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Nicotiana benthamiana is a widely used model plant species
for the study of fundamental questions in molecular plant-
microbe interactions and other areas of plant biology. This
popularity derives from its well-characterized susceptibil-
ity to diverse pathogens and, especially, its amenability to
virus-induced gene silencing and transient protein expres-
sion methods. Here, we report the generation of a 63-fold
coverage draft genome sequence of N. benthamiana and its
availability on the Sol Genomics Network for both BLAST
searches and for downloading to local servers. The esti-
mated genome size of N. benthamiana is 3 Gb (gigabases).
The current assembly consists of approximately 141,000
scaffolds, spanning 2.6 Gb with 50% of the genome sequence
contained within scaffolds >89 kilobases. Of the approxi-
mately 16,000 N. benthamiana unigenes available in Gen-
Bank, >90% are represented in the assembly. The useful-
ness of the sequence was demonstrated by the retrieval of
N. benthamiana orthologs for 24 immunity-associated genes
from other species including Ago2, Ago7, Bakl, Bikl, Crtl,
Fls2, Pto, Prf, Rarl, and mitogen-activated protein kinases.
The sequence will also be useful for comparative genomics
in the Solanaceae family as shown here by the discovery of
microsynteny between N. benthamiana and tomato in the
region encompassing the Pto and Prf genes.

Nicotiana benthamiana has become one of the most com-
monly used model plant species for research on molecular
plant-microbe interactions as well as other areas of plant science
(Goodin et al. 2008). The species was originally adopted by
plant virologists because of its susceptibility to numerous viral
pathogens (Christie and Crawford 1978). This feature led to its
use for early studies of virus-induced gene silencing (VIGS)
and the underlying mechanisms of RNA interference (Angell
and Baulcombe 1997; Baulcombe 1999, 2004; Kumagai et al.
1995). VIGS is now a widely used method to knock down
gene expression in N. benthamiana because it is simple to im-
plement, is effective, and can be accomplished in about a
month (Baulcombe 1999; Burch-Smith et al. 2004; Senthil-
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Kumar and Mysore 2011; Velasquez et al. 2009). The tech-
nique is used for both high-throughput screens to identify
immunity-associated genes and for deeper investigation of spe-
cific genes implicated in plant-microbe interactions and other
aspects of plant biology (Baulcombe 1999; Chakravarthy et al.
2010; del Pozo et al. 2004; Ekengren et al. 2003; Lu et al.
2003; Senthil-Kumar and Mysore 2011; Takahashi et al. 2007;
Velasquez et al. 2009). The gene fragment used for VIGS can
be designed to target a single gene or several genes at once,
such as members of a gene family (Robertson 2004; Senthil-
Kumar et al. 2007). However, the lack of a genome sequence
for N. benthamiana frequently hinders the design of specific
VIGS constructs.

N. benthamiana is also susceptible to attack by a large num-
ber of well-characterized bacterial, fungal, and oomycete
pathogens, as well as certain aphids (Bos et al. 2010; de Jonge
et al. 2012; Kamoun et al. 1998; Ramsey et al. 2007; Wei et al.
2007; Yoshino et al. 2012). As one example, the intensively
studied tomato pathogen Pseudomonas syringae pv. tomato
has been engineered to allow infection of N. benthamiana, per-
mitting investigation of the molecular basis of pathogen-asso-
ciated molecular pattern (PAMP)- and effector-triggered im-
munity and the mechanisms employed by type III effectors to
promote bacterial virulence (Chakravarthy et al. 2009, 2010;
Cunnac et al. 2011; Hann et al. 2007; Kvitko et al. 2009;
Nguyen et al. 2010; Wei et al. 2007).

The large leaves of N. benthamiana and its susceptibility to
pathogens have been exploited as a way to transiently express
proteins, using either engineered viruses or syringe-infiltration
of Agrobacterium tumefaciens (Chapman et al. 1992; Ma et al.
2012; Tang et al. 1996; Van der Hoorn et al. 2000; Wagner et
al. 2004). These methods facilitate immunoprecipitation of pro-
teins, visualization of protein subcellular localization, and the
examination of post-translational modifications (Cournoyer et
al. 2011; de Vries et al. 2006; Inze et al. 2012; Ishihama et al.
2011; Liu et al. 2010; Sacco et al. 2007). N. benthamiana has
also been used to produce large numbers of proteins for spot-
ting on microarrays (Popescu et al. 2009). Collectively then,
the experimental methods available for N. benthamiana and its
role as a host for many model pathogens have combined to
make the species a powerful and increasingly widely used
model system.

N. benthamiana is an herbaceous plant indigenous to Aus-
tralia (Goodin et al. 2008). It is an allotetraploid from the
Suaveolentes section, resulting from the hybridization of two
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unknown progenitors, probably from the Noctiflorae or Syl-
vestris sections (Chase et al. 2003; Clarkson et al. 2004; Knapp
et al. 2004). It is notable that commercial tobacco N. tabacum
is also an allotetraploid and that one of its progenitors is
closely related to N. sylvestris from the Sylvestris section (the
other parent being closely related to N. romentosiformis). The
N. benthamiana genome consists of 19 chromosomes and is
estimated to be 3 Gb (gigabases) (Goodin et al. 2008; Narayan
1987). As a member of the Solanaceae family, N. benthamiana
is a close relative of tomato (Solanum lycopersicum) and po-
tato (Solanum tuberosum), two economically important species
whose genomes have been sequenced recently (Tomato Ge-
nome Consortium 2012; Potato Genome Sequencing Consor-
tium 2011). The origins of the N. benthamiana accessions used
for research are generally not known, although one study indi-
cates they are very similar and may have derived from a single
source (Goodin et al. 2008).

Despite being used intensively in research for more than 20
years, there are very limited genomics resources available for
N. benthamiana. Currently, GenBank holds about 58,000 ex-
pressed sequence tags and about 1,400 full-length mRNA se-
quences for this species. The Sol Genomics Network (SGN)
website (Bombarely et al. 2011) provides approximately 16,000
unigenes derived from these data. In the future, it is expected
that RNA-Seq will become available to annotate the genome
and characterize the transcriptome of this plant species.

We have now generated and sequenced one paired-end (PE)
and two mate-pair (MP) libraries of N. benthamiana genomic
DNA, using Illumina HiSeq2000 technology, resulting in 63-
fold coverage of the predicted genome. The assembled draft
genome sequence was evaluated for the length of its contigs and
scaffolds and for the presence of sequences corresponding to the
approximately 16,000 available unigenes. To test its usefulness
for plant-microbe interaction research, we searched the genome
sequence for a subset of immunity-associated genes known from
Arabidopsis, potato, tobacco, and tomato. We also demonstrated
its utility for comparative genomics by identifying and charac-
terizing microsynteny between N. benthamiana and tomato in
the region encompassing the Pfo and Prf genes. This draft se-

quence should enhance the use of N. benthamiana by enabling
the identification of specific genes and their promoters, compari-
sons of genome organization in the Solanaceae spp., and the
more efficient use of VIGS for gene characterization.

RESULTS

Construction of libraries for sequencing.

The N. benthamiana accession that was sequenced is referred
to as Nb-1. As with most of the N. benthamiana accessions
used for research purposes, the origin of this line is unknown
(Goodin et al. 2008), although it has been in use in the Martin
laboratory since the mid-1990s and is highly inbred. Most N.
benthamiana accessions in use for research appear to be very
similar and might be derived from a single source (Goodin et
al. 2008). For this project, we isolated DNA from approxi-
mately 25 one-month-old seedlings and developed a PE library
with insert size of about 400 bp and two MP libraries with
insert sizes of about 2 or 5 kb (additional details below). The
MP libraries are important for bridging genome regions with a
high level of repetitive sequences, as the insert size in PE li-
braries is often too small to span such regions. A single run
was performed on an Illumina HiSeq 2000 machine with five
lanes of the PE library and one lane each of the MP libraries.
The sequences derived from the three libraries represented a
63-fold coverage of the estimated N. benthamiana genome
size (Table 1).

Genome sequence assembly and gene space evaluation.

N. benthamiana reads were preprocessed by using Fastq-
mcf and Prinseq (discussed below). Approximately 13% of the
reads were discarded during the preprocessing because of low-
quality, short, or duplicated reads. The 0.4-kb PE library and
the 2- and 5-kb MP libraries had redundancies of 10, 12, and
31%, respectively. Sequence assembly was optimized by using
two different programs (ABySS [Simpson et al. 2009] and
SOAPdenovo [R. Li et al. 2009]), and three different dataset
combinations with kmer 63 to optimize the computational
resources. Two assemblies (v0.3 by ABySS and v0.4 by

Table 1. Nicotiana benthamiana sequencing, assembly, and gene space evaluation statistics

Sequencing statistics Raw data Processed data
Library Coverage Size Coverage
Paired end 0.4 Kb inserts 181.29 Gb 58 X 160.63 Gb 51X
Mate pair 2 Kb inserts 46.59 Gb 15X 39.99 Gb 13X
Mate pair 5 Kb inserts 40.04 Gb 13X 28.58 Gb 9X
Total 267.92 Gb 86 X 229.2 Gb 63X
Assembly statistics Contigs Scaffolds
Total assembly size 2.46 Gb 2.63 Gb
Total assembled sequences 461,463 141,339
Longest sequence length 208.21 Kb 615.59 Kb
Average sequence length 5,336 bp 18,610 bp
N90 index” 163,000 sequences 30,261 sequences
N90 length 3,403 bp 23,201 bp
N50 index 42,984 sequences 8,897 sequences
N50 length 16,480 bp 89,778 bp
Gene space statistics Length > 300 bp®© Coverage > 80%1
N. benthamiana unigenes 79% 93%
Solanum lycopersicum gene models 61% 39%

* A total of 485,798 contigs were originally present in the assembly but only contigs >200 bp (461,463) were included in the contig file and in this report. In
terms of genome size the 24,335 contigs excluded add approximately 3.72 Mb to the total size.

® When ordering all contigs (or scaffolds) by size, the N50 or N90 index indicates the number of the longest sequences (contigs or scaffolds) that contain 50
or 90%, respectively, of the total assembled sequence. The N50 and N90 length indicate the length of the shortest sequence in the set of the largest contigs
(or scaffolds) that contain 50 or 90%, respectively, of all the sequences in the assembly.

¢ The percentage of the N. benthamiana unigenes (16,024) or tomato gene models (34,739) for which we could identify, in the v0.4.2 draft sequence, a

fragment of at least 300 bp.

4 The percentage of N. benthamiana unigenes or tomato gene models that were found, in the v0.4.2 draft sequence, to be represented with a coverage of 80%

Oor more.
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SOAPdenovo) were chosen to close gaps by using the SOAP
tool GapCloser (Li et al. 2010). The results were evaluated
with assembly statistics parameters such as N50 and N90
index and length, total assembly size, and longest sequence for
contigs and scaffolds (Table 1). Assembly v0.4.2 had the best
assembly statistics and was chosen as the reference for the
analysis presented below. A later assembly (v0.4.3) was also
generated that filtered out a small number of putative bacterial
and chloroplast sequences. All assemblies (v0.3, v0.4.2, and
0.4.3) are available for BLAST searches and downloading
from the SGN website (Bombarely et al. 2011).

The representation of known genes in the genome sequence
(gene space evaluation) was determined by counting the num-
ber of BLAT hits (Kent 2002) for two datasets, N. bentham-
iana unigenes from the SGN unigenes build (version 1) and
coding sequence (CDS) regions from S. lycopersicum gene
models (ITAG 2.3; Tomato Genome Consortium 2012). From
these data, we determined the percentage of N. benthamiana
transcripts and S. lycopersicum gene models represented in the
genome sequence by a fragment of 300 bp or more (a useful
size for VIGS constructs) (Table 1). We also determined the
percentage of the N. benthamiana unigenes and S. lycopersi-
cum gene models that are present with more than 80% cover-
age in the assembly v0.4.2 (Table 1). In many cases these rep-
resented full-length genes.

The possibility that variable regions such as homeologous
genes (homologous genes that originated in the genomes of the
two progenitors of N. benthamiana) or alleles had been col-
lapsed during the assembly was evaluated through read re-
mapping and single nucleotide polymorphism (SNP) calling.
Considering only those regions with a minimum coverage of
five reads (98.43% of the Niben.v0.4.2 assembly), 164,595
SNP were identified, representing a polymorphism rate of just
0.007%. The low level of SNP is consistent with Nb-1 being a
highly inbred line.

Retrieval of immunity-associated gene sequences
from the genome sequence.

To assess the usefulness of the draft genome sequence, we
searched it for orthologs of 24 genes that have roles in the
immune response in various plant species (Table 2). These
included genes encoding disease resistance proteins, pattern
recognition receptors, signal transduction proteins, and others.
If the gene was initially described in a species other than to-
mato (e.g., Arabidopsis, potato) we first identified the ortholog
from the tomato genome sequence and, then, used that for
BLAST analysis against the N. benthamiana scaffold database.
In the case of Pto, which is not present in S. lycopersicum, the
S. pimpinellifolium sequence was used (GenBank U02271). By

using this approach, we successfully identified an N. bentham-
iana sequence corresponding to each of the targeted genes (Ta-
ble 2). The sequences retrieved had an average DNA sequence
identity to the tomato ortholog of 90%. In many cases, the
retrieved N. benthamiana sequence covered 100% of the open
reading frame of the tomato gene model. Based on this analy-
sis, the N. benthamiana genome sequence should be useful for
gene mining, for the design of VIGS constructs, and for as-
sessing target and nontarget gene silencing.

Notably, except in the case of Ago2 and Mpk2, each gene
had at least two matching sequences in the N. benthamiana
genome sequence, as is expected for an allotetraploid species
in which the two homeologous genes have not been collapsed
during assembly. In some instances, when it is known that
two genes exist in tomato (e.g., Ptila and Ptilb [G. Martin,
unpublished]), we identified four N. benthamiana genes, indi-
cating that duplication of this gene likely occurred in a pro-
genitor of N. benthamiana and tomato. In the case of Fls2,
we identified just two genes in N. benthamiana, although to-
mato also has two copies of this gene (Supplementary Fig.
S1). It is possible that Fls2 has undergone a more recent tan-
dem duplication event in tomato, since the two genes are lo-
cated adjacent to each other in the tomato genome (G. Martin,
unpublished).

Use of the N. benthamiana draft genome sequence
for comparative genomics.

The large size of many of the N. benthamiana scaffolds
should facilitate discovery and characterization of microsyn-
teny with tomato (and other Solanaceous species). For example,
we found that each of the two Prf genes in N. benthamiana is
located nearby a Pto homolog (scaffolds Niben.v0.4.2.Scf1223
and Niben.v0.4.2.Scf8803) (Fig. 1). In tomato, Prf is embed-
ded in a small family of Pto homologs with PtoB (Fen) lying
close to but in the opposite orientation to Prf (Pedley and Martin
2003). A Pto-like gene lies in this same orientation with respect
to each of the Prf genes in N. benthamiana. One of these genes,
Ptol, was found to be a pseudogene, while the other, Pfo3, has
an intact open reading frame (discussed below). The microsyn-
teny in this region suggests this genome organization is of
ancient origin, and phylogenetic analysis reveals some diver-
gence of the Pto and Prf genes in S. lycopersicum (Heinz 1706
and VENT Cherry), S. pimpinellifolium, and N. benthamiana
(Supplementary Figs. S2 and S3).

DISCUSSION

We have generated a draft genome sequence for N. ben-
thamiana that is of sufficient quality and coverage to enhance
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Fig. 1. Genome organization of the Pto and Prf region in Solanum pimpinellifolium (GenBank number AF220602) and Nicotiana benthamiana (scaffolds
Niben.genome.v0.4.2.Scf1223 and Niben.genome.v0.4.2.5cf8803). The location and orientation of the Pto and Prf sequences are shown, with gaps in Prf

indicating introns. Ptol and PtoF are pseudogenes ().
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the design and evaluation of constructs for VIGS, to facilitate
retrieval of gene sequences, and for the study of genome or-
ganization and synteny between solanaceous species. The se-
quence is accessible for BLAST searches on the SGN and for
downloading to a local server. The first assembly (v0.3) was
made available in early February 2012, and the sequence has
been downloaded more than 500 times since then, reflecting

the widespread use of N. benthamiana as a model system for
plant biology research. In the future, as the current assembly
is further improved and as RNA-seq data become available,
we plan to use the tomato gene models (Tomato Genome
Consortium 2012) and RNA-seq data from N. benthamiana
to annotate the gene space of the N. benthamiana genome se-
quence.

Table 2. BLAST hits for selected immunity-associated genes in the Nicotiana benthamiana genome

Gene? GenBank accession no. S. lycopersicum locus® N. benthamiana v0.4.2 scaffold Identity (%) Coverage (%)!
SIAdi3 AY849914 Solyc01g090240 Niben.v0.4.2.Scf35729 91 100
Niben.v0.4.2.Ctg25452543 90 48
StAdrl HQ906887 Solyc04g079420 Niben.v0.4.2.Scf36756 90 100
Niben.v0.4.2.Scf41414 90 46
ArAgo2 NM_102866 Solyc02g069260 Niben.v0.4.2.Scf6644 86 86
AtAgo7 NM_105611 Solyc01g010970 Niben.v0.4.2.Scf4610 90 91
Niben.v0.4.2.Scf36196 90 91
SIBakl AK328403 Solyc10g047140 Niben.v0.4.2.Scf44412 94 100
Niben.v0.4.2.Scf3411 94 95
Niben.v0.4.2.Scf7356 89 95
Niben.v0.4.2.Scf4596 88 95
AtBikl NM_129522 Solyc10g084770 Niben.v0.4.2.Scf24800 91 100
Niben.v0.4.2.Scf13273 90 95¢
Niben.v0.4.2.Scf29137 87 90
Niben.v0.4.2.Scf9691 87 90°
SIBti9 (CERK]1) HM208130 Solyc07g049180 Niben.v0.4.2.Scf14676 88 100
Niben.v0.4.2.Scf37790 87 100°
SiCoil NM_001247535 Solyc05g052620 Niben.v0.4.2.Scf18019 90 97
Niben.v0.4.2.Scf15197 90 97
NbCrtl GQ855284 Solyc02g084700 Niben.v0.4.2.Scf12767 91 96
Niben.v0.4.2.Scf50466 91 97
SIEds1 AK247875 Solyc06g071280 Niben.v0.4.2.Scf1627 87 100¢
Niben.v0.4.2.Scf15551 87 100
AtFls2 NM_124003 Solyc02g070890 Niben.v0.4.2.Scf14580f 90 100
Niben.v0.4.2.Scf5377" 90 100
SIMAPKKK ot AY500156 Solyc11g006000 Niben.v0.4.2.Scf1155 91 100
Niben.v0.4.2.Scf19856 91 100
SIMAPKKKe GU192457 Solyc11g033270 Niben.v0.4.2.Scf41747 93 100¢
Niben.v0.4.2.Scf47703 94 98
SIMKK1 AY691330 Solyc12g009020 Niben.v0.4.2.Scf2991 93 100
Niben.v0.4.2.Scf10086 92 100
SIMKK2 AY691331 Solyc03g123800 Niben.v0.4.2.Scf6609 85 77
Niben.v0.4.2.Scf12713 85 77
SIMPK1 AY261512 Solyc12g019460 Niben.v0.4.2.Scf60107 94 58
Niben.v0.4.2.Scf3284 93 100
SIMPK?2 NM_001247426 Solyc08g014420 Niben.v0.4.2.Scf36924 94 100
SIMPK3 NM_001247431 Solyc06g005170 Niben.v0.4.2.Scf16165 94 42
Niben.v0.4.2.Scf55601 90 98
SINprl AY640378 Solyc07g040690 Niben.v0.4.2.Scf20727 92 84¢
Niben.v0.4.2.Scf39188 91 96°
SIPtil U28007 Solyc12g098980 Niben.v0.4.2.Scf13765 94 100
Niben.v0.4.2.Scf5402 93 100
Niben.v0.4.2.Scf61958 91 98
Niben.v0.4.2.Scf25727 89 98
SIPto/Fen U59318 (PtoB/Fen) Solyc05g013290 Niben.v0.4.2.Scf1223f 86 100°
U02271 (PtoE) Not present Niben.v0.4.2.Scf8803¢ 86 100
Niben.v0.4.2.Scf23435" 86 100
Niben.v0.4.2.8cf6911" 86 100
SIPrf U65391 Solyc05g013280 Niben.v0.4.2.Scf1223f 88 100
Niben.v0.4.2.Scf8803" 87 100
NtRarl AF480487 Solyc11g072290 Niben.v0.4.2.Scf13235 90 96
Niben.v0.4.2.Scf11152 90 98
SiZiml NM_001247954 Solyc12g009220 Niben.v0.4.2.Scf1700 91 100
Niben.v0.4.2.Scf44037 90 100

 Species gene from which the indicated Genbank accession gene derives: At = Arabidopsis thaliana, Sl = Solanum lycopersicum, St = S. tuberosum, Nb = N.

benthamiana, Nt = N. tabacum.

® The homologous sequence in the tomato reference genome (Annotation ITAG2.3) for the GenBank accession sequence.

¢ The overall identity percentage between the gene model in the tomato reference genome and the N. benthamiana BLAST hit (Niben.genome.v0.4.2).

4 The percentage of the tomato gene model length covered by the N. benthamiana BLAST hit.

¢ The predicted gene model for these sequences contains an early stop codon or an indel that changes the open reading frame.

f The N. benthamiana coding sequences were extracted from the scaffolds based on the alignments with the tomato proteins and renamed as: NibenFLS2.1
(Niben.v0.4.2.Scf14580.Ctg13:1896..6031), NibenFLS2.2 (Niben.v0.4.2.Scf5377.Ctg3:2505..6686), NibenPtol (Niben.v0.4.2.Scf1223:77225..78148),
NibenPto2 (Niben.v0.4.2.Scf6911:172166..173126), NibenPto3 (Niben.v0.4.2.Scf8803:24032..25234), NibenPto4 (Niben.v0.4.2.S¢cf23435:12062..13168),
NibenPto5 (Niben.v0.4.2.Scf23435:1561..2765), NibenPrfl (Niben.v0.4.2.Scf1223:83466..88954) and NibenPrf2 (Niben.v0.4.2.Scf8803:41183..47018).
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Our analysis of the genome sequence and initial effort to re-
trieve orthologs of 24 immunity-associated N. benthamiana
genes was informative for several reasons. First, it indicated
we could identify a 300-bp or larger fragment for 80% of tar-
geted N. benthamiana genes. This is a typical fragment size
used for VIGS, and so the draft sequence should be useful for
designing gene-silencing constructs. Second, our analysis re-
vealed that the nucleotide sequence identity of the 24 tomato
genes to their N. benthamiana orthologs was high (90%). With
this level of conservation, it is very likely that a tomato gene
fragment will successfully silence its ortholog in N. bentham-
iana. Our experience and that of others over the past 10 years
of using tomato fragments for VIGS in N. benthamiana sup-
ports this prediction (Chakravarthy et al. 2010; Senthil-Kumar
et al. 2007). Third, the retrieval, in many cases, of full-length
genes means this draft sequence will facilitate the cloning of
genes from N. benthamiana for functional characterization.
Despite these encouraging results, it is difficult to infer an ob-
jective quality level for the draft genome sequence, due to the
lack of a reference sequence, BAC-derived sequence data, or a
genetic map. Nevertheless, although we have not yet directly
assessed these purposes, it seems likely that the draft sequence
will also enable retrieval of sufficient upstream sequence in
many cases to allow characterization of promoter regulatory
elements and may also be useful for gene identification subse-
quent to proteomics experiments.

The large average scaffold size of 18 kb (and an N50 length
of approximately 90 kb) will also facilitate use of the sequence
for comparisons of genome organization with other solana-
ceous species and, perhaps, lead to new hypotheses about the
evolution of these species. For example, it previously had not
been reported that Prf lies in close proximity to a Pto-like gene
in any Nicotiana species. In fact, both of the Prf homeologs
share this genome organization, suggesting that a Pto-like
gene and Prf were closely linked before the interspecific hy-
bridization event that created N. benthamiana.

In tomato, the Prf nucleotide-binding leucine-rich repeat
protein acts in concert with the Pto and Fen kinases to recog-
nize the effector proteins AvrPto and AvrPtoB, thereby confer-
ring resistance to Pseudomonas syringae pv. tomato. N. ben-
thamiana also recognizes AvrPto and certain forms of AvrPtoB
in a Prf-dependent manner that has been predicted to involve a
Fen- or Pto-like protein (Abramovitch et al. 2003; He et al.
2004; Yeam et al. 2010). The identification in N. benthamiana
of four Pto-like genes with intact open reading frames will
now enable testing of which of these genes may be involved in
recognition of these type III effectors. The microsynteny that
occurs in this region supports the idea that Prf and Pro-like
genes have a long coevolutionary history due to the interaction
of their proteins. We can also now surmise that the evolution
of the five-member Pto gene family occurred subsequent to
tomato—N. benthamiana speciation, likely in response to patho-
gen pressure on a progenitor of tomato.

In the future, the N. benthamiana draft genome sequence
will be improved by the integration of additional genome se-
quence data as well as information from RNA-seq experi-
ments. Since the release of the first assembly, we have been
contacted by several colleagues offering such information, and
we plan to incorporate these data and provide them to the com-
munity on the SGN website. Our lab is currently generating li-
braries for RNA-seq analysis from flowers, roots, stems, ger-
minating seeds, and other tissues of N. benthamiana, as well as
leaves exposed to diverse PAMPs, various strains of P. syrin-
gae pv. tomato, and other pathogens. These data, combined
with that from other labs, will permit gene annotation and fur-
ther enhance the use of N. benthamiana as a model for plant-
microbe biology research and other areas of plant science.

MATERIALS AND METHODS

Isolation of high molecular weight DNA
from Nicotiana benthamiana.

Approximately 25 seedlings of accession Nb-1 were grown
in a greenhouse under standard conditions (22°C, 14 h light,
10 h dark). One-month-old seedlings were transferred to a
dark growth chamber for 3 days to reduce their starch content,
and young expanding leaves were collected for nuclei isolation
as described in Zhang and associates (1995). Isolated nuclei
were resuspended in 5 ml of 1x homogenization buffer (HB)
(Zhang et al. 1995) and were lysed with 1 ml of 10% Sarkosyl.
The DNA was treated with Proteinase K (10 pg/ml) and Ribo-
nuclease A (10 pg/ml), followed by one phenol-chloroform
(1:1) and one chloroform-octanol (24:1) extraction. A cesium
chloride (CsCl) gradient was set up using 1 g of CsClI per 1 ml
of 1x HB buffer and 1 pl/ml of 5 mg/ml ethidium bromide.
The gradient was spun for 16 h in an ultracentrifuge (Optima
TLX, Beckman, Irvine, CA, U.S.A.). The ethidium bromide—
stained genomic DNA band was extracted with an 18G needle
and was dialyzed for 24 h in TE buffer (10 mM Tris, 1 mM
EDTA). Seeds of Nb-1 are available from G. Martin.

Sequencing of the N. benthamiana genome,
sequence assembly, and sequence retrieval.

The PE and MP libraries were generated using standard pro-
tocols available online (Illumina chemistry version 2) and
sequenced on an [llumina HiSeq 2000 unit at the Cornell-Weill
Genomics Core Facility (New York).

N. benthamiana sequences were processed with Fastq-mcf
ea-utils (ea-utils website) with a minimum quality score of 30
(Q30) and minimum read length of 50 bp (L50). Read duplica-
tion was analyzed using Prinseq (Schmieder and Edwards
2011). Duplicated reads were removed from the fastq files us-
ing a Perl script, FastqPairing. A total of 229 Gb of sequence
(approximately 63x total genome coverage) was assembled
using ABySS (Simpson et al. 2009) with a 63 kmer by using a
48 cores, 512 GB RAM Linux server (assembly version, Ni-
ben.v0.3). Subsequently, SOAPdenovo v.1.04 (R. Li et al.
2009) with a 63 kmer was used to assemble a subset of these
sequences containing the maximum number of MP reads (ap-
proximately 49X total genome coverage), to optimize the server
memory resources. The raw sequence reads (214 Gb) are avail-
able on a disk by request. The result was used as template for
GapCloser v1.12 (Li et al. 2010), using, in this case, all the
reads available after a sequence correction process (assembly
version, Niben.v0.4.2; this is the version used in the analysis
shown in Tables 1 and 2). The contig file for this version was
created by splitting the scaffolds by gaps with five or more Ns.
Contigs of less than 200 bp were removed from the file (24,335
sequences). Sequence statistics were calculated using a Perl
script, FastaSeqStats.

We also performed a sequence homology search by BLAST
with the N. sylvestris chloroplast sequence. Based on this screen,
a total of 205 scaffolds with a hit length >90% of the scaffold
length were removed. To detect bacterial contamination, we per-
formed a BLAST search with the National Center for Biotech-
nology Information (NCBI) bacterial genome sequences dataset.
From this screen, a total of 271 scaffolds with a hit length >200
bp were removed as possible contaminations. This filtered ver-
sion is referred to as Niben.genome.v0.4.3. We have not re-
moved scaffolds with sequences longer than 200 bp from any of
the assemblies, as we believe they may contain sequences that
could prove useful in the design of VIGS constructs (which may
be as small as 300 bp). All assembly versions are available at the
SGN Nicotiana benthamiana ftp site. The NCBI BioProject
accession for the genome sequence is PRINA170566.

Vol. 25, No. 12, 2012 / 1527



Gene-space evaluation was performed by a sequence homol-
ogy search using the 16,024 N. benthamiana SGN unigenes
v.l and the 34,739 S. lycopersicum CDS (Tomato Genome
Consortium 2012) (ITAG.2.3). For this purpose, BLAT (Kent
2002) was used with the minimum identity set at 97% (for N.
benthamiana sequences) and 60% (for tomato sequences). To
accelerate the search a multithread Perl script was used, i.e.,
MultiThreadBlat. Hit filtering and counting were performed
with simple combination of Linux commands (grep, awk, and
wc). All Perl scripts are available at the GitHub repository.
Read remapping was performed using BWA (Li and Durbin
2010), and the SNP calling was performed using Samtools
(mpileup) and Bceftools (H. Li et al. 2009).

Retrieval and gene modeling
for immunity-associated genes.

The search for immunity-associated genes in the N. ben-
thamiana sequence assembly (v0.4.2) was performed with
complete full-length CDS from the S. lycopersicum genome
(ITAG2.3) (Tomato Genome Consortium 2012), with the ex-
ception of Pto, for which the corresponding S. pimpinelli-
folium sequence was used (GenBank U02271). The sequences
were used as query in a BLASTN search (Altschul et al. 1997)
with Niben.genome.v0.4.2.scaffolds as the database. For se-
quences with positive matches, the database sequence hit was
retrieved with its surrounding 5,000 bp. A simple gene model
was created by aligning these sequences with the correspond-
ing tomato protein sequence, using Exonerate (genome2protein
option) (Slater and Birney 2005).

Phylogenetic analysis of Fis2, Pto, and Prf.

MEGA v5.05 (Tamura et al. 2011) was used to perform the
phylogenetic analysis of the Fls2, Pto, and Prf sequences. The
sequences were aligned using Clustal W (Thompson et al.
1994) with the default parameters. A maximum likelihood
tree was constructed for each sequence group assaying the ro-
bustness of the tree with 1,000 bootstrapping replicates. The
Tamura-Nei model was used for the DNA sequence trees.

Cloning and sequencing of Ptol and Pto3.

Based on assembly v0.4.2. Ptol had a deletion at position
280 that shifts the reading frame, leading to a truncated and
probably nonfunctional protein. Sequencing of independent
polymerase chain reaction (PCR) products using genomic
DNA as the template confirmed the presence of this deletion
(details below). The gene model for Pto3, based on assembly
version 0.4.2, contained an 83-bp intron. This was unexpected,
as an intron has never been observed in any Pto gene family
member in tomato or its wild relatives (Jia et al. 1997; Riely et
al. 2001) (G. Martin, unpublished). PCR products with identi-
cal sequences were amplified from cDNA or genomic DNA,
indicating that the Pfo3 gene has an intact open reading frame
and does not contain an intron (details below). This particular
region of the genome sequence was found to have a low cover-
age, which might have caused this error in the assembly.

To characterize Ptol and Pto3, genomic DNA and RNA
were isolated from fully expanded N. benthamiana leaves and
cDNA was synthesized, using a SuperScript III kit (Invitrogen,
Carlsbad, CA, U.S.A.). The following primers spanning inter-
nal portions of Ptol and Pto3 were generated: PtolF 5’-GGG
AACAACTTCCATAAGTG-3’, PtolRa 5-TGATCAAGCTCA
AATACTCC-3’, PtolRb 5-GTACCCACGAGTTCCAATCAC
CG-3’, Pto3F 5-CAGGAAATAGCCAGGAGCAG-3’, Pto3R
5’-CGTATGATGACGATCCACGA-3’, Pto3intF 5-TGGAGA
ATGGGAACCTCAAG-3’ and Pto3intR 5-GATCAAGCTCA
AGCCCTGTC-3". PCR products from independent PCR re-
actions using GoTaq (Promega, Fitchburg, WI, U.S.A.) were
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cloned into pCR8/GW/TOPO TA vector (Invitrogen) and were
sequenced.
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soap.genomics.org.cn/about.html#resource2

SOL Genomics Network (SGN): solgenomics.net

SGN International Tomato Genome Sequencing Project:
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