
Plant growth, phenotyping, sample collection and preparation 

The tetraploid parents, the cultivar Desirée obtained from Plant Science Sweden AB and the 

breeding line SW93-1015 obtained from Svalöf Weibull AB, have previously been described in 

Ali et al 2012 and 2014 [21, 32]. The segregating population has also been described in relation 

to P. infestans leaf resistance screening data [10]. Field trials were conducted in Borgeby 

(55°45'5.8"N 13°2'13.5"E), Sweden and phenotypes were recorded in 2013 and 2014. Field 

growth conditions and managements have previously been described in Chawade et al [11]. 

Table 1 contain information about number of plants or tubers that were investigated in each 

phenotype study, and under what conditions it was carried out. Dickeya scoring of in vitro plants 

was done according to [33]. P. infestans resistance on tubers (tuber blight) were assessed as 

described in [21], and the Phytophthora resistance data on leaves (late blight) is described in 

Lenman et al 2016. Alternaria resistance in leaf and tuber was carried as in [34]. Nectrotic leaves 

late season and senescence were scored as a percentage of leaves affected by lesions and 

senescence, respectively, in the field. Degree of HR-like lesion was scored 1-6, with 1 denoting 

no necrotic leaves in the field. 

For RNA extraction, potato plants were grown under controlled conditions (the Biotron at SLU 

Alnarp) with 16 h/8 h day and night regime with a fluorescent lamp light intensity of 200 μmol 

m-2 s-1. The temperature was set to 20°C and the relative humidity was 65%. Pots were 

circulated every week to avoid positional effects. All sampling was done before flowering and 

and 10 fully expanded leaflets from the middle part of two plants were pooled and RNA 

extracted as described Ali et al 2014 [32]. 

 

Sequencing, de novo transcriptome assembly and annotation 

Samples were sequenced through Illumina sequencing platform HiSeq 2000 as paired-end reads 

(2x100 bp) at BGI (Shenzhen, China). Sequences were deposited in ArrayExpress (E-MTAB-

5996). Sequencing reads were trimmed by removing adapter sequences and low quality 

sequences with an average quality score of less than 20 were removed using Nesoni clip 

(v0.128). Reads with a length of less than 20 bp were also removed [35]. The remaining reads 

were assembled into a master transcriptome using Trinity version trinityrnaseq_r20140717 with 

default parameters [36]. To assess the quality of the transcriptome assembly, sequencing reads 

were mapped back to the assembled transcripts using the bowtie2 aligner [37]. The completeness 

of the transcriptome assembly was estimated using BUSCO [18], run on default parameters  to 

evaluate the completeness of an assembly through estimating the presence and completeness of 

conserved genes. Assembled transcriptome data were annotated through BLASTX against the 

UniProt database. BLASTX was used for sequence similarity search against the NCBI non-

redundant protein database using an e-value cut-off of 1e-10. Transcripts were also annotated 

against PGSC DM v 3.04 [38] and ITAG 2.3 annotation [39]. A GO enrichment analysis was 

done in GOEast using default settings [40], which includes a FDR adjustment (Yekutieli) and 

p<0.1. GO terms assigned to transcripts using the best-performing functional annotation for the 

potato genome as determined by Amar et al 2014 [41]. Sequence identities and gene families of 

identified transcripts were explored in PLAZA4.0 [42]. 

 

Abundance estimation and differential gene expression analysis 

RSEM (v1.2.7) was used for abundance estimation of the transcriptome assembly using the 

default parameters [43] to estimate the gene and isoform expression levels of RNA transcripts. 

The relative measure of transcript abundance was TPM (Transcripts Per Million) and FPKM 



(Fragments Per Kilobase of transcript per Million mapped reads). DESeq2 was used to find 

differentially expressed genes between the categorical traits [44, 45]. DESeq2 use negative 

binomial distribution method for differential expression analysis. DESeq2 were used in 

identification and analysis of differentially expressed genes and transcripts through Trinity 

version trinityrnaseq_r20140717 with default settings.  

 

Phenotype and transcript correlation 

In order to establish phenotype and transcript relation, a core transcriptome was generated 

through filtering of transcripts by using FPKM values for crossing lines. Pearson correlation 

coefficient (PCC) and Spearman correlation coefficient (SCC) were calculated for each transcript 

and phenotypic traits for the lines in the crossing population and the parents [4]. We also 

explored the phenotype and transcriptome relationship through newly developed similarity 

measure, DUO (Discovery of synchronized gene expression modules using a vector-based 

correlation coefficient, Climer et al., in press). The gene expression data and trait data were 

combined into a matrix M in which each row represented a gene or a phenotype and each column 

represented a sample. A custom Perl script was used to scale each row by dividing each entry 𝑥𝑖 
by the maximum value of that row max(𝑋), as in the following equation: 
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where 𝑥𝑖
∗ is scaled entry 𝑖 of row vector 𝑋, 𝑥𝑖is the original entry 𝑖 of row vector 𝑋 and max(𝑋) 

is the maximum value of row 𝑋. This ensures that all genes and phenotypes take values between 

0 and 1.  

 

The DUO similarity metric was then calculated between all pairs of genes and phenotypes 

according to the following procedure: 
 

An upper threshold and a lower threshold were determined for the matrix M, such that 25% of 

the values in the matrix lay above the upper threshold, and labelled “high”, and 25% of the 

values in the matrix lay below the lower threshold, and labelled “low”. For each pair of features 

(rows in matrix) A and B, four comparisons were performed, namely the co-occurrence between 

high values in feature A and high values in feature B, low values in feature A and low values in 

feature B, high values in feature A and low values in feature B, and the co-occurrence between 

low values in feature A and high values in feature B, using to the following equation: 
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where i represents either high values of gene A or low values of gene A, j represents either high values of 

gene B or low values of gene B, 𝑅𝑖𝑗 represents the fraction of the vector length in which i and j co-occur 

and 𝑓𝑖 and 𝑓𝑗 represent the relative frequencies of i and j respectively. 

 

Phenotype-transcriptome correlation network 

A transcript-trait association network was constructed across all the transcripts correlated with at 

least one trait, with transcripts and phenotypes represented as nodes and correlation values 

between transcripts and phenotypes represented as edge weights.  For DUO network 



visualization, edges below 0.65 were discarded and the resulting trait-transcript associations 

were visualized in Cytoscape version 3.4.0 [46]. Each node represented high or low values of a 

gene or a trait, and edges represented the Duo similarity between those two nodes. Line plots 

were constructed using ggplot2 [41], RStudio [38], and various R packages/resources [37, 40, 

42]. 

 

Network Comparison 

The Pearson, Spearman and DUO networks were compared by counting the number of edges 

(transcript-trait associations) that were shared between these networks. This was done on a 

whole-network level (Figure 2) and a per-trait level (Table 3). The Venn diagram was 

constructed using R [37], the R VennDiagram package [39] and RStudio [38]. 

 

Verification by qPCR 

The expression levels of five genes were validated by qPCR. Primers were designed with the 

help of Primer Blast (NCBI) according to the following criteria: predicted melting temperature of 

59-71°C, primer length of 18–24 nucleotides, product size of 100–250 base pairs (bp) and GC 

content of 40–60%. Primer sequences and efficiencies are given in Additional file 11, Table S14. 

For cDNA synthesis 500 ng of total RNA was transcribed to cDNA using SuperScript® III 

Reverse Transcriptase including degradation with RNase H according to the manufacturer’s 

protocol (InvitroGen). qPCR was performed with a CFX96 (ABI) using Power SYBR® Master 

Mix (InvitroGen) and PCR cycles ran according to the manufacturer’s recommendations. The 

comparative CT method was used for relative quantification of transcripts. The data was 

normalized to the 3 reference genes using the Pfaffl method [47]. The gene expression was 

calculated using Modified form of geNorm with multiple reference genes. 

 


