
UCLA
UCLA Previously Published Works

Title
Robust mapping of polyadenylated and non-polyadenylated RNA 3′ ends at nucleotide 
resolution by 3′-end sequencing

Permalink
https://escholarship.org/uc/item/7fc9731g

Authors
Roy, Kevin R
Chanfreau, Guillaume F

Publication Date
2020-04-01

DOI
10.1016/j.ymeth.2019.05.016
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7fc9731g
https://escholarship.org
http://www.cdlib.org/


Robust mapping of polyadenylated and non-polyadenylated RNA 
3’-ends at nucleotide resolution by 3´end sequencing

Kevin Roy1,2, Guillaume F. Chanfreau1,2,*

1.Department of Chemistry and Biochemistry, UCLA, Los Angeles, CA 90095-1569

2.Molecular Biology Institute, UCLA, Los Angeles, California, United States of America

Abstract

3´end poly(A)+ sequencing is an efficient and economical method for global measurement of 

mRNA levels and alternative poly(A) site usage. A common method involves oligo(dT)19V 

reverse-transcription (RT)-based library preparation and high-throughput sequencing with a 

custom primer ending in (dT)19. While the majority of library products have the first sequenced 

nucleotide correspond to the bona fide pA site, a substantial fraction of sequencing reads arise 

from various mis-priming events, which can result in incorrect pA site calls anywhere from several 

nucleotides downstream to several kilobases upstream from the bona fide pA site. While these can 

be mitigated by increasing the stringency of oligo(dT) annealing conditions (e.g. increasing 

temperature from 37°C to 42°C), they still exist at an appreciable level (~10%) and computational 

methods must be used to prevent artifactual calls. Here we present a bioinformatics workflow for 

robust identification of precise 3énds arising from both canonical and non-canonical 

polyadenylation and removal of artifacts due to oligo(dT) mis-priming and 5´-end proximal 

sequencing errors. We test pA site calling with three different read mapping programs (STAR, 

BWA, and BBMap), and show that the way in which each handles 5´-end mismatches and soft-

clipping has a substantial impact on identifying correct pA sites. We demonstrate the use of this 

pipeline for mapping pA sites in the model eukaryote S.cerevisiae and we also show that this 

technology can be used for 3´-end mapping of non-polyadenylated transcripts by employing in 

vitro polyadenylation. As proof of concept, we show the ability to identify the CC(A) tail present 

on tRNAs, and also find evidence for a substantial fraction of tRNAs harboring terminal 3´ CCU 

and CU moieties instead of the CCA tail.

Introduction

High-throughput RNA sequencing (RNA-seq) enables global analysis of the expressed 

portions of the genome. Depending on how the RNA is isolated and converted to a cDNA 

library, RNA-seq can provide important insights on the mechanisms of gene regulation at 

multiple levels, including transcription, RNA processing, RNA degradation, and translation. 
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While whole-transcript RNA-seq approaches capture multiple aspects of transcript structure 

including alternative splice site and exon usage, 3énd sequencing methods enrich for reads at 

the 3ÚTR/poly(A) (pA) junction. This leads to several advantages. First, as a single cDNA 

molecule is nominally produced per mRNA, 3énd sequencing is an economical method for 

counting transcripts for gene-level differential expression analysis, enabling much greater 

multiplexing capability per sequencing run [1]. Furthermore, 3énd sequencing can provide 

nucleotide-resolution on the site of pA addition, which is important for studying the 

mechanisms of cleavage and polyadenylation, 3´ UTR elements contributing to RNA 

stability including sites of microRNA binding and in studying RNA decay intermediates 

processed by non-canonical polyadenylation machinery [2–4]. Lastly, most 3énd methods 

are inherently strand-specific and thus do not require dUTP-based approaches to quench one 

cDNA strand during PCR amplification leading to simpler workflows [1,5].

There are multiple high-throughput sequencing approaches capable of capturing the 

3ÚTR/pA junction, including direct (single-molecule) RNA sequencing (e.g. Helicos) [6], 

long-read cDNA sequencing (e.g. PacBio or Nanopore)[7–9], and next-generation 

sequencing (e.g. Illumina)-based approaches (reviewed in [10]). There is a multitude of 

library preparation methods for the latter; these can be broadly separated into methods that 

capture RNA 3énds by RNA-ligation and those oligo-dT based reverse transcription (RT) 

methods, which are more commonly employed due to simpler workflows. To obtain the 

precise 3ÚTR end with short reads (50–150 bp), sequencing is initiated from within the 

oligo(dT) stretch towards the 3ÚTR sequence. As sequencing through poly(T) stretches 

greater than 10 bp leads to lower sequencing quality of the downstream bases, these 

approaches employ either an unblocked T-fill step on the sequencing flow cell or sequencing 

with a custom primer ending in (dT)19[1,5,11]. The latter has seen increasing usage due to 

its relatively straightforward workflow, scalability, and efficient multiplexing capability. 

First, an oligo(dT)V primer anneals to the pA tail with the 3´terminal nt of the primer base-

pairing with the last (non-adenosine) nucleotide of the 3ÚTR (Fig.1a). The V moiety 

(V=A/G/C) promotes selective extension of primers annealed with the B moiety in the 

3ÚTR (B=G/C/T), as terminal mismatches are poorly extended by RT relative to the proper 

base-pair[12]. We recently demonstrated two new applications for 3énd sequencing: (1) 

mapping poly(A) tails deposited by the non-canonical poly(A) polymerase TRAMP 

complex, and (2) mapping 3énds of non-polyadenylated transcripts genome-wide [4]. To 

improve the utility of 3énd seq for identifying RNA 3énds at nt resolution, we systematically 

analyzed the genome-wide alignments for mismatches, soft-clipping, and A-rich internal 

mispriming as a function of 3 different aligners (STAR, bwa, and BBMap). In addition, we 

also show that in vitro polyadenylation coupled to 3énd seq is an effective method for 

identifying 3énds of non-polyadenylated RNAs without requiring laborious ligation-based 

workflows.

1. Materials and Methods

3´-end poly(A)+ RNA-seq (QuantSeq) library preparation and data analysis

Yeast strains WT HHY168 and WT BMA64 (W303 derivatives) were grown to mid-log 

phase (OD 0.8) in rich medium (YPD) and RNA extracted by phenol::chloroform method as 
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described previously. 3´-end poly(A)+ libraries were prepared with the QuantSeq 3´-end 

REV RNA sequencing kit (Lexogen, GmbH) [1]. For WT BMA64 samples, oligo-dT was 

denatured with total RNA and annealed at 37°C, with room temperature addition of the RT 

enzyme solution. For HHY168 samples, the reverse transcription (RT) was performed at 

42°C to minimize imperfect priming between the oligo-dT primer and internal A-rich 

sequences. After denaturation and annealing at 42°C, a pre-warmed RT enzyme solution was 

added. For samples with RT performed at 42°C, 15 PCR cycles instead of 12 were 

performed to compensate for decreased RT yields. 50 or 100-bp sequencing was performed 

on the Illumina HiSeq 2000 with the custom sequencing primer (CSP), which includes a 3´-

oligo-dT19 stretch so that the first sequenced nucleotide corresponds to the first nucleotide 

upstream the poly(A) site [1]. Reads were trimmed at their 3énds for quality score <20 and 

for >1 nucleotide of the standard TruSeq adapter sequence with TrimGalore v0.5.0 requiring 

a minimum length of 15 nucleotides after trimming to keep each read. Trimmed reads were 

mapped with three different aligners to the R64-2-1 version of the S.cerevisiae genome 

obtained from the Saccharomyces genome database (SGD). STAR (version 2.7.0b), bwa 

mem (version 0.7.17-r1188), and BBMap (version 38.22) were run with default alignment 

parameters, with the exception that bbmap was run with the “local = t” option. This is 

critical to allow for soft-clipping of the 5énd of the read. Otherwise, bbmap does not allow 

soft-clipping and will attempt to align the entirety of the read to the reference. STAR and 

BWA use SAM format 1.3 cigar strings, which uses “M” for both matches and mismatches, 

which are coded “=” and “X” in SAM format 1.4. To enable examination of mismatches 

directly from the cigar strings in the alignment (BAM) files, the cigar strings were converted 

to SAM format 1.4 with jvarkit/dist/samfixcigar.jar. The 5´ ends of reads mapping to the 

reference were identified with a custom python script, and terminal mismatches and soft-

clipping events were flagged. Reads with any base exhibiting a quality score <20 in the first 

10 bases were discarded to prevent low quality bases from leading to erroneous pA site 

mapping due to soft-clipping. pA sites were aggregated and annotated with custom python 

scripts. Annotations were obtained from the Saccharomyces Genome Database (SGD) using 

the GFF annotations file for the S288C reference genome (version R64-2-1) [13,14]. 3´-

UTR end coordinates were re-annotated using transcript isoform sequencing data (TIF-seq) 

by selecting the 3´-most coordinate with respect to the stop codon accounting for 90% of the 

total ORF-spanning reads [15]. Annotations for CUTs, SUTs, and XUTs were obtained from 

the pyCRAC software package and remapped to R64-2-1 coordinates with the NCBI remap 

tool [16]. All plots were generated using ggplot2 in R v3.5.0. Genome browser snapshots 

were derived from scalable vector graphics (.svg) files generated with the Integrative 

Genomics Viewer (IGV) version 2.3.52 [17].

In vitro polyadenylation

10 μg of total cellular RNA was treated with rATP and E.coli poly(A) polymerase in a total 

reaction volume of 20 μl at 37°C for 30 minutes per manufacturer’s protocol (NEB 

#M0276L). After standard phenol/chloroform extraction and ethanol precipitation, 5 μg of 

RNA were subjected to rRNA depletion with Ribo-Zero Gold rRNA Removal Kit (Illumina, 

Inc.), prior to 3´-end poly(A)+ library preparation as described above. rRNA depletion is 

done after poly(A) addition as typically ~100–200 ng are recovered from each rRNA 

depletion prep.
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2. Results

2.1 G-U wobble extension of oligo(dT)G is a common mis-priming event during RNA 3énd 
sequencing

Inspection of read alignments across the S.cerevisiae genome revealed multiple reverse 

transcription and sequencing artifacts potentially confounding the accurate calling of pA 

sites (Fig 2a). The first artifact arises primarily from 3ÚTRs ending in U before the pA tail. 

The RT-primer harbors (T)19V, where the final nucleotide is any base but T (V=A/G/C). In 

these cases, RT-primers possessing G at the primer 3énd can form a wobble pair with the U, 

resulting in a T → C mutation in the sequencing read. For example, STAR tends to 

designate terminal single nucleotide mismatches as soft-clipping events, leading to a 

substantial fraction of pA sites being called erroneously 1 nucleotide upstream (Fig 2b). 

Importantly, this affects anywhere from 4%–12% of all sequencing reads, depending on the 

stringency of the annealing conditions and the temperature of reverse transcription (Fig 2c). 

To prevent products from G•U wobble extension confounding precise calling of pA sites, 

single-terminal mismatches should not be soft-clipped and the pA sites mapped at the 

position of the mismatch.

2.2 Common sources of incorrect pA site mapping due to 5´end read soft-clipping and 5
´end read mismatches

A second prominent artifact arises from internal mis-priming within the polyA tail (Fig 3a). 

Reads containing soft-clipped or mismatched residues at their 5énds mostly involve (A)nG 

which would correspond to mispriming of RT primers ending in C, with soft-clippings of 

(A)nT and (A)nC arising at progressively lower frequencies. Assuming the oligo(dT)V 

primer mix harbors each of the 3´terminal nucleotides A,C,and G at equal abundance, these 

results would suggest that a C-A mismatch is the most efficiently extended in the RT step, 

followed by A-A and then G-A. Indeed, this matches the mismatch extension preference 

previously observed for the HIV-1 RT[12]. Therefore, it is important to trim these 5énds 

whether the mapping program called a soft-clipping or a mismatch.

A less widespread artifact but quantitatively substantial for particular pA sites arises due to 

polymorphisms in the 3ÚTR region near the pA site (Fig 3b). For example, an A→C single 

nucleotide polymorphism (SNP) in the 3ÚTR of RPL14A in the yeast S.cerevisiae W303 

strain background leads to soft-clipping of two base pairs (2S) with STAR and BBMap (with 

local=t option), while BWA maps these with two terminal CIGAR operations of 1×1=.

A further artifact arises from sequencing errors in the beginning of the read near the mapped 

pA site (Fig 3c). Depending on where these mismatches are situated relative to the 5énd of 

the read, the mapping programs may call soft-clipping or mismatch, with soft-clipping 

leading to an erroneous upstream pA site (as shown for STAR with the RPL31A 3ÚTR). 
This may be partially mitigated by (a) removing reads with the low quality base calls near 

the 5énd and (b) excluding reads harboring 5énd mismatches or soft-clipping events, but at 

the expense of missing major pA sites with high allelic fraction events due to e.g. 

polymorphisms.
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2.3 Internal priming at A-rich stretches in mRNAs and ncRNAs

A significant artifact in pA site mapping by 3énd seq arises from mis-priming of the 

oligo(dT)-V primer at internal A-rich sequences (Fig 4a). This is a long-appreciated problem 

with oligo-dT RT-based methods [18]. To test how the stringency of annealing conditions 

impacts the prevalence of internal priming, we mapped the global distribution of reads from 

called pA sites in wild-type cells across all annotated regions. Strikingly, this low annealing 

stringency condition (37°C) led to >25% of all reads originating in ribosomal RNA (Fig 4b). 

We found that this is particularly prominent at a 40 bp “hot-spot” in helix 24 (H24) of the 

25S rRNA, a surface-exposed portion of the ribosome involved in the C3 connection with 

the signal recognition particle (SRP) (Fig 5a) [19]. Interestingly, G376 of this region (in bold 

lowercase) was shown to also be highly reactive in hSHAPE analysis in both intact, salt-

washed as well as deproteinized ribosomes[19,20]. The 18S rRNA gives rise to significantly 

less mis-priming relative to the 25S hot-spot, but does also exhibit signal in between helix 

27 and 28 several regions at the sequence TAAAGGAATTGACGGAAGGGC. Mis-priming 

is also prevalent throughout ORF regions of mRNAs, particularly at K/R-rich nuclear 

localization signals, as well as in A-rich 3ÚTR regions. Strikingly, stringent annealing at 

42°C with addition of pre-warmed reverse transcriptase mix (i.e. not allowing the oligo(dT)-

RNA mixture to drop below 42°C) led to a substantial (~10 fold) reduction in total rRNA 

mis-priming signal.

Importantly, for both 37°C and 42°C preparations, plotting the nucleotide content upstream 

and downstream of pA sites for 3ÚTR regions led to the identification of the characteristic 

A-rich position element (PE) 20–30 nt upstream, the recovery of UA as the most abundant 

dinucleotide cleavage motif (cleavage and poly-adenylation takes place in between the U 

and A), as well as proximal upstream and downstream U-rich elements (UUE and DUE) 

(Fig 4d). By contrast, the nucleotide signal emanating from open reading frame (ORF) pA 

sites was markedly different between the two methods, with the 42°C method significantly 

reducing the over-enrichment of A content in the 6–19 bp downstream of the pA site. 

Interestingly, there is clear evidence of an A-rich PE element emerging in the 20–30 nt 

upstream region in the 42°C ORF plot, as well as a UUE element (and to a lesser extent the 

DUE) suggesting that some of these ORF pA sites may be bona fide. Strikingly, the rRNA 

pA sites in the 42°C preps completely lose the enrichment of A downstream, and instead 

show a progressive increase in U-content downstream (Fig 4d). This is likely driven by the 

5S rRNA unit, which is transcribed by RNA polymerase III and harbors a long ~40 bp T-

stretch downstream of the mature 5S 3énd. Low levels of cellular polyadenylation of the 5S 

rRNA would contribute to this enrichment.

Previous studies have analyzed the levels of A and G in the 6–20 bp region downstream of 

the pA site to assess likelihood of the pA site arising from a mispriming event [4,21,22] [23]. 

Our data from 37°C RT supported these filters, and a simple scoring system where A’s in the 

first 6 bp downstream count twice led to a clear separation in the majority of ORF pA sites 

versus non-ORF sites for 37°C RT (Fig 4e, left). Adding G’s at half the score as A led to a 

slight increase in separation between ORF and non-ORF sites. However, this distinction was 

notably blurred upon examination of the 42°C RT sites, although it is important to note that 

the number of identified ORF pA sites is 1/3 that of the 37°C prep (Fig 4e, right). The 
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fraction of ORF and 3ÚTR with high combined A/G score, e.g. >15, (rightmost panel) 

should be flagged as likely arising from mis-priming. However, a previous study has shown 

that ~7% of pA sites contain A-rich regions downstream which would be removed by most 

oligo-dT priming filters[10].

2.4 Mapping non-polyadenylated 3énds with in vitro polyadenylation coupled to 3´end 
seq

We previously demonstrated the ability to integrate in vitro polyadenylation (IVP) with 3énd 

seq to map 3énds of RNAs independent of poly(A) status [4], and others have adapted this 

technique to study RNA 3énds in WT cells indicative of elongating Pol II, and as an 

alternative to the more laborious nascent elongating transcript sequencing method [22][24]. 

IVP-seq enables mapping the 3´-most non-adenosine residue in non-polyadenylated RNA, 

with the same in vivo limitation of not knowing where in an A-stretch the poly(A) tail was 

added (Fig 5a). As expected, IVP led to a significant increase in 3énd signal for tRNA genes, 

as shown for tRNA(His) (Fig 5b). To characterize the ability of IVP-seq to globally map 

3énds, we examined the distribution of 3ŕeads across annotations after IVP. Strikingly, the 

3ÚTR regions were reduced from > 90% in non-IVP treated RNA cells to <15% after IVP 

treatment (Fig. 5c). As expected, ncRNAs involved in translation dominated the read 

distribution with snoRNAs, rRNA processing elements (internal and external transcribed 

spacer regions), and tRNAs being more abundant than mRNA (Fig 5c). We reasoned that 

with identification of soft-clipped sequences, this method should also be able to map the 

cellular addition of non-A residues, such as the 3´terminal CCA addition to tRNAs which 

occurs in eukaryotes. We examined the most abundant soft-clipped sequences. Strikingly, 

the most abudant soft-clipped sequence was CC, constituting 7% of all reads and the 

majority of tRNA 3énds, as expected with the CCA addition being present on most tRNAs at 

steady state (Fig 5d). Interestingly, this analysis led to the identification of ‘CCU’ and ‘CU’ 

as being prevalent modifications of tRNA 3énds. As the terminal adenosine in the CCA 

motif is critical for aminoacylation, it is likely that the CCU modification renders the tRNA 

inactive for translation, and suggests the possibility of a regulatory role. Importantly, AG, the 

most abudant soft-clipped event in non-IVP 3énd libraries, was present at roughly the same 

frequency (0.5% of all reads), suggesting that IVP is not causing artifactual soft-clipping at 

higher rates than in non-IVP libraries. Overall, these data show that IVP-seq and mismatch/

soft-clipping analysis are promising avenues for exploring 3énd RNA processing 

mechanisms and non-A addition pathways. The ease with which these libraries can be 

generated and sequenced means a large number of different conditions and genetic mutants 

could be assayed for effects on 3énd nucleotide addition.

3. Discussion

3.1 Comparison with non-oligo(dT) based methods

Non-genome-encoded adenosines can also be identified from whole-transcript RNA-seq 

protocols, including those involving oligo-dT selection, fragmentation and random hexamer-

based RT. These approaches methods give valuable confirmation of in vivo non-templated 

adenosine addition as strong evidence of bona fide pA sites, as they do not suffer from the 

limitations of oligo(dT)-based internal mispriming. However, only a minor fraction of the 
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reads from a whole-transcript RNA-seq experiment actually contain pA tails, as these 

protocols tend to capture transcript ends poorly.

Two approaches have been developed to overcome these limitations: 3P-seq [poly(A)-

position profiling by sequencing] (Jan et al. 2011) and 3′READS(+) (3′ region extraction 

and deep sequencing)[10,25–27]. 3P-seq involves capture of poly(A) 3´termini by an oligo-

dT-based splint ligation, a limited RNase T1 digestion and wash to remove most of the 5´ 

portion of the mRNAs, fill-in of the pA tail with dTTP RT, and RNase H digestion to remove 

the majority of the pA tail, leaving 3–4 A nt, followed by an RNA-ligation-based small RNA 

library-like prep. 3′READS+ involves oligo-dT selection, followed by RNase III digestion 

and wash to remove most of the 5´ portion of the mRNAs, 5ádapter ligation, and RNAse H 

digestion of the polyA tail with oligo(dT), followed by 3´ adapter ligation.

3′READS+ does not do an initial ligation to the 3énd of the RNA, but rather just does oligo-

dT selection. Here, 3P-Seq has an advantage as it ensures that only the 3´-most ends of the 

RNA are analyzed, avoiding internal A-rich regions. However, 3′READS+ employs an 

LNA/DNA hybrid oligo, 5´-T15(+TT)5–3´ which contains 15 T’s followed by five locked 

deoxythymidines (denoted as +T) alternating with regular T’s at the 3′ end. RNAse H 

cleavage cannot occur in the 10 bp of the pA tail engaged with the LNA, and preserves ~13 

nt of the pA tail, vs ~3–4 nt in 3P-Seq for sequencing. This provides stronger evidence of 

non-templated adenosine addition, which is particularly important if the genomic sequence 

downstream of the pA site is poly(A). Therefore, 3′READS+ would only be limited by pA 

where the downstream genomic region harbored >12 A. While these method has the 

advantage of avoiding false-positive calls at internal A-rich regions, they are laborious and 

therefore are perhaps best suited for pA site annotation, whereas oligo-dT methods are better 

suited for differential pA site quantitation [28].

3.2 Conclusion and future directions

While non-oligo(dT) priming and ligation-based methods overcome some of the 

shortcomings of oligo(dT) methods, 3énd sequencing remains an efficient and powerful 

approach for studying poly(A)+ RNA abundance, the mechanisms underlying 3énd 

formation, as well as characterizing turnover pathways by identifying degradation 

intermediates. This work underscores that in order to obtain nucleotide-level precision at the 

genome-scale, significant attention must be placed towards understanding how mapping 

programs perform with terminal query-reference mismatches. In this study, we highlight 

numerous key and often-overlooked causes of artifactual pA site calls, and give guidelines 

for how to handle soft-clipping and mismatches in specific scenarios. Furthermore, we show 

that while A/(G) rich filters can clearly flag a majority of false positive pA sites, they will 

also result in significant numbers of false negatives. Instead, we show that optimizing the 

stringency of oligo(dT)V annealing to the 3ÚTR-pA tail junction and performing reverse 

transcription at elevated temperatures can lead to substantial reduction of A-rich mispriming 

events. Lastly, we show that in vitro polyadenylation coupled to 3énd seq (IVP-seq) is a 

simple and effective means of mapping 3énds of non-poly() RNA and combined with soft-

clipping/mismatch analysis is a promising tool to explore non-templated addition of 

nucleotides to RNA 3énds in vivo.
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• 3´end poly(A)+ sequencing can be used for measurement of mRNA levels and 

poly(A) site mapping.

• Mis-priming of the primer used in the reverse transcription step of 3énd 

poly(A)+ sequencing can result in artefactual identification of poly(A) sites in 

a variety of transcripts and sequence contexts.

• Comparison of widely used read mapping programs (STAR, BWA, and 

BBMap) shows that each algorithm can have a substantial impact of the 

correct identification of poly(A) sites.

• In vitro polyadenylation of total cellular RNAs can be performed to identify 

3énds of non-polyadenylated transcripts and can detect tRNAs with non-CCA 

3énds and splicing intermediates.
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Fig. 1. 
3′ end sequencing workflow with oligo(dT)19V. a) Overview of the 3′ end library 

preparation with oligo(dT)19V reverse-transcription of poly(A)+RNA. oligo (dT)19 annealed 

internally in the pA tail would exhibit a mismatch between the V and A, greatly reducing the 

rate of RT extension. Second strand synthesis with random hexamers adds the read2 adapter. 

PCR amplification adds the P5/P7 adapter sequences with indexes for multiplexed 

sequencing. Sequencing on the flow cell proceeds with a 5′-read1-T19-3′ primer such that 

the first nucleotide sequenced is V (A/C/G), corresponding to the first genomically-encoded, 

non-adenosine ribonucleoside upstream of the pA tail. (b) Overview of the bioinformatics 

workflow for 3′ end sequencing analysis (single-end reads for this example). Reads are 

processed to remove adapters and low-quality sequence (not 5′ trimmed) and mapped to the 

genome, allowing for 5′ soft clipping to address oligo(dT) mis-priming in the pA tail. The 

mapped reads are then collapsed to their 5′ends, and reads likely arising from genomic A/

(G)-rich stretches are flagged. pA site counts can then be analyzed by differential expression 

at the level of specific sites (nt resolution), clusters (multi-nt resolution), or gene-level 

features (100 bp–1 kb resolution). (c) Chart depicting the sources of potential mapping 

artifacts in (oligo(dT)19V) 3′ end seq, characteristics of alignments arising from each 
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artifact, and guidelines for alignment post-processing to generate the most probable 3′ end. 

BWA is the recommended aligner as it requires the least post-processing.
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Fig. 2. 
G-U wobble extension of oligo(dT)G is a common mis-priming event in 3′ end seq. (a) Mis-

priming at the pA tail junction and G-U wobble mismatch extension.(b) pA site calling in 

the TEF1 3′UTR, where the G-U mismatch extension is prevalent (37 °C reverse 

transcription). STAR tends to prefer soft clipping of a single terminal mismatch (CIGAR: 

49=1S) while BBMap and BWA treat this as a mapped, mismatched position (CIGAR: 

49=1X). These events should be treated as mismatches, as soft clipping of G results in 

incorrect positioning of pA site 1 nucleotide upstream. (c) The bar plot depicts the fraction 

of all reads for the first nucleotide sequences (pA-1) for each genomic reference position. U 

is the most common terminal 3′ nucleotide and GU wobble extension accounts for 12% of 

all reads with room temperature addition of reverse transcriptase, and 37 °C reverse 

transcription, and 4% of all reads with addition of 42 °C pre-warmed reverse transcriptase, 

and 42 °C reverse transcription.
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Fig. 3. 
Common sources of 5′end soft clipping and mismatches in 3′ end seq. (a) Mis-priming 

within the pA tail and V-A mismatch extension (top) and soft clipping due to 

polymorphisms near the pA junction. The plot depicts the 20 most frequent soft clipped 

residues in yeast WT (BMA64) 3′seq data. Soft clipping of (A)nB can rescue the correct pA 

site, while polymorphisms identified in the RNA-seq at 100% allele fraction (for haploid 

yeast) should be corrected at the genomic level and reads reprocessed. (b) Polymorphisms 

present in the 3′UTR near the pA junction can lead to incorrect pA site calling due to soft 

clipping (example of an A → C polymorphism in position 2 of reads mapping to a minor pA 

site for the RPL14A 3′UTR). STAR and BBMap tend to prefer soft clipping (CIGAR: 

48=2S), leading to incorrect placement of the pA site at the first T residue in the TAT motif, 

while BWA favors placing a mismatch (CIGAR: 48=1×1=). With the local = t (true) option, 
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BBMap soft clips more aggres-sively than BWA (default options) with mismatches near the 

end.
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Fig. 4. 
Mitigating consequences of oligo(dT) priming to internal A-rich stretches. (a) Genomically-

encoded A/(G)-rich stretches internal to the transcripts can generate false positive pA sites, 

leading to incorrect calling of truncated ORFs or ncRNA processing sites. (b) Global read 

distribution across annotations for 37 °C versus 42 °C reverse transcription and addition of 

42 °C pre-warmed reverse transcriptase. (c) Mis-priming of oligo(dT) to an A-rich “hot-

spot” in the 25S rRNA at 37 °C (top) and 42 °C (bottom). Note the ribosomal RNA 

sequence is on the negative strand. (d) Nucleotide content 50 bp upstream and downstream 

of called pA sites at 37 °C (left) and 42 °C (right) for the indicated genomic regions. (e) 

Analysis of A/G richness downstream of pA sites for 37 °C (left) and 42 °C (right). The y-

axis for the lefthand plots is a score calculated by the number of A’s in the 19 nucleotide 
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downstream region (the region which would base-pair with the T-stretch of the oligo-d(T)V 

primer) with A in the first 6 bp downstream of the pA site given 2X weight. The score for 

the righthand plots contain additionally the number of G’s in the 19 nucleotide downstream 

region (where G is given half the score of A).
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Fig. 5. 
Mapping non-polyadenylated 3′ ends with in vitro polyadenylation coupled to 3′ oligo-dT 

seq (IVP-seq). (a) Treating purified cellular RNA with E.coli poly(A) polymerase and rATP 

for in vitro polyadenylation (IVP) results in addition of long homopolymeric A-tails to non-

polyadenylated RNAs, including abundant non-coding RNAs such as tRNAs (example 

shown), snoRNAs, snRNAs and rRNAs. rRNA depletion is performed after IVP to enrich 

the library for non-rRNA 3′ ends. (b) Global read distribution across annotations for the in 
vitro polyadenylated RNA. (c) The percentage of each soft clipped sequence relative to all 

reads is shown, with the bars colored by RNA class. The first C is occasionally encoded at 

the 3′ end of the tRNA, leading to soft clipping of a single C. Note that the “A” of the 

“CCA” is not specifically detected by this approach as it becomes part of the A-tail and is 
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thus not sequenced. (d) Detection of CU/CCU tails on tRNAs in AlkB-facilitated RNA 

methylation sequencing (ARM-seq) data. tRNA genes are sorted by fraction CU/CCU tails 

relative to the canonical CCA tail, and the different colored data-points represent different 

replicate experiments.
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Fig. 6. 
Identifying splicing intermediates with IVP-seq. (a) 3′ end profiles for the ECM33 pre-

mRNA in WT with normal pA-seq (top) and IVP-seq (bottom). (b) Meta-intron profiles for 

IVP-seq at all 307 S. cerevisiae spliceosomal introns for 100 bp regions centered on the 

5′SS (left) and 3′SS (right). The top panel is a heat map for all introns sorted by least (top) 

to greatest (bottom) signal at the 5′SS. The bottom panel is a meta plot of all regions, with 

the signal in each region normal-ized. Note the double peak at the 3′SS, with the minor peak 

at the first position of the 3′SS, and the absence of signal in the second position, which is A 

for the YAG consensus splice site. (c) 3′ end profiles for the BDF2 mRNA in WT with 

normal pA-seq (top) and IVP-seq (bottom). BDF2 mRNA contains a cryptic 5′SS 

(underlined) subject to spliceosome-mediated decay (SMD), with the second-step of splicing 
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occurring at very low rates resulting in the splicing intermediates being re-leased by the 

spliceosome for degradation [41,48].
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