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ABSTRACT

A major objective of systems biology is to quantitatively integrate multiple parameters from genome-wide measurements. To
integrate gene expression with dynamics in poly(A) tail length and adenylation site, we developed a targeted next-generation
sequencing approach, Poly(A)-Test RNA-sequencing. PAT-seq returns (i) digital gene expression, (ii) polyadenylation site/s, and
(iii) the polyadenylation-state within and between eukaryotic transcriptomes. PAT-seq differs from previous 3′ focused RNA-
seq methods in that it depends strictly on 3′ adenylation within total RNA samples and that the full-native poly(A) tail is
included in the sequencing libraries. Here, total RNA samples from budding yeast cells were analyzed to identify the intersect
between adenylation state and gene expression in response to loss of the major cytoplasmic deadenylase Ccr4. Furthermore,
concordant changes to gene expression and adenylation-state were demonstrated in the classic Crabtree–Warburg metabolic
shift. Because all polyadenylated RNA is interrogated by the approach, alternative adenylation sites, noncoding RNA and RNA-
decay intermediates were also identified. Most important, the PAT-seq approach uses standard sequencing procedures,
supports significant multiplexing, and thus replication and rigorous statistical analyses can for the first time be brought to the
measure of 3′-UTR dynamics genome wide.
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INTRODUCTION

There are multiple points of regulation between mRNA tran-
scription and translation by cytoplasmic ribosomes. Most of
these have been selectively interrogated by high-throughput
sequencing technologies to capture snapshots of system-
wide control of gene expression. The convenient “hook” pro-
vided by the poly(A) tail on the vast majority of mRNA has
also given rise to digital gene expression approaches that
use 3′ focused sequencing based around SAGE (Velculescu
et al. 1995) as a means to quantify the composition of the
transcriptome (Ruzanov and Riddle 2010; Wu et al. 2010;
Hong et al. 2011). Such approaches provide inexpensive
and relatively simple tools to monitor eukaryotic gene ex-
pression. Moreover, the recent realization that condition-de-
pendent alternative 3′-UTR cleavage and polyadenylation is

common in eukaryotes, and can radically alter mRNAmetab-
olism (Sandberg et al. 2008; Mayr and Bartel 2009; Di
Giammartino et al. 2011), has led to further approaches to
identify the frequency and position of alternative mRNA
ends (Beck et al. 2010; Mangone et al. 2010; Ozsolak et al.
2010; Yoon and Brem 2010; Fu et al. 2011; Jan et al. 2011;
Shepard et al. 2011; Ulitsky et al. 2012;Wilkening et al. 2013).
The poly(A) tail is more than just a convenient purification

hook however; polyadenylation of protein-coding RNA is
essential for eukaryotic life and normal protein translation.
The length to which the poly(A) tail is extended after tran-
script cleavage is regulated; typically ∼90 residues in yeast
and∼300 residues inmammals. The exact length distribution
at steady state, however, can reflect a number of metabolic
activities that include normal transcript ageing, deadenyla-
tion associated with transcript silencing, and activation of
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translation by cytoplasmic re-adenyla-
tion. Each of these processes is associated
with specific disease states. For example,
inappropriate cytoplasmic adenylation
is found in cancer (Ortiz-Zapater et al.
2012), induced target deadenylation is
associated with microRNA-mediated re-
pression (Beilharz et al. 2009; Eulalio
et al. 2009; Fabian et al. 2009), and muta-
tions that result in hyperadenylation and
nuclear retention of mRNA can cause
intellectual disability (Pak et al. 2011).
On the other hand, addition of a short
poly(A) tail is also utilized by the RNA
exosome during RNA decay, and thus
many decay intermediates as well as non-
coding transcripts are terminated by a
short poly(A) tail (Wyers et al. 2005;
Slomovic et al. 2010). Finally, widespread
stutter activity of RNA Pol II surrounding transcriptional
start and termination sites (Kapranov et al. 2010; Wei et al.
2011) forms a further source of adenylated RNA in the cell.
Here we harness the efficiency of Klenow-mediated 3′ tag-

ging (Janicke et al. 2012) to measure the dynamics of the
adenylated transcriptome. The PAT-seq [for Poly(A)-Test
RNA-sequencing] approach depends on the initially counter-
intuitive notion of including the poly(A) tail in 3′ focused
RNA-seq libraries. The potential loss of fidelity within homo-
polymers is avoided by directional sequencing from the 5′

end of fragments. We show here that this approach can pro-
vide an efficient method for the measure of 3′-UTR dynam-
ics. Using just 1 μg of total RNA from each of 13 biological
samples for library preparation, andmultiplexed over a single
lane of Illumina Hiseq sequencing, the PAT-seq approach ac-
curately detected statistically significant changes in poly(A)
tail-length distribution, reported digital gene expression,
and clearly identified polyadenylation-site usage within and
between transcriptomes.

RESULTS AND DISCUSSION

The PAT-seq methodology

To build a quantitative method for measure of 3′-UTR dy-
namics in eukaryotic transcriptomes, we adapted the ePAT
approach (Janicke et al. 2012) to NGS. A schematic represen-
tation of the approach is shown in Figure 1A. Briefly, adeny-
lated RNA is extended by dNTPs using the Klenow fragment
of DNA polymerase I with an annealed anchor-oligo as a
template. Importantly, any undesirable priming to internal
poly(A) tracts in RNA is avoided by a requirement for this
3′ extension in subsequent steps. Here, we applied an anchor
sequence compatible with the Illumina index primers and in-
cluded a 5′ biotin moiety to facilitate handling. In a second
step, the 3′ tagged RNA is subjected to limited fragmentation

by RNase T1 which cleaves after G-residues and thus ensures
that cleavage is only possible within the body of the RNA,
leaving the poly(A)-tract and the DNA-based 3′-tag protect-
ed. The extended 3′ fragments were collected on streptavidin
magnetic beads and 5′ phosphorylated to allow ligation of an
Illumina compatible splinted 5′-linker. Reverse transcription
was primed from the bead-bound anchor sequence. The
PAT-seq cDNA libraries were eluted from beads, size-select-
ed by 6% urea-PAGE and amplified with primers that intro-
duce the features for strand-specific Illumina sequencing and
indexing. For the Saccharomyces cerevisiae mRNA analyzed
here, the window of selection was 120–300 bases accommo-
dating inserts of ∼60–240 bases in length. This range was
selected to ensure sufficient 3′-UTR sequence to unambigu-
ously align reads to the yeast genome and to extend well
into poly(A) sequence, allowing the generation of a surrogate
score of adenylation. Because all reads run 5′ to 3′, from
unique sequence into a variable length of poly(A) homopoly-
mers, color balance is preserved and any loss of sequencing
register caused by PCR slip is limited to the end of the read.

PAT-seq as a tool to study 3′-UTR dynamics

To demonstrate the versatility of the PAT-seq approach, we
took advantage of the rapid and widespread transcriptional
change in yeast cultures responding to carbon source shifts
(Fig. 1B). The sequential addition of first galactose, and
then glucose to cells growing with glycerol/ethanol as a car-
bon source induces a massive shift in transcription as cells
rewire their metabolism from respiratory to fermentative
growth, in what is termed the Warburg and Crabtree effect
(Diaz-Ruiz et al. 2011). As an additional control for the fidel-
ity of the poly(A) tail measurement, we also profiled wild-
type cells and cells lacking the major deadenylase, Ccr4
(Tucker et al. 2001). Biological replicates of each strain
were profiled, utilizing 1 μg of total RNA as input into
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FIGURE 1. Poly(A)-Test sequencing. (A) Schematic representation of the PAT-seq approach.
(B) Schematic of the experimental approach for the Crabtree Warburg metabolic shift of yeast
cells transitioning from respiratory to fermentative growth. Red arrows indicate times of cell har-
vest; YPEG, Gal, and Glu refer to ethanol/glycerol, galactose, and glucose as carbon source. (C)
The position of each adenylation site relative to the annotated transcript stop codon (0). Note the
peak position for adenylation sites is∼100 bases after the stop. The increased number of positions
in the Δccr4 sample derives from loci that are silent in the wild-type strain.
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PAT-seq library preparation (see Materi-
als and Methods and Supplemental
Material). The libraries were ampli-
fied using 16 cycles of Illumina-indexing
PCR, pooled and sequenced on a single
lane of an Illumina Hiseq 1500 in rap-
id-run mode using 100-bp single-end
chemistry. This returned an average of 8
M reads per biological sample for align-
ing to the S. cerevisiae genome. We devel-
oped an open-source software-pipeline
called tail-tools pipeline for analysis
of PAT-seq data (http://rnasystems.erc.
monash.edu/). To avoid poly(A) driven
mismapping, 3′ homopolymer stretches
were masked prior to alignment to the
reference genome sequence, and align-
ments were subsequently extended if
part of the homopolymer stretch was ge-
nome encoded. The position of the first
nontemplated adenosine, within a run
of more than three, was taken as the site
of adenylation.

Aligning the number of adenylated po-
sitions relative to the stop codon of all
annotated yeast genes, shows that the
vast majority of the PAT-seq reads map
to 3′ UTRs, and confirms previous esti-
mates that the average length of a yeast
3′ UTR is ∼100 bases (Fig. 1C; see also
Supplemental Fig. S3e; Nagalakshmi
et al. 2008). Simple exploratory analysis
within the integrated genome browser
(IGV) (Thorvaldsdóttir et al. 2012) high-
lights that most PAT-seq reads map to
“peaks” adjacent to sites of polyadenyla-
tion (Supplemental Fig. S1) and because
the PAT-seq reads are directional, they are readily mapped
to their genomic locus of origin. Many loci showed additional
evidence for noncoding 3′ and 5′ sense and antisense tran-
scription as has been previously noted (Supplemental Fig.
S1b; Nagalakshmi et al. 2008; Ozsolak et al. 2010; Yoon
andBrem2010). Furthermore, since RNA can become adeny-
lated during exosome-mediated decay (Slomovic et al. 2010),
noncoding and structural RNA was also detected (Supple-
mental Fig. S1c).When reads were assigned to annotated pro-
tein-coding genes, 6111 out of the 6486 (94%) annotated
genes were detected in our combined data set. However,
when reads containing a poly(A) stretch were clustered into
adenylation sites across the genome, 23,636 adenylation sites
(or peaks) were identified in the S. cerevisiae transcriptome.
This increase in number of adenylation sites relative to anno-
tated genes reflects the complex interplay between adenyla-
tion of the coding and noncoding transcriptome. Raw and
normalized data are available (GEO accession GSE53461).

PAT-seq returns digital gene expression data

To visualize expression change within our data, the Tail-
Tools pipeline generates heatmaps of expression, built from
either read-counts associated with annotated genes, or from
individual peaks mapped to the genome (as in Fig. 2A). In ge-
neral, RNA-seq is considered highly quantitative (Nookaew
et al. 2012). Several 3′ focused RNA-seq methods have
been developed for cleavage and adenylation site mapping
and RNA quantitation. Of these, the 3′ T-fill approach has
been suggested by Wilkening et al. (2013) to be the most ro-
bust. To confirm that our PAT-seq approach accurately esti-
mates mRNA abundance, we performed a comparison to the
wild-type yeast transcriptome analyzed by the 3′ T-fill ap-
proach or regular RNA-seq under equivalent experimental
conditions (Wilkening et al. 2013). Comparing the read-
counts between PAT-seq and 3′ T-fill for the measure of
digital gene expression the correlation is strong (r = 0.8015)
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FIGURE 2. PAT-seq for DGE and polyadenylation state. (A) Differential expression of peaks
(adenylated sites) with greater than sixfold change in expression line average and ≥10 reads.
The red bar indicates normally silent genes deregulated in theΔccr4mutant. (B) The Pearson’s cor-
relation between PAT-seq read count and 3′ T-fill. Each black spot represents one of n genes. (C)
The correlation between PAT-seq read count and the per gene average depth of coverage by RNA-
seq. (D) The correlation between the average (per gene) andenylation-state of theWt and theΔccr4
transcriptomes. The solid line indicates the line of tail-length parity; the dashed line indicates the
average change in adenylation-state ratio between the wild-type and the Δccr4 transcriptome. (E)
The correlation between tail-length change and expression-level change between thewild-type and
the Δccr4 transcriptome. (F) The adenylation-state change in average tail sequenced for candidate
mRNA during themetabolic shift. The change is homo-directional to gene expression change. (G)
The correlation between transcript length and adenylation-state ratio (Δccr4 versus wild type).
Large ribosomal subunit genes are marked red, and small ribosomal subunit genes are green in
the figure on the right. Note: All data presented have an associated P value <0.0001.
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(Fig. 2B), as is the correlation between PAT-seq and regu-
lar RNA-seq (r = 0.7860) (Fig. 2C). Indeed the latter
correlation is slightly higher than the internal correlation be-
tween 3′ T-fill and regular RNA-seq performed within the
Steinmetz laboratory (r = 0.7185; Supplemental Fig. S2a).
The correlation of these data collected by laboratories on
opposite sides of the globe strongly supports the power of
PAT-seq for digital gene expression. Internal reproducibility
between biological replicates was also very strong (r = 0.9670
and r = 0.9294 for gene expression and polyadenylation state,
respectively) (Supplemental Fig. S2b–d). Genome-wide,
adenylation site mapping was essentially identical between
PAT-seq and 3′ T-fill (Supplemental Fig. S2e).

The integration of adenylation-state with gene
expression

The changing distribution of poly(A) tails associated with
mRNA can be diagnostic of certain aspects of RNA metabo-
lism. Newly synthesized mRNA is usually long tailed, but any
particular mRNA may display a spectrum of poly(A) tail
lengths at steady state. In yeast, the global distribution ranges
between ∼10 and 80 A residues in wild-type cells (Minvielle-
Sebastia et al. 1998; Lee et al. 2014), but can be restricted for
specific transcripts, for example, RPL46, PGK1, and MFA2
have been analyzed in high resolution to show a maximal
poly(A) length of ∼55, ∼60, and ∼70, respectively (Brown
and Sachs 1998). The detection limit for data analyzed here
was ∼80 A (Supplemental Fig. S3). To determine if meaning-
ful poly(A) tail-length distributions can be extracted from
PAT-seq data, we calculated the average number of nontem-
plated adenylate residues terminating each mapped read, and
then compared the adenylation-state of the transcriptome of
wild-type cells with cells lacking the major cytoplasmic dead-
enylase Ccr4. The average length of the poly(A) tail se-
quenced in wild-type cells was 25.6 adenosines; in Δccr4
cells the average was 32.4. Most transcripts have an extended
poly(A) tail in Δccr4 cells (data points above the diagonal line
in Fig. 2D). Moreover, the longer the average sequenced tail-
length in wild-type cells, the greater the increase in the mu-
tant (dashed line in Fig. 2D).
Given that mRNA decay is initiated by poly(A)-trimming,

a natural expectation was that poly(A)-stabilization in Δccr4
cells would correspond to an increase in mRNA abundance.
This was not the case however, if anything, a negative corre-
lation was observed between expression change and poly(A)
tail length-change (Fig. 2E). These data support recent evi-
dence for transcript buffering (at the level of transcription)
in the absence of normal mRNA turnover (Sun et al. 2013)
and point further toward translational regulation as a source
for the phenotypic differences that have been observed in
Δccr4 cells. Note: Random fragmentation by RNase T1 and
a tight window of size selection, combined with 100 base
Illumina reads, meant that not all reads were sequenced to
the end of the poly(A) tract in our libraries for this experi-

ment. In effect this means the poly(A) distribution of the
transcriptome was subsampled. It is important to note that
this still allowed detection of dynamic changes in adenyla-
tion-state between transcriptomes. For example, changes
between the adenylation state of specific transcripts in
Δccr4 and wild-type cells were as easily detected when the
data were further subsampled for only reads that include an
in-phase 3′ anchor and thus represent a complete native
tail (Supplemental Fig. S3).
Condition-dependent changes in poly(A) tail length were

also clearly recorded. The metabolic shift applied to wild-
type cells (Fig. 1B) is accompanied by well-characterized
changes in the adenylation-state of specific genes (Decker
and Parker 1993; Beilharz and Preiss 2007; Janicke et al.
2012). In general, the adenylation-state changes observed
are homo-directional to changes in transcription. Thus, tran-
scripts required for galactose catabolism (e.g., GAL1) are
induced with a long poly(A) tail that is shortened after tran-
scriptional inhibition by glucose as the transcript population
ages (Janicke et al. 2012), and transcriptional repression
of mRNAs encoding respiratory proteins is accompanied
by age-related poly(A) shortening (e.g., CIT1). mRNA en-
coding fermentative mRNA, on the other hand, (e.g.,
PDC5) increase in poly(A) length as new transcripts replace
aged ones (Fig. 2F).
We and others have previously reported that longer tran-

scripts tend to have shorter poly(A) tails at steady state
(Beilharz and Preiss 2007; Lackner et al. 2007; Subtelny
et al. 2014). Here we extend this observation showing that
longer transcripts exhibit a bigger proportional difference
in tail length between wild-type cells and Δccr4 cells (Fig.
2G). This couldmean that the Ccr4–Not complex is recruited
to such transcripts earlier in their metabolism. Or, that the
poly(A) tails are less protected from the Ccr4–Not complex
in longer transcripts. Notably, the generally short riboso-
mal protein genes tend to exhibit only moderate poly(A)
extension in the absence of Ccr4 and hints at yet another ex-
ample of the specialized control of this tightly regulated
group of transcripts. The coregulated ribosomal biogenesis
cluster on the other hand, does not show this trend (data
not shown).
Little correlation was observed between the average se-

quenced poly(A) tail and mRNA abundance or protein ex-
pression (Supplemental Fig. S3B,C). This is in contrast to
our pervious observations using poly(U)-chromatography
and microarrays (Beilharz and Preiss 2007). However, multi-
ple factors likely explain this difference. Including for
example, the plasticity of adenylation state, and the genetic
background of yeast strains utilized, previously W303a,
versus BY4741 in the current study. An important further
difference is that previous approaches depended on relative
changes in the proportion of long versus short-tailed
mRNA as measured by competitive-hybridization on micro-
arrays. This measurement was weighted toward the longest
tails within a population and the array technology favored
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abundant transcripts (Beilharz and Preiss 2007; Lackner et al.
2007). Here we report the average length of tail-length distri-
bution at high resolution and with digital precision. Recently,
an accurate but technically complex alternative approach to
the measure of poly(A) tail length, PAL-seq, was described
(Subtelny et al. 2014). The average tail length of the yeast-
transcriptome differed by only 1 nt between the PAL-seq
and PAT-seq methods, and the average-length distribu-
tions were similar, with a moderate gene-to-gene correlation
(r = 0.3339; Supplemental Fig. S3c). Such modest correlation
is not uncommon for between-laboratory comparisons as ex-
emplified by Grigull et al. (2004) in a study comparing
mRNA stability.

Bringing statistical rigor to tests of 3′-UTR dynamics

The cost-effective nature of PAT-seq means biological repli-
cation is feasible and the data are thus readily analyzed for
statistical significance using a combination of standard and
custom tools. To identify statistically significant polyadenyla-
tion changes, we modified the limma software package to
account for a depth-dependent variation in average poly(A)
tail-length measurements (see Materials and Methods).
For example, between Δccr4 cells and BY4741 wild-type
cells, 135/5607 genes, 277 /147750 adenylation sites, and
the poly(A) tails of 4108/5229 genes, were statistically signif-
icantly differentially expressed (FDR≤ 0.05).

Within the four samples representing the metabolic shift
from respiration to fermentation, 1947/5696 annotated
genes, 2721/17113 adenylation sites and the poly(A)-tails of
499/5273 genes were statistically significantly differentially
expressed (by ANOVA, FDR ≤ 0.05). To confirm that this
approach correctly identified the expected transcripts, we
looked within the 499 statistically differentially adenylat-
ed transcripts. As expected, the galactose regulon (GAL1,
GAL2, GAL3, GAL7, GAL10, and GAL80) was identified as
significantly regulated; moreover, the metabolic shift to fer-
mentation signals a major change in adenylation-state. The
gene ontology terms associated with increased or decreased
poly(A) length after 10min of glucose addition were cytoplas-
mic translation (GO: 0002181 P = 6.79146) and oxidation–
reduction process (GO: 0055114 P = 1.83624), respectively
(Funassociate: Berriz et al. 2009). Interactive visualization of
our complete data set is available here (http://rnasystems.erc.
monash.edu/).

Cells lacking Ccr4 fail to silence repressed loci

The genes up-regulated in Δccr4 cells, were those that are typ-
ically silent in rich media (Fig. 2A). The mating pathway was
the major deregulated gene-set associated with loss of Ccr4.
However, in addition to the aberrant expression of mating
specific genes such as PRM3, Δccr4 cells also overexpress
GPG1, a morphogenic regulator of pseudohypal growth,
and GSC2 the catalytic subunit of 1,3 β-glucan synthase, nor-

mally involved in the spore wall formation (Fig. 3A, and
Additional file 3). Moreover, a number of differentially ex-
pressed adenylated noncoding transcripts were identified as
emanating from the long terminal repeats (LTRs) of yeast re-
tro-transposons (TY) and ribosomal RNA. One such tran-
script extended from the Ty3 LTR (YORWsigma3) in Δccr4
cells overlapping the 3′ UTR, and reducing the abundance
of the major chromatin remodeler SNF2 (Fig. 3A,B). Similar-
ly, a transcript extending from the YLRWsigma2 LTR over-
lapped the secretory regulator AVL9 (Supplemental Fig.
S1c). Failure to appropriately silence these loci in rich media
may explain the diverse phenotypes that have been assembled
for this mutant (Panepinto et al. 2013).

Alternative adenylation of coding and noncoding RNA

Widespread alternative polyadenylation (APA) provides a
mechanism whereby single transcripts can switch between
different 3′-UTR-encoded signals regulating translation (Ji
and Tian 2009; Beck et al. 2010; Mangone et al. 2010;
Ozsolak et al. 2010; Yoon and Brem. 2010; Fu et al. 2011;
Haenni et al. 2012; Jan et al. 2011; Shepard et al. 2011;
Ulitsky et al. 2012). PAT-seq is exquisitely sensitive to the
presence of alternative cleavage and adenylation sites within
the 3′ UTRs of mRNA (Fig. 3C; Supplemental Fig. S1).
Because PAT-seq depends on extension of the 3′ end of
adenylated RNA, priming to internal poly(A)-tracts is rare
and adenylation sites identified by PAT-seq represent bona
fide adenylated 3′ ends of RNA (Fig. 3A; double bands
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seq data, gene-by-gene T12VN-PAT and ePAT assays were performed.
The T12VN-PAT assays indicate the size of the PCR amplicons with a
limiting (A12)-poly(A) tail whereas the ePAT assay includes the full-na-
tive poly(A) tail in amplicons. Note the up-shift in amplicons sizes in the
Δccr4mutant samples. (B) Schematic of the antiparallel orientation and
the Ty3 LTR YORWsigma3 (LTRσ3) transcript and of SNF2. (C) APA
shifts the transcript cleavage and adenylation between Proximal (P)
and Distal (D) recognition sites. (D) The dinucleotide preceding the
adenylation site is nonrandom. The flattened transcriptome indicates
the percentage of dinucleotide usage at unique adenylation sites, com-
paring abundant and rare sites equally. The full transcriptome indicates
all reads encompassing the adenylation site, incorporating transcript
abundance.
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PRM3 and LTRσ3). To validate examples of APA in our data,
we used a classic anchored T(12)-VN oligonucleotide, com-
monly used in 3′ RACE (Janicke et al. 2012) and purpose-
built 3′ focused RNA-seq approaches (Beck et al. 2010;
Yoon and Brem 2010; Shepard et al. 2011; Derti et al.
2012) including the 3′T-fill method used for comparisons
(Fig. 2B,C). While generally validating all the APA sites we
detect by PAT-seq, a shortcoming of this anchored approach
is internal priming (see Fig. 3A,GPG1∗). Moreover, the T(12)-
VN approach sometimes failed to support the stoichiometry
of APA forms suggested by PAT-seq and gene-by-gene ePAT
measurements. For example, the amplicons for SNF2 gener-
ated by T(12)-VN priming, appear less abundant than the WT
and Δccr4 samples prepared by ePAT, while this is not the
case for the other genes shown (Fig. 3A).
We reasoned that nonrandom dinucleotide usage im-

mediately prior to the adenylation sites in abundant tran-
scripts might deplete specific combinations of the variable
nucleotides (VN; N = any, V = any but T) in the T(12)-
VN approach. To address this issue, we extracted dinucleo-
tide frequency immediately preceding the polyadenylation
site in either all adenylated reads, or all distinct 30 base
sequences immediately preceding adenylation in reads (full
or flattened transcriptome, Fig. 3D). This uncovered a strong
bias in sequences immediately prior to the site of adenyla-
tion. In the full wild-type yeast transcriptome (all adenylated
reads), the frequency distribution was as follows: TG
(35.2%) > TT (16.9%) > TC (13.2%) > AT (7.5%) > AC
(5.1%) > CT (4.9%) > CC (4.3%) > AG (3.5%) > GT
(2.9%) > GG (2.8%) > CG (2%) > GC (1.7%). We next
compared these proportions with the unique adenylation
sites (flattened transcriptome) encoded in the genome. For
11/12 variable dinucleotides, a high correlation was observed
between the full or flattened transcriptome (r = 0.94). A sin-
gle outlier (TG) was ∼3.7 times over-represented in the full
transcriptome (Fig. 3B) and likely represents highly abundant
transcripts. Together, TT and TG precede >50% of the
adenylation sites in the transcriptome. Indeed the poly(A)
tail of SNF2 is preceded by the TT nucleotide pair, likely ex-
plaining its under-representation by the T(12)-VN approach
in the validation data. By the Klenow-mediated extension ap-
proach, in contrast, there is no sequence selection beyond a
requirement for adenylation, and thus it provides an unbi-
ased tagging strategy for quantitation of adenylated RNA
molecules.
Rapid advances in sequencing technologymean longer and

more accurate reads through the poly(A) tails are possible. At
the time of revision of this manuscript we utilize 150 base
reads, and broader size selection, to detect statistically signifi-
cant 3′-UTR dynamics in the human, murine, and nematode
worm transcriptomes. The sum attributes described here
lead us to propose PAT-seq as a powerful new addition to
the family of RNA-seq methodologies and particularly for
the measurement of 3′-UTR dynamics within eukaryotic
transcriptomes.

MATERIALS AND METHODS

Yeast culture and RNA extraction

The yeast strains BY4741 and Δccr4::KanMX were grown in rich
media (2% peptone, 1% yeast extract, and 2% glucose) to an
OD600 of 0.8 at 30°C with shaking. To induce a carbon source shift,
BY4741 cells were grown overnight in 100 mL rich glycerol/ethanol
media (2% peptone, 1% yeast extract, 3% glycerol, and 2% ethanol)
to an OD600 of 0.8 at 30°C with shaking. At the start of the experi-
ment 10 mL of culture was harvested, washed in 1 mL of ice-cold
dH2O and snap frozen. To induce Galactose catabolic gene expres-
sion, 40% Galactose was added to the culture to a final concentra-
tion of 2% (w/v). After 10 min, 10 mL of culture was harvested
and 40% glucose was added to a final concentration of 2% (w/v).
Additional samples were harvested after 10 and 20 min of growth
in the presence of glucose. Total RNA was extracted from snap fro-
zen cell pellets by hot phenol extraction as previously described
(Beilharz and Preiss 2009).

PAT-seq library preparation and Illumina sequencing

Briefly, the 3′ tag addition was based on our previous work (Janicke
et al. 2012) except that a template oligonucleotide compatible with
Illumina adaptor sequences (PAT-seq end-extend: [Bio]CAGACGT
GTGCTCTTCCGATCTTTTTTTTTTTTTTTTTT) was used. The
5′ biotin facilitates enrichment of 3′-end-extended RNA fragments.
For limited RNase T1 digestion, the extended RNAwasmixed with a
dilute (1/1000) solution of RNase T1 (100,000 units/mL; Roche) for
1 min on ice followed by immediate phenol/chloroform extraction
in phase-lock tubes to stop the reaction. The extended 3′ RNA frag-
ments were collected on streptavidin beads and 5′ phosphorylated
with T4 PNK. A splinted 5′ linker was prepared by stoichiometrically
pre-annealing PAT-seq Splint A (5′-CCCTACACGACGCTCTTC
CG(rA)(rT)(rC)(rT)-3′) and PAT-seq Splint B (3′-GGGATGT
GCTGCGAGAAGGCTAGANNNN-5′). This was ligated to the 5′

end of the 3′ fragments with T4 RNA ligase 2 (New England
Biolabs) overnight at 16°C. Excess 5′ splint was removed by washing
the magnetic beads prior to reverse transcription from the PAT-seq
end-extend primer on the magnetic matrix using Super Script III
(Life Technologies). The cDNA was size selected by elution from
the beads in 2× formamide gel loading buffer and electrophoresis
(6% urea-PAGE) alongside a 25-bp DNA ladder. The gel was stained
with gel-star nucleic acid stain (Lonza) and imaged (Fugi LAS3000
and printed 1:1 to facilitate gel excision. Library cDNAs were eluted
by the “crush and soak”method and then ethanol precipitated with
the aid Glycoblue co-precipitant (Life Technologies). One-third of
the purified cDNA was used as input for 16 cycles of amplification
with PAT-seq Universal forward sequencing primer (5′-AATGATA
CGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT
CTTCCG-3′) and ScriptSeq Index PCR reverse primers (Epicentre)
and AmpliTaq Gold 360 Master Mix (Life Technologies). A detailed
laboratory-ready protocol for library preparation is supplied
(Supplemental file 3). PAT-seq libraries were sequenced on a single
lane of the Illumina Hiseq1500 platform with 100 base rapid chem-
istry according to the manufacturer’s instructions at the Gandel
Charitable Trust Sequencing Centre (Monash University). T12VN-
PAT and ePAT assays were performed as previously described
(Lee et al. 2014). Figures were prepared using Adobe Photoshop,
Illustrator, and GraphPad Prism.
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Analysis of PAT-seq data

We have automated analysis of PAT-seq data with an open-source
pipeline, tail-tools (http://rnasystems.erc.monash.edu/). This soft-
ware automates alignment to reference, identification of adenylation
sites, read counting, and poly(A) tail-length estimation, production
of visualizations to assess data quality, and statistical analysis. Reads
were first clipped of poly(A) and adaptor sequence: The read was
searched for a run of “A”s extending to the end of the read, or a
run of “A”s extending into the adaptor sequence. An error rate of
one base in five was allowed, and read bases with quality below 10
were ignored. Clipped reads were then aligned to the reference ge-
nome using Bowtie 2 (Langmead and Salzberg 2012). Where a
read had several equal best alignments, one was chosen at random.
Alignments which were followed by “A”s in the reference genome
were extended to cover these “A”s if theywere also seen in the original
read.We refer to the number of nontemplated “A”s in a read as its tail
length. Reads with tail length of at least four are referred to as poly(A)
reads below. Reads were assigned to genes if their alignment over-
lapped the region from the 5′ end of the gene to 200 bases 3′ of the
3′ end of the gene. If this would assign a read to multiple genes,
the geneminimizing the distance between the 3′ end of the alignment
and the 3′ end of the gene was chosen. From this a count of reads per
gene was obtained. Where a gene had at least 10 poly(A) reads, the
average tail length of poly(A) reads is also calculated for that gene.
It is expected to be an underestimate as the whole poly(A) tail is
not always read, except in the case of poly(A) tails shorter than 12bas-
es, in which case it may be an overestimate.

Adenylation sites were called where the 3′ end of the alignments
of at least 50 poly(A) reads occurred within 10 bases of each other.
Where multiple candidate sites exist within 50 bases of each other,
only the site with the greatest number of poly(A) reads is called.
Reads were assigned to adenylation sites if their alignment over-
lapped a region from 100 bases 5′ of the site to the site itself.
Again, if a read could be assigned to multiple adenylation sites the
site minimizing the distance to the 3′ end of the alignment was cho-
sen. As with genes, read counts and average tail lengths are calculat-
ed for each called adenylation site.

Statistical analysis and differential expression testing

Since each adenylated RNA molecule generates only a single read,
raw counts were simply converted to log2 reads per million
(RPM) without further normalization to transcript length. Normal-
ization of read counts between samples was performed using TMM
normalization (Robinson and Oshlack 2010) as implemented in
Bioconductor package edgeR, to obtain reads per million (RPM)
values. To visualize expression data in heatmaps, RPM values
are transformed using the variance-stabilized log transformation
(Durbin et al. 2002) to suppress excess variation in genes or adeny-
lation sites with low read count. Significant differential expression
was detected using a moderated t-test on log transformed count
data, using the Bioconductor package limma (Smyth 2004), and us-
ing voom to log-transform and weight read counts. Before testing
for differential expression, we filter out all features where there is
no sample with at least 10 reads. For comparisons to existing data
from Wilkening et al. (2013), files were extracted from GSE40110
using data pile-ups of start positions for 3′T fill, and depth of cov-
erage for RNA-Seq. For comparisons to PAL-seq, data were extract-
ed from GSE52809 and relied on at least 10 reads in each data set.

Differential tail-length testing

We tested for differential tail lengths, using a custommodification of
limma. The accuracy to which each estimated tail length is known is
quite variable, depending on the number of poly(A) reads available
and the native distribution, and this needs to be taken into account
before limma can be used. We therefore modified the limma pack-
age as follows: Let X be the design matrix for a linear model we wish
to fit to the data. We first find a basis N for the null space of the de-
sign matrix X. That is, a matrix N such that NTX is zero, and for
which concatenating the columns of X andN produces a square ma-
trix of full rank. Multiplying a data vector �y by NT eliminates any
contribution the linear model may have made to �y. Assuming the
tail lengths Yij for a feature i in the different samples j are indepen-
dent and normally distributed with variances s2

ij, we model the vec-
tor �yi as being drawn from a multivariate normal distribution with
mean given by the linear model and covariance by the diagonal ma-
trix Si = diag(s2

i1,s
2
i2, . . . ,s

2
in). For each feature i, NT�yi is drawn

from amultivariate normal distribution withmean 0 and covariance
NTSiN . We seek an assignment of s2

ij by maximum likelihood esti-
mation, by maximizing the total of the log probability densities of
each NT�yi being drawn from the multivariate normal distribution
N (0,NTSiN). Let rij be the number of reads used to calculate the
average tail length yij. We expect each tail length observed in a
read to have some technical variance s2

T . We further expect there
to be per-sample biological variance s2

B, which was found to scale
as the square of the tail length. Hence our model of variance in
the tail lengths is

s2
ij =

s2
T

rij
+ s2

By
2
ij

with s2
T and s2

B chosen by MLE as described above.
The variances s2

ij are used to calculate weights 1/s2
ij for use

with the limma software package. By using limma we ensure that
features with biological variance larger than the s2

B fitted globally
are not falsely counted as significant. Before testing for differential
tail lengths, we filter out all features where there are insufficient sam-
ples with at least 10 poly(A) reads to allow the fitting of the linear
model.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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