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ABSTRACT 

Whole genome duplications (WGD) are extensively studied among angiosperms and it has 

strong impacts on species diversification and allows evolutionary novelties. WGD may result 

in redundant gene copies and the fate of these duplicated genes are quite poorly understood at 

both functional and expression levels. Willows (genus Salix) have undergone a round of 

whole genome duplication shared with poplars (genus Populus) termed the Salicoid 

duplication event. In this study, we were interested in identifying and analyzing the retained  

salicoid duplicates to understand the underlying mechanisms behind the evolutionary forces 

acting on retained duplicate gene pairs. To achieve this we  generated RNA-seq data 

originating from root and leaf tissues from two different genotypes of a Salix viminalis × (S. 

viminalis × S. schwerinii) cross, We used the Trans-ABySS and Trinity assemblers to 

perform de novo transcriptome assembly and generated 48,508 and 22,903 putative protein 

coding genes, respectively. However, Trans-AbySS generated a higher number of real genes 

(32,563) with significant expression level when compared with S. purpurea. Of these, 3,778 

were discerned as salicoid duplicate gene pairs. Across the two tissues, we found that almost 

97 % of the duplicated pairs were co-expressed and of these 8 % showed tissue specific co-

expression and only ~1% were not co-expressed. We also found that salicoid duplicates 

showed high rates of conservation at the functional and sequence levels and did not show any 

divergence among them. A mean KA/KS of 0.26 between the salicoid duplicates was 

observed, implicating strong purifying selection over the gene pairs. Also, based on 

differential expression analysis, it is evident that 25% of the salicoid duplicates did not show 

any expression divergence and regulatory elements were enriched in those genes suggesting 

that they evolve according to a gene balance model. On the other hand, approximately 75% 

of the salicoid duplicates were differentially expressed and they were enriched in different 

metabolic and biosynthetic processes suggesting clear evidence of a sub-functionalization 

model. These results suggest that gene balance and sub-functionalization models are 

prevalent in willow and leads to conservation among retained salicoid gene pairs.   
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Popular science summary 

Evolution is nothing but a change in heritable characters like DNA over many generations in 
a population. The complete genetic information of an organism is stored in its genome, 
represented by nucleotide sequences in the DNA. One of the mechanisms envisaged in 
evolution is whole genome duplication. It is the mechanism in which complete sets of genes 
in an organism are doubled once or several times. Few of the doubled genes will be retained 
in the genome in a long perspective, as they are functionally and selectively favored for 
adaptability of the individual. However the biological and functional importance of the 
retained duplicate genes are not well understood. These genes need to be well characterized 
to understand how the individuals are molded with better fitness after gaining more genes 
than before throughout the life history. 

To understand the characteristics of an organisms including its genes, i.e. the functions and 
expression of the genes, it is important to sequence mRNA, which reflects the expressed parts 
of the genome. In this study we looked at plant willows, common plants that either grow as 
tree or shrubs. It has previously been reported that willows have undergone a complete gene 
set duplication shared with Poplar, a close relative. The duplication event that occurred before 
the divergence of Poplar and Salix has been coined the salicoid duplication event. 
Accordingly, the genes resulting from this duplication event is called as salicoid duplicate 
pairs. Our study mainly focused on identifying the salicoid duplicate pairs from the whole 
gene pool of the species Salix viminalis and to analyze how the genes have diverged at the 
DNA level, protein expression level and with regard to functions, over time. 

We sequenced small fragments of all expressed mRNAs from leaf and root tissues and then 
put them all into a continuous stretch of complete mRNA sequences. From this assembly we 
analyzed the salicoid duplicate gene pairs and found that almost 22% of the genes in the 
genome of willow is due to the whole genome duplication. It was also found that nucleotide 
sequences and functions between the duplicate gene pairs are highly conserved throughout 
evolution. Most of the salicoid duplicate pairs were functionally classified into plant 
metabolic processes and were actively expressed in different tissues and under different 
conditions as needed by the plants. However, a few of the retained gene copies maintained 
the same function as that of ancestral genes functions. Any change that causes the disruption 
of these basic processes like turning the genes on and off at the time of activating any specific 
functions would decrease the fitness of the individual and hence these genes pairs should be 
highly conserved. This study has revealed the importance of retention of the more genes in 
the genome and their implication in adaptability of the individual during evolution. 
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INTRODUCTION 

Whole genome duplications

Gene duplications and whole genome duplications (WGDs) are important mechanisms for the 

evolution of novel and altered gene functions. These processes are also assumed to be 

important for generating phenotypic diversity. It is commonly seen in lineages of plants, 

animals and fungi (Wang et al., 2012). For instance, the yeast genome has undergone a WGD 

100 Mya and as a result 13% of its genes originate from this WGD (Wolfe and Shields, 

1997). WGD has occurred one or more rounds repeatedly throughout the history of 

angiosperms and has been an important process for the diversification of angiosperm species 

(Rodgers-Melnick et al., 2012). They have played major roles in the expansion of angiosperm 

gene families. For example, Arabidopsis thaliana has about 54% of duplicated genes in the 

genome and has undergone three rounds of WGD while 80% of the genes in Populous 

tricocarpha were created by one round of WGD (Birchler and Veitia, 2010, Tuskan et al., 

2006). Genes that arise from duplication events are called paralogs and they may or may not 

hold the same function as the ancestral gene (Jensen, 2001).  

Directly after a WGD all genes will exists in two copies and the individual enters into a 

polyploid state (Wang et al., 2012). Eventually over time, genes can be lost as they are not 

beneficial to fitness of an individual and often returns to a diploid state, which is a process 

known as diploidization (Wang et al., 2012). During diploidization an extensive gene loss or 

genomic rearrangements usually occurs, however some genes are retained in duplicates 

(Birchler and Veitia, 2010). An interesting question is thus why some gene pairs are retained 

while others are lost.  

Evolution of paralogous genes 

During the process of diploidization, many duplicated genes will be lost, however some will 

be retained, either maintaining the same function as the ancestral gene or evolving novel 

functions. The fate of retained duplicate genes depends on the evolutionary processes that are 

operating and several models have been proposed describing the fate of duplicated genes 

after a WGD. Usually they involve some kind of functional divergence e.g. sub-

functionalization and neo-functionalization. These models also involve gene expression 

divergence but deals differently with sequence divergence:
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i. Gene balance model: both the gene copies are retained (Freeling, 2009) by

maintaining similar functions as the ancestral genes. These gene expressions are

highly conserved and intolerant to any modifications because a change in their

relative number modifies the expression of the target genes. It explains that the genes

involved in transcription factors, regulatory elements, DNA binding and ribosomal

proteins and protein kinases are usually over-retained in duplicate pairs after WGD

(Birchler and Veitia, 2012). At sequence level, a strong purifying selection is

expected.

ii. Sub-functionalization model: the function of the ancestral gene is partitioned among

the two copies and both copies are preserved in the genome (Cusack and Wolfe,

2007). They evolve slightly different functions from the ancestral gene and are

assumed to be expressed in different tissues and under different conditions (Force et

al., 1999). Similar to gene balance, purifying selection is expected to occur at the

sequence level.

iii. Neo-functionalization model: one of the gene copies in the pair accumulates new

mutations, which lead to novel functions compared to the ancestral gene, whereas the

other copy retains the same function of ancestral gene (Teshima and Innan, 2008). A

strong positive selection supports this model.

Analyses of selection at sequence level 

By aligning and comparing a minimum of two orthologous or paralogous gene sequences, it 

is possible to estimate the non-synonymous and synonymous substitution rates, which is an 

important method for understanding evolutionary processes acting on DNA sequences. 

Synonymous substitutions (KS) are substitutions that do not alter the amino acid (silent 

mutation) and non-synonymous substitutions (KA) are substitutions that alter the amino acid. 

When no evolutionary pressure is acting over the genes i.e. they are evolving neutrally, the 

number of non-synonymous substitutions per non-synonymous sites will be equal to the 

number of synonymous substitutions per synonymous sites (KA/KS = 1). Any change in the 

KA/KS ratio will reflect different selection pressures acting over the genes. Under purifying 

selection, natural selection will prevent amino acid changes and hence KA will be lower than

KS i.e. KA/KS < 1. Similarly under positive selection, natural selection favors change in amino 

acid as the change will be beneficial for fitness i.e. KA/KS  > 1 (Hurst, 2002).  
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The salicoid duplication event 

Willows (genus: Salix) are woody trees and shrubs, and there are around 400 different willow 

species. Willows are used widely as renewable source of bioenergy due to their rapid growth 

and high biomass production (Karp & Shield, 2008). The most closely related species to 

willows are poplars (genus: Populus). They both belong to the Salicaceae plant family and 

share many characteristics like dioecy, chromosome number of 19, relatively small genomes 

of ~ 450Mbp and rapid growth. From fossil records, it is estimated that two genera diverged 

approximately around 45 MYA (Boucher, Manchester, & Judd, 2003; Manchester, Judd, & 

Handley, 2006) It has been established that willows and poplars share a WGD named the 

Salicoid duplication event, which occurred before the two lineages diverged (Sterck et al., 

2005, Tuskan et al., 2006, Berlin et al., 2010) . By analyzing the genome of Populus 

trichocarpa or the black cottonwood around 8,000 pairs of paralogous genes of similar age 

from the salicoid event were identified (Tuskan et al., 2006).  

The P. trichocarpa genome has been estimated to 485±10 Mbp (Tuskan et al., 2006), while 

willow genomes appear to be slightly smaller. Based on flow cytometry of several diploid 

willow species, genome sizes were found to range between 0.79 to 0.96 picograms, which 

corresponds to a mean haploid genome size of 428 Mbp. The predicted genome size of S. 

purpurea (Salix purpurea v1.0, DOE-JGI, 

http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Spurpurea_er) is 450 Mbp and 

with 37,865 protein coding transcripts. The genome of S. suchowensis was published in 2014 

and the size of this genome was estimated to be around 425 Mbp with 25,599 putative protein 

coding genes (Dai et al., 2014). Since willows are widely used as bioenergy crop, 

understanding their genomic divergence, history and genetic traits will form a basis for future 

research. 

Transcriptome assembly 

Gene expression is highly dynamic and change in the expression levels are important to 

understand any functional or gene expression differences between the species. RNA-

sequencing is a very powerful technology to understand the complex systems and 

characteristic of gene expression from unicellular to multi-cellular organism with high 

accuracy and sensitivity (Martin and Wang, 2011). The short reads could be assembled into 

full length transcriptome with high resolution and discerns very rare genes precisely. The 

http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Spurpurea_er
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transcriptome assembly could be carried out either by a reference based method or de novo 

based assembly method. 

Reference based method 

When a reference genome is available, a complete transcriptome assembly can be generated 

efficiently. The advantages of reference based method are i) It reduces millions of reads into 

thousands or more reads at each locus ii) Sequencing errors or PCR artefacts will be masked 

as the assembly is generated based on a reference sequence iii) Lowly expressed transcripts 

or novel transcripts could be identified. iv) Gaps between the reads caused by low read 

coverage will be wrapped up by this method (Martin and Wang, 2011). 

De novo transcriptome assembly

Reconstruction of a transcriptome without aid of a reference genome is referred to as de novo 

assembly.  The overlaps between the short reads are identified initially and linear contigs are 

constructed based on the overlaps. Later, related contigs are assembled into full length 

transcripts by resolving alternative isoforms (Li et al., 2014). The importance of de novo 

assembly is that i) Initial set of genes could be identified even without a reference genome  ii) 

A  powerful tool to detect very rare or genes that could not be even identified from the 

reference iii) A commendable way to study gene expression level of non-model organisms.  

Although it is favored with tremendous advantages, de novo is quite challenging by itself due 

to various reasons i) Require a high read coverage to construct a full-length transcriptome ii) 

Highly sensitive to sequencing errors and ambiguous with chimeras in the assembly iii) 

Difficult to distinguish between alternative isoforms and paralogous genes as they are highly 

similar at sequence level (Góngora-Castillo and Buell, 2013). 

OBJECTIVES OF THE STUDY 

The overall aim of this study was to learn about evolutionary processes that are acting on 

paralogous genes in willows after the salicoid duplication event, which are known as salicoid 

duplicates. More specifically we were interested in i) identifying the salicoid duplicates from 

transcriptome assembly ii) estimate sequence, expression and functional divergence to detect 

the selection pressure acting over the genes iii) examine theories that explain the retention of 
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gene duplicates and related this the evolution of the salicoid duplicates. To accomplish these 

objectives we divided the project into different components 

i) Produce high confidence transcriptome assemblies from RNA-Seq data with different

assemblers.

ii) Identify paralogs and salicoid duplicates from the assembly.

iii) Estimate different metrics for sequence divergences, i.e. KA, KS, KA/KS and 4DTV

rates.

iv) Estimate spatial expression patterns and differential expression between the paralogs.

v) Functional characterization of the salicoid duplicates and differentially expressed

genes.

MATERIALS AND METHODS 

Raw data

Leaf and root tissue samples from two willow genotypes (520 and 592) that originates from a 

Salix viminalis x (S. viminalis x S. schwerinii) cross were used for RNA extraction. A total of 

eighteen RNA samples were prepared for sequencing representing: i) five biological 

replicates of 520-Leaves ii) five biological replicates of 592-Leaves iii) four biological 

replicates of 520-Roots iv) four biological replicates of 592-Roots. All samples had been 

sequenced as paired-end with 100 bp read length. Library preparations and sequencing was 

performed by the SNP&SEQ Technology Platform, Science for Life Laboratory at Uppsala 

University, Sweden. 

De novo assembly of RNA-seq 

The raw sequencing reads were first pre-processed by trimming the adapters, an average 

quality 20 was maintained across the sliding window of 4 bases from the 3' end 

(SLIDINGWINDOW:4:20) and a minimum length of reads after trimming 75 was maintained 

(MINLEN:75) using Trimmomatics (Version 0.32) (Bolger et al., 2014). The resulting high 

quality reads from all the eighteen libraries were pooled together and assembled using Trinity 

and Trans-ABySS on a multiprocessor server. 
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Assembly with Trinity 

Trinity Assembler includes three different algorithms to reconstruct the transcripts from the 

sequencing reads. The first algorithm constructs long linear contigs from the reads. Later the 

contigs are grouped together into a de-bruijn graph based on their similarity. Finally, the 

contigs of the de-bruijn graph are examined and traverses though the path of the graph to 

report the full length transcripts by separating the alternative isoforms and paralogs (Haas et 

al., 2013). Trinity was run on the paired-end reads with k-mer size of 25 using default settings 

of minimum contig length=200 with CPU threads = 32 in velvet server. 

Assembly with Trans-ABySS 

Trans-ABySS is like Trinity, a paired-end read assembler for RNA-seq. It reduces the short 

reads dataset into a group of related contigs and finally reports all non-redundant contigs in 

the assembly (Robertson et al., 2010). The pre-processed sequencing reads were assembled 

using Trans-AbySS on the paired-end reads with k-mer size of 61, k-cov of 5 with CPU 

threads=32 and rest with default settings in velvet server. 

Filtering of the assemblies 

High confidence transcripts were deduced from the assemblies by performing a filtering step 

based on transcript lengths (> 500 bp) and gene expression levels (Pacholewska et al., 2015). 

Gene expression levels were quantified by the program RNA-Seq by Expectation-

Maximization (RSEM) with default settings (Li and Dewey, 2011). A transcript was 

considered as being expressed if FPKM (Fragments Per Kilobase of Exon Per Million 

Fragments) was above 1(Brooks et al., 2011). The filtered high confidence transcripts were 

extracted as coding (cds) and peptide sequences using TransDecoder tool from the Trinity 

package (Haas et al., 2013). 

Assessments of the assemblies 

The sequencing reads from different samples were mapped back to the filtered assembly 

using Bowtie2 (Langmead, 2010) with maximum of two mismatches. Different quality 

metrics measurements i.e. i) total number of reads, ii) total mapped reads and iii) unique 

reads were calculated by sambamba (Tarasov et al., 2015) and samtools (Li et al., 2009). The 

de novo assembly was also evaluated by estimating the number of putative protein coding 
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genes by performing a blast search with default settings against S. purpurea genome. The 

draft genome of S. purpurea (S. purpurea v.1.0, DOE-JGI, 

http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Spurpurea_er) was downloaded 

and a database of all the genes were created using tool makeblastdb in Blast package 

(Camacho et al., 2009).  The best blast hit was pooled out with an e-value less than 1e-10 and 

bit score greater than 40. 

Identification of paralogs and salicoid duplicates in the assembly 

In order to identify paralogous gene pairs among the high confidence transcripts, reciprocal 

blast was performed using blastp (Camacho et al., 2009). Gene pairs were predicted to be 

paralogs when the reciprocal best blast hit had an e-value lower than 1e-10.  We discerned the 

salicoid duplicates from other paralogs based on the four fold degenerate transversion rates 

(4DTV) and distances between them based on the S. purpurea genome. Salicoid duplicates 

were expected to have 4DTV values between 0.04 and 0.2 based on previous studies in 

P. trichocarpa (Tuskan et al., 2006; Rodgers-Melnick et al., 2012b) and S. suchowensis (Dai 

et al., 2014). The genomic positions of the salicoid duplicates in the S. purpurea genome 

were determined by blast. The duplicates that were positioned less than 100 kb apart were 

considered as tandem duplicates and were filtered out. In order to visualize the positions of 

the salicoid duplicates in the genome, lines were drawn between the pairs by using Circos 

(Krzywinski et al., 2009). The chromosomal positions with start and end points of the 

chromosomes of S. purpurea genome were retrieved from faidx tools of samtools (Li et al., 

2009). 

Calculation of 4-fold degenerated transversion rate (4DTV) and KA/KS 

The peptide sequences of putative salicoid duplicates were aligned using the ClustalW 

algorithm (Version 2.1, gapopen penalty: 10, gapextension penalty: 1) (Larkin et al., 2007) 

and the alignment with peptide sequences was converted to a codon alignment using pal2nal 

(Tang et al., 2008). 4-fold degenerate sites were detected using an in-house python script and 

the ratio of transversion per 4-fold degenerated site was calculated. This raw value was 

corrected for multiple substitutions according to (Hellsten et al., 2007) KA and KS were 

calculated using the codeml program from the PAML package (Version 4.7a, runmode: -2) 

(Yang, 1997). 

http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Spurpurea_er
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Gene expression analyses

Normalized gene expression in transcripts per million (TPM) for each gene among the 

salicoid duplicates for each tissue and genotype were calculated with RSEM (Li and Dewey, 

2011) with default settings. A gene was considered as being expressed if the average TPM 

value was above 1. An expression matrix for salicoid duplicates were generated by 

calculating the average expected counts (count of number of reads mapping to each gene) of 

all biological replicates in both tissue and genotypes. Levels of differential expression were 

calculated between each of the salicoid duplicates in the edgeR package (Robinson et al., 

2010). Salicoid duplicates were considered as significantly differentially expressed if False 

Discovery Rates (FDR) < 0.05. The statistical test used was Wilcoxon rank sum test with 

continuity correction. 

Gene annotations 

The protein primary transcripts and GO annotation terms for the Arabidopsis genome were 

downloaded from The Arabidopsis Information Resource (TAIR) database (Rhee et al., 

2003). A blast search was performed with the filtered assembly against the primary 

transcripts.  The best hit were taken based on e-value lower than 1x10-10 and bitscore above 

40. The locus identifiers and their respective gene ID’s were pooled out from the best hit

results. A python program was written to classify different functional categories of the gene 

models using the locus identifiers of the Arabidopsis GO term list as the key. 

GO enrichment analyses

GO enrichment analyses were performed for different sets using the Blast2GO software 

(Conesa et al., 2005), GO enrichment analysis categories the GO annotation terms into a set 

of three hierarchical levels i) Biological process, ii) Molecular function and iii) Cellular 

component.  First we used all annotated high confidence transcripts as the reference set and 

made the analyses with different test sets: i) all annotated salicoid duplicates vs. the 

reference, ii) all salicoid duplicates that were not differentially expressed vs. the reference 

and iii) all differentially expressed salicoid duplicates vs. the reference. This analyses returns 

overrepresented and underrepresented functional categories with respect to a reference gene 

set. Blast2GO uses Fischer’s exact test to represent relationships between the reference and 

test data sets. The functional terms with p-value ≤ 0.05 were considered to be overrepresented 

GO terms else it is categorized as underrepresented. 
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RESULTS 

De novo transcriptome assembly 

assessment

The RNA seq data consisted of i) 

207,824,532 read pairs in 520 Leaf 

tissue libraries ii) 168,557,233 read 

pairs in 520 root tissue libraries iii) 

187,381,473 read pairs in 592 leaf 

libraries iv) 205,123,179 read pairs in 

592 root tissue libraries and these in 

total represents about 180-fold of 

willow genome. After trimming 

adapter sequences and removing 

low-quality bases, around 83-85 % 

i.e. 682 million of reads with an 

average of 98 bp read length from 

all the libraries were preserved across all the samples. We generated a de novo transcriptome 

assemblies by combining all high quality sequencing reads from eighteen samples of root and 

leave tissues from two genotypes by Trinity and Trans-ABySS. 

The Trinity assembly 

The total number of transcripts generated by Trinity was 147,588 and the contig lengths 

ranged between 200 and 16,662. After filtration based on length and gene expression, the 

number of high confidence transcripts was 25,572. When the sequencing reads were mapped 

back to the filtered dataset to evaluate the quality of the assembly, around 74.79 % of the 

reads were retained in the assembly.The Trans-ABySS assembly 

The total number of transcripts generated by Trans-AbySS was 392,355 and the contig length 

ranged between 61 and 15,602. The number of transcripts after filtering based on length and 

gene expression was 52,215. The length distribution of the transcripts in the assembly before 

and after filtering is illustrated in Figure. 1. When the sequencing reads were mapped back to 

the filtered dataset, 80.1 % of the reads were retained in the assembly and 73.8 % of them 

being uniquely mapped and 26.2 % aligned to two or more positions (Table. 1).  

Figure 1. Length distribution of the Trans-ABySS assembly. The 

length of transcripts before filtering is pink and after filtering is blue. 
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Table 1. Summary of Illumina sequencing and assembly. 

520-Leaves % 520-Root % 592-Leaves % 592-Root % 

Total no. of 

reads 207,824,532 168,557,233 187,381,473  205,123,179 

Total no. of 

bases (Gbp) 
   20,8 16.9 18,7 20,5 

No of reads 

after trimming 174,156,958 148,667,480 168,291,008 190,426,984 

Average read 

length after 

trimming 

98.3509 98.4502 97.8653 98.6546 

Total mapped 

readsa 64,492,170 37.0b 35,511,470 23.9b 38,630,740 23.0b 39,889,518 20.9b 

Total 

unmapped 

readsc

109,664,788 63.0b 113,156,010 76.1b 129,660,268 61.6b 150,537,466 55.5b 

Multi-position 

matchesg 19,530,798 30.3e 8,648,426 24.4e 9,284,534 24.0e 10,379,248 26.1e 

Unique 

matchesh 44,961,372 69,7e 26,863,044 75.6e 29,346,206 76.0e 29,510,270 74.0e 

a Number of filtered sequencing reads that were aligned to the filtered assembly (i.e. high confidence 

transcripts).

b Number of filtered sequencing reads that aligned to the filtered assembly with no mismatch.

c Number of filtered sequencing reads that aligned to the filtered assembly with less or equal to two mismatches.

d Sequencing reads that could not be aligned to the filtered assembly.

e Sequencing reads that aligned to two or more positions in the filtered assembly (total reads minus unique). 

f Sequencing reads aligned to only one position in the filtered assembly. 

http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Spurpurea_er
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Identification of paralogs and salicoid duplicates 

By reciprocal best blast of the high confidence transcripts generated by Trinity, we identified 

5,362 paralogous gene pairs. Of these pairs, only 951 had 4DTV values between 0.04 and 0.2 

and were regarded as putative salicoid duplicates. Among the contigs generated by Trans-

ABySS, we identified 10,525 paralogous gene pairs in total, of which 3,981 pairs had 4DTV 

values between 0.04 and 0.2 and were regarded as putative salicoid duplicates (Figure 2). 

After filtering out tandem duplicates of these 3,981 gene sets, we were left with 3,778 pairs 

of salicoid duplicates.     

Figure 2. 4DTV rates of all paralogous genes among the high confidence transcripts 

We assumed that the paralogs as a result of WGD would be located in different homologues 

chromosomes and the circos plots also illustrates the same results (Li et al., 2015). The 

position of all the pairs were identified by the blast search against S. purpurea genome and it 

To determine the putative genes in the assembly is quite challenging without a genome 

sequence. Hence we scrutinized the assembly further by performing a blast search with a 

cutoff of 1e-10 against the draft genome of a closely related species S. purpurea (Salix 

purpurea v1.0, DOE-JGI, 

http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Spurpurea_er) that contains 

37,685 protein coding transcripts .We identified around 95% of our transcripts in the genome 

of S. purpurea. Therefore, the total number of genes with significant expression levels in the 

assembly were around 32,563. 
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is visualized with a circular layout as circos plots (Figure 3). We visualized that most of the 

paralogs are located in different chromosomes.  

Figure 3. Circos plot illustrating the relationship between the salicoid duplicates in different chromosomes.   

 

We finally decided to get on with the assembly generated by Trans-AbySS for future analysis 

due to i) The quality of the assembly was highly commendable ii) High number of salicoid 

duplicate pairs iii) The most of expressed genes identified in the assembly appear to be real 

genes when compared with Salix purpurea genome.  
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Gene expression of salicoid duplicates 

We quantified gene expression of all putative salicoid duplicates across the tissues and 

genotypes separately. Transcripts with TPM > 1 (transcripts per million) where considered 

expressed. We investigated spatial gene expression by investigating how often salicoid 

duplicates were co-expressed in one tissue or not co-expressed, i.e. expressed in opposite 

tissue. In genotype 520, 3704 (~ 97%) of the salicoid duplicates were co-expressed, and of 

these, 70 were only co-expressed in leaves and 127 were only co-expressed in roots, i.e. 

demonstrating tissue specific co-expression (~8%) while three of the salicoid duplicates 

(~0.08 %) were not co-expressed, i.e. one gene was expressed in roots while the other was 

expressed in leaves. In genotype 592, 3697 were co-expressed in at least one tissue and 

among these co-expressed genes, 74 were co-expressed only in leaves while 100 were co-

expressed only in roots. Only two pairs were not co-expressed.  

 

Differential expression of salicoid duplicates 

In both tissues the differential expression between the salicoid duplicates were estimated. 

Approximately 2,900 of 3,778 pairs of the salicoid duplicates displayed significant levels of 

differential expression (FDR ≤ 0.05). In the leaves of genotype 520, 1,861 showed moderate 

levels of differential expression (between 0 and 2-fold differential expression), 708 pairs 

showed between 2 to 4-fold differential expression, 215 showed more than 4-fold differential 

expression in leaves  
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A.                                                                                   B. 
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Figure 4. Differential expression analysis between salicoid duplicates in 520 and 592 genotype in root and leaf 

tissue. 520 genotype in leaf tissue (A), 520 genotype in root tissue (B), 592 genotype in leaf tissue (C), 592 

genotype in root tissue (D).  Dark green shows 0- to 2-fold change (FC) between the duplicates, fluorescent 

green shows 2- to 4-fold change, navy blue shows 4- to 6-fold change, blue shows 6 to 8-fold change and sky 

blue shows fold change > 8. 
 

Analyses of selection on the salicoid duplicates 

Synonymous (KS) and non-synonymous (KA) substitution rates and KA/KS ratios were 

estimated for all the salicoid duplicates. Mean KA/KS ratio was estimated to 0.26 and 

accordingly a peak between 0.2-0.35 was observed in the KA/KS distribution plot (Fig 5). 

Mean KA/KS ratio for not differentially expressed salicoid pairs were 0.27 and for 
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significantly differentially expressed were 0.25.  At sequence level, it is evident that majority 

of the salicoid duplicates have low KA/KS ratios and might be evolving under purifying 

selection.  

 

 

 

     

 

 

 

 

 

 

               

 

 

 

 

Figure 5. KA/KS values for all 3,778 salicoid duplicates. 

Relationship between sequence and expression divergence 

The correlation between sequence and expression divergence was determined. In the two 

tissues and genotypes, we observed a very weak correlation of around 0.03-0.05 between 

expression and sequence divergence. The genes that were highly differentially expressed 

showed slightly higher KA/KS ratios. However, none of these correlations were statistically 

significant (Table 2) 

 

 

 

 

 

KA/KS 
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Table 2. Correlation analysis between sequence and expression divergence  

 

 

Association between sequence and expression divergence 

The KA/KS ratios for the salicoid duplicates were compared between different categories of 

fold changes in expression levels for the salicoid duplicates. Lower KA/KS ratio was observed 

in paralogs with less than 2-fold changes. The highest KA/KS ratio was seen in the order of 4-

fold > 6-fold > 8-fold and highest was observed in fold changes greater than 10-folds. The 

difference between them was not statistically significant (Figure 6) 

A.                                                                        B. 

 

C.                                                                                  D. 

 

                                                                                                

 

                                                                                                                                 

 

 

 

 

Figure 6: KA/KS distributions of paralogs for categories of salicoid duplicates showing different fold changes 

 KA/KS KA KS 4DTV 

520-leaves 0.051. P < 0.01 0.008, ns. 0.001, ns. 0.013, ns. 

520-roots 0.089. P < 0.0001 -0.009, ns. 0.0014, ns. -0.001, ns. 

592-leaves 0.039. P < 0.05 0.013, ns. 0.016, ns. 0.015, ns. 

592-roots 0.087. P < 0.0001 -0.013, ns. -0.001, ns. -0.003, ns. 
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for two genotype across two tissues. 520 genotype in leaf tissue (A), 520 genotype in root tissue (B), 592 

genotype in leaf tissue (C), 592 genotype in root tissue (D). Blue represents 0-2 fold changes, Green represents 

2-4 fold changes, red is 4-6 fold changes and yellow is fold changes greater than 6.  

 

Functional annotation and GO enrichment analyses 

Around 95 % of all high confidence transcripts and 88 % of the salicoid duplicates were 

annotated with GO terms (Figure 7). All the pairs were annotated with the same GO terms, 

suggesting they have similar functions. When we performed GO enrichment analyses using 

all annotated high confidence transcripts as the reference set, enriched GO terms were found 

in the cellular component category that were related to intracellular and nucleus components 

(Figure 8). These GO terms were enriched irrespective of test set.   

Figure 7. GO annotation terms for all salicoid duplicates in three levels of functional classification 
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Figure 8. GO Enrichment analysis of all salicoid duplicates. 

 

Again, when we used all annotated high confidence transcripts as the reference set against 

salicoid duplicates that were not differentially expressed, GO terms associated with cellular 

and molecular components were enriched. GO terms like nucleic acid binding, DNA binding, 

were enriched terms in the molecular function category whereas in the cellular components 

category, intracellular and nucleus components were enriched. These terms were statistically 

significant as well (Figure 9).  

 

 

 

 

 

 

 

 

 

Figure 9. GO Enrichment analysis genes that are not differentially expressed. Grey line represent molecular 

function category and black line represents cellular components. X-axis represent – log values of FDR. 

 

 

When we used the all significantly differentially expressed genes as the test set, different 

metabolic and biosynthetic processes in the biological process category were found among 

the enriched terms (Figure 10).  

 

-log 10(FDR) 

-log 10(FDR) 
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-log 10(FDR) 
 

  

Figure 10. GO Enrichment analysis genes that are significantly differentially expressed. X-axis represent – log 

values of FDR. 

 

DISCUSSION 

De novo assembly of RNA seq reads by Trinity and Trans-AbySS 

We performed de novo transcriptome assemblies and identified salicoid duplicates originating 

from salicoid duplication event in willows. We tried different assemblers and stringent 

parameters to differentiate them from the splice variants and produces high confidence 

transcriptomes. We used Trinity and Trans-AbySS assemblers with varying different 

parameters like kmer and kcov.  

 

Trinity generated 147,588 contigs with a minimum length of 200, whereas Trans-AbySS 

produced as many as 392,355 contigs, however this assembly also included shorter fragments 

(> 60 bp). The reason for the differences between the assemblers could be explained by the 

different algorithms used by the assemblers. In Trinity the stringent default parameters could 

not differentiate between the isoforms and paralogs and reports homologues genes as a single 

component (Haas et al., 2013). Whereas Trans-Abyss does not explicitly group the graph into 

a single representative component but reports all possible transcripts which included paralogs 

and isoforms in the assembly (Zhao et al., 2011, Yang and Smith, 2013). In the previous 
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studies of de novo transcriptome assembly they compared different de novo assemblers in 

diploid and polyploid species of Arachis spp (peanuts) (Chopra et al., 2014). They found that 

Trinity and Trans-AbySS performed equally well and generated high quality assemblies. 

Similar to our results they also found that Trans-AbySS produced higher number of unique 

contigs than Trinity. This suggests that Trans-AbySS assemblers perform well to identify 

homologues sequences than Trinity as they would cluster only if there are perfect matches 

between the sequences else it would report as unique contigs. Thus, for complex genomes 

like the willow and poplar genomes, Trans-ABySS generated more reliable assemblies.  

 

Identification of high confidence transcripts  

With the aim of reducing noise and complexity, the assemblies were filtered by length and 

expression.  After filtration, the Trinity assembly retained 22,903 high confidence transcripts 

whereas Trans-ABySS retained 48,508 transcripts. Though these results are not quite 

comparable with other studies as different tissues and different filtering steps are used. de 

novo assembly of RNA-seq data in Populus pruinosa resulted in 48,653 gene models (Zhang 

et al., 2014) and in Salix matsudana 48,817 unigenes were retrieved (Rao et al., 2014), 

showing that overall, the number of obtained protein coding genes with RNA-seq data were 

rather similar across the different species. Hence it supports the fact that Trans-ABySS 

performs better than Trinity by generating high quality assembly and be able to distinguish 

between alternative isoforms and paralogs in our study. 

  

Identification of salicoid duplicates 

The salicoid duplicate pairs in the assembly were identified by reciprocal blast search (Ian A. 

Warren .et.al, 2014). 926 pairs were assumed to be salicoid duplicates in the Trinity assembly 

and 3,789 pairs in the Trans-AbySS assembly, which compared to P. trichocarpa are rather 

low numbers (around 8,000 pairs of salicoid duplicates were identified (Tuskan et al., 2006)). 

This however resembles previous results found in S. suchowensis. By analyzing the genome 

of S. suchowensis the authors found only 26,599 protein coding genes and concluded that this 

likely meant that this species also had fewer salicoid duplicates than P. trichocarpa (Dai et al 

). However, the draft genome of S. purpurea contains 37,525 protein coding genes which is 

similar to our study. Neverthless, we worry that the number of protein coding genes estimated 

in S. suchowensis is lower than the real number as they reported that their genome assembly 
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clustered many of the homologous genes into one single components and thus reduced the 

number of genes in the assembly (Dai et al., 2014). However, as the genome size of willows 

are smaller than poplars this alone could perhaps explain the observation of fewer salicoid 

duplicate pairs. Another explanation of the low number of salicoid duplicates found in our 

study could be due to the sampling of only two tissues. However, we have identified almost 

88 % of all the expressed genes with both tissues. Henceforth we presume that we were able 

to identify most of the salicoid pairs in our assembly. 

 

Evolution of retained salicoid duplicates 

 
When spatial expression divergence between salicoid pairs was investigated we found that 

around 97 % of the gene pairs were co-expressed in at least one of the tissues and only about 

1 % of the gene pairs were not co-expressed i.e. one gene was expressed in roots while the 

other was expressed in leaves. Such spatial expression divergence is expected under the sub-

functionalization model (Force et al., 1999).  

 

We estimated the expression and sequence and functional divergence between salicoid pairs 

and deduced that almost 25% of the salicoid genes pairs were not differentially expressed 

whereas remaining 75% showed a significant amount of expression divergence between 

them. The mean KA/KS ratio between all of the salicoid duplicates was 0.26, while mean 

KA/KS ratio  of differentially expressed and not differentially expressed genes were 0.27 and 

0.25 respectively. We also investigated to see if there is any correlation between sequence and 

expression divergence for all salicoid duplicates. In all of the four samples, we did a 

correlation test between sequence divergence measure (KA, KS and KA/KS) and expression 

divergence. No significant correlation was observed for KA, KS and KA/KS. This results 

suggests that sequence divergence and expressions are not related to each other and seems to 

be two separate entity. Similar results were also found in (Li et al., 2015; Rodgers-Melnick et 

al., 2012). From these results, it is evident that most of the retained salicoid duplicates are 

highly conserved at sequence level but more than half show significant levels of expression 

divergence between them. 

 

 

 

 



  

28 
 

The functional annotation of all the salicoid duplicates showed that they were not 

functionally diverged between them and were highly conserved. The enriched GO terms for 

the salicoid duplicates relative to all high confidence transcripts were found in the cellular 

component category, e.g. nucleus, intercellular and membrane bound organelles. These terms 

represent basic cellular processes, as for example nucleus and cytoplasm are main cell 

components essential for maintaining mRNA levels during transcription. Initiation of 

transcription and decay of mRNA during transcription are coupled processes, which takes 

places in the nucleus and the cytoplasm respectively (Goler-Baron et al., 2008). One possible 

explanation why genes associated with basic cellular processes are enriched among the 

retained salicoid duplicates is that they are evolving under strong purifying selection, which 

is what the salicoid duplicates apparently do. 

 

Among the co-expressed salicoid pairs that were not differentially expressed and highly 

conserved at the sequence level were enriched in functions like nucleic acid and DNA 

binding. These findings fits very well with gene balance model. The balance hypothesis 

proposes that regulatory genes are retained in duplicate because a change in their relative 

number modifies the expression of the target genes (Birchler and Veitia, 2010). In a previous 

study where functions of retained salicoid duplicates were investigated in poplars, they for 

example found that transcription factor activity and protein binding activity were associated 

with the retained salicoid duplicates (Rodgers-Melnick et al., 2012). Furthermore, 

transcription factors and ribosomal protein genes were enriched in Arabidopsis (Blanc and 

Wolfe, 2004) and in soybean DNA binding and transcription factors were enriched (Roulin et 

al., 2013). 

 

Among the gene pairs that displayed significant expression divergence were however 

enriched in different metabolic and biosynthetic processes. These process are defined 

activities that shows lots of variation among different tissues and different conditions in 

accordance with the adaptability of an individual and hence shows high level of expression 

divergence between the pairs. This result of expression divergence between the duplicates is 

expected to be under sub-functionalization model. According to the sub-functionalization 

model, a subset of the ancestral gene function is expressed in different tissues under different 

conditions. In our study however, since these gene pairs are co-expressed we cannot 

definitely claim that they are fully sub-functionalized but rather on the process of divergence 

over time.  However, we suspect that we missed to detect some not co-expressed duplicate 
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gene pairs, which means that we possibly underestimated the number of not co-expressed 

gene duplicates, which could represent fully sub-functionalized gene pairs. This is because of 

the method used for identifying the paralogs in the assembly. In reciprocal search blast, the 

paralogs will be deduced only if one gene finds its pair within the all set of genes and hence 

we miss out the single copy genes. The key is due to sampling of just two tissues i.e. if one of 

the pairs or both are expressed in other tissues like flowering buds or stem they cannot be 

detected as paralogs which limits our study. Another way of identifying the paralogs will be 

by mapping to a reference genome, which could discover and identify all the possible 

putative genes in the assembly (Bina, 2006).   

 

 

From all of the above sequence and expression and functional analysis of the salicoid 

duplicate pairs in Willows we theorize that the evolution of  retained gene copies fits with 

both the sub-functionalization and gene balance models. However, in our study we see high 

degree of sequence and functional conservation which suggests that neo-functionalization 

model does not support our system. While in Comparison to previous studies on fate of 

duplicate genes of species it is found that i) The salicoid duplicates in P. trichocarpa were 

highly conserved at sequence level when compared to other duplicate pairs and showed a 

pattern of gene balance and sub-functionalization model (Rodgers-Melnick et al., 2012), ii) 

In soybean, the duplicate genes after a WGD showed expression sub-functionalization 

(Roulin et al., 2013) and iii) In the fish species, Cyprinus carp, almost 75% of the duplicate 

genes after WGD retained similar functions, i.e. the expression patterns between the pairs 

were conserved (Li et al., 2015). 

 

CONCLUSION 

As willows and poplars share the WGD known as the salicoid  duplication event, they make a 

good model for studies of evolutionary patterns of genes following WGDs. In this work, we 

studied the fate of salicoid duplicate gene pairs using RNA-seq data. We generated a high 

quality de novo transcriptome assembly of willow with around 75% of the reads being 

uniquely mapped. We discerned around ~3800 pairs of salicoid duplicate pairs from the high 

confidence transcripts. We investigated sequence, expression and functional divergence 

patterns for the identified salicoid duplicates. Most of the salicoid duplicates were highly 

retained and highly conserved at functional and sequence level.  A very strong purifying 
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selection is noticed at sequence level i.e. sequences show very less variation. The theory of 

neo-functionalization was ruled out as there were no evidence of positive selection at 

sequence level. Approximately more than half of the salicoid duplicates exhibited significant 

level of expression divergence. The genes which were not differentially expressed were 

enriched in regulatory elements like DNA binding and nucleic acid binding and falls into  

gene balance model whereas differentially expressed genes were enriched in metabolic and 

biosynthetic process and fits well with sub-functionalization theory. Although genes under 

sub-functionalization are not completely diverged in different tissues or conditions as they 

show a pattern of co-expression. Altogether our study revealed that a pattern of sub-

functionalization and gene balance hypothesis to be the major force of evolutionary effects 

for gene retentions after salicoid event in willows. We believe our results are relevant to 

evolution by whole genome duplications event in other eukaryotic organisms.  
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