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RNA-seq datasets can contain millions of intron reads per se-
quenced library that are typically removed from downstream
analysis. Only reads overlapping annotated exons are con-
sidered to be informative since mature mRNA is assumed to
be the major component sequenced, especially when examin-
ing poly(A) RNA samples. By examining multiple datasets, we
demonstrate that intron reads are informative and that signal
is shared between exon and intron counts. The majority of ex-
pressed genes contain reads in both exon and intron regions,
where exon and intron log-counts are positively correlated. On
a per gene basis intron counts are larger in Total RNA libraries
than the same biological sample sequenced under a poly(A)
RNA protocol. This is due to 3’ coverage bias in poly(A) RNA
libraries affecting medium to long intron regions, where a con-
siderable drop in read coverage for introns residing at the 5’ end
of genes is observed. Looking across thousands of genes simul-
taneously we characterise coverage profiles of exon and intron
regions in poly(A) RNA and Total RNA libraries. Our study
provides a general yet comprehensive examination into intron
reads that is insightful and applicable to transcriptomics re-
search, especially in the identification of pre-mRNA levels, tran-
script structure and intron retention detection.
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Introduction

Advances in gene profiling technology, such as RNA-
sequencing (RNA-seq) have allowed researchers to study
transcription in exquisite detail. Previously, quantitative gene
expression analyses by microarrays required prior knowledge
of the sequences to be interrogated, limiting de novo dis-
coveries, understanding into gene transcripts and alternative
splicing especially at a high-throughput level. Most research
efforts focused on gene-level information and in the compar-
ison of genes that are differentially expressed between two
or more groups. Whilst this is still the main focus for RNA-
seq, the technology, however, has the ability to examine sub-
gene components such as at the transcript-level, exon-level,
or even nucleotide base-level without prior sequence knowl-
edge. As a result, there has been increased interest and ef-
fort into the study of transcript-level information, alternative
gene splicing and gene intron retention at a global level using
RNA-seq (1–6).

RNA-seq can be used to characterise and study many RNA
types. These include non-coding RNAs that regulate a di-
verse range of cellular processes (7, 8) but the overwhelm-
ing majority of studies focus on messenger RNAs (mRNAs)
which encode genes that are translated into protein. The
most popular RNA selection protocol is that which captures
polyadenylated RNA seeing that it is optimised for mRNA
selection – in other words, RNA that has a poly(A) tail at
the 3’ end of the molecule. In eukaryotes, poly(A) tails
are synthesised to aid in the transportation of mature mRNA
molecules from the nucleus to the cytoplasm. Total RNA se-
lection is also widely used and often includes a step that de-
pletes ribosomal RNA so that it does not compete with the se-
quencing of mRNA. RNA expression values are highly corre-
lated between the two RNA selection protocols, with a higher
percentage of reads (≈3% more) mapping to protein coding
genes in poly(A) RNA samples, and a higher percentage of
reads (≈2.5% more) mapping to long non-coding RNAs in
Total RNA samples (9).

The general assumption is that for protein coding genes the
vast majority of RNA captured are mature mRNA transcripts.
This is especially true when it comes to experiments for
poly(A) RNA samples. As a result, aligned sequencing reads
are usually summarised only for defined exon regions within
genes. However, intron reads do in fact account for a sig-
nificant percentage of sequencing reads (10–12) but it is not
common practice to quantify these reads. Importantly, spe-
cific differences in RNA processing have identified intron
retention as a mechanism of post-translational regulation of
protein expression by nonsense mediated decay during nor-
mal blood development as well as with certain mutations of
spliceosomal genes that have been identified in myelodyspla-
sia (13).

Currently, there is a lack of general consensus about the in-
terpretation of intron reads and the origin of such reads in
RNA-seq experiments. Of the studies that have been un-
dertaken, each has focused on specific aspects of RNA bi-
ology, thus potentially confounding interpretation of the rel-
ative contributions to intron reads from different stages of
RNA processing. For instance, Gaidatzis et al. (2015)
(14) used the presence of intron reads to differentiate be-
tween transcriptional and post-transcriptional regulation in
both poly(A) RNA and Total RNA datasets. When poly(A)
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RNA exon and intron counts were compared to those of
chromatin and cytoplasmic fractions from lipid A stimulated
mouse bone marrow–derived macrophages, overall changes
in exonic counts were similar to those found in cytoplasmic
fractions, whilst intronic changes were similar to that of chro-
matin fractions which represent nascent RNA that had yet to
undergo nuclear export. Thus they concluded changes in in-
tron reads were a direct reflection of transcriptional changes
that were occuring following macrophage stimulation. Simi-
larly, when IMR90 fibroblasts were stimulated with TNF-α,
intron read changes were also shown to be highly correlated
with changes using global run-on sequencing (GRO-seq), a
method that measures nascent RNA. Here, their exon-intron
split method (EISA) compared changes in exon counts to the
changes in intron counts between two conditions. For genes
that were transcriptionally regulated, changes in exon and in-
tron counts are positively and linearly correlated, whilst gene
transcripts that were post-transcriptionally regulated demon-
strated changes in exon counts while intron counts remain
unchanged.

Wong et al. (2013) (15) investigated intron reads with re-
spect to granulocyte differentiation and their potential bio-
logical role in post-transcriptional gene regulation via intron
retention resulting in nonsense mediated RNA decay. Using
poly(A) RNA samples, a subset of intron reads were demon-
strated to originate from mature mRNA molecules that had
undergone nuclear export. Here differentially retained in-
trons were identified by examining intron reads relative to
exon-intron boundary reads. Comparing the transcriptome of
more primitive promyelocytes to granulocytes, 121 introns in
86 genes were found to be differentially retained by IRFinder,
a software tool they developed to detect intron retention. In-
tron presence in mRNA was validated by quantitative reverse
transcription PCR (RT-qPCR) for 20 of these transcripts. Six-
teen out of 20 transcripts were shown to be enriched in the
cytoplasm relative to nuclei of granulocytes and thus repre-
sented processed and exported mRNAs. Intron retention in
this small subset of genes resulted in a reduction of gene ex-
pression via nonsense mediated RNA decay and was unre-
lated to the level of nascent transcript. Thus intron retention
appeared to provide a mechanism of post-transcriptional reg-
ulation of gene expression in select genes during granulocyte
differentiation. Following their study on granulocyte differ-
entiation, improvements to the IRFinder method (16) was
made by estimating the ratio of reads supporting a retained
event (reads overlapping an exon-intron boundary) relative to
a spliced event (reads that are split between multiple exons).
Braunschweig et al. (2014) (4) also examined exon-intron
boundary reads and exon-exon split reads to demonstrate that
intron retention is widespread in human and mouse, where
intron retention is prevalent in 77% of multi-exonic genes.
The majority of studies that incorporate intron reads into their
analysis assume that the reads represent biological signal of a
specific type. In contrast to these studies, other studies have
suggested that intron reads may be a reflection of experimen-
tal and transcriptional noise (17), or even that intron reads are
unusable in exon and gene quantification (18).

While utilising intron reads were a focus in the aforemen-
tioned studies, much of the analytical approach, presenta-
tion, and interpretations were driven by a specific aspect of
RNA biology, and hence potentially subject to several as-
sumptions. For example, Gaidatzis et al. (2015) (14) did
not consider the presence of introns as a biological means of
post-transcriptional gene regulation but rather a measure of
nascent RNA transcription. Middleton et al. (2017) (16), on
the other hand, assumed intron reads in poly(A) RNA sam-
ples could not arise from unprocessed mRNAs but instead
represent intron retention. By themselves, each study is sup-
ported by their experimental design, relevance of dataset se-
lections and biological validation. These conflicting hypothe-
ses can bias the interpretation and relative significance of in-
tron reads when using assumptions and methods that focus
on a specific aspect of RNA biology. The use of intron reads
in bioinformatic analysis requires further analyses to better
understand the prevalence and pattern of intron reads, the re-
lationship of intron reads to different methods of RNA library
preparation, the relationship of intron reads to different bio-
logical samples, and how intron reads relate to exon reads at
the gene level.

In this paper, we take a data-driven approach to examine in-
tron reads to investigate the general behaviour and pattern of
intron reads across multiple datasets and library preparation
protocols. By novel application of multi-dimensional scal-
ing (MDS) methods using intron specific read counts, we
provide strong evidence that intron reads are not only in-
formative, but their signal is shared with exon counts. We
observe that per library, intron read percentages are depen-
dent on library preparation methods where libraries prepared
under a Total RNA protocol have 15% more intron reads
than poly(A) RNA. We also demonstrate that intron and exon
read percentages are highly dependent on cell and tissue
types. Using a benchmarking dataset with identical biolog-
ical samples sequenced under two RNA preparation proto-
cols, we examined differences between poly(A) RNA and
Total RNA libraries for intron reads at a more comprehen-
sive level than prior studies. We show that on a per gene
basis, intron counts are larger in Total RNA libraries than
the same biological sample sequenced under a poly(A) RNA
protocol because of a significant drop in intron read cover-
age at the 5’ end of genes in poly(A) selected RNA libraries.
This is in contrast to Total RNA libraries which have more
uniform intron read coverage. Our study therefore compre-
hensively examines intron reads using several independent
technical and biological datasets. It provides significant in-
sights that are useful for transcriptomics research, including
the application of intron reads to intron retention detection,
as well as the potential incorporation of intron reads into
differential gene transcription analyses that may be of par-
ticular importance for single-cell RNA-sequencing applica-
tions. R code used in the analyses of datasets are available at
http://bioinf.wehi.edu.au/intronSignal.
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Materials and Methods
Datasets. Human cell lines The human lung adenocarci-
noma cell lines HCC827 and NCI-H1975 were cultured on
three separate occasions, with RNA extracted and prepared
for sequencing on an Illumina HiSeq2500 instrument using
a 100-basepair single-end protocol. Within each cell line
Replicate 1 (R1), Replicate 2 (R2) and Replicate 3 (R3) sam-
ples are considered as biological replicates of each other.
RNA from each of the replicates were split into two and
prepared using Illumina’s TruSeq RNA v2 kit and Illumina’s
TruSeq Total Stranded RNA kit with Ribozero depletion to
obtain poly(A) RNA and Total RNA respectively. A total
of 12 libraries were examined in this paper: poly(A) RNA
of HCC827, poly(A) RNA of NCI-H1975, Total RNA of
HCC827 and Total RNA of NCI-H1975. Only pure, non-
degraded samples were analysed from the larger experiment
described in Holik et al. (2015) (19). Raw sequencing
reads can be downloaded from the Gene Expression Omnibus
(GEO) (20, 21) under accession number GSE64098.
Human immune cells Human immune cells were sequenced
by Linsley et al. (2014) (22) on Illumina’s HiScanSQ system
for 134 samples from healthy and unhealthy individuals with
autoimmune or infectious diseases. RNA samples were taken
of whole blood and 6 immune cell subsets and processed us-
ing Illumina’s TruSeq preparation kit to select for poly(A)
RNA and sequenced on an Illumina HiScanSQ instrument
using a 50-basepair paired-end protocol. Cell subsets include
pure populations of neutrophils, monocytes, B cells, CD4+
T cells, CD8+ T cells and natural killer (NK) cells. Raw se-
quencing reads were downloaded from GEO under accession
number GSE60424.
Mouse mammary cells Mouse mammary cells from female
virgin mice with additional samples from mammosphere and
the CommaD-βGeo (CommaD-bG) cell line were sequenced
in a study by Sheridan et al. (2015) (23). Mammary cell pop-
ulations include mammary stem cell-enriched basal cells, lu-
minal progenitor-enriched (LP) and mature luminal-enriched
(ML) cell populations. Total RNA was extracted from the
samples and prepared for sequencing using Illumina’s TruSeq
RNA v2 kit to obtain poly(A) RNA. A total of 19 libraries
were then sequenced using a 100-basepair single-end proto-
col on Illumina’s HiSeq2000 machine.

Gene annotation. FASTQ files containing raw sequenc-
ing reads were aligned to the human hg20 genome or
mouse mm10 genome using subjunc (24) in the Rsubread
software package. Aligned reads were then summarised
into tables of counts by GENCODE gene annotation using
two counting strategies. GENCODE’s main Comprehen-
sive gene annotation file in gtf format was downloaded from
https://www.gencodegenes.org for human (Release 27) and
mouse (Release M12). GENCODE annotation was chosen
over other annotations, such as RefSeq or Ensembl, because
it provides annotation that is more inclusive and less strin-
gent in terms of gene definitions and exon boundaries. It also
includes the annotation of long non-coding RNAs (8). An-
notation files were simplified by taking the union of two or

more overlapping exons from transcripts of the same gene.
The adjustment provides a simplification of genomic posi-
tions on each strand, such that each position is classified as
belonging to “exon”, “intron” or otherwise outside of an an-
notated gene. Three resultant annotation files were saved in
standard annotation format (SAF) – exon annotation, intron
annotation (region between exons), and genebody annotation
(region spanning first to last exon).

Exon and intron counts. Reads are summarised by feature-
Counts (25) using exon annotation and genebody annotation
separately to get gene-level exon counts and gene-level gene-
body counts respectively. Reads that overlap features of mul-
tiple genes are not counted. Gene-level intron counts are cal-
culated by subtracting exon counts from genebody counts.
This is a conservative estimate on intron count levels rela-
tive to an approach that also includes exon-intron boundary
reads into intron quantification. The intron counts represent
the gain in information when summarising reads across the
whole genebody relative to exon regions only. We take on
this approach since our interest is in assessing whether in-
tron counts contain additional signal on top of standard exon
counts. Genes can have negative values if genebody counts
are smaller than exon counts – this happens when a read over-
laps multiple genes when looking across the whole genebody,
but does not overlap multiple genes when considering exons
only. Negative values are adjusted to zero. Note that exon
and intron counts form completely separate read sets, in that
reads are only included into either count sets but not both.

Bin coverage estimation. Annotated exons and introns are
divided into non-overlapping bins of 30-basepairs in length.
The features are defined by the simplified GENCODE an-
notation (see section on Gene annotation). Not all exons or
introns divide evenly into 30-basepair bins. As a result, the
last bin of a feature may be 30-basepairs in length or shorter.
The last exon or intron bin in genes on the positive strand will
be that which is closest to the 3’ end; 5’ most on the negative
strand.
For both poly(A) RNA and Total RNA libraries in the
HCC827 human cell line, aligned reads were summarised
into counts using featureCounts by passing the binned an-
notation for exons and introns separately. Reads overlapping
multiple bins are counted once for each bin. Resultant counts
represent read coverage in the local area. A “last bin" that is
smaller in size may result in lower coverage relative to neigh-
boring 30-basepair bins. To be conservative, we do not adjust
the coverage of such bins by bin size since this could poten-
tially over-inflate the coverage of very small bins.
Coverage estimation is carried out for 1) genes that have sig-
nal (a count of 3 or more) in both exon and intron regions of
poly(A) RNA samples; 2) are protein coding genes on ref-
erence chromosomes (excludes the mitochondrial chromo-
some); and 3) to ensure that coverage estimates for a gene
are not associated with another annotated gene we include
only genes that do not overlap any other annotated gene along
its entire genebody. Protein coding genes are as defined by
GENCODE. A total of 3,694 genes are examined. Genes
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are categorised as having short, regular or long exon regions
based on the total number of exon bins in each gene, with
roughly 1,231 genes in each category. In a similar fashion,
genes were categorised as having short, regular or long in-
tron regions.

Exon and intron coverage patterns. The pattern of cover-
age for short, regular and long regions were estimated sepa-
rately for exons and introns. For all bins in a given gene, cov-
erage values were transformed to a log2-scale using an offset
of 1 and then divided by the maximum log-coverage value
within the same gene. Adjusted log-coverage values were
separated into 20 sections of equal bin numbers based on bin
position along the gene. If the number of bins do not divide
evenly into 20 sections, extra bins were placed mid-gene in
the tenth section. Strand direction of genes was accounted
for. The mean of the bins was calculated for each section in
each gene to represent the general pattern of coverage for a
given gene. The overall pattern of coverage across multiple
genes was calculated by taking the mean along all sections
across genes.

Results

Intron reads are prevalent across datasets. Taking a
conservative approach, we quantify the number of intron
reads that map entirely to an intron (or introns) of a gene.
Intron counts represent the extra counts one may obtain from
within a gene when looking outside of annotated exons. The
intron counts presented in this paper are conservative in that
they exclude the counting of reads that overlap both anno-
tated exons and introns.
Across poly(A) RNA datasets, the percentage of reads that
contribute to gene-level exon counts ranges from 57% to
78%, with a mean of 69% (Figure 1a). A smaller percent-
age of reads contribute towards gene-level intron counts, 2%
to 14% with a mean value of 7% (Figure 1b). Sample-wise
read percentages are consistent within biological groups for
both exons and introns, with variation in read percentages for
different cell types. Despite the relatively small percentage
of intron reads, they amount to hundreds of thousands to mil-
lions of reads per library under typical sequencing protocols.
For a library of size 30 million, the number of intron reads is
approximately 2.1 million (using the mean value of 7%).
A higher percentage of intron reads are found in Total RNA
libraries in comparison to poly(A) RNA libraries, as noted
in prior studies (11, 18). The mean proportion of reads con-
tributing to exon counts and intron counts for Total RNA li-
braries in human cell lines is 56% and 21%, respectively – a
profound difference of roughly 20% fewer exon counts and
15% more intron counts when compared to corresponding
poly(A) RNA samples. There are approximately 6.3 million
intron reads for a library of size 30 million.

Unsupervised analysis of intron reads shows strong
evidence of signal, not noise. In differential gene ex-
pression analyses, plots of principle components analysis

and/or multi-dimensional scaling (MDS) methods are com-
monly created using counts from exon reads. These plots
provide an overview of the experiment demonstrating simi-
larities and differences in transcriptional profiles in an unsu-
pervised manner. MDS plots can be used to confirm whether
samples cluster into experimental and biological groups, or
alternatively to check for unwanted batch effects present in
the data.
MDS plots were created in limma (26) for the top 500 most
variable genes using exon counts. Samples clustered by ex-
perimental and biological groups in each of the datasets as ex-
pected (Figure 1c). Using a novel approach of applying MDS
methods to intron reads rather than exon reads, samples were
also shown to cluster by their respective groups using intron
counts (Figure 1d). Importantly, these data demonstrate that
intron reads are informative, and contain biological informa-
tion in RNA-seq data when controlling for the same library
preparation method.
Intron MDS plots separate samples by type of library prepa-
ration and cell type. By comparing exon and intron MDS
plots, we show that plot pairs are very similar for two out
of three datasets, with those from mouse mammary cells
prepared using identical library methods, almost identical to
each other. This provides evidence that sources of variation
in RNA-seq data is shared between exon and intron reads, be
it of a biological or technical nature. For human cell lines,
the plot pairs are similar to each other in that samples clus-
ter distinctly into four clear groups. However the factors of
separation are switched between the two – the first dimen-
sion for cell line and the second dimension for RNA selec-
tion protocol in the exon plot, and vice versa for the intron
plot. Notably, the first dimension of separation accounts for
a larger proportion of variation in the data than the second
dimension, indicating that intron read signal is significantly
influenced by RNA selection protocols. The first dimension
which corresponds to RNA selection in the intron plot ac-
counts for 48% of the variation in the intron counts, whilst
the second dimension corresponding to cell lines accounts for
18% of variation in the data. This is in contrast to the exon
plot where RNA selection protocol (second dimension) ac-
counts for 26% of variation in the counts, and cell lines (first
dimension) accounts for 37%. Thus, the type of RNA selec-
tion protocol used for RNA library preparation has a greater
influence on intron than exon reads.
The pair of plots for human immune cells are most differ-
ent to each other. Here, intron counts result in more distinct
group clusters than exon counts although the degree of sep-
aration is reduced slightly. In the exon plot, CD4+ T cells
completely overlap CD8+ T cells; and three whole blood
samples are positioned closer to the cluster of monocytes than
they are to their own group. In contrast, CD4+ and CD8+ T
cells in the intron plot separate out from one another although
with some overlap; while whole blood and monocyte samples
form perfectly separated clusters. This suggests there may be
intron specific differences between CD4+ and CD8+ T-cell
subsets that are less evident when analysing exon data.
It is extraordinary to observe that the scale in intron MDS
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Fig. 1. Intron and exon read characteristics. (a) Percentage of reads assigned to exon (blue triangle) and (b) intron (magenta square) counts across three datasets, with
one point per library. Total RNA samples in human cell lines are displayed separately from poly(A) RNA libraries, and have been labelled with a ‘(T)’. (c) MDS plots of
log-counts per million values calculated from gene-level exon counts, and (d) gene-level intron counts. Datasets are separated into different panels. Libraries are coloured by
experimental and biological group; triangle and square symbols are used as a visual association with exon and intron reads, respectively. (e) Percentage of genes in each
library with exon and intron signal (grey), exon signal (blue) for genes with one or more introns, exon signal with no introns (green) for genes containing a single exon only,
and genes with intron signal only (magenta). Each point represents a library. (f) In the poly(A) RNA R1 sample for cell line HCC827, intron log-counts are plotted against exon
log-counts. Log-counts are calculated with an offset of 1. Each point represents a gene, where colors differentiate genes with exon and/or intron signal – color legend as in
(e). To demonstrate differences in gene-level counts by library preparation protocol, (g) intron versus exon log-counts for the Total RNA R1 HCC8277 sample have genes
colored by poly(A) RNA gene signal from (f), rather than the Total RNA count.

plots are quite comparable to exon MDS plots given that
there is roughly ten times more exon reads than intron reads.
This observation supports the notion that intron reads con-
tain important information. The distance between points on
each plot give an indication of the typical log2-fold change
(logFC) between samples in the top most variable genes in
each set of counts. In other words, the typical logFC between
samples are similar for intron and exon counts.

One hypothesis for the similarity underlying exon and intron

based MDS analysis, is that on a gene level, transcriptomes
will contain both exon and intron signal, where exon and in-
tron counts are positively correlated. As a result, MDS plot
pairs may be comparable in their layout and scale, and such
similarities would be expected of intron and exon logFC val-
ues.

A majority of expressed genes contain intron signal.
We next investigated whether the same genes possess both
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exon and intron signal from RNASeq data, or whether genes
possess one type of signal and not the other. A gene is con-
sidered to contain exon signal if it has an exon count of 3
or more, and intron signal if it has an intron count of 3 or
more. Genes are considered to be expressed if they contain
exon and/or intron signal. A gene is considered to have no
signal if both exon and intron counts are less than 3. Genes
consisting of a single exon are non-informative with regards
to intron signal – and are therefore separated from genes that
have at least one intron.
Of genes that are expressed, most genes contained both exon
and intron signal (Figure 1e). This observation is the most
likely explanation as to why signal is shared between exon
and intron counts and the similarities between MDS plot
pairs. Only a small percentage of genes contained intron only
reads that would provide information independent of exon
counts. Gene signal percentages were consistent across all
libraries in all datasets, and in both RNA selection proto-
cols. Log-counts were positively correlated for genes with
both exon and intron signal in poly(A) RNA and Total RNA
samples (Supplementary Figure 1). For libraries across the
three datasets, Pearson correlation between intron and exon
log-counts ranged between 60% and 80%, with the exception
of whole blood libraries in the human immune cell dataset
which has smaller and more variable correlation values that
range between 40% to 60%. The level of correlation between
intron and exon log-counts is observed to be consistent within
cell type and library preparation type. Consistent with our
previous analysis, gene-level exon counts tended to be higher
than that of gene-level intron counts in poly(A) RNA samples
(Figure 1f). Whereas the two count types are similar in mag-
nitude in Total RNA samples (Figure 1g). In general, genes
with both exon and intron signal under poly(A) selection also
have exon and intron signal under Total RNA selection (Fig-
ure 1g). Genes with exon signal only under poly(A) selection
tend to have much lower exon read coverage (Supplementary
Figure 2) than that of genes with exon and intron signal (Fig-
ure 2a and b). Under the Total RNA protocol, some of these
genes gain intron signal and are classified as genes with exon
and intron signal (Figure 1g). Although intron counts may be
similar in magnitude to exon counts, they are generally sum-
marised over a larger interval of bases relative to exons and
thus coverage in these regions are lower on average.

Short genes have high intron and exon read coverage.
Consistency of intron read properties were demonstrated
across multiple datasets in the previous sections, providing
general insight into the prevalence of such reads across entire
datasets. Next, we delved further into the HCC827 human
cell line data for both poly(A) RNA and Total RNA samples
which were each available in triplicate. Note that this exper-
iment was designed such that R1 samples were considered
to be the same biological sample rather than biological repli-
cates, as was the case for R2 and R3 samples. The only differ-
ence between poly(A) RNA R1 and Total RNA R1 samples
was in the RNA selection protocol.
Initially we sought to quantify the number of introns that
were “expressed" (unspliced, retained, or otherwise) within

genes and their positions. However, this analysis demon-
strated that both raw and length-adjusted intron-level sum-
marised counts were highly sensitive to the threshold at
which “expression” was called. This was largely due to low
but highly variable coverage profiles in intron regions. High
coverage variability has been demonstrated previously in ex-
ons of transcripts. Studying both poly(A) RNA and ribo-
depleted Total RNA, Lahens et al. (2014) (27) observed that
the difference between lowest and highest coverage points is
greater than 2-fold in over 50% of transcripts when uniform
coverage was expected.
To overcome high coverage variability within and between
introns, we took a novel approach, examining local cover-
age by counting all overlapping reads in 30-basepair bins
across the body of genes. We chose bins of 30-basepairs in
length to ensure that individual exons and intron were sepa-
rated into several subregions per feature, where the median
length of a single exon in the simplified human GENCODE
annotation was 160-basepairs in length with a mean of 414-
basepairs. Coverage values were naturally standardised for
length since bins are of equal length. Local, or binned cov-
erage is measured for protein coding genes. To discourage
coverage unambiguity, only genes that do not overlap another
annotated gene were included. We examined specifically the
set of genes that had signal in both exon and intron regions in
poly(A) RNA samples as these genes also tended to have both
exon and intron signal in Total RNA samples (Figure 1g).
By examining the log-coverage of bins we demonstrated that
read coverage in exon regions is greater than that of intron re-
gions, and that coverage of intron regions is higher by Total
RNA selection relative to poly(A) RNA selection (Figure 2a)
– both results are consistent with previous analyses. For each
gene, we calculated the average log-coverage of exon bins
to represent overall exon expression levels and similarly for
intron bins (Figure 2b). Surprisingly, the average exon log-
coverage tended to be higher for genes with short exon re-
gions (fewer number of exon bins) than genes with long exon
regions in both poly(A) RNA and Total RNA capture proto-
cols. The same was also true of introns – short regions have
higher average coverage and long regions have lower average
coverage. Overall, this indicates that short genes have a ten-
dency to have higher read coverage and gene-level reads-per-
kilobase-per-million (rpkm) values than that of long genes.
The trend is subtle for exons in both RNA selection protocols
and introns in Total RNA samples, but it is more prominent
in introns of poly(A) RNA samples.

Intron coverage patterns depend on library prepara-
tion method. Coverage patterns along exons were exam-
ined by joining consecutive exon bins from the same gene
together. For each gene, exon log-coverage values are ad-
justed by dividing by its the maximum exon log-coverage.
The same was separately performed for intron bins. Cover-
age patterns in exons and introns of genes were summarised
across multiple genes for short, regular and long regions,
where gene strandedness is taken into account. For exons,
a short region has a median length of 2,490-basepairs, a reg-
ular region has median length of 4,680-basepairs, and 7,950-
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Fig. 2. Coverage of bins. (a) Distribution of log-coverage of exon (left) and intron bins (right), separating poly(A) RNA (white) and Total RNA samples (grey). (b) Distribution
of average bin log-coverage of each gene, separating genes into those with short, regular and long exon and intron regions. The average gene log-coverage is calculated as
the trimmed mean log2-coverage, removing the top and bottom 10% of values from each end. Boxplots in (a) and (b) are displayed for R1 samples only and omit outliers.
Plots for R2 and R3 samples are similar and not shown. (c) Coverage patterns across the body of genes represented by average adjusted log-coverage. Each line represents
a sequencing library. Genes are separated into those with short exon regions (left), genes with regular exon regions (center) and long exon regions (right). (d) Similarly for
genes with short intron regions (left), regular intron regions (center) and long intron regions (right). Log-coverage of exon bins (blue) and intron bins (grey) in R1 poly(A) RNA
sample (left) and R1 Total RNA sample (right) are displayed for two genes with short intron regions, (e) MYC and (f) F3, and two genes with long intron regions, (g) FAM3C
and (h) TSC22D2. Intron bins with high expression (log-coverage greater than 3) are highlighted in dark grey; other intron bins are in light grey.
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basepairs for long regions. Exon regions were almost always
shorter than intron regions. The top end of short intron re-
gions were as long as some long exon regions. For intron
regions, a short region had median length of 5,760-basepairs,
regular region had a median length of 20,760-basepairs, and
64,770-basepairs for long regions.
Using our binned coverage approach, it was observed that
coverage across exons in poly(A) RNA samples tended to
increase from 5’ to 3’ end, with a drop in coverage at both
ends, which is typical of coverage at the terminal ends of a
gene (Figure 2c). The gradient of the upward trend decreased
as length of the exon region increased. The observed trend is
consistent with the results from Lahens et al. (2014) (27),
where they show that transcripts from poly(A) libraries ex-
hibit 3’ coverage bias in their examination of technical biases
introduced during the generation of sequencing libraries. In
introns, the increasing trend was also observed in poly(A)
RNA samples with a steady increase in relative coverage in
genes with short intron regions and an exponential increase
observed for genes with regular and long intron regions (Fig-
ure 2d).
Exon coverage patterns in Total RNA libraries were similar
to those of poly(A) RNA libraries, although 3’ coverage bias
in Total RNA samples was relatively mild. In comparison,
intron coverage patterns were drastically different between
Total RNA and poly(A) samples, with the exception of short
intron regions. In genes with long intron regions, read cov-
erage in Total RNA samples was maintained at a relatively
uniform level, whereas poly(A) RNA samples suffered from
a decrease in intron coverage at the 5’ end. Differences in in-
tron read percentages between poly(A) RNA and Total RNA
(Figure 1b) appeared to be a direct result of differences in in-
tron read coverage patterns between the two library prepara-
tion methods. Total RNA libraries have higher per library and
per gene intron counts since read coverage at the 5’ end was
greater than when the same biological sample is sequenced
under a poly(A) RNA protocol.
Coverage profiles of individual genes were examined to see
if the same coverage patterns can be recovered. Two genes
with short intron regions, MYC and F3 (Figure 2e,f), and
two genes with long intron regions, FAM3C and TSC22D2
(Figure 2g,h), were selected based on having a high average
intron log-coverage. Relative to low coverage genes, cover-
age profiles were easier to observe for genes with higher cov-
erage, and are also of greater interest for the purpose of this
study. Consistent with coverage patterns, coverage profiles
were similar between poly(A) RNA and Total RNA samples
for genes with short intron regions, as shown in the genes in-
dividually for MYC and F3. Coverage profiles for genes with
long intron regions were distinct from one another, where in-
tron coverage is lower at the 5’ end for poly(A) RNA samples
and relatively uniform for Total RNA. This was demonstrated
by the coverage of FAM3C and TSC22D2 individually.

Genes with the appearance of intron retention. The pre-
vious section highlighted common patterns of coverage ob-
served in genes. These analyses showed that coverage was
often uniform or changes gradually across the body of a
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Fig. 3. Distinct and high coverage intron bins (black) for genes (a) PSMB7, (b)
EIF2S3, and (c) ARGLU1 within R1 poly(A) RNA sample (left) and R1 Total RNA
sample (right).

gene. There were, however, exceptions to this observation.
Some introns demonstrated coverage that was much higher
than other introns within the same gene. An example of this
was seen in the genes PSMB7, EIF2S3 and ARGLU1. These
three genes resulted from filtering genes for having at least 50
high coverage intron bins (log-coverage greater than 6) and a
low average intron bin log-coverage (trimmed mean of 2 or
less, removing 10% of values from each end) in the poly(A)
RNA R1 HCC827 sample (Figure 3, left).
The coverage profiles of the genes suggested that these may
be genes with retained introns. As the cells from which RNA
was extracted were not fractionated into nuclear and cyto-
plasmic components, PSMB7 and EIF2S3, however, could
also represent pre-mRNAs with unspliced 3’ introns. Of the
three genes, ARGLU1 may represent a gene with intron re-
tention since the high coverage intron is positioned in the
middle of the gene and has coverage levels similar to its
flanking exons. Figure 3 also displays coverage profiles of
the same genes in the Total RNA R1 sample (right). We ruled
out the possibility that the high coverage region may repre-
sent an unannotated exon because the length of region (50
bins or 1500-basepairs) is much larger than a typical exon.

Searching for intronic split reads. Sequencing reads for
mRNA would typically contain split reads, or reads that start
in one exon and end in another. These reads span the bound-
ary where two exons are joined together after intron splicing,
and thus alignment is discontinuous (or split) at the splice
site. In this way, split reads are informative of splice events
and transcript identification.
Split reads were summarised for HCC827 poly(A) RNA sam-
ples for exon and intron annotation separately by setting the
splitOnly argument in featureCounts to TRUE. We allowed
reads to be assigned to multiple features. Raw counts of split
reads were transformed to log2-counts (or simply log-counts)
using an offset of 1.
Log-counts of split reads for individual exons had a median
value of 5.2 in the R1 poly(A) RNA sample. As expected,
log-counts of split reads were much lower for individual in-
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trons – median value of 0. Forty-two introns in 38 unique
genes had high log-counts for split reads (log-count of greater
than 5.2) and may provide evidence of unannotated exon
boundaries. For genomes of organisms that are less stud-
ied and poorly defined, such as chicken or shark, a greater
number of introns with high log-counts for split reads are ex-
pected and can be used to improve existing annotations.

Discussion
Observing genes with exon and intron signal. Previ-
ously, we showed that the majority of expressed genes con-
tain both exon and intron signal. There is therefore great po-
tential in incorporating intron reads into data analysis meth-
ods to enhance the amount of information that may be har-
vested from the sequencing experiment. However, appropri-
ate use of such reads requires an understanding of their prop-
erties and where they originated from. In our study, we ex-
plored intron read properties in a data-driven manner. Here
we considered three possible reasons for observing genes
with exon and intron signal and the origin of these reads.
In the first scenario, we considered that pre-mRNA is se-
quenced (Figure 4a and b). The process of RNA transcrip-
tion, from DNA to mRNA, is complex and much remains
unknown in terms of the exact timing and order of events
within the process. The processes of transcription from DNA
to primary RNA transcript, polyadenylation of the primary
transcript, and the removal of introns through the process of
splicing are critical aspects of RNA processing. Polyadeny-
lation occurs upon transcription termination to assist trans-
portation of mRNA into the cytoplasm and for this reason
it is assumed that polyadenylation is a marker of the end
stages of RNA transcript processing and possibly an iden-
tifier of mRNA itself. The assumption that poly(A)+ RNA
is (almost) equivalent to mRNA is not unreasonable under
co-transcriptional splicing which posits that splicing begins
during transcription – an area of study that has been of in-
creasing research interest (11, 28, 29). In fact, Ameur et
al. (2011) (11) demonstrated that introns are already spliced
prior to termination of transcription in humans; Khodor et
al. (2011) (30) in drosophila and Oesterreich et al. (2016)
(31) in yeast. However, co-transcriptional splicing has only
been demonstrated in approximately 50% of transcripts (32).
Moreover, splicing of 5’ introns may begin during transcrip-
tion but due to the longer processing time required relative
to transcription, 3’ introns may remain unspliced upon tran-
scription termination. Seeing that 3’ cleavage of the primary
transcript followed by polyadenylation is a relatively fast pro-
cess, taking up to 30 seconds to complete, this means that
co-transcriptionally spliced transcripts can produce poly(A)+
pre-mRNA with 3’ unspliced introns.
For genes that are not co-transcriptionally spliced but post-
transcriptionally spliced, splicing may be completed after
polyadenylation (32). Evidence to support this process
includes the presence of poly(A)+ molecules in the nu-
cleus that are much larger than final mRNAs in the cy-
toplasm. Regardless of whether genes are co- or post-
transcriptionally spliced, the proportion at which genes are

co-transcriptionally spliced relative to post-trancriptionally
spliced and the efficiency of intron splicing, it is possible to
capture polyadenylated pre-mRNA with unspliced introns es-
pecially at the 3’ end.
In the second scenario, we considered the possibility of ob-
serving genes with exon and intron signal due to incomplete
gene annotation. An unannotated exon or part of an exon
can result in reads classified as intron reads (Figure 4d). The
missing feature may belong to an annotated gene or a new and
unannotated gene. Split reads beginning in an annotated exon
and ending within an intron region can be particularly infor-
mative since they can provide further information on gene
identification and transcript structure.
In the third scenario, we considered the possibility of intron
reads originating from processed transcripts with retained in-
trons (Figure 4e). This model has been used as explanation
for observing intron reads as studied by Wong et al. (2013)
(15) and Braunschweig et al. (2014) (4). Indeed a retained
intron in an expressed gene could result in exon and intron
signal observed from the same gene.
DNA contamination was not considered as a possible source
of intron reads since an underlying base signal for all genes
is expected in the presence of DNA contamination. Instead,
more than half of all annotated genes have no reads across all
datasets, such that it is likely that contamination levels were
so low that it was not observable at the sequencing depths
used for the datasets.

Differences in 3’ coverage bias. At first glance, intron
coverage profiles for genes in the poly(A) RNA sample, such
as that of FAMC3C and TSC22D2 in Figure 2g and h, may
be explained by the capture of poly(A)+ pre-mRNAs with 3’
unspliced introns; but the corresponding Total RNA cover-
age profiles suggested a different story. With the exception
of histone genes for which mRNAs do not include the clas-
sical poly(A)-tail (33), we can loosely assume that the two
library preparation protocols select for protein coding genes
of the same RNA type: poly(A)+ pre-mRNAs and poly(A)+
mRNAs. Whilst an obvious distinguishing feature between
Total RNA and poly(A) RNA libraries is in the selection of
poly(A)- RNAs by the former, we do not expect considerable
contribution by poly(A)- pre-mRNAs in Total RNA libraries
given that 3’ cleavage and polyadenylation of a new primary
transcript occurs quickly, taking only up to 30 seconds for
both processes together. As a result, we conclude that the
observed differences in coverage profiles is mostly due to li-
brary preparation protocol, rather than the sequencing of dif-
ferent RNA types.
Coverage patterns in exon regions (Figure 2c) indicate that
both Total RNA and poly(A) RNA libraries suffer from 3’
coverage bias. The difference in intron coverage patterns
(Figure 2c, g and h) between the two protocols indicates that
coverage bias is more prominent in the poly(A) selected li-
braries, where region length dictates the degree at which 5’
coverage is affected. This means that coverage of short in-
tron regions in poly(A) RNA libraries remain mostly unaf-
fected and appear relatively uniform, like that of Total RNA
libraries. On the other hand, long intron regions sequenced
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(a) poly(A)- pre-mRNA  
 
polyadenylation 

gene 

(b) pre-mRNA splicing complete 

none, some or all introns spliced 

(c) mRNA 
no introns present 

(d) mRNA with unannotated exon 
in the same gene, or 

in a separate gene 

(e) mRNA with intron retention 
all or some introns retained 

exon 
intron 
unannotated exon (d only) 
exon read 
intron read 
split read, annotated exons 
split read, annotated and unannotated exon 

Legend 

Fig. 4. Reads for mRNA and non-mRNA. (a) DNA is transcribed to a primary RNA transcript, or pre-mRNA, and cleaved at the 3’ end upon termination of transcription. (b) A
poly(A) tail is synthesised at the 3’ end of the transcript. Intron splicing can occur co-transcriptionally or post-transcriptionally, such that poly(A)+ pre-mRNA molecules may
be partially or completely spliced. (c) An mRNA molecule is formed upon completion of intron splicing. No introns or intron signal should be present, except in the case of (d)
unannotated exons or exon boundaries, or (e) introns are retained. Note that RNA molecules are polyadenylated for (b) to (e); and the unannotated exon is only relevant to
(d).

under poly(A) RNA selection suffer from decreasing 5’ cov-
erage. The pronounced drop in 5’ coverage of long intron re-
gions in poly(A) RNA libraries also explains why gene-wise
averages of intron coverage is much lower for long intron re-
gions than they are for short regions (Figure 2b).

Detection and estimation bias in libraries. As a result
of 3’ coverage bias in introns of poly(A) RNA libraries, our
findings have a direct impact on existing intron retention
detection methods applied to poly(A) RNA sequencing li-
braries. There is increased difficulty in interrogating introns
residing towards the 5’ end of genes due to the decrease in in-
tron information at the 5’ end. This may explain why five out
of six genes from Figure 1C of the poly(A) RNA experiment
by Wong et al. (2013) (15) have retained introns in the 3’ half
of the gene (LMNB1, LBR, PYGL, FXYD5 and NRM); three
of which are retained in the 3’ most intron. Supplementary
Figure 3 shows that coverage profiles of LMNB1, LBR and
FXYD5 in our HCC827 cell line data also have high 3’ intron
coverage in the poly(A) RNA R1 sample, but intron coverage
is relatively uniform in the corresponding Total RNA sample.
(Annotation of PYGL and NRM overlaps another annotated
gene and was omitted from our coverage estimation). When
applied to poly(A) RNA libraries, current methods that do not
account for intron coverage bias will be bias in detecting 3’
intron features.
If intron reads were instead used for the estimation of

pre-mRNA abundance, results of pre-mRNA versus mature
mRNA levels may varying depending on the library prepara-
tion protocol that was carried out and whether estimates are
calculated from reads across the whole gene, from reads at
the 5’ end or 3’ end of the gene. In addition, intron signal
in RNA-seq libraries are likely to affect de novo assembly
of transcripts (34) where high intron read coverage in Total
RNA libraries and non-uniform intron coverage in poly(A)
RNA libraries would complicate transcript detection.

Intron reads in single-cell RNA-seq. The incorporation
of intron reads into the analysis of single-cell RNA-seq
(scRNA-seq) data has been of much recent interest, where
they have been utilised in the processing of raw reads into
count tables (35) and estimation of time-derived RNA abun-
dance (BioRxiv: https://doi.org/10.1101/206052). Compared
to bulk RNA-seq, scRNA-seq data have much smaller library
sizes and relatively high percentages of intron reads. This
means that incorporation of intron reads into data analysis
may be of signficant importance for single-cell technology.
Observing that intron and exon read percentages (Figure 1a
and b) and intron-exon log-count correlations (Supplemen-
tary Figure 1) are consistent for cell types in bulk RNA-seq
data, incorporating these values in modeling and clustering
analyses of scRNA-seq data may improve the resolution of
unknown cell types.
Given that library preparation in most scRNA-seq protcols
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capture only the 3’ end of molecules, its sample-wise in-
tron and exon read percentages can be approximately rep-
resented by the coverage observed at 3’ ends (3’ most exon
and intron) of bulk poly(A) RNA and Total RNA libraries
(Figure 2e-h). Due to the common selection of 3’ features,
characteristics of scRNA-seq should be more comparable to
that of bulk poly(A) RNA data more than it is to Total RNA
data. However, because bulk poly(A) RNA libraries have
an under-representation of reads for 5’ introns and thus an
under-representation of intron reads in general, scRNA-seq
data is often observed to contain high percentages of intron
reads relative to bulk poly(A) RNA libraries. Intron read per-
centages in scRNA-seq data may be dependent on the length
at which 3’ fragments are captured relative to the length of 3’
exons.

Further work. Much of the difficulty in estimating intron in-
formation is by and large due to low but highly variable read
coverage in addition to library-preparation-induced coverage
bias, resulting in calculation of intron-level estimates that are
rather ad hoc and/or sensitive to threshold-selection. Im-
provements to intron summary values, in terms of accuracy
and robustness, may be achieved through the development
and use of more sophisticated models that adjust for technical
sources of variation. Examination of full length transcripts
by long-read sequencing, such as that of Pacific Biosciences
(36) or Oxford Nanopore Technologies (37), may lead to fur-
ther insight into the classification of contributing factors for
intron reads. If used correctly, future analyses may benefit
from the inclusion intron reads per sequenced library.

Conclusions
For methods tailored to the discovery of intron retention and
alternative splicing, or even pre-mRNA estimation, it is im-
portant to understand the patterns and traits of intron reads
that are common to most datasets such that technical artifacts
may be adjusted. This in turn would enhance the interpre-
tation of results in carefully designed experiments and allow
one to distinguish the results that are unique to the study at
hand.
In this paper we examined sequencing reads that are routinely
removed from analyses. We show that intron reads are preva-
lent across multiple datasets and contain signal that can dif-
ferentiate samples into their biological groups, much to the
likes of exon reads. The majority of expressed genes had
reads mapping to both exon and intron regions, where log-
counts of exons and introns are positively correlated. Cov-
erage profiles of genes tended to be similar between poly(A)
RNA and Total RNA samples for genes with short exon and
intron lengths, but were different for genes with long introns.
Due to 3’ coverage bias in poly(A) RNA libraries, genes have
reduced intron coverage at the 5’ end, whilst coverage is rel-
atively uniform for Total RNA samples. The work presented
here therefore provides a broad view of intron coverage pat-
terns and intron-level characteristics across multiple datasets
and will help inform future work relating to the study and use
of intron reads.
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Supplementary Fig. 2. (a) Distributions of log-coverage of exon bins,
separating poly(A) RNA (white) and Total RNA samples (grey). (b) Distri-
bution of average bin log-coverage of each gene, separating genes into those
with short, regular and log exon regions. The average gene log-coverage is
calculated as the trimmed mean log2-coverage, removing the top and bot-
tom 10% of values from each end. Boxplots are displayed for R1 HCC827
samples only. Plots for R2 and R3 samples are similar and not shown.
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Supplementary Fig. 3. Log-coverage of exon bins (blue) and intron bins
(grey) in R1 poly(A) RNA sample (left) and R1 Total RNA sample (right)
for genes detected to contain retained introns by Wong et al. (2013).
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