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Abstract

Populus trichocarpa and P. deltoides are the only Populus spe-
cies known to date to have a publicly available nuclear geno-
me sequence that has been assembled to chromosomes and 
annotated (https://phytozome.jgi.doe.gov/). Here we focus on 
the clone INRA 717-1B4, a female P. tremula x P. alba (P. x cane-
scens) interspecific hybrid that is universally used by scientists 
worldwide as a tree model in transgenic experiments. The 
already available INRA 717-1B4 nuclear genomic resource (v1.1 
of sPta717 at http://aspendb.uga.edu/index.php/databases/
spta-717-genome) presents only INRA 717-1B4 genomic regi-
ons with high similarity to the P. trichocarpa genomic reference 
sequences. We assembled draft genomic scaffolds by a combi-
nation of de novo assembly with reference-based assembly 
using 30x resequencing NGS data (Illumina MiSeq® and Ion 
Torrent Ion PGM™) of INRA 717-1B4. In total, 419,969 scaffolds 
of length larger than 500 bp were generated. The mean length 
of the scaffolds is 2,166 bp and the size of the largest scaffold 
84,573 bp. The N50 contig length is 3,850 bp when considering 
contigs larger than 1,000 bp. Probably due to the high level of 
heterozygosity of this interspecific hybrid, the accumulated 
scaffold length is with 0.9 GB about twice the expected size of 
the haploid nuclear genome. DNA sequences of the genomic 
scaffolds of INRA 717-1B4 are publicly available for Blast analy-
ses and download via the new INRA web portal at https://urgi.
versailles.inra.fr/Species/Forest-trees/Populus/Clone-INRA-
717-1B4/. This new genomic sequence resource will comple-
ment the already available INRA 717-1B4 resources and will 
facilitate the future optimization of genetic transformation 
experiments to discover gene function.
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Introduction

The genus Populus consists of about 29 different species, clas-
sified in six different sections (Populus (formerly Leuce), Taca-
mahaca, Aigeiros, Abaso, Turanga and Leucoides; Eckenwalder, 
1996). Most Populus species are dioecious, although reports of 
hermaphroditism have been published (reviewed in Slavov 
and Zhelev, 2010). Due to its small genome size, rapid growth, 
easy vegetative propagation, huge genomic resources and 
easy biotechnological handling ability, this genus has become 
a model species for forest tree genomics (Wullschleger et al., 
2002), resulting in the publication of the full nuclear genome 
sequence of western black cottonwood, P. trichocarpa (section 
Tacamahaca; Tuskan et al., 2006). Very recently the sequence of 
the nuclear genome of P. deltoides WV94 (v2.1), a member of 
the section Aigeiros, was published at Phytozome v12 
(https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_
PdeltoidesWV94er). 

Sequences of genomic scaffolds from whole genome de 
novo assemblies for two aspen species (P. tremula, P. tremuloi-
des; section Populus) and a P. tremula x tremuloides hybrid are 
publicly available at PopGenIE (v3; http://popgenie.org/; Sjö-
din et al., 2009). One de novo draft assembly for P. nigra (104,431 
contigs with N50 of 6,130 bp) was produced by Pinosio et al. 
(2016) and corresponds to an assembly length of 339.5 Mbp 
with a mean contig length of 3,251 bp.
One P. euphratica genome assembly (Populus euphratica_1.1) 
has a size of 496.5 Mb with the contig-N50 of the assembled 
sequence being 40.4 Kb and scaffold-N50 being 482 Kb (Ma et 
al., 2013; sequence available at the The Salinity Tolerant Poplar 
Database: http://lzume.iok.la/stpd.

Only few of the Populus species are of high scientific and 
economic importance, and serve as source material for bree-
ding purposes (Licht and Isebrands, 2005; Walle et al., 2007). 
Important characteristics of some interspecific hybrids are 
high growth rates and broad applicability ranging from wood 
and paper to energy production (Dickmann and Stuart, 1993). 
Nowadays, breeding of Populus is intensified worldwide due to 
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the application of biotechnological methods (Fladung et al., 
2012) and the availability of huge genomic resources (Stettler 
et al., 1996; Stanton et al., 2010). Superior clones of various 
Populus species have been developed and are commonly used 
for biomass production in short rotation plantations. Few pop-
lar clones are easily accessible for genetic transformation by 
Agrobacterium tumefaciens infection (Jansson and Douglas, 
2007). 

The poplar clone largely used as model and transformed 
for the first time by Leple et al. in 1992 is the interspecific hyb-
rid clone INRA 717-1B4, P. tremula x P. alba (P. x canescens). Many 
transgenic poplar lines based on this clone have been transfer-
red to the field and tested for commercial application (Walter 
et al., 2010; Pilate et al., 2012). A search of publications that 
used the clone INRA 717-1B4 as a model experimental tree 
species for physiological and genomic studies returned 245 
publications (Additional files 1 and 2).

A “substituted genome sequence of P. tremula x alba INRA 
717-1B4” (sPta717) was created “by introducing genomic vari-
ants of INRA 717-1B4 into the P. trichocarpa reference genome” 
using 20x resequencing NGS (next generation sequencing) 
data (v1.1 of sPta717 at http://aspendb.uga.edu/index.php/
databases/spta-717-genome; Zhou et al., 2015). This resource 
has been applied for screening of 717 gRNAs for sequence vari-
ants to optimize gRNA design in CRISPR/Cas genome editing 
experiments (Zhou et al., 2015).

Unfortunately, the sPta717 sequence represents only 
genomic regions of INRA 717-1B4 that show a high similarity to 
the P. trichocarpa reference genome. To provide a basis for the 
future optimization of genetic transformation experiments 
also in target regions that are very specific for INRA 717-1B4 
and not displayed in the sPta717 sequence, we decided to 
generate and provide draft genomic scaffolds of INRA 717-1B4 
by assembly (de novo and reference-based) of 30x resequenci-
ng NGS data.

Material and Methods

Plant material
The INRA clone 717-1B4 is a female clone, originating from a 
cross between a female Populus tremula tree (tree # 5903) har-
vested on March 3, 1959 in the Parroy forest (Meurthe Moselle, 
France) and a male Populus alba tree (tree # 6072) harvested on 
February 22, 1960 close to the Pont du Gard (France). This hyb-
rid was part of a breeding program initiated by Dr. Michel 
Lemoine in the 1960’s (Lemoine, 1973). Trees 5903 and 6072, 
installed in the nurseries of Nancy, were lost during storms in 
1999, and unfortunately vegetative copies of the parents are 
not available. 

Whole genome shot gun sequencing of 717-1B4
Ramets of INRA 717-1B4 were grown in the greenhouse. The 
youngest leaves were harvested, shock-frozen in liquid nitro-
gen and stored at -80°C. Frozen leaves were then ground with 
a pestle and mortar to a fine powder in liquid nitrogen. Total 
genomic DNA was extracted using the Dolezel-MATAB (mixed 

alkyltrimethylammonium bromide) method (Ky et al., 2000). 
Genomic DNA was then prepared for the Illumina MiSeq and 
Ion Torrent PGM™ sequencing systems. The whole genome 
sequencing (WGS) DNA sequencing library for Illumina MiSeq 
sequencing was created using the TruSeq® DNA PCR-Free LT kit 
(Illumina®). Briefly, sample preparation was performed with 2 
µg of DNA using the low sample protocol. The mean fragment 
size was 550 bp. All enzymatic steps and cleaning steps, inclu-
ding fragmentation using AFA (Adaptive Focused Acoustics™) 
technology on focused-ultrasonicator E210 (Covaris), were 
performed according to the manufacturer's instructions. On 
board clusters generation and 2 × 250 bp paired-end 
sequencing by synthesis cycles (MiSeq Reagent Kit v2) were 
performed on a MiSeq (Illumina®) according to the 
manufacturer's instructions. 

A WGS DNA sequencing library of 717-1B4 was prepared 
with the Ion Xpress™ Plus Fragment Library Kit for NGS sequen-
cing using the Ion Torrent PGM™ sequencing platform (Perso-
nal Genome Machine® (PGM™) Sequencer, Life Technologies, 
USA). Briefly, total genomic DNA (100 ng) was sheared using 
the Ion ShearTM Plus Reagents and used for preparing the 
sequencing library according to the Ion XpressTM Plus gDNA 
Fragment Library kit (catalog number 4471252) following Ion 
Torrent PGM™ protocol (Life Technologies, USA). The resulting 
individual DNA library was quality checked and quantified 
using the Qubit® 2.0 Fluorometer and the Qubit® dsDNA HS 
Assay Kit following the manufacturer’s specification (Life Tech-
nologies, USA). Following template amplification and enrich-
ment on the Ion OneTouch™ 2 System (Ion OneTouch™ 2 Inst-
rument for amplification and Ion OneTouch™ ES enrichment 
system, Life Technologies, USA) using the Ion PGMTM Template 
OT2 400 Kit (catalog number 4479878), the sample was loaded 
onto one PGM Ion 318™ Chip v2 and sequenced using the Ion 
PGM™ Hi-Q™ Sequencing Kit (catalog number A25592, Life 
Technologies, USA) according to manufacturer’s protocol. 

Bioinformatic analyses
If not stated otherwise, all bioinformatic analyses steps were 
performed using CLC Genomics Workbench (CLC GWB; v7.0.4; 
CLC bio, a QIAGEN Company, Aarhus, Denmark). We pursued a 
hybrid assembly strategy integrating MiSeq and Ion Torrent 
reads (Figure 1). 

Read trimming 
Initial quality control of the NGS reads (MiSeq or Ion Torrent) 
was performed with FastQC (http://www.bioinformatics.bab-
raham.ac.uk/projects/fastqc/). Based on the FastQC reports all 
reads were trimmed using the trimming tool of the CLC GWB. 
All MiSeq short reads containing adapter sequences (i.e. Illumi-
na TrueSeq Universal Adapter, Index adapter I and TruSeq con-
trol sequences) were trimmed. Reads containing bases with a 
quality Phred score less than 20 were trimmed by setting the 
quality limit of the trimming tool to a value of 0.01. Ten nucleo-
tides 3’ and 5’ of every read were removed and finally every 
read with a length of less than 100 bp was discarded. To reduce 
the amount of redundant data all overlapping read pairs were 
merged and duplicate reads were removed from the data set. 
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All Ion Torrent reads containing the adapter sequence (3'-ATCA
CCGACTGCCCATAGAGAGGCTGAGAC-5’) were trimmed. Reads 
containing bases with a quality Phred score less than 15 were 
trimmed by setting the quality limit of the trimming tool to a 
value of 0.03. Furthermore reads with a length less than 75 bp 
and duplicate reads were discarded. 

De novo-assembly of 717-1B4

1- De novo-assembly of MiSeq and Ion Torrent reads
De novo sequence assembly of the MiSeq reads was performed 
with a preset word size of 29, length fraction of 0.9, similarity 
fraction of 0.95 and without the scaffolding option (Figure 1). 
These assembly parameters provided the least misassemblies 
according to the quality assessment generated by the software 
QUAST (Gurevich et al., 2013). The minimum and maximum 
read pair distances were set to 379 bp and 579 bp, respectively 
(based on the mean fragment size of the 717-1B4 genomic lib-
rary). All remaining parameters were set to default (with back-
mapping option per default).

De novo sequence assembly of the trimmed Ion Torrent 
reads was performed with a length fraction of 0.9 and a simila-
rity fraction of 0.95. All remaining parameters were set to 
default.

2- Generation of additional 717-1B4 consensus 
contigs after mapping MiSeq reads to the 
P. trichocarpa reference genome
Trimmed MiSeq reads were mapped to all P. trichocarpa scaf-
folds (v3.0; downloaded from Phytozome) using default para-
meters, but a length fraction of 0.94 and a similarity fraction of 
0.98. Non-mapped reads were kept. Based on the mappings, 
consensus contig sequences were derived using default para-
meters. 

3- Superassembly of MiSeq contigs, Ion Torrent 
contigs and consensus contigs from mapping
All contigs including MiSeq contigs, Ion Torrent contigs and 
consensus contigs from mapping were subjected to a superas-
sembly, in combination with the related unmapped reads of 
the original assemblies and the mapping (default parameters 
with scaffolding option, but with a length fraction of 0.9 and a 
similarity fraction of 0.95; Figure 1). All scaffolds and contigs 
from the superassembly larger than 500 bp were collected 
together with all unmapped contigs larger than 500 bp from 
the original assemblies/mapping in one file as final scaffolds of 
the superassembly (419,969 scaffolds; Figure 1). The scaffolds 
were sorted by size (starting with largest), successively 
numbered and stored in a FASTA file.

Results
NGS of total DNA of P. tremula x P. alba INRA 717-1B4 resulted in 
the generation of about 45.124 million Illumina (MiSeq®) raw 
reads in pairs (2x250 bp; 20x coverage) and about 61.797 
million Ion Torrent (Ion PGM™) raw reads (10x coverage). In 
total, 419,969 scaffolds of length larger than 500 bp were 

generated from INRA 717-1B4 by a combination of de novo 
assembly and reference-based assembly followed by 
superassembly (Figure 1). 

The accumulated scaffold length is with about 0.9 GB lar-
ger than the expected size of the haploid nuclear genome of 
0.440 GB for P. tremula and 0.509 GB for P. alba (estimation 
based on the C-value of the haploid genomes at the Plant DNA 
C-values Database; http://data.kew.org/cvalues/). The mean 
length of the scaffolds is 2,166 bp and the size of the largest 
scaffold 84,573 bp. The N50 contig length is 3,850 bp (when 
considering contigs > 1,000 bp). The six largest scaffolds repre-
sent the largest chloroplast or mitochondrial scaffolds as deter-
mined by BlastN analysis (data not shown) versus the genomic 
sequences of both organelles (Kersten et al., 2016). 

The sequences of the 419,969 scaffolds of INRA 717-1B4 
are publicly available for different BLAST analyses at the URGI 
blast home page (https://urgi.versailles.inra.fr/blast/; “Whole-
genome draft assembly of Populus tremula x P. alba clone INRA 
717-1B4”) and for download at OSF (Open Sciences Frame-
work; https://osf.io/) in the following project: https://osf.io/
xhjh6/ (doi: 10.17605/OSF.IO/XHJH6; ARK: c7605/osf.io/xhjh6). 
Access to the BLAST and download pages together with 
detailed information on INRA 717-1B4 is also provided at the 
new INRA web portal (https://urgi.versailles.inra.fr/Species/
Forest-trees/Populus/Clone-INRA-717-1B4/).

It has to be considered that heterozygote SNP positions 
are not indicated by nucleotide ambiguity codes (IUPAC) in the 
DNA sequences of the scaffolds because the assembler is not 
using these codes. Only one of the two alleles will be displayed 

Figure 1 
Bioinformatic workflow of de novo assembly and scaffolding 
of INRA 717-1B4 NGS reads. Mapping options were chosen 
relatively strict. The length fraction and similarity fraction for 
the mapping against P. trichocarpa were specified with 0.94 
and 0.98, respectively. All remaining mapping options were 
set to default.
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in the scaffold sequence at heterozygote SNP or InDel 
positions. 

Table 1 provides a summary of the chromosomal distribu-
tion of the INRA 717-1B4 scaffolds when mapped to the refe-
rence sequence of P. trichocarpa (v3 downloaded from Phyto-
zome). In total, only 36.6 % of the scaffolds mapped to the 19 
chromosomes using a length fraction of 80% and a similarity 
fraction of 90 % in the mapping. The average coverage of the 
chromosomes is 0.54. Chromosome 9 shows the highest 
coverage (0.72) and chromosome 19 the lowest (0.39). 

A small section of the mapping of the INRA 717-1B4 scaf-
fold sequences versus P. trichocarpa chromosome 9 is shown in 
Figure 2. One subregion is covered by two scaffolds which may 
represent the two different haplotypes of that region. As INRA 
717-1B4 is an interspecific hybrid, the heterozygosity level is 
expected to be high. The generation of more than one scaffold 
is especially expected in regions with high heterozygosity. In 
general, there are many regions that are covered by more than 
one scaffold in the mapping. Scaffolds that cover a given regi-
on may include the same sequence or slightly different sequen-
ces representing this region. Different sequences may repre-
sent the two different haplotypes or two (or more) mixed 

sequence representations of the different haplotypes in the 
given region. 

Discussion

The draft genomic scaffolds of INRA 717-1B4 created in this 
study supplement the existing genomic sequence resources 
for this clone, namely the “sPta717 Genome” described in the 
Introduction and the complete DNA sequences of the chloro-
plast and the mitochondrial genomes which we published 
recently (Kersten et al., 2016). In contrast to the “sPta717 Geno-
me”, our new resource provides also access to sequences of 
INRA 717-1B4 in genomic regions that show no or only a low 
similarity to the P. trichocarpa reference genome.

The relatively low mean coverage detected when map-
ping the INRA 717-1B4 scaffold sequences to the P. trichocarpa 
reference chromosomes reflects the sequence differences bet-
ween INRA 717-1B4 (P. tremula x P. alba) and the P. trichocarpa 
reference, which are members of the two different Populus sec-
tions (Populus and Tacamahaca; see Introduction). Interestin-
gly, the lowest coverage was reported for chromosome 19 that 
includes the sex-linked region in different Populus species 
(summarized, e.g., in Kersten et al., 2017). The location of this 
region at chromosome 19 differs in members of the section 
Populus and Tacamahaca (summarized, e.g., Kersten et al., 
2017) and a different genomic architecture of sex determinati-
on was postulated (Geraldes et al., 2015); thus, larger sequence 
differences are not unexpected for this chromosome when 
comparing members of these sections. 

The further combination of the INRA 717-1B4 scaffolds to 
chromosomal sequences is highly desired but very complica-
ted due to the high level of heterozygosity in this interspecific 
hybrid. As shown in Christe et al. (2016), chromosomes of per-
fect F1 individuals of an interspecific hybrid are (almost) com-
pletely of heterospecific ancestry. Sequence data of the parents 
of INRA 717-1B4 would therefore be very helpful to fulfil this 
task and to resolve the two haplotypes; however, unfortunate-
ly, the parents of INRA 717-1B4 are not available anymore. New 
next generation sequencing methods capable of delivering 
long read lengths with high accuracy are forthcoming and will 
undoubtedly facilitate resolution of highly heterozygous regi-
ons as well as large insertions/deletions, copy number varia-
tions etc. The future inclusion of heterozygote SNPs and InDels 
in the INRA 717-1B4 nuclear genomic sequence would add 
additional value to this genomic resource.
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Table 1 
Summary of the results for the mapping of the INRA 717-
1B4 scaffold sequences against the P. trichocarpa reference 
sequence (chromosome 1-19; v3 at Phytozome; Tuskan et al., 
2006).

Reference sequence Reference length Average  
coverage

Total scaffold 
count

Chromosome 1 50495391 0.53 20143

Chromosome 2 25263035 0.58 10875

Chromosome 3 21816808 0.59 9720

Chromosome 4 24267051 0.50 9367

Chromosome 5 25890704 0.55 10724

Chromosome 6 27912125 0.57 11627

Chromosome 7 15610913 0.52 6080

Chromosome 8 19465461 0.69 10054

Chromosome 9 12948742 0.72 6893

Chromosome 10 22580532 0.64 10725

Chromosome 11 18501271 0.44 6607

Chromosome 12 15760346 0.48 5762

Chromosome 13 16320717 0.54 6458

Chromosome 14 18920894 0.57 7903

Chromosome 15 15278577 0.55 6366

Chromosome 16 14494361 0.50 5563

Chromosome 17 16080358 0.45 5708

Chromosome 18 16958300 0.49 6381

Chromosome 19 15942145 0.39 5055
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the draft genome within the URGI Blast web page and the URGI 
to maintaining the infrastructure.
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