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[Abstract] RNA sequencing (RNA-seq) has opened up the possibility of studying virtually any organism 

at the whole transcriptome level. Nevertheless, the absence of a sequenced and accurately annotated 

reference genome may be an obstacle for applying this technique to non-model organisms, especially 
for those with a complex genome. While de novo transcriptome assembly can circumvent this problem, 

it is often computationally demanding. Furthermore, the transcriptome annotation and Gene Ontology 
enrichment analysis without an automatized system is often a laborious task. Here we describe step-

by-step the pipeline that was used to perform the transcriptome assembly, annotation, and Gene 
Ontology analysis of Scots pine (Pinus sylvestris), a gymnosperm species with complex genome. Using 

only free software available for the scientific community and running on a standard personal computer, 
the pipeline intends to facilitate transcriptomic studies for non-model species, yet being flexible to be 

used with any organism. 
Keywords: RNA-seq, De novo assembly, Non-model organism, Pinus sylvestris, Gymnosperm, 

Transcriptome tutorial 

[Background] Non-model organisms are valuable for environmental and evolutionary studies. However, 

the absence of a closely related model species to serve as reference for transcriptomic studies was a 
limitation until the development of the de novo assembly methods. De novo assemblers brought the 

non-model organisms to the omics era, but the required analyses may be computationally demanding 

and are often time consuming. This is especially the case for testing, evaluating, and establishing the 
pipeline for performing the required analyses. The costs for acquiring a computing server and/or 

software for automated data processing, which could speed up the process, may impose limitations to 
some research groups. We detail here the procedures that were employed for the transcriptome 
assembly, annotation, and gene ontology (GO) analysis of Scots pine (Pinus sylvestris), an organism 
with complex genome (Duarte et al., 2019). The pipeline was developed based on works and benchmark 

evaluations that describe the best practices for transcriptome studies (Conesa et al., 2016; Honaas et 

al., 2016; Geniza and Jaiswal, 2017). The pine transcriptome analyses were performed on a 32G of 

RAM 8-cores machine. The outputs of three different assemblers, namely BinPacker (Liu et al., 2016), 
SOAPdenovo-Trans (Xie et al., 2014), and Trinity (Grabherr et al., 2011), were evaluated individually 

and combined. For the pine transcriptome assembly, the best result was obtained by combining the 
outputs of the different assemblers, following filtering for redundancies with EvidentialGene (Gilbert, 
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2020). The selection and combination of assemblers, nevertheless, should be adjusted according to the 

input data, and the decision can be made based on the quality assessment that is described step-by-
step here. InterProScan (Jones et al., 2014) performs a comprehensive signature annotation of the 

predicted proteins, while BLAST+ (Camacho et al., 2009) allows intra- and interspecific mapping for 

functional comparisons. Because of that, we combined InterProScan’s protein signatures with several 
BLAST+ searches for annotating the transcriptome of P. sylvestris (Duarte et al., 2019), which were 
integrated with Trinotate (Bryant et al., 2017). The unique GO identifiers were retrieved with a Python 

script that we make available, and used for GO enrichment analysis with BiNGO (Maere et al., 2005). 

The pipeline is based on tools that are open for the scientific community. While it is especially interesting 

for studies with non-model organisms, which lack closely related and well-annotated species for guiding 
the assembly and annotation, the pipeline is flexible to be applied to virtually any organism. 

Software 

Software – Linux OS: 

Several programs that will be used in the protocol, such as BLAST+, Bowtie2, FASTA Splitter, and 
BUSCO, can easily be managed using the Bioconda channel (Grüning et al., 2018; 

https://bioconda.github.io/). Bioconda is a repository of packages specialized in bioinformatics, and it 
requires the conda package to be installed. The manager automatically installs all dependencies for a 

given program and makes it available in your PATH. The software support via Bioconda is continuously 
updated, and we suggest always to check if the required software is available through this repository. 

After installing conda, add the channels following the recommended order (please refer to 
https://bioconda.github.io/user/install.html#install-conda). Other software will need to be installed 

individually, and may require adjustments depending on your system. Next, we list the software that will 
be required for each step, which are summarized in the flowchart (Figure 1). 
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Figure 1. Flowchart illustrating the five steps for transcriptome assembly, annotation, and 
Gene Ontology analysis. The input for starting each step is represented in the boxes, and the main 

procedures of each step are described in black. The software that will be required for each step are 

listed in blue. For performing the transcriptome assembly (B), the user may use the software of 
choice. The three assemblers described in this pipeline were used for the Scots pine study (Duarte 
et al., 2019), and are marked as optional [opt]. 

A. Data pre-processing

• FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) – quality control of

sequencing files

• FastQ Screen (https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen) –

screening of sequencing files

• Trimmomatic (Bolger et al., 2014; available via Bioconda) – trimming of sequencing files

• Trinity package (Grabherr et al., 2011) – in silico normalization

B. Transcriptome assembly
• BinPacker (Liu et al., 2016; https://sourceforge.net/projects/transcriptomeassembly/) –

assembler

• EvidentialGene (Gilbert, 2020; http://arthropods.eugenes.org/EvidentialGene/) – assembly

filtering
• Galaxy platform (Afgan et al., 2018; usegalaxy.org) – open source online platform for data

research
• SOAPdenovo-Trans (Xie et al., 2014; https://github.com/aquaskyline/SOAPdenovo-Trans)

– assembler

• Trinity package (Grabherr et al., 2011; available in Galaxy platform) – assembler
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C. Quality assessment

• Bowtie2 (Langmead and Salzberg, 2012; available via Bioconda) – short read aligner

• BLAST+ (Camacho et al., 2009; available via Bioconda) – tool for comparing sequences

and searching databases

• BUSCO (Simão et al., 2015; available via Bioconda) – assembly completeness assessment

• Samtools (Li et al., 2009; https://github.com/samtools/samtools) – data manipulation

• DETONATE (Li et al., 2014; available via Bioconda) – evaluation of de novo transcriptome

assemblies
• Trinity package (Grabherr et al., 2011) – estimation of full-length transcripts in the assembly

D. Transcriptome annotation

• BLAST+ (Camacho et al., 2009; available via Bioconda) – tool for comparing sequences

and searching databases
• Bowtie2 (Langmead and Salzberg, 2012; available via Bioconda) – short read aligner

• Corset (Davidson and Oshlack, 2014; available via Bioconda) – clustering of read counts

• FASTA splitter (http://kirill-kryukov.com/study/tools/fasta-splitter/) – creation of subsets of a

FASTA file
• getorf (Rice et al., 2000; http://emboss.sourceforge.net/) – prediction of open reading

frames

• HMMER (http://hmmer.org/) – prediction of domains for annotation

• InterProScan (Jones et al., 2014; https://www.ebi.ac.uk/interpro/) – protein domains

identifier

• RNAMMER (Lagesen et al., 2007; http://www.cbs.dtu.dk/services/RNAmmer) – ribosomal

RNA annotation

• SignalP (Petersen et al., 2011; https://services.healthtech.dtu.dk/) – prediction of signal

peptides
• TmHMM (Krogh et al., 2001; https://services.healthtech.dtu.dk/) – protein transmembrane

helix prediction

• TransDecoder (Haas et al., 2013; http://transdecoder.github.io) – identification of coding

regions
• Trinotate (Bryant et al., 2017; https://trinotate.github.io/) – suite for transcriptome annotation

E. Gene Ontology analysis

• BiNGO (Maere et al., 2005; download available via Cytoscape platform) – Gene Ontology

analysis
• Cytoscape (Shannon et al., 2000; https://cytoscape.org/) – platform for performing the Gene

Ontology analysis

• GO retriever – provided script for retrieving transcript ID - Gene Ontology ID relationships
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Procedure 

The protocol requires basic bioinformatics and Linux command line skills. We provide the general 
instructions for using each software for the required analyses. Each software settings may be adjusted 

according to the user’s need, and for that, we suggest referring to the software’s manual for further 
information and troubleshooting. The time required for performing each step will fully depend on your 

computing power, and on the size of your dataset. While the assembly and quality assessment steps 
may require some hours, the comprehensive annotation procedure may require a few days to run. Based 

on the results obtained with Scots pine, an example of application is shown at the end of this protocol 
as supporting information. 

A. Pre-processing the RNA-seq dataset

For starting this pipeline, it is necessary that your RNA-seq samples have been trimmed and quality
checked. As a general guideline, FastQC will provide you an overview of the quality of your reads.

If you observe remaining vector sequences, they can be removed with FastQ Screen providing a
list of vector sequences, which can be obtained from the National Center for Biotechnology

Information (NCBI, https://ftp.ncbi.nlm.nih.gov/pub/UniVec/). Trimmomatic can filter your samples
based on the quality value of choice and prepares your paired reads. Trimmomatic also performs

trimming of adapter sequences, which must be provided according to the method used for preparing
your library. Both FastQ Screen and Trimmomatic have detailed manuals that are easy to follow. 

[Tip 1] Several files will be generated for performing all steps of this protocol. Save them with 

descriptive names that are easy to identify, and sort them in folders accordingly. 
[Tip 2] Some assemblers also accept the unpaired reads as an input. Do not discard them. 

For building a common de novo transcriptome reference for a given species, it is recommended to 

merge all RNA-seq files (i.e., all samples and conditions) for using a unique input for the assembly. 

Some software may perform this step as a part of their command line. Always refer to the software's 

manual for specific details. 
1. Using the Linux terminal, concatenate all trimmed fastq files (left, right, and unpaired) of all

samples as three unique inputs for the assemblers (e.g., “all_left.file”, “all_right.file”, and

“all_unpaired.file”). Concatenation of the data files can be done by using the “cat” function:

> cat sample_1-1.file sample_2-1.file sample_n-1.file> all_left.file

> cat sample_1-2.file sample_2-2.file sample_n-2.file > all_right.file

2. [Optional] Perform in silico normalization of the three concatenated files to reduce redundancy

in read datasets. Trinity package provides a script for it (insilico_read_normalization.pl). If you

have paired-end reads, the command will be:
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> ./insilico_read_normalization.pl --seqType <string> \

--left all_left.file --right all_right.file

where seqType specifies the format of your reads (fa or fq). Several other parameters can be 

adjusted, as the RNA-seq read orientation (--SS_lib_type <string>; RF should be used for the 
dUTP method). If you intend to use Trinity and your unpaired reads, append them to the left 
ones (e.g., “all_left_all_unpaired.file”) using the “cat” function. Note that the backslash (\) is 

merely used for breaking the command into several lines for visualization purposes (it can be 

removed). 

B. Transcriptome assembly (analyses performed in Linux OS)
For performing the transcriptome assembly, you may use the software of choice. Here, we provide
instructions for the assemblers that were used for P. sylvestris transcriptome (Duarte et al., 2019),

which therefore will be marked as optional. BinPacker and SOAPdenovo-Trans can be run locally
on a standard personal computer but may require in silico normalization to reduce the input data.

Because Trinity is computationally demanding, an alternative is to run it using the Galaxy platform

(usegalaxy.org). Using multiple k-mer strategy can improve the assembly by balancing sensitivity
and specificity (Zerbino and Birney, 2008), but it may also introduce redundancy (Xie et al., 2014).

This issue will be corrected later. Trinity is optimized to run with fixed k-mer size (25 k-mers)
(Grabherr et al., 2011). If RAM memory is limiting, BinPacker can be used for performing assemblies

with the smaller k-mers, while SOAPdenovo-Trans is efficient for longer lengths. For Bruijn-based
assemblers, the increase in k-mer size must be based on odd numbers to avoid the creation of

palindromes, which may block the graph construction (Zerbino and Birney, 2008).
1. Perform the transcriptome assembly with different assemblers.

a. [Optional] BinPacker only accepts paired inputs. The parameters must be adjusted
according to the data set and run using various k-mer lengths (-k option), as for instance:

> ./binpacker -s <string> -p <string> -k <int> \

-l all_left_normalized.file -r all_right_normalized.file

where -k <int> is the k-mer length of choice, -s <string> sets between fa or fq files, -p <string> 
sets for single-end (single, requiring -u single_reads.file for instance) or paired-end (pair, 

requiring -l left_reads.file -r right_reads.file). At the end, concatenate all assemblies into one 
file using the “cat” function. 

b. [Optional] The easiest way to run SOAPdenovo-Trans is by setting all assembly parameters

and input files in the configuration file, including the k-mer length of choice. It also allows
both paired (q1=path_to_all_left_normalized.file and q2= path_to_all_right_normalized.file)
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and unpaired (q=path_to_ all_unpaired_normalized.file) reads to be used. SOAPdenovo-

Trans has two versions: “SOAPdenovo-Trans-31mer”, which performs assemblies with k-
mer sizes from 13 to 31, and “SOAPdenovo-Trans-127mer”, which accepts k-mers up to 

127 (always odd values). After adjusting the configuration file, run the assemblies using 
different k-mers: 

> ./SOAPdenovo-Trans-127mer all -s config_file -o output_prefix

Increasing k-mer value reduces the number of transcripts that are recovered, until none can 
be retrieved. At the end, combine all assemblies into one final file using the “cat” function. 

c. [Optional] Trinity can be run using the Galaxy platform, either via the web servers

(https://usegalaxy.org/) or using your own instance (https://galaxyproject.org/admin/get-
galaxy/). Trinity can also perform the assembly combining the paired and unpaired reads,

which must be appended to the left reads beforehand. Tutorials are available showing how
to use the web server (https://usegalaxy.org/). Upload the quality-processed fastq files (e.g.,

“all_right_normalized.file” and “all_left_all_unpaired_normalized.file”). Select Trinity in the
tools list and set up the parameters according to your data. If your data have already been

normalized, turn off this option and start the analysis.

[Tip 3] We suggest testing different assemblers. The quality assessment that will be described 

in the next section will help you to decide which assembly or assemblies will be used as your 

reference transcriptome. 

2. Filter out the small length isotigs from each assembly, which might be spurious sequencing
products. A routinely used threshold is 200 bp. The “Filter sequences by length” tool in Galaxy

platform can perform this task. If you used other assemblers locally, upload the assemblies to
Galaxy for filtering them. The tool can be found under “Genomic File Manipulation >

FASTA/FASTQ > Filter sequences by length”. Set the minimal length and run. Once it is done,
download all filtered assembly files.

3. [Recommended] If you opted for using more than one assembly file (different k-mers and/or
different software), it is also possible to combine them into a single super-set. Because the

combination of different assemblies creates a redundant file with transcripts of heterogeneous
quality, they must be filtered. The EvidentialGene tr2aacds pipeline performs a coding potential

analysis and removal of perfectly redundant transcripts rather than filtering the transcripts based
solely on their length. The package provides several other scripts organized in different folders.

Perform the tasks in the following order using as input your assembly files:
a. Regularize the transcripts ID of each assembly using the “trformat.pl” script (required for the

tr2aacds pipeline, located in /scripts/rnaseq/ folder), as for instance:
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> ./trformat.pl -input assembly_1.fa -output ID-assembly_1.fa

b. Combine the ID-regularized assemblies into one super-set (e.g., using the “cat” function”);

c. Run the tr2aacds (“tr2aacds4.pl”, which can be found in /scripts/prot/ folder) pipeline using
as input the concatenated sets obtained with different assemblers and the super-set:

> ./tr2aacds4.pl -mrnaseq ID-assembly_1.fa

where -mrnaseq sets the name of the assembly to be evaluated. 
d. The pipeline outputs the relevant transcripts as “okay” sets (“okay-main” and “okay-alts”),

which may be combined and used. A folder containing discarded sequences (“drop set”) is
also created.

4. The “assemblystats” tool may provide a summary about the general statistics of the transcriptome

assembly, such as isotig length and number of assembled isotigs, called “assemblystat”. If you
are running your own Galaxy instance, the tool repository may be found at

https://toolshed.g2.bx.psu.edu/view/konradpaszkiewicz/assemblystats/6544228ea290.
Alternatively, it may be accessed at PlantGenIE Galaxy server (http://galaxy.plantgenie.org).

C. Quality assessment (analyses performed in Linux OS)

For selecting the most representative assembly, it is necessary to compare their quality. In this
pipeline, four criteria will be evaluated for quality assessment: (1) mapping back the reads to the

transcriptome assembly; (2) completeness; (3) representation of full-length transcripts; (4)
evaluation of the DETONATE scores. It is highly recommended to perform all four analyses for a

complete overview of the quality of your assemblies. These four criteria must be applied for each of
the assemblies to be compared.

1. [Recommended] For mapping back the reads to the transcriptome, a read alignment tool is
necessary. For instance, Bowtie2 can be used as follows:

a. First, build an index for each of the transcriptome assemblies to be tested:

> bowtie2-build input_transcriptome.fasta input_transcriptome.fasta

b. Perform the alignment of the RNA-seq reads to each of your assemblies, as for instance:
> bowtie2 --local --no-unal -x input_transcriptome.fasta \

-q -1 all_left_normalized.file \

-2 all_right_normalized.file | samtools view -Sb - -o output.bam

The alignment statistics will be reported at the end of the run. 
2. [Recommended] Completeness of a transcriptome can be assessed with BUSCO. Check for
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the newest version at https://busco.ezlab.org/. Running BUSCO is straightforward by using the 

following command line: 

> ./busco -m transcriptome -i input_transcriptome.fasta -o output_name

-l LINEAGE

where -m sets the mode for BUSCO (genome, proteins, or transcriptome), and the lineage (-l) 

is the dataset that will be used as reference for comparison, and must be related to the organism 
of your study. The lineage dataset can be downloaded from BUSCO website. Optionally, the 

number of CPU threads (--cpu <int>) and compression of output files (--tarzip) can be set. 
3. [Recommended] Representation of full-length transcripts. When working with a model organism,

the representation can be estimated by running a translated BLAST+ (blastx) search against
the organism’s reference protein dataset. For non-model organisms, because of the absence of

a specific reference for comparison, the analysis has to be done against the proteins of a closely
related species (when available), or a dataset containing all known proteins (e.g., Swiss-Prot,

available at https://www.uniprot.org). Next, the percentage of best aligning targets can be
recovered using the script “analyze_blastPlus_topHit_coverage.pl” available in the Trinity

package.
a. First, create a BLAST database using your reference protein set:

> makeblastdb -in ref_prot_dataset.fasta -dbtype prot

where -in sets your reference input, and -dbtype sets the type of sequence (prot, for proteins) 
b. Run blastx against your reference:

> blastx -query input_transcriptome.fasta -db ref_prot_dataset.fasta \

-out blastx_output.outfmt6 -evalue 1e-20 -max_target_seqs 1 -outfmt 6

where -query is your transcriptome input, -db sets the reference database, -evalue sets the 
threshold, -max_target_seqs informs the number of sequences to be retained (1, for only 

the best hit), and -outfmt <list> sets the format of the output file (6 is required for using the 
script). Optionally, the number of CPU threads may be set (-num_threads <int>). 

c. Run “analyze_blastPlus_topHit_coverage.pl” script on the output file:

> ./analyze_blastPlus_topHit_coverage.pl blastx_output.outfmt6 \

input_transcriptome.fasta ref_prot_dataset.fasta

The script reports for each percentage level (1st column) the number of best matching 

transcripts (2nd column) and the comparison to the level below (3rd column).  
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4. [Recommended] Evaluation of the DETONATE scores. RSEM-EVAL, which is a component of

the DETONATE v1.11 package, performs a reference-free evaluation of the assembly quality
using a probabilistic model (Li et al., 2014). DETONATE requires some settings to be adjusted

prior to the quality evaluation:
a. First, estimate the transcript length distribution using the “rsem-eval-estimate-transcript-

length-distribution” script provided in the package. If a reference dataset is not available, a
closely related species can be used:

> ./rsem-eval-estimate-transcript-length-distribution \

input_reference.fasta parameter_file

where parameter_file is the output that will store the information about the estimated mean 
length and standard deviation of the transcripts; 

b. Next, calculate the scores with the “rsem-eval-calculate-score” script:

> rsem-eval-calculate-score \

--transcript-length-parameters parameter_file \

--paired-end all_left_normalized.file all_right_normalized.file \

input_transcriptome.fasta \

assembly_name L

where --transcript-length-parameters sets the parameter file, --paired sets the analysis for 
paired-end sequences, input_transcriptome.fasta should be the assembly that will be 

evaluated, and assembly_name is the prefix that will be used for the output files, and L is 
an integer for the average fragment length of your paired-end data. The program uses 

Bowtie2 as default. If it is not available in your PATH, use the --bowtie-path <path> option 
to set the destination. Several other options are available to be set if necessary. DETONATE 

scores will always be negative, but the higher the score values, the better the assembly. 

D. Transcriptome annotation (analyses performed in Linux OS)
InterProScan performs the recognition of protein signatures that is useful for retrieving the possible

function of the assembled transcripts. However, the analysis is time consuming. Alternatively,
Trinotate can be used for a less detailed protein annotation, but provides a good way to integrate

BLAST searches and to extract information from them, thus being a good option when a closely
related species is well annotated. Trinotate also uses some tools for protein signature recognition,

but the input file is limited by the outputs generated by Trinity, thus requiring a few extra steps when
other assemblers are used. For performing a detailed protein signature recognition with

InterProScan, the following steps should be performed:
1. First, predict the open reading frames (ORFs) of the transcripts with getorf, which is a part of
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EMBOSS package (http://emboss.sourceforge.net/), or Transdecoder. For instance, getorf can 

be used with the following command: 

> getorf -sequence input_transcriptome.fasta -outseq ORF-

predicted_transcriptome.fasta \

-table <list> -find 0 -minsize <int>

where -minsize <int> sets the minimum nucleotide size of the ORFs (e.g., 200), -table <list> 

sets the genetic code to be used (0 for standard), and -find <list> sets the searching method (0 
for translation of regions between STOP codons). 

2. InterProScan analysis can be computationally demanding for large datasets. When not running
on a computing server, in order to circumvent memory-related issues, an alternative is to divide

the ORF-predicted transcriptome file into several parts. Next, run the analysis for each of the
subsets (for instance, using a script to start sequential analyses). First, use the FASTA splitter

tool for dividing the ORF-predicted transcriptome file:

> ./fasta-splitter.pl --measure count --part-size <int> ORF-

predicted_transcriptome.fasta

where --measure (all, seq, or count) specifies whether all data, sequence length, or number of 

sequences will be used for dividing the file, --part-size <int> sets the number of fasta sequences 
to be present in each subset. 

3. Next, run InterProScan analysis for each of the subsets. For best results with InterProScan,
activate the databases of partner resources (e.g. Panther, SignalP, SMART and TMHMM) and

make use of the lookup service which has pre-calculated results (requires internet connection
and the latest version of the software). If you intend to perform Gene Ontology enrichment

analysis, which will be detailed in the next section, the --goterms and --iprlookup options are
required. Detailed information about InterProScan configuration can be found in InterProScan

Documentation page (https://github.com/ebi-pf-team/interproscan).

[Tip 4] In the case you are using conda tool, check if your Python and Java JDK/JRE versions 

match InterProScan’s requirements. If not, it is possible to create new conda environments for 

running with specific software versions (check how to create new environments at Conda 
webpage; https://docs.conda.io/projects/conda/en/latest/index.html). 

4. If you divided your ORF-predicted transcriptome in several subsets, concatenate all .tsv output

files using the “cat” function.
5. [Optional] For integrating Trinotate to the analysis when non-Trinity assemblies are included, it

is necessary to provide a gene-transcript relationship of the transcriptome, which can be created

Please cite this article as: Duarte et. al., (2021). A Pipeline for Non-model Organisms for de novo Transcriptome Assembly, Annotation, and Gene 
Ontology Analysis Using Open Tools: Case Study with Scots Pine,Bio-protocol 11 (3): e3912. DOI: 10.21769/BioProtoc.3912.

http://www.bio-protocol.org/e3912
http://emboss.sourceforge.net/
https://github.com/ebi-pf-team/interproscan
https://docs.conda.io/projects/conda/en/latest/index.html


Copyright © 2021 The Authors; exclusive licensee Bio-protocol LLC. 12 

www.bio-protocol.org/e3912    
Bio-protocol 11(03): e3912. 
DOI:10.21769/BioProtoc.3912

 

with Corset (https://github.com/Oshlack/Corset/wiki): 

a. First, create a Bowtie2 index for the transcriptome assembly file as described in Step C1a;
b. Next, map back each of the RNA-seq samples used for the assembly to the transcriptome

with Bowtie2. If you used both paired and unpaired reads for your assembly, the command
would be:

> bowtie2 --all -X <int> -x input_transcriptome.fasta \

-q -1 sample_n-1.fastq -2 sample_n-2.fastq \

-U sample_n-1.unpaired.fastq,sample_n-2.unpaired.fastq | \

samtools view -Sb > sample_n.bam

where -X <int> is the estimated fragment size of your data. If only paired reads were used 
for the assembly, remove the -U part; 

c. The .bam files are used as input for Corset. First, create the summaries independently for
each input sample:

> ./corset -m <int> -r true-stop sample_n.bam

where -m sets to filter out transcripts with fewer than <int> reads, and -r true-stop specifies 
that only the summaries must be created (outputs .corset-reads). Since we are only 

interested in having a rough estimation for creating a required input file for Trinotate, we can 
set -m 0 (consider all transcripts). Later, if performing gene expression analysis, the number 

of reads mapping to a transcript may be precisely considered by the tool you opt to use. 
d. When the summaries have been created for all samples, resume Corset run defining the

grouping for analysis:

> ./corset -i corset -g <list> .corset-reads

where -i corset sets the summaries previously created as input file (the default is .bam). If 

you have groups of samples, as for instance two replicates of both control and treatment, 
they can be specified with the -g option separated by commas (e.g., -g control, control, 

treatment, treatment). The input files have to follow the same order. If -g is not set, each 
sample will be considered independently. The command for a given example will be as 

following: 

> ./corset -i corset -g control,control,treatment,treatment \

control_1.bam.corset-reads control_2.bam.corset-reads \

treatment_1.bam.corset-reads treatment_2.bam.corset-reads
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e. When the analysis is over, edit the Corset clusters file, which has the gene-transcript

relationship, by switching the position of the two columns to conform to Trinotate's
requirements.

6. [Optional] A detailed Trinotate step-by-step guide is available at http://trinotate.github.io.
Trinotate relies on Swiss-Prot database for performing its annotation. An interesting feature of

this tool is that it integrates BLAST searches to the analysis. When working with non-model
species or samples from uncontrolled environments, BLAST searches against higher taxa can

be used for identifying spurious transcripts which you might considering filtering out.

E. Gene Ontology analysis
Several methods and tutorials are currently available for running differential gene expression
analysis (e.g., edgeR [McCarthy et al., 2012], Deseq2 [Love et al., 2014], among others), which is

straightforward. Therefore, we will focus on the description of the GO enrichment analysis.

Nevertheless, for this step, the annotated set of genes and the list with differentially expressed
genes are both required.

BiNGO is a tool that runs in the Cytoscape platform (https://cytoscape.org/). It is available for 
Linux, Mac OS, and Microsoft Windows. BiNGO allows one to perform the GO enrichment analysis 

using a custom annotation as background. The custom file for BiNGO must be parsed as 
“transcript_ID = number”, where the transcript ID is associated to a unique GO ID number (one entry 

per line). Therefore, before performing the analysis it is necessary to retrieve the GO identifiers from 
the annotation file. We provide a Python script for retrieving the GO information from InterProScan 

(“GO_retriever.py”, available as Supplementary File S1). For each transcript ID on the 1st column, 
the script will return the respective GO number, if any, from the Nth column. When more than one 

GO term is associated to a transcript, the script splits the transcript ID into two or more lines, each 
one being linked to a unique GO number. The output is a .txt file. The script can also be applied for 

extracting the GO numbers from Trinotate output, but it would be necessary to remove the GO 
descriptions from the report file beforehand. 

1. For running the script, it is necessary to edit it according to your input data:
a. Line 1: Substitute INPUT_FILE.tsv by the name of your input file.

b. [Optional] Line 2: Change the name of the output file (OUTPUT_FILE_GOs.txt).
c. Line 12: Based on your annotation file, set the column (N) where the GO ID numbers were

reported.
d. Line 17: By default, the script is set to recognize the GO split character used by

InterProScan (vertical bar). If you intend to use the script for Trinotate’s output, first you will
need to remove the descriptions that are provided for each term (keep only GO:number),

adjust the split character in the script accordingly, and change the column where the
information is reported (previous step).

e. With the annotation file and the script in the same directory, run the script:
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> python GO_retriever.py input_file

2. BiNGO can be installed directly through Cytoscape (on the menu bar, select Apps > App
Manager ..., select BiNGO on the list, install). After installation, BiNGO will be listed in the Apps

menu. With BiNGO running:
a. From your table with differentially expressed genes, copy the IDs of those that you want to

check for overrepresentation (e.g., up-regulated or down-regulated genes).

b. Select "paste Genes from Text" option, and paste the IDs in the box.

c. "Overrepresentation" and "Visualization" are selected by default.
d. Select the statistical test, multiple testing correction, and significance level (e.g., Benjamini

& Hochberg False Discovery Rate, P < 0.05).

e. Select the categories which you want to visualize. By default, only those overrepresented

after the correction will be shown.
f. For the reference set, select the whole annotation (default).
g. Select the ontology file (.obo file, e.g., “go-basic.obo”), which can be downloaded from the

GO Consortium website (https://geneontology.github.io/). BiNGO provides some ontology

file options but they may be out of date.
h. Under "Select namespace", it is possible to choose which GO category will be evaluated,

such as biological process, cellular component, or molecular function. For each of them, an
independent run will be required.

i. Finally, under "Select organism/annotation", select as your background the custom
annotation file created on the previous steps.

j. If you check the box for saving the data, you can already set the destination folder.
Otherwise, you can also save the results later.

BiNGO outputs a graphical visualization of the network, representing the statistically significant 

enriched GO terms by colours. The nodes can be adjusted for a better visualization. The image can 
be exported by selecting this option under the "File" menu. At the bottom, it is possible to recover 

the significance levels of each enriched category for plotting a table for easier visualization. 

Example of the protocol application – Scots pine transcriptome analysis 

For describing this pipeline, the datasets that were used as example are detailed in Duarte et al. 

(2019). In summary, RNA samples were isolated from pools of Scots pine needles belonging to three 

areas contaminated by radionuclides after the Chernobyl Nuclear Power Plant accident (Kulazhin, 
Masany, and Zabor’e), and from a reference plot. The samples were 125 bp paired-end sequenced. 

FastQC v0.11.5 was used for quality check the sequence data, and FastQ Screen v0.9.2 was 
applied for removing vector sequences from the RNA-seq reads. The reads were then trimmed with 

Trimmomatic v0.36, using ILLUMINACLIP:Adapters.fa:2:30:10 HEADCROP:10, MINLEN:35, 
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LEADING:5, TRAILING:5, and SLIDINGWINDOW:4:30 parameters. Preliminary tests were 

performed with three different Phred qualities for trimming (5, 20, and 30), and indicated that the 
highest Phred cut-off was the most reliable for performing the transcriptome assembly (Duarte et al., 

2019). All Linux-dependent analyses were performed on Ubuntu 16.04 or 18.04 releases, while the 
GO enrichment evaluation was run on Windows 10. The processed reads are available in Sequence 

Read Archive (BioProject PRJNA497687). 

1. Transcriptome assembly
For pine transcriptome assembly (Duarte et al., 2019), we opted for normalizing the

concatenated read files to reduce redundancy using the insilico_read_normalization.pl script

available in Trinity v2.2.0 package. Next, three different assemblers were used, namely

BinPacker v1.1, SOAPdenovo-Trans v1.04, and Trinity v2.2.0. Five different assemblies were
generated and filtered for isotigs with minimum length of 200 bp. BinPacker was run with default

parameters except for the gap length (-g) set to 500 according to the insert size of the data set
(Duarte et al., 2019). The combined set comprised five different k-mers (23, 25, 27, 29, and 31),

which was then filtered for redundancies using EvidentialGene pipeline (release 19-Mar-2015).
For SOAPdenovo-Trans assemblies, ten different k-mer lengths were used and then combined

(25, 31, 37, 43, 49, 55, 65, 75, 85, and 95). The program was run using following parameters:
max_rd_len = 115, rd_len_cutoff = 115, avg_ins = 500, reverse_seq = 0, asm_flags = 3, map_len

= 32, −f, -F. No data were retrieved with k-mer > 95. Using a 32G of RAM 8-cores machine,
BinPacker and low-kmer SOAPdenovo-Trans assemblies required a few hours to run. The

concatenated set was filtered with EvidentialGene. Trinity was run on Galaxy platform
(usegalaxy.org), using the paired-end mode, with unpaired reads appended to the left reads,

and default parameters except for the normalisation, which was set off. Although Trinity was run
only with the optimized k-mer length, filtering with EvidentialGene was also performed for

comparison. Finally, “assemblystat” tool was used for retrieving the general statistics of each
assembly, which is shown in Table 1.
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Table 1. General statistics for P. sylvestris assemblies comparing the output of BinPacker, 
SOAPdenovo-Trans, Trinity, and the super-set combining all assemblies. Adapted from 
Duarte et al. (2019), Table S1. 

Assembly 

BinPacker SOAPdenovo Trinity Super-set 

EvidentialGene Pipeline yes yes no yes yes 

Reads Paired 
Paired + 

Unpaired 

Paired + 

Unpaired 

Paired + 

Unpaired 

Paired + 

Unpaired 

Isotig 
lengths 

Min length 200 200 201 201 200 

Max length 16,876 9,566 14,596 12,302 16,876 

Mean length 1487.12 885.15 624.99 1009.45 1072.61 

Standard 
deviation 

946.61 752.01 684.85 894.45 888.64 

Median 
length 

1,305 570 334 606 742 

N50 isotig 

length 
1,963 1,378 1,050 1,714 1,677 

Numbers 
of isotigs 

Total 62,188 51,761 211,646 48,409 110,767 

Isotigs ≥ 1kb 38,593 15,658 35,612 17,071 44,162 

Isotigs in 

N50 
16,962 10,756 33,842 9,681 24,080 

Bases in 
the isotigs 

Bases in all 
isotigs 

92,480,965 45,816,195 132,276,358 48,866,676 118,810,053 

Bases in 
isotigs ≥ 1kb 

77,776,253 28,686,010 67,951,389 34,341,436 85,844,429 

GC Content 

of isotigs 
42.82 % 43.37 % 41.10 % 42.85 % 43.08 % 

In general, SOAPdenovo-Trans performed poorly for assembling long isotigs, as shown by the 
max isotig length. However, considering the mean length, this assembler provided a higher 

score than unfiltered Trinity. Apparently, Trinity provides a highly redundant output, as indicated 
by the number of isotigs before and after filtering. Trinity assembly must also contain a high 

proportion of short isotigs, which would explain the shortest median length and N50 length 
retrieved among the assemblers. However, filtering Trinity’s output significantly reduced the 

number of isotigs in N50. Considering these general statistical scores, BinPacker, the filtered 
super-set, and unfiltered Trinity had the most promising initial statuses. 

2. Quality assessment

The four criteria for transcriptome assembly quality assessment described in this protocol were
also applied for the P. sylvestris transcriptome study (Duarte et al., 2019). They are summarized

in Table 2. The reads were mapped back to each of the five assemblies using Bowtie v2.2.9.
Completeness with BUSCO v2 was assessed using the plants set (embryophyta_odb9).
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Translated nucleotide BLAST (blastx v2.7.1) search was performed against Pinus taeda v1.01 

proteins retrieved from TreeGenes Database (https://treegenesdb.org/), and TrEMBL 
Viridiplantae protein sequences (release 2017_03). Finally, DETONATE v1.11 was used for 
scoring the quality, using P. taeda proteins nucleotides sequences for estimating the transcript 

length distribution. Performing all four analyses required some hours, and the results for each 

assembly are provided in Table 2. The filtered SOAPdenovo-Trans set had the lowest scores 
for all four criteria evaluated, while filtering Trinity’s output did not improve its quality scores. On 

the other hand, the filtered BinPacker set comprising five different k-mer lengths, the filtered 
super-set comprising all assemblies, and unfiltered Trinity had similar alignment rates and 

completeness. Although the unfiltered Trinity assembly had a slightly better DETONATE score, 
the super-set showed better representation of full-length transcripts and BUSCO scores (highest 

completeness and lowest number of missing BUSCOs). The combined super-set was selected 
for the evaluation of differentially expressed genes and GO enrichment analysis (Duarte et al., 

2019). 
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Table 2. Quality assessment of P. sylvestris assemblies comparing the output of BinPacker, 
SOAPdenovo-Trans, Trinity, and the super-set with all assemblies. Adapted from Duarte et al. 

(2019), Table S1. 
Assembly 

BinPacker SOAPdenovo Trinity Super-set 

EvidentialGene Pipeline yes yes no yes yes 

Alignment 
Overall 

alignment 
84,27% 81,73% 85,78% 81,02% 84,48% 

BUSCO 
(n = 1440) 

Complete 1132 (78.6%) 1124 (78.0%) 1155 (80.3%) 1114 (77.4%) 1171 (81.3%) 

Complete and 

single-copy 
851 (59.1%) 869 (60.3%) 669 (46.5%) 975 (67.7%) 815 (56.6%) 

Complete and 
duplicated 

281 (19.5%) 255 (17.7%) 486 (33.8%) 139 (9.7%) 356 (24.7%) 

Fragmented 62 (4.3%) 72 (5.0%) 58 (4.0%) 54 (3.8%) 58 (4.0%) 

Missing’ 

BUSCOs 
246 (17.1%) 244 (17.0%) 227 (15.7%) 272 (18.8%) 211 (14.7%) 

Blastx Pinus 

taeda 

Protein hit 
length (%) 

Hit counts in bin/hit counts below this bin 

100 3735/3735 3282/3282 3455/3455 3324/3324 3959/3959 

90 671/4406 673/3955 672/4127 648/3972 679/4638 

80 485/4891 516/4471 498/4625 485/4457 485/5123 

70 427/5318 473/4944 509/5134 469/4926 444/5567 

60 414/5732 474/5418 514/5648 493/5419 422/5989 

50 316/6048 426/5844 469/6117 406/5825 359/6348 

40 220/6268 332/6176 406/6523 345/6170 241/6589 

30 180/6448 284/6460 401/6924 309/6479 238/6827 

20 71/6519 156/6616 252/7176 188/6667 118/6945 

10 7/6526 16/6632 32/7208 16/6683 9/6954 

Blastx 
Viridiplantae 

Protein hit 
length (%) 

Hit counts in bin/hit counts below this bin 

100 3577/3577 3277/3277 3459/3459 3238/3238 3856/3856 

90 1207/4784 1186/4463 1228/4687 1157/4395 1271/5127 

80 718/5502 743/5206 760/5447 723/5118 761/5888 

70 499/6001 512/5718 555/6002 505/5623 540/6428 

60 421/6422 507/6225 499/6501 446/6069 483/6911 

50 374/6796 442/6667 484/6985 397/6466 458/7369 

40 406/7202 453/7120 588/7573 463/6929 489/7858 

30 326/7528 426/7546 601/8174 415/7344 427/8285 

20 160/7688 285/7831 613/8787 323/7667 322/8607 

10 22/7710 50/7881 151/8938 61/7728 57/8664 

DETONATE score -1,50E+09 -1,63E+09 -1,35E+09 -1,54E+09 -1,50E+09

3. Transcriptome annotation and gene ontology enrichment analysis
For the pine transcriptome study (Duarte et al., 2019), InterProScan v5.26-65.0 results were

combined with the summary of BLAST searches reported by Trinotate v3.1.1. For running
InterProScan, the ORFs were predicted with getorf (EMBOSS v6.6.0). Then, FASTA splitter
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v0.2.6 was used to divide the ORF-predicted file in subsets containing 10000 transcripts. 

InterProScan was run with the following methods: CDD, Gene3D, Hamap, PANTHER, Pfam, 
PIRSF, PRINTS, ProDom, ProSitePatterns, ProSiteProfiles, SFLD, SMART, SUPERFAMILY, 

TIGRFAM. The comprehensive annotation with InterProScan required some days to complete. 
For integrating Trinotate to the analysis, the gene-transcript relationship was created using 

Corset v1.06. The prediction of coding regions for Trinotate was performed with TransDecoder 
v5.3.0 (http://transdecoder.github.io). Blastp and blastx searches were run against Swiss-Prot 

database (release 2017_03), reporting only the best hit (-max_target_seqs 1). Blastp and blastx 
analyses were also conducted for a collection of gymnosperm-specific protein sequences 
retrieved from the TreeGenes Database (https://treegenesdb.org/) and ConGenIE (Sundell et 

al., 2015) (http://congenie.org/), namely Picea abies v1.0, Picea glauca PG29V4, Pinus 

lambertiana v1.0, Pinus taeda v1.01, and Pseudotsuga menziesii v1.0. In addition, blastp was 

run against TrEMBL Viridiplantae protein sequences (release 2017_03). Only gymnosperm 

and/or Viridiplantae-related sequences were retained. Protein domains were identified with 
HMMER v2.3 (http://hmmer.org/). Prediction of signal peptides, rRNA transcripts, and 

transmembrane regions were performed using SignalP v4.1, RNAMMER v1.2, and TmHMM 
v2.0, respectively. As the final result, the combination of Trinotate and InterProScan analyses 

allowed 75652 out of the 98870 pine transcripts (76.5%) to be successfully annotated (Duarte 
et al., 2019). Using this final dataset, the transcript ID ‒ GO ID relationships were retrieved using 

the GO_retriever.py script provided in this protocol for generating the background file which was 
used for the GO enrichment analysis with BiNGO v3.03. The enrichment analysis is provided 
as supplementary Figures S2 and S3, and Table S3 in Duarte et al. (2019). 

Supplementary material 
Supplementary File S1. GO_retriever: Python script for extracting GO IDs from an annotation file. 
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