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Abstract
MicroRNAs (miRNAs) are a group of small RNAs involved in translation inhibition or mRNA
degradation. Due to its large size, Manduca sexta has long been used as a model to study insect
physiology and biochemistry. While transcriptome studies have greatly enriched our knowledge
on M. sexta structural genes, little is known about posttranscriptional regulation by miRNAs in
this lepidopteran species. We constructed four small RNA libraries from embryos, 4th instar
feeding larvae, pupae, and adults, obtained 21 million reads of 18-31 nucleotides by Illumina
sequencing, and found 163 conserved and 13 novel miRNAs. By searching the M. sexta genome
assembly, we identified precursors of 82 conserved miRNAs, 76 of which had mapped reads in
one or more of these libraries. After normalization, we compared numbers of miRNA and
miRNA-star reads in these libraries and observed abundance changes during development.
Interestingly, mse-miR-281-star, mse-miR-31-star, mse-miR-965-star, mse-miR-9a-star,
msemiR-9b-star, mse-miR-2a-star, mse-miR-92b-star and mse-miR-279c-star are either more
abundant or maintained at similar levels compared to respective mature miRNA strand.
Expression profiling of the first set of miRNAs provided insights to their possible involvement in
developmental regulation. This study will aid in the annotation of miRNA genes in the genome.
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1. Introduction
Over the last decade, a fundamental role for small RNA-guided post-transcriptional
regulation of gene expression has been uncovered. In particular, microRNAs (miRNAs)
have attracted attention due to their increasingly appreciated importance in development and
disease (Bartel, 2004). MiRNAs are ~22 nt genome-encoded non-coding RNAs processed
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from hairpin precursors initially by Drosha within the nucleus and then by Dicer in the
cytosol (Ambros, 2004; Bartel, 2004). MiRNAs are capable of silencing target gene
expression primarily via translational suppression of the target mRNA by guiding the RNA-
induced silencing complex (RISC) to the respective target genes. Recognition usually
involves the 2-7 nt seed region of miRNA and a downstream complementary area,
imperfectly matching 3’-untranslated region of its target. MiRNA-star strand (strand that is
complementary to mature miRNA) is usually degraded, but under certain circumstances is
used for expression control of target genes (Jagadeeswaran et al., 2010; Kato et al., 2009).
MiRNA regulation has been demonstrated in both animals and plants (Huntzinger and
Izaurralde, 2011).

Evidence shows that levels of some miRNAs vary temporally and spatially, which provides
fine tuning of target gene expression (Chawla and Sokol, 2011). Due to their short life
cycles, high reproduction rates, and easy handling, insects are good subjects for miRNA
research. Although initial discoveries were made in Drosophila (Elbashir et al., 2001; Lagos-
Quintana et al., 2001), computational genome analysis and sequencing small RNA libraries
uncovered a large number of miRNAs from a diverse group of insects. These include
Drosophila (Lai et al., 2003; Lau et al., 2009; Lu et al., 2008; Ruby et al., 2007; Sandmann
and Cohen, 2007; Stark et al., 2007), mosquitoes (Behura et al., 2011; Brunel et al., 2007;
Chatterjee and Chaudhuri, 2006; Li et al., 2009; Mendes et al., 2010; Skalsky et al., 2010;
Wang et al., 2005), honeybee (Chen et al., 2010; Weaver et al., 2007), silkworm (Cai et al.,
2010; Cao et al., 2008; Huang et al., 2010; Jagadeeswaran et al., 2010; Jin et al., 2008; Liu
et al., 2011; Tong et al., 2006; Yu et al., 2009; Yu et al., 2008b; Zhang et al., 2009), locust
(Jia et al., 2010; Wei et al., 2009), pea aphid (Legeai et al., 2010), neotropical butterfly
(Surridge et al., 2011), Blattella germanica (Cristino et al., 2011), and Tribolium castaneum
(Singh and Nagaraju, 2008; Yu et al., 2008a).

The tobacco hornworm, Manduca sexta, serves as a biochemical model due to its sheer body
size and hemolymph volume at the final larval stadium. It has made significant contributions
to our knowledge on hormonal control, neural development, cuticle formation, and other
insect physiological processes (Hiruma and Riddiford, 2010). Extensive studies revealed
molecular mechanisms underlying its humoral and cellular immune responses against
pathogens (Jiang et al., 2011). Recent transcriptome analyses and genome sequencing
greatly expanded information on its genetic background and transcriptional regulation
(Grosse-Wilde et al., 2011; Pauchet et al., 2010; Zhang et al., 2011; Zou et al., 2008).
Sequencing of small RNA component of the transcriptome should help us to understand
posttranscriptional regulation of gene expression by miRNAs as well as evolution of
species-specific miRNA genes. As a holometabolous insect, M. sexta has also provided
insights into developmental control of cell proliferation, differentiation, and apoptosis as
well as tissue remodeling (White et al., 1999). Empowered by its genome sequence, we plan
to not only study complete metamorphosis at the level of gene regulation, but also use the
insights to develop new means of lepidopteran pest control.

In this work, we prepared whole body total RNA from M. sexta embryos, larvae, pupae and
adults, constructed and sequenced four small RNA libraries. We identified and predicted
conserved and novel miRNAs based on an initial assembly of the genome sequence
(http://www.hgsc.bcm.tmc.edu/collaborations/insects/Manduca/Msex_1.0_assembly/). Once
located in the genome, fold-back structures of the miRNA precursors were predicted.
Clustered miRNAs were sorted out according to their genomic loci. In order to discover
development-related miRNAs, we normalized the read numbers and compared abundances
of mature miRNAs from the libraries. We also discussed the roles of our first dataset in
terms of M. sexta miRNA gene annotation.
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2. Materials and methods
2.1. Insect rearing, total RNA extraction, and small RNA library construction

M. sexta eggs were obtained from Carolina Biological Supply (Burlington, NC) and larvae
were reared on an artificial diet in a 25°C incubator with a long LD 18:6 photoperiod. Late
pupae were placed in a cage with light control and tobacco plants (Nicotiana benthamiana).
Newly-laid eggs (0-12 h) were collected for use as embryo sample; three larvae each from
days 0, 1, 2, and 3 of 4th instar, three pupae each from days 0, 6, 12, and 18, and three adults
each of newly emerged males and females were used as larva, pupa, and adult samples,
respectively. Samples were immediately frozen and ground in liquid nitrogen and total
RNAs were extracted using TRIZOL Reagent (Life Technologies, Inc.). Separated by 15%
denaturing polyacrylamide gel, RNAs in the 15-30 nt range were purified and ligated with
the 3’ and 5’ adapters (Jagadeeswaran et al., 2010). They were then reverse transcribed
using primer 5’-CAAGCAGAAGACGGCATACGA-3 ’ and proliferated by forward and
reverse primers (5’-
AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA-3 ’ and 5 ’-
CAAGCAGAAGACGGCATACGA-3’). PCR products were purified by phenol/chloroform
extraction and ethanol precipitation, and shipped to National Center for Genome Resources
(Santa Fe, NM) for sequencing.

2.2. Sequence analysis and identification of conserved miRNAs of M. sexta
The raw sequence data were analyzed as previously described (Reddy et al., 2009). First,
reads with no matches to the proximal 11 nt of the 5’-adaptor were removed. Remaining
reads were compared to RepBase (v14, http://www.girinst.org) database and non-coding
RNAs from Rfam database (http://www.sanger.ac.uk/Software/Rfam/ftp.shtml) by
BLASTN. Mitochondrial RNAs were identified by comparing with M. sexta mitochondrion
sequence (gi|165932395|ref| NC_010266.1|, obtained from NCBI Nucleotide database).
Reads mapped to the RepBase, Rfam, and mitochondrial databases were removed before
further analysis. If reads mapped to silkworm mRNA sequences at SilkDB
(http://silkworm.genomics.org.cn/silkdb/), they were considered to be degradation products
and, therefore, eliminated. The remaining sequences were aligned to known miRNAs in
database miRBase (v16, http://www.miRBase.org/) to obtain the frequencies of conserved
miRNAs. Meanwhile, mature miRNA sequences in miRBase were mapped to M. sexta
genome. Then, the flanking sequences of matched loci were retrieved to predict their
secondary structures using RNAfold (Hofacker, 2003). If they have at least 18 base pairs,
only one central loop and low folding energy (≤-18 kCal/mol), the genomic loci were
designated to the corresponding miRNAs.

2.3. Identification of novel miRNAs of M. sexta
After mapping of conserved miRNAs, the remaining reads were traced back to the initial
assembly of M. sexta genome
(http://www.hgsc.bcm.tmc.edu/collaborations/insects/Manduca/Msex_1.0_assembly/).
Reads beyond the size range of 18-24 nt were disregarded since sequences of 25-28 nt may
represent piRNAs. Unique small RNAs with more than 10 possible genomic loci were
removed from further analysis. The flanking regions of the remaining genome-matched
sequences were retrieved, and fold-back structures were predicted using the RNAfold
program (Hofacker, 2003). We examined the ones that had at least 18 base pairs, only one
central loop, and folding energy lower than -18 kCal/mol. We further applied the
MIRCHECK program (Jones-Rhoades and Bartel, 2004) to pick up sequences that have ≤ 6
mismatches, ≤2 bulged or asymmetrically unpaired nucleotides, and ≤2 continuous
mismatches in the regions of the small RNA reads. They were considered as putative pre-
miRNAs. Then, the small RNA sequence, with the highest frequency in all unique
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sequences mapped to a putative pre-miRNAs, was selected as the mature miRNA of the pre-
miRNA. The abundances of the selected mature miRNAs were evaluated using a binomial
test by regarding the selected mature miRNA as preferred reads. Then, a self-written
program (Zheng et al., unpublished) was used to check the existence of miRNA* of the
corresponding mature miRNA, if there were 2 nt overhang(s) at the 3’ end(s) of either the
miRNA or miRNA*, or both. The distributions of unique small RNAs on the putative pre-
miRNAs were manually examined. Pre-miRNAs without a clear accumulation of reads in
the selected mature miRNAs regions, p > 0.05 (binomial test for the selected mature
miRNA), were removed from the putative pre-miRNAs because mature miRNAs were
expected to be cut out precisely from the pre-miRNAs based on the annotation criteria of
miRNAs (Meyers et al., 2008). Small RNAs, if they were unable to match to miRBase but
had an accompanying miRNA-star sequence together with predicted fold-back structure
(Zuker, 2003) were designated as novel miRNAs. Those without an accompanying miRNA*
sequence but with good pre-miRNA fold-back structures were designated as novel miRNA
candidates.

3. Results
3.1. Overview of the dataset

We obtained a dataset of about 21.1 million reads in total: 3,421,611 for embryo, 2,716,576
for larva, 9,284,690 for pupa, and 5,662,414 for adult (Table 1). With all four libraries
combined, total read numbers over different lengths show a peak around 20-22 nucleotides
(nt) representing typical lengths of miRNAs and a smaller peak at 26-28 nt (Fig. 1). Upon
removal of redundant sequences, the curve of unique read numbers exhibits a single peak
over 26-28 nt, representing piRNAs. PiRNAs are derived mainly from retrotransposons and
other repetitive elements with high sequence diversity (Khurana and Theurkauf, 2010). The
peak of unique read distribution over 26-28 nt indicates that the average abundance of
piRNA is relatively low, which is common for small RNA libraries (Jagadeeswaran et al.,
2010; Lau et al., 2009; Surridge et al., 2011; Wei et al., 2009). For each library, reads
mapped to mitochondrial RNAs take up the smallest part, whereas non-coding RNAs
(rRNAs, tRNAs, snRNAs, snoRNAs, etc.) are 2.3 times as abundant as the total of
mitochondrial RNAs, miRNAs, and mRNAs (Table 1). Reads mapped to non- coding
RNAs, mRNAs, and mitochondrial RNAs may be degradation products of their
corresponding categories. Due to the lack of complete M. sexta transcript database, we
compared the reads to silkworm EST database and found that, although the silkworm and
tobacco hornworm belong to the same superfamily (Bomycoidea), only a small portion
(around 0.05%) of the four libraries match. Limited by incompleteness of the initial M. sexta
genome sequence assembly, we are able to only map 2,087,654 (or 9.9%) of the 21,085,291
reads – a majority of the information remains unexplored in the dataset.

3.2. Conserved M. sexta miRNAs
By comparing the library with miRBase, we found 163 conserved miRNAs in M. sexta, 157
of which had mapped reads in at least one small RNA library (Table S1) and the other 6
were predicted from genome sequences (Table 2). The main differences between miRNA
and other small RNAs are that miRNA precursors have the low-energy, fold-back structures
and that mature miRNAs range from 18 to 24 nt. Probably because of limited read numbers
(i.e. low abundances at the chosen stages), we did not find corresponding reads for the 6
predicted genes, which are to be sought after in future M. sexta miRNA studies. For
miRNAs whose names do not start with “mse-” (Table S1), we did not find their precursors
within the current M. sexta genome assembly and used the same names for all variants.
Further identification of corresponding genes (and their variants) in the genome is necessary
to account for the gene source (and sequence variations, but for now we consider them all
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derived from families of miRNA genes). For miRNAs from the let-7, bantam, and miR-
iab-4 families, since different variants are well characterized in other organisms, we directly
name them as family members without identifying their precursor structures. Based on our
dataset, not all conserved miRNAs pair up with the miRNA-star strands. Rapid degradation
of miRNA-star is likely responsible for the failure of detection in our deep sequencing data.

3.3. Novel miRNAs in M. sexta
The presence of miRNA-star strand and low-energy, fold-back precursor structure provide
solid evidence to annotate miRNAs. If they do not resemble conserved ones in miRBase, we
classify them as novel or species-specific (up to now) miRNAs. A total of 13 novel miRNAs
were discovered in this study (Table 3) with predicted precursor secondary structures (Fig.
2). If a mature miRNA sequence is mapped to different parts of the genome, these gene loci
represent different family members with the same sequence or with a slightly differed
sequence by 1 or 2 nt. On the other hand, when several miRNA precursors are located on the
same genomic scaffold in the same direction, these genes represent a miRNA cluster. For
instance, mse-miR-6095-1, mse-miR-6095-2, and mse-miR-6095-3 have the same mature
miRNA sequence and highly similar precursors (Fig. 3A). Their gene loci, located next to
each other in the genome, constitute a cluster (Fig. 3C). This cluster probably arose by
miRNA gene duplication during evolution. In comparison, mse-miR-6096-1, mse-
miR-6096-2 and mse-miR-6096-3 have the identical mature miRNA sequence and similar
precursor structures (Fig. 3B), but only the first two are found in the same scaffold (Fig.
3C). Assuming the third gene resides elsewhere in the genome, we tentatively place them in
the same family.

Due to the absence of predicted miRNA-star strands in our libraries, we did not include
other 171 miRNA candidates in Table 3. All these sequences (Table S2) have low-energy,
fold-back precursor structures. Further evidence is needed to categorize them as novel
miRNAs.

3.4. Development-related fluctuations of miRNA abundances
To examine possible miRNA level variations, we normalized the read numbers of mature
miRNAs based on the total read numbers of each library. Here, we focus on 89 miRNAs
whose reads are present in at least one of the libraries and whose precursors are identified in
the genome (Table 4). In general, most miRNA levels are low in the pupae, a resting stage
with low motility and slow metabolism. We divide these miRNAs recovered from the four
libraries into five groups. The first group includes 24 miRNAs whose normalized reads in
the four libraries are equal to or smaller than 1, such as mse-miR-10b, mse-miR-10c, mse-
miR-1000, mse-miR-2765, and mse-miR-6101. Group 2 comprises of 9 miRNAs with
similar and low abundances at the chosen stages: mse-miR-33, mse-miR-87, mse-miR-278,
mse-miR-745, mse-miR-2768, msemiR-2779, mse-miR-6095-1, mse-miR-6095-2, and mse-
miR-6095-3. Group 3 contains 30 miRNAs preferably expressed in embryos, such as mse-
miR-8, mse-miR-10a, mse-miR-71, msemiR-2797a, and mse-miR-2797b. The fourth group
consists of 16 miRNAs that are more abundant in adult stage, including mse-miR-100, mse-
miR-275, mse-miR-277, and mse-miR-989. The remaining 10 miRNAs form the fifth group
that is highly expressed in both embryos and adults: mse-miR-1, mse-miR-11, mse-
miR-184, mse-miR-276, mse-miR-306, mse-miR-970, mse-miR-2755, mse-miR-2766, mse-
bantam, and mse-let-7a.

3.5. Antisense miRNAs?
Gene transcription usually prefers the sense strand. However, certain miRNA genes also
produce antisense miRNAs by convergent transcription, as shown in Drosophila (Tyler et
al., 2008) and silkworm (Jagadeeswaran et al., 2010). Since the seed regions of Drosophila

Zhang et al. Page 5

Insect Biochem Mol Biol. Author manuscript; available in PMC 2012 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



miR-iab-4 and miR-iab-4-as are not identical, miR-iab-4-as was predicted to suppress a
different set of targets (Stark et al., 2008). In M. sexta, mse-miR-iab-4-as is present in the
embryo small RNA library and its star strand exists in embryos, pupae, and adults (Table
S1). However, there is no mse-miR-iab-4 in this dataset, which may be present at a low level
or in a different stage. mse-miR-1 gene generates sense miRNA (Table S1) and may also
yield antisense miRNA. Based on the M. sexta genome sequence, we predict the antisense
strand of mse-miR-1 contains a low-energy, fold-back precursor structure (Fig. 4A).
Alignment of mse-miR-1 and mse-miR-1b indicated non-identical seed regions (Fig. 4B),
implying the targeting of two different gene sets. While mse-miR-1 was highly abundant,
there is no read of mse-miR-1b to support our premise. Sequencing of miRNAs from
specific tissues or other development stages, together with analysis of 3’-untranslated
regions of M. sexta cDNAs, is necessary to verify the hypothesis.

3.6. Small RNAs encoded by mse-miR-2779 gene
Deep sequencing of small RNA libraries reveals many types of degradation products (Table
1), which sometimes interfere with miRNA annotation. When reads are randomly mapped to
a miRNA precursor, the miRNA appears like a degradation product (Jagadeeswaran et al.,
2010). In this study, however, mse-miR-2779 (18 nt) has 37 reads from the four libraries and
does represent a genuine miRNA in M. sexta (Table S1). Tracing back to the genome
sequence, we find it is a part of the canonical stem-loop structure (Fig. 5A). Interestingly,
there are 31 types and 194 total reads of other small RNAs (24-29 nt) mapped to the same
precursor (Fig. 5B). These RNA species do not distribute randomly over the mature miRNA
sequence region including the seed region.

3.7. High abundances of certain miRNA-star strands
Normally, after mature strand is loaded into RISC, its star (*) strand is rapidly degraded or
present at a low level. By comparing read numbers (Table S1 and Table 3), we find over
95% of the 170 miRNAs are significantly more abundant in mature strands than in star
strands. In sharp contrast, mse-miR-281*, mse-miR-965*, and mse-miR-31* are maintained
at much higher levels than respective mature strands in all the developmental stages (Fig. 6,
A-C). Both strands of msemiR-9a, mse-miR-9b, and mse-miR-2a are present at similar
levels in these stages (Fig. 6, D-F). Their abundance changes relative to the developmental
stages remain much the same for both strands. Surprisingly, even though mse-miR-2a and
mse-miR-2b belong to the same family, msemiR-2a* was not degraded while mse-miR-2b*
was. Similarly, while mse-miR-92a*, mse-miR-279a*, miR-279b* and miR-279d* are
mostly degraded, the other family members (mse-miR- 92b and mse-miR-279c) maintained
significant levels of the star strands (Table S1).

4. Discussion
4.1. Features of novel miRNA candidates

The 171 miRNA candidates (Table S2), which do not have any star strand read in the
libraries, may represent novel miRNAs. Some of them can be traced back to different loci in
the genome. Since their precursors can all form low-energy fold-back structures, we predict
them as novel miRNAs of the same families. These include: s888171 (2), s60663 (3),
s343241 (2), s834258 (3), s324241 (3), s159328 (2), s316155 (2), s496398 (2), s87546 (2),
and s1119196 (2), where the numbers in parentheses are gene counts in the same group. If
one of them is proven to be miRNA, the other member(s) are likely to be genuine as well
(Jagadeeswaran et al., 2010).

We detected mse-miR-iab-4-as (Table S1) and predicted mse-miR-1b (Fig. 4), because both
are highly conserved in animals. For the novel candidates, we identified five possible
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miRNAs (s977078, s4206, s189470, s381281, and s391130), whose mature strands are
identical in sequence to those derived from antisense precursors (Fig. 7). Since the actual
read numbers are only 1-2 from the four libraries (Table S2), we are unable to know whether
the sense, antisense, or both transcripts were used to generate the mature strand – all the
predicted fold-back precursors are low-energy, canonical structures (Fig. 7). Since all the
sense and antisense pairs are novel miRNA candidates, M. sexta might serve as a good
model to study their transcription and processing.

Based on locations of the putative precursors in the genome assembly, we discovered ten
other miRNA clusters. These include s343547-s493484, s343241a-s96924,
s1119196as1119196b, s1062476-s595284b, s522556-s487900, s377232-s1048253,
s1042305-s449622, and s891216b-s740434 (Table 5). Among them, the s1119196a-
s1119196b cluster has the same precursor sequence and, hence, identical mature strand,
suggesting the gene pairs arose from recent gene duplications. Future studies on these
clustered miRNAs and other (Fig. 3C) may help reveal regulatory mechanisms of miRNA
gene expression.

Taken together, the features of novel miRNA candidates should guide our future research
and enrich our knowledge on the novel miRNA repertoire of M. sexta.

4.2. Gene expression regulated by miRNA-star strands
After the miRNA strand of a miRNA:miRNA* duplex is loaded onto Argonaute, the star
strand is usually degraded. In Drosophila, the first nucleotide in the mature strand is highly
conserved and determines correct loading and this is also true for miRNA* (Seitz et al.,
2008). The seed regions of miRNAs are well conserved across species so as to regulate
similar ranges of target genes. Experimental evidence exists that some miRNA* strands also
contain conserved seed regions of 2-7 nt (Guo and Lu, 2010; Okamura et al., 2008; Seitz et
al., 2008). Potential regulation of gene expression via miRNA* is assisted by RNA
interference pathway (Ghildiyal et al., 2010). Although functional miRNA* strands are
usually loaded onto Ago2, Ago1 works as well. Interestingly, mature and star strands from
the same duplex sometimes cooperate, but their temporal and spatial expression patterns can
be different (Ko et al., 2008; Shen et al., 2010). In our dataset, mse-miR-281*, mse-
miR-965*, and six other miR* are abundant and their levels varies in the four stages (Table
S1 and Fig. 6). miR-281* and miR-965* are detected at high levels in Bombyx mori
(Jagadeeswaran et al., 2010) and, perhaps, other insects in Bomycoidea. mse-miR-9a* and
mse-miR-9b* are similar in expression levels to the respective mature strands in all the
developmental stages. However, the detailed expression patterns may be worth determining.
In vertebrate neural cells and tissues, miR-9:miR-9* is preferably expressed, and their
expression patterns change during the developmental course of neural system (Ko et al.,
2008; Rosenfeld et al., 2009).

Moreover, miRNA* strands were demonstrated to be associated with hormonal regulation,
such as miR-202* with estrogen (Bannister et al., 2011) and miR-488* with androgen
receptor (Sikand et al., 2011). To date, functional studies of miRNA* strands have been
carried out mostly in vertebrates, and no function is known for these miRNA-star strands in
insects. As a model for insect nervous system and hormonal regulation, M. sexta is
anticipated to contribute to our knowledge on the regulatory functions of miRNA* strands.

4.3. Development-related functions of M. sexta miRNAs
miRNAs are known to regulate diverse physiological processes in Drosophila (Chawla and
Sokol, 2011). Acting at the posttranscriptional level, miRNAs impact various signaling
pathways of cell proliferation, differentiation, and apoptosis, which underlie insect
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development. There is ample evidence that miRNAs affect growth, neural differentiation,
wing development and hormonal signaling. Our profiling of M. sexta miRNAs from
different developmental stages is the first step toward understanding their specific roles. We
found most of the conserved and novel miRNAs are low in pupae. In B. mori, conserved
miRNAs are also present at low levels in pupal stage but novel ones are typically higher in
pupae (Huang et al., 2010; Jagadeeswaran et al., 2010). Note that these datasets, obtained
from total RNA of whole body at limited time points, lack the specificity, depth, and
resolution needed to reveal detailed temporal and spatial expression patterns. Furthermore,
without 3’-untranslated region database of M. sexta mRNAs, we are unable to predict targets
of conserved or novel miRNAs at this time. Nonetheless, we are confident these difficulties
for function prediction and testing will soon be overcome through sequencing small RNA
libraries of tissues taken from M. sexta under specific physiological conditions and through
analysis of extensive RNAseq data in conjunction with the genome sequence.

5. Conclusions
By sequencing the small RNA libraries of embryos, larvae, pupae, and adults, we obtained
the first set of M. sexta miRNAs, including 163 conserved and 13 novel ones. Our
comparison of their read frequencies in the four stages suggested that M. sexta miRNAs are
dynamically regulated throughout the life cycle. Eight miRNA-star strands were maintained
at high levels, differentially expressed in these stages, and possibly involved in gene
expression control. We detected antisense miRNA (mse-miR-iab-4-as) and predicted mse-
miR-1b. Additionally, there were 171 candidate genes encoding novel miRNAs, some
forming clusters while others transcribed convergently, perhaps. This dataset serves as a
foundation for future miRNA studies in this model species and identification of their targets
is expected to greatly enrich our knowledge on the post-transcriptional regulation of gene
expression in M. sexta.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Size distributions of the numbers and types of reads in four libraries combined
The solid line shows the total read numbers in reference to the left y-axis for each length,
whereas the dashed line shows the unique read numbers to the right y-axis.
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Fig. 2. Predicted fold-back precursor structures of novel M. sexta miRNAs
Mature miRNA sequences are shown in bold capital letters.
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Fig. 3. Clustered novel miRNAs in M. sexta
For sequence alignments, identical residues are marked *. Alignments of fold-back
precursor sequences of mse-miR-6095-1, -2, and -3 (A) and mse-miR-6096-1, -2 and -3 (B).
(C) Locations of the novel miRNA genes. Note that mse-miR- 6096-3 gene resides on a
scaffold different from scaffold 00387.
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Fig. 4. mse-miR-1b as the antisense miRNA of mse-miR-1?
(A) Fold-back precursor structures of mse-miR-1 and predicted mse-miR-1b. The mature
miRNA sequences are shown in bold capital letters. (B) Alignment of the mature mse-miR-1
and mse-miR-1b (predicted). Identical residues are indicated with vertical bars.
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Fig. 5. mse-miR-2779 precursor encodes many small RNAs of 26-28 nt
(A) Predicted stem-loop structure of mse-miR-2779 precursor. (B) Small RNAs encoded by
mse-miR-2779 precursor followed by the total read number in the four libraries and
sequence length. Precursor sequence and structure are shown below. Mature mse-miR-2779
sequence is shown in bold capital letters in A and underlined in B.
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Fig. 6. Some miRNA-star strands remain at high abundance
Normalized read numbers for embryo, larva, pupa, and adult are plotted for mse-miR-281
and mse-miR-281* (A), mse-miR- 965 and mse-miR-965* (B), mse-miR-31 and mse-
miR-31* (C), mse-miR-9a and mse-miR-9a* (D), mse-miR-9b and mse-miR-9b* (E), as
well as mse-miR-2a and mse-miR-2a* (F). Solid lines are for miRNA mature strands and
dashed ones for miRNA-star strands.
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Fig. 7. Antisense miRNAs of novel miRNA candidates
These are the predicted fold-back structures of candidate precursors. (A) s977078a and
s977078b; (B) s4206a and s4206b; (C) s189470a and s189470b; (D) s381281a and
s381281b; (E) s391130a and s391130b. Mature miRNA sequences are shown in bold capital
letters.
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Table 2

Predicted conserved M. sexta miRNAs from genome sequence

miRNA mature miRNA sequence precursor free energy

mse-miR-1b UGGGAAGUAAGGAAGCACGGAA -35.50

mse-miR-450 GGGAUCAUUUUGCAUCCAU -22.15

mse-miR-929 CUCCCUAAUCGAGUCAGGUUGA -42.30

mse-miR-1926 AGGAAUUCUAAAGCAAAAA -32.80

mse-miR-2565 UGAAAUUUAUUUAUAGGCA -20.70

mse-miR-3389 UCGUAGCCGAUGUUCCACAG -47.80
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Table 5

Summary of 16 candidate novel miRNA gene loci

Serial # Scaffold # Strand Precursor start position Precursor end position

S343547 00010 minus 1535061 1535159

S493484 00010 minus 1535839 1535942

s343241a 00133 plus 389408 389508

S96924 00133 plus 390009 390110

s1119196a 00204 minus 38049 38148

s1119196b 00204 minus 39063 39162

S1062476 00241 minus 3653 3753

s595284b 00241 minus 3844 3947

S522556 00267 minus 298631 298729

s487900 00267 minus 304069 304168

s377232 00345 plus 310355 310454

s1048253 00345 plus 313984 314086

s1042305 00355 minus 373398 373499

s449622 00355 minus 375346 375447

s891216b 00392 plus 215730 215833

s740434 00392 plus 217058 217162
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