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ABSTRACT
This study was designed to identify Y-chromosome specific genes from the Hylobates
agilis albibarbis gibbon. A testes tissue sample was used to create a cDNA library of the gibbon
using Illumina NGS technology. This cDNA library was reconstructed de novo to create a
transcriptome. The transcriptome was analyzed using two methods to identify Y-chromosome
specific genes by comparison to published genes of related species, human (Homo sapiens) and
chimpanzee (Pan troglodytes). Genes identified multiple times were considered truly robust for
analysis, which resulted in 16 genes identified. These genes were then further analyzed for their
function, depth, coverage, and selection pressure.
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Chapter 1
Introduction
The field of genetics has seen a huge shift in recent decades. The sequencing of the
human genome in 2001 marked the beginning of a new phase of genetic research where
organisms can be studied based on their individual genomes (Venter et al., 2001). Current
genomic projects include previously unobtainable information to shed light on questions whose
answers involve comparing genomes of multiple individuals from the same species. These
questions can include many topics ranging from difference in drug tolerances to variation in
tempos and patterns of evolution (Wheeler et al., 2008,O’Brien, 1999). In addition to genome
sequences, investigators are able to combine different types of other data to yield a more
complete picture of the dynamic processes occurring in cells. These data types include, for
instance, transcriptomes, proteomes, and metabolomes.
The official term transcriptome has been developed to define the entire RNA content of a
tissue, including RNA quantity, at a specific developmental stage or condition (Z. Wang,
Gerstein, & Snyder, 2009). There are a variety of RNA types in cells, and each type serves a
different role. rRNA and tRNA function to assist protein formation in the cell, while mRNA is the
future protein sequence as coded by the genome. The mRNA sequences in a cell collectively act
as the instructions for future cellular activity and development once they are translated into
proteins. It is these sequences that are translated into proteins for cell use and therefore the
mRNA sequences serve a critical role in the life of a cell. The transcriptome in a cell is a direct
representation of the proteins the cell is producing and varies based on cellular needs and
interactions with the environment outside of the cell (X.-W. Wang et al., 2010,Ong & Corces,
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2011). A transcriptome will remain fairly similar amongst cells from the same tissue of the same
species or individual because tissues are aggregates of cells exhibiting similar roles and
characteristics, which are established in the organism’s early developmental stages by tissuespecific gene enhancers and promoters (Levine, 2010). Yet between different tissues of the same
organism the transcriptome may vary quite drastically depending on the needs and functions of
different tissue types.
With recent advances in sequencing technologies it has become possible to quickly and
effectively sequence the transcriptome and genome of multiple organisms and tissues. Next
Generation Sequencing (NGS) is becoming a popular method of obtaining whole-genome or
transcriptome data in a cost-efficient and timely manner (Treangen & Salzberg, 2012). For
example, Illumina sequencing allows generation of over one billion bases of high-quality DNA
sequence per run at less than 1% of the cost of capillary-based methods (Huang & Marth, 2008).
This method can be applied to many types of research and is commonly used to analyze the splice
variants of transcripts, to observe differences in the number of transcripts in a single cell, or
compare different cell types from one individual (Grabherr et al., 2011a,Matas et al., 2011). Such
differences could be used in diagnosis of cancer or in species protection programs (Nagaraj et al.,
2011,Coppe et al., 2010).
One endangered species that requires increased research and protection measures is the
gibbon ape. The gibbon apes form the Hylobatidea family of primates and together with humans
and great apes form the superfamily Hominoidea (Carbone et al., 2009). As seen in Figure 1,
gibbons occupy a range stretching from north-eastern India, south to Sumatra, Borneo, and Java,
and north into the southernmost parts of China (Meyer et al., 2012). The range of each gibbon
species is indicative of their optimal environment based on adaption from evolution.
Within the Hylobatidea family, gibbons are divided into four genera based on diploid
chromosome number: Hoolock, 2n = 38; Hylobates, 2n = 44; Symphalangus, 2n = 50; and
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Nomascus, 2n = 52 (Misceo et al., 2008,Roberto et al., 2007). Currently of the 16 recognized
species of gibbons, four are considered Critically Endangered, and 12 are considered Endangered,
placing all gibbon species on the endangered species list. The major threats causing the demise of
these species and hindering their abilities to reestablish themselves are habitat loss and
fragmentation, habitat degradation, hunting, and illegal trade (Geissmann, 2007). The species
Hylobates agilis is especially at risk due to its slow reproduction rate, low survival rate, and high
group turnover rate causing its numbers to steadily decrease in the wild (O’Brien & Kinnaird,
2011).
Presently, of all gibbon species, only the genome of a female Nomascus leucogenys
gibbon has been sequenced at a low coverage (Roberto et al., 2007). This has led to new insights
into the divergence among gibbon species and their divergence from humans (Girirajan et al.,
2009,Roberto et al., 2007). The gibbons are unique because their karyotypes have undergone
extensive rearrangements leading to the significantly different numbers of chromosomes between
species, as mentioned previously (Girirajan et al., 2009). It has been estimated that there have
been at least 24 large-scale chromosomal rearrangements between the hominoid ancestor of the
apes and the original gibbon ancestor (Carbone et al., 2006). Since the evolution of gibbons from
their common ancestor, at least 28 large-scale rearrangements in their chromosomes must have
occurred to see the vast karyotypic variations present in today’s gibbons (Carbone et al., 2006).
Due to their relatively short divergence time of ~8.5 million years ago the gibbon phylogenetic
tree is usually reconstructed using mitochondria DNA sequences data since they have a higher
mutation rate and provide more informative sites for reconstruction (Y.-C. Chan et al., 2010).
One downside of using mitochondria sequences for phylogenetic reconstruction is that
these sequences are maternally inherited. This unique characteristic of mitochondrial DNA
therefore only shows the maternal history of speciation, which could be biased based on different
mating patterns and trends. To counteract the maternal bias seen in phylogenies, some studies
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have started to incorporate the non-recombining portion of the Y chromosome as a comparison
for phylogenetic analysis (Y. Chan et al., 2012). As seen in Figure 2, the different type of DNA
selected for phylogenetic reconstruction does impact the resulting tree, showing that there are
different mating and evolutionary pressures affecting the males and females of the gibbons.
Studying the Y chromosome can reveal other important aspects of the gibbon species in
addition to its usefulness in phylogenetic reconstruction. The Y chromosome is the only
remaining portion of the gibbon genome that needs to be sequenced because a female gibbon was
sequenced, which has provided the autosome and X-chromosome sequences. Within all primates
sequenced until now, only three Y chromosome sequences are available: those of human,
chimpanzee and rhesus macaque (Underhill et al., 2000,Hughes et al., 2010,Tosi, Morales, &
Melnick, 2000). Some studies have hypothesized that evolution of the non-recombining portion
of the Y chromosome has driven speciation between close lineages (Gläser et al., 1998).
Comparison of Y chromosome sequences between gibbon species could therefore explain some
of the rapid speciation seen in this linage over a relatively short period of time.
Additionally, the Y chromosome is the most highly mutating chromosome in mammals:
the Y chromosome mutation rate is approximately 50% greater than the autosomal mutation rate,
which is about 30% higher than the X chromosome mutation rate (Hodgkinson & Eyre-Walker,
2011). This relationship is derived from the number of DNA replications the chromosomes
undergo, which is much higher in spermatogenesis than in the female germ line and thereby
creates a male biased mutation rate. This pattern of increased mutation rate in the male germ line
has been identified through comparison of mutation rate in the male germ line to the female germ
line through mutation rate of the Y and X chromosomes respectively (Taylor, Tyekucheva, Zody,
Chiaromonte, & Makova, 2006). Since the Y chromosome is found 100% of the time in males
and the X chromosome is found 75% of the time in females, 25% in males, the relationship
between the mutation rates of these chromosomes is indicative of the mutation accumulation in
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the male germ line. Due to this increase in Y chromosome mutations and rapid overall karyotype
evolution of the gibbons it is predicted that the Y chromosome sequences of different gibbon
species will be markedly different. It is possible that new genes may even be identified or new
isoforms of previously known genes may be discovered. Obtaining the sequences for these genes
will allow for a molecular evolution study to identify the types of selection pressure the gibbon Y
chromosome is under, and how functioning genes differ between species.
This study hopes to produce information that could be applied to future conservation
efforts to preserve the gibbons. This chromosome could provide loci that are unique to the
Hylobates agilis albibarbis species, and could potentially be useful in species identification
(Andayani, Morales, Forstner, Supriatna, & Melnick, 2014). Additionally, the discovery of new Y
chromosome genes would provide a basis for novel investigations into their function and possibly
new understanding of the reproduction of this species. Even identifying which regions of
currently studies genes in other related primate species are conserved or divergent could highlight
important aspects of the Y chromosome’s function.
The present study focuses on one gibbon species, Hylobates agilis albibarbis. A testes
tissue sample of Hylobates agilis albibarbis was used to sequence the transcriptome using
Illumina NGS technology. Since most of the Y chromosomal genes are expressed in testes, the
generation of the transcriptome from this tissue will assist in reconstructing the Y chromosome of
this gibbon species. The goal of this study is to sequence the transcriptome of the Y chromosome
of the gibbon for the first time and to observe conserved genes on this unique chromosome. The
methods via which this analysis is completed will shed light on the implications of different
reconstruction methods and their usefulness in transcriptonomics.
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Figure 1: Hylobates and Nomascus Gibbons Ranges

The above figure shows the natural ranges of (A) Hylobates gibbons and (B) Nomascus
gibbons according to individual species. Dotted lines indicate country boarders while solid
lines indicate major rivers. Hylobates agilis is shown in (A), the area with the vertical stripes.
Taken from (Meyer et al., 2012).
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Figure 2: A Comparative Phylogeny of Hylobates Gibbons

Bayesian majority-rule trees constructed (A) from seven loci from the non-recombining portion
of the Y chromosome and (B) mtgenome sequences excluding the control region. These trees
include three of the four gibbon genera. Taken from (Y. Chan et al., 2012).

8

Chapter 2
Materials and Methods

RNA preparation
The frozen testis sample was obtained from a Hylobates agilis albibarbis male, or
Bornean white bearded gibbon (ID OR2542), from the San Diego Zoo. This sample was stored in
an -80°C freezer until RNA extraction could be performed. At that time the sample was partially
thawed and 30 mg of the sample was used for RNA extraction with the RNeasy Mini kit
(QIAGEN, 2001). The sample was then thoroughly homogenized using Tissuelyzer. RNA
quantification was performed with the Qubit 2.0 Fluorometer and quality evaluation with the
Bioanalyzer 2100 (Invitrogen, 2010,Agilent, 2003).

cDNA preparation
RNAseq library preparation was performed using a modified version of the TruSeq RNA
Sample Preparation v2 Guide to produce stranded data.

mRNA Purification, Fragmentation, Binding of Random Primers
The mRNA was purified by adhesion to 50µl of oligo dT magnetic beads, followed by a
subsequent round of the thermocycling program mRNA Denaturation (65°C for 5 minutes, 4°C
hold). The supernatant was removed and Bead Washing Buffer was added to the mixture, mixed
and then removed. Next 50 µl of Elution Buffer was added to the solution for the first elution.
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This mix was then incubated at 65°C in the thermocycler after that time 50 µl of Bead Binding
Buffer was added, mixed, and supernatant was removed. The beads were washed a second time
by addition of 200 µl of Bead Binding Buffer, mixing, and removal of supernantant. The RNA
was than eluted, primed, and fragmented by addition of 19.5 µl of Elute, Prime, Fragment Mix
followed by the thermocycler run Elution 2-Frag-Prime (94°C for 2 minutes, 4°C hold).

Synthesize First Strand cDNA
17 µl of the resulting supernatant containing fragmented and primed mRNA was then
transferred to new tubes to be used as a template for cDNA synthesis. The cDNA First Strand was
synthesized first by addition of 8 µl of First Strand Master Mix + SuperScript II mix followed by
the 1st Strand (25°C for 10 minutes, 42°C for 50 minutes, 70°C for 15 minutes, 4°C hold)
thermocycler program.

Synthesize Second Strand cDNA (with dUTP labeling)
Before synthesizing the second strand the dNTPs were removed from the sample by the
procedure outlines in the manual. Then the 23.5 µl of second strand reaction mix (15 µl of 5X
Second-Strand Synthesis Buffer, 5X reverse transcription (first strand) buffer, 2 µl 10 mM
dNTPs, 1 µl 50 mM MgCl2, 1 µl 0.1 M DTT, 2µl E. coli DNA polymerase I, and 0.5 µl RNase H)
was added to the template and allowed to incubate for 2 hours.
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End Repair
After this incubation period, the samples underwent end repair by addition of 40 µl of
End Repair Mix and 10 µl of Resuspension Buffer, followed by incubation at 30°C for 30
minutes. Next, 160 µl of AMPure XP (DNA Binding) Beads were added, the mix was incubated
for 15 minutes, and the supernatant was removed. The beads were then washed by two rounds of
addition of 200 µl of 80% EtOH, incubation for 30 minutes, and removal of supernatant. The
sample was then allowed to airdry for 15 minutes to ensure full removal of the EtOH. The dried
beads were then resuspended in 17.5 µl of Resuspension Buffer and 15 µl of the resulting
supernatant was transferred to new tubes for the next steps.

Adenylate 3’ Ends and Ligate Adapters
Next the 3’ ends were adenylated by addition of 12.5 µl of A-Tailing Mix and 2.5 µl of
Resuspension buffer followed by a thermocycler incubation period of 30 minutes at 37°C. The
adapters were ligated to the samples by addition of 2.5 µl each of Ligation Mix, resuspension
buffer, and index 2. This was followed by a 10 minute incubation at 30°C, and then addition of
5µl of Stop Ligation Buffer. 42 µl of AMPure XP Beads were then mixed to the samples and left
to incubate for 15 minutes at room temperature. Supernatant was then discarded and the beads
were washed with an 80% EtOH wash as described previously. Finally the dried beads were
resuspended in 52.5 µl of Resuspension Buffer and 50 µl of supernatant was transferred to fresh
tubes. A second round of ligation clean up was completed with 50 µl of AMPure XP Beads,
incubation at room temperature for 15 minutes, removal of 95 µl of supernatant, and an 80%
EtOH wash. Dried beads were resuspended in 33.5 µl of Resuspension Buffer, and 31 µl of

11
supernatant was transferred to a new 1.5 µl tube. 1 µl of supernatant was run on an HS DNA chip
for a validation at this step.

UDG Treatment and cDNA Fragment Enrichment
The sample received 2.0 µl of 10X UDG Buffer and 0.5 µl of UDG and incubated for 15
minutes. The sample was transferred to a new 0.2 µl tube where 5 µl of PCR Primer Cocktail and
25 µl of PCR Master Mix were added. The sample was placed on the thermocycler program
Enrich (98°C for 30 seconds, 15 cycles of 98°C for 10 seconds, 60°C for 30 seconds, and 72°C
for 30 seconds, and finally 72°C for five minutes and 10°C hold) and was cleaned after the PCR
run by using AMPure XP Beads as explained above (50 µl of beads, 80% EtOH washed, and
resuspension in 32.5 µl Resuspension buffer). 30 µl of the resulting sample was transferred to a
final collecting tube.

Library Validation
The library was validated via Bioanalyzer 2100 and Qubit 2.0 Fluorometer analysis
(Agilent, 2003,Invitrogen, 2010).

Sequencing and read mapping
The cDNA library was sequenced twice on the Illumina HiSeq 2500 in the Pennsylvania
State University Genomics Core Facilities in order to produce enough reads to ascertain a high
coverage of expressed genes. The two sequencing runs were combined into one pooled group.
Overrepresented sequences were found in the pooled read set by testing subgroups of 200,000
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paired reads at a time with the program FastQC (Andrews, 2010). The report obtained for these
subgroups and indicated the most overrepresented sequences were mainly mitochondrial in
origin. The reads had to be evaluated for authenticity and quality, so they were trimmed and
filtered for overrepresented sequences and index sequences using the software Trimmomatic
(Lohse, Bolger, Nagel, Fernie, & Lunn, 2012). The command line used -phread33, a sliding
window of 4, and leading and trailing qualities of 20. The maximum information target length
was 36, and strictness was 0.8. The minimum length value selected was 36. All commands used
for the bioinformatics part of this study are available in Appendix B.
For this project it was necessary to create a de novo transcriptome from the obtained
reads since the sequence for the gibbon Y chromosome is currently unknown. To create a de novo
transcriptome for the gibbon two subsequent rounds of Trinity an RNA-Seq De novo Assembler
were run (Grabherr et al., 2011b). The first run used the remaining paired end reads from the
Trimmomatic output as input. In an attempt to improve these results the input reads were
normalized prior to running Trinity to improve run time and throughput ability. This was done
using the Trinity In silico Read Normalization function with intended coverage set to 30
(Grabherr et al., 2011b). Due to a higher contig N50 the normalized reads results were used in the
following steps.
All Y chromosome proteins from Homo sapiens and Pan troglodytes were downloaded
from Biomart and used to annotate transcripts with BLASTX alignments (Kasprzyk, 2011,Gish &
States, 1993). This provided two lists of genes that were conserved between either the sample and
Homo sapiens (Hg) or Pan troglodytes (Pt) (Venter et al., 2001,Mikkelsen et al., 2005). The
female Nomascus leucogenys genome was published recently; therefore this available sequence
offered an opportunity for comparison to the results obtained in the de novo assembly (Girirajan
et al., 2009,Roberto et al., 2007). Using the published female genome as a reference for
alignments, the autosome and X-chromosome specific genes were removed from certain analyses.
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The software TransDecoder, which is a part of the Trinity software additions, was used predict
proteins from the Trinity results based on the transcript sequences. Based on potential open
reading frames identified by TransDecoder, the potential coding protein sequences were extracted
from the normalized Trinity results. Using the predicted protein sequences of these transcripts,
BLASTP was utilized to match the proteins to published proteins from all primates (Altschul,
1993). These bona fide protein sequences were compared using BLAT software to the published
Nomascus leucogenys autosome gene sequences and X-chromosome gene sequences with a
match identity of 97% (Kent, 2002). Sequences that matched the gibbon autosomes or Xchromosome genes were removed from the pool of sequences. The resulting sequences should
represent Y-chromosome sequences only. BLAT was used to compare these remaining protein
sequences to the Homo sapiens Y-chromosome protein sequences and Pan troglodytes Ychromosome protein sequences. Sequences that were not found to match any of these references
were analyzed for their taxonomic origin in order to test for bacterial contamination.
Once Y-chromosome genes were identified, analysis of the sequences was done to
uncover how robust the gene identification was and the selection pressures of the genes. To find
depth, the transcripts produced by Trinity were collected along with their sequences. Using the
alignReads.pl function from Trinity the original reads after trimming and filtering were aligned
back to these transcripts. It was important to use these sequences and not those recovered by
TransDecoder since they include the 5’ and 3’ UTRs as well as the coding sequence. Coverage
was found by dividing the number of reads mapped back by the length of the transcript.
Selection pressure of the genes was identified using the Nei Gojobori method to find the
nonsynonymous mutation to synonymous mutation rate (Nei & Gojobori, 1986). This number
was indicative of whether the gene was undergoing positive, purifying, or neutral evolution (no
selection). To find a level of significance the z-statistic and corresponding p-value for each were
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found (Tamura et al., 2011). The selection was considered to be significant if the p-value of the zstatistic was <0.050.

15

Chapter 3
Results
An overview of the steps from the previous section and their corresponding results is
available in Figure 3. The Illumina HiSeq sequencing runs produced a total of 60,055,582 read
pairs (12,666,573 read pairs from run one and 47,389,009 read pairs from run two). Each read
was 150 bp in length. Figure 4 shows a fastQC report of the qualities from the forward reads from
run two (F2). The qualities of run one and the reverse strand of run two were similar in quality
and can be found in Appendix A, Figure 8-10 (F1, R1, R2). Overrepresented sequences were
identified through a fastQC procedure described in the previous section. 125 sequences were
overrepresented in the forward reads, and 22 were overrepresented in the reverse reads. The vast
majority of these overrepresented sequences corresponded to mitochondrial sequences.
Trimmomatic reduced the number of reads based on qualities to the results shown in Table 1.
41,076,522 read pairs were both kept (forward and reverse) and these were used in subsequent
analysis for the identification of Y chromosome genes. The trimmed and filtered reads had a
median length of 96.6 nucleotides and a median length of 121 nucleotides.
Trinity de novo assembler was run both with normalization of reads and without
normalization as seen in Table 2. Read normalization provided a contig N50 of 608 and 245,954
components and a summary of the range of the transcript lengths is in Figure 5. Trinity without
normalization provided a contig N50 of 560 and 254,564 components. A summary of transcript
lengths from Trinity without normalization is in Figure 6. Using the normalized Trinity results,
BLASTX was used against the published Homo sapiens (Hg) and Pan troglodytes (Pt) Ychromosome gene sequences. Through BLASTX 30 genes were found through comparison to the
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Homo sapiens Y-chromosome genes, and 35 genes were found through comparison to the Pan
troglodytes Y-chromosome genes. The full list of these genes is in Figure 11 in Appendix A.
TransDecoder provided 46,669 predicted protein coding sequences from the normalized Trinity
results. BLASTP was used to identify the protein sequences of the predicted TransDecoder genes.
Then BLAT was used to compare the protein sequences to those of published sequences from the
Nomascus leucogenys autosome genes, finding 41545 gene matches. The Nomascus leucogenys
X-chromosome comparison matched 1,032 genes. The sequences that matched the autosomes and
X-chromosome were then removed leaving 4,092 sequences, which held 97 conserved Hg Ychromosome genes and 11 Pt conserved Y-chromosome genes. The remaining 4,045 sequences
were either bacterial contamination or matched to related species of the gibbon. Figure 7 provides
an overview of the TransDecoder procedure results. Genes that were identified twice in the
BLASTX and TransDecoder analyses combined are shown in Table 3. A list of all genes found
through these analyses is Figure 11 in Appendix A. The taxonomy of the predicted proteins
identified through TransDecoder is summarized in Table 4.
Finally the genes were analyzed for their depth and selection pressures. The depth and
coverage of each gene identified at least two times is listed in Table 5 for comparison to Hg and
Table 6 for comparison to Pt. Examination of the selection pressure is shown in Table 7. This
table shows the genes selection in comparison to either Hg or Pt and whether that selection was
significant.
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Figure 3: Workflow and results overview

The above hierarchy shows the workflow followed for this study. The number of reads retained
for each step or number of genes identified is listed with the respective step.
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Figure 4: fastQC Quality report for forward reads from Illumina HiSeq run two (F2)

The above figure shows the average quality score per nucleotide in the 150-bp Illumina HiSeq
reads from the forward direction of run two (F2). The quality is on the y-axis with nucleotide
qualities above 30 in the green and above 20 in the orange. The nucleotide number in the 150-bp
read is along the x-axis. The average quality was above the 30-quality desired threshold until it
gradually began to decline around 135 bp.
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Table 1: Trimmomatic Results
Read Category

Number of Reads (percentage)

Input Read Pairs

60055582

Both Surviving Filtering

41,076,522 (68.40%)

Forward Only Surviving Filtering

3,152,036 (5.25%)

Reverse Only Surviving Filtering

8,894,669 (14.81%)

Dropped

6,932,355 (11.54%)

The above table shows the statistics obtained from Trimmomatic filtering of the reads. Both
surviving = both the forward and reverse of the same read were kept. Forward or Reverse Only
surviving = only either the forward or reverse of a read was kept and its respective opposite was
dropped. Dropped = the number of reads both forward and reverse were dropped for poor quality.
The percentage of the total input read pairs that corresponded to each category is listed in
parentheses next to the number. 68.40% of reads were retained both forward and reverse reads to
be used for transcriptome assembly.

Table 2: Trinity Results
With Normalization

Without Normalization

Total trinity transcripts: 314,491

Total trinity transcripts: 320,018

Total trinity components: 245,954

Total trinity components: 254,564

Contig N50: 608 bp

Contig N50: 560 bp

The above table shows the statistics obtained by Trinity assembly of reads. Normalization slightly
increased the length of the contig N50 and slightly decreased the total number of components.
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Figure 5: Trinity contig lengths
with normalization
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Figure 6: Trinity contig lengths
without normalization

Figures 5 and 6 above show the comparison
of the distribution of transcript lengths from
the results of Trinity with normalization
(Figure 5) and without normalization
(Figure 6). The distributions were similar
but without normalization longer transcripts
were obtained as seen by the range
extending to 10,000 instead of 7,000 bp.
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Figure 7: TransDecoder-predicted protein identifications

The above sequence shows the process of aligning TransDecoder predicted proteins to different
parts of the gibbon genome and to related species. The number of transcripts that matched to the
listed subject is shown.
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Table 3: Y-Chromosome genes identified at least multiple times
Gene

BLAT

BLASTX

Name
Species

P-Identity

Length

Species

P-Identity

DNA

Length
DNA

CDY1

Hg, Pt

87.70, 87.70

821, 821

Hg, Pt

78.03, 77.93

223, 213

DAZ

Hg

99

3029

Hg

51.72

87

DDX3Y

Hg, Pt

90.40, 90.40

4050, 4050

Hg, Pt

98.62, 97.92

578, 578

EIF1AY

Hg, Pt

93.25, 92.99

751, 1066

Hg, Pt

98.99, 98.99

99, 99

KDM5D

Hg, Pt

97.36, 97.36

683, 683

Hg, Pt

91.73, 91.73

411, 411

NLGN4Y

Hg

86.33

1249

Hg, Pt

98.19, 98.56

277, 277

PRKY

Hg

88.19

1538

Pt

93.81

113

RPS4Y1

Hg, Pt

93.21, 93.21

677, 677

Hg, Pt

97.14, 97.14

210, 210

RPS4Y2

Hg, Pt

91.09, 91.09

808, 808

Pt

98.1

210

SRY

-

-

-

Hg, Pt

75, 75

64, 64

TBL1Y

-

-

-

Hg, Pt

87.98, 87.29

233, 236

TMSB4Y

-

-

-

Hg, Pt

93.33, 93.33

45, 45

TSPY2

Hg

46.86

1127

Hg

41.38

116

USP9Y

Hg, Pt

95.10, 95.10

467, 467

Hg

91.62

538

UTY

Hg, Pt

93.76, 74.97

864, 905

Hg, Pt

81.13, 81.53

424, 417

ZFY

Hg, Pt

92.72, 92.72

702, 300

Hg, Pt

71.74, 72.26

276, 274

The above table lists the 16 genes that were identified at least two times in the BLAT and
BLASTX analysis. Gene name is in the first column and the remaining columns dictate if the
gene was found in BLAT, BLASTX, or both. If the gene was identified in comparison to humans
Hg is shown next to the gene name and if the gene was identified in comparison to chimpanzee
the gene name is shown in Pt next to the gene name. In addition, the percent identity (P-Identity)
of the match and the length of the match are reported with Hg information preceding Pt in all
columns.

23
Table 4: TransDecoder Taxonomy Summary
Classification

Taxonomy

Proteins Matched

superkingdom

Bacteria

2174

superkingdom

Eukaryota

47905

class

Betaproteobacteria

818

class

Mammalia

47584

order

Primates

43194

order

Rodentia

1898

superfamily

Cercopithecoidea

3168

superfamily

Hominoidea

39145

family

Cercopithecidae

3168

family

Hominidae

24722

family

Hylobatidae

14423

family

Muridae

1018

subfamily

Cercopithecinae

3166

subfamily

Homininae

22152

subfamily

Murinae

1018

subfamily

Ponginae

2570

species

Gorilla gorilla

2126

species

Homo sapiens

16757

species

Macaca fascicularis

839

species

Macaca mulatta

1225

species

Mus musculus

751

species

Nomascus leucogenys

14295

species

Pan paniscus

1415

species

Pan troglodytes

1854

species

Papio anubis

1082

species

Pongo abelii

2553

This table summarizes the taxonomic groups represented by the matches of TransDecoder genes
to published proteins. Taxonomies with over 500 protein matches were kept for the summary
table.
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Table 5: Coverage and depth of gibbon expressed Y chromosome genes identified through
homology to the Hg homologue
Gene Name
Length mRNA Reads Matched Coverage
CDY1
823
112 (2-42)
0.136
DAZ
3031
4551 (2-758)
1.502
DDX3Y
4052
7604 (2-1011)
1.877
EIF1AY
753
398 (1-169)
0.529
KDM5D
685
77 (3-32)
0.1124
NLGN4Y
1251
174 (1-50)
0.139
PRKY
1540
1833 (1-815)
1.190
RPS4Y1
679
3515 (2-1870)
5.177
RPS4Y2
808
868 (4-543)
1.074
SRY
701
146 (1-99)
0.208
TBL1Y
1086
3997 (3-144)
3.681
TMSB4Y
649
345 (3-1845)
0.532
TSPY2
1129
9265 (1-4767)
8.206
USP9Y
469
84 (1-60)
0.179
UTY
251
5 (1-5)
0.020
ZFY
704
69 (2-39)
0.098
The above table gives the length in column two of the Y-chromosome genes listed in column one
that were found through homology to Hg. The number of reads that mapped to the transcript is
shown in column three and the minimum coverage is shown first in parentheses with the
maximum coverage shown as the second number in parentheses. Finally, gene coverage (number
of reads mapped divided by the length of the mRNA) is shown in column four.
Table 6: Coverage and depth gibbon expressed Y chromosome genes identified through
homology to Pt homologue
Gene Name
CDY1
DDX3Y
EIF1AY
KDM5D
RPS4Y1
RPS4Y2
SRY
TBL1Y
TMSB4Y
USP9Y
UTY
ZFY

Length mRNA
823
4052
1068
685
679
808
701
1086
649
469
251
302

Reads Matched
112 (2-42)
7604 (2-1011)
426 (5-169)
77 (3-32)
3515 (2-1870)
868 (4-543)
146 (1-99)
3997 (3-144)
345 (3-1845)
84 (1-60)
5 (1-5)
12 (6-12)

Coverage
0.136
1.877
0.399
0.112
5.177
1.074
0.208
3.681
0.532
0.179
0.020
0.040

The above table gives the length in column two of the Y-chromosome genes listed in column one
that were found through homology to Pt. The number of reads that mapped to the transcript is
shown in column three and the minimum coverage is shown first in parentheses with the
maximum coverage shown as the second number in parentheses. Finally, gene coverage (number
of reads mapped divided by the length of the mRNA) is shown in column four.
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Table 7: Nonsynonymous (KA) and synonymous (KS) mutations for the Y-chromosome identified
genes and the nonsynonymous/synonymous mutation rate
Gene
Name
CDY1
DAZ
DDX3Y
EIF1AY
KDM5D
NLGN4Y
PRKY
RPS4Y1
RPS4Y2
SRY
TBL1Y
TMSB4Y
TSPY2
USP9Y
UTY
ZFY

Hg
KA
0.046
0.585
0.024
0.124
0.01
0.183
0.048
0.024
0.277
0.026
0.109
1.286
1.533
0.029
0.006
0.178

KS
0.087
0.559
0.014
0.164
0.029
0.207
0.038
0.071
0.318
0.011
0.120
2.467
0
0.035
0.18
0.193

KA/KS
0.529 (1.602,0.056)
1.047 (0.633,0.264)
1.714 (1.626,0.053)
0.756 (1.193,0.118)
0.345 (1.416,0.080)
0.884 (0.871,0.193)
1.263 (0.756,0.225)
** 0.338 (2.194,0.015)
0.871 (0.927,0.178)
2.364 (0.903,0.184)
0.908 (0.625,0.266)
0.521 (2.170,0.016)
NA
0.829 (0.286,0.388)
0.033 (0.677,0.250)
0.922 (-0.034,0.348)

Pt
KA
0.05
--0.029
0.161
0.01
0.011
0.039
0.02
0.268
0.644
0.012
0.220
--0.029
0.011
0.593

KS
0.081
--0.019
0.209
0.04
0.025
0.033
0.072
0.339
0.477
0.013
0.213
--0.047
0.37
0.59

KA/KS
0.617 (1.300,0.098)
--1.526 (1.517,0.066)
0.770 (1.272,0.103)
** 0.250 (1.879,0.031)
0.44 (1.443,0.076)
1.182 (-0.25,1.000)
** 0.278 (2.313,0.011)
0.791 (1.513,0.066)
** 1.350 (2.029,0.022)
0.923 (0.141,0.444)
1.033 (0.433,0.170)
--0.617 (0.708,0.240)
0.030 (0.136,1.104)
1.005 (0.034,0.487)

The table above shows the nonsynonymous and synonymous mutations for the gibbon sequences
compared to either Hg or Pt. Division of the two numbers gives the nonsynonymous/synonymous
rate which indicates the type of selection the sequence is undergoing. A value greater than one
indicates positive selection, while a number less than one indicates purifying selection. A value of
one indicates no selection is acting on the gene. A z-statistic and p-value were produced to
specify the significance of the selection pressure. Significant values are indicated with a double
asterix. Analyses were conducted using the Nei-Gojobori method (Nei & Gojobori, 1986).
Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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Chapter 4
Discussion
The results from the analysis of the Hylobates agilis albibarbis transcriptome provided
enlightening insights into the expressed genes of the Y-chromosome. The multiple runs of
Illumina HiSeq sequencing provided over 60,000,000 paired-end reads which when the high
quality nucleotides were kept and nucleotides lower than quality 20 were removed, provided 10.2
Gb of high-quality nucleotides of data. This amount of information is sufficient to create an
acceptable coverage of the gibbon transcriptome. The overrepresented sequences from these reads
were mitochondrial, which was expected since the sample material was a tissue sample
containing both mitochondrial and nuclear DNA. Certain mitochondrial gene products are found
in much higher copy number in cells than nuclear DNA genes since there are only two copies of
nuclear DNA verses hundred to thousands of copies of mitochondria DNA per cell. The number
of mitochondria per cell tends to be tied to age of the cell (Miller, 2003).
The Trinity runs to create de novo assemblies of the reads were both relatively successful,
but the normalized run was selected for further analysis. Normalizing the reads reduced the
numbers of expression copies so the computer was better able to deal with the number of input
reads resulting in a slightly greater contig N50 and lower number of output contigs. These
statistics were more desirable and although the contig N50 remained lower than an optimal
number of at least 1,000, the range of transcripts as seen in Figure 5 was broad enough to
incorporate transcripts of many lengths and was therefore chosen for continued analysis.
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Gene identification
The gene identification process provided an opportunity for comparison between
alternative protein reference software. BLAST and BLAT function differently in the process they
use to identify the protein matches between species. BLAT keeps an index of the entire reference
in its memory as it compares sequences (USCS, 2009,Kent, 2002). BLAT uses the index of the
reference sequences, in this case the protein database, to find sequences with likely homology and
then keeps these sequences for a more detailed alignment analysis before outputting the results. In
contrast, BLAST works with a heuristic algorithm to find local alignments based on protein
coding motifs (Madden, 2002). When BLAST identifies a region of similarity between the
reference and input it then extends the alignment to the rest of the length of the input. This may
occur in many areas in the reference depending on the characteristics of the data, but only the best
alignments are then shown as the output. Based on the two different techniques used, it is possible
to receive varied results as was observed in this study. The BLAT results returned many more
genes from the Y-chromosome than the BLASTX, BLAT having 97 Hg and 11 Pt with BLASTX
showing 30 Hg and 35 Pt. Several of the genes identified between BLAT and BLASTX were the
same and thus provided a robust prediction of their presence in the sample. 27 genes were the
TTTY duplicate family found through BLAT while BLAST did not find any genes from this
region. When a gene was only identified one time, meaning in one species between the BLAT
and BLAST outputs, it was determined to be less robustly identified than those genes found
multiple times. For that reason Table 3 holds the statistics of the genes identified at least twice.
The non-recombining portion of the Y-chromosome has been categorized into three
major areas: ampliconic, X-degenerate, and X-transposed (Skaletsky et al., 2003). The Xdegenerate genes represent the ancient homologues between the X and Y chromosomes prior to
the Y-chromosome degeneration (Goto, Peng, & Makova, 2009). This study found 13 of the 16
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Hg X-degenerate genes identified twice, and two additional X-degenerate genes were found one
time. Therefore it is likely that a total of 13 of the 16 Hg X-degenerate genes are still functional in
Hylobate agilis albibarbis. AMELY, which was never isolated, therefore is not expressed in this
sample. The Pt linage has lost four of the X-degenerate genes since its divergence as a species:
CYorf15B, TBL1Y, TMSB4Y, and USP9Y. Interestingly, the genes not isolated in the gibbon in
this study and those lost in the chimpanzee lineages are different.
The remaining genes that were identified multiple times, DAZ, CDY1, and TSPY2,
belong to the ampliconic gene families of the Y-chromosome (Bhowmick, Satta, & Takahata,
2007). Humans and chimpanzees have these families conserved in their Y-chromosome as well
and allowed for the comparisons done in this study. Additionally, Old World Monkeys such as
the rhesus macaque still maintain the CDY and DAZ families but have lost TSPY (Bhowmick et
al., 2007). The absence of any X-transposed genes was expected in this study since these genes
are a result of a massive transposition from the X to the Y-chromosome that occurred in the
human linage after the split from the chimpanzee common ancestor (Skaletsky et al., 2003). Even
in humans this region is very gene poor with only two coding genes making it less functionally
relevant for humans and not relevant for gibbons.

Sequence Depth
It was desired to better understand how robustly the identified Y-chromosome genes were
represented in the sample. Knowing how robustly genes are identified sheds light on whether
these genes are highly expressed and whether they were actually identified as stated. Those genes
found through homology to Hg are shown in Table 5, and those found through homology to Pt
are in Table 6. The results show that all of the genes, except for UTY, had reasonable number of
reads map to the gibbon transcript. It is likely that those genes with thousands of reads mapping
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to them are highly expressed in the gibbon. This group includes DAZ, DDX3Y, PRKY, RPS4Y1,
TBL1Y, and TSPY2. Those with less than 100 reads mapping back are likely less highly
expressed, but are still confidently identified including KDM5D, USP9Y, and ZFY. There were
also some genes with intermittent expression such as CDY1, EIF1AY, NLGN4Y, RPS4Y2, SRY,
and TMSB4Y, which show that these transcripts were definitely present in the cell. The results
for UTY are not encouraging for it to be considered robustly identified. This gene sequence was
very short and therefore should have a respectively lower number of reads mapping to it, but five
reads is not enough regardless of the length. The reads that did map there had a high percent
identity to Hg and Pt homologues, but this gene is either very lowly expressed in the sample or
the sequencer did not accurately represent this gene.
Looking at where the reads mapped to their respective sequences also provided insight
into how the transcripts were being sequenced. None of the transcripts had gaps within sequences
as shown by the minimum number of reads never dropping to zero. The minimum numbers were
always found toward the extremities of the gene sequence and the maximum values were towards
the center of the gene, nearer to the 3’ end.

Selection Pressure
Evolutionary forces are constantly acting on DNA. Overtime, whether a mutation is
selected for or against by the environment will determine if the mutation is maintained and fixed
or lost from the population. It is possible to tell if mutations in lineages are being selected for or
against by comparing the mutation rates of the nonsynonymous and synonymous mutations.
Although mutations occur with equal frequency regardless of whether the site is nonsynonymous
or synonymous, only the nonsynonymous mutations have an effect on fitness by changing the
amino acid coded for in the corresponding protein. Therefore, if there are more nonsynonymous

30
mutations per nonsynonymous site than synonymous mutations per synonymous site being
maintained, the changes are being selected for and this indicates positive selection. If the opposite
is true then purifying selection is in play to remove the sequences changes. The null hypothesis is
that no selection is occurring on the sequences, which would be seen in equal nonsynonymous
mutations per nonsynonymous site and synonymous mutations per synonymous site. In order to
determine these values the Nei Gojobori method was applied (Nei & Gojobori, 1986).
Many of the genes in Table 7 showed signs of either positive or purifying selection.
However, only those with p-values from the z-statistic that were <0.050 can be considered
statistically significant. Four sequences showed significant selection. KDM5D and RPS4Y1
showed purifying selection. KDM5D only showed selection compared to Pt but RPS4Y1 showed
selection compared to both Hg and Pt. Purifying selection is expected in genes that play important
roles in cellular function since their sequences have likely been highly optimized over time and
any changes in the sequence would likely decrease the fitness of the organism. SRY is showing
significant positive selection in comparison to Pt. SRY is highly conserved in the HMG box
region but the other regions of this crucial gene are exposed to selection and vary between species
(McElreavy et al., 1992). Therefore it is most likely that this positive selection in SRY is
occurring outside of the HMG box. This selection would not interfere with the action of SRY, so
the observed selection is likely not important for function of this gene.

Gene Functions
By observing the genes identified at least twice some functional information about the
tissue sample was extracted. Several of the identified genes are involved in spermatogenesis in
males and the absence of any of them can result in infertility. These genes included CDY1, DAZ,
DDX3Y, EIF1AY, TSPY2, TSPY4, USP9Y (Kleimen et al., 2003,B. Kim et al., 2009,Gueler et
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al., 2012,Kleiman et al., 2007,H. S. Kim & Takenaka, 1996,Lee et al., 2003). Finding these gene
with relatively high percent identities to their published paralogues in related species Hg and Pt
was encouraging since the testes tissue sample would clearly be the location of sperm formation
in the male.
Most of the other genes were Y-chromosomal in origin but not involved in sperm
formation. KDM5D, which is also known as SMCY and JARID1D, is the male histone
compatibility region gene and can cause graft rejection from a male to a female (Simpson, Scott,
& Chandler, 1997). NLGN4Y is a member of the neuroligin family and function on the postsynaptic end of neuron junctions (Serajee & Mahbubul Huq, 2009). All NLGN proteins are
involved in neuron functioning, not sperm formation. However, their malfunctioning has been
linked to heritable forms of autism in males (Serajee & Mahbubul Huq, 2009). PRKY is an
interesting gene because it has been psuedogenized but is still transcribed to an inactive form.
Active forms of PRK proteins are subunits of cAMP-dependent protein kinases, but the inactive
mRNA does not have a functional role (Klink et al., 1995). RPS4Y1 and RPS4Y2 are almost
equivalent proteins from the Y-chromosome. Both are functional in the ribosomal complex,
which is needed for protein synthesis (Watanabe, Zinn, Page, & Nishimoto, 1993). SRY is the
most famous Y-chromosome gene due to its role in gender determination. SRY is the testisdetermining factor which creates males through its conserved high mobility group domain
(Whitefield, Lovell-Badge, & Goodfellow, 1993). Although the HMG domain of this sequence is
highly conserved, the rest of the sequence is not highly conserved between species which likely
accounts for the low sequence percent identity seen in Table 3. TBL1Y is a regulatory gene that
has very similar sequence similarity to its X chromosome homolog (Yan et al., 2005). TMSB4Y
belongs to the large group of TMSB proteins, which play a functional role in actin binding and
UTY is a gene with many transcripts and splice forms in males, yet it is not directly involved in
sperm formation (Yu, Lin, Morrison-Bogorad, Atkinson, & Yin, 1993,Warren et al., 2000).
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Finally, ZFY is a transcription factor which functions similarly still with its ZFX X-chromosome
homolog (Plata, 1993).
Overall these protein functions are exactly what were expected for the testes tissue of the
gibbon. The genes identified are involved in spermatogenesis, male determination and
housekeeping functions in males. This study therefore helped to supply information to the
growing body of knowledge about the gibbon ape, specifically what genes are involved in gibbon
spermatogenesis and the evolutionary differences between the Hylobates agilis albibarbis and
other primate species.
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Appendix A
Results Figures and Tables

Figure 9: fastQC Quality report for forward reads from Illumina HiSeq run one (F1)

The above figure shows the average quality score per nucleotide in the 150-bp Illumina HiSeq
reads from the forward of run one (F1). The quality is on the y-axis with nucleotide qualities
above 30 in the green and above 20 in the orange. The nucleotide number in the 150-bp read is
along the x-axis. The qualities at the beginning and end of the read were lower than those in the
middle section with an exemption around 120-bp where another quality dip is observed.

Figure 8: fastQC Quality report for reverse reads from Illumina HiSeq run two (R2)

The above figure shows the average quality score per nucleotide in the 150-bp Illumina HiSeq
reads from the reverse of run one (R1). The quality is on the y-axis with nucleotide qualities
above 30 in the green and above 20 in the orange. The nucleotide number in the 150-bp read is
along the x-axis. The qualities remained high until they steadily began to decline around 120-bp.
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Figure 10: fastQC Quality report for reverse reads from Illumina HiSeq run one (R1)

The above figure shows the average quality score per nucleotide in the 150 bp Illumina HiSeq
reads from the reverse of run two (R2). The quality is on the y-axis with nucleotide qualities
above 30 in the green and above 20 in the orange. The nucleotide number in the 150-bp read is
along the x-axis. The qualities started out high and gradually began to decrease around 120 bp.
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Figure 11: All Y-chromosome genes identified

The above table shows all the Y-chromosome genes identified through BLASTX and BLAT
analysis. Gene name appears in the first column and if the gene was found in BLAT or BLAST or
both that is identified in the columns next to the gene name. If the gene was identified in
comparison to humans Hg is shown next to the gene name and if the gene was identified in
comparison to Chimpanzees the gene name is shown in Pt next to the gene name.
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Appendix B
Commands
Trimmomatic:
•

time java -jar ~/bin/trimmomatic-0.30.jar PE -threads 15 -phred33 -trimlog allseq
/scratch3/seq_data_2/Gibbon_pool/HaaT2_R1_pool.fastq
/scratch3/seq_data_2/Gibbon_pool/HaaT2_R2_pool.fastq poolF_paired.fq
poolF_unpaired.fq poolR_paired.fq poolR_unpaired.fq
ILLUMINACLIP:adapters_overrep.fa:2:30:10:3:true LEADING:20
TRAILING:20 SLIDINGWINDOW:4:20 MAXINFO:36:0.8 MINLEN:36

Trinity:
•

time ~/bin/Trinity.pl --seqType fq --JM 10G --CPU 10 --left poolF_paired.fq --right
poolR_paired.fq --SS_lib_type RF --output trinity_trial_1

Normalization in Trinity:
•

time /afs/bx.psu.edu/user/rebeca/bin/TRINITY_HOME/util/normalize_by_kmer_covera
ge.pl --seqType fq --JM 200G --max_cov 30 --left poolF_1.fastq --right poolR_2.fastq -pairs_together --PARALLEL_STATS --JELLY_CPU 20

•

time ~/bin/Trinity.pl --seqType fq --JM 10G --CPU 20 -left poolF_1.fastq.normalized_K25_C30_pctSD100.fq --right
poolR_2.fastq.normalized_K25_C30_pctSD100.fq --SS_lib_type RF --output
trinity_trial_2_normalized
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BLASTX:
•

time ~/bin/blastx -query output300NOHEADING.fasta -db
/scratch2/ponAbe2011/refs/Ychimp-protEnsembl/chimpprotY -out
blastx_chimpprotY.outfmt6 -evalue 1e-20 -num_threads 6 -max_target_seqs 1 -outfmt 6

•

/afs/bx.psu.edu/user/rebeca/bin/TRINITY_HOME/util/analyze_blastPlus_topHit_coverag
e.pl blastx_chimpprotY.outfmt6 output300NOHEADING.fasta
/scratch2/ponAbe2011/refs/Ychimp-protEnsembl/chimpprotY

•

cat blastx_chimpprotY.outfmt6.w_pct_hit_length | cut -f 2 | sort -nr | uniq -c | more

•

time ~/bin/blastx -query output300NOHEADING.fasta -db
/scratch2/ponAbe2011/refs/Yhum-protEnsembl/humanprotY -out
blastx_humanprotY.outfmt6 -evalue 1e-20 -num_threads 6 -max_target_seqs 1 -outfmt 6

•

/afs/bx.psu.edu/user/rebeca/bin/TRINITY_HOME/util/analyze_blastPlus_topHit_coverag
e.pl blastx_humanprotY.outfmt6 output300NOHEADING.fasta
/scratch2/ponAbe2011/refs/Yhum-protEnsembl/humanprotY

•

cat blastx_humanprotY.outfmt6.w_pct_hit_length | cut -f 2 | sort -nr | uniq -c | more

TransDecoder:
•

perl fasta1line.pl output300.fasta.transdecoder.pep pep1line.fasta

•

grep -f names.txt -F --mmap -A 1 pep1line.fasta | grep -v '^--' > pep.fasta

BLAT:
•

cat Trinity1line.fasta | grep -F -f Uniq_x_names -A1 > transTrinity.fasta

•

blat /scratch3/carolyn/nomLeu3/chrX.fasta /scratch3/carolyn/BLAT/transTrinityfastas minIdentity=94 -noHead transdecodergibbonX.psl

•

/scratch3/carolyn/BLAT/transTrinityfastas -minIdentity=97 -noHead
transdecodergibbonauto.psl
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•

blat /scratch2/ponAbe2011/chrY-hg19UCSC.fa
/scratch3/carolyn/BLAT/transTrinityfastas -minIdentity=94 -noHead
transdecoderhumanY.psl

•

blat /scratch2/ponAbe2011/chrY-panTro2UCSCall.fa
/scratch3/carolyn/BLAT/transTrinityfastas -minIdentity=94 -noHead
transdecoderchimpY.psl

•

blat /scratch3/carolyn/BLAT/macaqueYgenesref.fasta
/scratch3/carolyn/BLAT/transTrinityfastas -minIdentity=94 -noHead
transdecodermacaqueY.psl

Coverage/Depth
•

time /galaxy/home/rebeca/src/trinityrnaseq_r20131110/util/alignReads.pl --left
/galaxy/home/rebeca/carolyn/poolF_paired.fq --right
/galaxy/home/rebeca/carolyn/poolR_paired.fq --seqType fq --SS_lib_type RF --target
hggoodseqs.fasta --aligner bowtie

•

time /galaxy/home/rebeca/src/trinityrnaseq_r20131110/util/alignReads.pl --left
/galaxy/home/rebeca/carolyn/poolF_paired.fq --right
/galaxy/home/rebeca/carolyn/poolR_paired.fq --seqType fq --SS_lib_type RF --target
ptgoodseqs.fasta --aligner bowtie

• samtools mpileup -D bowtie_out.coordSorted.bam > out_mpileup
• samtools idxstats bowtie_out.coordSorted.bam > out_idx
• samtools depth bowtie_out.coordSorted.bam > out_depth
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