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Abstract

The polyadenylation of mRNA in eukaryotes is an important biological process. In recent years,

significant progress has been made in the field of mRNA polyadenylation owing to the advent of

the next generation DNA sequencing technologies. The high-throughput sequencing capabilities

have resulted in the direct experimental determinations of large numbers of polyadenylation sites,

analysis of which has revealed a vast potential for the regulation of gene expression in eukaryotes.

These collections have been generated using specialized sequencing methods that are targeted to

the junction of 3’-UTR and the poly(A) tail. Here we present three variations of such a protocol

that has been used for the analysis of alternative polyadenylation in plants. While all these

methods use oligo(dT) as an anchor to the 3’-end, they differ in the means of generating an anchor

for the 5’-end in order to produce PCR products suitable for effective Illumina sequencing; the use

of different methods to append 5’ adapters expands the possible utility of these approaches. These

methods are versatile, reproducible, and may be used for gene expression analysis as well as

global determinations of poly(A) site choice.

Keywords

alternative polyadenylation; high throughput sequencing; gene expression

© 2013 Elsevier Inc. All rights reserved.
*Corresponding authors: Qingshun Q. Li - Department of Botany, Miami University, Oxford, Ohio, 45056; tel: (513) 529-4256;
liq@miamioh.edu. Arthur G. Hunt, Department of Plant and Soil Sciences, University of Kentucky, Lexington, Kentucky
40546-0312; tel: 859-218-0776; aghunt00@uky.edu.
#The first two authors made equal contributions.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Methods. Author manuscript; available in PMC 2015 May 01.

Published in final edited form as:
Methods. 2014 May 1; 67(1): 74–83. doi:10.1016/j.ymeth.2013.06.037.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Introduction

The introduction of the second generation sequencing technology has greatly facilitated the

study of mRNA polyadenylation. This is indicated by numerous studies of high through-put

studies of poly(A) sites [1–3]. The results provide detailed cellular transcript poly(A)

profiles in different developmental stages, cell types, or disease states. From this growing

body of literature, the extent of alternative polyadenylation and its relevance to gene

expression has been revealed.

Among next generation sequencing platforms, RNA-seq using Illumina sequencing-by-

synthesis technology was designed to efficiently characterize transcriptomes. However,

regular RNA-seq protocols can only collect a small proportion of poly(A) sites due to the

randomness of RNA fragmentation. To enhance the recovery of poly(A) sites, a number of

poly(A) tag sequencing (PAT-seq) protocols have been developed that target only the

junctions of the 3’-UTR and poly(A) tails. Systematic characterization of almost all

transcripts in a sample is made possible by such technologies, the impact of which can be

easily seen by comparing how many poly(A) sites were available before [4–6] and after the

advent of PAT-seq methodologies (e.g., [3, 7, 8]). High-throughput determinations of

poly(A) site usage has in turn led to a growing appreciation for the role of alternative

polyadenylation (APA) in numerous processes including oncogene regulation [9, 10],

development [11–14], and cellular differentiation [15, 16].

In plants, APA has been shown to contribute to the regulation of flowering time [17–21],

oxidative stress responses [22, 23], and the expression of genes involved in RNA processing

[24]. However, additional biological processes that involve APA are awaiting discovery.

With the sequences of many plant genomes now available, the application of PAT-seq

technologies to global transcriptome analysis of numerous crop plants and other species is

now possible. We have developed a set of PAT-seq protocols that takes the advantage of

several properties of Illumina sequencing, namely short (75–100 nts) and massive amounts

of reads (10–100 million/lane). In this report the performance and reproducibility of these

methods are discussed.

Methods

Biological sample preparation and RNA isolation

Arabidopsis leaf and seed RNA was isolated from young plants as described previously [8].

For RNA from imbibed seeds, approximately 0.10g of wild type Arabidopsis thaliana (Col.)

seeds were placed on top of two layers of Whatman No.1 filter paper, wetted with distilled

water, in a BD Falcon Bacteriological Petri dish (standard style dish, 100 x 15 mm). The

seeds were incubated at 4°C for 3 days to alleviate dormancy and then transferred to 25°C

under a light intensity of ~ 130 μmole•m−2•sec−1. After 48hr, RNA was isolated for further

manipulation.

Three related strategies for PAT preparation are described in the following. These strategies

share a common first step, the isolation of RNA from an appropriate source. For the studies

described in this report, RNA was isolated from Arabidopsis thaliana seed or from young A.
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thaliana leaf tissue. These isolation procedures follow those described previously [25–28].

Briefly, leaf RNA was isolated using the Trizol reagent (Life Technologies, Carlsbad, CA)

for extraction and subsequent precipitation using ethanol [25–27]. Seed RNA was isolated

using a hot borate extraction [28]. Subsequently, total RNA (between 2 and 10 μg, in a total

volume of 50 μl) was treated with 2 U of RNase-free DNase I (Thermo Scientific, #

EN0521) following the manufacture’s protocol. DNAse I-treated RNA was purified using

the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA; # 74904). RNA samples were

quantified using a Nanodrop instrument (Biotek, Winooski, VT, USA; Model: Synergy™

HT), and were occasionally assessed using a Bioanalyzer (Agilent Technologies, Santa

Clara, CA, USA; Model 2100).

Preparation of Poly(A) Tags (PATs)

Three related procedures are described in the following. These procedures are termed as

Method A, Method B1, and Method B2, respectively (Fig. 1). Methods B1 and B2 share a

common set of steps up to a point, after which they diverge. The rationales for the different

variations are discussed in the Results and Discussion.

Method A – Preparation of PATs using restriction enzymes—The overall goal for

PAT-Seq is to generate short cDNA tags that query the mRNA-poly(A) junction. One

approach to this end is to anchor a sequencing tag to the 5’ end of a cDNA (corresponding to

the polyadenylated 3’ end of the mRNA), then digest full-length cDNAs with restriction

enzymes that recognize four base pair sequences, and subsequently append linkers to the

ends left by the respective restriction enzymes. The truncated and adapted cDNA tags are

then amplified submitted for sequencing. This approach is illustrated in Fig. 1; the details

have been published elsewhere [8] and are only summarized here.

Briefly, the DNase I-treated RNA (2–10 μg) is poly(A)-enriched using oligo-dT magnetic

beads. The poly(A) RNA is used as a template to produce cDNA. For this, one of the RT-

PE1 or RT-PE2 series of primers (Table 1) is used, along with the SWITCH1.1 primer

(Table 1). The cDNA is purified using a QIAquick PCR Purification Kit (Qiagen, # 28106).

This purified cDNA is converted to double-stranded form by PCR or the Klenow fragment

of DNA polymerase I. For PCR.the first strand cDNA is used as a template for PCR using

the PE-RTbio and SWITCH1.2 primers (Table 1). Two 25 μl reactions using 1 μl (each) of

the first strand cDNA are set up. Second strands are synthesized using 12–18 cycles of PCR

(each cycle consisting of 95°C melting for 15 sec, 60°C annealing for 30 sec; 2 min

extension at 72 °C, with the cycling preceded by a dissociation step of 95°C for 30 sec, and

followed by an extension step of 72°C for 10 min). For Klenow reactions, all of the first

strand cDNA is added to a 50 μl reaction containing 100 pmol of the second strand primer

(SWITCH1.2), 1X NEB restriction enzyme buffer 2, 1 mM dNTPs, and 5 units of Klenow

DNA polymerase (NEB). These reactions are incubated for 2 hr at 37°C. In both cases,

double-stranded cDNA is purified using a QIAquick kit and eluted into 50 μL.

The purified cDNA is then digested with one of two restriction enzymes – Nla III or Tai I

(Fermentas). The digested cDNA is ligated to one of two Y-adapters that consisted of

primers with partial sequence complementarity and deliberate mismatching at the
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appropriate ends (these are the PE-AD series in Table 1; their use is illustrated in Fig. 1); the

appropriate set of primers are annealed prior to the ligation reaction. After purification using

Qiagen columns, the processed cDNA tags are amplified using 0.5U Phire Hot Start II DNA

polymerase in a 25 μL reaction system (Thermo Scientific, # F-122L) following the

manufacturer’s recommendation; for this, the primers RT-PCR1 and RT-PCR2 (Table 1) are

used, and each reaction cycle consisted of 15 sec at 98°C, 15 sec at 55°C, and 60 sec at

72°C. PCR amplification was conducted for between 12 and 20 cycles, with the lowest

number of cycles to yield a heterogeneous smear being determined empirically. PCR

products are purified using the QIAquick PCR Purification kit and eluted into between 30

and 50 μL. These DNA fragments are submitted for sequencing without further processing.

Methods B1 and B2 – Preparation of PATs using RNA fragmentation—An

alternative to the use of restriction enzymes to truncate cDNAs prior to adapting and

sequencing is to fragment purified RNA prior to reverse transcription. For this, between 2

and 10 μg of total RNA is diluted to 25μL with RNase-free water, and 2.8 μL of RNA

fragmentation buffer (100mM ZnCl2 in 100mM Tris-HCl, pH 7.0) added. The sample is

incubated for 5–15 min at 70°C; different times in this range have been used with equally

good results. After this time, 3 μL of 0.5M EDTA, pH 8.0 is added, the sample incubated at

room temperature for 5 min, and the RNA purified using QIAquick RNA isolation columns

and reagents. RNA is eluted into a final volume of 30 μL.

The fragmented RNA is poly(A)-enriched using oligo-dT magnetic beads (New England

Biolabs, #S1419S) following the manufacturer’s recommendations. Between 2 and 10 μg of

fragmented RNA is used with 75 μg of beads, and the RNA eluted in a volume of 10 μL of

10 mM Tris-HCl, pH 7.5. Nine μL of poly(A)-enriched mRNA is mixed with 1μL of a

100μM stock of primers (SWITCH2 and one of the PE-RT3 series in Table 1). The solution

is mixed, heated to 65°C for 5 min to disrupt the secondary structure, chilled on ice for 2

min, and this heating and chilling repeated. Following this, reverse transcription reagents are

added in the following order (while the tubes are on ice): 5 μL SMARTScribe 5X 1st strand

buffer (Clontech), 2.5 μL 10mM dNTPs, 1 μL 100mM DTT, and 20U RNase Inhibitor (New

England Biolabs). The mixture is brought to 42°C in a thermocycler with a heated lid, 100U

SMARTScribe Reverse Transcriptase (Clontech) is added, and the reaction incubated for 2

hr at 42°C. At the end of 2 hr, the mixture is heated to 70°C for 5 min to inactivate the

enzymes. 5U of RNase H (New England Biolabs) is added and the reaction incubated at

37°C for 1 hr. The cDNA is purified using a QIAquick PCR Purification Kit following the

manufacturer’s protocol, and the cDNA eluted into 50 μL of Elution Buffer.

PCR amplification, purification, and sequencing – Method B1—At this point, the

first strand cDNA should consist of a large mixture of molecules, consistent at their 3’ ends

and with variable 5’ ends. Included in this mixture should be molecules with the desired

properties – suitable sequencing adapters at either end, between 200 and 400 nts in length.

To recover these, the cDNA is subject to limited PCR amplification. Between 0.2 and 5 μL

of cDNA (determined empirically) is used to perform a low cycle PCR (10–15 cycles) using

0.5U Phire Hot Start II DNA polymerase in a 25 μL reaction system (Thermo Scientific, #

F-122L) following the manufacturer’s recommendations; for this, the PE-PCR1 and PE-
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PCR2 primers (Table 1) are used . PCR conditions consist of 98°C for 30 sec, 10–20 cycles

(the optimum determined empirically, as explained above) of 98°C for 15 sec, 60°C for 15

sec, and 72°C for 30 sec, and a final incubation at 72°C for 10 min. PCR amplicons are

purified and eluted into 50 μL using a QIAquick PCR Purification Kit. Purified PCR

products are then submitted for high-throughput sequencing.

Method B2 – size-selection of first strand cDNA and subsequent clean-up and
amplification—Because artifacts (primarily due to dimers formed from the RT and

SMART primers during reverse transcription) could be persistent and irregular in their

occurrence, additional steps may be needed to enrich for the desired PCR products. Thus,

Agencourt® Ampure®XP beads (Beckman Coulter, Brea, CA, USA; # A63880) are added to

the cDNA (an 1.8:1 v/v ratio of beads to cDNA), incubated at room temperature for 20 min,

the beads recovered, and the supernatant discarded. The beads are washed twice with 70%

ethanol and air-dried at room temperature for 15 min. The beads are resuspended in 25 μL

water, incubated for 1 minute, and removed by magnetic separation, the supernatant being

retained.

The size-selected tags are amplified using Hot Start II DNA polymerase; for this, one μL of

the final AMPure supernatant is used along with the PE-PCR1 and PE-PCR2 primers in a 25

μl reaction, and amplification conducted as described for Method B1, but for 15 cycles.

After PCR, the amplicons are purified with the QIAquick PCR Purification Kit. The PCR

products are treated with S1 nuclease (Thermal Scientific, # EN0321) following the

manufacturer’s recommendations. S1-treated tags are purified using QIAquick PCR

Purification columns and separated on a 1.5% (w/v) agarose gel run at a very low voltage

(between 25 and 50 V) for 3 hr; these conditions were determined empirically to promote

optimal separation of short artifacts (such as those arising from the anneaing of the two

primers during the RT reactions) from amplicons of the desired size range. The region of the

gel containing amplicons within a size range of 250–400bp is excised and the PCR

amplicons extracted using the QIAquick Gel Extraction Kit. A 1μL aliquot of the purified

PCR products is used to perform another round of low-cycle-number PCR amplification as

described for Method B1 and the amplicons size-selected on agarose gels and recovered

from the gel. The purified PCR amplicons are delivered for high-throughput sequencing.

High throughput sequencing—For all three methods, samples are analyzed on agarose

gels and on a Bioanalyzer at the Advanced Genetics Technology Center at the University of

Kentucky; this determines final DNA concentration and the size distributions of DNA tags.

In addition, in some instances, PCR products are subcloned into pGEM (Promega, #

A137A) and individual clones sequenced using the ABI Big Dye terminator kit (Life

Technologies, #4337455); this is done to evaluate the quality of the amplified tags, and to

assure that samples are not largely or wholly artifacts such as adapter dimers and tags from

ribosomal RNA contamination. Sanger sequencing also assures that the tags have

identifiable and known poly(A) sites.

For all of the sequencing described here, the Illumina GAIIx sequencing platform was used;

for this, facilities at the Ohio Agriculture Research and Development Center (OARDC, Ohio

State University, Wooster, OH) and Ambry Genetics (Aliso Viejo, CA) were used.
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Sequencing reads generated by both single-end and pair-end sequencing with 72bp

sequencing cycles were obtained from OARDC. Sequencing reads generated by pair-end

sequencing with 75bp sequencing cycles were obtained from Ambry Genetics. Sequences

obtained from these two facilities were similar with respect to the metrics (poly(A) site

distribution and gene expression levels) discussed in the Results and Discussion.

Bioinformatics processing of PATs

PATs may be analyzed using any of a number of mapping and statistical software packages.

For the results presented here, the CLC Genomics Workbench (CLC bio, Aarhus, Denmark)

was used. The input of the data analysis pipeline was the “raw” DNA sequences in FASTQ

format returned by the sequencing center. The FASTQ files were imported into the “.clc”

file format, and individual sequencing samples resolved into separate files using bar codes

that were incorporated into the reverse transcriptase primers; this process removes the bar

code. Oligo-dT and the PE-PCR sequences were removed from the sequences and any tags

that were shorter than 20 nts after these steps were removed. For some purposes, the

reversed complements of sequences for these tags were generated using the Geneious v5.6

software package (Biomatters, Auckland, New Zealand). The results were collections of tags

of between 20 and 61 nts in length, binned according to the respective bar codes.

PATs were mapped to the reference database using the read-mapping tool in CLC. The

mapping was performed with the stringency options of “fraction” set at 0.9 (“fraction” refers

to the minimum length fraction of a read that must match the reference sequence; setting a

value at 0.9 means that at least 90% of the read needs to match the reference) and

“similarity” set at 0.7 (a “similarity” value of 70% dictates that the reads must have at least

70% identity with the reference sequence in order to be included in the final mapping.).

After mapping the tags to the whole genome reference database, mapping results were saved

in the .clc and .sam file formats and also converted to genome browser tracks for easier

display.

RNA-Seq analysis was performed using CLC Genomics Workbench. PATs were mapped to

the annotated TAIR10 genome reference database; for this, the 3’ UTRs of genome

reference genes were extended to the downstream 120 flanking residues as described in [8].

The entire tag mapping operation was performed using the stringency criteria of “fraction”

at 0.9 and “similarity” at 0.7 with the strand specific alignment and expression based on

unique reads. The RNA-seq data was used to measure and analyze expression levels. For

this, read counts were normalized based on the total gene reads such that expression levels

were represented as tags per million. Multi-group comparisons were performed based on

these calculated expression values, and the degrees of correlation between different samples

estimated with scatter plots and using principal component analysis.

To compare poly(A) site choice genome-wide, the computational method described in

Thomas et al. [22] was used. Briefly, PATs were mapped to a 3’-UTR database in which

annotated 3’-UTRs (obtained from the TAIR10 annotation) were extended by 500 bp; this

was done to maximize the chances of recovering poly(A) sites that fell far downstream from

annotated 3’ ends, perhaps due to unanticipated transcriptional read-through or the

production of hitherto-undescribed alternative transcripts. The reverse complement of this
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database was used in the mapping, to facilitate subsequent steps. The results of the mapping

were exported from the CLC environment as .sam files, that were then used to compare the

relative fractions of PATs that mapped to individual poly(A) sites in two samples; for this, a

Java program was developed and used [22]. The output of these calculations are gene-by-

gene metrics that range between 0 and 1; a cumulative plot of this sum yields a curve that

defines the sample-by-sample variability in poly(A) site choice in 3’-UTRs.

To compare the PAT results with microarray data, three microarray experiments were used.

Two of these (GSE5700 and GSE30223) were used for array data for dry Arabidopsis seed;

from GSE5700, two replicates (GSM13303 and GSM13304) were obtained, and from

GSE30223, three replicates (GSM748469, GSM748470, and GSM748471) were used. Wild-

type leaf microarray data were obtained from GSE5630; from this experiment, three

replicates (GSM131501, GSM131502, and GSM131503) were used. The expression data

were used without further manipulation to calculate different sets of seed/leaf expression

ratios as shown in Fig. 5. To compare array results with those derived from PATs, gene sets

were trimmed to remove all genes whose normalized PAT-based expression values in both

seeds and leaves were less than 10 tags per million; in addition, all PAT-based expression

values were augmented by 1 tpm, to prevent errors due to division by zero when calculating

ratios. This allowed comparisons of 9661 genes. Expression ratios were calculated using the

average values from the respective replicates (e.g., for array-based leaf expression, the

values for each gene in each of the three datasets were averaged).

Results

Overview of the methodology

The approach for producing short cDNA tags that query the mRNA-poly(A) junction is

summarized in Figure 1. The three variations illustrated have been used in our laboratories

to study poly(A) site choice in various Arabidopsis tissues [8] as well as in a mutant

deficient in the expression of a subunit of the polyadenylation complex [22]. The first step in

the process involves the conversion of mRNA to cDNA using MuMV-derived reverse

transcriptases. For this, a primer that consists of an oligo-dT tract and a two-nt anchor (VN),

as well as 5’-situated sequences used to adapt the final products for the sequencing task, is

used. Embedded within the 5’ sequences are unique two- or three- base sequences that serve

as bar codes to distinguish samples, and thus allow multiple samples to be sequenced in a

single lane or sample. The template for the reverse transcriptase reactions is mRNA that has

been purified using immobilized oligo-dT. RT reactions include an additional primer that

capitalizes on the ability of MuMV-derived reverse transcriptases to switch template strands,

owing to the tendency of these enzymes to add short tracts of dC once the 5’ end of the

template is reached [29]; if reactions have oligonucleotides with a 3’-situated GGG tract

(termed in this report as the SWITCH adapter), then this oligonucleotide can anneal with the

terminal CCC tract, thus presenting the enzyme with an opportunity to switch templates and

add the complement to the new template to the very 3’-end of the cDNA. To achieve the

goal of adding a dedicated adapter sequence to the 5’ end of a short cDNA tag, one of two

strategies are used. These are detailed in the following subsections.
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Method A – using restriction enzymes to add a 5’-adapter to the cDNA—For

Method A, the SWITCH adapter (SWITCH 1.1) possesses a unique sequence that is not

found in the Arabidopsis genome; this sequence is appended to the 3’ ends of first-strand

cDNA and used to facilitate subsequent manipulations. Embedded within this sequence are

NiaIII and TaiI recognition sites. Thus, the first-strand cDNA produced using poly(A)-

enriched RNA is recovered and converted to double-stranded form using a primer

(SWITCH1.2) that carries the SWITCH sequences but lacks the GGG residues. The double-

stranded cDNA is then digested with either of these two restriction enzymes (NlaIII or TaiI);

these enzymes recognize four bp sequences and leave four nucleotide overhangs.

Recognition sites for these enzymes will occur fairly frequently in cDNAs, and the

overhangs left after digestion are useful in promoting subsequent ligations. Those cDNAs

that lack both sites are recovered because the SWITCH1.1 primer possesses both sites, and

thus so should the full-length cDNAs. By using two enzymes, tags derived from cDNAs that

lack one or the other restriction site, or possess a site that lies within 1–20 bp of the poly(A)

site, may be recovered. The digested cDNA is then ligated with Y-shaped adapters so as to

attach a sequencing-specific sequence at the site of digestion. After amplification, the tags

are recovered using Qiagen columns and submitted for sequencing.

Method B1 – adding dedicated adapter sequences using RNA fragmentation—
Because of a concern that some poly(A) sites would be “missed” using the restriction

enzyme approach, an alternative strategy for adding sequencing-specific adapters to the 5’

ends of cDNA tags was adopted. This strategy is similar to that described by Shepard et al.

[15]; thus, the template for cDNA synthesis is RNA that had been subjected to a limited

fragmentation using Zn2+ and elevated temperatures and subsequently purified using

immobilized oligo-dT. The adapter in these reactions (SWITCH2 in Table 1) possesses

sequences that include those necessary for sequencing. cDNA so produced is amplified, the

amplification products gel-purified, and the purified tags submitted for sequencing.

Method B2 – further purification of amplification products—Occasionally, and

especially when producing tags from low starting quantities of RNA, sizable quantities of

characteristic artifacts were produced; these artifacts often overwhelmed the authentic tags

and reduced the overall yield of usable sequence. Since the source of these artifacts seemed

to be inadvertent priming of DNA synthesis via annealing of the two oligonucleotides used

in the RT reactions, the RT products are further purified using the AMPure reagent; the

purification regimen was designed to recover cDNAs of between 200 and 400 bp in size.

These cDNAs are subsequently subjected to a limited PCR amplification, purified, and

submitted for sequencing. A representative gel showing the final sequencing products is

shown in Fig. 2.

Output – tag return and mapping results

Since 2009, the authors have prepared and analyzed more than 30 independent samples

using one of the three methods described in Fig. 1. To compare the three approaches, 21

independent replicates representing eight different biological samples are discussed in the

following. Two of the eight samples were derived from RNA isolated from dry seeds of wild

type Arabidopsis, one from RNA isolated from dry seed of the tt2-5 mutant [30, 31], and
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one from wild type seed that had been imbibed in water for 48 hours. The three dry seed

samples were prepared using Methods A, B1, and B2, respectively, and the 48 hr imbibed

sample using Method B1. The other four samples were derived from Arabidopsis leaf

material, harvested at four different times over the course of three years. Tags from two

samples (represented by three replicates) were prepared using Method A, tags from one

biological sample (six biological replicates) were prepared using Method B1, and tags from

one biological sample (two replicates) prepared using Method B2. Most of the individual

samples were pooled in sequencing lanes with other samples not described here; thus, tag

yields and subsequent analyses represent just the recovery and properties of the appropriate

bar-coded tags. (Five of these samples, prepared using Method A, have been described in

detail elsewhere [8, 22].)

To assess the variability between different biological replicates and sample preparation

methods, the various tag collections were mapped to the five Arabidopsis chromosomes, to a

set of extended 3’-UTRs derived from the latest TAIR10 annotation, and to the Arabidopsis

45S rRNA precursor. The mappings to the five chromosomes and 3’-UTRs was done to

estimate the “yield” of tags that define poly(A) sites in annotated, unidentified, and

intergenic regions. The mapping to the rRNA precursor is a cursory measure of the quality

of the RNA sample, and in particular to the effectiveness of the enrichment using

immobilized oligo-dT. In all instances, sequences adjacent to genomic tracts of A/T longer

than 6 nts were masked to reduce the possible contributions of internal priming by RT to the

results. The results of these determinations are shown in Table 2. The “yield” of mapped

PATs (defined by the percentage of total tags that map to the five Arabidopsis

chromosomes) ranged from 21% to 69%. PATs that mapped to defined 3’-UTRs constituted

between 6% and 53% of all tags in a given sample. There was a wide range of discrepancies

between the yields of tags that mapped to the chromosomes and 3’-UTRs, ranging from 2%

to more than 58% of all tags in a sample. These discrepancies were largely attributable to the

presence of differing quantities of ribosomal RNA-related tags in the sample; once these

were removed, the differences between the percentages of tags that mapped to 3’-UTRs and

chromosomes ranged from 1% to 14%, with a median of 5.8% in all 21 samples (Table 2).

Interestingly, this value was significantly greater in the tt2 dry seed (p-value of a Students t-

test = 0.0017) than for wild type dry seed, or for the other samples evaluated in this study.

These results indicate a substantial degree of difference in outcomes in terms of tag and

mapping yields, as well as the presence of interfering tags (such as those derived from

ribosomal RNAs). To evaluate whether this variation affects the quality of mapping of

poly(A) sites, the comparative tool described in Thomas et al. [22] was used. This tool

measures the consistency in different samples of the relative usage of poly(A) sites on a

gene-by-gene basis; the degree of variability of poly(A) site usage in genes with more than

one poly(A) site (more than 70% of all Arabidopsis genes) is reflected in the relative poise

of a curve that is calculated from a cumulative summation of genes possessing a particular

distribution of poly(A) sites. Thus, curves shifted more to the left (the “wt-wt” plot in Fig.

3A) possess lower sample-to-sample variability than curves shifted to the right (the “wt-

oxt6” plot in Fig. 3A; this curve is derived from data published in Thomas et al. [22], and
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represents a high degree of variability due to a mutation in a gene encoding a

polyadenylation factor subunit).

As is seen in Fig. 3A, with one exception (the two wild type dry seed samples prepared

using Method B1), curves derived from comparisons of replicates from the same biological

sample (e.g., wild type leaf prepared with Method B1, etc.) that had similar quantities of

PATs that mapped to rRNA were largely superimposable on the “wt-wt” plot described

previously. (In this figure, a small sampling of the numerous plots that may be presented is

given.) Comparisons of samples prepared with the different methods (Fig. 3B) also yielded

results similar to those obtained when comparing replicates prepared using the same

protocol (as in (19)). Therefore, the method used to attach sequencing adapters to the 5’ ends

of the cDNA tags does not affect the relative distributions of tags, and thus the apparent

relative usages of poly(A) sites in different genes.

The wide range of PATs that map to rRNAs in the various samples raises the possibility that

samples with relatively high fractions of artifacts (such as PATs that map to rRNAs, or tags

that arise due to unanticipated amplifications of heterodimers that consist solely of the

primers used to amplify the final tags) may possess PAT populations that, when mapped and

analyzed, do not represent the consensus of poly(A) sites in a sample. To test this,

comparisons were made of replicates that had widely-differing quantities of tags that

mapped to rRNA (Fig. 3C). The results showed that such replicates yield genome-wide

poly(A) site choice plots that are indistinguishable from curves obtained with comparisons

of more similar replicates.

Using PATs to estimate gene expression

In some senses, PATs are analogous to short cDNA tags that are used in so-called Serial

Analysis of Gene Expression, or SAGE. In particular, PATs query target mRNAs at their 3’-

ends. It therefore stands to reason that PATs may be useful for the estimation of gene

expression levels. To explore this, gene expression was studied using the 21 individual PAT

samples described in the preceding. For this, a simplified approach was used, such that

expression levels were represented in terms of normalized abundance of tags that map to

particular annotated 3’-UTRs. Tags were first mapped to a database consisting of annotated

3’ UTRs that had been extended by the addition of the 500 bp downstream from the

annotated poly(A) site (these are the reference sequences used to derive the results shown in

Fig. 3) and mapped sequences recovered. This step removes rRNA-derived tags from the

sequence collection, a step that should serve to equalize the relative abundances of mRNA-

derived tags in different samples. The recovered sequences were then used to assess gene

expression using the RNASeq tool of the CLC Genomics Workbench; for this, a reference

database consisting of annotated Arabidopsis 3’-UTRs that had been extended by 120 bp

was used; this database, and not the one consisting of 3’-UTRs extended by 500 bp, was

used to reduce complications arising from the mapping to nearby or overlapping

transcription units. The results were compiled and analyzed using a number of approaches.

To collectively assess the reproducibility of the individual tag preparations, and to evaluate

the reliability of these tags to reflect different biological states, a principal component

analysis was conducted; the results of such a study are shown in Figure 4. The 21 samples
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sort themselves into two groups, widely-separated along the axis of the first principal

component (that contributes more than 70% of all of the variability amongst the 21

samples). These groups correspond to samples derived from dry seed and from leaves,

respectively. Three of the samples from dry seed and leaves (labeled as lA1, lA2, and sA1 in

Fig. 4) are outliers; SA1 is prominent in this respect. The three samples from imbibed seeds

show affinities for the leaf cluster of samples, consistent with a progression from a gene

expression program in dry seeds to one in young seedlings growing in the light. With the

exception of the sA1 outlier, these results show that the different individual samples are very

reproducible in terms of gene expression levels, enough that they can identify different

developmental stages as well as a characteristic developmental progression. (The lA1 and

lA2 samples probably reflect differences in growth conditions; these samples were harvested

more than a year apart and were not rigorously matched in terms of growth conditions,

especially the timing during the day at which samples were harvested.)

To further evaluate the efficacy of PAT-based expression estimates, the ratios of expression

of genes in seed and leaves were calculated for the PAT-based results summarized in Fig. 4

and for microarray-based determinations. For the latter, seed and leaf expression values

were obtained from three experiments (accessions GSE5700, GSE30223, and GSE5630).

Ratios obtained with these datasets were compared with ratios obtained by comparing PAT-

derived expression levels using the leaf (the six LB1 and two LB2 samples), wt seed (SB1a

and SB1b), and tt2 seed (SB2a, SB2b, and SB2c) datasets; these datasets were produced

with PATs generated using Methods B1 and B2, both of which use RNA fragmentation to

generate the 3’ ends of the corresponding cDNAs. (As shown in Fig. 4, these PAT samples

had a better consistency than did PAT samples generated using Method A.) As shown in

Fig. 5A, there was a good correspondence between ratios obtained in PAT- and microarray-

based measurements. This correspondence was comparable (although somewhat lower) than

that seen when different array-based seed experiments were compared with each other (Fig.

5B), and when the wt and tt2 PAT samples were compared (Fig. 5C). These results show

that PAT-based expression determinations yield results comparable to those obtained using

microarrays, and that the reproducibility of PAT-based expression measurements (Fig. 5C)

is not much different from that of microarray-based measurements (Fig. 5B).

Similarly, seed/leaf gene expression ratios determined with PAT samples generated using

Method A were compared with those derived from microarray studies. For this, the same

microarray data described above and in Fig. 4 was used, as were the five leaf and seed PAT

samples (LAa, LAb, SAa, SAb, and SAc in Table2) produced using Method A. As shown in

Fig. 6A, there was a reasonable correlation between seed/leaf ratios obtained using the two

methods, although this correlation was lower than that seen for the comparison in Fig. 5A. A

similar correlation was seen when comparing PAT samples obtained using Method A with

those produced using Methods B1 and B2 (Fig. 6B). These results indicate that Method A

can be used to determine gene expression levels, but that the correspondence with other

methods (microarray as well as PAT methods B1 and B2) is lower.
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Discussion

The primary purpose for the production, sequencing, and analysis of PATs is to define

poly(A) sites and to estimate variability in poly(A) site usage in response to developmental,

physiological, or other changes. In this regard, the inherent variability of methods for the

production and analysis of PATs, as well as the effects of artifacts and interfering factors on

the outcomes of studies utilized PACs, is an important consideration. Two metrics described

in this report indicate that the general approach utilized is effective in this regard. The

results shown in Fig. 3 (as well as results described in Thomas et al. [22]) indicate that the

relative usage of poly(A) sites in genes with multiple sites is consistently measured in

different biological replicates. Interestingly, the consistency in these results is not affected

by the method used to generate the 5’ ends of the PATs (Fig. 3B) or by the presence of

artifacts (primarily derived from rRNAs, but also consisting of differing quantities of dimers

and other amplicons that may have a reproductive advantage during amplification; Fig. 3C

and unpublished observations). This means that the methods described in this report should

be useful with RNA samples of varying quality, and with low quantities of RNA that would

demand substantial amplification in order to generate material sufficient for sequencing.

Importantly, Method A has been used to characterize genome-wide changes in poly(A) site

choice in an Arabidopsis mutant deficient in the expression of a polyadenylation factor

subunit [22], demonstrative of the utility of the method in assessing poly(A) site choice

genome-wide as well as on a gene-by-gene basis.

One of the PAT samples analyzed in this study (SB1a in Table 1 and Fig. 3A) was

noticeably different from its companion biological replicates (e.g., the SB1a-SB1b

comparison in Fig. 3A). The reasons for this discrepancy are not known. Sample SB1a is not

distinctive in terms of the overall yield of PATs, the yield of mapped PATs, or the quantities

of rRNA-derived PATs (Table 1). While rare (one sample of more than 20 seems to be

aberrant), this result serves as notice that quality control is needed to assure reliable results.

Each of the three methods has its benefits and shortcomings. Method B1 has the advantage

of requiring the fewest experimental manipulations and PCR amplifications, and can be

easily completed in a single day. However, with samples of poor RNA quality or low

abundance, more extensive amplification may be needed; Method B2 reduces artifacts and

interfering factors that are associated with amplification of low quantities of amplicons and

thus is suited for a range of RNA samples. Method A suffers from the possibility that some

poly(A) sites may lie too near or too far from the restriction enzyme sites used in the

method, and thus that these sites may be under-represented or absent; this may be a primary

reason for the poorer performance of these tags as proxies of gene expression levels (Figs 4

and 6). However, Method A is best-suited for the recovery of very short polyadenylated

RNAs, that may be lost in the size-selections used in Methods B1 and B2. Such RNAs might

include polyadenylated short microRNAs or extremely short promoter-associated transcripts

[32].

The second metric that reflects on the reproducibility of PAT samples involves the use of

PAT-seq as proxies for steady-state mRNA levels. PAT-seq would seem to be singularly

useful as measures of steady-state mRNA levels. They are akin to Serial Analysis of Gene
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Expression (SAGE) tags in that they should provide a digital measure of mRNA abundance.

They are superior to SAGE tags in that they may be generated in much larger quantities,

allowing estimation of expression of genes expressed at relatively low levels. They focus on

a limited part of the target mRNA, thereby obviating the need for Reads per Kilobase per

Million Mapped Reads (RPKM)-based calculations (analyses that are necessary to account

for sequence- and position- dependent differences in cDNA preparation and mapping

efficiencies). As shown in Fig. 4, PATs prepared by the various methods are comparable in

their performances as proxies of gene expression levels, insofar as they can reflect different

developmental stages. Moreover, PATs generated using RNA fragmentation (Methods B1

and B2) provide a means for estimating gene expression levels that is comparable to

microarrays (Fig. 5).

In the past 4 years, several variations have been adopted for the high throughput

characterization of poly(A) sites in mammals, yeast, and plants. Many of these adhere to the

general strategy outlined in this report – synthesis of cDNA using reverse transcriptase

primers that contain adapter sequences suited for the sequencing platform of choice, coupled

with methods that attach a suitable partner sequence to the 5’ end of the desired cDNA tags.

However, in light of the possibility of internal priming at tracts of adenosine lying within

RNAs, other approaches have been taken [9, 14, 33–35]; these utilize different strategies to

restrict the sequencing to the very 3’ ends of RNAs or cDNAs. One of these, so-called

Direct RNA Sequencing (DRS), has been used to characterize poly(A) site choice on a

genome-wide basis in Arabidopsis [35]. There is a general agreement between the two

approaches in terms of poly(A) site location, something reflected in the good agreement in

putative poly(A) signals and nucleotide compositions that surround most sites defined by the

two approaches [8, 22, 35]. In contrast, putative poly(A) sites that map to protein-coding

regions are largely absent from the DRS-derived collection of Arabidopsis poly(A) sites

[35], while they are reported in collections of sites recovered by the methods described here

[8]. Sherstnev et al. [35] suggested that this discrepancy may be due to internal priming by

reverse transcriptase at A+G-rich stretches, something that will not occur in the course of

DRS. However, CDS-localized poly(A) sites are seen using DRS in yeast and humans

(albeit at a lower frequency; [34]), and in some instances in yeast have been described and

studied using RNA blot analysis [36, 37]. Moreover, a small subset of Arabidopsis CDS-

localized poly(A) sites have been confirmed using oligo-dT-independent 3’-RACE analysis

[8], thereby avoiding the problem of internal priming due to annealing of oligo-dT to A+G-

rich sequences. The reasons for these discrepancies are not clear. Hoque et al. [33] point out

that some polyadenylated RNAs that are generated by non-canonical poly(A) polymerases

tend to have very short tracts of poly(A), with a minority of species being longer than 10 nts

[38]. RNAs with short poly(A) tracts may not be recovered efficiently by DRS, thereby

raising the possibility that some differences in global poly(A) site profiles as revealed by

DRS and the methods described in this study may reflect the existence in Arabidopsis of a

class of RNA with short poly(A) tracts. Regardless of this possibility, this discrepancy is one

that deserves detailed additional study.
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Conclusions

In summary, a versatile and facile set of methods for querying poly(A) site choice on a

genome-wide basis has been developed and evaluated for consistency and reproducibility.

These methods have been used to compare poly(A) site choice in leaves and seeds and in an

Arabidopsis mutant that lacks a polyadenylation factor subunit, and should continue to

provide a means to probe the occurrence and mechanisms of APA in plants and other

organisms.
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Highlights

We have tested several high throughput methods for studying mRNA

polyadenylation.

The described methods are highly reproducible in determining poly(A) site choice

distribution.

The described methods are also suited for assessing levels of gene expression.
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Figure 1.
Illustration of the three methods of PAT-Seq that are described in this report.
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Figure 2.
Representative example of PATs prepared using Method B2. For these samples, RNA isolated from dry tt2-5 seed was used.

Three different replicates are shown, as are DNA size standards (lane 1).
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Figure 3.
Reproducibility of the PAT-seq methods for assessing poly(A) site choice distribution on a genome-wide basis. A. Comparisons

of biological replicates derived from the same developmental stage, prepared using the same method (A, B1, or B2). B.

Comparisons of biological replicates prepared using different methods. C. Comparisons of replicates with vastly-different

fractions of unmapped and/or rRNA-derived PATs.
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Figure 4.
Principal component analysis of the 21 PAT samples described in this report. Expression levels were determined using the

RNA-seq tool in CLC Genomics Workbench; in all cases, expression values were normalized such that values had the unit of

tags per million. PCA analysis was performed and plotted as shown; in this case, the two principal components account for more

than 90% of all of the variability amongst the different samples in this study.
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Figure 5.
Comparison of seed/leaf gene expression ratios obtained using PATs and microarrays. A. Plot of values (displayed using a log10

scale) obtained using 8 microarray datasets (five seed and three leaf) and 13 PAT datasets (five seed and eight leaf); the PAT

datasets were generated from tags prepared using Methods B1 and B2. The Pearson correlation coefficient for the linear

relationship of the log-log plot was 0.73. B. Plot of values (displayed using a log10 scale) obtained using either the GSE30223 or

GSE5700 array data as sources of seed gene expression (in both cases, GSE5630 was the source for leaf gene expression). The

Pearson correlation coefficient for the linear relationship of the log-log plot was 0.89. C. Plot of values (displayed using a log10

scale) obtained using either the tt2 or wt seed PATs (prepared using Methods B2 and B1, respectively) as sources of seed gene

expression (in both cases, all 8 leaf PAT preparations made using Methods B1 and B2 were the source for leaf gene expression).

The Pearson correlation coefficient for the linear relationship of the log-log plot was 0.87. For all three plots, 9661 genes were

analyzed (this was the number that had average expression values greater than 10 tpm in either the leaf or seed samples).
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Figure 6.
Comparison of seed/leaf gene expression ratios obtained using PATs and microarrays. A. Plot of values (displayed using a log10

scale) obtained using 8 microarray datasets (five seed and three leaf) and 5 PAT datasets (2 seed and 3 leaf); the PAT datasets

were generated from tags prepared using Method A. The Pearson correlation coefficient for the linear relationship of the log-log

plot was 0.47. B. Plot of values (displayed using a log10 scale) obtained using PATs prepared using either Method A or Methods

B1 and B2. The Pearson correlation coefficient for the linear relationship of the log-log plot was 0.69. For these plots, 8799

genes were analyzed (this was the number that had average expression values greater than 10 tpm in either the leaf or seed

samples).
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