
HIGHLIGHTED ARTICLE
| INVESTIGATION

Accurate Profiling of Gene Expression and
Alternative Polyadenylation with Whole

Transcriptome Termini Site Sequencing (WTTS-Seq)
Xiang Zhou,*,1 Rui Li,*,1 Jennifer J. Michal,*,1 Xiao-Lin Wu,* Zhongzhen Liu,† Hui Zhao,† Yin Xia,†

Weiwei Du,‡ Mark R. Wildung,‡ Derek J. Pouchnik,‡ Richard M. Harland,§ and Zhihua Jiang*,2

*Department of Animal Sciences and Center for Reproductive Biology, Washington State University, Pullman, Washington 99164-
7620, †School of Biomedical Sciences, Faculty of Medicine, The Chinese University of Hong Kong, ‡Laboratory for Biotechnology

and Bioanalysis, Center for Reproductive Biology, Washington State University, Pullman, Washington 99164-7520, and
§Department of Molecular and Cell Biology, University of California Berkeley, California 94720-3200

ORCID ID: 0000-0003-1986-088X (Z.J.)

ABSTRACT Construction of next-generation sequencing (NGS) libraries involves RNA manipulation, which often creates noisy, biased,
and artifactual data that contribute to errors in transcriptome analysis. In this study, a total of 19 whole transcriptome termini site
sequencing (WTTS-seq) and seven RNA sequencing (RNA-seq) libraries were prepared from Xenopus tropicalis adult and embryo
samples to determine the most effective library preparation method to maximize transcriptomics investigation. We strongly suggest
that appropriate primers/adaptors are designed to inhibit amplification detours and that PCR overamplification is minimized to
maximize transcriptome coverage. Furthermore, genome annotation must be improved so that missing data can be recovered. In
addition, a complete understanding of sequencing platforms is critical to limit the formation of false-positive results. Technically, the
WTTS-seq method enriches both poly(A)+ RNA and complementary DNA, adds 59- and 39-adaptors in one step, pursues strand
sequencing and mapping, and profiles both gene expression and alternative polyadenylation (APA). Although RNA-seq is cost pro-
hibitive, tends to produce false-positive results, and fails to detect APA diversity and dynamics, its combination with WTTS-seq is
necessary to validate transcriptome-wide APA.

KEYWORDS 39-termini sequencing; amplification detours; transcriptome distribution; missing data; Bayesian model

NEXT-generation sequencing (NGS) technologies areused
routinely for transcriptome investigation. Libraries for

NGS can be prepared to sequence full transcripts or just their
59 or 39 ends depending on project goals (Jiang et al. 2015).
RNA sequencing (RNA-seq) uses NGS to collect short reads
that cover full transcripts (59 to 39 ends) (Morin et al. 2008).
Given current capabilities in gene expression profiling, splic-
ing form detection, and expressed polymorphism compila-

tion, the method has gradually become the gold standard
in transcriptome analysis (Wang et al. 2009; Wilhelm and
Landry 2009; Costa et al. 2010; Nagalakshmi et al. 2010).
However, the RNA-seq assay is not always cost-effective be-
cause random sequencing of full-length transcripts is not nec-
essary to determine gene abundance. In addition, short reads
generated by RNA-seq might make it difficult to reconstruct
full-length isoforms of transcripts (Steijger et al. 2013). Fur-
thermore, profiling alternative transcript ends is problematic
because 59- and 39-end biases are introduced during RNA-seq
library preparation (Wang et al. 2009; Jiang et al. 2015).
However, profiling only the 59 ends of transcripts is not fea-
sible because the library preparation involvesmany steps,which
increases the possibility of errors (Takahashi et al. 2012).

As such, efforthasbeen focused largelyon thedevelopment
of methods to profile 39 ends of transcripts. Functionally, the
39-untranslated regions (UTRs) are important because they
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harbor regulatory elements that play essential roles in the
stabilization, localization, translation, and degradation of
messenger RNA (mRNA) (Matoulkova et al. 2012). Techni-
cally, the poly(A) tails are used frequently in reverse tran-
scription to convert RNA to complementary DNA (cDNA)
that can be sequenced. The 39-termini of transcripts have
been collected in two ways: by digestion of mRNA with re-
striction enzymes and by random fragmentation. The reverse
serial analysis of gene expression (rSAGE) technique (Richards
et al. 2006) and the poly(A) tags (PATs) (Wu et al. 2011) with
restriction endonuclease cut are two examples of the former
strategy. There are several challenges associated with these
methods (Jiang et al. 2015). None of the currently available
restriction endonucleases can effectively fragment an entire
transcriptome because some transcripts may lack recognition
sites. To overcome this limitation, the PATs with restriction
endonuclease cut method incorporates a specific enzyme rec-
ognition site into cDNA and ensures that every transcript can
be cut by a distinct restriction enzyme. Unfortunately, this
strategy also may increase the length of some products,
which can subsequently decrease PCR amplification effi-
ciency and introduce artificial biases in whole transcriptome
profiling (Jiang et al. 2015).

As for profiling 39-termini using random fragmentation,
the 39 poly(A) site mapping using cDNA circularization
(3PC) (Mata 2013), 39-region extraction and deep sequenc-
ing (39READS) (Hoque et al. 2013), and PATs with RNA frag-
mentation methods (Ma et al. 2014) all enrich fragmented
poly(A)+ RNA, while the 39T-fill (Pelechano et al. 2012;
Wilkening et al. 2013) and expression profiling through ran-
dom sheared cDNA tag sequencing (EXPRSS) techniques
(Rallapalli et al. 2014) enrich fragmented cDNA. In compar-
ison, the poly(A) site sequencing (PAS-seq) (Shepard et al.
2011; Yao and Shi 2014) and polyadenylation sequencing
(PolyA-seq) approaches (Derti et al. 2012) use custom
oligo(dT) primers to collect and sequence 39-termini regions.
These poly(A) site sequencing methods are not without
drawbacks. When Ma et al. (2014) compared three different
methods, for example, they found that 47.2–98.2% of reads
could not be mapped to the 39-UTRs.

The aforementioned difficulties in producing clean, usable
data fromNGS platforms clearly provide evidence that library
construction for 39-termini sequencing methods can and
should be improved. In this study, we developed a procedure
that we call whole transcriptome termini site sequencing
(WTTS-seq). Our WTTS-seq approach starts with total
RNA, followed by chemical fragmentation and enrichment
of both poly(A)+ RNA and poly(A)+ cDNA. During assay
development, we tested three types of primers used in PCR
for synthesis of second-strand cDNA to complete construction
of the NGS libraries. We found that primer design is a very
important factor for accurate coverage of the entire transcrip-
tome. By using poly(A)-anchored primers, we reduced noisy
data to ,0.1%. We also discovered that reduced PCR cycle
numbers and lower primer concentrations improved tran-
scriptome coverage. Moreover, we analyzed the same sam-

ples using traditional RNA-seq and examined WTTS-seq data
of biological and technical replicates to reveal their strengths
and weaknesses. Overall, our WTTS-seq method successfully
collected poly(A) sites as signatures for global profiling of
gene expression and examination of APA with one pipeline.

Materials and Methods

Experimental design

Animals and RNA extraction: Three adult male and three
adult female frogs (Xenopus tropicalis) (.6 months of age)
were purchased from Nasco (Fort Atkinson, WI). Immedi-
ately on arrival, frogs were humanely killed, rinsed briefly
with deionized water, wrapped in aluminum foil, immersed
in liquid nitrogen until all tissues were completely frozen,
and stored at 280�. Later the frogs were removed from stor-
age and placed in a bath of liquid nitrogen, and tissues were
broken into smaller pieces with a hammer. All tissue pieces
were kept in liquid nitrogen and subsequently ground into
a powder with a mortar and pestle. Ground tissues were
thoroughly mixed, and a subsample was removed for total
RNA extraction with Trizol reagent according to the manu-
facturer’s instructions. Contaminating DNA was removed
by treating total RNA with DNase (AM1906, Ambion). RNA
quantity and quality were assessed by NanoDrop spectropho-
tometer (Thermo Scientific, Wilmington, DE) and nondena-
turing agarose gel electrophoresis, respectively. Equal amounts
of total RNA from each frog were subsequently pooled and
used for RNA-seq andWTTS-seq. In addition, total RNA from
one of the female frogs was used as a technical replicate to
test the variability of our WTTS-seq method.

WTTS-seq assay development: We conducted seven trials to
develop and improve our WTTS-seq method. As shown in
Supplemental Material, File S1A, these trials mainly differed
in (1) primers [OP, outer primer; IP, ion primer; and PAAP,
poly(A)-anchored primer], (2) number of cDNA synthesis
runs (two vs. one run) and PCR cycles (variable), (3) size
selection (variable), and (4) amount of total RNA starting
material (10, 5, or 2 mg). Oligo(dT20) was used only in trial
1, while the remaining trials used oligo(dT10) for reverse
transcription. Oligo sequences are listed in File S1B.

RNA-seq: Poly(A)+ RNA was selected from the pooled total
RNA sample with a Poly(A) Purist Kit (Ambion) according to
directions supplied by themanufacturer. Briefly, residual salts
were removed by adding 0.1 vol of 5 M ammonium acetate
and 2.5 vol of 100% ethanol. Total RNA was recovered by
incubating the solution overnight at280� in a freezer, centri-
fuging at $12,000 3 g, and washing with 70% ethanol. The
RNA pellet was resuspended in nuclease-free water and
combined with binding buffer and oligo(dT) cellulose. The
poly(A)+ sequences were hybridized to the oligo(dT) cellu-
lose by incubating at room temperature for 30–60 min. The
mixture was subsequently transferred to a spin column and
washed to remove nonspecifically boundmaterial and ribosomal
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RNA. The poly(A)+ RNA was eluted from the oligo(dT) cel-
lulose with an aliquot of the warm solution provided with the
kit. A second round of oligo(dT) selection was subsequently
performed, and poly(A)+ RNA was recovered by precipita-
tion, as described previously. The final poly(A)+ RNA pellet
was resuspended in the solution provided with the kit. An
RNA-seq librarywas constructed using the Ion Total RNA-Seq
Kit v2 (Thermo Fisher Scientific) and sequenced on the Ion
PGM Sequencer at Washington State University.

Five stages of X. tropicalis embryos as biological repli-
cates: X. tropicalis embryos were produced using two pairs of
parents at The Chinese University of Hong Kong to test the
repeatability of our WTTS-seq method. The embryos were
cultured in 0.13MMR at 25� and staged according to Khokha
et al. (2002). Fifty embryos were collected and pooled from
each parent family at stages 6 [before midblastula transition
(MBT)], 8 (during MBT), 11 (gastrula), and 15 (neurula),
while 30 embryos per familywere pooled at stage 28 (tailbud).
Once collected, these samples were immediately stored in
5 ml of Trizol reagent and then delivered directly to the
Beijing Genome Institute (BGI), Hong Kong, for RNA extrac-
tion and quality control. RNA-seq libraries were prepared at
BGI with in-house kits from 6 of the 10 pooled embryo sam-
ples and sequenced on an Illumina HiSeq 2000 with single
50-bp reads. All 10 pooled embryo samples also were used to
construct WTTS-seq libraries by the Jiang Laboratory, which
were sequenced on the Ion PGM Sequencer at Washington
State University.

WTTS-seq library preparation

Fragmentation of total RNA and enrichment of poly(A)+
RNA: The required amount ofDNase I–treated total RNA (File
S1A) was removed from storage at 280� and diluted to 9 ml
with DNase/RNase-free water. Then 1 ml of 103 RNA frag-
mentation buffer (AM8740, Ambion) was added, and the
sample was mixed and incubated for 15 min at 70�. The
fragmentation reaction was terminated by adding 1ml of stop
solution (AM8740, Ambion), and the mixture was placed on
ice until use. Next, Dynabeads Oligo(dT)25 (75 mg of beads;
61002, Ambion) were washed and prepared according to the
manufacturer’s instructions. The fragmented total RNA was
heated to 65� for 2 min to disrupt secondary structures, im-
mediately placed on ice, added to the washed Dynabeads,
and mixed thoroughly. The mixture then was rotated contin-
uously for 5 min at room temperature to allow binding of the
poly(A)+ RNA to the beads. Bead-bound poly(A)+ RNAwas
eluted with 10 ml of elution buffer (10 mM Tris-HCl, pH 7.5)
as directed. The sample was incubated with Dynabeads an
additional 5 min and eluted as described earlier to further
enrich poly(A)+ RNA. The concentration of fragmented
poly(A)+ RNA was measured with a NanoDrop spectropho-
tometer (Thermo Scientific, Wilmington, DE).

Incorporation of 59- and 39-adaptors into first-strand cDNA
with reverse transcription: Fragmented poly(A)+ RNAwas

mixed with 1 ml each of 59-adaptor (switching primer,
100 mM) and 39-adaptor [containing oligo(dT10), 100 mM]
(File S1B). The mixture was heated at 65� for 5 min and
chilled on ice for 2 min to disrupt RNA secondary structure
and repeated. After that, 4ml of 53 First-Strand Buffer, 2.5ml
dNTPs (10 mM), 1 ml DTT (0.1 M), 1 ml RNase OUT
(100 units/ml), and 1 ml SuperScript III Reverse Transcrip-
tase (200 units/ml) (18080, Invitrogen) were added and the
mixture incubated at 40� for 90 min. The reverse transcrip-
tion reaction was terminated by heating the mixture to 70�
for 15 min.

Optimization of second-strand cDNA synthesis by PCR:
First-strand cDNA was used as a template to synthesize
second-strand cDNA. Base PCR conditions were initial de-
naturation at 98� for 30 sec; PCR cycles of 98� for 10 sec, 50�
for 30 sec, and 72� for 30 sec; and final extension at 72� for
10 min. The total PCR volume was 50 ml and contained size-
selected cDNA-RNA, DNase/RNase-free water, 53 HF buffer,
forward and reverse primers, dNTPs, and Phusion DNA Po-
lymerase (M0530, New England Biolabs). Specific sizes of
first- or second-strand cDNA fragments were selected by ex-
cision from agarose gels after electrophoresis or with solid-
phase reversible immobilization beads (AMPure XP; A63880,
Beckman Coulter). Final library quality determined the best
preparation method and led to our conclusive procedures for
WTTS-seq library construction, as shown in Figure 1.

Data analysis

Read processing: We trimmed all T nucleotides or T-rich
stretches located at the 59 end of each WTTS-seq raw read
using in-house scripts (File S1C), as described by Shepard et al.
(2011), but with modification. After T-trimming, sliding-
window quality trimming was performed with Trimmomatic-
0.33 (Bolger et al. 2014). Window size was set to 4 bp, and
the minimum average quality score was set to 10. Next, only
clean reads with sizes$16 bp were retained for further anal-
ysis (File S1A). While the T-trimming step was not conducted
on RNA-seq reads, quality trimming was performed in the
same manner.

X. tropicalis genome reference preparation: X. tropicalis
genome (v7.1) and the annotation file Xentr7_2_Stable.
gff3 were downloaded from the Xenbase FTP site (ftp://
ftp.xenbase.org/pub). In addition, 58,275 mRNA sequences
(as of August 27, 2015) were downloaded from the National
Center for Biotechnology Information (NCBI) Xenopus
(Silurana) tropicalis (Western clawed frog) database. Gene
quantification with our WTTS-seq method requires well-
annotated 39-UTR regions; therefore, we combined the
current X. tropicalis genome annotation (Xenbase v7.2,
Xentr7_2_Stable.gff3) with X. tropicalis mRNA sequences
available from NCBI and generated a new annotation file
combined.gtf (File S1D). First, the Genomic Mapping and
Alignment Program for mRNA and EST Sequences (GMAP,
v2014-10-22) was used to map NCBI mRNA sequences to the
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genome with the parameters –min-trimmed-coverage=0.8–
min-identity=0.95 (Wu and Watanabe 2005). The mapping
result was transformed into Gene Transfer Format (GTF) with
script written in Perl, resulting in a file named mRNA.gtf. Sec-
ond, the GTF file was combined with the Xentr7_2_Stable.gff3
annotation file, and a new genome annotation file (combined.
gtf) was generated using Cuffmerge (Trapnell et al. 2012).
Sequences in the combined.gtf file were then annotated with
Cuffcompare (Trapnell et al. 2012) based on information from
the Xentr7_2_Stable.gff3 and mRNA.gtf files. These data are
shown in File S2.

Read mapping: The CLC Genomics Workbench, v8.0.1 (CLC
bio, a QIAGEN Company, Boston, MA), was used to process
bothWTTS-seq and RNA-seq data for readmapping and gene
expression quantification. The workflow is illustrated in File
S3A. Reads were first mapped to the X. tropicalis genome
assembly (v7.1). The combined.gtf file described earlier then
was used as reference for gene annotationwith Joint Genome
Institute (JGI) Gene_IDs as well as with NCBI gene symbols.
After nuclear genome mapping, unmapped reads were
aligned to the mRNA sequences described earlier. Finally,
all remaining unassigned reads were used as inputs for a de
novo assembly. Read mapping parameters were set to 95%
similarity and 80% coverage for the first two mapping steps,
while 92% similarity and 50% coverage were used as criteria
for the de novo assembly step.

Gene annotation and quantification: Genome and mRNA
mapping results were combined to improve both the annota-
tion rate of clean reads and quantification of gene expression.
When reads were mapped to the nuclear genome, we calcu-
lated “unique gene reads” for each Gene_ID. In order to an-
notate NCBI mRNA sequences with Gene_ID, they were
first mapped to the nuclear genome with GMAP (Wu and
Watanabe 2005) and then annotated to sequences in the
combined.gtf file using the tmap file generated by Cuffcompare
(v2.2.1) (Trapnell et al. 2012) and Perl scripts. A final gene

expression value was calculated by combining genome and
mRNA gene expression data based on Gene_ID.

Estimation of gene expression means: Gene/locus expres-
sionwas either quantified as a raw count of reads expressed or
adjusted as reads per million (RPM). The former measure-
ment was used to count the number of genes with evidence of
at leastone read,whereas the latter servedasexpression levels
for determination of minimum cutoff points. However, counts
are intrinsically linked to the library (status) size, which are
not exactly comparable, and on the laboratory-observable
scale, detecting no sequence (i.e., frequency rate = 0) for a
specific gene does not necessarily indicate that its expression
level is truly zero. Hence, to bypass this “frequentist dilemma,”
the underlying expression mean of each gene was estimated
with a Bayesian model setting. Let xi be a count of reads
expressed, say, in the ith sample (or statuses), for i ¼ 1; . . . ;K,
where K is the total number of samples (or statuses). This gene
expression can be modeled as a Poisson event (variable)

pðxi j liÞ ¼ lxie2li

xi!
(1)

where the parameter li is a positive integer that corresponds
to the expectation and variance of the variable xi. Under the
heterogeneity assumption (m1 6¼ m2 6¼ ⋯ 6¼ mK), each gene
expression has its own intrinsic mean. Let li ¼ Nimi, where
mi is the unobservable gene expression mean. Then Equation
1 can be rearranged as

pðxi jmiÞ} ðmiÞxie2Nimi

In the Bayesian inference, a gamma prior distribution for mi is
assumed: pðmiÞ ¼ Gammaða;bÞ, where a and b are two
hyperparameters with their values given arbitrarily. It can
be shown that the posterior distribution of mi is also gamma:

pðmi j xiÞ} ðmiÞxie2Nimi 3 ðmiÞða21Þe2bmi

     }Gammaðaþ xi;bþ NiÞ

Figure 1 Illustration of our finalized WTTS-seq library
preparation procedures. Total RNA serves as the start-
ing material, followed by fragmentation and poly(A)+
RNA enrichment. Reverse transcription synthesizes the
first-strand cDNA and adds both 59- and 39-adaptors
into the library. Treatment with RNases I and H removes
all RNA molecules and leaves the first-strand cDNA alone
for second-strand synthesis by PCR. The library is then
size selected and ready for NGS.
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and the posterior mean and variance are given as

Eðmi j xiÞ ¼
aþ xi
bþ Ni

Vðmi j xiÞ ¼
aþ xi

ðbþ NiÞ2

Under the homogeneity assumption (m1 ¼ m2 ¼ ⋯ ¼ mK ¼ m),
a common overall mean m can be inferred instead by pooling
the counts of all the samples:

pðm j x1; x2; . . . ; xKÞ} pðx1; x2; . . . ; xK jmÞpðmÞ

Gamma
�
aþ

XK
i¼1

xi;bþ
XK
i¼1

Ni

�

and

Eðm j x1; x2; . . . ; xKÞ ¼
aþ

XK
i¼1

xi

bþ
XK
i¼1

Ni

Vðm j x1; x2; . . . ; xKÞ ¼
aþ

XK
i¼1

xi

�
bþ

XK
i¼1

Ni

!2

The edgeR program (Robinson et al. 2010) was used to de-
termine the number of differentially expressed genes (DEGs)
in embryos at different developmental stages. Genes with
greater than twofold changes were classified as upregulated
genes, while genes with fold changes that were less than22
were designated as downregulated genes. An online Venn
diagram tool (http://bioinformatics.psb.ugent.be/webtools/
Venn/) was used to draw Venn diagrams.

Data availability

The rawWTTS-seq andRNA-seq data for this study have been
submitted to the NCBI Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) under accession no.
GSE74919. The authors state that all data necessary for con-
firming the conclusions presented in the article are repre-
sented fully within the article.

Results

A brief workflow of WTTS-seq

Our WTTS-seq library preparation involved four major steps:
fragmentation, poly(A)+ RNA enrichment, first-strand cDNA
synthesis by reverse transcription, and second-strand cDNA
synthesis by PCR (Figure 1). We conducted seven trials, but
theywere not initially designed based on any prior knowledge.

In fact, techniques gradually evolved to solve problems with
library quality and quantity. Library preparation conditions,
read mapping outputs, and transcriptome parameters and
coverage for each trial are listed in File S1A. By merging both
the X. tropicalis genome assembly (v7.2) and the NCBI mRNA
entries (58,275 as of August 27, 2015), the Cuffmerge pro-
gram (Trapnell et al. 2012) identified a total of 27,836 loci
(File S2), which served as a reference of genes/transcripts for
all data analyses in this study.

Primer types and troubleshooting

In trial 1, a library with a final concentration of �660 ng was
constructed by PCRusing OPs (Figure 2A and File S1B), but a
regular full Ion PGM Sequencer run in which 50–100 pg was
loaded generated only 13,309 reads. As such, two more runs
were conducted, yielding 31,186,220 raw reads from the
entire library (File S1A). A good library preparation should
generate an average of 60–80 million reads per regular run.
The low yield of reads indicated that most constructs gener-
ated with OP lacked an Ion adaptor sequencing region.

The library in trial 2 used IPs (File S1B) with two rounds of
PCR including 20 and 35 cycles, respectively, to increase read
yield. This library had an adequate number of constructs
(Figure 2A), and thus two regular, full Ion PGM Sequencer
runs yielded 141,543,418 raw reads (File S1A), which im-
plied that the IPs significantly enhanced sequencing effi-
ciency. However, at least 49% (69,361,559/141,543,418)
(Figure 2B) of the raw reads had no T’s at the 59 ends, in-
dicating that they were spurious products.

The library in trial 3was constructedwith PAAPs (File S1B)
and reduced PCR cycles (2 and 20 in rounds 1 and 2, respec-
tively) to minimize amplification of specious products. An
initial survey of the data showed that 99.66% of the raw
reads started with four or more T’s (Figure 2B), indicating
that PAAPs efficiently anchored the poly(A) sites. However,
readmapping revealed only 14,905 loci with evidence, which
was fewer than the 15,961 and 19,242 loci discovered in
trials 1 and 2, respectively (File S1A).

PCR runs and troubleshooting

To address the low transcriptome coverage issue encoun-
tered in trial 3, the library in trial 4 was constructed with
one round of PCR with 25 cycles and the forward and reverse
primer concentrations reduced from 25 to 5 mM and from 25
to 2.5 mM, respectively (File S1A). These modifications led
to discovery of 17,289 loci with evidence and 15,544 loci
with RPM $ 0.2, which was a significant improvement in
transcriptome coverage compared to trial 3 (14,905 loci with
evidence and 11,118 loci with RPM$ 0.2) but notably lower
than coverage in trial 2 (19,242 loci with evidence and
16,679 loci with RPM $ 0.2) (File S1A).

Therefore, the concentrations of forward and reverse pri-
mers were further reduced to 0.8 and 0.4 mM, respectively
(based on various tests; data not shown), with 20 PCR cycles
in trial 5 (File S1A). These modifications created a library with
evenly distributed products (Figure 2A) with significantly
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improved transcriptome coverage (19,695 loci with evidence
and 17,339 loci with RPM $ 0.2).

The same strategy thenwas applied to library construction
in trials 6 and 7, which examined the effects of less total RNA
and different product size-selection methods on transcrip-
tome coverage (File S1A). In both trials, 2 mg of total RNA
was used to prepare libraries. First-strand cDNA products
between 200 and 500 bp were selected by excision after gel
electrophoresis, and second-strand cDNA products between
200 and 500 bpwere selectedwith SPRI beads in trial 6. First-
and second-strand cDNA products between 200 and 500 bp
were selected with SPRI beads in trial 7, which resulted in a
library with the best transcriptome coverage: 20,690 loci
with evidence and 17,740 loci with RPM $ 0.2 (File S1A).
Therefore, procedures used in trial 7 were adopted as our
finalized WTTS-seq library preparation method and used in
technical and biological replicate tests.

IPs and noisy/biased reads

In this study, “noisy” reads were defined as reads that were
not derived from the 39-end regions, while “biased” reads
were overamplified 39-end reads. There were 15 and 8 genes

in trial 2 that produced the majority of noisy and biased
reads, respectively, which accounted for 89.4% of the total
mapped reads (File S4). In contrast, reads for the same set of
genes accounted for only 0.72% (159,428/21,772,746) of
the total mapped reads in trial 7 (File S4). Inclusion and
exclusion of these noisy/biased reads in trial 2 significantly
influenced transcriptome coverage: 11,073 and 16,679 loci,
respectively, with RPM $ 0.2 (File S1A).

Of the 15 genes in trial 2 that produced noisy reads, 14 are
well annotated in the current X. tropicalis genome assembly
(v7.1) (File S4). Examination of sequence features revealed
that half these genes had 8–12 internal nucleotide sequences
identical to the Ion A Adaptor or the sequencing primer (59-
CCATCT CAT CCC TGC GTG TCT CCG ACT CAG-39), and the
remaining genes contained mismatched sequences. The X.
tropicalis c1orf52 gene is shown in Figure 3A to explain how
noisy reads were generated. All eight genes with biased reads
were created because they had internal nucleotide sequences
that were highly similar to the Ion P1 Adaptor (59-CCA CTA
CGC CTC CGC TTT CCT CTC TAT GGG CAG TCG GTG AT-39).
The X. tropicalis ctsd (cathepsin D) gene is illustrated in Figure
3B as an example of a gene that produced biased reads in trial 2.

Figure 2 Effect of adaptor design used for synthesis of
second-strand cDNA in seven trials (T) on library quality
and number of T nucleotides at the beginning of raw
reads. (A) Adaptor design included OP (outer primer), IP
(ion primer), BC (barcode), and PAAP [poly(A)-anchored
primer] regions. T1 used OPs, T2 used IPs, and T3–T7
tested PAAPs in PCR reactions. Gel images are shown
for library outputs (from concentrated bands to smooth
distributions). Ladder was the ACTGene DNA marker
100 bp, including 100, 200, 300, 400, 500, 600, 700,
800, 900, and 1000 bp, respectively. (B) Poly(T) length
distributions at the beginning of raw reads are plotted for
T1–T7. Only T1 used an adaptor containing oligo(dT20)
rather than oligo(dT10) for synthesis of the first-strand
cDNA by reverse transcription. The percentage on the
right is the proportion of reads with zero to three T’s in
each trial.
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Library size selection and read length distribution

Product size selection (200–300 bp in trial 1, 300–500 bp in
trial 2, 250–450 bp in trials 3 and 4, and 200–500 bp in trials
5–7) was not uniform among the seven trials (File S1A). We
observed that library product sizes were not necessarily as-
sociated with read sizes compiled by the Ion PGM Sequencer
(File S3B). Based on clean reads ($16 bp in length), we
found that size distribution patterns were similar among tri-
als, with the exception of trial 2 (File S3B). As described
earlier, trial 2 had a few significant noisy and biased reads,
which contributed to a high proportion of large fragment
sizes.

RNA-seq and technical replicate tests

Gene abundances in the pooled total RNA sample also were
profiled by RNA-seq. After data were normalized with the
Bayesian model, we observed that the standard errors (SEs)
for WTTS-seq trials 6 and 7 were similar but slightly higher
(1.24- and 1.33-fold, respectively) than the SEs observed in
the RNA-seq analysis (File S1A). In trials 1 and 5, SE esti-
mates were 2.07- and 2.51-fold greater inWTTS-seq libraries
than in RNA-seq libraries. In comparison, SEs in WTTS-seq
libraries from trials 2–4 were 16.05-, 13.61-, and 11.48-fold

higher, respectively, than SEs observed in RNA-seq, reflecting
the noisy and biased data and PCR overamplification issues
observed earlier. Despite the differences in transcriptome var-
iations, Spearman’s rank correlations of estimated locus ex-
pression means between WTTS-seq trials and the RNA-seq
library were well retained (File S3C). In particular, trial 7 had
the highest Spearman’s rank correlation (r= 0.912) with the
RNA-seq data set when all 27,836 loci were involved in the
calculation.

Here we focus on a comparison between trial 7 and RNA-
seq data sets. Both revealed that at least 2751 of 27,836
reference loci were not expressed in the pooled sample (File
S1E). The trial 7 library had 7345 loci expressed at levels of
0# RPM, 0.2. Of these, 4694 (63.9%), 2454 (33.4%), and
197 (2.7%) were present at levels of 0 # RPM , 0.2, 0.2 #

RPM , 10, and 10 # RPM , 250 in the RNA-seq data set,
respectively. These results indicated that an RNA-seq library
with over 100 million reads improves the likelihood that
transcripts with low expression levels are detected. Actually,
the same principle also can be applied to WTTS-seq libraries.
When we combined reads from all seven trials, the number of
loci detected with evidence increased from 20,690 with evi-
dence and 17,740 with RPM $ 0.2 (trial 7 alone) (File S1A)
to 22,889 with evidence and 21,002 with RPM$ 0.2 (sum of

Figure 3 Examples of genes that produced overwhelming numbers of noisy (A) and biased (B) reads in trial 2. (A) X. tropicalis c1orf52 gene had the
highest number of noisy reads (81,938,432) produced because 11 internal nucleotides (red color) upstream of the amplified products (underlined; see
NM_001015959.2) were identical to the 39 end of the sequencing primer (Ion A Adaptor primer). (B) X. tropicalis ctsd gene had the highest number of
biased reads (16,493,789) because it had 15 nucleotides highly similar to the 39 end of the Ion P1 Adaptor with only one nucleotide mismatch (red
color). The amplified product is underlined (see NM_203633.1). Reads from trial 2 (T2) and trial 7 (T7) are not proportionally visualized by the Integrative
Genome Viewer (IGV) program.
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all 7 trials) (File S5). However, 452 loci expressed at RPM $

0.2 were detected in the trial 7 WTTS-seq library but were
expressed at RPM , 0.2 in the RNA-seq analysis (File S1E).

We selected 37 genes (File S6) to determinewhywe found
significant discrepancies in gene expression between libraries
created by WTTS-seq and RNA-seq methods. Of these genes,
33 were expressed at 50# RPM, 250 in RNA-seq but at 0#

RPM , 0.2 in WTTS-seq (trial 7). These differences were
caused by problems related to either incomplete genome se-
quencing/assembly (17 genes) or incomplete transcriptome
annotations (16 genes) (File S6). The X. tropicalis tsg101
(Xetro.K02827 and NM_203935.1) and crtc2 (Xetro.K02136)
(File S1F) genes are illustrated in Figure 4, A and B, to explain
how genes can be detected in an RNA-seq library but missed in
WTTS-seq libraries.

Among 37 genes, four genes were expressed at 50 #

RPM , 1100 in WTTS-seq but 0 # RPM , 0.2 in RNA-seq
owing to the artifacts produced during preparation of the
WTTS-seq libraries (File S6). These artifacts were caused
by overlapping loci oriented in opposite directions. The over-
lapped regions contained poly(T) stretches that were con-
verted to poly(A) stretches after reverse transcription that
were subsequently targeted by PAAPs. Different anchored
PAAPs amplified those regions for sequencing because the
sequencing primer was included at both 59 and 39 ends of
the amplified products (Figure 5). After strand mapping, the
reads were assigned to the overlapped genes without expres-
sion rather than to those with expression. These cases oc-
curred only with the overlapped genes in the WTTS-seq
library but not in the RNA-seq analysis.

We also tested the repeatability of our finalized WTTS-seq
protocol by preparing two technical replicates (rep 1 and rep
2) with a total RNA sample derived from a female frog. The

replicates had different numbers of mapped reads: 11,403,853
for rep 1 and 22,287,985 for rep 2, representing 19,278 and
20,967 genes with evidence, respectively (File S7). Of these,
16,681 and 17,311 loci in rep 1 and rep 2 were retained, re-
spectively, when RPM $ 0.2. Although the number of reads in
rep 2was almost twofold higher than the total reads collected in
rep 1, the number of genes with evidence and RPM $ 0.2 in-
creased by 1689 and 630, respectively. As such, the replicates
had a Spearman’s rank correlation of 0.965, indicating that our
method is very reproducible and stable (File S3C).

Biological replicate test

Ten pooled embryo samples of X. tropicalis from two families
representing five developmental stages (6, 8, 11, 15, and 28)
served as biological replicates in this study. For comparison,
we also downloaded publicly available RNA-seq data for
five similar developmental stages collected on an Illumina
platform (NCBI Gene Expression Omnibus accession no.
GSE37452) (Tan et al. 2013). Total raw reads, clean reads,
combined mapped reads with annotation, numbers of genes
with evidence andwith RPM$ 0.2, and transcriptomemeans
and SEs are summarized in File S1G. The number of genes
detected with evidence ranged from 17,074 to 19,641 in our
WTTS-seq libraries, from 20,599 to 23,400 in our RNA-seq
libraries, and from 14,283 to 19,307 in Tan’s RNA-seq
libraries. These results clearly indicated that the number
of genes detected with evidence is highly correlated with
the number of reads collected per library. However, when
RPM $ 0.2 was employed, the number of genes collected de-
creased to 17,074–19,002, 14,570–17,979, and 12,980–17,708
for these three data sets, respectively. Further, Spearman’s
rank correlations between replicates at all five stages ranged
from 0.928 to 0.950 for WTTS-seq libraries (Figure 6). In

Figure 4 Incomplete genome assembly (A), incom-
plete gene annotation (B), and missing data for
WTTS-seq analysis. (A) Because of incomplete exon
sequencing of the X. tropicalis tsg101 gene, the last
exon region was not marked in the current genome
assembly or in our merged data sets. A search of the
NCBI database for the X. tropicalis tsg101 gene
revealed a 1637-bp full-length mRNA sequence
[NM_203935.1, including 60 bp of poly(A) tail]
but only 1041 bp or 66% (94–706 and 1150–1577
bp) of this sequence aligned with the current genome
assembly. Because the alignment cutoff criterion (80%)
was not met for this gene, the Cuffmerge program did
not replace XetroK02827 (681 bp in length) with the
longer NCBI sequence. Therefore, the tsg101 gene
was detected only by RNA-seq, even though WTTS
reads were mapped to that region of the X. tropicalis
genome. (B) The X. tropicalis crtc2 gene was not
completely annotated and was missing the 39-UTR
sequence. Both RNA-seq and WTTS-seq reads pro-
vided clear evidence that this gene sequence can
be extended another 920 to 6907 bp in length (File
S7). In fact, an expressed sequence tag (EST) entry
(CX401749.1) in the NCBI database with a poly(A)
signal site (ATTAAA) and a poly(A) tail supports this
unannotated 39-UTR (File S7).
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comparison, the Spearman’s rank correlations between rep-
licates of the first three stages were greater than 0.980 for
RNA-seq libraries (Figure 6).

The number of DEGs in embryos at different developmen-
tal stages was determined in both WTTS-seq and RNA-seq
data sets with the edgeR program (Robinson et al. 2010) (File
S3D, A–I). No DEGs were detected between stages 6 and 8,
but 1094 and 890 DEGs were found between stages 6 and 11
and between stages 8 and 11, respectively, in the WTTS-seq
data sets (Bonferroni adjusted P , 0.05; File S3D, J). The
numbers of DEGs between other pairs of stages also were
compared and are presented in File S3D, J. Only three DEGs
were detected between stages 6 and 8. However, between
stages 6 and 11 and between stages 8 and 11, the numbers
of DEGs increased dramatically to 4811 and 4662 (Bonferroni
adjusted P, 0.05), respectively, in RNA-seq data sets. When
pairwise data were combined, the WTTS-seq libraries con-
tained 1158 DEGs, while the RNA-seq libraries had 5204
DEGs among the first three stages (File S3D, K). As such,
111 DEGs were exclusively identified by the former method,

while 4157 DEGs were revealed by the latter method alone.
Both methods shared a common set of 1047 DEGs, account-
ing for over 90% of total WTTS-seq DEGs but only approxi-
mately 20% of total RNA-seq DEGs (File S3D, K).

Why RNA-seq detected so many more DEGs than WTTS-
seq prompted further investigation. As shown in File S8, the
transcriptome means normalized by the Bayesian model
were not dramatically different between WTTS-seq and
RNA-seq data sets for embryos of two families at stages 6,
8, and 11. In contrast, the distributions of gene expression
means were distinct (Figure 7). Kernel density plots clearly
indicated that RNA-seq analysis resulted in much wider tran-
scriptome distributions thanWTTS-seq analysis. For RNA-seq
data sets, the distances between abundantly and rarely
expressed gene peaks spanned 3.54–3.93 log10 units (gene
expression means). However, the same distances only varied
from 1.40 to 2.30 units in WTTS-seq data sets (Figure 7).
These results imply that the greater the distance between
peaks, the greater is the chance that upregulated or down-
regulated genes reach statistical significance.

Figure 5 An example of artifactual reads produced for XetroG01729 because of poly(T) stretches in the u2af2 gene. (A) XetroG01729 and u2af2
overlaps visualized by IGV. The WTTS-seq library produced two clusters of reads (read 1 and read 2) with opposite directions. The RNA-seq library had
reads that covered the entire exon. (B) Based on u2af2 mRNA sequences (NM_001016998.2), we postulated that these two clusters of WTTS-seq reads
were potentially derived from one gene (u2af2) rather than from each of these overlapped genes (XetroG01729 and u2af2). That is, the read 1 cluster
originated from poly(T) stretches, while the read 2 cluster was derived from poly(A) junction sites. However, strand mapping assigned the read 1 cluster
(artifacts) to XetroG01729 without evidence from the RNA-seq library. (C) Potential mechanism involved in production of artifactual reads with poly(T)
stretches.
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We also examined potential relationships between tran-
script length and number of detectable DEGs, particularly
associated with RNA-seq analysis. We focused on four sets of
genes: 27,836 loci representing the whole X. tropicalis tran-
scriptome, 111 DEGs exclusively identified by WTTS-seq,
4157 DEGs exclusively collected by RNA-seq, and 1047 DEGs
commonly discovered by WTTS-seq and RNA-seq (File S3D,
B). Kernel density plots against transcript lengths clearly in-
dicate that the length distributions of 111 DEGs detected by
WTTS-seq and the whole transcriptome of 27,836 loci were
similar, while DEGs detected by RNA-seq tended to be longer
transcripts (File S3E). This provided evidence that expres-
sion levels of longer transcripts are somehow magnified by
RNA-seq analysis. Such magnification even made it possible
for RNA-seq to predict 1106 DEGs that were detected by
WTTS-seq with data derived from the developmental stages
15 and 28 (File S3D, K).

As shown in File S3D, B, WTTS-seq uniquely revealed 111
DEGs in X. tropicalis embryos from stages 6–11. Examination
of the data set helped us to classify these DEGs into three
major groups based on transcript properties. First, WTTS-seq
can detect alternative poly(A) sites with different abundance
levels that are specific to developmental stages (see an ex-
ample in Figure 8). Second, unlike RNA-seq, WTTS-seq was
able to detect short-transcript DEGs. Because RNA-seq is gen-
erally biased against both 59 and 39 ends (Wang et al. 2009),
the numbers of reads for short transcripts are most likely
underrepresented in an RNA-seq library (see an example in
Figure 9). Third, overlapping genes complicate RNA-seq
read mapping. Currently, the Illumina RNA-seq platform pro-
duces pair-end (PE) reads in one amplicon. Without strand

restriction, PE reads derived from overlapped genes cannot
be mapped correctly. However, this problem does not exist in
WTTS-seq because all reads start from the 39 end of the tran-
script (see an example in Figure 10).

Discussion

Basic features of the finalized WTTS-seq method

WTTS-seq enriches both poly(A)+ RNA and poly(A)+
cDNA: Currently available 39-end sequencing methods en-
rich either poly(A)+ RNA or poly(A)+ cDNA during library
preparation (Pelechano et al. 2012; Hoque et al. 2013;
Wilkening et al. 2013; Mata 2013; Ma et al. 2014; Rallapalli
et al. 2014). In our WTTS-seq assay, poly(A)+ fragments
were enriched using oligo(dT25) beads (Figure 1). After
first-strand cDNA synthesis, we removed single-stranded
RNAs and RNA-DNA hybrids with RNases I and H. Second-
strand cDNAwas made during PCR using the PAAP. As such,
our finalized WTTS-seq method involves enrichment of both
poly(A)+ RNA and poly(A)+ cDNA (Figure 1). Unlike the
poly(A) tail length profiling by sequencing (PAL-seq) method
(Subtelny et al. 2014), our WTTS-seq technique was not
designed to measure the length of poly(A) tails.

WTTS-seq simultaneously adds full-length 59- and 39-
adaptors: Generally speaking, reverse transcription and
ligation are the two strategies employed to add 59- and 39-
adaptors to library constructs. Internal priming issues may
be responsible for up to 12% of the noisy data encountered
in libraries prepared with the former strategy (Nam et al.

Figure 6 Biological replicate test. Spearman’s rank correlations of WTTS-seq between estimated log2 counts in embryos collected from family A and
family B at five developmental stages (6, 8, 11, 15, and 28) and RNA-seq between estimated log2 counts in embryos collected from family A and family B
at three developmental stages (6, 8, and 11).
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2002). To overcome this problem, a long oligo(dT20) primer
was recommended (Shepard et al. 2011); however, others
found the long-T stretch caused problems in the sequencing
reaction (Wilkening et al. 2013).When libraries are sequenced
with the Ion Torrent platform in particular, long homopoly-
mers may increase the deletion error rate (Laehnemann et al.
2016). Ligation could successfully avoid internal priming
(Jan et al. 2011; Hoque et al. 2013), but reaction efficiency
and time required for the process can be challenging. As
shown in Figure 1, we adapted the former strategy in our
library preparation but used a short oligo(dT10) primer.
We are currently reviewing the data generated in this study
to further examine internal priming issues related to our
WTTS-seq method.

WTTS-seq directs 39-end sequencing: In this study, the
WTTS-seq libraries were sequenced with an Ion PGM Se-
quencer. As shown in File S1B, the reverse transcription adap-
tor included the Ion Torrent read sequence, a barcode
sequence, and dT10VN. This design directed sequencing of
the 39 ends of transcripts because the adaptor anchored
poly(A) junction sites. For instance, more than 99.9% of
the reads derived from the trial 7 library began with four or
more T’s (Figure 2B). Care must be taken to avoid creation of
a “low-diversity library”when Illumina platforms are used for
sequencing because they require libraries with equal propor-
tions (25%) of A, C, G, and T at each base position (http://
www.illumina.com/). Certainly, there are several strategies
to ensure that a library will meet the Illumina requirements,

such as using a custom primer for sequencing (Shepard et al.
2011; Derti et al. 2012; Yao and Shi 2014) or filling the
T-stretch before sequencing (Pelechano et al. 2012;Wilkening
et al. 2013). In comparison, the Ion PGM Sequencer has no
requirements for library diversity.

Transcriptome analysis: challenges

There are two types of amplification detours: In this study,
weobserved that inappropriate primer design resulted in both
recessive and dominant “amplification detours” that pro-
duced noisy and biased reads. The recessive amplification
detour occurred in the trial 1 library that was prepared with
OPs, while the dominant detour occurred in the trial 2 library
that was constructed with IPs. A noisy read issue also was
reported by Ma et al. (2014) and Shepard et al. (2011).
Therefore, our finalized method used adaptors that contain
an IP region with a buffer zone added to the 59-adaptor and a
barcode (BC) + a PAAP region added to the 39-adaptor
to minimize both noisy and biased reads.

Overamplification of sequencing libraries may reduce
transcriptome coverage: Generally speaking, preparation
of NGS libraries involves either exponential or linear ampli-
fication (Tang et al. 2009; Gertz et al. 2012; Hashimshony
et al. 2012; Bhargava et al. 2013; Hou et al. 2015; Pan et al.
2013). Most 39-end sequencing methods are based on the
former strategy. However, results from trial 3 clearly showed
that overamplification by PCR favors a subset of abundantly
expressed transcripts in sequencing libraries, resulting in

Figure 7 Comparisons of embryo transcriptome distributions at stages 6, 8, and 11 between WTTS-seq and RNA-seq data sets in two families (A and B).
The solid black curves represent gene expression detected by WTTS-seq, and the blue dotted curves represent gene expression detected by RNA-seq.
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reduced representation of the remaining transcripts and fail-
ure to detect genes expressed at low levels (File S1A). To
address the issue, we used only one round of PCR in combi-
nation with a low concentration of primers to synthesize and
amplify second-strand cDNA. The modifications were very
successful. Linear amplification of transcripts most likely
would yield a library with an extremely low quantity of prod-
ucts, particularly when only 39 ends are collected as profiling
targets. As such, we favor exponential amplification by PCR
at the moment.

Incomplete genome sequencing and incomplete gene
annotation jeopardize transcriptome analysis: No doubt
the genome assembly of X. tropicalis has improved signifi-
cantly from v4.1 (Hellsten et al. 2010) to v7.1 (http://
www.xenbase.org/entry/). Unfortunately, Gilchrist (2012)
estimated that 4610 transcripts did not contain UTR se-
quences and that 3396 transcripts did not have an annotated
39-UTR in the latter assembly. Indeed, we had difficulties
(Figure 4) assigning poly(A) sites to genes in this study when
assembly v7.1 was used as a reference genome. Therefore,
we plan to use v9.0 (http://www.xenbase.org/entry/) as the
reference genome to improve transcriptome analysis of this
and future research.

WTTS-seq vs. RNA-seq

Transcriptome profiles derived from WTTS-seq and RNA-
seq are highly correlated: In this study, the same pooled total
RNA sample was used for both WTTS-seq and RNA-seq
analyses. The Pearson correlation coefficient between two
types of libraries was 0.80 (File S3F), while the Spearman
ranking correlation coefficient was 0.91 (File S3C), indicat-
ing that the transcriptome profiles derived from WTTS-seq
were more highly related to RNA-seq than other 39-end se-
quencing methods. For instance, Pearson correlations were
0.7185 between 39T-fill and RNA-seq and 0.7860 between
PAT-seq and RNA-seq (Wilkening et al. 2013; Harrison et al.
2015). The high correlation betweenWTTS-seq and RNA-seq
that we observed strongly indicates that WTTS-seq is a pow-
erful and efficient tool that can be used for profiling tran-
scriptomes and characterizing their diversities or dynamics
among different biological samples or at physiologic time
points.

RNA-seq detects more DEGs than WTTS-seq, but some of
them are probably false positives: When the 39T-fill pro-
tocol was developed, Wilkening et al. (2013) extracted total
RNA from Saccharomyces cerevisiae strain SLS045 cultured
with either YPG (1% yeast extract, 2% peptone, and 1%
glucose) or YPGal (1% yeast extract, 2% peptone, and 1%
galactose). The authors observed that unlike RNA-seq,
39T-fill captured a greater number of short transcripts, thus
preventing size-biased counts of gene expression abundance.
Interestingly, the number of DEGs detected between the two
culture conditions were 2441 and 3401 for 39T-fill and RNA-
seq, respectively (adjusted P , 0.1). Our data also clearly
showed that the WTTS-seq method is capable of capturing
shorter transcripts (Figure 9). Moreover, we found that RNA-
seq “exaggerates” DEG identification (File S3D, J and K) be-
cause it widens the distribution of transcriptomes and thus
magnifies the fold changes for more DEGs (Figure 7). The
correlation plots between biological replicates (Figure 6)
provide further evidence that RNA-seq libraries had wider
transcriptome distributions than WTTS-seq. That is, the cen-
tralized zones were usually below 10 (in log2 counts) for
WTTS-seq libraries but ranged from 10 to 15 (log2 counts)
in the RNA-seq libraries.

WTTS-seq, but not RNA-seq, can easily detect alternative
polyadenylations: In this study, we used the X. tropicalis
ubtd1gene as an example to demonstrate how the WTTS-
seq method can determine APA patterns across diverse devel-
opmental stages. Both proximal and distal polyadenylation
signals of the gene were used from stages 6–28 during em-
bryo development (Figure 8). While the distal APA site was
dominant at stage 6, usage switched to the proximal site at
stage 11. At stage 28, however, both sites were used equally.
In addition, there was no switching harmony between the
two families at stages 8 and 15. Unfortunately, RNA-seq
failed to reveal any differences in usage of proximal or

Figure 8 APA patterns during embryo development are revealed by
WTTS-seq but not by RNA-seq. Partial genomic region of X. tropicalis
ubtd1 gene including the last two exons is shown. WTTS-seq revealed
that the distal APA site was dominant at stage 6, but usage switched to
the proximal site at stage 11. At stage 28, however, both sites were used
equally. Unfortunately, RNA-seq failed to reveal any differences in usage
of proximal or distal APA sites among these five stages. The poly(A) site
signals were presented proportionally for each family at each stage but
disproportionally among different stages.
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distal APA sites (Figure 8) during embryo development at
these stages.

WTTS-seq is more cost-effective than RNA-seq: Thefinalized
procedures for construction of a WTTS-seq library (Figure 1)
are not much different from those used for preparation of a
library for RNA-seq, so library construction expenses should
be similar. Therefore, the method that produces the greatest
number of usable reads for accurate analysis can be classified
as the most cost-effective. Our RNA-seq libraries produced an
average of 143,163,201 reads per library, while Tan’s RNA-
seq data averaged 11,685,268 per library (File S1G) (Tan
et al. 2013). In comparison, our WTTS-seq libraries had only
an average of 7,348,281 reads per library. As such, our RNA-
seq runs identified the highest number (21,666 on average)
of expressed genes with evidence, which was 3359 and
4236 more genes than those identified by WTTS-seq and
Tan’s RNA-seq libraries, respectively. When RPM $ 0.2 was
employed as a cutoff point, the average number of expressed
genes in both RNA-seq libraries was similar (15,731 from our
RNA-seq compared to 15,734 from Tan’s RNA-seq). In con-
trast, our WTTS-seq yielded an average of 17,930 genes

expressed at RPM $ 0.2 (File S1G). These results imply that
RNA-seq libraries with over 140 million reads are not re-
quired for gene detection but also demonstrate that 10 mil-
lion reads per RNA-seq library may not be adequate. Wang
et al. (2011) found that RNA-seq with 10 million (75-bp)
reads per library detected up to 80% of annotated chicken
genes but required at least 30 million (75-bp) reads to suffi-
ciently cover all the genes in the chicken transcriptome. Re-
sults presented in Files S1, A and G, suggest that 5 to 10
million reads per WTTS-seq library should be sufficient for
transcriptome analysis. Therefore, the cost of sequencing a
library prepared by our WTTS-seq method is at least 67%
cheaper than RNA-seq.

Both WTTS-seq and RNA-seq should be used together in
transcriptome analysis: Transcriptome analysis often re-
quires verification and validation of DEGs using an inde-
pendent method such as real-time quantitative reverse
transcription PCR (qRT-PCR). After reviewing challenges in
assay development, statistical analyses, reagents, and opera-
tor variability, however, Bustin (2002) concluded: “In reality,
it is very difficult to answer the question of how quantitative,

Figure 9 Expression of short transcript is well de-
tected by WTTS-seq but biased by RNA-seq. The X.
tropicalis rpl34 gene has an mRNA sequence of 449
bp in the genome. WTTS-seq revealed that expression
of rpl34 increased from stage 6 to stage 28 based on
RPM values. However, rpl34 was not fully covered due
to biases in RNA-seq libraries (see RPM values in the
figure).

WTTS-Seq and Transcriptome Analysis 695

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS1.pdf


reproducible or informative real-time RT-PCR is” (p. 36).
In addition, while there is no question that qRT-PCR can
validate gene expression, the time and expense needed to
verify all DEGs revealed by a whole transcriptome analysis
would be insurmountable. Furthermore, extra challenges ex-
ist when qRT-PCR is used to validate alternative transcripts of
a given gene revealed byWTTS-seq. In this study, six samples
derived from X. tropicalis embryos at stages 6, 8, and 11 were
profiled using both WTTS-seq and RNA-seq methods. Al-
though RNA-seq cannot effectively detect APA sites, it can
provide solid evidence to show that they are expressed within
introns or that they switch from proximal to distal or from
distal to proximal sites (see an example in File S3G for the
intron case). Furthermore, RNA-seq can show initiation of
distal site usage when the proximal site is consistently
expressed. In the near future, we will examine cases where
the proximal site is newly initiated, while the distal site is
consistently expressed. Therefore, our data strongly suggest
that both WTTS-seq and RNA-seq be used together to avoid
further validation using other methods. The expression dy-
namics of alternative polyadenylated transcripts within a
gene across developmental stages also can serve as mutual
validation in addition to RNA-seq confirmation.

Conclusion

After serial adjustment and refinement with primer types and
amount, PCR runs and cycles, and RNase types and combi-
nations, we have successfully developed aWTTS-seq method
that can be used to profile both gene expression and APA
by sequencing the 39 ends of transcripts. NGS library prepa-
ration, in fact, involves many steps, which, in turn, can pro-
duce biases, noisy data, and artifacts. Our finalizedWTTS-seq
assay radically addresses these challenges and serves as a

powerful tool for the research community to investigate tran-
scriptomes and reveal poly(A) site usages specific to complex
phenotypes, disease stages, or biological processes in hu-
mans, animals, and plants.
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Supplemental Data File 1A. Library preparation, sequencing outputs and data analysis 

Trials 

WTTS-seq libraries 

RNA-seq library Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 

Library parameters 

Type and amount of RNA 

Total 

10 µg  

Total 

10 µg  

Total 

10 µg  

Total 

10 µg  

Total 

5 µg  

Total 

2 µg 

Total 

2 µg  

PolyA+  

RNA 

Oligo (dT) for reverse transcription 20 10 10 10 10 10 10 N/A 

Primer typesa OP IP PAAP PAAP PAAP PAAP PAAP N/A 

Primer concentration (For/Rev, µM) 25/25 25/25 25/25 5/2.5 0.8/0.4 0.8/0.4 0.8/0.4 N/A 

Second-strand cDNA synthesis (PCR cycles) 10 20 2 25 20 20 20 N/A 

Size selection - method Gel Gel Gel Gel Gel Gel Beads N/A 

Size selection - range (in bp) 200 - 300 300 - 500 250 - 450 250 - 450 200 - 500 200 - 500 200 - 500 N/A 

Second-strand cDNA amplification (PCR cycles) 25 35 20 N/A N/A N/A N/A N/A 

RNases No H H H I+H I+H I+H N/A 

Library purification No Gel Gel Gel Beads Beads Beads N/A 

Library outputs 

Number of raw reads 31,186,220 141,543,418 23,672,332 15,369,758 21,560,536 21,201,174 35,414,112 103,995,719 

Average size (bp) of raw reads with range in bracket 117 (8-389) 184(8-389) 131(8-389) 105 (8-375) 115 (8-373) 112 (8-375) 118 (8-375) 92 (8-361) 

Clean reads including 23,652,339 136,885,636 21,500,209 12,613,564 19,838,876 19,581,691 32,275,048 97,545,846 

      Mapped to genome assembly 20,254,715 45,224,464 17,476,311 9,034,118 13,760,187 16,694,739 26,793,636 78,949,909 

      Mapped to NCBI mRNA 935,866 767,057 351,035 250,694 603,981 981,210 1,528,260 4,581,601 

      Unmapped reads for de novo assembly 2,461,758 90,894,115 3,672,863 3,328,752 5,474,708 1,905,742 3,953,152 14,014,336 

Mapped reads with loci assigned 18,867,535 42,424,000 16,231,660 8,364,595 11,785,988 14,918,058 23,922,835 73,522,777 

Transcriptome Parameters 

Mean 3.60E-05 3.59E-05 3.60E-05 3.60E-05 3.60E-05 3.60E-05 3.60E-05 3.59E-05 

As RNA-seq% 100.11% 100.03% 100.13% 100.29% 100.20% 100.15% 100.08% 100.00% 

Standard error 2.09E-06 0.0000162 0.0000137 0.0000116 2.52E-06 1.25E-06 1.33E-06 1.01E-06 

As RNA-seq% 207.33% 1605.21% 1361.44% 1147.54% 250.51% 124.31% 132.51% 100.00% 

Transcriptome Coverage 

Total loci combined 27,836 27,836 27,836 27,836 27,836 27,836 27,836 27,836 

Total loci with evidence 15,961 19,242 14,905 17,289 19,695 19,366 20,690 24,927 

Total loci with RPM≥0.2 11,398 16679 11,118 15,544 17,339 17,116 17,740 19,939 

Total loci with RPM≥0.2 (under noise) N/A 11,073 N/A N/A N/A N/A N/A N/A 
aOP:outer primer, IP:Ion primer, PAAP:polyA-anchored primer  



Supplemental Data File 1B. Adaptor/primer design and sequences 

Term/function Sequences (5’ – 3’) 

Switching 

oligo/5’ adaptor 

CAAGCAGAAGACGGCATACGAGATCCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGG

TGAT(GrGrGr)(Gr:guanosine 5′-triphosphate) 

Reverse 

transcription 

oligo/3’ adaptor 

AATGATACGGCGACCACCGAGATCTACACCATCTCATCCCTGCGTGTCTCCGACTCAGXXX

XXXXXXX(dT20 or dT10)VN (XXXXXXXXXX: barcode sequences; 

V:A/C/G; and N: A/T/C/G) 

Outer primers 

(OP)/PCR for 2nd 

strand cDNA 

synthesis 

Forward: AGAAGACGGCATACGAGATCCACTAC 

Reverse: CACCGAGATCTACACCATCTCATCC 

Ion primers (IP)/ 

PCR for 2nd strand 

cDNA synthesis 

Forward: CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT 

Reverse: CCATCTCATCCCTGCGTGTCTCCGACTCAG 

PolyA anchored 

primers (PAAP)/ 

PCR for 2nd 

cDNA synthesis 

Forward: CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT 

Reverse: CCATCTCATCCCTGCGTGTCTCCGACTCAGXXXXXXXXXX(dT20 or 

dT10)VN (XXXXXXXXXX: barcode sequences; V:A/C/G; and N: 

A/T/C/G) 

 

  



Supplemental Data File 1C. Processing script that trims Ts or T-rich regions from the 5’-

ends of reads 

#!/usr/bin/perl 

use strict; use warnings; 

#rui.li3@wsu.edu 

 

print STDERR "usage: <pl> <*.fastq> <outname> <min-len> 

trim TTTTTTTT in the head of reads and discard trimmed-reads < mini_len 

bp\n"; 

 

die "command err\n" unless @ARGV == 3; 

my $mini_len = $ARGV[2]; 

open(IN,$ARGV[0]) or die "err reading fastq\n"; 

open(OUT,">$ARGV[1]") or die "err writing output\n"; 

my$count =0; 

my$read_count=0; 

my$failed_reads = 0;my$passed_reads = 0; 

my$fastq = ""; 

 

while(<IN>) { 

 $count ++; 

 $fastq .= $_; 

 if($count > 1 && $count % 4 == 0){ 

  $read_count++; 

 

  if($fastq !~ /^\@/) {die "$fastq wrong input format!!!\n"} 

  my $trimTTT = TrimTFastq($fastq); 

 

  if(length$trimTTT >= $mini_len){ 

   $passed_reads++; 

   print OUT "$trimTTT"; 

  } 

  $fastq = ""; 

 } 

} 

close IN; 

close OUT; 

 

print" 

for $ARGV[0]"; 

print"there are $read_count reads parsed\n"; 

print"there are $passed_reads reads passed\n"; 

print $passed_reads/$read_count,"\n"; 

 

sub TrimTFastq{ 

 $_ = shift; 

 my($id,$seq,$plus,$score) = split "\n", $_; 

# print "$id;\n$seq;\n$plus;\n$score;\n\n";  

 my($polyT) = $seq =~ m/(^T*).*/; 

 if( (length($seq) - length($polyT)) < $mini_len) {return ""} 

 

 my$seq_trimmed = substr ($seq,length $polyT); 



 my$score_trimmed = substr ($score, length $polyT); 

 my$trimmed_fastq = "$id\n$seq_trimmed\n$plus\n$score_trimmed\n"; 

 return $trimmed_fastq; 

} 

 

sub TrimCTTTFastq{ 

 $_ = shift; 

 my($id,$seq,$plus,$score) = split "\n", $_; 

# print "$id;\n$seq;\n$plus;\n$score;\n\n";  

 my($polyT) = $seq =~ m/(^CT+).*/; 

 unless (defined $polyT){$polyT = ""} 

 if( (length($seq) - length($polyT)) < $mini_len) {return ""} 

 

 my$seq_trimmed = substr ($seq,length $polyT); 

 my$score_trimmed = substr ($score, length $polyT); 

 my$trimmed_fastq = "$id\n$seq_trimmed\n$plus\n$score_trimmed\n"; 

 return $trimmed_fastq; 

} 

 

  



Supplemental Data File 1D. Re-annotation of genes using X. tropicalis Genome Nigerian 7.1 

(Build 7.1) and NCBI mRNA entries  

1. Downloaded 58,275 NCBI mRNA sequences on August 27, 2015: 

mRNA_20150827.58275.fa 

2. Trimmed successive As from the 3’end of each NCBI mRNA sequence to improve alignment 

coverage: 

fasta_polyA_trimmer.pl mRNA_20150827.58275.fa 

3. Aligned NCBI mRNA sequence to the genome with GMAP: 

gmap -d xt.genome7.1 -f samse -n 1 \ 

-t 22 -B 4 expand-offset=1 \ 

--min-trimmed-coverage=0.8 --min-identity=0.95 \ 

--failed-input=fail.fa mRNA_20150827.58275.trimmed.fa \ 

1> mRNA_20150827.58275.trimmed.fa.gmap958.sam 2> gmap.log 

4. Convert GMAP alignment result from SAM format into GTF format: 

sam2gtf.pl mRNA_20150827.58275.trimmed.fa.gmap958.sam 

5. Merge NCBI mRNA and Xenbase annotation with Cuffmerge: 

cuffmerge -s ~/db/xt.genome7.1.fa -p 4 \ 

-o merged --keep-tmp cuffmerge.list.txt 

Note: cuffmerge.list.txt contains two entries:  

(1) mRNA_20150827.58275.trimmed.fa.gmap958.sam.gtf 

(2) Xentr7_2_Stable.gff3 

  



Supplemental Data File 1E. Comparison of transcriptome coverage between WTTS-seq 

(Trial 7) and RNA-seq in reference to a combined annotation of genes using X. tropicalis 

Genome Nigerian 7.1 (Build 7.1) and NCBI mRNA entries 

Trial 7 RNA-seq No. of total loci  Build 7.1 Build 7.1 + NCBI NCBI  

RPMa=0 

 

RPM=0 2751 2396 181 174 

0<RPM<0.2 3265 1869 802 594 

0.2≤RPM<10 1026 412 450 164 

10≤RPM<150 104 66 35 3 

0<RPM<0.2 

 

RPM=0 141 81 39 21 

0<RPM<0.2 1288 523 506 259 

0.2≤RPM<10 1428 265 932 231 

10≤RPM<250 93 45 44 4 

0.2≤RPM<10 

 

RPM=0 17 13 2 2 

0<RPM<0.2 423 199 143 81 

10≤RPM<1100 0<RPM<0.2 12 11 0 1 

RPM≥0.2 RPM≥0.2 17288 966 15778 544 

Total  27836 6846 18912 2078 
aRPM: reads per million 

  



Supplemental Data File 1F. Re-annotation of X. tropicalis CREB regulated transcription 

coactivator 2 (crtc2), mRNA 
>Xetro.K02136.1 

ATGGCGGCTTCGGCGGGGGCCAACGGGCCGGGCTCGGCCTCGTCCTCCAACCCGCGCAAATTCAGCGAAA

AGATCGCCCTGCAGCGCCAGAGACAAGCGGAGGAGACGGCGGCCTTCGAGGAGGTCATGATGGACATCGG

CTCCACCCGGTGCCCCCCACATTCCCCCCTGGAATCATCTCGCAGCACCCGCCACCATGGTCTCGTGGAG

AGAGTTCAGCGAGACCCCCGCCGGATGATGAGCCCAGCTGGAGAAGGTAATGTGACTCTAATTCCCAGAA

GCCTCTGCTGGACAAACTCGGACTCTGCTCTCCATACCAGCGTGATGAATCCCAGCTCACAGGATCCATA

CGGAGCCGCACAGGGCATGGCGCTGCCCAACAGGAGAACCGCGTTTCTCTTTCCGGCGCCGGCTATAGAG

GAGGACCTCCACTCAGATAGCAGCCACCTGCTGAGTCCGTGTGATGCTAAAAGGATGCTCATGTCGTCTT

CTCGGCCCAAATCCTGTGAAGTTCCAGGCATTAACCCACAAAGTATCCCTCCAGTGCCCTCTGTCCTTAA

TTCTGGGGGCTCACTGCCGGACCTGACTAATTTGCACCTGCCTTCCCCTCTCCCCACCCCCCTGGATCTG

GACGAGTCAGGATTCAGTAGCCTCAGCGGGGGCAGCAGCACTGGCAATCTGGCCAACACCATGACCCATT

TGGGCATCAGCAGGATGGGGCTGGCCCCAGAGTATGAGATTCCAGGTTACTCCCCATCGTCAGTGCAGAA

CTCGCTGAGTCGGTCGTCCCTTCAGTCATCACTGAGCAACCCGAACCTTCAGGCCTCCCTTAGCAACCCC

TCCCTGCAGGCCTCCCTTAGCAACCCCTCCCTGCAGACCTCCTATAGCAATCCCTCCCTGCAGTCCTCTC

TGAGCAGCCAATCCCTGACCTCTTCCCTCAGCAACAGCAGCCAGAGCCTTCCCTCGGCCTACAGCACCCC

ATCCTCGCCATCCTCCTCATTCCCTCCCCCGGTGCCCACCCCCATGAACACGTCCCCGCGCCGGAGAGTC

CCACTGAGCCCTCTCACTCTCCCTCTGGGGGGGGACTCTAGAAGGGCCCACCAGAAGCAGTTCTCCCCTA

CTATGTCTCCTACACTGAGTTCCATTACCCAGGGAGTCCCCTTGGATACAAGCAAATTTCCTGCTGTGGA

CTCCCCACCAGGTTTCTCTAAGGAAATCACATCTGCCTTGTCCTGCGTCCCGGGCTTTGAGGTTGACCAG

TCACTGGGGTTAGAAGAAGACCTTAACATTGAACCACTCACCTTGGACGGACTCAACATGCTGAGCGACC

CCTACGCCCTCCTTACCGACCCCATGGTGGAGGATTCTTTCCGCTCCGACCGGTTACAATGA 

>gi|847173418|ref|XM_012954368.1| PREDICTED: Xenopus (Silurana) 

tropicalis CREB regulated transcription coactivator 2 (crtc2), 

mRNA 

CAAACGTAGCGAAGGCTCCGCCCCAAGCCGCAGGCCGCCACCACTTTATTCACACCCAAACTGGCGGGCC

AGAAGGTAACAGCGTCGGTGCCGCATGGGAATTGTAGTTTTAACGTGATTCACTCGACGTCTATTTCAAG

CGCTTGGAACTACGTTTCCCGACAAGCAGTGGGACGTCGTCTGCCCACGTAACGCGGAGCCCGACGGGAG

ATGTAGTTTCGCTTCGTGCCGTTGGGCTTTGAGTTTCTCGAGTTCAGCGGCGCGTTGGAACTACGTGTCC

CGGCGTGCCTAGCGCTGTGTTTTTCCACCGGGGGTTTTCTCGGCGGCTGCGGAAGGGAGCGAAAGATGGC

GGCTTCGGCGGGGGCCAACGGGCCGGGCTCGGCCTCGTCCTCCAACCCGCGCAAATTCAGCGAAAAGATC

GCCCTGCAGCGCCAGAGACAAGCGGAGGAGACGGCGGCCTTCGAGGAGGTCATGATGGACATCGGCTCCA

CCCGGGTACCCGCGTTCTGCCACTTGTCTGCCATTGGCCAGTTATATTGCAGGGCCCCCAATGTAACCCC

CTCTGTTGTATTGCAGTGCCCCCCACATTCCCCCCTGGAATCATCTCGCAGCACCCGCCACCATGGTCTC

GTGGAGAGAGTTCAGCGAGACCCCCGCCGGATGATGTCGCCCCTGCGCCGATACATGCGCCAATTGGACA

GCTCTCCCTACAACGCCTCCTACCTCTCACCGCAACAGGAGCCCAGCTGGAGAAGGACAAACTCGGACTC

TGCTCTCCATACCAGCGTGATGAATCCCAGCTCACAGGATCCATACGGAGCCGCACAGGGCATGGCGCTG

CCCAACAGGAGAACCGCGTTTCTCTTTCCGGCGCCGGCTATAGAGGAGGACCTCCACTCAGATAGCAGCC

ACCTGCTGAGTCCGTGTGATGCTAAAAGGATGCTCATGTCGTCTTCTCGGCCCAAATCCTGTGAAGTTCC

AGGCATTAACATTTGCCCATCAGTGGACGAGCCCACAAGTATCCCTCCAGTGCCCTCTGTCCTTAATTCT

GGGGGCTCACTGCCGGACCTGACTAATTTGCACCTGCCTTCCCCTCTCCCCACCCCCCTGGATCTGGACG

AGTCAGGATTCAGTAGCCTCAGCGGGGGCAGCAGCACTGGCAATCTGGCCAACACCATGACCCATTTGGG

CATCAGCAGGATGGGGCTGGCCCCAGAGTATGAGATTCCAGGTTACTCCCCATCGTCAGTGCAGAACTCG



CTGAGTCGGTCGTCCCTTCAGTCATCACTGAGCAACCCGAACCTTCAGGCCTCCCTTAGCAACCCCTCCC

TGCAGGCCTCCCTTAGCAACCCCTCCCTGCAGACCTCCTATAGCAATCCCTCCCTGCAGTCCTCTCTGAG

CAGCCAATCCCTGACCTCTTCCCTCAGCAACAGCAGCCAGAGCCTTCCCTCGGCCTACAGCACCCCATCC

TCGCCATCCTCCTCATTCCCTCCCCCGGTGCCCACCCCCATGAACACGTCCCCGCGCCGGAGAGTCCCAC

TGAGCCCTCTCACTCTCCCTCTGGGGGGGGACTCTAGAAGGGCCCACCAGAAGCAGTTCTCCCCTACTAT

GTCTCCTACACTGAGTTCCATTACCCAGGGAGTCCCCTTGGATACAAGCAAATTTCCTGGTGACCAGAGC

TGCCCCCATACCACTTTATTACCTGCCTGTTCCCTCACAGCTGTGGACTCCCCACCAGGTTTCTCTAAGG

AAATCACATCTGCCTTGTCCTGCGTCCCGGGCTTTGAGGTTGACCAGTCACTGGGGTTAGAAGAAGACCT

TAACATTGAACCACTCACCTTGGACGGACTCAACATGCTGAGCGACCCCTACGCCCTCCTTACCGACCCC

ATGGTGGAGGATTCTTTCCGCTCCGACCGGTTACAATGAAGGGGGGCGGGTTGGCTCTGGTAAAGCTTCT

CCCCCCACGGCGTCCATTTTGCCCAAGCGTTCTCAGGGGTTTCCATCTCCAGCATGAAGATCCAACCAAC

CAAAGAAAAGCCCAACTCTTTGTACAGAGAAACATGAACTATATTTACTCGGCCTGAGCATCAAAGAGCT

AAGAATGTTCTGATAGAATGTTCTGGTGCTGTGCTGGACACAGATCATCCCCCCAATCTACTGGGTTTAT

TCTGCCTTCCTAATACGCTGGTTTGTTTAGATGGAATATTCCGAACCAGAAGATTTATTACATGATGGAG

CCAGTCATGGAGACCCTGAAGGTCCAAACTTGTAGGAGAGGAAGATGCCAAGGGATTCCATATTAGCTGG

GTGATCCTGTTCATGTCAAAACAGAACCCAATCAGTAGGTCAACGTGAAAGTGAAGACCCTAAGGGGCGG

GATAATCATGGTGGGAAGATCCTCTCTGACAGAATATTGTCTATATATGAGAGTAATTCAGGTCCAACCC

AGACCTGACACTATATCACCAAAGGCATAGAGACCCCGGGCCTGCTCATTCGGAGCCCAAGGGTATTAAC

CTGGAGTTATTGTCTCTGCTCTTCTGGGAAGGTTCCCACCAGATGTTGGACCCTGTAGGCCAGTCAAGTT

CTTCCACTGCCTTCTCACCAAGCTAATTCAGTAAGGACGTTGGGTTGTGCATAAGGTCCTTATTGAGATG

AAGAAGGAAAAAGCCTTCAGTGAATGTTCCACAGAGTAGGGAATGCTAAGAACCTTATTGAGAGCTGTAG

TGCTGAGGTTTCATTGGAAGCCATGGCCGTTATTCCTCCTCCATTAAATCAGGCAGGTAGTGTTCTCCTG

GCATCCCCAGGCTACTCCATCAGAGAGAGAACACATTTCCACTGCTCCGGGAGTCTCAACACAACCCTAC

TGGCAACGATTGGCATGGTGGGCATGGGTGGGCCATGGAATACCCCTTTGCTTGCAGAGAGTTTGGAATA

AAAGTGACTATAGAGAACAAGTGATTTTAGATATTACTGTACTGAGACTCTTCCCACCCATCAGACCTAT

GCAAAGGGTCACTTTCTACTCAAGGGACCTGTGCAGAACTTCTACCCGTCGCCAGATGCACGTCTCAACC

ATCAGACCTATCCAAAGGCTCAAAGGCTATCCCAAGTTGTCCATTGACCCTATCACATGGTTCATTTCTT

ATCCATTAGGCCTATAAACCCAACTTCCTTCCCATCAGACCTACCCAAGGGGTCACTTCCTACTCATGGG

ACCTATGCACAGCTGACCTTATACCCATCACCAGAAGCAAATGTCTCAACCATCAGACCTATCCAAAGAC

TCATGGGCTATTCAAGTTGTATTTCCTTTCCATGGAACCTATCACATGCATGGAACTGATCACATGGTTC

ACTTCCAATCCTATAAGGCCTATAAATGCCCAACTTCCTACCCATCAGACCTACCCAAGTGGTCACTTCC

TACTCAGTGGATCTATGCAGAGCTGACCTTATAGCCATCACCAGAAGCAAATGTCTCAAGCATCAGACCT

ATCCAAAGACTCATGGGCTATTCAAGTTGTCCATTGACCCTATCACACAGTTCATTGTCTATCCGTTAGG

CCTATAAAAACCCAACTTCCTACCCAAGAGGTTACTTCCTACTCATGGGACCGGTGCAGAGCTTCTACCC

ATTGCCAGATGCATGTCTCTACCATCAGACCTATCCAAAGACTCATGGGCTATTCAAGTTGTCCATTGAC

CCTATGACATGGTTCATTTCCTATCCATTAGGCCTATAAAAACCCAACTTCCTTTCCATGGAACCTATCA

CAAGCATGGAACTGATCACATGGTGCACTTCCTATTCTAGAAGACCTATAGGTGCCCAACTTCCTACCCA

TCAGACCTAGTAAAAGGGTCACTTTCTATTCATGGGACACGTGCAGAGCTTCTACCCATCACCAGAAGCA

AATGTCAACCATCAGACCTATCCAGAGACTCATGGGCTATCCCAAGTTTTCCATTGACCCTATCACATGG

TTCATTTCCTATCCATTAGGCCTATAAAAACCCAACTTCCTACCCATCAGACCTACCCAAGGGGTCGCTT

CCTACTCAGTGGACTTATGCAGAGCTGACCTTAAACCCATCGCCAAAAGCAAATGTCTCAACCATGAGAC

CTATCCAAAGACTCATAGACTAGCCAAGTTGTATTTTCTTTCCATGGAACCTATGACACGCATGGAGCGA

TCAGACCTAGTGAAAGGGTCACTTCCTATTCATGGGACTCATGCAGAGCTTCTACCCATCGCCAGAAGCA

ACCATCAGACTGATCCAGAGACTAATGGGCTATCCCAACTTGTCCATTGACCCTATCTCACTGTTCATTT

CCTATCCATTAAGGCCTATAAAAACCCAACTTCTTTCCATGGAACCTATCACAAGCATGGAACCGATCAC



ATGGTGCACTTCCTATCCATTAGGCCTATAAAAACCCAACTTCCTACCCACCAGACCTACCCAAGGGGTC

GCTTCCTACTCAGTGGACCTATGCAGAGCTGACCTTAAACCCATCGCCAAAAGCAAATGTCTCAACCATC

AGACCTACCCAAGGGCTCACTTCCTTCTCATTGGACCTATGCACAGCTGACCTTATAGCCATCGCCAGAA

GCAAATATCTCAACCATCAGACCTATCCAAAGACCCATGGGCTATCCCAAGTTGTATTTCCTTTCCATGA

AACCTATCACACGCATGGAACCGATCACATGGTTAATTTCCTATCCATGTGGCCTATAAAAACCCAACTT

CCTTCCCATCAGACCTACCCAAGGGGTCACTTCCTACTCAATGGACCTATGCAGAGCTTCTACCCATCGC

CAGATGCAAATGTCTCAACCATCAGAACTATCCAAAGACCCATGGGCTATCCCAAGTTGTATTTCCTTTC

CATGGAACCTATCACATTCATGGAACCGATCACATGGTGCATTTCCTATCCATGAGGCCTATAAATGCCC

AACTTCCTTCCCATCAGACCTACCCAAGGGGTCACTTCCTACTCATTGGACCTATGCACAGCTGACCTTA

TAGCCATCGCCAGAAGCAAATGTCTCAACCATCAGACCTTTCCAAAGACCCATGGGCTATTCAAGCTGTA

TTTCCTTTCCATGGAACCTATCACCCGCATGGAACCGATCACATGGTGCATTTCCTATCCATTAGGCCAA

TAATTTACTCAACTTCCTACCCATCAGAACTTGTCTAAGGTTCTTCCTGCCCCGCAGACCTCCCAGGAAG

ACTTTCTATCCATAACGGTTATCCAGGAGCCGATTTCCTAAGCGACCGGTTTAGTCCAATAGTGGCTCAT

CTTACTTGCACCCAAGACAACTAACCAACCAGCACTTACCCCGAGCCAGAGTTCCTAACCAGTAGATGCA

GAGTACTTACTAGCACTTAACCCAAGGCAACGGTTACAACTGAGTCCTTTAGCCATAGACTGACTTACCC

CAGAGATGCCCTTCCTCACAGGTGGAATTACCCCGGGGTAACCAGCGGAAGGAGCAGACTTACCCAGCTA

CTAACCCAACGGGGCAAACCCGGTTCTGAACGGGACTTCCCAACCAGCAGGACCACCCTAAGGAGGCATC

TGATTGGTGGGGTGACCCCATTTTTGCCCTCGTGGGGGCGCAAGTCAAACCTGATGGACTTTAATGCAAA

CTGTAAAATATTTTATTTTTTTAGAGAAAAAAAGAGAGTATTGTGAACTATTTTGAAGGATTTTATGTAT

TTGTATTGTTTTTATGATCCTGTATAAAAGCCAGAGGGAACGCCGGGGCACCCCCTTCCCATCATGCTTT

TCGGCTAATGCTAGAAATATGACTATGGGTAGTAGTGTTGGCCCCCCAGCTTCTCATGGACTAAGCCCCG

CCCCCCCACTTAGCTTTGGCTGTAACTCGGCATCAGCTGGGGGGCCCCCCATCCTGCTTTATATGCTGAT

AGCACTTACTGTGTATCGTGAACCCCCAAATTTGTTA 

 

 

>Reassemble: Xenopus (Silurana) tropicalis CREB regulated 

transcription coactivator 2 (crtc2), mRNA 

CAAACGTAGCGAAGGCTCCGCCCCAAGCCGCAGGCCGCCACCACTTTATTCACACCCAAACTGGCGGGCC

AGAAGGTAACAGCGTCGGTGCCGCATGGGAATTGTAGTTTTAACGTGATTCACTCGACGTCTATTTCAAG

CGCTTGGAACTACGTTTCCCGACAAGCAGTGGGACGTCGTCTGCCCACGTAACGCGGAGCCCGACGGGAG

ATGTAGTTTCGCTTCGTGCCGTTGGGCTTTGAGTTTCTCGAGTTCAGCGGCGCGTTGGAACTACGTGTCC

CGGCGTGCCTAGCGCTGTGTTTTTCCACCGGGGGTTTTCTCGGCGGCTGCGGAAGGGAGCGAAAGATGGC

GGCTTCGGCGGGGGCCAACGGGCCGGGCTCGGCCTCGTCCTCCAACCCGCGCAAATTCAGCGAAAAGATC

GCCCTGCAGCGCCAGAGACAAGCGGAGGAGACGGCGGCCTTCGAGGAGGTCATGATGGACATCGGCTCCA

CCCGGGTACCCGCGTTCTGCCACTTGTCTGCCATTGGCCAGTTATATTGCAGGGCCCCCAATGTAACCCC

CTCTGTTGTATTGCAGTGCCCCCCACATTCCCCCCTGGAATCATCTCGCAGCACCCGCCACCATGGTCTC

GTGGAGAGAGTTCAGCGAGACCCCCGCCGGATGATGTCGCCCCTGCGCCGATACATGCGCCAATTGGACA

GCTCTCCCTACAACGCCTCCTACCTCTCACCGCAACAGGAGCCCAGCTGGAGAAGGACAAACTCGGACTC

TGCTCTCCATACCAGCGTGATGAATCCCAGCTCACAGGATCCATACGGAGCCGCACAGGGCATGGCGCTG

CCCAACAGGAGAACCGCGTTTCTCTTTCCGGCGCCGGCTATAGAGGAGGACCTCCACTCAGATAGCAGCC

ACCTGCTGAGTCCGTGTGATGCTAAAAGGATGCTCATGTCGTCTTCTCGGCCCAAATCCTGTGAAGTTCC

AGGCATTAACATTTGCCCATCAGTGGACGAGCCCACAAGTATCCCTCCAGTGCCCTCTGTCCTTAATTCT

GGGGGCTCACTGCCGGACCTGACTAATTTGCACCTGCCTTCCCCTCTCCCCACCCCCCTGGATCTGGACG



AGTCAGGATTCAGTAGCCTCAGCGGGGGCAGCAGCACTGGCAATCTGGCCAACACCATGACCCATTTGGG

CATCAGCAGGATGGGGCTGGCCCCAGAGTATGAGATTCCAGGTTACTCCCCATCGTCAGTGCAGAACTCG

CTGAGTCGGTCGTCCCTTCAGTCATCACTGAGCAACCCGAACCTTCAGGCCTCCCTTAGCAACCCCTCCC

TGCAGGCCTCCCTTAGCAACCCCTCCCTGCAGACCTCCTATAGCAATCCCTCCCTGCAGTCCTCTCTGAG

CAGCCAATCCCTGACCTCTTCCCTCAGCAACAGCAGCCAGAGCCTTCCCTCGGCCTACAGCACCCCATCC

TCGCCATCCTCCTCATTCCCTCCCCCGGTGCCCACCCCCATGAACACGTCCCCGCGCCGGAGAGTCCCAC

TGAGCCCTCTCACTCTCCCTCTGGGGGGGGACTCTAGAAGGGCCCACCAGAAGCAGTTCTCCCCTACTAT

GTCTCCTACACTGAGTTCCATTACCCAGGGAGTCCCCTTGGATACAAGCAAATTTCCTGGTGACCAGAGC

TGCCCCCATACCACTTTATTACCTGCCTGTTCCCTCACAGCTGTGGACTCCCCACCAGGTTTCTCTAAGG

AAATCACATCTGCCTTGTCCTGCGTCCCGGGCTTTGAGGTTGACCAGTCACTGGGGTTAGAAGAAGACCT

TAACATTGAACCACTCACCTTGGACGGACTCAACATGCTGAGCGACCCCTACGCCCTCCTTACCGACCCC

ATGGTGGAGGATTCTTTCCGCTCCGACCGGTTACAATGAAGGGGGGCGGGTTGGCTCTGGTAAAGCTTCT

CCCCCCACGGCGTCCATTTTGCCCAAGCGTTCTCAGGGGTTTCCATCTCCAGCATGAAGATCCAACCAAC

CAAAGAAAAGCCCAACTCTTTGTACAGAGAAACATGAACTATATTTACTCGGCCTGAGCATCAAAGAGCT

AAGAATGTTCTGATAGAATGTTCTGGTGCTGTGCTGGACACAGATCATCCCCCCAATCTACTGGGTTTAT

TCTGCCTTCCTAATACGCTGGTTTGTTTAGATGGAATATTCCGAACCAGAAGATTTATTACATGATGGAG

CCAGTCATGGAGACCCTGAAGGTCCAAACTTGTAGGAGAGGAAGATGCCAAGGGATTCCATATTAGCTGG

GTGATCCTGTTCATGTCAAAACAGAACCCAATCAGTAGGTCAACGTGAAAGTGAAGACCCTAAGGGGCGG

GATAATCATGGTGGGAAGATCCTCTCTGACAGAATATTGTCTATATATGAGAGTAATTCAGGTCCAACCC

AGACCTGACACTATATCACCAAAGGCATAGAGACCCCGGGCCTGCTCATTCGGAGCCCAAGGGTATTAAC

CTGGAGTTATTGTCTCTGCTCTTCTGGGAAGGTTCCCACCAGATGTTGGACCCTGTAGGCCAGTCAAGTT

CTTCCACTGCCTTCTCACCAAGCTAATTCAGTAAGGACGTTGGGTTGTGCATAAGGTCCTTATTGAGATG

AAGAAGGAAAAAGCCTTCAGTGAATGTTCCACAGAGTAGGGAATGCTAAGAACCTTATTGAGAGCTGTAG

TGCTGAGGTTTCATTGGAAGCCATGGCCGTTATTCCTCCTCCATTAAATCAGGCAGGTAGTGTTCTCCTG

GCATCCCCAGGCTACTCCATCAGAGAGAGAACACATTTCCACTGCTCCGGGAGTCTCAACACAACCCTAC

TGGCAACGATTGGCATGGTGGGCATGGGTGGGCCATGGAATACCCCTTTGCTTGCAGAGAGTTTGGAATA

AAAGTGACTATAGAGAACAAGTGATTTTAGATATTACTGTACTGAGACTCTTCCCACCCATCAGACCTAT

GCAAAGGGTCACTTTCTACTCAAGGGACCTGTGCAGAACTTCTACCCGTCGCCAGATGCACGTCTCAACC

ATCAGACCTATCCAAAGGCTCAAAGGCTATCCCAAGTTGTCCATTGACCCTATCACATGGTTCATTTCTT

ATCCATTAGGCCTATAAACCCAACTTCCTTCCCATCAGACCTACCCAAGGGGTCACTTCCTACTCATGGG

ACCTATGCACAGCTGACCTTATACCCATCACCAGAAGCAAATGTCTCAACCATCAGACCTATCCAAAGAC

TCATGGGCTATTCAAGTTGTATTTCCTTTCCATGGAACCTATCACATGCATGGAACTGATCACATGGTTC

ACTTCCAATCCTATAAGGCCTATAAATGCCCAACTTCCTACCCATCAGACCTACCCAAGTGGTCACTTCC

TACTCAGTGGATCTATGCAGAGCTGACCTTATAGCCATCACCAGAAGCAAATGTCTCAAGCATCAGACCT

ATCCAAAGACTCATGGGCTATTCAAGTTGTCCATTGACCCTATCACACAGTTCATTGTCTATCCGTTAGG

CCTATAAAAACCCAACTTCCTACCCAAGAGGTTACTTCCTACTCATGGGACCGGTGCAGAGCTTCTACCC

ATTGCCAGATGCATGTCTCTACCATCAGACCTATCCAAAGACTCATGGGCTATTCAAGTTGTCCATTGAC

CCTATGACATGGTTCATTTCCTATCCATTAGGCCTATAAAAACCCAACTTCCTTTCCATGGAACCTATCA

CAAGCATGGAACTGATCACATGGTGCACTTCCTATTCTAGAAGACCTATAGGTGCCCAACTTCCTACCCA

TCAGACCTAGTAAAAGGGTCACTTTCTATTCATGGGACACGTGCAGAGCTTCTACCCATCACCAGAAGCA

AATGTCAACCATCAGACCTATCCAGAGACTCATGGGCTATCCCAAGTTTTCCATTGACCCTATCACATGG

TTCATTTCCTATCCATTAGGCCTATAAAAACCCAACTTCCTACCCATCAGACCTACCCAAGGGGTCGCTT

CCTACTCAGTGGACTTATGCAGAGCTGACCTTAAACCCATCGCCAAAAGCAAATGTCTCAACCATGAGAC

CTATCCAAAGACTCATAGACTAGCCAAGTTGTATTTTCTTTCCATGGAACCTATGACACGCATGGAGCGA

TCAGACCTAGTGAAAGGGTCACTTCCTATTCATGGGACTCATGCAGAGCTTCTACCCATCGCCAGAAGCA



ACCATCAGACTGATCCAGAGACTAATGGGCTATCCCAACTTGTCCATTGACCCTATCTCACTGTTCATTT

CCTATCCATTAAGGCCTATAAAAACCCAACTTCTTTCCATGGAACCTATCACAAGCATGGAACCGATCAC

ATGGTGCACTTCCTATCCATTAGGCCTATAAAAACCCAACTTCCTACCCACCAGACCTACCCAAGGGGTC

GCTTCCTACTCAGTGGACCTATGCAGAGCTGACCTTAAACCCATCGCCAAAAGCAAATGTCTCAACCATC

AGACCTACCCAAGGGCTCACTTCCTTCTCATTGGACCTATGCACAGCTGACCTTATAGCCATCGCCAGAA

GCAAATATCTCAACCATCAGACCTATCCAAAGACCCATGGGCTATCCCAAGTTGTATTTCCTTTCCATGA

AACCTATCACACGCATGGAACCGATCACATGGTTAATTTCCTATCCATGTGGCCTATAAAAACCCAACTT

CCTTCCCATCAGACCTACCCAAGGGGTCACTTCCTACTCAATGGACCTATGCAGAGCTTCTACCCATCGC

CAGATGCAAATGTCTCAACCATCAGAACTATCCAAAGACCCATGGGCTATCCCAAGTTGTATTTCCTTTC

CATGGAACCTATCACATTCATGGAACCGATCACATGGTGCATTTCCTATCCATGAGGCCTATAAATGCCC

AACTTCCTTCCCATCAGACCTACCCAAGGGGTCACTTCCTACTCATTGGACCTATGCACAGCTGACCTTA

TAGCCATCGCCAGAAGCAAATGTCTCAACCATCAGACCTTTCCAAAGACCCATGGGCTATTCAAGCTGTA

TTTCCTTTCCATGGAACCTATCACCCGCATGGAACCGATCACATGGTGCATTTCCTATCCATTAGGCCAA

TAATTTACTCAACTTCCTACCCATCAGAACTTGTCTAAGGTTCTTCCTGCCCCGCAGACCTCCCAGGAAG

ACTTTCTATCCATAACGGTTATCCAGGAGCCGATTTCCTAAGCGACCGGTTTAGTCCAATAGTGGCTCAT

CTTACTTGCACCCAAGACAACTAACCAACCAGCACTTACCCCGAGCCAGAGTTCCTAACCAGTAGATGCA

GAGTACTTACTAGCACTTAACCCAAGGCAACGGTTACAACTGAGTCCTTTAGCCATAGACTGACTTACCC

CAGAGATGCCCTTCCTCACAGGTGGAATTACCCCGGGGTAACCAGCGGAAGGAGCAGACTTACCCAGCTA

CTAACCCAACGGGGCAAACCCGGTTCTGAACGGGACTTCCCAACCAGCAGGACCACCCTAAGGAGGCATC

TGATTGGTGGGGTGACCCCATTTTTGCCCTCGTGGGGGCGCAAGTCAAACCTGATGGACTTTAATGCAAA

CTGTAAAATATTTTATTTTTTTAGAGAAAAAAAGAGAGTATTGTGAACTATTTTGAAGGATTTTATGTAT

TTGTATTGTTTTTATGATCCTGTATAAAAGCCAGAGGGAACGCCGGGGCACCCCCTTCCCATCATGCTTT

TCGGCTAATGCTAGAAATATGACTATGGGTAGTAGTGTTGGCCCCCCAGCTTCTCATGGACTAAGCCCCG

CCCCCCCACTTAGCTTTGGCTGTAACTCGGCATCAGCTGGGGGGCCCCCCATCCTGCTTTATATGCTGAT

AGCACTTACTGTGTATCGTGAACCCCCAAATTTGTTACACCAGCCAATCAGGTCATTGACCTTTCGCCAT

GGCATGAAGCGTTCTGATTGGCTGCACATTAGCTTGTCACTTTTTATTGCTGATTCGTCCCCCCCCCCAA

ACAATTCAGTCCGGGGGGAGCCCCCCATTGTATAAACTACATAAAGGGGTTGTTCACCGTTTAATGTTTA

GTACAATGTAGAGAGTTATATTCTGAGACAGTTTGCAGTTGGTCTTCATTTTTTTTATTATTTGTAGTTT

TTTAATTATTTTATTAATTGTCCAGCATCTCCAGTTTGGAGTTATAACAACTATCGGGTTGCTAGGGTGC

AAATTTCCTTAGTAATAGGGAAGGGGCTGAATAGAAAGATAAGGAATAAAAAGTAACAATAACAATAAAA

CTGGAGCCTCACAGAGCAATAGGGTTTGGCTGCCGGGGTCAGTGACCCCCATTTGAAAGCTGCAAAGAGT

CATAGGAAGGCAAATAAATAAAAACTGTAAGAAATAAATAATGAAGACCAATTGAAAAGTTGCTGAGAAT

CATCATCTAACATCCTAAAAGTTAATGGTGAACCGCCCCTTTACTTGCAGCCCCTCCTACTGATTTGTAT

GCGTCACATGGTGCAAGTGATTGGCTGAAGGCAGCTGACACCTGTATAGAAAACAAATCTGATTTCTCAG

ACGCCATTGGCCCCCCATTCCCTGCCGATTGCCCCACCCCCCCCGGGAGGTTAATCCCGCCCTGTGAGTT

AAACGGTTAACCCTTCGTGTCCCCTCCTCTCCCCCGCAGCTGTCACTGGCATGCCGGCAGTAGGGGAGAC

CCATGGTTTTTAATATAAATATATAAATATAAAAAGCTGTAGAAATGTATATATTTGTACCGAGACCTTT

TTTTTTTTATGATGCCAAAAAATTAAAGCTGCAGATGTACTAAGTGA 

  



>gi|57182440|gb|CX401749.1|CX401749:c833-1 JGI_XZT49402.rev 

NIH_XGC_tropTad5 Xenopus (Silurana) tropicalis cDNA clone 

IMAGE:7624266 3', mRNA sequence 

CAATTCAGTCCGGGGGGAGCCCCCCATTGTATAAACTACATAAAGGGGTTGTTCACCGTTTAATGTTTAG

TACAATGTAGAGAGTTATATTCTGAGACAGTTTGCAGTTGGTCTTCATTTTTTTTATTATTTGTAGTTTT

TTAATTATTTTATTAATTGTCCAGCATCTCCAGTTTGGAGTTATAACAACTATCGGGTTGCTAGGGTGCA

AATTTCCTTAGTAATAGGGAAGGGGCTGAATAGAAAGATAAGGAATAAAAAGTAACAATAACAATAAAAC

TGGAGCCTCACAGAGCAATAGGGTTTGGCTGCCGGGGTCAGTGACCCCCATTTGAAAGCTGCAAAGAGTC

ATAGGAAGGCAAATAAATAAAAACTGTAAGAAATAAATAATGAAGACCAATTGAAAAGTTGCTGAGAATC

ATCATCTAACATCCTAAAAGTTAATGGTGAACCGCCCCTTTACTTGCAGCCCCTCCTACTGATTTGTATG

CGTCACATGGTGCAAGTGATTGGCTGAAGGCAGCTGACACCTGTATAGAAAACAAATCTGATTTCTCAGA

CGCCATTGGCCCCCCATTCCCTGCCGATTGCCCCACCCCCCCCGGGAGGTTAATCCCGCCCTGTGAGTTA

AACGGTTAACCCTTCGTGTCCCCTCCTCTCCCCCGCAGCTGTCACTGGCATGCCGGCAGTAGGGGAGACC

CATGGTTTTTAATATAAATATATAAATATAAAAAGCTGTAGAAATGTATATATTTGTACCGAGACCTTTT

TTTTTTTATGATGCCAAAAAATTAAAGCTGCAGATGTACTAAGTGAAAAAAAAAAAAAAAAGG 

 

  



Supplemental Data File 1G. Biological replicates data summary 

Library and 

sequencing platform 

Total raw 

reads 

Clean reads Annotated 

reads 

combined 

No. of loci 

with 

evidence 

No. of loci 

with 

RPM≥0.2 

WTTS-seq library on Ion Torrent sequencer (our work) 

Stage 6 family A 7,378,622 5,896,065 3,816,029 18,078 18,078 

Stage 6 family B 12,306,052 10,046,063 6,276,132 19,528 17,492 

Stage 8 family A 5,724,873 4,576,896 2,945,038 17,811 17,811 

Stage 8 family B 4,184,899 3,176,659 1,536,128 17,074 17,074 

Stage 11 family A 8,542,086 6,945,321 4,261,905 18,715 18,715 

Stage 11 family B 7,519,594 5,441,113 1,903,860 18,336 18,336 

Stage 15 family A 4,861,457 4,188,073 2,932,664 17,098 17,098 

Stage 15 family B 5,027,360 4,021,025 2,254,128 17,794 17,794 

Stage 28 family A 10,855,096 8,913,634 6,272,890 19,641 17,899 

Stage 28 family B 7,082,779 5,122,882 2,549,479 19,002 19,002 

Average 7,348,282 5,832,773 3,474,825 18,308 17,930 

Standard deviation 2,637,688 2,205,102 1,685,225 911 633 

RNA-seq on Illumina sequencer (our work) 

Stage 6 family A 144,065,978 144,063,430 122,228,937 20,871 14,743 

Stage 6 family B 131,231,076 131,228,651 110,710,673 20,599 14,570 

Stage 8 family A 154,664,624 154,661,841 131,001,449 20,985 14,779 

Stage 8 family B 141,073,259 141,070,533 121,206,137 21,150 14,880 

Stage 11 family A 139,855,805 139,853,095 110,931,253 22,996 17,434 

Stage 11 family B 148,088,464 148,085,452 119,966,621 23,400 17,979 

Average 143,163,201 143,160,500 119,340,845 21,667 15,731 

Standard deviation 7,937,736 7,937,597 7,660,062 1,206 1,543 

RNA-seq on Illumina sequencer (TAN et al. 2013) 

Stage 6_clutch2 11,062,049 11,058,828 9,028,549 14,283 12,980 

Stage 8_clutch2 11,509,798 11,506,385 9,460,628 14,995 13,495 

Stage11-12_clutch1_set1 11,418,945 11,165,235 8,481,172 17,428 15,692 

Stage11-12_clutch1_set2 12,691,348 12,430,675 9,623,988 18,082 16,306 

Stage11-12_clutch2 10,651,929 10,648,924 8,322,435 17,156 15,314 

Stage15_clutch1 12,544,452 12,320,708 9,930,177 19,025 17,334 

Stage28_clutch1 12,473,555 12,306,248 10,136,124 19,307 17,044 

Stage28_clutch2 11,130,075 11,128,968 9,082,803 19,170 17,708 

Average 11,685,269 11,570,746 9,258,235 17,431 15,734 

Standard deviation 778,087 688,523 650,276 1,905 1,743 

 



File S2: Table listing 27,836 loci merged from both the X. tropicalis genome assembly (Build 7.2) and the 
NCBI mRNA entries (58,275 as of 08/27/2015) using the Cuffmerge program (Trapnell et al., 2012). (.xlsx, 
2572 KB) 

 

Available for download as a .xlsx file at:  

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS2.xlsx 
 



 

Supplemental Data File 3A. Workflow of read mapping, assembly and annotation using the 

CLC Genomics Workbench (v8.0.1). The clean reads with 80% coverage and 95% similarity 

were first mapped to the reference genome. Unmapped reads with 80% coverage and 95% 

similarity were then mapped to Refseq mRNAs downloaded from NCBI. Remaining unmapped 

reads were then used for de novo assembly. 

  



 

 

Supplemental Data File 3B.  Expression level of read length (in bp) in each trial (T). RPM 

values in each trial were transformed to Log10 (RPM+1).  

  



 

 

Supplemental Data File 3C. RNA-seq and technical replicate tests. Spearman ranking 

correlations between estimated log2 counts derived from RNA-seq and WTTS-seq libraries 

constructed in Trials (T) 1 to 7, as well as between two technical replicates (Rep1 and Rep2) 

derived from the same female sample. 

  



 

Supplemental Data File 3D.   Images of embryos at indicated developmental stages and 

numbers of differentially expressed genes among them revealed by WTTS-seq and RNA-

seq datasets. Animal pole view (A) or lateral view (B) of embryo at stage 6. Animal pole view 

(C) or lateral view (D) of embryo at stage 8. Animal pole view (E) or vegetal pole view (F) of 

embryo at stage 11. Anterior view (G) or dorsal view (H) of embryo at stage 15. (I) Lateral view 

of embryo at stage 28. AP, animal pole; VP, vegetal pole and Ant, anterior. (J) Numbers of 

differentially expressed genes (DEGs) detected by pair-wise comparisons (Bonferroni adjusted, 

P<0.05) between embryos at five developmental stages in the WTTS-seq libraries, as well as 

DEGs detected in the RNA-seq libraries of embryos at three developmental stages.  (K) Venn 

diagram of common DEGs among embryos at different developmental stages. WTTS-seq Stages 

6-8-11 represents the total number of DEGs detected at stages 6, 8 and 11 using the WTTS-seq 

method. RNA-seq Stages 6-8-11 denotes the total number of DEGs detected in embryos at 

developmental stages 6, 8 and 11 using the RNA-seq method. WTTS-seq Stages 15-28 signifies 

the total number of DEGs detected in embryos at developmental stages 15 and 28 using the 

WTTS-seq assay. 

  



 

 

Supplemental Data File 3E. Length distribution of genes based on four categories.  The 

Kernel density was drawn for all transcripts (27,836 loci, in blue dotted curve), DEGs detected 

by only WTTS-seq (111 loci, in black solid curve) DEGs detected by RNA-seq only (4,157, in 

dark green dotted curve) or DEGs detected in the merged dataset (1,047 loci, in orange dotted 

curve), respectively.    

  



 

 

Supplemental Data File 3F. Pearson product-moment correlation and Spearman rank 

correlations among our WTTS/RNA-seq trials. Numbers at the top right are Pearson product-

moment correlations and numbers on the bottom left are Spearman's rank correlations. 

  



 

Supplemental Data File 3G. An intronic polyadenylation site in X. tropicalis dcp1a is 

detected by WTTS-seq and supported by RNA-seq. A polyadenylation site in intron 2 of X. 

tropicalis dcp1a clearly began to emerge in embryos at stage 11. RNA-seq data supports the 

event (see arrows), but it would be difficult to confirm the site if RNA-seq data were processed 

alone.   PolyA signals are proportionally illustrated with each sample, but they are 

disproportional to each other among different stages (please see RPM values).  

 



File S4: Table listing 15 genes with overrepresented noisy reads and 8 genes with overrepresented 
biased reads in Trial 2. (.xlsx, 15 KB) 

 

Available for download as a .xlsx file at:  

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS4.xlsx 
 



File S5: Table listing loci expressed with evidence and with RPM ≥ 0.2 in all seven trials in comparison to 
RNA-seq analysis. (.xlsx, 1471 KB) 

 

Available for download as a .xlsx file at:  

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS5.xlsx 
 



File S6: Table listing 37 loci selected to examine what caused significant discrepancies between WTTS 
and RNA-seq methods on the same RNA sample. (.xlsx, 13 KB) 

 

Available for download as a .xlsx file at:  

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS6.xlsx 
 



File S7: Table listing raw counts, RPM and Bayesian estimated expression means for two technical 
replicates. (.xlsx, 2239 KB) 

 

Available for download as a .xlsx file at:  

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS7.xlsx 
 



File S8: Table listing Bayesian estimated expression means for six WTTS and six RNA-seq libraries derived 
from six families of embryos. (.xlsx, 4239 KB) 

 

Available for download as a .xlsx file at:  

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188508/-/DC1/FileS8.xlsx 
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