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Abstract
Bioinformatics tools have been used to evaluate silver fir de novo assembled 454 transcriptome. A total of 

3500 EST-SSRs were detected in the 454 transcriptome of silver fir. Most abundant are tri-nucleotide SSRs being 
followed by tetra- SSRs and di- SSRs. In addition, was determined the density, frequency, average length and average 
repeat number of EST-SSRs in the 454 transcriptome of silver fir. 
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INTRODUCTION
Forest genomic resources may be regarded as 

very important tools to unravel past evolutionary 
processes of forest tree species and to understand 
and forecast their future response to environmental 
changes (Neale & Kremer, 2011).

The two main objectives in forest genomic 
research are the breeding and genetic improvement 
of few tree species and sustainable management 
of forest populations by studying and deciphering 
genomic basis of complex traits involved in the 
adaptive process of forest trees. (Neale & Kremer, 
2011).

Forest tree genomic research has primarily 
restricted to seven genera (Pinus, Picea, Pseudo-
tsuga, Populus, Eucalyptus, Quercus and Castanea) 
and for some species of these genera, genome 
projects started with building reference genome 
sequence using next-generation sequencing (NGS) 
technologies (Neale & Kremer, 2011).

The first tree genome to be sequenced was 
for Black cottonwood (Populus trichocarpa Torr. 

& Gray) that has a relatively small genome size 
(450Mb) (Tuskan et al., 2006)2006 compared to 
conifer tree species that are characterized by large 
genome size (e.g. Picea abies of  19.6 Gbp) (Neale et 
al., 2013)2013, by low evolutionary rate of coding 
genes (Ritland, 2012) and by very large amount of 
repetitive DNA (Mackay et al., 2012).

The first nuclear genome to be sequenced 
and assembled for conifer tree was for 
Norway spruce, one of the most widespread, 
economically and ecologically important tree 
species (Nystedt et al., 2013). The Norway 
spruce genome assembly and expression data 
is publicly accessible through the ConGenIE 
database (http://congenie.org/). 

The draft genomes of two other conifer 
species have been also published: white spruce 
(Picea glauca) (Birol et al., 2013)2013 and loblolly 
pine (Pinus taeda)  (Neale et al., 2014)2014.

Assembling conifer species reference genome 
has become tractable only with the advent of 
next-generation sequencing (NGS) and advance 
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of assembly technologies. Ten conifer genome-
sequencing projects are currently in progress in  
different sequencing research centres (Neale et 
al., 2013)2013.

In addition to genome-sequencing projects in 
conifer forest tree species, there is also intensive 
progress in developing transcriptome resources 
and in resequencing for polymorphism discovery 
(Neale et al., 2013)2013. 

The whole genome sequencing and de novo 
assembly of large amount of short reads produced 
by NGS is much more challenging for non-model 
organisms, particularly for species characterized 
by large and repetitive genomes such as conifers 
when compared to transcriptome sequencing, 
being facilitated by the reduce amount of repetitive 
DNA and by increased coverage depth (Parchman 
et al., 2010)2010. 

The introduction of NGS has led to rapid 
increases in available transcriptome resources in 
conifer tree species, which are included in publicly 
accessible databases. 

Available transcriptome resources are valu-
able for whole-genome assembly, marker disco-
very (e.g. EST-SSRs, SNPs), identification of 
structural genes, gene annotation, functional 
characterization of genes and for comparative 
phylogenetic analyses (Lorenz et al., 2012)2012.

In this article, was described how different 
bioinformatics tools can be used for describing 
summary statistics of an assembled transcriptome 
and for identification and characterization of 
transcriptome derived EST-SSRs in silver fir (Abies 
alba Mill,).

MATERIALS AND METHODS
A normalized transcriptome of a 1-year-old 

A. alba seedling from the Black Forest (Forest 
District Calw, Germany, Voucher MB-P-001007, 
Herbarium Marburgense, University of Marburg) 
was sequenced on a 454 GsFLX Titanium platform 
(cDNA library preparation: Vertis Biotechnology 
AG, Freising, Germany, sequencing: Genoscreen, 
Lille, France). The 454 run yielded 1,521,698 
reads with an average length of 359 nucleotide 
(nt) (Roschanski et al., 2013)2013.

The Newbler Software Version 2.3 (454 
Life Sciences) was used for trimming and de 
novo assembly of the raw reads that generated 
22,561 contigs with the total assembly length of 
12,131,455 base pairs. The minimum contig length 

was between 100 nucleotides and the maximum 
contig length was 2394 nucleotides with an 
average contig length of 537.72 nucleotides (Tab. 
1). 

Contigs were submitted to the transcriptome 
shotgun assembly database (TSA) at NCBI 
(Accession Numbers JV134525 to JV157085) 
(Roschanski et al., 2013)2013.

The transcriptome statistics for total number 
of contigs, contig lengths, statistics for bases in the 
contigs, number of contigs in N50 and N90 were 
determined using the perl script, contig-stats.pl 
(available at http://milkweedgenome.org).

To evaluate the contig length distributions, the 
number of contigs in N25 and N75 and the total 
GC content, was used the perl script count_fasta.pl 
(available at http://wiki.bioinformatics.ucdavis.
edu/index.php/Count_fasta.pl).

The software SSR Locator (Da Maia et al., 
2008)2008 was used to identify the transcriptome 
EST-SSRs with a minimum of 12 bp EST-SSR 
repeats: di-SSRs (x6), tri-SSRs (x4), tetra-SSRs 
(x3), penta-SSRs(x3) and hexa-SSRs (x3).

The density was calculated as number of base 
pairs per mega base pairs (bp/Mbp) of analyzed 
sequences, namely the length of detected SSRs out 
of the total length of the sequences for detection.

RESULTS AND DISCUSSIONS
The N50 score, which represents the length 

of the shortest contig at 50% of Abies alba 
transcriptome, is equal to 549 base pairs. The Abies 
alba transcriptome has a GC content of 42.19% in 
5,117,968 nucleotides (Tab. 1, Fig. 1).

In total 3500 putative EST-SSRs were detected. 
The observed frequency of EST-SSRs in Abies alba 
is 0.45%, with an overall distribution density of 
288.51 SSRs per Mb (Tab. 2).

Tri-nucleotide SSRs are most predominant in 
the Abies alba transcriptome being followed by 
tetra- SSRs and di- SSRs.

The analysis of the classified EST-SSRs by 
type and motif were clustered together (e.g., 
ACT=CTA=TCA=TGA=GAT=AGT), following (Jurka 
& Pethiyagoda, 1995), where repeat motifs were 
grouped according to circular permutations and/
or reverse complements of each other (Tab. 3).

Among all dinucleotide repeats, the repeat 
type AG/GA/CT/TC (33.88 SSR/Mbp, 650.384 bp/
Mbp) is the most frequent, while the repeat type 
GC/CG is absent. 
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Among all trinucleotide repeats, the most 
represented ones were the repeat type ATG/TGA/
GAT/CAT/ATC/TCA (36.76 SSR/Mbp, 576.19 bp/
Mbp) (Tab. 3). 

Transcriptome derived EST-SSRs markers 
are easily transferable to other species due to 
the higher level of sequence conservation of 
transcribed DNA across species (Varshney et 
al., 2005; Zalapa et al., 2012)2005; Zalapa<style 
face=”italic”> et al.</style>, 2012. 

The main drawbacks of transcriptome derived 
EST-SSRs markers are the expected lower genetic 
polymorphism and the concern that the selection 

pressure may bias the assessment of population 
genetic parameters (Ellis & Burke, 2007; Kim et 
al., 2008)2008.

Recently, have been published (Postolache 
et al., 2014)2014 16 new transcriptome derived 
EST-SSRs assembled in two 8-plexes based on the 
analysis of Abies alba transcriptome (Roschanski 
et al., 2013)2013. 

The cross-transferability of 16 EST-SSRs was 
100% for eight Mediterranean firs,  81% for Asian 
firs and 75% for North American firs (Postolache 
et al., 2014)2014.

Using Bioinformatics Tools for Identification and Characterization of Transcriptome Derived EST-SSRs in Silver Fir

Fig. 1. Contig length distributions in silver fir de novo assembled 454 transcriptome

Tab. 1.  Abies alba de novo assembly transcriptome characteristics 

Number of Contigs 22,561
Total assembly length (bp) 12,131,455

Minimum contig length (bp) 100
Maximum contig length (bp) 2,394

Average contig length (bp) 537.72
N25 contig length (nr. contigs used in calculus) 755 (3122 contigs)
N50 contig length (nr. contigs used in calculus) 549 (7876 contigs)

N50 (bp) 6,065,731
N75 contig length (nr. contigs used in calculus) 448 (14040 contigs)
N90 contig length (nr. contigs used in calculus) 377 (18429 contigs)

GC (%) 42.19%
Total GC count (bp) 5,117,968
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The newly developed transcriptome-derived  
EST-SSRs have  been  successfully  used  in  new 
research  studies,  such  as  investigating  effective  
gene  flow  (Leonarduzzi et al., 2016)2016  and  
also in inferring population  structure  and  demo-
graphic  history  in  Abies  alba  natural  populations  
from  Italy and Eastern Europe (Romania and 
Bulgaria) (Postolache et al., 2016; Piotti et al., 
2017). 

Transcriptome resources have been also suc-
cessfully used in transcriptome-wide asso ciation 
studies (TWAS) that are important in the context of 
global climate change as they can provide valuable 
information and support for forest management 

practices, by studying populations adaptation to 
climatic changes in space with the main goal to 
forecast populations response to climatic changes 
(Yeaman et al., 2014)2014.  

CONCLUSION 
Developing genomic resources for non-model 

species based on high-throughput sequencing 
technologies is a feasible strategy more than ever 
before, in terms of cost-effectiveness for obtaining 
high-quality genome-scale data. 

Newly developed genomic resources in silver 
fir can now be used in a wide range of studies, 
from estimating species demographic history and 
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Tab. 3. Frequency of EST-SSRs motifs in the Abies alba transcriptome

 Repeat motif Number of EST-SSRs Frequency (%)
 Dinucleotides 635 18.14
1 AT/TA 173 4.94
2 AG/GA/CT/TC 411 11.74
3 AC/CA/TG/GT 51 1.46
4 GC/CG 0 0.00
 Trinucleotides 1484 42.40
1 AAG/AGA/GAA/CTT/TTC/TCT 284 8.11
2 AAT/ATA/TAA/ATT/TTA/TAT 161 4.60
3 ATG/TGA/GAT/CAT/ATC/TCA 446 12.74
4 AAC/ACA/CAA/GTT/TTG/TGT 73 2.09
5 ACC/CCA/CAC/GGT/GTG/TGG 67 1.91
6 AGG/GGA/GAG/CCT/CTC/TCC 185 5.29
7 AGT/GTA/TAG/ACT/CTA/TAC 14 0.40
8 AGC/GCA/CAG/GCT/CTG/TGC 202 5.77
9 ACG/CGA/GAC/CGT/GTC/TCG 21 0.60

10 GGC/GCG/CGG/GCC/CCG/CGC 31 0.89

Tab. 2. EST-SSRs in Abies alba transcriptome

EST-SSRs type Number of EST-
SSRs

Frequency
%

Average repeat
number

Average
Length (bp)

Density
(SSRs/Mb)

Dinucleotide 635 18.14 9.14 18.29 52.34
Trinucleotide 1484 42.40 4.79 14.36 122.33

Tetranucletide 844 24.11 3.36 13.42 69.57
Pentanucleotide 229 6.54 3.24 16.20 18.88
Hexanucleotide 308 8.80 3.38 20.28 25.39

Total 3500 100.00 4.78 16.51 288.51
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population genetic structure to uncovering signals 
of local adaptation.  

The newly developed genomic resources 
represent the starting point to depict the 
genomic basis of local adaptation in non-model 
forest species, such as conifer species that are 
characterized with mega-genome size and where 
developing transcriptome resources is considered 
most feasible strategy and cost-effective.  
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