

Figure 1. Size distribution of the assembled transcripts after Velvet and oases analyses with different k-mer settings. the histogram represents the 
number of sequences of a particular contig size. the different colors show the output of Velvet or Velvet-oases with different k-mer settings. the 
Velvet-oasis combination with k-mer setting 31 results in the highest number of long contigs.
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15,046 bp was a homolog of the gene encoding the auxin transport 
protein BIG-like in Glycine max (soybean), which is one of the lon-
gest transcripts in plants. The identity between the two homologs 
was about 61% at the protein level, and the assembled transcript 
corresponded to about 95% of the Glycine max BIG-like protein.

To annotate the N. benthamiana transcriptome, the assembled 
transcripts were translated into proteins by making a 6-frame 
translation and selecting the longest open reading frame. The 
proteins were subsequently aligned by BLASTp software to the 
Arabidopsis protein database, the tomato (Solanum lycopersicum) 
protein database and the PFAM database using the HMMER 
software (Fig. 2). Out of 73,041 N. benthamiana transcripts, 
30,282 matched to an Arabidopsis protein, 31,976 matched 
to a tomato protein and 23,614 matched to a PFAM model. 
Subsequently, because of optimal curation and integration into 
software programmes, the annotation based on Arabidopsis pro-
teins was used for GO-term enrichment analysis. The assembled 
transcriptome was used as a reference for digital expression quan-
tification. The reads, derived from the different time points, were 
remapped to the assembled N. benthamiana transcriptome using 

non-redundant assembled transcripts had a significant hit to the 
V. dahliae genome and were therefore removed. All other tran-
scripts matched to the N. benthamiana genome. Considering the 
73,041 transcripts that matched to the N. benthamiana genome, 
the transcriptome size of N. benthamiana amounted to 38.7 
Mbp, which equals ~1.3% of the total genome size and is close 
to the size of the Arabidopsis thaliana transcriptome.12 With this, 
we assembled ~4.5 times more non-redundant mRNAs than the 
number of ESTs that is already deposited in the Unigene database 
of N. benthamiana at the Solgenomics database (http://www.sol-
genomics.net/). However, most likely the number of transcripts 
obtained in this study is over-estimated due to partial assembly of 
mRNAs, leading to messengers that are split over multiple tran-
scripts during the assembly process.

To assess the robustness of the assembly, the transcripts were 
blasted to the N. benthamiana unigenes in the Solgenomics data-
base (http://www.solgenomics.net) and an overall high identity 
(99.3%) was found. Moreover, the longest 200 N. benthamiana 
unigenes were compared with their homologous transcripts, show-
ing that 72 out of 200 transcripts were covering > 90% of the 
unigene length. Furthermore, the length of the assembled N. ben-
thamiana transcripts were compared with their Arabidopsis homo-
logs. The core eukaryotic gene set of Arabidopsis is composed of 
459 genes (http://korflab.ucdavis.edu/) which were aligned to the 
N. benthamiana transcriptome using the tBLASTn algorithm.13,14 
Contigs mapping to all of the 459 genes were identified, with an 
overall sequence length coverage of about 74%, while for about 
58% of the genes a sequence length coverage > 90% was obtained. 
Thus, our assembly covered homologs for all core Arabidopsis 
genes and about half of the transcripts had a length that is com-
parable to their Arabidopsis homologs. The longest transcript of 

Table 1. number of N. benthamiana reads used for the digital expression 
analysis

Sample time point 
(days post infection)

Total number 
of reads

Reads remapped to the 
transcriptome (% of total)

4 26,193,846 2,111,671 (8%)

8 26,167,768 10,126,370 (38.7%)

12 26,146,456 9,985,223 (38.2%)

16 26,644,546 9,708,919 (36.4%)

Figure 2. Functional annotation of the predicted Nicotiana benthamiana proteome by Blast analysis to the arabidopsis protein database (scorearab), 
the tomato protein database (scoreSolyc) and the PFam database (scorePFam). Sequences are organized by gene ontology.
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analysis on V. dahliae-infected tomato.18 No specific enrichment 
was found for the repressed genes. Collectively, our data provide 
a robust catalog of transcripts of the Solanaceous model plant 
N. benthamiana undergoing pathogen stress that can be used for 
annotation of the N. benthamiana genome and for mining of can-
didate genes in pathogen defense.

Data deposition

The RNA-Seq data are available at ftp://ftp.solgenomics.net/
transcript_sequences/by_species/Nicotiana_benthamiana/
illumina/Verticillium_dahliae.
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the Bowtie2 software with the –M option set to 1 in order to 
map reads to a single transcript16 (Table 1). The Cufflinks pack-
age was used to determine the digital expression of each of the 
transcripts. The software Cuffdiff, which is part of Cufflinks, 
was run with the –time-series option activated in order to com-
pare the samples in sequential time, and not the default option 
all vs. all. The expression analysis and the annotation were com-
bined to produce a data set in which only annotated differen-
tially expressed transcripts were present. This resulted in 3,923 
(12.9%) transcripts that were induced between 4 and 16 DPI and 
1,673 (5.5%) transcripts that were repressed. Next, gene ontology 
term enrichment was analyzed. A threshold of 10-fold induction 
or repression was chosen to select the transcripts to be used in 
the gene ontology term enrichment analysis using the BiNGO 
software.17 Out of the 5,596 differentially expressed transcripts, 
1,267 genes were selected as induced and 163 as repressed at 16 
DPI. This analysis identified an enrichment (p-value 10-11) of GO 
terms associated to biotic stress (Fig. 3) in the group of induced 
genes, which was expected based on earlier transcriptome 

Figure 3. Gene ontology enrichment identified in the Verticillium-infected Nicotiana benthamiana transcriptome by the BinGo software. the gene on-
tology term enrichment analysis was performed on the 1,267 genes that displayed 10-fold induction at 16 d post inoculation when compared with the 
standard gene ontology term representation of arabidopsis genes. Circle sizes indicate the relative number of genes that represent a gene ontology 
term, and the color gradient indicates the statistical robustness of the over-representation.
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