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Abstract—New de novo transcriptome assembly and annotation methods provide an incredible opportunity to study the transcrip-
tome of organisms that lack an assembled and annotated genome. There are currently a number of de novo transcriptome assembly
methods, but it has been difficult to evaluate the quality of these assembilies. In order to assess the quality of the transcriptome as-
semblies, we composed a workflow of multiple quality check measurements that in combination provide a clear evaluation of the as-
sembly performance. We presented novel transcriptome assemblies and functional annotations for Pacific whiteleg shrimp (Li-
topenaeus vannamei), a mariculture species with great national and international interest, and no solid transcriptome/genome refer-
ence. We examined Pacific whiteleg transcriptome assemblies via multiple metrics, and provide an improved gene annotation. Our in-
vestigations show that assessing the quality of an assembly purely based on the assembler’s statistical measurements can be mis-
leading; we propose a hybrid approach that consists of statistical quality checks and further biological-based evaluations.

Index Terms— bioinformatics, Pacific whiteleg shrimp, Litopenaeus vannamei, transcriptome assembly, workflow evaluation
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1 INTRODUCTION

n the past few years, the fast growth of the Next Gen-
Ieration Sequencing (NGS) technologies has enabled

scientists to explore genomes and transcriptomes in
depth. RNA-Seq experiments sequence expressed mes-
senger RNA in high-throughput fashion. Historically a
problem with all mRNA measurement methods (North-
ern blot, gPCR, and microarray) was the requirement of
prior information about the species. There was a need to
know all or a portion of the sequence for a given gene to
develop a quantification method. With RNA-Seq this is
no longer necessary to measure the mRNA transcripts,
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however, the transcript/gene information in the cases
where there is not an established reference must be de-
rived from the data, i. e. non-model species.

Pacific whiteleg shrimp, Litopenaeus vannamei (L. van-
namei), is a prawn native to the eastern Pacific Ocean from
Sonoran Mexico south to northern Peru, and heavily
farmed in the Untied States and Latin America. In 2009
the U.S. per capita consumption of shrimp was 4.1
pounds, a year when the U.S. had a four billion dollar
shrimp trade deficit. L. vannamei is a decapod (e.g. crabs,
lobster, shrimp) crustacean of great interest as the domi-
nant shrimp species in the global aquaculture industry.
Whiteleg shrimp has a great potential to provide food
security, however, suffers from panademics caused by
viruses. The most well known viruses that affect panaeid
shrimp are Hematopoietic Necrosis Virus (IHHNV), Yel-
low Head Virus (YHV), Taura Syndrome Virus (TSV), and
White Spot Syndrome Virus (WSSV) [1]. Shrimp are inver-
tebrate arthropods and do not benefit from immuno-
globulin superfamily-based adaptive immune system,
unlike sharks and all other jawed vertebrates [2], [3], [4].
Shrimp only have innate mechanisms of immunity, which
presumably lack the high specificity and memory of an
adaptive system. Therefore, classical vaccination of
shrimp is impossible (still not completely proven a suc-
cessful methodology [5]). Some of the complex innate
immune system components of shrimp have been charac-
terized functionally and biochemically, including mecha-
nisms of apoptosis, phagocytosis, Toll-like receptor sig-
naling, anti-microbials, clotting cascades, and a pro-
phenyloxidase activating system [6], [7], [8], [9], [10], [11],
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[12]. These devices are regulated by complex systems
employing JAK-STAT signaling and RNAi pathways [13],
[14]. However, a great deal yet remains to be discovered
in the analysis of a complete genome and transcriptome
of the shrimp.

In recent years, there have been studies on transcrip-
tome assembly and annotation of the L. vannamei [15], SNP
detection in the transcriptome [16], next-generation se-
quencing datasets and unigene assignments [17], tran-
scriptomic response to pollutant exposure [18], multiple
c¢DNA libraries [19], and responses to viral infections in
shrimp [20], [21], [22], [23], [24], [25].

By advancement of the NGS techniques, RNA-Seq has
facilitated the measurement of the gene-expression level of
thousands of genes simultaneously [26]. RNA-Seq applica-
tions include discovery of new splice junctions [27], pre-
diction of absolute copy-number variation (CNV) [28], de-
tecting single-nucleotide polymorphisms (SNP) [29], [30],
and transcriptome assembly [31]. The transcriptome assem-
bly methods reconstruct the transcriptome, using the typical-
ly short RNA-Seq reads, based on 1- a reference genome
(reference-based), 2- without a reference (de novo), or 3-
through a combined approach. Transcriptome assembly is
challenging compared to genome assembly because of the
uneven coverage across the transcriptome and alternative
isoforms (due to sharing exons), which both cause difficul-
ties for the algorithms [31], [32]. Despite the challenges of
transcriptome assembly, some algorithms have succeeded in
overcoming a majority of these challenges: Trinity [32],
Oases [33], Trans-ABySS [34], MIRA [35], Rnnotator [36],
KISS-PLICE [37], SAT-Assembler [38], T-IDBA [39],
STM [40], and EBARDenovo [41]. All of these methods
are based on De Brujin graphs and take a greedy ap-
proach (for more information refer to Appendix), except
EBARDenovo.

In this study we used three leading transcriptome as-
sembly algorithms, 1- Trinity, 2- SOAPdenovo-Trans, and
3- Trans-ABySS to reconstruct the transcriptome of the L.
vannamei. To examine the quality of each assembly, we
evaluated the results via a Quality Control (QC) pipeline.
Furthermore, we enriched the gene annotation for the
Pacific whiteleg shrimp. The goal of this study was not to
comprehensively compare the performance of the assem-
bly methods, rather we have focused on evaluating the
results from multiple perspectives. Our assessments illus-
trate different characteristics of the respective assembly
methods and their usage in the annotation.

2 MATERIAL AND METHODS

2.1 Study Design

The main objective of this study is to improve the availa-
ble transcriptomic resources for Pacific whiteleg shrimp.
We propose a workflow to assemble, quality check and
annotate a transcriptome. As Figure 1 shows, quality as-
sessments play an important role and should be per-
formed after the assembly. If the quality metrics are satis-
factory, combining contigs of multiple assemblies can be
the next step. And finally one needs to proceed with an-
notations. The workflow encompasses the cases that sci-
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entists choose not to perform quality check or contig in-
tersection. However, it is not recommended to omit the
quality assessments. Furthermore, contig intersection is
suggested as an alternative to annotating all assembled
transcripts. It also can be used to verify the compatibility
of assembled contigs, using different assemblers. Finally,
the contigs (or interested contigs) will go through selected
annotation steps. Supplemental Document provides more
details on the individual steps and contig intersections:
https:/ / repository.tamu.edu/handle/1969.1/154308.

The de novo assembly algorithms perform differently,
and a great deal of attention has been paid to their com-
parisons [42], [43], [44], [45], [46], [47], [48], [49], [50], [51].
Those studies aimed to address transcriptome assembly
and its associated computational challenges, to compare
the performance of different assemblers, to use genomic
assemblers on transcriptomic data, to use simulated da-
tasets, or to complete the transcriptome for model species.
The non-Mllumina platform, e.g. 454 Roche long reads,
which requires specific assembly approaches have also
been examined in those studies.

We used the cutting-edge transcriptome assembly al-
gorithms on Ilumina pair-end (PE) reads, and annotated
the resulting transcripts. Throughout this manuscript, we
will discuss the criteria that can be used to compare dif-
ferent assembly results. As it is not possible to pick one
universal best transcriptome assembly program, it is im-
portant to understand the power and limitations of each
algorithm, and choose the appropriate tool accordingly.
Due to the availability of High Performance Computing
(HPCQ) facilities and time usages optimizations on many
of the assembly algorithms, the best practice would be
assembling input data utilizing multiple assemblers sim-
ultaneously, selecting the results with maximum accura-
¢y, and ultimately moving forward to annotation (if ap-
plicable).

2.2 Transcriptome Assemblies

In this study, we used shrimp RNA-Seq reads [15], and
assembled it using three state-of-the-art transcriptome
assemblers: 1- Trinity (release r2013-02-25, release r2014-
04-13, and release r2014-07-17), 2- SOAPdenovo-Trans
(release 1.03), 3- Trans-ABySS (version 1.5.1).

The assemblers have a large number of adjustable pa-
rameters, however, we ran majority of them using their
default settings. The Supplemental Documents describes
all the tools used in this study and their settings. All of
our assembly, mapping and annotations results are pub-
licly available. By exploring the wide-range of parameter
combinations for the different assemblers, it might be
possible to improve their qualities. On the other hand,
these settings can be very subjective, and our goal is not
to carry out a comprehensive evaluation of different pro-
grams for de novo transcriptome assembly. Our interest
lies in finding transcriptome assemblies that are of high
quality and accurate (and preferably similar), and can be
used for annotation.

2.3 Transcriptome Annotations
The three transcriptome annotation approaches are used
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Fig. 1. Workflow for transcriptome assembly, quality assessments, and annotations. The quality assessments, and intersecting contigs are
optional steps, however, quality checks are highly recommended. The workflow can be used for any transcriptome assembly/annotaion
study. The databases that are used for annotaion of Pacific whiteleg shrimp are provided within the annotations steps.

for each assembly:

* BlastN/BlastX assembled contigs against Daphnia
pulex (D. pulex) Transcripts and CDS/Proteins, re-
spectively

* Mapping contigs against L. vannamei expressed se-
quence tag (EST) databases

* BlastX assembled contigs to UniProt/Swiss-Prot pro-
tein database

Taking all the three approaches for all the assembly re-
sults not only is helpful in the annotation, but is also used
as a validation method. More details are provided in the
RESULTS section.

We chose Daphnia pulex for annotating our contigs due
to its phylogenetic relationship to panaeid shrimp and its
completed genome. The subphylum Crustacean encom-
passes 67,000 species of arthropods but has few model
organisms that have been subjected to comprehensive
transcriptomic analyses. The first assembled crustacean
genome was the water flea D. pulex [52]. It remains the
lone crustacean with both well developed genomic and
transcriptomic resources. As a cladoceran branchiopod, it
is of a lineage that dates to the Permian, is most closely
allied with insects, and may help distinguish fundamental
genomic signatures of crustaceans from those of insects

and arthroanndg in oceneral [R31 Therefore Nanhnia ic at

present the obvious point of comparison for —omics in
any crustacean. D. pulex and L. vannamei shared a com-
mon ancestor approximately 530 million years ago.

In the second approach, we mapped our contigs to L.
vannamei expressed sequence tags (EST) available at NCBI
dbEST [54] and the Penaeus Genome Database (PAGE)
[55]. Before the advent of next-generation sequencing
technologies, ESTs were the most powerful resources for
collecting and curating what would now be considered
transcriptomic datasets. EST’s result from single Sanger
sequencing runs from one end of cDNA clones of a li-
brary generated from a particular species, tissue, cell
population or developmental state. These usually will
not contain an entire coding sequence, but an incomplete
“tag” with the sequence identifying a transcript that was
expressed in the target cell population. This can be as-
sessed in many ways, including being used as a handle to
further characterize the full-length transcript, genomic
locus, and expression patterns of the gene. Before our
next-generation RNA-Seq based work and that of others
in shrimp, EST resources were developed in L. vannamei
that contributed over 165,000 ESTs to the public domain
[22], [41], [42].
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3 RESULTS

In this section, we present our transcriptome assem-
blies, quality assessment metrics, and annotation results.
Three different releases of the Trinity algorithm were
used to assemble the Pacific whiteleg shrimp. The Trinity
contigs generated by release r2013-02-25 were originally
reported, and thoroughly annotated by [15]. We referred
to the Trinity run for releases r2013-02-25, release r2014-
04-13, and release r2014-07-17 as Trinity_Runl_rFeb13,
Trinity_Run2_rAprl4 and Trinity_Run3_rJull4, respec-
tively. All three runs were examined by our QC workflow
and further annotated. The Trinity developing team had
pointed that in the more recent releases the highest quali-
ty isoform reconstructions are reported in order to reduce
the noise; and possibly fewer transcripts are reported in
the 2014 versions, compared with the 2013 release. The
three Trinity assemblies, using different releases, varied
in the N50s, however all of them had high N50 values. As
mentioned above, the 2014 Trinity releases report the
most reliable isoforms, and attempt to report the “best”
genes that are inferred by their Expectation Maximization
(EM) algorithm. We observed these variations by fewer
“total contigs” and lower “N50”. However, the perfor-
mance of three assemblies through the QC assessments
was very similar. Most importantly, different releases did
not affect the downstream annotations.

We employed Trans-ABySS assembler using two dif-
ferent k-mer sizes 32 and 48 (default k-mer, and a larger
k-mer to test the k-mer size effect). We refer to the Trans-
ABySS runs as Trans-ABySS_Runl_kmer32 and Trans-
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ABySS_Run2_kmer48. The SOAPdenovo-Trans was run
using the default k-mer value of 100.

3.1 Transcriptome Assembly Statistics

Principal metrics of an assembly are usually provided by
the assembler or can be calculated independently. Those
pertain to the size of the output along with statistics relat-
ed to the length of the contigs [56]. The most commonly
presented statistics of an assembly are total size in the
base pairs (span) of the assembly, number of the assem-
bled transcripts, length of the largest contig, and the mean
and median of the contig length. These statistics for our
different transcript assemblies are shown in Table 1A.

The default value of the minimum transcript length
reported by Trinity is 200, thus, Trinity will only include
transcripts longer than 200 base pairs in the final assem-
bly. The default value of this parameter is 100 for
SOAPdenovo-Trans, and equal to the k-mer size for
Trans-ABySS. We ran Trans-ABySS using the default k-
mer size of 32bp, and larger k-mer size of 48bp. The dis-
tribution of the lengths of the contigs for the various as-
semblies is shown in Figure 2. It can be observed that
SOAPdenovo-Trans and Trans-ABySS have many contigs
shorter than 200 base pairs. In order to compare the as-
semblies, and also because it is customary to discard the
short contigs, the transcripts shorter than 200bp are fil-
tered out from the SOAPdenovo-Trans and Trans-ABySS
assemblies. The basic statistics of the assemblies, after
removing the transcripts shorter than 200bp, are shown in
Table 1B. In the subsequent analyses, we will use the as-
semblies in which transcripts shorter than 200bp have

TABLE 1: STANDARD ASSEMBLY METRICS.
(A) STATISTICS FOR ASSEMBLIES, NO FILTRATION

SOAPdenovo- Trans- Trans- Trini- Trini- Trini-
Trans ABySS_Runl | ABySS Run2 | ty Runl_rFeb | ty Run2 rApr | ty Run3_rjul
_kmer32 _kmer48 13 14 14
Total number of contigs 147,493 512,210 255,886 110,474 102,093 103,773
Length of largest contig (bp) 30,864 17,067 22,752 31,344 21,010 20,992
Assembly size (bp) 85,069,279 134,839,057 127,101,139 125,657,935 94,245,425 93,511,053
Mean contig length (bp) 577 263 497 1,137 923 901
Median contig length (bp) 166 67 164 429 390 392
GC Content (%) 41.54 42.98 42.83 44.12 43.32 43.27

(B) STATISTICS FOR ASSEMBLIES AFTER FILTERING OUT THE TRANSCRIPTS SHORTER THAN 200 BP

SOAPdenovo- Trans- Trans- Trini- Trini- Trini-
Trans ABySS_Runl | ABySS Run2 | ty Runl rFeb | ty Run2 rApr | ty Run3_rJul
_kmer32 _kmer48 13 14 14
Total number of contigs 62,514 119,772 110,556 110,474 102,093 103,773
Length of largest contig (bp) 30,864 17,067 22,752 31,344 21,010 20,992
Assembly size (bp) 74,156,520 105,766,302 110,437,049 125,657,935 94,245,425 93,511,053
Mean contig length (bp) 1186 883 999 1,137 923 901
Median contig length (bp) 503 479 529 429 390 392
GC Content (%) 41.34 42.61 42.78 44.12 43.32 43.27

1545-5963 (c) 2015 |EEE. Personal useis permitted, but republication/redistribution requires | EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TCBB.2015.2446478, IEEE/ACM Transactions on Computational Biology and Bioinformatics

GHAFFARI ET AL.: EXAMINING DE NOVO TRANSCRIPTOME ASSEMBLIES VIA A QUALITY ASSESSMENT PIPELINE

[ 1SOAPdenovo-Trans

[ Trans-ABySS_Run1_kmer32
Trans-ABySS_Run2_kmer48
[ Trinity_Run1_rFeb13

B Trinity_Run2_rApr14

B Trinity_Run3_rJul14

400000

300000

200000

less than 200 >=200 >= 500 >=1000

Count of contis longer than (x)

X

Fig. 2. Cumulative contig counts for various sizes.

I All contigs

%000 [ After filtering short contigs

2000

N50

1000
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been removed.

Another important metric of an assembly is N50. The N50
is defined as the contig size such that all the contigs equal
to or greater than that size account for at least half of the
total assembled bases [31]; it is also a weighted median of
the lengths of the contigs [44]. Thus, the N50 value de-
pends on the contigs’ length; larger N50 indicates longer
contigs, and possibly more continuous contigs. Figure 3
presents the N50 values for the assemblies. We filtered
out contigs shorter than 200bp, and re-calculated the N50,
which improved the results for SOAPdenovo-Trans and
Trans-ABySS.

It should be noted that N50 is one of the quality check
metrics of an assembly. A very low value of N50 can indi-
cate a poor assembly (especially for a genome assembly),
however, high N50 value may not be sufficient to pick
one assembly result. The established transcriptome fea-
tures, average gene and mRNA sizes for the species are
essential in order to validate the contigs statistics of an
assembly such as N50. There had been sturdies focusing
on whiteleg shrimp transcriptome assembly, and we refer
to their findings for acceptable N50s [57], [17], [15]; addi-

tionally, the N50 values of the tested assemblers were
similar. Considering these two criteria, the runs had the
N50 requirements and we validated them further through
CEGMA, DETONATE, and Mapping Reads to the As-
sembled Contigs. As the following sections demonstrate,
all assemblies passed all the QC metrics and were anno-
tated.

3.2 CEGMA and DETONATE Validations

The transcript assemblies were compared in terms of their
completeness, using Core Eukaryotic Genes Mapping
Approach (CEGMA) pipeline (version 2.5) [58]. CEGMA
defines a set of 248 highly conserved proteins that are
present in a wide variety of eukaryotes. Completeness is
defined as the number of these 248 Core Eukaryotic
Genes (CEGs) that are present in the assemblies. This
method is an important quality control check for eukary-
otic assemblies, and we incorporated it in our pipeline.
The number of CEGs represented in each assembly is
shown in Table 2. All the assemblers preserved very large
number of CEGs. Trinity runs, in particular, performed
very well, conserving 245 and 246 CEGs.

Another recently developed assembly evaluation
methodology and software package is DETONATE (DE
novo TranscriptOme rNa-seq Assembly with or without
the Truth Evaluation) [59]. DETONATE is based on a
probabilistic model and evaluates assemblies with or
without a reference. The two components of the package
are RSEM-EVAL and REF-EVAL. RSEM-EVAL is a refer-
ence free approach that only relies on the input RNA-Seq
and the resulting assembly. REF-EVAL needs a reference
and provides more information about the assembly than
currently available tools. In this study, we used RSEM-
EVAL since the ground truth transcriptome of the L. Van-
namei is being completed. The RSEM-EVAL is a model-
based approach and provides a score to evaluate the as-
sembly. The score is the log joint probability of the as-
sembly and the reads, under the defined model. At the
current stage the software handles single-end (SE) reads,
however, DETONATE authors suggested the possibility
of using the package for paired-end reads.

We computed the RSEM-EVAL (version 1.6) scores
for all the transcriptome assemblies. The higher scores
correspond to better assemblies. As Table 3 presents, the
Trinity_Runl_rFebl13 performs the best. The results for
other two releases of Trinity are almost identical. The
Trans-ABySS runs have alike scores. Also, the evaluation
score for SOAPdenovo-Trans is comparable to Trinity and
Trans-ABySS. The Trinity, Trans-ABySS and SOAPdeno-
vo-Trans all have acceptable scores.

3.3 Mapping Reads to the Assembled Contigs
Another metric that can be used to evaluate the quality of
an assembly is the input reads alignment rates against the
assembled contigs. The higher number of the reads map-
ping to the contigs can be an indicator of a higher quality
assembly. This approach is also reported in other studies
as a measure of the “goodness” of assemblies [49].
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TABLE 2: CEGMA EVALUATION

SOAPdeno Trans- Trans- Trini- Trini- Trini-
vo-Tran ABySS_Ru | ABySS Ru | ty Runl rF | ty Run2 r | ty Run3_1J
O7HANS 1 11 kmer32 | n2 kmerd8 ebl3 Aprl4 ull4
Number of 248 ultra-conserved CEGs 239 241 246 246 245 245
Completeness (percentage of CEGs) 96.37 97.18 99.19 99.19 98.79 98.79

TABLE 3: RSEM-EVAL

Using filtered contigs

SOAPdenovo-Trans -19,921,043,419

Trans-
ABySS Runl kmer32
Trans-
ABySS Run2 kmer48

Trinity Runl rFebl3

-14,323,711,897

-13,014,100,387

-4,295,090,084

Trinity Run2_rAprl4 -14,214,273,926

Trinity Run3_rJull4 -14,508,408,664

The input reads were mapped back to the assembled
transcriptome using the program bowtie2 (version 2.2.3)
[60] with default parameters. The read-mapping rate
(percentage of reads mapped to contigs) for each assem-
bler is shown in Table 4. One can observe that Trinity and
Trans-ABySS transcripts have higher read-mapping rates
compared to SOAPdenovo-Trans. All three assemblers
have higher than 75% mapping rates.

All the assembly outputs met the four QC require-
ments, and the next sections describe their annotation
process.

3.4 Blast to Daphnia Pulex References

The assembled transcripts were analyzed for sequence
conservation against the references of a related species
Daphnia pulex (water flea) from Joint Genome Institute
(JGI) [52] by using BLAST [61], a program designed to
perform homology searches. The BlastX and BlastN tools
were used to find similarities between our contigs and D.
pulex proteins and transcripts/CDS, respectively. We ran
the Blast tool of the CLC Genomics Workbench (version
6.0.1) [62] for this section.

An important parameter in a BLAST result is the Ex-
pected (E) value that defines the expected number of hits
by chance. The E-values that are closer to zero depict
more significant matches [61]. We filtered our BlastN and
BlastX results for two significance levels of 1E-4 and 1E-
10. The number of transcripts with a BlastX hit against the
D. pulex protein data set is shown in Figure 4.

BlastN of the contigs from each assembly against the
D. pulex transcript and CDS was also conducted, and the
results are presented in Figure 5.

Trans-ABySS runs have the highest absolute number
of hits against the reference proteins for BlastX. Trinitv

runs produce comparable number of hits to Trans-ABySS
runs, especially in the 1E-10 filtrating threshold.
SOAPdenovo-Trans had the minimum annotated contigs.
The relative proportion of the contigs with a significant
hit (ratio of contigs with a significant hit to the total num-
ber of contigs in the assembly) is fairly consistent across
all three assemblers.

We also compared the protein homologies with D.
pulex for transcriptome assembly results. The results from
each BlastX search were intersected with the other corre-
sponding sets to find the shared proteins. Supplemental
Document provides the intersected protein hits, and also
shows the results in Venn diagrams. There is a very high
degree of concordance in the homologous proteins found
in D. pulex from all the assemblies, with more than 7,200
proteins shared among all six assemblies (E-value < 1E-
10). The Venn diagrams are drawn from the unique and
identical protein significant hits using the JVENN pro-
gram (version v.1.5) [63]. The JVENN program can find
the overlaps among all six outputs of our study.

3.5 Mapping Reads to the EST References

The expressed sequence tags (EST) are short cDNA se-
quences and can be useful in annotating the assembled
contigs. There are two major databases for Pacific white-
leg shrimp ESTs: 1- NCBI dbEST [54] and Penaeus Ge-
nome Database (PAGE) [55]. We used GMAP [64] (ver-
sion 2014-08-04) for aligning transcriptome assemblies
against aforementioned databases.

The GMAP results for all the assemblers are shown in
Tables 5 and 6 for NCBI dbEST and PAGE, respectively.
The Trans-ABySS runs, using k-mer sizes of 32 and 48,
achieve the highest EST mapping rates, which we suspect
is due to its shorter contigs (mean contig length, lower
N50). Trinity and SOAPdenovo-Trans achieve closer EST
mapping rates, and have closer contig metrics, i.e. mean
length and N50. The three Trinity runs, using three dif-
ferent releases of the tool, have almost identical EST cov-
erage rates, which indicates they share contigs that con-
tain EST sequences. The similarities of Trinity runs for the
annotaion steps assured us that the important contigs are
preserved, regardless of the release date of the software.
It is important to note that the EST sequences are very
short (less than 2,200bp for all ~165K dbEST cases), and
their quantity for L. Vannamei is very limited. Having
high mapping results for them was not our expectation;
rather, we present this approach as a possible annotation
path, especially for assemblies with the short contigs such
as Trans-ABySS.
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TABLE 4: READ MAPPING RATE, MAPPING READS TO THE CONTIGS

[ Trans-ABySS_Run1_kmer32
Trans-ABySS_Run1_kmer48
[ Trinity_Run1_rFeb13

SN Trinity_Run2_rApr14

B Trinity_Run3_rJul14

40000

30000

20000

Number of contigs

10000

E-value < 1E-4 E-value <1E-10

Fig. 4. Contig BLASTX hits against Daphnia pulex protein data-
base.

3.6 Blast to UniProt/Swiss-Prot Databases

The protein sequences and functional annotations for the
assemblies were assigned by employing the BlastX tool
(BLAST+ version 2.2.29). BlastX queries all six open read-
ing frames (ORF) of a sequence against the protein data-
base. We used released July 2014 of UniProt/Swiss-Prot
databases, installed on our local Red Hat Linux server, as
the reference.

The BlastX search found numerous protein hits for
each assembly. In order to select the most reliable hits, we
filtered out any match with E-value greater than 1E-4. For
the remaining hits of each assembly, we counted the
number of times that each protein appeared for compu-
ting protein-hit frequencies. Finally, we categorized the
protein-hit frequencies as X >= 200, 100 =< X < 200, 50 =<
X <100, 10 =< X < 50, and X < 10, where X is total number

SOAPdeno- Trans- Trans- Trini- Trini- Trini-
vo-Tran ABySS_Run | ABySS Run | ty Runl rFe | ty Run2 rA | ty Run3_rJu
o-rans 1 _kmer32 2 kmer48 b13 prl4 114
Number of reads
. 151,233,987 | 181,585,589 | 186,695,843 | 179,204,712 | 181,184,808 | 179,944,005
mapped to contigs
Read mapping rate (%) 75.8 91.01 93.57 89.81 90.81 90.18
TABLE 5: GMAP ResuLTs FOR NCBI EST DATABASE
Trans- Trans- Trini- Trini- Trini-
Sgﬁ_l;?::::- ABySS_Run | ABySS Run | ty Runl rFe | ty Run2 rA | ty Run3 rJu
1_kmer32 2_kmer48 b13 prl4 114
Mapping rate 7.47 18.90 22.02 8.53 8.50 8.66
o,
7% of EST covered by 5.56 19.17 19.01 8.46 8.29 8.47
contigs
TABLE 6: GMAP RESULTS FOR PAGE DATABASE
Trans- Trans- Trini- Trini- Trini-
S(‘?é};iilllo_ ABySS_Run | ABySS Run | ty Runl rFe | ty Run2 rA | ty Run3_rJu
o-rans 1 kmer32 2 kmer48 b13 prl4 114
Mapping rate 7.32 18.66 21.78 8.36 8.33 8.49
o,
% of EST covered by 5.67 19.61 19.44 8.58 8.4 8.63
contigs
7000
[—_1SOAPdenovo-Trans 7 SOAPdenovo-Trans

[ Trans-ABySS_Run1_kmer32
Trans-ABySS_Run1_kmer48
[ Trinity_Run1_rFeb13
SN Trinity_Run2_rApr14
BXA Trinity_Run3_rJul14

6000 -

5000

N

o

S

S
T

Number of contigs
8
8
T

IN]
o
=]
S
T

1000

E-value < 1E-4

E-value < 1E-10

Fig. 5. Contig BLASTN hits against Daphnia pulex protein data-
base.

of protein hits. More details about the procedure can be
found in the Supplemental Document. Figure 6 breaks
down the appearance of protein hits for different assem-
blies. Comparing the protein hit frequencies shows that
BlastX has annotated all three Trinity releases compara-
bly. Trans-ABySS runs have close number of hits.
SOAPdenovo-Trans generates the minimum number of
protein hits, possibly due to its smaller total contigs. The
variation of the protein hits is likely caused by the larger
total contigs that Trans-ABySS and Trinity algorithms
produced. The BlastX protein-hit frequencies are very
similar for three Trinity releases, denoting that using dif-
ferent Trinity releases don't affect the annotations. BlastX
was employed on contigs greater than 200bp. It should be
noted that if the goal of the de novo transcriptome assem-
bly study were to investigate the functional annotations
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Fig. 6. BlastX search results for assemblies against UniProt/Swiss-Prot databases (X is defined as total number of hits).
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Fig. 7. Intersection of three Trinity runs

of the species, the total number of contigs would play an
important role.

Finding the shared proteins among different assem-
blies can increase the confidence on the accuracy of the
reported proteins. We selected the protein hits with fre-
quency of at least 15 times in the SOAPdenovo-Trans re-
sults and matched them with Trinity and Trans-ABySS
results. As Table 7 shows, most frequent protein hits ap-
pear in the annotations of all six runs, with minor excep-
tions. Our recommendation is to rely on the protein hits
that are shared among at least three assembly BlastX re-
sults.

3.7 Contigs Intersection

The assembly methods differ in how they handle the
challenges of reconstructing a complete transcriptome
from short RNA-Seq reads. However, it is important to
ensure that their final product is similar. To compare the
assembler’s outputs, we used BLAST (version 2.2.29+)
[61] to match similar contigs between assemblies. A
BLAST database was made from each assembly, and
BlastN compared each database/assembly pair. Hits with
>= 90% identity were considered matches, and were re-
ported. We ran six assemblies, therefore, there were 36
Blast comparison pairs, and we provided the detailed
comparison in the Supplemental Document. Overall, the

interecertinn  nf contioe  indicatee  oreat commnatihilito

among the six assembled contig sets. As the Supple-
mental Table shows, in majority of comparisons, the two
assemblers shared more than 75% of their contigs. Figure
7 depicts the intersection of contigs among three Trinity
runs. The 2014 releases of the software have more similar
Blast annotations. The 2013 release generated more con-
tigs, and almost all of them are shared with 2014 releases.
In summary, the three Trinity runs share more than 97%
of their transcripts, demonstrating that different releases
of the software produce very similar annotation results.

The main purpose of intersecting contigs is to deter-
mine the percentage of the overlap among different as-
sembly algorithms’ outputs. Our suggestion is to select
the overlapping contigs for the annotations. In the current
paper, we chose to include all the contigs in our annota-
tions, since the main objective was to enhance the annota-
tion knowledge for Pacific whiteleg shrimp. Furthermore,
majority of the assemblers performed very similarly in
quality metrics check steps, and overlapped well while
intersecting the contigs. Therefore, we took advantage of
all generated contigs, with the expense of more running
time.

4 CONCLUSION

This study presented a workflow for transcriptome
assemblies using RNA-Seq data. The purpose of this
workflow is to check the quality metrics of each assembly
and proceed to the annotations. We used the RNA-Seq data
from Pacific whiteleg shrimp to assemble its transcriptome
using well-known assembly methods. To ensure the quality
of the assemblies, we examined each assembly via our
workflow. We observed that the principal assembly metrics,
such as mean contigs length and N50, are useful in initial
judgments of the results; however, assemblies with the
lower aforementioned values can perform well in
downstream analysis. In our experiments, SOAPdenovo-
Trans had lower total contig number, and Trans-ABySS (k-
mer 32bp and 48bp) had relatively lower N50 and mean
contig length compared to three Trinity runs. Nevertheless,
SOAPdenovo-Trans and Trans-ABySS contigs had large
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INTERSECTING SOAPDENOVO-TRANS BLASTX HITS THA'-rr ':PBPLEI,EL\IZ MORE THAN 15 TIMES WITH TRINITY AND TRANS-ABYSS
RESULTS
. SOAPdenovo- Trini- Trini- Trini- Trans- Trans-
Protein ID Trans ty_Runl rFe | ty Run2 rAp | ty_Run3 rJul | ABySS_Runl | ABySS Run2
bl13 rl4 14 _kmer32 _kmer48
sp|P05661]MYSA_DROME 122 133 108 111 220 323
sp|Q7KRI2[LOLAL_DROME 25 36 32 32 45 76
sp|Q05319|STUB_ DROME 21 23 25 24 28 27
sp|Q24174/ABRU_DROME 21 40 19 19 28 24
sp|P04323|POL3_DROME 20 24 22 26 26 27
sp|P42283|LOLA1_DROME 20 23 15 16 16 25
sp|015090|ZN536_ HUMAN 19 24 22 23 42 29
sp|Q27712|CP2L1_PANAR 19 36 27 25 50 50
sp|Q9VCA2|ORCT DROME 18 22 20 21 29 27
sp|P00765[TRYP_ASTAS 17 25 24 24 30 44
sp|P21902|PCE_TACTR 17 26 26 25 26 43
sp|QI9V7UORESIL_DROME 17 22 20 21 19 21
sp|P83088|FUCTC_DROME 16 22 23 22 22 28
sp|P36362|CHIT_MANSE 15 25 16 17 23 20
sp|Q96DM1|PGBD4_HUMAN 15 26 24 25 19 21
sp|Q9U572|CLOT_PENMO 15 NA NA NA 33 48
sp|Q9VS29|DSCL_DROME 15 50 24 22 NA 18

number of significant BlastN/BlastX hits, mapping rates,
and similar performance in other metrics compared to
Trinity. Therefore, their assembled transcripts and
annotation are reported. Studying the similarities among the
annotated contigs is essential for reporting the most reliable
gene/ protein hits. The intersection of contigs is proposed as

a method for annotating only the shared portion of the
assembled contigs. The transcriptome assembly of non-
model species, e.g. the Pacific whiteleg shrimp, are
progressing and ensuring the validity of the generated
contigs and their annotation is an important task. This work
aimed to pave the way toward this goal. If the
computational power is not a barrier, the superior solution is
to perform multiple assemblies, assess the outputs, and
eliminate the low quality results, and ultimately annotate the
contigs via various annotation tools.

5 APPENDIX

5.1 RNA-Seq Data

In this study, we used Illumina Hiseq for RNA-Seq experi-
ments that were initially reported in [15]. The samples are
from four different shrimp tissues: hepatopancreas, gill, ple-
opod, and abdominal muscle. The RNA-Seq reads are pub-
licly available using BioSample accessions: SAMN02918336,
SAMNO02918337, SAMNO02918338, and SAMNO02918339 at
NCBI. Reads have no sequencing adapters attached (adapt-
ers are oligonucleotide sequences that are ligated to the
c¢DNA fragments to facilitate the sequencing), and the total

number of reads is 399,056,712.

5.2 De Bruijn Graph

De Bruijn graphs are directed mathematical graphs that
are used for modeling overlapping sequences of symbols.
Many transcriptome assembly algorithms utilize De
Bruijn graphs by showing each node as a k-mer (sequence
of letters of length k). Edges of the graphs connect nodes
that differ in only one base [31].
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