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Presenter
Presentation Notes
Good morning everyoneIn today’s lecture I will be discussing Transcriptome assembly, introducing some of the technologies currently in use, with reference to some real world applications.



Outline

• Transcriptome recap
• Genome vs Transcriptome assembly
• Transcriptome assembly

• Short read assembly
• Long read methods
• Guided assembly

• Transcriptome evaluation

Presenter
Presentation Notes
The lecture will be structured as follows;Firstly I’ll start off with a brief recap on the transcriptome to refresh your memoriesThen we’ll look at the differences between genome and transcriptome assemblyThe major part of the presentation will be about tanscriptome assembly methods along with some examples of how they can be used.Finally, I’ll outline a few ways that transcriptomes assemblies are evaluated for correctness and completeness.



Transcriptome

• The set of all RNA transcripts, including coding and non-coding, in an individual 
or a population of cells.

• mRNA
• lncRNA
• tRNA
• rRNA
• Small RNAs (e.g. miRNA, siRNA)

• Typically avoid rRNA
• >80% total RNA
• ~5% mRNA

http://svmcompbio.tuebingen.mpg.de

Presenter
Presentation Notes
As a recap of your first lecture in this unit from Steve, the transcriptome is The set of all RNA transcripts, including coding and non-coding, in an individual or a population of cells.This includes messenger RNA, long non-coding RNA, transfer RNA, ribosomal RNA and a bunch of small RNAs such as microRNA and small interfering RNA.Transcripts are produced by the process of transcription which produces RNA precursors from a genomic DNA template. Depending on the ultimate fate of the transcripts, the precursors may undergo post-processing and splicing to remove the introns (here shown in red) and ligate the exons shown in green together, to form mature transcripts. For protein coding transcripts these transcripts are at some point translated into proteins. The majority of studies target the coding fraction of the RNA pool, unless of course they are specifically investigating some of the non-coding types.  Thus extraction methods often target transcripts that are polyadenylated or selectively remove rRNA given that it forms the largest part of the total RNA pool. Zhipeng covered these methods in lecture 5, so I refer you back to that lecture if you need a refresher.



Transcriptome

• Differential expression • Single cell clustering

Image from https://galaxyproject.github.io

Presenter
Presentation Notes
For species with reference sequences, we can quantify the amount of RNA and compare amounts between experimental treatments to identify changes in transcript abundance for particular genes. This volcano plot shows change in abundance on the x axis and significance on the y-axis and identifies genes which have been either up or down regulation in an experimental treatment.Using single-cell methods we can also use changes in transcript abundance to identify different populations of cells in a sample.But what about if we want to characterise genes where we don’t have a reference genome sequence or we want to know something about the structural alterations that occur in transcripts with post-processing and splicing?In these cases we can use Next generation Sequencing technologies and assemble the transcriptome.



Genome vs Transcriptome assembly

Genome
• Uniform coverage

Transcriptome
• Exponentially distributed coverage

Presenter
Presentation Notes
You’ve heard from Nathan and Lloyd during the Genomics lecture series about assembling DNA and some of the issues that cause problems, like repetitive sequencesWorking with RNA assembly has its own issuesCoverage:Each cell nucleus contains the same amount of DNA template (the chromosomes), which means each cell contributes an even distribution of coverage across every part of the genomeThe population of RNA is not uniform and will depend on the tissue type sampled, the organism’s developmental stage, the time of day the sample was taken and external influences. This uneven coverage is what we measure in expression analysis. 



Uneven coverage

• Cell/tissue compartmentalisation/function
• Rare transcripts

• Allele specific expression
• X-inactivation (Xist: X-inactive specific transcript)
• Full / partial imprinting

Bartolomei 2011 Cold Spring Harbor Perspectives in Biology

Presenter
Presentation Notes
Remember that, cells are not an amorphous mixture of proteins, lipids and other molecules. Instead, all cells are comprised of well-defined compartments, each specializing in a particular function. Likewise, the cells comprising different tissues also perform different functions. So what the cells are doing at the moment they are sampled will influence the population of RNA present. For transcript assembly, genes that are being highly expressed will be well represented in the sequencing library, while if you are hunting for rare transcripts, you will need quite a lot of sequencing to get adequate coverage of them.Also when we sequence DNA, we get both alleles. For example, here is part of a sanger sequencing trace for the RAG1 gene from two epaulette shark species from the Melbourne aquarium and their F1 hybrid, Arnold, shown in the picture. We can see that Arnold has alleles from both Mum and Dad by the SNPs at the two positions shown by the arrows.In the RNA world, allele specific expression can occur. For example, in female Mammals, almost all of one of the X chromosomes is entirely suppressed in a process called X-inactivation which is mediated by the lncRNA XistIndividual genes can also be suppressed in an allele specific way and this is termed imprinting. In the example the promotor on the allele that came from the female parent is hypermethylated, indicated by the grey spheres, which suppresses transcription of that copy of the gene.



Genome vs Transcriptome assembly

Genome
• Uniform coverage
• Two contigs / locus

Transcriptome
• Exponentially distributed coverage
• Multiple contigs / locus

• isoforms

http://bsi.riken.jp/bsi-news/bsinews31/files/research0101-big.gif

Canonical transcript

Presenter
Presentation Notes
Even though the traditional genome reference is represented as a haploid sequence. For diploid species, in reality, there will be two contigs per locus after assembly.Through alternative processing of pre-messenger RNAs, individual genes often produce multiple mRNA transcripts and hence translated proteins, that may have related, distinct or even opposing functions. These different transcripts from the same gene are called isoforms or splice-variants. The isoform that has the longest coding sequence translation without stop codons is termed the canonical transcript and is the isoform that is represented in the genome sequence. Note however, that the canonical isoform may not be the most biologically relevant isoform.

http://bsi.riken.jp/bsi-news/bsinews31/files/research0101-big.gif


Alternate Splicing 

Wang et al 2008 Nature

Presenter
Presentation Notes
Here are some of the mechanisms that result in alternatively spliced transcripts.In each case the filled bars indicate regions that will always form part of the completed transcript, while the unfilled bars comprise the alternate states. These lines show the splicing pattern. Mapped reads supporting expression of upper isoform are in red, the lower isoform in blue or both isoforms in greySkipped exons are probably the most common splicing event, where one or more exons is not included in the final transcript and this process can be mutually exclusiveSometimes introns are retained. This can cause frameshifts and premature termination of translated proteins.Alternative splice sites can be located within the introns or in exons resulting in partial intron or exon retention Genes can have alternative first and last exonsAnd finally alternate polyadenylation sites



Genome vs Transcriptome assembly

Genome
• Uniform coverage
• Single contig / locus
• Assemble small number of 

large Mb-length contigs

Transcriptome
• Exponentially distributed coverage
• Multiple contigs / locus
• Assemble thousands of Kb-length 

transcripts

Presenter
Presentation Notes
Thirdly, the goal of genome assembly is to assemble a small number of large contigs. Ideally one contig spaning the length of each chromosome.Whereas the goal in transcriptome assembly is to assemble many thousands of transcripts. These will vary in size but most on average between 1-3kb in length.



Transcript distribution

Presenter
Presentation Notes
For example,This is a bioanalyser trace of cDNA synthesized from sleepy lizard spleen RNA. The x-axis shows cDNA length while the y axis is a measure of abundance. You can see that most of the cDNA is between 1 and 3 kb, but that there is still a significant portion both down to 500bp and up to 8 or 9kb.



Genome vs Transcriptome assembly

Genome
• Uniform coverage
• Single contig / locus
• Assemble small number of 

large Mb-length contigs
• Double stranded

Transcriptome
• Exponentially distributed coverage
• Multiple contigs / locus
• Assemble thousands of Kb-length 

transcripts
• Strand specific

Presenter
Presentation Notes
LastlyDNA is double stranded so we have complementary forward and reverse copies. During replication each strand of DNA acts as a template for DNA synthesis.Transcription on the other hand is strand specific.



Strand specific expression

Presenter
Presentation Notes
This image shows reads from two different RNA sequencing libraries mapped against part of human chromosome 7. The genes in this segment of chromosome are shown in the top row and the individual exons making up each gene in the second row. The arrows and colours indicate whether the gene is transcribed from the forward DNA strand, shown in red or the reverse strand in blue.In the panels below are the forward and reverse mapping reads (again in red and blue) for two RNA sequencing libraries; one made with a non-stranded method, the other with a strand specific method. If you focus on the bottom two panels you can clearly see the strand specific expression, which is not evident in the non-stranded library. Strand-specific libraries are particularly useful if there are overlapping genes that are expressed on either strand.You will also note the different expression levels



Assembly tools

Presenter
Presentation Notes
So Lets take a look at some of the ways we can put a transcriptome together along with some examples.



Phototransduction in blind beetles

C. Watts & H. Hamon

Presenter
Presentation Notes
The first example is focussed on a large radiation of diving beetles from Western Australia. The images on the left show a small proportion of the diversity that has been discovered so far and I will point out that the scale here represents 2mm – so these beetles are quite small. The beetles live in isolated shallow carbonate deposits which hold ground water, shown on both maps in black.These deposits, known as calcretes, are the remnants of old river systems between 2-66 million years of age which are shown on this figure as blue dotted lines and as darker grey areas in the inset. The solid blue lines are current river systems



Phototransduction in blind beetles

Surface Subterranean

Leijs et al. 2012 PLoS One 

Presenter
Presentation Notes
These subterranean beetles have features consistent with living in darkness for a long period of time.For example, in comparison to the surface species, which are pigmented, can fly and have well developed eyes; the subterranean species have lost their pigment and their wings and display varying levels of eye development, from reduction in size and loss of pigment to complete loss where only a suture remains. From sequencing a few gene fragments, it appears that the bulk of the colonization of the calcretes occurred between 8-2 million years ago from surface dwelling species. This correlates with the estimated timing of aridification of the Australian landscape which has been drying over the last 10 million years and we can see that different lineages appear have to colonised the calcretes at different times over this period.Given these phenotypes, we wanted to explore the underlying genetic mechanisms beginning with vision. 



Phototransduction in blind beetles

Landry et al 2007 PNAS

Presenter
Presentation Notes
Here are the major proteins that are involved in the phototransduction network in Drosophila.As with most of the organisms I work on, there is no refence genome. The best genome assembly for beetles is for the red flour beetle, which means we are looking at about 400-500 million years of evolution between the genetic resources available and our study group. Good for comparison but not ideal for in depth study.Therefore we decided to generate RNAseq reads for a number of species using the Illumina short read platform and try to assemble our genes of interest based on the Drosophila model. The Illumina platform is very popular for  transcriptome sequencing because it is cheap. For a couple of thousand dollars on a typical Hiseq2500 PE run, you can effectively sequence 6 transcriptomes for denovo assembly.



Short Read Assembly

• Trinity Assembler & post assembly tools

• External required software (trinity):
• Jellyfish (k-mer counting), samtools, Bowtie2, kallisto, salmon

• External required software (post-assembly):
• R with Bioconductor
• BLAST, Picard, GATK4, Hisat2, STAR
• RSEM, express
• Transdecoder

Presenter
Presentation Notes
By the far the most commonly used assembler for short read deNovo assembly of RNAseq reads, and the one we used, is Trinity, so named for it’s three main steps named inchworm, chrysalis and butterfly.The package comes with the trinity assembler and various post-assembly tools. Earlier versions were a simple one package installation, whereas the current version leverages other third party software which must be installed separately.Also, if you want to use the post assembly tools, you may need to also install the following if they are not on your system.



Trinity

Presenter
Presentation Notes
Similar to many other DNA and RNA assemblers, Trinity relies on the use of Kmers, which Nathan covered in his lecture on short read assembly.The trinity pipeline uses the program Jellyfish to extract and count 25-mers from the reads. The developers found that this kmer size works well for both highly and lowly expressed transcripts.These are then assembled into contigs by the inchworm module by “greedily” extending sequences with the most abundant K-mers. If you sequence a strand-specific RNAseq library, inchworm is run in strand-specific mode, and retains the original k-mer orientation throughout. This step is also the most memory intensive since all the kmers are held in memory.The Chrysalis module clusters overlapping Inchworm contigs based on common (k-1) mers, builds de Bruijn graphs for each cluster and partitions reads between clusters The final module butterfly traces the paths that reads and pairs of reads take within each graph, attempting to resolve alternatively spliced and paralogous transcripts independently for each cluster (in parallel) and reports the most probable transcripts.



Trinity

• Output is a bunch of files and folders
• trinity.fasta contains the assembled transcripts

>TRINITY_DN1000|c115_g5_i1 len=247 path=[31015:0-148 23018:149-246] 
AATCTTTTTTGGTATTGGCAGTACTGTGCTCTGGGTAGTGATTAGGGCAAAAGAAGACAC 
ACAATAAAGAACCAGGTGTTAGACGTCAGCAAGTCAAGGCCTTGGTTCTCAGCAGACAGA 
AGACAGCCCTTCTCAATCCTCATCCCTTCCCTGAACAGACATGTCTTCTGCAAGCTTCTC 
CAAGTCAGTTGTTCACAGGAACATCATCAGAATAAATTTGAAATTATGATTAGTATCTGA
TAAAGC

Transcript ID

Presenter
Presentation Notes
The result is a large number of directories and files that document each step of the assemblyThe fasta formatted file trinity.fasta contains the assembled transcripts. For each transcript there is a header line followed by the transcript sequence. The header line consists of a gene/ locus name (shown in red) and an isoform number(in blue). Together these make up the unique transcript ID. If there are more isoforms for this locus, then these will have ascending numbers, i2, i3 etcThe rest of the header shows the length of the transcript and nodes of the de Bruijn graph traversed to make the transcript



UV Opsin

Presenter
Presentation Notes
Going back to our beetle example. Here is an alignment of a section of the UV opsin gene that we were able to assemble and identify from our data for two surface and 6 subterranean species. For each species we have the nucleotide sequence on the top with the inferred amino acid translation directly underneath. There are two features in this alignment that I want to draw your attention to. The first are the black asterisks that are present in the 6 subterranean species but not in the surface species. These are inferred stop codons that have been introduced via frameshift mutations like this 11bp deletion upstream of this part of the sequence. There are actually many more inferred stop codons upstream in these 6 sequences. Therefore it is likely that even though the UV opsin gene is still transcribed in the subterranean species, because we were able to sequence the mRNA, the translated protein will not function as UV opsin. We also have evidence of several other genes in the phototransduction network, that show the same pattern, so it appears that there is some breakdown of the genetic mechanisms responsible for vision in the subterranean beetles that matches their eyeless phenotypes.Secondly, you can see that these three species, which I have shown below, share the same18bp deletion. These species live together in the same underground hole and we think they evolved there from the same ancestor, which is why they share this mutation. You can see that this one, which happens to be the middle size beetle, has since acquired a frameshift mutation and an extra amino acid. 



Incorrectly assembled transcripts

• Multicopy gene families

• Coverage
• Incomplete assembly
• Extreme expression

• Alternative splicing

Doxiadis et al 2006 PNAS

Presenter
Presentation Notes
deNovo Transcriptome assembly from short reads is not without it’s problems though. There are three main issues that can lead to incorrect assemblies.Multicopy gene families:You will remember from Nathan’s lecture on short read DNA assembly, that repetitive sequences pose particular problems for assemblers, since there are multiple places that a short read from one repeat can be assigned.Gene families cause the same issue for transcriptome assembly.  A gene family is a set of several similar genes that have formed by duplication of a single ancestral gene, which generally have similar biochemical functions. While each copy accumulates mutations separately, because they perform similar function, they retain similar sequence characteristics. Further, duplicate copies can undergo exon shuffling which rearranges some of the exons between the copies which makes it difficult for the assembler to both assign reads to the correct cluster (think gene) and find correct paths through the debruijn graphs to separate possible isoforms.Here you can see an example from our beetle data where a single read has been used to incorrectly join two contigs because it shares some sequence homology with both.Coverage:Secondly, the large variation in expression between genes also cause some issues. Genes with a low expression will produce few reads and may lead to a fragmented assembly where multiple contigs cannot be joined. On the flipside, genes with very high expression can also cause problems for locus and isoform determination, since many reads will have more sequencing error by chance. This can be further exacerbated by poor library preparation which can skew the expression ratios further through PCR amplification. If you look back at the example on the right, you can see that we have many reads that all have the same ends. These are PCR duplicates and the high number may have had some influence on the incorrect assembly.	SplicingThirdly, exon sharing makes it difficult to assemble multiple isoforms unambiguously. Couple that with the multicopy gene families and exon shuffling and it gets very hard.



Long read methods

• Alternative splicing
• 90% genes1; 30% ncRNA2

• Long read sequencing
• No assembly required!

• Nanopore RNA sequencing
Native RNA sequencing
X Error prone reads

• Iso-Seq (Pacific Biosciences)
X Native RNA sequencing
 Highly accurate reads

1Wang et al 2008 Nature; 2Cabili et al 2011 Genes & Development

Presenter
Presentation Notes
While short read assembly performs well for some situations, there are clearly some problems caused by multigene families and particularly alternative splicing, which is know to occur for greater than 90% of protein coding genes and 30% of non coding RNAs in mammals.Long read sequencing has provided some solutions to these problems. Because the read lengths are far longer than the average transcript length, the transcripts can be read from beginning to end with no assembly required. There are two methods available:Nanopore RNA sequencing allows for both cDNA and also native RNA sequencing which avoids PCR amplification. While direct RNA sequencing also allows detection of RNA modifications, the technology currently suffers from excessively error prone reads and studies using Nanopore sequencing rely on mapping reads to reference genomes.The Pacific Bioscience’s Iso-Seq method is suitable for denovo transcriptome construction in the absence of a genome reference and while it cannot handle native RNA, the consensus reads are highly accurate



Iso-Seq

cDNA
synthesis

Library
construction

SMRT 
sequencing

Presenter
Presentation Notes
For the Iso-Seq method, cDNA is produced from polyadenylated RNA using a polyT primer and template switching to produce near full length cDNA. After PCR amplification SMRT bell adapters are ligated and the resultant molecule sequenced continuously for either 10 or 20 hours.The result is that both strands of the cDNA are read multiple times which is shown by the yellow and purple line sections. Even though these reads are error prone (which is indicated by the red spots), the errors are random, so by computing a consensus sequence, the resulting consensus is very accurate.Analysis of isoseq data primarily consists of filtering and clustering reads that appear to originate from the same gene.



Heat Shock Proteins (HSP70)

Presenter
Presentation Notes
This is part of an amino acid alignment of 70 kilodalton Heat shock proteins generated using the Iso-seq methodology from a surface-living diving beetle. Eukaryotic organisms express several slightly different Hsp70 proteins that all share a common domain structure, but that have unique patterns of expression or subcellular localization. Hsp70s are an important part of the cell's machinery for protein folding and help to protect cells from stress. Not surprisingly, they are very strongly upregulated by heat stress.You can see from the alignment that we likely have several alternatively spliced transcripts. However, without a genome reference sequence or extra sequencing it is impossible to infer the location of putative exons. There are also three sequences at the top of the alignment that have very similar amino acid sequences. These appear to originate from different genes but given the similarity, separation of these genes from short read data would have been problematic.I also found transcripts that seem to be truncated from the 5’ end which could result from post processing of the mRNA. I am still investigating what these are but if these were sequenced with short read sequencing, they would likely be collapsed into the deBrujn graph of the major transcript and not recovered.



Genome Guided Assembly

• Fusion transcripts • RNA editing
• A → I; C → U

Neckles et al 2109 WIREs RNA

DNA:    CACTGGACG
mRNA: GIGACCUGC
Protein: G  T  C

Presenter
Presentation Notes
There is one more transcriptome assembly method that I would like to discuss today, that can be used if your organism of interest has a genome reference sequence, and that is Genome guided transcriptome assemblyThis method can be used with both long and short read technologies and is useful for some applications that just can’t be solved without a reference sequence. For example;Fusion:About one‐fifth of cancers harbor a fusion gene associated with disease pathology.  The BCR-ABL fusion is the hallmark of chronic myeloid leukemia and acute lymphoblastic leukemia and like many other fusion genes gives rise to spliced transcript variants that potentially impact disease pathology or the response to treatment.RNA editing:RNA editing is a process through which the nucleotide sequence specified in the genomic template is post-transcriptionally modified to produce a different nucleotide sequence in the transcript, allowing the production of alternative protein products from a single gene. There are 2 classes of RNA edits Adenosine to Inosine (which accounts for 90% of known editing) and Cytodine to Uradine. The downstream translation machinery then interprets I as G and U as T. So in this simple example the first A is edited resulting in a translation of GGG  which codes for Glycine, instead of GUG which codes for valineThis editing mechanism is an important source of variation in some animals.  For example, when researchers used 13 tissue specific transcriptomes to annotate the two-spotted octopus genome, they found 3,572 unique A-to-G edits in the coding sequences of 2,012 genes, two-thirds of which altered the encoding amino acid.



Genome Guided Assembly

• Gene models

Mcafee 2016 Methods in enzymology

Presenter
Presentation Notes
Gene models:Determining or refining the features in gene models, such as exon/intron boundaries and splice sites can only be accomplished by use of a reference sequence. In this example RNAseq reads have been used to provide evidence for reducing the 5’UTR, the presence of an alternate splice acceptor and the presence of an exon that was left out of the original gene model



StringTie

Presenter
Presentation Notes
One of the tools that can be used for genome guided assembly is StringTie.StringTie takes as input a BAM file sorted by reference position that has been created by aligning RNAseq reads to a reference genome using a splice-aware aligner such as TopHat or HISAT2. The use of a splice aware aligner is critical as reads that span exon junctions need to be split at the original intron position and each piece assigned to the correct exon.The authors have also included the option of using the Masurca assembler to pre-assemble PE reads into supercontigs by extending every read in both directions, as long as this extension is unique, which they state can help to recover more transcripts.



StringTie

Pertea et al 2015 Nature Biotechnology

Presenter
Presentation Notes
Once the reads are aligned, StringTie creates a splice graph, which is then analysed using a flow network which finds the path through the graph with the maximum flow. When applied to read mapping, this is the path with the maximum number of fragments that can be associated with the chosen transcript, shown for this example in yellow. This constitute our first transcript.After the expression level of the transcript is computed, StringTie removes the fragments that contributed to it, and updates the per-base read coverage in the alternative splice graph and repeats the process until there are no more flows. In our example, this is the order the transcript are identified using this process.



StringTie

• General Transfer Format (GTF)

• Can use current annotation (GTF)
• Also calculates coverage for expression analysis

• Ballgown, DESeq2, edgeR

https://asia.ensembl.org/info/website/upload/gff.html

Presenter
Presentation Notes
Since StringTie is used with a reference sequence, the main output is not the actual transcript sequences as with Trinity or Isoseq but a general transfer format file with coordinates indicating where the transcript and other features such as exons are located on the reference sequence. The ensembl website has a good description of the format and the fields for further referenceIf a current annotation file exists for your organism, then StringTie can use this as a comparison and outputs a file with all the transcripts in the reference annotation that are fully covered, end to end, by reads. Also, since expression levels are used to update the alternative splice graph after each transcript is found, StringTie can output the counts to be used in downstream differential expression analyses using either Ballgown, DESeq2 or edgeR.

https://asia.ensembl.org/info/website/upload/gff.html


Transcriptome Evaluation

• Benchmarking of Universal Single Copy Orthologs (BUSCO)

Presenter
Presentation Notes
Finally after you’ve assembled your transcriptome. How do you evaluate your assembly?BUSCO is a tool to assess completeness of a genome assembly, gene set or transcriptome. It is based on the concept of near universal single-copy orthologs that should be highly conserved among closely related species. For example, users who wish to study the completeness of a mammalian genome assembly will use single-copy orthologs discovered among mammalian species. The BUSCO output indicates how many complete, fragmented and missing single copy orthologs from the BUSCO set are present in your data. And With the ever increasing number of genomes being sequenced, new BUSCO sets continue to be produced and are available from the BUSCO website.



Transcriptome Evaluation

• BLAST to proteome
• Quantify read support

Properly paired, aligning as expected

Properly paired, wrong orientation or distance

Unmapped or SE mapping reads

Presenter
Presentation Notes
BLAST can be used to compare the coding parts of the transcripts to a protein database from a related species. This also assists with annotation of the transcripts when no reference genome is available.To assess the read composition of our assembly, we want to capture and count all reads that map to our assembled transcripts, including those where both reads in a pair are aligned in the correct orientation and separated by a distance consistent with the library preparationthose where both reads align but the orientation or separation distance is incorrect (these reads can actually indicate structural variation) and Reads that are unmapped or where only one member of the pair mapsand then examine the statistics for the mapping rates



Summary

• Transcriptome assembly is hard!
• Diverse population of RNA
• Non-uniform coverage
• Tissue specificity
• Multigene families
• Alternative splicing

Presenter
Presentation Notes
In summary, Transcriptome assembly is hard.An organism contains a diverse population of RNA types, that are localised and whose expression level not only varies depending on where and when they are sampled but also dependent on external stimuli.This complexity is further complicated by multigene families and an array of mechanisms that process primary transcriptsNevertheless, investigating the transcriptome is possible using short or long reads, with or without a reference sequence.
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