University of Kentucky

UKnowledge
Theses and Dissertations--Entomology

Entomology

2014

COMPUTATIONAL IDENTIFICATION AND
MOLECULAR VERIFICATION OF MIRNA IN
EASTERN SUBTERRANEAN TERMITES
(RETICULITERMES FLAVIPES)
Tian Yu
University of Kentucky, shift_david@msn.com

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Yu, Tian, "COMPUTATIONAL IDENTIFICATION AND MOLECULAR VERIFICATION OF MIRNA IN EASTERN
SUBTERRANEAN TERMITES (RETICULITERMES FLAVIPES)" (2014). Theses and Dissertations--Entomology. 12.
https://uknowledge.uky.edu/entomology_etds/12

This Master's Thesis is brought to you for free and open access by the Entomology at UKnowledge. It has been accepted for inclusion in Theses and
Dissertations--Entomology by an authorized administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution has been
given to all outside sources. I understand that I am solely responsible for obtaining any needed copyright
permissions. I have obtained needed written permission statement(s) from the owner(s) of each thirdparty copyrighted matter to be included in my work, allowing electronic distribution (if such use is not
permitted by the fair use doctrine) which will be submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and royaltyfree license to archive and make accessible my work in whole or in part in all forms of media, now or
hereafter known. I agree that the document mentioned above may be made available immediately for
worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in future
works (such as articles or books) all or part of my work. I understand that I am free to register the
copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on behalf of
the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of the program; we
verify that this is the final, approved version of the student’s thesis including all changes required by the
advisory committee. The undersigned agree to abide by the statements above.
Tian Yu, Student
Dr. Xuguo Zhou, Major Professor
Dr. Charles Fox, Director of Graduate Studies

COMPUTATIONAL IDENTIFICATION AND MOLECULAR VERIFICATION OF
MIRNA IN EASTERN SUBTTERANEAN TERMITES (RETICULITERMES
FLAVIPES)

__________________________________
THESIS
_________________________________

A thesis submitted in partial fulfillment of the
requirements for the degree of Master of Science, in the
College of Agriculture)RRGDQG(QYLURQPHQW
at the University of Kentucky

By
Tian Yu
Lexington, Kentucky
Director: Dr. Xuguo Zhou, Associate Professor of Entomology
Lexington, Kentucky
2014
Copyright © Tian Yu 2014

ABSTRACT OF THESIS

COMPUTATIONAL IDENTIFICATION AND MOLECULAR VERIFICATION OF
MIRNA IN EASTERN SUBTTERANEAN TERMITES (RETICULITERMES
FLAVIPES)
Reticulitermes flavipes is one of the most common termite species in the world,
and has been an intriguing research model due to its ecological and biological and
economic significance. The fundamental biological question addressed by this study is to
elucidate the role of miRNAs in termite development and how miRNA can influence
labor division. miRNAs are short non-coding RNAs that have an important role in gene
regulation at post-transcriptional level, and can potentially be involved in the regulation
of caste polyphenism. Using a computational approach, I identified 167 conserved and 33
novel miRNAs in the data. miR-iab-4 and 19 other miRNAs showed highly differential
expression between worker and soldier, and their possible roles in termite biology are
discussed. To reliably quantify miRNA expression in experiments, I tested the stability of
10 miRNAs as reference gene using quantitative real-time PCR. miR-8_3, bantam and
miR-276a-3p are the most stable miRNAs in different castes, pre-soldier formation, and
different tissues, respectively. Lastly, the predicted miRNA expression is verified by the
qRT-PCR for 8 miRNAs. Overall, this study shows that miRNA plays a role in mediating
the work-soldier transition in R. flavipes.
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CHAPTER 1: LITERATURE REVIEW

1.1 The Rise of microRNAs
Non-coding RNAs (ncRNAs) are RNAs transcribed from genomic DNA but
are not translated into proteins. For a long time, ncRNAs were widely regarded as
"junk" RNAs which merely take an auxiliary role in protein functioning (Hüttenhofer,
Schattner et al. 2005). In the last two decades, however, ncRNAs are gradually
recognized as the key players at multiple regulatory levels and cellular processes,
including chromatin modification, mRNA and protein synthesis, mRNA stability and
localization, RNA processing, as well as post-translational RNA modification (Storz
2002, Mattick and Makunin 2005). The flourishing discoveries of functional ncRNAs
and RNA-directed gene regulation significantly modify and complicate the classical
central dogma where DNA stores genetic information, protein exerts biological
functions, while RNA act solely as an intermediate. Functional ncRNAs can be
categorized into ribozymes, small nuclear RNA (snRNAs), transfer RNAs (tRNAs),
ribosomal RNAs (rRNAs), endogenous small interfering RNAs (siRNAs), and
riboswitches (Mandal and Breaker 2004, Soukup and Soukup 2004). Most ncRNAs
are relatively short in length, however ncRNAs with comparable length to
protein-coding RNAs do exist, such as the meiRNA that controls meiosis in yeast and
the mouse air RNA required for gene imprinting (Yamashita, Watanabe et al. 1998,
Sleutels, Zwart et al. 2002). These long ncRNAs can be spliced, polyadenylated and 5’
capped just like mRNAs, except that they only contain short open reading frames
(ORFs) (Erdmann, Szymanski et al. 2000). There are many more yet-to-be discovered
ncRNAs that may comprise a hidden layer of internal cellular signaling.
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One of the most investigated ncRNAs is the microRNA (miRNA). miRNAs
are endogenously expressed in the cell with length of approximately 20-25
nucleotides (nt). The main function of miRNAs is to regulate of gene expression at
the post-transcriptional level, and therefore adding a new layer of control to the
complex pathways that exists in cells. For humans in particular, it is predicted

that

miRNAs regulate approximately 30% of the protein-coding genome (Filipowicz,
Bhattacharyya et al. 2008). Two decades ago, the existence and importance of
miRNAs was completely unknown. Finally in 1993, the very first miRNAs : lin-4 and
let-7 was discovered in the nematode Caenorhabditis elegans (Lee, Feinbaum et al.
1993, Bartel 2004). Since then, thousands microRNA genes have been discovered in
diverse organisms including vertebrates, plants, arthropods and viruses, and the
number is still increasing. It is estimated that miRNAs may account for around 2-3 %
of all genes (Kim and Nam 2006). miRBase (www.mirbase.org) is the database to
curate the huge amount of miRNAs identified using either molecular cloning methods
or computational approaches (Kozomara and Griffiths-Jones 2011).

1.2 The Early Discoveries in miRNA Research: lin-4 and let-7
lin-4 gene takes an important role in temporal development and is required for
the transition between the first and second larval stages in C. elegans (Chalfie,
Horvitz et al. 1981, Lee, Feinbaum et al. 2004). However, what makes lin-4 special is
that no conventional start and stop codons can be located in the in the 700bp fragment
that was believed to contain this gene. Furthermore, researchers successfully reversed
the effect of lin-4 null mutation by suppressing the activity of another gene, lin-14
(Ferguson, Sternberg et al. 1987, Lee, Feinbaum et al. 2004). These evidence led to
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the assumption that lin-4 could negatively regulate lin-14 without encoding a protein.
More extensive research revealed that lin-14 was down-regulated at the
post-transcriptional level, and a repeated part of its 3’ untranslated region (3’-UTR)
was complementary to lin-4 transcripts (Lee, Feinbaum et al. 1993, Wightman, Ha et
al. 1993, Lee, Feinbaum et al. 2004). Finally in 1993, research groups led by Ambros
and Ruvkun published these findings on Cell, and marked the discovery of a
brand-new cellular mechanism involving non-coding RNA transcripts (Lee, Feinbaum
et al. 1993, Wightman, Ha et al. 1993, Lee, Feinbaum et al. 2004).
In 2000, the second miRNA, let-7, was identified by the Ruvkun group, again
in C. elegans. let-7 gene controls the developmental transition from fourth larval stage
to the adult stage, whereas the loss-of-function mutation results in the reappearance of
larval cell fates in the adult stage (Reinhart, Slack et al. 2000). Similar to the
discovery of lin-4, let-7 transcript was found to be complementary to two closely
spaced sites in the 3’-UTR of lin-41, a gene down-regulated by let-7 (Reinhart, Slack
et al. 2000). Follow-up experiments showed that the down-regulation required the
integrity of both let-7 and the 3’-UTP region of lin-41, as deletion or mutation on
either parties could eliminate this regulatory effect (Reinhart, Slack et al. 2000). In
contrast to lin-4, the sequence of let-7 and its function to control late temporal
developmental transitions is highly conserved across animal species, including
vertebrates, ascidians, hemichordates, molluscs, annelids and arthropods (Pasquinelli,
Reinhart et al. 2000). For this reason, the discovery of let-7 greatly motivated the
research community to explore this new class of non-coding RNA, which has been
given the name miRNA ever since.
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1.3 The Genomics of miRNA
miRNA studies are most concentrated on model organisms such as human,
mouse, and fruit fly, therefore Drosophila melanogaster serves as a great example to
understand the genomics of miRNA. miRNA genes are typically dispersed all over
the genome and are arranged in clusters. In Drosophila, the miRNAs genes are
scattered on X, second and third chromosomes, with only one exception on the Y
chromosome (Aravin, Lagos-Quintana et al. 2003). Similar organization is also seen
in human genome as well. A miRNA cluster is a group of miRNAs with related
sequences, which are often located closely to each other as well. The largest miRNA
cluster in Drosophila is the mir-3 cluster, which contains 8 miRNA genes in the
vicinity of one genomic location. Such clusters are believed to have originated from
miRNA gene duplication during evolution. However this is not without exceptions, as
unrelated miRNA genes can be found in the same cluster and related genes may be
located in different genomic loci. For instance, mir-125 and let-7 genes have
essentially unrelated sequences, but they are located closely on D. melanogaster
genome.

Another exception is the mir-2 gene family, where 8 related miRNA genes

are located in 4 different loci. Because of these exceptions, it is hypothesized that
miRNAs in the same cluster may perform similar or related functions (Aravin,
Lagos-Quintana et al. 2003).
On the other hand, it is also observed that miRNAs are located in intergenic
regions as well as in the introns of protein coding genes. However, a miRNA gene can
be located within the protein-coding transcription unit itself. In a 2004 study by
Rodriguez et al., it was found that 161 out of 232 mammalian miRNA genes were
located within RNA transcripts. Ninety of the 161 transcripts are protein-coding
mRNAs, whereas the rest are ncRNAs. Furthermore, 27 miRNA genes were found in
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the introns of ncRNA transcripts, while the rest are located in the exons (Rodriguez,
Griffiths-Jones et al. 2004). Therefore, it is highly likely that many miRNA genes can
be found from the EST database.
It is worth noting that most experimentally verified miRNAs are conserved
within closely related species, such as C. elegans and C. briggsae. To some extent,
miRNAs are also conserved for more distantly related species. For instance, the
orthologs of let-7 gene has been found in human, C. elegans, Drosophila and many
more organisms, although the number of orthologs can vary significantly (Pasquinelli,
Reinhart et al. 2000, Aravin, Lagos-Quintana et al. 2003, Lim, Lau et al. 2003).
Computational identification methods take advantage of the phylogenetic
conservation of miRNA genes, and reveal miRNA homologs among different species
by simple homology searches.

1.4 miRNA Biogenesis and miRNA-mediated Gene Regulation
The biogenesis of miRNA begins from the transcription of miRNA genes into
long primary miRNA (pri-miRNA) by RNA polymerase II (Figure 1.1). Unlike Pol I
or Pol III which constitutively express transcripts, Pol II transcription can be regulated
by upstream cis regulatory elements as well as trans acting transcription factors
(O'Donnell, Wentzel et al. 2005). Similar to mRNA, pri-miRNA are also 5’ capped
and polyadenylated (Bracht, Hunter et al. 2004). Once transcribed, the pri-miRNA
folds into a stem-loop structure that is recognized and processed by the RNase III-like
Drosha protein. Drosha contains an RNase III domain and a double strand RNA
binding domain which are critical to miRNA processing (Han, Lee et al. 2004).
Drosha recognizes pri-RNA by its tertiary structure, and cleaved the pri-RNA at
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exactly two helical turns from the terminal loop (Zeng, Yi et al. 2005). The resulted
precursor miRNA (pre-miRNA) has a length around 60-70 nucleotides. Alternatively
in Drosophila, pre-miRNAs can also be generated from the so-called mirtron hairpins
via intron splicing mechanism (Okamura, Hagen et al. 2007). The pre-miRNAs are
exported into the cytoplasm by exportin-5, where they are processed into
miRNA/miRNA* duplexes by the cytoplasmic Dicer enzyme. Therefore, the two ends
of mature miRNA are determined by Drosha and Dicer cleavages, respectively. The
duplex is then incorporated into miRISC (miRNA containing RNA-induced silencing
complex) and converted to two single strand RNAs. In this process, one strand is
stabilized by the Argonaute (Ago) proteins in the protein complex, while the other
strand rapidly degrades (Zhang, Pan et al. 2007).

By definition, the stabilized strand

is named mature miRNA, and the other strand miRNA*. In some cases, miRNA* may
also exert regulatory functions, as observed in Drosophila (Okamura, Phillips et al.
2008).
Studies in siRNA showed that Argonaute proteins in RISC contains a RNA
binding PAZ domain, as well as PIWI protein domain (Lingel and Sattler 2005).
RISC can mediate the expression of mRNA that is complementary to the incorporated
siRNA through direct mRNA cleavage or translational repression. The case for
miRNA-mediated gene regulation is more complex, in terms of sequence
complementarity, binding positions as well as the outcome of gene regulation. In
plants, miRNA sequences are perfect complements to their target sequences, while in
animals the base-pairing is imperfect with several mismatches (Bartel 2009, Naqvi,
Sarwat et al. 2012). The 2-8 positions in animal miRNA has been shown to have the
highest complementarity with mRNAs, and therefore are often named the “seed
region” of miRNA (Lewis, Shih et al. 2003). It is generally believed that strict
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complementarity is required for animal miRNA-target binding, but with a few
exceptions (Didiano and Hobert 2006). For mRNA, the miRNA binding sites are most
commonly reside in the 3’ UTR region. However, recent research suggested that
miRNA binding sites can also exist in the 5’ UTR and the open reading frame
(Rigoutsos 2009). Furthermore, a single miRNA sometimes may target multiple
mRNAs and multiple miRNAs target sites may reside in one mRNA (Brodersen and
Voinnet 2009, Shin, Nam et al. 2010). Finally, gene silencing may not be the sole
outcome of miRNA-target interaction. It has been reported that the a microRNA-like
small RNA encoded by West Nile virus can up-regulates GATA4 mRNA expression
in host to facilitate virus (Hussain, Torres et al. 2012).

1.5 miRNA Functions in Insects
In the past ten years, miRNA has been profiled for a variety of insects such as
D. melanogaster (Aravin, Lagos-Quintana et al. 2003), Bombyx mori (Yu, Zhou et al.
2008), Blattella germanica (Cristino, Tanaka et al. 2011), Apis mellifera (Behura and
Whitfield 2010), Aedes aegypti (Behura, Gomez-Machorro et al. 2011), Aedes
albopictus and Culex quinquefasciatus (Skalsky, Vanlandingham et al. 2010). Since
the first miRNAs lin-4 and let-7 were discovered in C. elegans, which regulate timing
of development (Lee, Feinbaum et al. 1993, Ambros 2011), increasing number of
miRNAs have been found to regulate development process, host-pathogen interaction
and immunity (Asgari 2013). By controlling temporal expression of genes associated
cell fate commitment, miRNAs play an important in germ cell development, wing and
muscle development, neurogenesis and apoptosis (Asgari 2013). In Drosophila,
miR-184 is highly expressed in the germline cells and eggs, and regulates oogenesis as
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well as early embryogenesis at multiple levels. To maintain the germline stem cell,
miR-184 down-regulates DPP receptor Saxophone; to establish egg chamber polarity,
miR-184 suppresses gurken transport factor K10; and to ensure proper developmental
timing and anterior-posterior patterning, miR-184 regulates the transcriptional
repressor Tramtrack69. Loss of miRNAs, such as Bantam, let-7, and miR-9a can lead
to defective wing imaginal discs and consequently reduced wing tissue (Caygill and
Johnston 2008, Biryukova, Asmar et al. 2009, Becam, Rafel et al. 2011).
Muscle-specific expression of miR-1 is important for muscle integrity during rapid
growth, suppressing the expression of non-muscle genes in muscle tissues (Nguyen
and Frasch 2006). miR-34 regulates aging and age-associated physiological condition,
such as neurodegeneration. Overexpression of miR-34 in Drosophila leads to an
elongated lifespan and less severe neurodegeneration. miR-34 exerts it function by
repressing Eip74Ef, which is a transcription factor that regulates steroid hormone
signaling (Liu, Landreh et al. 2012). In a screen for cell death suppressor, Xu et al
identified that miR-14 and bantam are inhibitors of cell death (Xu, Guo et al. 2004).
In addition to abovementioned miRNAs that were discovered by forward
genetics, computational tools were employed to identify targets of Drosophila
miRNAs and to predict their functions (Stark, Brennecke et al. 2003, Enright, John et
al. 2004). In the study of Stark et al., they found that some miRNAs target
functionally associated gene cluster, such as miR-7 targeting Notch signaling, miR-2
targeting pro-appoptotic genes and miR-277 for metabolic pathways (Stark,
Brennecke et al. 2003). As more and more genomes of insects being sequenced,
computational prediction of miRNA function will become more and more effective.
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1.6 Overall Goals and Objectives
The overall goals of my project were to identify known and novel miRNAs in
R. flavipes, as well as to predict candidate miRNAs that contribute to the
worker-soldier transition. To investigate the post-transcriptional regulation of caste
polyphenism, we are pursuing the following specific objectives:
I. Establish a comprehensive miRNA profile by characterizing known and
novel miRNAs from small RNA sequencing data.
II. Gain more understanding on the role of miRNAs in regulating
worker-soldier transition by quantifying and contrasting miRNA
expression levels in worker and soldier castes.
III. Test the stability of several non-coding RNAs as reference genes to assist
future miRNA quantification via quantitative real-time PCR (qRT-PCR).
IV. Verify the accuracy of computationally derived miRNA expression levels
using qRT-PCR.
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Figures

Figure 1.1: Mechanism of miRNA biogenesis. A miRNA gene is transcribed by
Pol-II into pri-miRNA, and then processed by Drosha into pre-miRNA. After
transported to cytoplasm by Exportin-5, the pre-miRNA is processed into
miRNA/miRNA* duplex by Dicer. The mature miRNA strand is incorporated into
miRISC to exert gene regulation effects.
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CHAPTER 2: COMPUTATIONAL IDENTIFICATION OF MIRNAS
2.1 Introduction
The lower termite genus Reticulitermes are the most common termites in the
United States and Europe, which have extremely important economic and ecological
roles (Scharf, Wu-Scharf et al. 2003). Furthermore, the lower termites are one of the
most ancient lineages of social insects. Their eusociality evolved independently from
the eusocial Hymenoptera, and involves a unique caste-differentiation process.
(Thorne 1997, Abe, Bignell et al. 2000). Caste differentiation and development in
termites has been studied extensively at the organismal level, however little is known
about the molecular mechanisms that underlie termite differentiation and development.
Similar to the case of honey bees and other social insects, it is postulated that termite
polyphenism and associated developmental processes occur via differential gene
expression (Evans and Wheeler 1999, Miura 2001).
Insects typically have a short life cycle and a high reproduction rate, making it
an excellent model for miRNA studies. Previous studies have shown that miRNA has
an essential role in post-transcriptional regulation in a wide range insect species,
including the fruit fly, mosquitoes, the honey bee, the silkworm, etc (Behura 2007). It
is highly possible that miRNA has a similar role in tuning gene expression in R.
flavipes, and potentially contributes to caste and developmental changes. Regardless,
little effort has been made to characterize miRNA in R. flavipes, and the linkage
between miRNA and termite development regulation has yet to be investigated. Being
the first miRNA study directed at the non-model insect R. flavipes, my primary
objective was to construct a computational pipeline to profile known and novel
miRNAs from small RNA sequencing data (Figure 2.1). Secondly, by quantifying and
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contrasting miRNA expression level between worker and soldier caste of R. flavipes, I
aim to gain more understanding on the role of miRNAs in regulating developmental
process, especially those involved in the caste transition process.

2.2 Materials and Methods
2.2.1 Insect Preparation
The Reticulitermes flavipes colonies were collected from the University of
Kentucky Arboretum (Lexington, KY, USA). All termites were reared in darkness at
24°C and 70 ± 5% relative humidity in the laboratory for more than 6 months.
Workers and soldiers were readily available from the colonies.
2.2.2 Construction and Sequencing of Small RNA library
Worker and soldier termite samples were extracted using mirVana miRNA
isolation Kit (Ambion, Cat# AM1560), following the exact protocol provided by
reagent producer. Total RNA was subjected to gel electrophoresis on 15% denaturing
acrylamide gel and small RNAs were enriched by retrieving the gel slice between
18nt and 30nt bands based on specially made RNA ladder. Purified small RNAs were
first ligated with a 3’ modified RNA adaptor (24nt) by using Truncated T4 RNA
Ligase 2 (200 units/ȝl, NEB, M0242L) followed by a gel run to purify ligation
product. Subsequently, two distinctive 5’ adaptors (26nt) were ligated for barcoding
Cry1Ab-resistant and susceptible strain samples by T4 RNA Ligase. Reverse
transcription was performed using the Superscript III reverse transcriptase (Invitrogen,
Cat# 18080-093) following the product protocol, and the products were used as
template for small RNA library construction via PuReTaq Ready-To-Go™ PCR Bead
(GE Healthcare, Cat# 27-9558-01).The library was further purified by running PCR
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product at 2% NuSieve®GTG® agarose gel (Lonza) and excising the band with
appropriate length. Finally, purified PCR product was inserted into the pGMT vector
and transferred to the E.coli competent cell for expression validation. After
confirming that 90% of products passed validation, the small RNA library of worker
and soldier samples were combined and sequenced by the Deep Sequencing Core in
University of Massachusetts using Illumina sequencing technology.
2.2.3 Pipeline Overview
The computational pipeline used in this study incorporates in-house Perl and R
scripts as well as a number of existing bioinformatics tools that are freely available
online. Raw deep sequencing data in FASTQ format first undergoes pre-processing
before subjected to down-stream analysis. Pre-processing tasks include removing
artificial sequences, filtering low quality reads, sample division, and collapsing
identical reads. Processed reads are converted to FASTA format, and are aligned to
Rfam (www.sanger.ac.uk/Software/Rfam/ftp.shtml) (Griffiths-Jones, Bateman et al.
2003), a comprehensive database for RNA families. Blastn was used to annotate
ncRNAs from the dataset. An in-house Perl script was used to remove irrelevant
ncRNAs existed in the dataset.
Remaining reads are subsequently aligned to conserved pre-miRNAs recorded
in miRBase (www.miRBase.org/) (Griffiths-Jones 2006) via Bowtie 2 read alignment
software (bowtie-bio.sourceforge.net/bowtie2/index.shtml) (Langmead and Salzberg
2012). In the typical case where multiple reads are aligned to approximately the same
position on the reference pre-miRNA, an in-house Perl script took the alignment
result as input, and output a consensus sequence and copy number for the identified
conserved miRNA, in tab delimited format. The copy numbers are further normalized
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in qualitative analysis to produce an expression profile for conserved miRNAs. For
reads not aligned to any reference pre-miRNAs, they are subject to the search for
novo miRNA using miRDeep2 software
(www.mdc-berlin.de/8551903/en/research/research_teams/systems_biology_of_gene_
regulatory_elements/projects/miRDeep) (Mackowiak 2011).
2.2.4 Processing of Small RNA Sequencing Data
Raw sequencing data was first processed by an in-house Perl script which
consists of several quality filters. A raw sequencing read is deleted if any of the first
25 bases in the read is given a Phred quality score lower than 20. The program also
screens out reads with non-canonical characters (base characters other than ATGC)
and simple nucleotide repeats. The dataset was divided into worker and soldier
subsets by recognizing the distinctive 5’-adaptors, and the reads without intact
5’-adaptors were discarded. Intact or incomplete 3’-adaptors were recognized and
trimmed off from the reads to prevent adaptor interference. As miRNAs are typically
around 22nt in length, reads with length less than 18 nt are unlikely to be legitimate
miRNAs and were therefore abandoned. Finally, to reduce the workload of
downstream analysis, repetitive sequences were collapsed into unique FASTA entries
that record the copy numbers in the sequence identifiers. The unique reads in the
worker and soldier datasets were mapped against Rfam Database v11.0 (Gardner,
Daub et al. 2009) via Blastn v. 2.2.28 (e-value < 1e-5, blastn-short mode). Sequences
mapped to known mitochondrial RNAs, snRNAs, tRNAs and rRNAs were screened
out and omitted. The remaining “clean” reads were subjected to the detection of
conserved and novel miRNAs in R. flavipes. The Perl script used to screen irrelevant
RNAs can be reviewed in the appendix.
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2.2.5 Detection of Conserved miRNAs in R. flavipes
The current version of miRBase (v18) does not contain any termite miRNA
records. Thus, we mapped the “clean” reads from sequencing data with a reference
insect miRNA database to detect evolutionarily conserved miRNAs in R. flavipes.
The reference database included D. melanogaster, A. aegypti, A. mellifera, B. mori,
and T. castaneum miRNAs from the miRBase. Similarity search was done by Bowtie
2 v. 2.2.0 (Langmead, Trapnell et al. 2009) with parameters configured to allow only
one mismatch. Reads mapped to a specific mature miRNA in the reference database
were clustered and aligned to the appropriate position on the corresponding
pre-miRNA. An in-house Perl script was used to construct a consensus sequence for
each cluster. For each aligned position, a consensus base was determined as the most
frequent base to appear in the cluster with respect to the copy number of each read.
Terminal positions of the consensus sequences were determined as the first and last
positions occupied by the 90% of reads in cluster, and the bases out of this range were
excluded. Finally the consensus sequences were identified as R. flavipes orthologs of
the mature miRNAs in the insect reference database. miRNAs conserved to more than
one species with identical sequences are merged under a unified identifier. In the
cases where the conserved miRNA were not identical between species, an additional
number will be assigned to differentiate each sequences. The Perl script used to
generate consensus sequences and calculate their copy number can be reviewed in the
appendix. The reads used to identify conserved miRNAs were removed from the
dataset, and the remaining unmapped reads were scanned for novel miRNAs in R.
flavipes.
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2.2.6 Detection of Novel miRNAs in R. flavipes
According to the biogenesis features of miRNA, characteristic hairpin
structures in genome that resemble pre-miRNAs can be used to detect novel miRNAs
which cannot be categorized to any existing miRNA families in miRBase. The
software miRDeep2 was used to identify potential miRNAs by examining the folding
structures of candidate pre-miRNA sequences excised from reference genomic
sequences (Friedländer, Mackowiak et al. 2012). As the complete R. flavipes genome
is not yet available, I used previously constructed EST library as the reference for
novel miRNA prediction. All remaining reads were first mapped to the EST database
using Bowtie 2 allowing no more than one mismatch. For each mapped EST sequence,
flanking region of around 100bp was excised as candidate pre-miRNA. The main
criteria for candidate sequences to be considered as potent pre-miRNAs are that (i)
candidates have unbifurcated hairpin structure; (ii) candidates can be divided into
mature, loop and star segments based on the reads mapping positions; (iii) at least 60%
of nucleotides in the mature segment are base-paired. Minimum free energy (MFE)
for each candidate pre-miRNA was calculated by RNAfold from the Vienna Package
(Hofacker, Fontana et al. 1994) with default options. To obtain the folding
significance of the candidate pre-miRNA, 100 random sequences permutated from
each candidate were folded by RNAfold. The p-value for each candidate was
calculated as the percentage of random sequences that have equal or lower MFE than
the candidate sequence. Only candidate pre-miRNAs with p-value less than 0.05 were
retained. The mature miRNA sequences were determined by the previous in-house
Perl script. Sequences mapped to conserved R. flavipes miRNAs were marked and
sequences that could not be aligned were considered novel miRNAs.
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2.2.7 Comparison of miRNA Expression Profile
To make comparable profiles, we first normalized the expression level of
miRNAs presented in both worker and soldier samples. Normalized expression NX of
miRNA X is calculated as NX = A/T*1,000,000. A stands for the number of reads
aligned to miRNA and T stands for the total count of “clean” reads. By convention,
normalized expression is multiplied by 1, 000,000 to gain the number of transcript per
million (TPM). miRNAs having normalized expression level less than one in worker
or soldier samples were neglected for the accuracy in calculating fold-change values.
Fold change ǻFX of miRNA X is calculated as ǻFX = log2(NXS / NXW). NXS is the
normalized expression level of miRNA X in the soldier dataset, whereas NXW is the
normalized expression level of miRNA X in the worker dataset. A scatter plot
portraying the miRNAs with normalized expression level more than one in both
samples were generated using R language. The R-script used to generate this scatter
plot can be reviewed in the appendix.

2.3 Results
2.3.1 Sequencing Analysis of R. flavipes Small RNA Library
Using Illumina sequencing technology, we gained a total of 8,370,484 raw
sequencing reads from the worker and soldier caste of R. flavipes small RNA library.
The removal of adapters, simple repeats, short reads and other low-quality reads from
the dataset resulted in 4,789,596 “clean” reads (1,581,891 unique reads) from the
worker caste and 1,388,532 “clean” reads (694,266 unique reads) from the soldier
caste. In both strains, the length distribution of “clean” reads shows a significant peak
around 21-23nt, indicating the enrichment of reads at the typical length of miRNAs
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(Figure 2.2). The enriched proportion accounts for 48.5% and 58.3% of all “clean”
reads in worker and soldier caste, respectively, which conforms to the standard size of
miRNAs in the small RNA library. A small portion of reads are concentrated around
28-29nt, probably due to the presence of PIWI-interacting RNAs (piRNAs) in the
library. In many organisms, piRNAs are discovered as a new class of epigenetic
modifiers that can suppress sequence-specific transposable elements (Khurana and
Theurkauf 2010). Their biogenesis is relatively unknown and completely different
from that of miRNAs (Klattenhoff and Theurkauf 2008).
Sequence similarity analysis against Rfam database was used to identify the
reads corresponding to rRNAs, tRNAs, snoRNAs and other non-coding RNAs
(ncRNAs). All identified ncRNA other than miRNA constitute 8.8% and 6.8% of all
“clean” reads in the worker and soldier caste, respectively (Figure 2.3). In the
subsequent miRNA detection analysis, conserved and novel miRNAs combined make
up 28.6% of all “clean” reads from the worker caste and 51.1% from the soldier caste.
A major part of the “clean” reads (62.6% and 42.1%, respectively) falls into the
unannotated category. This portion of “clean” reads probably consists of partially
degraded mRNAs and piRNAs.
2.3.2 Identification of Conserved miRNAs and novel miRNAs
Overall, 167 conserved miRNAs were identified from R. flavipes small RNA
library (Table 2.1). For each miRNA, we determined a consensus sequence based on
the dominant base at each position due to its relatively high expression level. miRNAs
within the same miRNA family can have analogous counterparts from different
species, which are distinguished by additional numbers behind the underscore, such as
rfl-bantam (analogous to aga-bantam) and rfl-bantam_1 (analogous to ame-bantam).
miR-276a-3p (268,409 copies) and miR-8-3p (158,528 copies) are, respectively, the
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most abundant in the soldier and worker miRNA libraries. Many of the highly
expressed miRNAs are found in both castes. For example, five out of ten most
abundant miRNAs shared by both libraries (Table 2.2). These miRNAs were also
shown to have high expression levels in small RNA libraries of other insects. For
example, miR-1 was a highly conserved miRNA which was reported to be abundant in
expression for Bombyx mori, Blattella germanica and Apis mellifera (Cai, Yu et al.
2010, Cristino, Tanaka et al. 2011, Liu, Peng et al. 2012). On the other hand, we also
observed significant difference in expression for a number of miRNAs between
worker and soldier castes. For the 167 conserved miRNAs identified, 84 of them
showed a significant up-regulation while 9 miRNAs showed down-regulation in
soldier caste compared to worker caste (Figure 2.4). Among the miRNAs
up-regulated in solder, miR-932 showed the highest expression increase of 5.67 fold
difference on log2 scale. Among the down-regulated miRNAs, miR-6497-5p with a
-6.86 fold difference on log2 scale has the most dramatic decrease in expression level
(Table 2.3, Figure 2.5).
To computationally evaluate the validity of the conserved miRNAs, they were
aligned back to the reference database using bowtie 2. This reference database
includes mature miRNAs from D. melanogaster, A. aegypti, A. mellifera, B. mori, and
T. castaneum. miRNAs with putative ortholog existing in the above five species were
marked with “+”. More orthologs that a miRNA has, more conserved the miRNA is
among insect species, and therefore more likely it is to be truly existing in termites.
As a result, we were able to find at least one ortholog for every conserved miRNAs
identified, which increased their validity. Furthermore, pairwise alignment of two
pre-miRNA sequences (miR-283, miR-277) found in R. flavipes EST database with
orthologs in other species exhibited a high level of identity at mature miRNA region,
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but low similarity in loop areas and miRNA* region (Figure 2.6). These results show
that mature miRNAs are highly conserved among related species, and thus their
genomes can be used to predict the existence of miRNA precursors.
In addition to the conserved miRNAs, we also predicted the existence of novel
miRNA candidates from the remaining reads of R. flavipes small RNA library using
miRDeep2 prediction software. The R. flavipes EST database was used as reference
genome, and a total of 33 novel miRNAs were successfully predicted (Table 2.4). The
predicted precursor structures for novel-17 and novel-22 each appears to have an
unbifurcated hairpin structure, low folding energy and miRNA-miRNA* duplex with
3’ overhangs, which conform to the typical characteristics of miRNA precursors
(Figure 2.7). The copy numbers for novel miRNAs are generally lower than that of
the conserved miRNAs, which is consistent with previous studies (Guo, Tao et al.
2013). All novel miRNAs were cross-checked with miRBase database and no
homologous pair was found, indicating that the newly identified miRNAs are
relatively specific to termites.
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2.4 Discussion
Many conserved miRNAs identified in this project have also been studied in
Drosophila and other insects, where their function has been revealed. In this section, I
attempt to account for the similarities and differences in miRNA expression level
between worker and soldier, and understand the role of miRNAs in termite biology
and development:
2.4.1 miR-8-3p
According to our dataset, this miRNA is the most highly expressed miRNA in
workers and the third most highly expressed in soldiers. Studies in Drosophila
revealed that miR-8 is involved in neurogenesis by targeting atrophin mRNAs. Null
mutation of miR-8 can result in neurodegeneration and other developmental defects,
and ultimately a shorter life-span (Karres, Hilgers et al. 2007).

Another function of

miR-8 is to maintain the homostasis of insect innate immunity. It is shown that miR-8
negatively regulates anti-microbial peptides to ensure their low expression under
normal conditions (Choi and Hyun 2012). The importance of miR-8 in neurogenesis
and immunity explains the high abundance of this miRNA in both soldier and worker.
In addition, the star sequence, miR-8-5p, is down-regulated in soldier with a -1.72 fold
decrease in expression. miR-8-5p is not known to bear any clearly defined functions,
and its expression is very low in both castes. Due to the fact that star miRNAs are
susceptible to degradation, this fold change may not represent any real biological
meaning.
2.4.2 miR-1-3p
This miRNAs is the second and seventh most abundant miRNAs in soldiers
and workers, respectively. miR-1 is highly conserved across animal species, and has a
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role in maintaining muscle integrity (Chawla and Sokol 2011). In particular, miR-1 is
shown to affect heart function in Drosophila, by regulating GTPase Cdc42 which is
important in maintaining myofibrillar architecture in heart (Qian, Wythe et al. 2011).
Muscle and heart integrity is essential to the survival for all termite castes, which
explains the high and similar abundance of miR-1-3p in both workers and soldiers.
2.4.3 bantam-3p
While this miRNA again is high expressed in both castes, its star sequence,
bantam-5p, shows a 1.08 fold decrease on log2 scale in expression in soldiers. One
known function of bantam is involved in germ cell development. In female
Drosophila, bantam is discovered to interact with dFmr1 protein to repress germ-line
stem cells (GSC) differentiation (Yang, Xu et al. 2009). In termites, soldiers and
workers are non-reproductive castes. High expression level of bantam indicates that
reproductive capabilities are constrained in worker and soldier, which aligns very well
with the termite biology. Therefore, we suspect that bantam takes a role in repressing
GSC differentiation in termites, similar to which shown in Drosophila.
2.4.4 miR-iab-4-5p
This gene is one of the 84 miRNAs that is up-regulated in soldiers, where the
expression level of miR-iab-4-5p is 5.43 folds higher than that in workers. In
Drosophila, miR-iab-4 is shown to target Ultrabithorax (Ubx) gene, and repression of
Ubx leads to homeotic transformation of halteres to wings (Ronshaugen, Biemar et al.
2005). In termites, the transformation from workers to soldiers is homeotic in nature,
and previous EST database annotation also confirms the existence of Ubx gene in
termites. As a member of the homeobox gene family, Ubx is shown to target hundreds
of genes at different stages of morphogenesis (Pavlopoulos and Akam 2011). It is
possible that miR-iab-4 may still target Ubx gene in termites, however, Ubx may have
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a role different from wing development in termites, such as the worker-soldier
transition.
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Length (nt)
23
23
19
20
21
21
22
21
22

Mature Sequence (5’-3’)

UGAGAUCAUUGUGAAAGCUGAUU

UGAGAUCAUUUUGAAAGCUGAUU

UGAGAUCAUUGUGAAAGCU

CCGGUUUUCACAGUGAUUUG

UGAGGUAGUGGGUUGUAUAGU

UGAGGUAGUAGGUUGUAUAGU

UGAGUAUUACGUCAGGUACUGG

CAUCACAGACAGAGUUCUAGU

AUAUUGUCUUGUCACAGCAGUA

miRNA id

bantam-3p

bantam-3p_2

bantam-3p_3

bantam-5p

let-7

let-7-5p

miR-1

miR-1_2

miR-100

column is marked with “+” sign. Otherwise, it is marked with a “-” sign.
Reads (Soldier)
47550
45
137
8
11
17289
15
345
12

Homology
- + - - +
+ - - + - - + - - - - - +
+ - - - - + + + +
- - + - - + - - - + - - -

7

360

9

11176

8

23

248

44

40239

Reads (Worker)

miRNA in either D. melanogaster, A. aegypti, A. mellifera, B. mori, and T. castaneum, the corresponding species’ position in the Homology

Table 2.1: Known miRNAs detected in R. flavipes small RNA library. For each conserved R. flavipes miRNA, if there exists an ortholog
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Length (nt)
22
21
22
22
22
20
23
24
22
24
21
22
23

Mature Sequence (5’-3’)

AUAUUGUCCUGUCACAGCAGUA

AACCCGUAUAUCCGAACUUGU

AACCCGUAGAUCCGAACUUGUG

AAAUUCGGUUCUAGAGAGGUUU

UACCCUGUAGAUCCGAAUUUGU

CAUCACAGACAGAGUUCUAG

UGAGAUUCAACUCCUCCAACUCA

UGAGAUUCAACUCCUCCAACUUAU

AAGUGGAGAAGUGGUCUCUUCA

UCCCUGAGACCCUAACUUGUGACG

UAAGGCACGCGGUGAAUGCCA

UCCCUGAGACCCUAACUUGUGA

UGAGUAUUACAUCAGGUACUGGU

miRNA id

miR-1000-5p

miR-100-5p

miR-100-5p_2

miR-10-3p

miR-10-5p

miR-11-3p

miR-1175-3p

miR-1175-3p_2

miR-1175-5p

miR-12

miR-124-3p

miR-125-5p

miR-12-5p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued).

6726
81
53180
853
7693
43
5
3832
154
931
15906
39750
9408

- - - + + + + - +
- - + + +
+ + + + +
- - + - +
- - - - +
- - + - - - - - +
- + - - + + + + +
+ - - + +
- - - - +

4953

11483

1772

870

36

434

2

33

12088

672

22609

22

7420

Reads (Soldier) Reads (Worker)

+ - + + +

Homology
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Length (nt)
22
21
21
22
22
21
22
22
19
20
23
21
22

Mature Sequence (5’-3’)

UGAGUAUUACAUCAGGUACUGG

UAUCACAGCCAUUUUGAUGAG

UAUCACAGCCAUUUUUGACGA

UUGGUCCCCUUCAACCAGCUGU

AGCUGGUUGAAUCCGGGCCAAA

UUAUUGCUUGAGAAUACACGU

UAUCACAGCCACUUUGAUGAGU

UAUCACAGCCACUUUGAUGAGC
UAUCACAGCCACUUUGAUG

UCGUCAAUUUGGUUGUGAAA

UAUCACAGCCAUUUUUGACGAGU

UAUCACAGCCAUUUUGACGAG

UCAGUCUUUUUCUCUCUCCUAU

miRNA id

miR-12-5p_2

miR-13

miR-13_2

miR-133-3p

miR-133-5p

miR-137-3p

miR-13a-3p

miR-13a-3p_2

miR-13a-3p_3

miR-13a-5p

miR-13b-3p

miR-13b-3p_2

miR-14-3p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued).

9207
60
1256
20428
157
2787
174
34631
153
40
5881
17
16139

- + - - - + - - + + + + +
- - - - +
+ + + + +
- - - + - - - - +
- - + - - - - - +
- - + - + - - + +
+ + + + +

32724

7

2020

14

228

17341

71

611

13

4864

703

26

4914

Reads (Soldier) Reads (Worker)

+ + - + -

Homology
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Length (nt)
20
21
21
22
23
22
22
21
21
21
22
22
22

Mature Sequence (5’-3’)

UGGACGGAGAACUGAUAAGG

UGGACGGAGAACUGAUAAGGG

UACUGGCCUGCUAAGUCCCAA

CCCAGGAAUCAAACAUAUUAUU

AGAUAUGUUUGAUAUUCUUGGUU

UGGAAUGUAAAGAAGUAUGGAG

AGCUGCUGGACACUGCACAAGA

UGAUUGUCCAAACGCAAUUCU

UAAGUACUAGUGCCGCAGGAG

CCUGCUGCUCAAGUGCUUAUU

UCCUGCUGCUCAAGUGCUUAUC

CUAAGUACUAGUGCCGCAGGAG

AAUGGCACUGGAAGAAUUCACG

miRNA id

miR-18

miR-184-3p

miR-19

miR-190-3p

miR-190-5p

miR-1a-3p

miR-210-5p

miR-219-5p

miR-252

miR-252-3p

miR-252a-3p

miR-252a-5p

miR-263a-5p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued).

42877
45338
565
22
5155
194977
41
335
7667
6
293
28973
14695

- - + + +
- + - - - - - + + + + + +
+ + + + +
- - - + +
+ + - + +
- + - - - - - + - - - - +
+ - + + +
+ + + + +

101881

20132

27

0

8823

3

17

84709

4654

7

548

102815

95317

Reads (Soldier) Reads (Worker)

+ + - - -

Homology
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Length (nt)
24
22
22
22
22
22
22
22
23
22
22
22
20

Mature Sequence (5’-3’)

CUUGGCACUGGAAGAAUUCACAGU

CUUGGCACUGGAAGAAUUCACA

CUUGGCACUGGGAGAAUUCACA

UCAGGUACCUGAAGUAGCGCGC

UGGUAACUCCACCACCGUUGGC

UAGGAACUUCAUACCGUGCUCU

UAGGAACUUUAUACCGUGCUCU

AGCGAGGUAUAGAGUUCCUACG

UAAAUGCACUAUCUGGUACGACA

UAAAUGCACUAUCUGGUACGAC

UCGGUGGGAUUUUCGUCCGUUU

UCGGUGGGACUUUCGUCCGUUU
CAAUGCCCUUGGAAAUCCCA

miRNA id

miR-263b-5p

miR-263b-5p_2

miR-263b-5p_3

miR-275-3p

miR-2765-5p

miR-276a-3p

miR-276b-3p

miR-276b-5p

miR-277-3p

miR-277-3p_2

miR-278-3p

miR-278-3p_2

miR-2788-3p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

259
11911
16
31294
1521
268409
552
1757
47409
46504
10
3921
31

- + - - +
+ - + - + + + + +
+ + + - +
+ + + + +
- - - + + - + + +
+ + + + - - - - +
- - + - + + - + - - - - +

54

1587

3

8946

8967

909

192

139453

4547

11815

56

30090

264

Reads (Soldier) Reads (Worker)

- - - + -

Homology
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Length (nt)
20
22
22
23
21
21
20
21
21
21
22
21
22

Mature Sequence (5’-3’)
UGACUAGAGUGACACUCGUC

GUAGGCCGGCGGAAACUACUUG

AGGGGUUUCUUUCGGCCUCCAG

AGGGGUUUCUUUCGGCCUCCAGA

UGACUAGAUCCACACUCAUCA

UGACUAGAUCCACACUCAUCC

UGACUAGAUUUACACUCAUU

UGACUAGAUCCAUACUCGUCU

UGACUAGAUUUACACUUAUCC

AAUAUCAGCUGGUAAUUCUGG

AAGAGAGCUGUCCGUCGACAGU

UGUCAUGGAGUUGCUCUCUUU

UGUCAUGGAAUUGCUCUCUUUA

miRNA id

miR-279

miR-2796-3p

miR-2796-5p

miR-2796-5p_2

miR-279a-3p

miR-279b-3p

miR-279b-3p_2

miR-279d-3p

miR-279d-3p_2

miR-28

miR-281-1-5p

miR-281-3p

miR-281-3p_2

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

470
5043
324
10
10213
23202
39
11147
8
80
49
8772
7

- + + - +
- - - - +
- - + - + + - + +
- - + - +
- - + - - - + - +
- - + - + - - - - - - + - + + - +
+ - - - -

2

2906

147

77

0

742

18

9322

2547

0

12

2577

26

Reads (Soldier) Reads (Worker)

- + - - -

Homology

30



Length (nt)
22
21
22
22
21
23
18
26
20
22
22
22
22

Mature Sequence (5’-3’)

AAGAGAGCUAUCCGUCGACAGU

ACAUAGCCUAAAAGAGGUUAG

UAGCCUCUCCUAGGCUUUGUCU

AAAUAUCAGCUGGUAAUUCUGG

UAGCACCAUUUGAAAUCAGUG

UAUCACAGCCAGCUUUGAUGAGU
UAUCACAGCCAGCUUUGA

UAUCACAGCCAGCUUUGAUGAGCGUU

UAUCACAGCCAGCUUUGAUG

UAUCACAGCCAGCUUUGAUGAG

UGGCAGUGUUGUUAGCUGGUUG

UCACAACCUCUUUGAGUGAGCG

UCAGGUACUGAGUGACUCUGAG

miRNA id

miR-281-5p

miR-282-3p

miR-282-5p

miR-283-5p

miR-285-3p

miR-2b-3p

miR-2b-3p_2

miR-2b-3p_3

miR-2c-3p

miR-2c-3p_2

miR-3

miR-30

miR-30_2

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- + - - -

- + - - -

- + - - -

+ + + + +

- - - + -

- - - + -

+ - - + -

- - + - -

- + - + -

- + + + +

+ + - - +

- - - + -

+ - + + +

Homology

14621

69

75

86382

5688

109

150

1032

831

12516

309

17

39330

4251

14

16

18560

523

55

57

170

253

12374

277

8

134908

Reads (Soldier) Reads (Worker)
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Length (nt)
22
24
19
21
20
23
22
22
23
22
23
23
19

Mature Sequence (5’-3’)

UCCGUCCAACUCCUUUCCGUCU

UCGGGAAGGCAGUUGCGGCGGAUU
CGGCACCUGUUGGAGUGCA

AUUGUACUUCAUCAGGUGCUC

UCAGGUACUUAGUGACUCUG

UCAGGUACUGAGUGACUCUGAGA

UCAGGUACUGGGUGACUCUGAG

UCACAACCUCCUUGAGUGAGCG

ACUCACUCAACUUGGGUGUGAUG

UUUUGAUUGUUGCUCAGAAAGC

AGGCAAGAUGUCGGCAUAGCUGA

AGGCAAGAUGUCGGCAUAGCUGU
UGUCUUUUUCCGCUUGCUG

miRNA id

miR-3049-3p

miR-3049-5p

miR-305-3p

miR-305-5p

miR-306-5p

miR-306-5p_2

miR-306a-5p

miR-307a-3p

miR-307a-5p

miR-315-5p

miR-31-5p

miR-31-5p_2

miR-316-5p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

+ - - + -

- - + - -

- + - - +

+ + - + +

- - + + +

+ - + + +

- - + - -

+ - - - -

- - - + -

+ + + + +

- - - - +

- + - - +

- + - - -

Homology

7

4

133

1247

1269

14729

23

1674

5

65693

18

245

104

12

0

41

957

120

4722

2

3193

0

6108

3

20

167

Reads (Soldier) Reads (Worker)
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Length (nt)
20
21
20
21
20
22
22
22
22
23
22
19
19

Mature Sequence (5’-3’)

UGUCUUUUUCCGCUUUGCUG

UGAACACAGCUGGUGGUAUCU

UGAACACAGCUGGUGGUAUC

GUGCAUUGUAGUUGCAUUGCA

GUGCAUUGUAGUUGCAUUGU

UGGCAGUGUGGUUAGCUGGUUG

UAAUCUCAUGUGGUAACUGUGA

UUUGUUCGUUUGGCUCGAGUUA

UUUGUUCGUUCGGCUCGAGUUA

AAUCCUGCAUCAAGUGCGUUGCU

UUCGGCGAUGAGAUCAGCCAGU
GGUUUGGAACGCGAAGAGC
CGUUCGAGUUCCCUGGAAU

miRNA id

miR-316-5p_2

miR-317-3p

miR-317-3p_2

miR-33-5p

miR-33-5p_2

miR-34-5p

miR-3477-5p

miR-37

miR-37_2

miR-377

miR-6012-3p

miR-6495-3p

miR-6495-5p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- - + - -

- - + - -

- + - - +

- + - - -

- + - - -

+ - - - -

- + - - +

+ - + + +

- - - + -

+ + + - +

- - - + -

+ + + - +

- + + - +

Homology

1

1

396

6546

1184

1

9869

84021

27

3311

6254

38439

1644

110

19

37

199

3834

8

7183

31881

1

209

1888

5244

3856

Reads (Soldier) Reads (Worker)
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Length (nt)
21
22
22
23
20
23
21
22
23
22
22
22
23

Mature Sequence (5’-3’)

AUUGGCUCUGAGGACCGGGGC

UCUCACUACCUUGUCUUUCAUG

UGAAAGACAUGGGUAGUGAGAU

CCAGAUCUAACUCUUCCAGCUCA

CCAGAUCUAACUCUUCCAGA

UGGAAGACUAGUGAUUUUGUUGU

AUAAAGCUAGAUUACCAAAGC

GUGAGCAAAUUUUCAGGUGUGU

UAAUACUGUCAGGUAAAGAUGUC

CAUCUUACCGGGCAGCAUUAGA

UUGAGCAAAGUUUCAGGUGUGU

AUGAGCAAAGUUUCAGGUGUGU

GUGAGCAAAGUUUCAGGUGUGUU

miRNA id

miR-6497-5p

miR-71-3p

miR-71-5p

miR-75

miR-750-3p

miR-7-5p

miR-79-3p

miR-8

miR-8-3p

miR-8-5p

miR-87-3p

miR-87a-3p

miR-87b-3p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- - + - +

- + - - +

- - - + -

+ - + + +

+ + + + +

+ - - - -

+ - + + -

+ + + + +

- - - - +

- + - - -

+ + + - +

+ - + - +

- - + - -

Homology

292

57534

39

6290

132278

33

1239

3578

14

10972

7027

3028

5

20

8223

8

28215

158528

17

356

5573

16

27071

5528

5705

789

Reads (Soldier) Reads (Worker)
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Length (nt)
22
22
20
22
21
21
21
21
22
23
22
22
22

Mature Sequence (5’-3’)

AAUUGCACCUGUCCCGGCCUGA

CAAAGCGUUUGAAUUCUGAAAC

CAAAGCGUUUGAAUUCUGAA

UUUAGAAUUCCUACGCUUUACC

UUUAGAAUUUGUACGCUUUGU

CUCCCUAAUGGAGUCAGAUUG

AAAUUGACUCUAGUAGGGAGU

AUUGCACUUGUCCCGGCCUAU

UAUUGCACUUGUCCCGGCCUAU

UAUUGCACUUGUCCCGGCCUAUU

AAUUGCACUAGUCCCGGCCUGC

AAUUGCACUUGUCCCGGCCUGA

UGCAAGCAGUGCGGAAGUGAGG

miRNA id

miR-92

miR-927-3p

miR-927a-3p

miR-927a-5p

miR-927b-5p

miR-929-3p

miR-929-5p

miR-92a-3p

miR-92a-3p_2

miR-92a-3p_3

miR-92b-3p

miR-92b-3p_2

miR-932-3p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- - - - +

+ - - - +

- - - + -

- - - - +

+ + - - -

- - - + -

+ + + + +

- - - + -

- + - - +

- + + + +

- - - - +

- - - + -

- + - - -

Homology

12

1871

2152

133

2109

9

2876

51

287

2948

24

129

4

1

1306

1192

134

1674

7

815

40

107

1574

20

119

0

Reads (Soldier) Reads (Worker)
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Length (nt)
22
22
22
22
21
22
21
25
23
23
22
21
21

Mature Sequence (5’-3’)

UCAAUUCCGUAGUGCAUUGCAG

UAAGCGUAUAGCUUUUCCCCUU

UUGGUGUUCAACCUUACAGUGA

UUCGUUGUCAACGAAACCUGCA

UAGCUGCCUAGUGAAGGGUAA

UUCGUUGUCGACGAAACCUGCA

UGACUAGAUUCAUACUCGUCU

UACCCUGUAGAUCCGGGCUUUUGUU

GAAGCUCGUCUCUACAGGUAUCU

UACCCUGUAGAUCCGGGCUUUUG

GAAGCUCGUCUCUACAGGUAUA

UACCCUGUAGAUCCGGGCUUU

UAGCACCACAUGAUUCAGCUU

miRNA id

miR-932-5p

miR-965-3p

miR-97

miR-98

miR-980-3p

miR-981-3p

miR-99

miR-993-5p

miR-993a-3p

miR-993a-5p

miR-993b-3p

miR-993b-5p

miR-995-3p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- - - - +

- - + - -

- - + - -

- - + - +

- + + + +

- - - + -

- + - - -

+ - - + +

+ - - - -

- + - - -

- + - - -

- - + + +

+ + + + +

Homology

3678

120

4

605

1363

4

23

9369

4498

8

3628

431

824

1378

15

4

88

918

3

4

5335

577

6

1867

445

22

Reads (Soldier) Reads (Worker)
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Length (nt)
21
21
22
21
21
22
22
21
21
22
22
22
20

Mature Sequence (5’-3’)

UAGCACCACAUGAUUCGGCUU

UAGCACCAUGGGAUUCAGCUU

AUAAAGCUAGGUUACCGAAGUU

AUAAAGCUAGAUUACCGAAGU

UCUUUGGUUAUCUAGCUGUAU

AUAAAGCUAGAUUACCAAAGCA

UCUUUGGUAUCCUAGCUGUAGA

UCUUUGGUAUCCUAGCUGUAG

UCUUUGGUGAUCUAGCUGUGU

UCUUUGGUGAUCUAGCUGUAUG

CGGUAUACCUUCAGUAUACGUA

ACGUAUACUGAAUGUAUCCUGA

AGGAUACAUUCAGUAUACGU

miRNA id

miR-995-3p_2

miR-998-3p

miR-9a-3p

miR-9a-3p_2

miR-9a-5p

miR-9b-3p

miR-9c-5p

miR-9c-5p_2

miR-9c-5p_3

miR-9e-5p

miR-iab-4-3p

miR-iab-4-5p

miR-iab-8-3p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- - - + -

+ + + + +

+ - + + +

- - - - +

- - - - +

- - + - -

+ - - + -

- + - - +

+ + + + +

- - - + -

- - + - +

- - + - +

- - - + -

Homology

4

1114

56

2410

19

9000

162

1488

20162

890

216

71

6

0

35

4

3585

46

17804

177

357

21239

131

18

38

9

Reads (Soldier) Reads (Worker)
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Length (nt)
21
21
22
21
21
22
22
21
21
22
22
22
20

Mature Sequence (5’-3’)

UAGCACCACAUGAUUCGGCUU

UAGCACCAUGGGAUUCAGCUU

AUAAAGCUAGGUUACCGAAGUU

AUAAAGCUAGAUUACCGAAGU

UCUUUGGUUAUCUAGCUGUAU

AUAAAGCUAGAUUACCAAAGCA

UCUUUGGUAUCCUAGCUGUAGA

UCUUUGGUAUCCUAGCUGUAG

UCUUUGGUGAUCUAGCUGUGU

UCUUUGGUGAUCUAGCUGUAUG

CGGUAUACCUUCAGUAUACGUA

ACGUAUACUGAAUGUAUCCUGA

AGGAUACAUUCAGUAUACGU

miRNA id

miR-995-3p_2

miR-998-3p

miR-9a-3p

miR-9a-3p_2

miR-9a-5p

miR-9b-3p

miR-9c-5p

miR-9c-5p_2

miR-9c-5p_3

miR-9e-5p

miR-iab-4-3p

miR-iab-4-5p

miR-iab-8-3p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- - - + -

+ + + + +

+ - + + +

- - - - +

- - - - +

- - + - -

+ - - + -

- + - - +

+ + + + +

- - - + -

- - + - +

- - + - +

- - - + -

Homology

4

1114

56

2410

19

9000

162

1488

20162

890

216

71

6

0

35

4

3585

46

17804

177

357

21239

131

18

38

9

Reads (Soldier) Reads (Worker)
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Length (nt)
21
22

Mature Sequence (5’-3’)

AGGAUACAUUCAGUAUACGUA

UUACGUAUACUGAAGGUAUACC

miRNA id

miR-iab-8-3p_2

miR-iab-8-5p

Table 2.1: Known miRNAs detected in R. flavipes small RNA library (continued)

- - + + +

- - - - +

Homology

402

8

54

0

Reads (Soldier) Reads (Worker)
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bantam-3p

miR-277-3p

9

10



miR-100-5p_2

8

miR-34-5p

5

miR-87a-3p

miR-2c-3p_2

4

7

miR-8-3p

3

miR-305-5p

miR-1a-3p

2

6

miR-276a-3p

1

Most abundant miRNA (soldier)

47409

47550

53180

57534

65693

84021

86382

132278

194977

268409

# Reads

miR-34-5p

miR-14-3p

bantam-3p

miR-1a-3p

miR-18

miR-263a-5p

miR-184-3p

miR-281-5p

miR-276a-3p

miR-8-3p

Most abundant miRNA (worker)

Table 2.2: Ten most abundant miRNAs in soldier caste compared to worker caste dataset.

31881

32724

40239

84709

95317

101881

102815

134908

139453

158528

# Reads
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Reads (worker)
22
199
35
12
26
209
742
20
20
13

Reads (soldier)
824
6546
1114
324
470
3311

11147
292
245
157

miRNA id

miR-932-5p

miR-377

miR-iab-4-5p

miR-2796-5p

miR-279

miR-33-5p

miR-279d-3p

miR-87b-3p

miR-3049-5p

miR-133-5p

44.44093

69.3505

82.65448

3155.306

937.2225

133.0397

91.7125

315.3325

1852.932

233.2441

Normalized
expression (soldier)

2.714222

4.175726

4.175726

154.9194

43.63634

5.428444

2.505436

7.307521

41.54848

4.593299

Normalized
expression (worker)

whereas NXSUS is the normalized expression level of miRNA X in the susceptible strain dataset.

4.033278

4.053807

4.306994

4.34819

4.42479

4.615175

5.193985

5.431348

5.478871

5.666166

Fold change

of miRNA X is calculated as ǻFX = log2(NXRES / NXSUS). NXRES is the normalized expression level of miRNA X in the resistant strain dataset,

Table 2.3: Twenty most down-regulated and up-regulated miRNAs in soldier caste compared to worker caste dataset. Fold change ǻFX
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28215
101881
789

14695
5

miR-263a-5p

miR-6497-5p

134908

39330

miR-281-5p

6290

3834

1184

miR-37_2

miR-8-5p

147

49

miR-281-1-5p

56

4547

1521

miR-2765-5p

16

23

8

bantam-5p

miR-263b-5p_3

Reads (worker)

Reads (soldier)

miRNA id

1.415316

4159.615

1780.468

4.529012

11132.88

335.1469

13.8701

430.5392

2.264506

Normalized
expression (soldier)

164.7324

21271.36

5890.906

11.69203

28166.94

800.4867

30.69159

949.3514

4.802085

Normalized
expression (worker)

-6.86286

-2.35439

-1.72623

-1.36826

-1.33918

-1.25608

-1.14587

-1.1408

-1.08446

Fold change

Table 2.3: Twenty most down-regulated and up-regulated miRNAs in soldier caste compared to worker caste dataset (continued).

42

20
20
24
23
21
22
22
20
21
23
23
22
22

AAAAUAAUGGUGCGGUUUUAAU

ACUGUCUGACCCUGAAGAUG

AGGGGAAACCCUGAUGGAGG

AGUAAUAAAGACUGAACCUCAGGU

CAAGGUUGAGAUCUCGGAUCUUU

CAGAUCUGAGGUUCAUACAGU

CAGUGUCAAGUGACUUUUGUGC

CAGUUAUACUUUGGAAGUCAGC

CGAGUGCAUGGAAUAAUGGA

CGUUAUGGAAUAUGUGAGUGG

CUUGACCGUGAAGAUGAAGGCAU

CUUGUAUAUGGACGUUCUCCUGU

GAGGGUGUCCAUUUACCUGUGG

GAGUCACGUCCCAGAGGACAGA

Novel-1

Novel-2

Novel-3

Novel-4

Novel-5

Novel-6

Novel-7

Novel-8

Novel-9

Novel-10

Novel-11

Novel-12

Novel-13

Novel-14
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Sequence (5'-3')

miRNA id

7

650

575

7

39

3

6

16

1

7

802

1

1

27

7

1029

313

8

71

89

4

7

9

1

908

1042

5

2

Length Reads
Reads
(nt)
(soldier) (worker)

Table 2.4: Novel miRNAs detected in R. flavipes small RNA library.

1.981443

183.9911

162.7614

1.981443

11.03947

0.84919

1.69838

4.529012

0.283063

1.981443

227.0167

0.283063

0.283063

7.642708

Normalized
expression (soldier)

1.461504

214.8411

65.35012

1.670291

14.82383

18.58198

0.835145

1.461504

1.879077

0.208786

189.578

217.5553

1.043932

0.417573

Normalized
expression (worker)

43

25
18
22
22
22
21
23
22
22
22
21

GCGGAGGUGUCGCGCCGGC

GGUGGAAUAACUGGUGAAGUGGAAG

GGUGGUGGUGGUGGUGGU

UAAAACCGCACCAUUAUUUUGU

UAAAACCGCACCAUUCUUUUGU

UAAAGGAUUGGAUGGCCUUCAU

UAAAUGACGUGGGUGAGAGGG

UAAGAUUUGGAGGAACGUACUGU

UAGUGAAGGUGCAUCAGGUUGG

UCUGGGAUGUUACGCAGCUUAU

UGAAACCGCACCAUUCUUUUGU

UGAAGGAAUGUGUUGCUUUCA

Novel-15

Novel-16

Novel-17

Novel-18

Novel-19

Novel-20

Novel-21

Novel-22

Novel-23

Novel-24

Novel-25

Novel-26
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Sequence (5'-3')

miRNA id

13

16

11

6

44

8

48

15

15

2

13

3

4

3

14

13

101

4

48

5

3

27

11

88

Length Reads
Reads
(nt)
(soldier) (worker)

Table 2.4: Novel miRNAs detected in R. flavipes small RNA library (continued).

3.679823

4.529012

3.113696

1.69838

12.45478

2.264506

13.58704

4.245949

4.245949

0.566127

3.679823

0.84919

Normalized
expression (soldier)

0.835145

0.626359

2.923008

2.714222

21.08742

0.835145

10.02174

1.043932

0.626359

5.63723

2.296649

18.3732

Normalized
expression (worker)

44

24
23
23
20
25
23

UGCUUGACUCUGAAGAUGAAGG

UGCUUGUUGUUGCUGUUCUGCCGG

UUACUUUAUCGGCCUACCACACU

UUCGAAACGUCGGGAACCACUUA

UUUAAAUGGGUGAGAUCUCC

UUUGAUUCGAAAGUUUGAGUUGAGG

UUUGCCUGAGGAUGGGGACGGAG

Novel-27

Novel-28

Novel-29

Novel-30

Novel-31

Novel-32

Novel-33
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Sequence (5'-3')

miRNA id

78

92

2

6

5

13

2

97

5

58

1

5

9

7

Length Reads
Reads
(nt)
(soldier) (worker)

Table 2.4: Novel miRNAs detected in R. flavipes small RNA library (continued).

22.07894

26.04182

0.566127

1.69838

1.415316

3.679823

0.566127

Normalized
expression (soldier)

20.25227

1.043932

12.10961

0.208786

1.043932

1.879077

1.461504

Normalized
expression (worker)

Figures

Figure 2.1: Computational pipeline for conserved and novel miRNA
identification. In house Perl scripts are used to filter bad reads and remove adapters
from raw sequencing data. Clean reads are aligned to Rfam database to remove
irrelevant ncRNAs, and then mapped to existing miRNAs in miRBase to identify the
conserved miRNAs. In-house Perl scripts are used to generate consensus miRNA
sequences and compute normalized expression levels.

The rest of the reads are used

to identify putative novel miRNAs using miRDeep2 software.
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Figure 2.2: Length distribution of small RNA sequencing dataset in R. flavipes
worker and soldier castes. Reads are highly concentrated around 21-23nt, which is
the signature length for miRNAs. A small portion of reads are concentrated around
28-29nt possibly due to the presence of PIWI-interacting RNAs (piRNAs).
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Figure 2.3: Composition of small RNA sequencing dataset in R. flavipes worker
and soldier castes. Non-miRNA ncRNAs constitute 8.8% and 6.8% of all “clean”
reads in the worker and soldier caste, respectively. miRNAs make up 28.6% and 51.1%
of all “clean” reads in the worker and soldier caste, respectively. The rest of the reads
are unannotated (62.6% and 42.1%, respectively).
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Figure 2.4: Normalized miRNA expression level in worker caste versus the
expression level in soldier caste. Green dots represent miRNAs up-regulated in
soldier compared to worker. Red dots represent miRNAs down-regulated in soldier
compared to worker. Grey dots represent miRNAs without significant expression
changes between two castes. Fold change ǻFX of miRNA X is calculated as ǻFX =
log2(NXS / NXW). NXS is the normalized expression level of miRNA X in the
soldier dataset, whereas NXW is the normalized expression level of miRNA X in the
worker dataset.
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Figure 2.5: Twenty most down-regulated and up-regulated miRNAs in soldier
caste compared to worker caste (log2 scale). miR-93, with a 5.67 fold expression
change on log2 scale, is the most up-regulated miRNA in soldier compared to worker.
miR-6497-5p, with a -6.86 fold difference on log2 scale, is the most down-regulated
miRNA in soldier compared to worker
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Figure 2.6: Multiple alignment of R. flavipes miR-283 and miR-277 sequences with orthologs from other insect species. The alignment
exhibited a high level of identity at mature miRNA region, but low similarity in loop areas and miRNA* region. Pre-miRNA secondary structure
was generated by RNAfold webserver (rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi), sequence logo was created using WebLogo
(http://weblogo.berkeley.edu/logo.cgi).

Figure 2.7: Stem loop structure of two novel R. flavipes miRNAs. The predicted
precursor structures of novel-17 and novel-22 conform to the typical characteristics of
miRNA precursors: unbifurcated hairpin structure and low folding energy and
miRNA-miRNA* duplex with 3’ overhangs. Pre-miRNA secondary structure was
generated by RNAfold webserver (rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).
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CHAPTER 3: MIRNA VERIFICATION AND REFERENCE GENE
SELECTION
3.1 Introduction
The quantitative analysis of microRNAs can reveal their function as well as their
interaction with target genes. Quantitative real time PCR (qRT-PCR) is widely used
to detect the change of miRNA expression level, and the robustness of qRT-PCR
largely depends on the invariance of reference genes (RG). The selection of stably
expressed endogenous genes and use of multiple reference genes (Vandesompele, De
Preter et al. 2002) are two common means to normalize qRT-PCR data. Appropriate
normalization strategy should be able to: (1) reduce the technical variation, (2)
discover the true biological changes, and (3) increase the sensitivity and specificity of
miRNA expression detection (D’haene, Mestdagh et al. 2012).
Many pilot experiments have been done to investigate the reliability of various
miRNAs as reference genes in different tissues (Viprey, Corrias et al. 2012),
physiological conditions (Song, Bai et al. 2012), and so on. Candidate reference genes
could be miRNAs, small nuclear RNAs, or small nucleolar RNAs (D’haene,
Mestdagh et al. 2012). Based on literature, several miRNAs as well as other
non-coding RNA are commonly selected as reference genes, such as let-7a (Davoren,
McNeill et al. 2008), miR-16 (Song, Bai et al. 2012), miR-93, miR-103, miR-192,
miR-451 and RNU6B (D’haene, Mestdagh et al. 2012), etc.
Several algorithms are used to rank the candidate reference genes to allow
researchers to access the stability of each tested reference gene, such as geNorm
(Vandesompele, De Preter et al. 2002), Normfinder (Andersen, Jensen et al. 2004),
bestkeeper (Pfaffl, Tichopad et al. 2004), and comparative delta-Ct method (Silver,
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Best et al. 2006). Ever since Mestdagh et al. develop the global mean normalization
method, it is considered as the best method (Mestdagh, Van Vlierberghe et al. 2009).
When multiple reference genes are employed to normalize the qRT-PCR data, this
approach resembles the global mean method (D’haene, Mestdagh et al. 2012).
As discussed in the last chapter, many conserved miRNAs identified from R.
flavipes libraries are shown to have important developmental roles in other insects. To
further elucidate the role of miRNA in termite development and the caste transition
process, accurate quantitative analysis is a critical step to verify computationally
identified miRNAs and their expression levels. As the first termite miRNA study, the
objective for this experiment is to optimize the selection of miRNA reference genes in
caste variation, tissue variation, and the worker-soldier transition process.

3.2 Materials and Methods
3.2.1 Selection of Reference Gene Candidates
Some reference gene (RG) candidates are selected from miRNAs or small
ncRNAs that were used as reference genes in past publications, such as U6, U83A and
5_8s. The rest of the miRNAs are selected based on the highest abundance in R.
flavipes small RNA library.
3.2.2 Insect Sample Preparation
The R. flavipes colonies were collected from the University of Kentucky
Arboretum (Lexington, KY, USA). All termites were reared in darkness at 24°C and
70 ± 5% relative humidity in the laboratory for more than 6 months. For RG selection
in terms of caste variation, termite workers, soldiers, short-wing nymphs, eggs, larva,
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are taken from colonies P1, P4, and P9. For RG selection among different tissues,
termites from colonies P13, R13, R10 were dissected and tissues of brain, leg, lead,
thorax, abdomen, foregut, midgut, and hindgut were harvested. Finally, for RG
selection in pre-soldier formation, termite workers were taken from colonies P4, P9,
P13 two weeks before the experiment. The termites were fed with moistened paper
towels containing 54 l of 1g/l Juvenile Hormone to induce transition from worker
to soldier. For every three days, termites yet to become pre-soldier were collected,
including day 0. The collected samples are frozen in -80 until their total RNA is
extracted and reverse transcribed into cDNA using miScript II RT Kit (Qiagen),
3.2.3 Quantitative RT-PCR
Subsequent qRT-PCR is carried out using miScript SYBR Green PCR Kit
(Qiagen) with three technical replications. All experiments were done following the
exact protocol provided the supplier. The required 5’primer was designed by
removing several bases of mature miRNAs from the 3’ end and add enough Gs at the
5’ end to increase the melting temperature for mature miRNAs until appropriate
annealing temperature is reached.
3.2.4 Reference Gene Selection
Reference gene candidates were evaluated by integrating results from the most
popular reference gene selection algorithms: geNorm, Normfinder, BestKeeper, and
the comparative Ct method (Vandesompele, De Preter et al. 2002, Andersen, Jensen et
al. 2004, Pfaffl, Tichopad et al. 2004, Silver, Best et al. 2006). Based on the rankings
from each program, an appropriate weight is assigned to each individual gene by
calculating the geometric mean of their weights for the overall final ranking.
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3.2.5 Expression Verification of Computationally Predicted miRNAs
A total of eight miRNAs, miR-92b-3p, miR-12-5p_2, let-7-5p, miR-34-5p,
bantam-3p, mIR-1a-3p, miR-276a-3p and miR-8-3p were amplified by RT-PCR to
obtain their expression levels. Expression levels of miRNAs obtained by computation
and by experiments are both logarithmically transformed and plotted against each
other to check linearity.

3.3 Results & Discussion
The successful amplification of many miRNA candidates can serve as a
verification of existence to some extent. As for RG selection, it is shown that miR-8
and miR-99a are the most stable candidates among a variety of termite castes and
developmental stages (Figure 3.1); bantam-3p and miR-12-5p are the most stable
candidates during pre-soldier formation (Figure 3.2); miR-276a-3p and miR-34-5p are
the most stable candidates among various termite tissues (Figure 3.3). Taken together,
miRNA stability varies a lot at different research scenarios, and therefore it may be
critical to optimize the selection of reference genes before conducting qRT-PCR to
determine the expression level of miRNAs.
In addition to selecting proper RGs for various experiment scenarios, it is also
my interest to experimentally verify miRNA expression level predicted by the
computational pipeline. The accuracy of prediction is verified by plotting expression
values generated by computational pipeline against expression values generated by
qRT-PCR with appropriate RGs (Figure 3.4). For any miRNA, if computational and
experimental method are both perfectly accurate, then the expression values should be
identical for both methods. Dots that represent multiple miRNAs should be on a
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straight line in the plot. On the other hand, departure from the straight line is therefore
due to errors in RG selection, sample handling and method inaccuracy. The test result
shows that the dots are generally positioned in a linear trend, and detailed analysis on
the R-square value of the trend-line showed that the dataset has a 69.34% linearity.
There are a few miRNAs departed from the trend-line such as miR-12-5p_2 and
miR-24-5p, which is probably due to the inaccuracy of computational expression
prediction. To increase accuracy of the prediction, one can add multiple replications
in small RNA library deep sequencing, where typically 3 replications should suffice.
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Figures

Figure 3.1: Gene stability among different termite caste. miR-8 and miR-99a are
the most stable RG candidates among a variety of termite castes and developmental
stages.
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Figure 3.2: Gene stability during pre-soldier formation. bantam-3p and miR-12-5p
are the most stable RG candidates during pre-soldier formation.
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Figure 3.3: Gene stability among different termite tissues. miR-276a-3p and
miR-34-5p are the most stable RG candidates among various termite tissues.
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Figure 3.4: Comparison of experimental expression with computational
expression of 8 miRNAs (log2 scale). Dots on the figure are generally positioned in a
linear trend, R-square value of the trend-line indicated that the dataset has a 69.34%
linearity.
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CHAPTER 4: SYNTHESIS
This study is the first miRNA study aimed at determining the role of miRNA in
termite development and sociality using deep sequencing and computational approach.
In this study, I successfully constructed a computational pipeline that facilitates the
process of miRNA identification and expression level comparison from various castes.
Using this pipeline, I discovered more than 100 conserved and novel miRNAs from
the dataset. Many identified miRNAs showing high abundance and differential
expression in the soldier and worker castes were investigated, and their possible roles
in termite development were discussed. The nature of computational studies makes it
necessary to confirm the expression and functions of miRNA experimentally. As a
preparation step, I selected miRNA-specific RGs for three different experimental
scenarios, namely between-caste comparisons, pre-soldier formation process, and
between-tissue comparison.

My results showed that each scenarios requires

different miRNAs as RGs to ensure the accuracy of qRT-PCR results. Finally, I also
verified the computational results by using 8 miRNAs as representatives and
compared their computed expression levels with actual qRT-PCR results.
Computational results and experimental results were generally comparable, where the
accuracy of computational results can be increased by adding replication and the step
of deep sequencing. Due to the limited knowledge in termite miRNA studies, there
are still a large number of identified miRNAs with unclear function in termites. It will
take many years to digest the information gained from the small RNA library of
termites. I hope this study serve as a model for future miRNA studies and kick start
our journey to reveal the mysterious role of miRNA in termites.
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APPENDICES
1. Perl script used for removal of Rfam hits from the sequencing data:
#Author: Tian Yu
#Date: 02/06/2013
#Description: The script take three input files. “fasta_file.fa” is the read file in fasta
format, “blast_file.txt” is the output of blastn, and the “rfam_annot_file.txt” is a tab
delimited file that assign each Rfam identifier with a RNA category. There are two
outputs of this script. “fasta_file_no_rfam.fa” is a fasta file containing reads without
irrelevant ncRNA reads. “blast_file_stats.txt” is a tab delimited file with the number
of reads under each categories of ncRNA.
#Comments: “rfam_annot_file” should not be changed in anyway, it is supplied with
the script.
#!/usr/bin/perl
my $fasta_file = "worker";
my $blast_file = "worker_rfam_2";
my $rfam_annot_file = "rfam_annotation_list.txt";
open IN, "<", $fasta_file . "_collapsed.fa" or die;
open IN_2, "<", $blast_file . ".blastn" or die;
open IN_3, "<", $rfam_annot_file or die;
open OUT, ">", $fasta_file . "_no_rfam.fa" or die;
open OUT_2, ">", $blast_file . "_stats.txt" or die;
while (<IN>)
{
if ($_ =~ />([^ ]+)_x([\d]+)/)
{
my $rd = $1;
my $ct = $2;
my $seq = <IN>;
$hash_ct{$rd} = $ct;
$hash_seq{$rd} = $seq;
$total_ct += $ct;
}
}
while (<IN_2>)
{
if ($_ =~ /^([^\t]+)\t([^\t]+)/)
{
my $rd = $1;
my $rfam = $2;
$hash_rfam{$rd} = $rfam;
}
}
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while (<IN_3>)
{
if ($_ =~ /^([^\t]+)\t([^\t]+)\n/)
{
my $rfam = $1;
my $group = $2;
$hash_annot{$rfam} = $group;
}
}
foreach my $rd (keys %hash_ct)
{
if (exists $hash_rfam{$rd})
{
if ($hash_rfam{$rd} =~ /(RF[\d]+)/)
{
my $rfam = $1;
if (exists $hash_annot{$rfam})
{
my $group = $hash_annot{$rfam};
if ($group eq "miRNA")
{
print OUT ">" . $rd . "_x" . $hash_ct{$rd} . "\n";
print OUT $hash_seq{$rd};
}
else
{
$hash_dist{$group} += $hash_ct{$rd};
}
}
else
{
$hash_dist{"other"} += $hash_ct{$rd};
}
}
}
else
{
print OUT ">" . $rd . " " . $hash_ct{$rd} . "\n";
print OUT $hash_seq{$rd};
}
}
foreach my $group (sort keys %hash_dist)
{
print OUT_2 $group . "\t" . $hash_dist{$group} . "\n";
}
print OUT_2 "total read\t" . $total_ct . "\n";
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2. Perl script used for generating consensus miRNA sequences and copy
numbers:
#Author: Tian Yu
#Date: 02/06/2013
#Description: The script take one input file. “align_file” is the output of bowtie 2. The
“out_file” is a tab delimited file containing generated consensus sequences and
corresponding copy numbers.
#!/usr/bin/perl
$align_file = "ws_combined_miRBase.mrd";
$out_file = "ws_combined_noWeight.allspp";
sub determine_mature_seq
{
my $ref_str = shift;
my $params_ct = shift;
my %hash_ct = %$params_ct;
my $params_str = shift;
my %hash_str = %$params_str;
my $len = length ($ref_str);
my $final_str = "";
my $mature = "";
foreach my $pos (1 .. $len)
{
my %hash = ();
foreach my $read_id (keys %hash_str)
{
my $str = $hash_str{$read_id};
my $n = substr $str, ($pos-1), 1;
$hash{$n} += $hash_ct{$read_id};
}
my $best_n = "";
my $max_freq = 0;
foreach my $n (keys %hash)
{
if ($hash{$n} > $max_freq)
{
$best_n = $n;
$max_freq = $hash{$n};
}
}
$final_str .= $best_n;
}
if ($final_str =~ /([^.]+)/)
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{
$mature = $1;
}
return $mature;
}
sub find_avg_pos
{
my $str = shift;
my $a = shift;
my $pre = "";
my $post = "";
($pre, $post) = split /[$a]+/, $str;
my $str_len = length $str;
my $pre_len = length $pre;
my $post_len = length $post;
my $sub_len = $str_len - $pre_len - $post_len;
return $avg_pos;
}
open IN, "<", $align_file or die;
open OUT, ">", $out_file or die;
while ($line = <IN>)
{
#if ($line =~ />(aae|ame|bmo|dme|tca)-/)
if ($line =~ />/)
{
my %hash_mature = ();
print "working on " . $line;
$line = <IN>;
while ($line = <IN>)
{
if ($line =~ /remaining read count/)
{
last;
}
else
{
if ($line =~ /([^ ]+) read count[ ]+([^ ]+)\n/)
{
my $id = $1;
my $ct = $2;
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if ($ct > 0)
{
$hash_mature{$id} = $ct;
}
}
}
}
$line = <IN>;
if ($line =~ /exp[ ]+([^ ]+)\n/)
{
my $exp_str = $1;
my $pos_5 = 0;
my $pos_3 = 0;
my $pos_m = 0;
foreach my $id (keys %hash_mature)
{
if ($id =~ /-5p/)
{
$pos_5 = find_avg_pos($exp_str, "5");
#print "pos_5: " . $pos_5 . "\n";
}
elsif ($id =~ /-3p/)
{
$pos_3 = find_avg_pos($exp_str, "3");
#print "pos_3: " . $pos_3 . "\n";
}
else
{
$pos_m = find_avg_pos($exp_str, "M");
#print "pos_m: " . $pos_m . "\n";
}
}
#<STDIN>;
<IN>;
<IN>;
my %hash_5_ct = ();
my %hash_5_str = ();
my %hash_3_ct = ();
my %hash_3_str = ();
my %hash_M_ct = ();
my %hash_M_str = ();
while ($line = <IN>)
{
if ($line =~ /^([^ ]+_x([\d]+))[ ]+([^ ]+)\t([\d]+)/)
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{
my $read_id = $1;
my $read_ct = $2;
my $seq_str = $3;
#print "seq: " . $seq_str . "\n";
$seq_str =~ s/a/A/g;
$seq_str =~ s/g/G/g;
$seq_str =~ s/u/U/g;
$seq_str =~ s/c/C/g;
if ($pos_5 > 0)
{
my $s = substr $seq_str, ($pos_5-1), 1;
#print "s: " . $s . "\n";
if ($s ne ".")
{
#print "assign 5\n";
$hash_5_ct{$read_id} = $read_ct;
$hash_5_str{$read_id} = $seq_str;
}
}
if ($pos_3 > 0)
{
my $s = substr $seq_str, ($pos_3-1), 1;
#print "s: " . $s . "\n";
if ($s ne ".")
{
#print "assign 3\n";
$hash_3_ct{$read_id} = $read_ct;
$hash_3_str{$read_id} = $seq_str;
}
}
if ($pos_m > 0)
{
my $s = substr $seq_str, ($pos_m-1), 1;
#print "s: " . $s . "\n";
if ($s ne ".")
{
#print "assign M\n";
$hash_M_ct{$read_id} = $read_ct;
$hash_M_str{$read_id} = $seq_str;
}
}
#<STDIN>;
}
else
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{
last;
}
}
my $mature_5 = "-";
my $mature_3 = "-";
my $mature_M = "-";
if (%hash_5_str != ())
{
$mature_5 = determine_mature_seq($exp_str, \%hash_5_ct,
\%hash_5_str);
print "mature 5: " . $mature_5 . "\n"
}
if (%hash_3_str != ())
{
$mature_3 = determine_mature_seq($exp_str, \%hash_3_ct,
\%hash_3_str);
print "mature 3: " . $mature_3 . "\n"
}
if (%hash_M_str != ())
{
$mature_M = determine_mature_seq($exp_str, \%hash_M_ct,
\%hash_M_str);
print "mature M: " . $mature_M . "\n"
}
#<STDIN>;
foreach my $mature_id (sort keys %hash_mature)
{
if ($mature_id =~ /-3p/)
{
print OUT $mature_id . "\t" . $hash_mature{$mature_id} . "\t" .
$mature_3 . "\n";
}
elsif ($mature_id =~ /-5p/)
{
print OUT $mature_id . "\t" . $hash_mature{$mature_id} . "\t" .
$mature_5 . "\n";
}
else
{
print OUT $mature_id . "\t" . $hash_mature{$mature_id} . "\t" .
$mature_M . "\n";
}
}
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}
}
}

3. Script for generating scatter plot using R:
#Author: Tian Yu
#Date: 02/06/2013
#Description: The script take one input file. “known_miRNA_ct.csv” is a tab
delimited file with the copy number of each identified miRNA in soldier and worker
at every line. The output of this script is a scatter plot showing the regulation status of
each miRNA.
miRNA_ct <- read.csv("known_miRNA_ct.csv", header=T, row.names=1);
print(miRNA_ct);
miRNA_exp <- matrix(0, dim(miRNA_ct)[1], dim(miRNA_ct)[2]);
miRNA_exp[,1] = miRNA_ct[,1]/3532779*1000000;
miRNA_exp[,2] = miRNA_ct[,2]/4789586*1000000;
print(miRNA_exp);
index <- which((miRNA_exp[,1] >= 1) & (miRNA_exp[,2] >= 1));
miRNA_exp2 = miRNA_exp[index,];
miRNA_fold = log2(miRNA_exp[index,1]/miRNA_exp[index,2]);
ind_up <- which(miRNA_fold >= 1);
ind_down <- which(miRNA_fold <= -1);
ind_equal <- which((miRNA_fold > -1) & (miRNA_fold < 1));
up13<-miRNA_exp2[ind_up,2];
up72<-miRNA_exp2[ind_up,1];
down13<-miRNA_exp2[ind_down,2];
down72<-miRNA_exp2[ind_down,1];
equal13<-miRNA_exp2[,2];
equal72<-miRNA_exp2[,1];
#pdf("C:\\scatterplot_all.pdf");
range13 <- range(0, up13, equal13, down13);
range72 <- range(0, up72, equal72, down72);
pch_size = 19
plot(equal13,equal72, log="xy", main="Soldier/Worker Expression",
col=rgb(30,30,30,150,maxColorValue=255), pch=pch_size, xlab="Normalized
miRNA Expression in Worker Caste", ylab="Normalized miRNA Expression in
Soldier Caste", xlim=c(1,100000), ylim=c(1,100000), axes=F);
points(up13, up72, col=rgb(0,255,0,150,maxColorValue=255), pch=pch_size);
points(down13, down72, col=rgb(255,0,0,150,maxColorValue=255), pch=pch_size);
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axis(1, at=c(0.1, 1, 10, 100, 1000, 10000, 100000))
axis(2, at=c(0.1, 1, 10, 100, 1000, 10000, 100000))
abline(v=c(0.1, 1, 10, 100, 1000, 10000, 100000), lty=3)
abline(h=c(0.1, 1, 10, 100, 1000, 10000, 100000), lty=3)
#dev.off();
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