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Abstract

Background: MicroRNAs (miRNAs) are a novel class of gene regulators whose biogenesis
involves hairpin structures called precursor miRNAs, or pre-miRNAs. A pre-miRNA is processed
to make a miRNA:miRNA* duplex, which is then separated to generate a mature miRNA and a
miRNA*. The mature miRNAs play key regulatory roles during embryonic development as well as
other cellular processes. They are also implicated in control of viral infection as well as innate
immunity. Direct experimental evidence for mosquito miRNAs has been recently reported in
anopheline mosquitoes based on small-scale cloning efforts.

Results: We obtained approximately 130, 000 small RNA sequences from the yellow fever
mosquito, Aedes aegypti, by 454 sequencing of samples that were isolated from mixed-age embryos
and midguts from sugar-fed and blood-fed females, respectively. We also performed bioinformatics
analysis on the Ae. aegypti genome assembly to identify evidence for additional miRNAs. The
combination of these approaches uncovered 98 different pre-miRNAs in Ae. aegypti which could
produce 86 distinct miRNAs. Thirteen miRNAs, including eight novel miRNAs identified in this
study, are currently only found in mosquitoes. We also identified five potential revisions to
previously annotated miRNAs at the miRNA termini, two cases of highly abundant miRNA*
sequences, 14 miRNA clusters, and 17 cases where more than one pre-miRNA hairpin produces
the same or highly similar mature miRNAs. A number of miRNAs showed higher levels in midgut
from blood-fed female than that from sugar-fed female, which was confirmed by northern blots on
two of these miRNAs. Northern blots also revealed several miRNAs that showed stage-specific
expression. Detailed expression analysis of eight of the |3 mosquito-specific miRNAs in four
divergent mosquito genera identified cases of clearly conserved expression patterns and obvious
differences. Four of the I3 miRNAs are specific to certain lineage(s) within mosquitoes.

Conclusion: This study provides the first systematic analysis of miRNAs in Ae. aegypti and offers
a substantially expanded list of miRNAs for all mosquitoes. New insights were gained on the
evolution of conserved and lineage-specific mMiRNAs in mosquitoes. The expression profiles of a
few miRNAs suggest stage-specific functions and functions related to embryonic development or
blood feeding. A better understanding of the functions of these miRNAs will offer new insights in
mosquito biology and may lead to novel approaches to combat mosquito-borne infectious diseases.

Page 1 of 17

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19961592
http://www.biomedcentral.com/1471-2164/10/581
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

BMC Genomics 2009, 10:581

Background

MicroRNAs (miRNAs) are approximately 22 nucleotide
long, non-coding RNAs that regulate the expression of cel-
lular genes by binding to target mRNAs for cleavage or
translational repression (reviewed in [1]). Thousands of
miRNAs have been reported in animals and plants [2].
Many miRNAs are highly conserved across divergent spe-
cies while others are specific to a particular evolutionary
lineage (miRBase: http://microrna.sanger.ac.uk/). Line-
age-specific miRNAs can arise from non-miRNA
sequences, which has been observed in Drosophila, or by
modifications of existing miRNAs [3,4]. MiRNA genes can
occur in intergenic regions and within introns [5-8]. For
some miRNAs, their biogenesis starts with transcription of
miRNA genes, mostly by RNA polymerase 11, which pro-
duces a primary miRNA (reviewed in [9]). A given primary
miRNA can be either monocistronic, containing one
mature miRNA, or polycistronic, containing multiple
mature miRNAs. In Drosophila, the primary miRNA is
processed by a Drosha-Pasha complex to yield small stem-
loop structures that are approximately 70 nucleotides in
length called pre-miRNAs [10]. Following export to the
cytosol, the double-stranded pre-miRNA is recognized by
Dicer-1, which complexes with Logs and produces a ~22
bp duplex with 2 nt 3' overhangs [10]. The product is
referred to as a miRNA:miRNA* duplex, which is further
separated by a helicase and normally the miRNA* strand
is rapidly degraded [5,9,11]. During "deep" sequencing
studies, approximately 100 fold as many miRNAs as
miRNA*s was observed for a given miRNA except in cases
where both strands could generate functional miRNAs
[7,12,13]. A new category of pre-miRNAs known as mir-
trons are derived from introns and undergo Drosha-inde-
pendent processing [14-16]. Some researchers suggest that
the presence of mirtrons indicates that RNA sources may
be less relevant for determining which RNAs become miR-
NAs than their structural characteristics [7]. Mature miR-
NAs pair with target mRNAs with the assistance of
Argonaute to achieve translational repression and/or
mRNA degradation (reviewed in [17]).

MicroRNAs play key regulatory roles during embryonic
development, stem cell division, cancer development,
neurogenesis, heart development, haematopoietic cell dif-
ferentiation, and cell death (reviewed in [1,18]). They are
also implicated in control of viral infection in vertebrates
and in one recent report miRNAs were linked to malaria
infection in mosquitoes [19-21]. Similarly, miRNAs are
also linked to innate immunity (reviewed in [22]). There
are reports describing Anopheles gambiae miRNAs on the
basis of computational prediction or similarity to known
miRNAs from other species [23-26]. Direct experimental
evidence for mosquito miRNAs has been recently reported
only in anopheline mosquitoes using small-scale
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sequencing [21,27]. There is also a study on genes
involved in small RNA pathways in mosquitoes [28].

Using high throughput sequencing and bioinformatics
approaches, we performed the first systematic analysis of
miRNAs in Ae. aegypti. In the current study, we substan-
tially expanded the list of miRNAs for all mosquitoes and
uncovered a number of novel and mosquito-specific miR-
NAs. Northern and small RNA sequencing revealed sev-
eral miRNAs that may play important roles during
embryonic development and during blood feeding. Our
analysis also offered insights into the evolution of con-
served and lineage-specific miRNAs in mosquitoes.

Results and discussion

Discovery of 98 distinct pre-miRNA sequences in Ae.
aegypti

As shown in Table 1, we have uncovered 98 different pre-
miRNAs in Ae. aegypti which could produce 86 distinct
miRNAs. Some of the 98 pre-miRNA sequences produce
identical miRNAs and miRNA*s. Also included in Table 1
are 20 distinct miRNA* sequences that were uncovered by
small RNA sequencing. Eighty-nine of the Ae. aegypti
miRNA and miRNA* sequences showed a perfect match
to small RNA sequences from at least one of the three sam-
ples (Table 1). There are clear variations of sequence
counts among different miRNA species in these samples.
However, to gain quantitative insights in the relative
abundance of these miRNAs, further investigations are
needed using methods such as northern blot, primer
extension, and direct sequencing of millions of small RNA
reads [11,12,21]. Twenty-nine of the 98 pre-miRNAs do
not have small RNA sequences in the embryo and midgut
samples. However, these 29 pre-miRNAs all form hairpins
and are conserved among Ae. aegypti, Cx. quinquefasciatus,
and An. gambiae, the three mosquito species with
sequenced genomes.

Possible revisions at the ends of known miRNAs and cases
of abundant miRNA¥* sequences

As shown in Table 1, there are a few cases where the Ae.
aegypti miRNA sequences, as indicated by direct sequenc-
ing, start or end with one or a few extra nucleotides com-
pared to the known miRNAs reported from D.
melanogaster or anopheline mosquitoes (miRBase). To
minimize the contribution of sequencing error, we only
consider cases where there are at least six such sequences
in the 454 database and these differences are the majority.
These miRNAs include aae-miR-2a, aae-miR-210, aae-
miR-263b, aae-miR-281, and aae-miR-283. Because inter-
nal sequence variations between miRNAs from different
species could simply result from species differences, we
did not include in the above list the aae-miRNAs that only
had internal sequence variations compared to known
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Table I: Sequence, location, and expression of miRNAs in Aedes aegypti.
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Namel: 2 mirBase Name Sequence3 Contig? Start4 End4 Strand EmbryoS Gut_SF> Gut_BF>

aae-miR-M1-1 aae-miR-2943-1 TTAAGTAGGCACTT ~ CONTIG_ 15246 25749 25829 + 28 0 0
GCAGGCAAA

aae-miR-M1-2 aae-miR-2943-2 TTAAGTAGGCACTT ~ CONTIG_15246 25911 25981 + 28 0 0
GCAGGCAAA

aae-miR-M2 aae-miR-2942 TATTCGAGACTTCA  CONTIG_11944 151669 151750 + 0 0 7
CGAGTTAAT

aae-miR-M3 aae-miR-2945 TGACTAGAGGCAGA  CONTIG_2929 123975 124056 + 33 0 6
CTCGTTTA

aae-miR-M3* aae-miR-2945%* AGCGGGTCCGTTTC CONTIG_2929 123975 124056 + 3 0 0
TAGTGTCATG

aae-miR-M4da aae-miR-2944a GAAGGAACTTCTGC  CONTIG_18252 93868 93929 + 91 2 0
TGTGATCTGA

aae-miR-M4a* aae-miR-2944a* TATCACAGTAGTTG CONTIG_18252 93868 93929 + 3 0 0
TACTTTAA

aae-miR-M4b aae-miR-2944b GAAGGAACTCCCGG ~ CONTIG_18252 93731 93792 + 62 0 0
TGTGATATA

aae-miR-M4b* aae-miR-2944b* TATCACAGCAGTAG ~ CONTIG_ 18252 93731 93792 + 24 0 0
TTACCTGA

aae-miR-N1-1 aae-miR-2941-2 TAGTACGGCTAGAA  CONTIG_ 16241 318005 318105 - 288 1 1
CTCCACGGA

aae-miR-N1-2 aae-miR-2941-1 TAGTACGGCTAGAA  CONTIG_ 16241 317700 317799 - 288 1 1
CTCCACGGA

aae-miR-N2 aae-miR-2946 TAGTACGGAAAAGA  CONTIG_ 16241 318135 318222 - 5 0 0
TATGGGGA

aae-miR-1174 aae-miR-1174 TCAGATCTACTTAA  CONTIG_7232 17531 17665 +
TACCCAT

aae-miR-1175 aae-miR-1175 TGAGATTCTACTTC  CONTIG_7232 17737 17816 + 0 0 1
TCCGACTTAA

aae-miR-1175% aae-miR-1175* TAAGTGGAGTAGTG ~ CONTIG_7232 17737 17816 + 0 2 59
GTCTCATCGCT

aae-miR-1890 aae-miR-1890 TGAAATCTTT- CONTIG_10435 60786 60931 + 1 0 0
GATTAGGTCTGG

aae-miR-1891-1 aae-miR-1891-1 TGAGGAGTTAATTT  CONTIG_10244 3984 4069 - 2 0 0
GCGTGTTT

aae-miR-1891-2 aae-miR-1891-2 TGAGGAGTTAATTT ~ CONTIG_18287 4656 4741 + 2 0 0
GCGTGTTT

aae-miR-1889 aae-miR-1889 CACGTTACAGATTG ~ CONTIG_4323 23786 23921 - 0 0 3
GGGTTTCC

aae-bantam aae-bantam TGAGATCATTTTGA  CONTIG_3301 208288 208426 - 1 2 2
AAGCTGATT

aae-let-7 aae-let-7 TGAGGTAGTTGGTT CONTIG_2929 321614 321684 + 0 0 5
GTATAGT

aae-miR-1 aae-miR-1 TGGAATGTAAAGAA  CONTIG_25061 66256 66338 + 1 0 1
GTATGGAG

aae-miR-10 aae-miR-10 ACCCTGTAGATCCG  CONTIG_17639 8749 8833 + 1 0 0
AATTTGTT

aae-miR-100 aae-miR-100 AACCCGTAGATCCG  CONTIG_2929 307441 307568 +
AACTTGTG

aae-miR-1000-1 aae-miR-1000-1 ATATTGTCCTGTCA  CONTIG_35246 172 265 -
CAGCAGT

aae-miR-1000-2 aae-miR-1000-2 ATATTGTCCTGTCA  CONTIG_9774 12985 13078 +
CAGCAGT

aae-miR-11 aae-miR-11 CATCACAGTCTGAG ~ CONTIG_ 23911 46399 46488 + 1861 42 436
TTCTTGCTT

aae-miR-11* aae-miR-11* CGAGAACTCCGGCT ~ CONTIG_ 23911 46399 46488 + 4 0 2
GTGACCTGTG

aae-miR-12 aae-miR-12 TGAGTATTACATCA  CONTIG_4323 23386 23503 -
GGTACTGGT

aae-miR-124 aae-miR-124 TAAGGCACGCGGTG ~ CONTIG_531 21343 21423 - 3 0 0
AATGCCAAG

aae-miR-125 aae-miR-125 TCCCTGAGAC- CONTIG_2929 321885 321975 + 0 0 3
CCTAACTTGTGAC

aae-miR-133 aae-miR-133 TTGGTCCCCTTCAA  CONTIG_24522 50243 50347 -
CCAGCTGT

aae-miR-137-1 aae-miR-137-1 TTATTGCTTGAGAA  CONTIG_7773 15414 15486 -
TACACGTA

aae-miR-137-2 aae-miR-137-2 TTATTGCTTGAGAA  CONTIG_29705 92457 92529 +
TACACGTA

aae-miR-13b aae-miR-13 TATCACAGCCATTT ~ CONTIG_ 12793 17619 17710 - 168 2 42
TGACGAGTT

aae-miR-14 aae-miR-14 TCAGTCTTTTTCTC CONTIG_12112 693 785 - 1 1 6
TCTCCTAT

aae-miR-184 aae-miR-184 TGGACGGAGAACTG CONTIG_19030 3452 3535 - 957 76 1307
ATAAGGGC

aae-miR-190 aae-miR-190 AGATATGTTTGATA CONTIG_10108 2092 2180 - 83 2 43
TTCTTGGTTG

aae-miR-193 aae-miR-193 TACTGGCCTACTAA CONTIG_19568 51035 51158 +
GTCCCAAC

aae-miR-2a aae-miR-2a TATCACAGCCAGCT CONTIG_12793 16130 16216 - 1217 80 249
TTGATGAGCT

Page 3 of 17

(page number not for citation purposes)



BMC Genomics 2009, 10:581

http://www.biomedcentral.com/1471-2164/10/581

Table I: Sequence, location, and expression of miRNAs in Aedes aegypti. (Continued)

aae-miR-210

aae-miR-219

aae-miR-2b

aae-miR-2c

aae-miR-252

aae-miR-252*

aae-miR-263

aae-miR-263*

aae-miR-263b

aae-miR-263b*

aae-miR-275

aae-miR-275%

aae-miR-276-1

aae-miR-276-2

aae-miR-277

aae-miR-278

aae-miR-279

aae-miR-281

aae-miR-281*

aae-miR-282-1

aae-miR-282-1%

aae-miR-282-2

aae-miR-282-2*

aae-miR-283

aae-miR-285

aae-miR-286a-1

aae-miR-286a-2

aae-miR-286b

aae-miR-305

aae-miR-305*

aae-miR-306

aae-miR-307

aae-miR-308

aae-miR-308*

aae-miR-31

aae-miR-315

aae-miR-315%*

aae-miR-316

aae-miR-317-1

aae-miR-317-2

aae-miR-3a-1

aae-miR-3a-2

aae-miR-3b

aae-miR-210

aae-miR-219

aae-miR-2b

aae-miR-2c

aae-miR-252

aae-miR-252%*

aae-miR-263a

aae-miR-263a*

aae-miR-263b

aae-miR-263b*

aae-miR-275

aae-miR-275%

aae-miR-276-1

aae-miR-276-2

aae-miR-277

aae-miR-278

aae-miR-279

aae-miR-281

aae-miR-281%*

aae-miR-282-1

aae-miR-282-1%

aae-miR-282-2

aae-miR-282-2*

aae-miR-283

aae-miR-285

aae-miR-286b-1

aae-miR-286b-2

aae-miR-286a

aae-miR-305

aae-miR-305*

aae-miR-306

aae-miR-307

aae-miR-308

aae-miR-308*

aae-miR-31

aae-miR-315

aae-miR-315%*

aae-miR-316

aae-miR-317-1

aae-miR-317-2

aae-miR-309a-1

aae-miR-309a-2

aaw-miR-309b

TTGTGCGTGTGACA
ACGGCTAT
TGATTGTCCAAACG
CAATTCTTG
TATCACAGCCAGCT
TTGAAGAGCG
TATCACAGCCAGCT
TTGATGAGC
CTAAGTACTAGTGC
CGCAGGAGA
CCTGCTGCCCAAGT
GCTTATCGAA
AATGGCACTGGAAG
AATTCACGGG
CGTGTTCTGGCAGT
GGCATCCC
CTTGGCACTGGGAG
AATTCACAG
TGGATCTTTTCGTG
CCATCGT
TCAGGTACCTGAAG
TAGCGCGCG
CGCGCTAAGCAGGA
ACCGAGACT
TAGGAACTTCATAC
CGTGCTCT
TAGGAACTTCATAC
CGTGCTCT
TAAATGCACTATCT
GGTACGACA
TCGGTGGGACTTTC
GTCCGTTT
TGACTAGATCCACA
CTCATTAA
CTGTCATGGAATTG
CTCTCTTTA
AAAGAGAGCTATCC
GTCGACAGTA
AATCTAGCCTCTCC
TAGGCTTTGTCTG
ACATAGCCTGACAG
AGGTTAGG
AATCTAGCCTCTCC
TAGGCTTTGTCTG
ACATAGCCTGACAG
AGGTTAGG
CAATATCAGCTGG-
TAATTCTGGG
TAGCACCATTCGAA
ATCAGT
TGACTAGACCGAAC
ACTCGTATCC
TGACTAGACCGAAC
ACTCGTATCC
TGACTAGAC-
CGAACACTCGCGTC
CcT
ATTGTACTTCATCA
GGTGCTCTGG
CGGCACATGTTGGA
GTACACTTAA
TCAGGTACTGAGTG
ACTCTCAG
TCACAACCTCCTTG
AGTGAGCGA
AATCACAGGAGTAT
ACTGTGAG
CGCGGTATATTCTT
GTGGCTTGA
TGGCAAGATGTTGG
CATAGCTGAAA
TTTTGATTGTTGCT
CAGAAAGCC
CTTTCGAGCAGTAA
TCAAAGTC
TGTCTTTTTCCGCT
TACTGCCG
TGAACACAGCTGGT
GGTATCTCAGT
TGAACACAGCTGGT
GGTATCTCAGT
TCACTGGGCAAAGT
TTGTCGCA
TCACTGGGCAAAGT
TTGTCGCA
TCACTGGGCATAGT
TTGTCGCA

CONTIG_19443
CONTIG_15776
CONTIG_12793
CONTIG_12793
CONTIG_3685
CONTIG_3685
CONTIG_27430
CONTIG_27430
CONTIG_1908
CONTIG_1908
CONTIG_1651
CONTIG_1651
CONTIG_417
CONTIG_7617
CONTIG_12646
CONTIG_1172
CONTIG_17556
CONTIG_27100
CONTIG_27100
CONTIG_15805
CONTIG_15805
CONTIG_15982
CONTIG_15982
CONTIG_4323
CONTIG_1634
CONTIG_21241
CONTIG_8291

CONTIG_18252

CONTIG_1651
CONTIG_1651
CONTIG_24640
CONTIG_1157
CONTIG_6324
CONTIG_6324
CONTIG_21960
CONTIG_21501
CONTIG_21501
CONTIG_13460
CONTIG_12640
CONTIG_8451
CONTIG_21241
CONTIG_8291

CONTIG_18252

85221

56993

17471

17971

79002

79002

4746

4746

33267

33267

96625

96625

10988

38953

3556

33037

116934

34036

34036

19414

19414

5479

5479

32334

212427

18407

17656

93413

105677

105677

55004

147943

6462

6462

98153

12498

12498

10738

88437

9550

18967

18216

94047

85292

57078

17562

18048

79177

79177

4821

4821

33357

33357

96720

96720

11177

39087

3644

33128

117006

34204

34204

19548

19548

5613

5613

32426

212492

18503

17752

93509

105766

105766

55128

148043

6528

6528

98301

12562

12562

10828

88524

9637

19043

18292

94117

758

1218

38

53

26

164

10

119

36

36

12

74

80

16

5686

38

38

12

147

249

50

4806

131

27

737

737
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Table I: Sequence, location, and expression of miRNAs in Aedes aegypti. (Continued)

aae-miR-3b*

aae-miR-33

aae-miR-34

aae-miR-375

aae-miR-7

aae-miR-71

aae-miR-71*

aae-miR-79

aae-miR-8

aae-miR-8%*

aae-miR-87

aae-miR-927

aae-miR-929-1

aae-miR-929-2

aae-miR-92a

aae-miR-92a*

aae-miR-92b

aae-miR-92b*

aae-miR-932

aae-miR-957

aae-miR-965

aae-miR-970

aae-miR-981

aae-miR-988

aae-miR-988%*

aae-miR-989

aae-miR-993

aae-miR-996

aae-miR-998

aae-miR-999

aae-miR-9a-1

aae-miR-9a-2

aae-miR-9b

aae-miR-9c

aae-miR-iab-4-1

aae-miR-iab-4-2

aae-miR-309b*

aae-miR-33

aae-miR-34

aae-miR-375

aae-miR-7

aae-miR-71

aae-miR-71%

aae-miR-79

aae-miR-8

aae-miR-8%*

aae-miR-87

aae-miR-927

aae-miR-929-1

aae-miR-929-2

aae-miR-92a

aae-miR-92a*

aae-miR-92b

aae-miR-92b*

aae-miR-932

aae-miR-957

aae-miR-965

aae-miR-970

aae-miR-981

aae-miR-988

aae-miR-988*

aae-miR-989

aae-miR-993

aae-miR-996

aae-miR-998

aae-miR-999

aae-miR-9a-1

aae-miR-9a-2

aae-miR-9b

aae-miR-9c

aae-miR-iab-4-1

aae-miR-iab-4-2

CGTCAAACTCCGTT
CAGTTGGTG
GTGCATTGTAGTTG
CATTGCA
TGGCAGTGTGGTTA
GCTGGTTGTG
TTTGTTCGTTTGGC
TCGAGTTA
TGGAAGACTAGTGA
TTTTGTTGTT
AGAAAGACATGGGT
AGTGAGATA
TCTCACTACCTTGT
CTTTCATG
ATAAAGCTAGATTA
CCAAAGCAT
TAATACTGTCAGGT
AAAGATGTC
CATCTTACCGGGCA
GCATTAGA
GGTGAGCAAATTTT
CAGGTGT
TTTAGAATTCCTAC
GCTTTACC
ATTGACTCTAGTAG
GGAGTCC
ATTGACTCTAGTAG
GGAGTCC
TATTGCACTTGTCC
CGGCCTAT
CGGTACGGACAGGG
GCAACATT
AATTGCACTTGTCC
CGGCCTGC
AGGTCGTGACTTGT
GCCCGTTTG
TCAATTCCGTAGTG
CATTGCAG
TGAAACCGTCCAAA
ACTGAGGC
TAAGCGTATAGCTT
TTCCC
TCATAAGACACACG
CGGCTAT
TTCGTTGTCGACGA
AACCTGCA
CCCCTTGTTGCAAA
CCTCACGC
GTGTGCTTTGTGAC
AATGAGA
TGTGATGTGACGTA
GTGGTAC
GAAGCTCGTTTCTA
TAGAGGTATCT
TGACTAGATTACAT
GCTCGTCT
TAGCACCATGAGAT
TCAGCTC
TGTTAACTGTAAGA
CTGTGTCT
TCTTTGGTTATCTA
GCTGTATGA
TCTTTGGTTATCTA
GCTGTATGA
TCTTTGGTGATTTT
AGCTGTATGC
TCTAAAGCTTTAGT
ACCAGAGGTC
CGGTATACCTTCAG
TATACGTAAC
CGGTATACCTTCAG
TATACGTAAC

CONTIG_18252
CONTIG_18815
CONTIG_12646
CONTIG_14081
CONTIG_31115
CONTIG_12793
CONTIG_12793
CONTIG_24640
CONTIG_16942
CONTIG_16942
CONTIG_15587
CONTIG_1795
CONTIG_12461
CONTIG_34315
CONTIG_6821
CONTIG_6821
CONTIG_6824
CONTIG_6824
CONTIG_28378
CONTIG_591
CONTIG_3410
CONTIG_11324
CONTIG_7302
CONTIG_17684
CONTIG_17684
CONTIG_6774
CONTIG_28305
CONTIG_17556
CONTIG_23911
CONTIG_6027
CONTIG_19539
CONTIG_19541
CONTIG_24640
CONTIG_24640
CONTIG_17255

CONTIG_23219

94047

108787

4278

238834

46028

18215

18215

55215

34594

34594

30157

170460

76647

3294

67755

67755

4049

4049

72232

147619

87378

29252

184768

77966

77966

51048

82579

112174

46676

163128

116871

4061

55513

28160

44653

23581

94117

108866

4400

238944

46112

18396

18396

55284

34660

34660

30251

170534

76734

3381

67832

67832

4131

4131

72319

147787

87524

29338

184853

78086

78086

51137

82660

112267

46764

163269

116951

4141

55604

28257

44726

23654

44

14

39

32

74

74

12

164

16

16

134

55

33

639

38

42

69

Notes:

I. The first block (miR-MI-I through miR-N2) are novel miRNAs that are discovered in this study. We have not detected homology to any known miRNAs or genomic sequences outside
of mosquito species. The second block (miR-1174 through miR-1889) contains miRNAs that are homologous to previously reported "mosquito-specific" miRNAs. The third block,

comprised of the remaining miRNAs, contains miRNAs that have homologues outside of mosquitoes.

2. Naming in this column is temporary. Mirbase assigned names are shown in column 2, which was received after the acceptance of the manuscript. "-1", and "-2" suffixes refer to different

hairpins that produce the same mature miRNA. "a", and "b" suffixes refer to different hairpins that produce similar but not identical miRNAs.

3. Underlined sequences are cases where there are extra bases at the 5' or 3' ends and they are the majority in at least six small RNA sequences. Italicized sequences are cases where such
sequences are detected but they are either not the majority or there are less than six 454 sequence hits. As poly-As are added to the small RNAs, adenine(s) at the 3' end cannot be

confirmed by this sequencing approach.
4. The contig, start, and end positions refer to the locations of the pre-miRNA hairpins.
5. The last three columns are the number of sequence hits in small RNA libraries obtained by 454 sequencing. The total small RNA reads are 55, 000, 33, 000, and 42, 000 in embryos,
sugar-fed midguts (Gut_SF), and blood-fed midguts (Gut_BF), respectively. The total number of hits for all Ae. aegypti miRNAs are 8369, 6260, and 9922 in embryos, sugar-fed midguts
(Gut_SF), and blood-fed midguts (Gut_BF), respectively. There are a few cases where we did not distinguish the hits from nearly identical miRNAs.
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miRNAs. On the other hand, shifts at the 5' or 3' ends
could either suggest a difference between species or impre-
cise annotation at the miRNA termini. Thus the above 5
aae-miRNAs provide leads to further studies to investigate
whether these previously reported miRNA sequences need
to be revised.

In vast majority of the cases, mature miRNAs are much
more abundant than miRNA*. However, miR-281* and
miR-1175* are at least a few dozen fold more abundant
than their miRNA sequences. In both cases, the miRNA
and the miRNA* sequences are 100% identical among Ae.
aegypti, Cx. quinquiefasciatus, and An. gambiae. It is there-
fore possible that miR-281* and miR-1175* are func-
tional. There are a few other cases in which the miRNA* is
more abundant than the miRNA sequences (Table 1).
However, the numbers of hits are low in these cases and it
is difficult to assess how significant the differences may
be.

miRNA gene clusters and duplications: evolutionary
implications

There are 14 clusters of miRNAs that are defined as more
than one miRNA hairpin within 10 kb [29]. Twelve of
these clusters have members that are separated by less
than one kb. All these clusters can be identified in Table 1
and Additional file 1 by tracking and sorting the contigs
and start and end positions of the pre-miRNAs. Two pre-
viously identified clusters are worth noting. The first is the
cluster that includes miR-9b, miR-79, and miR-306. We
previously identified this cluster in both An. gambiae and
D. melanogaster and we thought miR-306 was missing in
the Ae. aegypti cluster [27]. However, small RNA sequenc-
ing and closer analysis of the Ae. aegypti assembly suggest
that miR-306 is indeed present in Ae. aegypti and the rela-
tive positions of the three miRNAs in the cluster are con-
served among all three species. The aae-miR-306 shows 2
mismatches in the 22 bp overlap compared to aga-miR-
306 and dme-miR-306.

The second cluster includes miR-12 and miR-283, which
flank either miR-304 in D. melanogaster or miR-1889 in
An. gambiae [27]. MiR-1889 has similarity to the reverse-
complementary sequence of miR-304 but the difference is
significant enough for miRbase to assign a unique name
for it. Given that the D. melanogaster miR-304 and the An.
gambiae miR-1889 are flanked by the same miRNAs and
that this miRNA cluster is found in an intron of ortholo-
gous genes in the two species, miR-304 and miR-1889
may have a common origin. Through small RNA sequenc-
ing and a closer analysis of the genome assembly, we iden-
tified miR-1889 in Ae. aegypti (Table 1 and Additional file
1), which was previously thought to be missing in the Ae.
aegypti cluster [27]. The newly identified aae-miR-1889
shows 3 mismatches in the 21 bp overlap with aga-miR-

http://www.biomedcentral.com/1471-2164/10/581

1889. The identification of aae-miR-1889 further supports
the strand orientation of the mosquito miR-1889. It is
tempting to suggest that one of the two miRNA hairpins,
miR-304 or miR-1889, was inverted during evolution. It is
also possible that fruit flies and mosquitoes utilize differ-
ent strands of the hairpin as mature miRNA. Wecurrently
do not have evidence to support either of these hypothe-
ses.

There are 17 cases where one of the pre-miRNAs is dupli-
cated and thus more than one pre-miRNA hairpin pro-
duces the same or highly similar mature miRNAs. These
pre-miRNAs are shown either with a suffix of "-1" and "-
2" for hairpins that produce identical miRNAs or with a
suffix of "a" or "b" for hairpins that produce highly similar
miRNAs (Table 1). These miRNAs are a rich source for
future comparative analysis to uncover the evolutionary
patterns of miRNA duplication and the process of creating
novel miRNAs in mosquitoes. It remains to be deter-
mined whether the rather common miRNA duplication
observed in Ae. aegypti reflect the importance of duplica-
tion for the generation of new miRNAs in mosquitoes. In
this regard, it is interesting to note that while duplication
is a common mechanism to generate new miRNAs in
plants (e.g., [30]), duplication was thought to be not
important in Drosophila [3].

Novel miRNAs that are potentially specific to mosquitoes
Nine of the 98 pre-miRNA hairpins are novel and cur-
rently have only been found in mosquitoes. These nine
pre-miRNAs produce seven distinct mature miRNAs
(miR-M1, -M2, -M3, -M4a and -M4b; miR-N1 and miR-
N2). All seven mature miRNAs have multiple hits from
small RNA sequencing, confirming their status as miR-
NAs. A few of these also have hits in the miRNA* strand.
Shown in Figures 1 and 2 are the sequence alignments of
the novel pre-miRNA sequences discovered in this study
and the hairpins they form. Two physically linked pre-
miRNA hairpins (miR-M1-1 and miR-M1-2) produce the
same miR-M1 in Ae. aegypti. Two physically linked pre-
miRNA hairpins produce similar but not identical miR-
M4a and miR-M4b. MiR-M1, -M2, -M3, -M4a and -M4b
are found in all three available mosquito genome assem-
blies.

Two physically linked pre-miRNA hairpins (miR-N1-1
and miR-N1-2) produce the same miR-N1 and they are
also in close proximity to the miR-N2 hairpin in Ae.
aegypti. The three hairpins are in the first intron of a gene
in Ae. aegypti (Vectorbase Gene ID AAEL009263) encod-
ing a putative transcription factor with a basic leucine zip-
per domain. Sequence analysis suggests that miR-N1 is
found in the orthologous gene in Cx. quinquefasciatus but
not found in An. gambiae. MiR-N2 is only found in Ae.
aegypti. MiR-N1 also exists in two hairpins in the intron of
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CC-GACCCGAGCGGGTCCGTTTCTAGTATCATGTGC-GTCCTTCGAA
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aae-miR-M3
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Alignments and stem-loop structures of five novel mosquito pre-miRNAs. See Table | for naming and sequence
locations of these miRNAs. Left panels are the hairpin structures. Right panels are the sequence alignments between Ae. aegypti
miRNAs (aae-miRNAs) and Cx. quinquefasciatus miRNAs (cqu-miRNAs). Arrows point to the mature miRNA sequences from
5' to 3". In the case of miR-MI, there are two physically linked copies in both Ae. aegypti and Cx. quinquefasciatus, as shown in
the alignment and in Table |. The two copies in Ae. aegypti produce the same mature miRNAs and the hairpins are named -1
and -2. The two copies in Cx. quinquefasciatus are named -la and -1b because their mature miRNAs differ by one nucleotide.
Only the hairpin structure for aae-miR-MI-I is shown. All five miRNAs shown in panel A have homologs in An. gambiae.

the homologous gene in Cx. quinquefasciatusand there is a
third hairpin that has a predicted miRNA with a similar 5'
sequence as miR-N1. We name this miRNA miR-N3 and it
is only found in Cx. quinquefasciatus (Vectorbase Gene ID
CPIJ000468). Cqu-miR-N3 is not listed in Table 1, which
only shows miRNAs from Ae. aegypti.

Thus, we have identified eight novel mosquito-specific
miRNAs in this study. We define "mosquito-specific"
miRNAs here as those that are currently only found in
mosquitoes. BLAST searches using low stringent parame-
ters (word size at seven, e-value cut-off at 10) failed to

identify any reliable homologues from miRBase or non-
redundant GenBank sequences. We also performed oligo-
map comparisons [31] of the "mosquito-specific" miR-
NAs to all miRBase sequences using default parameters
and did not identify any match in any other organism.
Oligomap [31] is designed for comparisons of short
sequences such as miRNAs, allowing gaps and mis-
matches. Taken together, the evidence indicates that what
we are reporting in this study are novel miRNAs. This
study increased the number of novel miRNAs that are
only found in mosquitoes from five [21,27] to 13. It is
important to emphasize that some of these so-called
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Alignments and stem-loop structures of a novel miRNA cluster within the intron of a gene encoding a tran-
scription factor. See Table | for naming and sequence locations of these miRNAs. There are two hairpins for the same miR-
NI (-1 and -2) in both Ae. aegypti and Cx. quinquefasciatus. Only the Ae. aegypti hairpin structures for the miR-N1| pre-miRNAs
are shown. Aae-miR-N2 and cqu-miR-N3 are only found in Ae. aegypti and Cx. quinquefasciatus, respectively. Thus there are no
alignments for these two miRNAs. Arrows point to the mature miRNA sequences from 5' to 3'. Dashed arrow for cqu-miR-
N3 reflects the fact that we do not yet have the direct sequence for this miRNA. The mature cqu-miR-N3 sequence was pre-
dicted according to the conserved seed sequence shared with miR-N1 and miR-N2, which was confirmed by northern blots

using anti cqu-miR-N3 as a probe (see Figure 7).

"mosquito-specific" miRNAs may be discovered outside
mosquitoes as future efforts of genome and small RNA
sequencing expand to more and more organisms.

Expression patterns of conserved miRNAs

We chose nine conserved miRNAs and eight mosquito-
specific miRNAs for further analysis using northern blot
to confirm the small RNA sequencing results and to deter-
mine the expression patterns of these miRNAs in different
developmental stages. Expression analysis of the eight
mosquito-specific miRNAs is described in the context of a
multi-species survey in a later section. The nine conserved
miRNAs include let-7, miR-1, -133, -14, -184, -210, -9a, -
970, and -998. All nine miRNAs showed signals at ~20 nt
by northern during at least one of the developmental
stages. Shown in Figure 3 are the expression patterns of
five of the nine conserved miRNAs. The patterns of pres-
ence/absence of these miRNAs in embryo, larvae, pupa,
and adult stages are similar to the patterns found in D.
melanogaster [32] and An. stephensi [27].

Elevated levels of miRNAs after blood feeding in the
midgut of Ae. aegypti

The numbers of small RNA sequences in the midgut sam-
ples from sugar-fed and blood-fed female Ae. aegypti may
not be high enough for quantitative comparison. None-
theless, we decided to compare the relative miRNA levels
for miRNAs that showed more than 25 hits in at least one
of the midgut samples. We used either the total number of
all miRNA hits [12] or the total number of small RNA
reads to normalize the data. As shown in the last two col-
umns of Table 2, except for miR-989 and miR-281*, all
miRNAs showed an increase after blood feeding. We then
performed northern blots using miR-184 and miR-998
probes. It is clear that miR-998 level is higher in bloodfed
samples than in sugar-fed samples. Although less obvious,
miR-184 level also appears to be higher in blood-fed sam-
ples than in sugar-fed samples (Figure 4). Thus, the north-
ern results are largely consistent with the data shown in
Table 1. We have previously analyzed the level of miR-989
in the midgut before and after blood feeding [27]. The sig-
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Emb Larvae Pupae F M

aae-miR-14

aae-miR-184

aae-miR-210

aae-miR-970

aae-miR-998

Figure 3

Expression patterns of Ae. aegypti homologs of previously known miRNAs. Only Ae. aegypti RNA samples were
examined. The top panels are northern results and the bottom panels are RNA gel images for verification of small ribosomal
RNA and tRNA integrity and loading of total RNA. Emb, pooled embryos between 0-36 hr after egg deposition; Larvae; mixed
instar larvae; Pupae, mixed puape; F, adult females one to five days after emergence; M, adult males one to five days after emer-
gence. 10 g of total RNA were used per sample.
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Table 2: Comparison of the number of miRNA sequences in sugar-fed and blood-fed midgut samples.

miRNAs ! Gut_SF ¢ Gut_BF ¢ Fold Change I 7/ 9 Fold Change II 8 °
aae-miR-11 2 42 436 6.55 8.16
aae-miR-1175%* 2 59 18.61 23.18
aae-miR-13b 3 2 42 13.25 16.50
aae-miR-184 76 1307 10.85 13.51
aae-miR-190 2 43 13.56 16.89
aae-miR-281 16 50 1.97 2.46
aae-miR-281%* 5686 4806 0.53 0.66
aae-miR-283 1 131 82.65 102.93
aae-miR-2a/2b/2c 3. 4 80 249 1.96 2.45
aae-miR-306 > 0 27 NA 10 NA 10
aae-miR-317-1 38 737 12.24 15.24
aae-miR-317-2 38 737 12.24 15.24
aae-miR-34 55 639 7.33 9.13
aae-miR-8 1 38 23.98 29.86
aae-miR-989 33 3 0.06 0.07
aae-miR-998 2 6 42 4.42 5.50
aae-miR-9b 5 0 69 NA 10 NA 10
Notes.

. MiR-1 1 and miR-998 are physically linked, less than 300 bp apart.

MiR-306 and miR-9b are physically linked, less than 500 bp apart.

. Only miRNAs that showed 25 or more sequences in one of the gut samples are shown.

. MiR-13b and miR-2a/2b/2c are in a physically linked cluster. Mir-13b is less than 200 bp apart from miR-2b.
. It is difficult to distinguish between hits that match miR-2a, miR-2b, or miR-2c. Thus we refer to these hits miR-2a/2b/2c.

. The second and third columns are raw numbers of sequence hits in sugar-fed (Gut_SF) and blood-fed (Gut_BF) midgut samples, respectively.
. Column four is the fold difference of Gut_BF over Gut_SF, normalized by the total miRNA hits within a sample, as suggested in reference [12].

The total miRNA hits are 6260 and 9922 in Gut_SF and Gut_BF samples, respectively. Thus, for each miRNA, the Fold Change = [(Raw Gut_BF

number)/9922)/[(Raw Gut_SF number)/6260].

8. Column five is the fold difference of Gut_BF over Gut_SF, normalized by the total small RNA reads within a sample. The total small RNA reads
are 33, 000 and 42, 000 in Gut_SF and Gut_BF samples, respectively. Thus, for each miRNA, the Fold Change = [(Raw Gut_BF number)/42000]/

[(Raw Gut_SF number)/33000].

9. The numbers in columns 4 and 5 reflect the same trend, generally higher levels of these miRNAs in blood-fed sample than in sugar-fed sample.
Although the number of small RNA sequences may not be sufficient for the analysis to be quantitative, overall trends suggest leads for further

analysis.
10. NA, not applicable as the denominator is zero.

nal was too weak to confirm or rule out reduction of miR-
989 after blood feeding. Some miRNAs that are expressed
in the midgut samples are also found in large numbers in
embryos in Ae. aegypti (Table 1).

Blood feeding is critical for mosquito physiology and its
ability to transmit disease pathogens. It is through feeding
on an infected host mosquitoes acquire pathogens such as
malaria parasites and dengue viruses. It is also through
blood feeding by an infected mosquito these pathogens
may spread to a different host. Midgut is the first barrier
the pathogens have to cross before they establish infection
in mosquitoes. Thus midgut is one of the most important
links in the disease transmission cycle. Furthermore,
blood-feeding triggers a cascade of gene regulatory events
in multiple tissues including midgut through the interplay
of endocrine signals and transcription factors and thus has
great impact on mosquito biology [33-36]. The correla-
tion between blood feeding and miRNA levels in Ae.
aegypti midgut warrants further investigations, which may
shed light on the possible roles of miRNAs in physiology

related to blood feeding and perhaps in mosquito-patho-
gen interactions.

Multi-species survey of eight mosquito-specific miRNAs
revealed conserved and lineage-specific miRNAs
Previously five miRNAs were reported to be only found in
mosquitoes. These are miR-1174, miR-1175 [21], miR-
1889, miR-1890, and miR-1891 [27]. As described above,
we uncovered eight additional mosquito miRNAs, bring-
ing the number of total "mosquito-specific" miRNAs to
13. We conducted a detailed multi-species expression
analysis of eight of the 13 mosquito-specific miRNAs
using northern blot. When appropriate, we examined the
expression of these miRNAs across the life stages of four
mosquito species, An. gambiae, An. stephensi, Ae. aegypti,
and T. amboinensis.

Four of the eight miRNAs (miR-M1, -1175, -1890, and -
1891) are detected in all of the above four species (Figure
5). Furthermore, the expression patterns of these miRNAs
are similar in the four species and expression is detected
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aae-miR-184

aae-miR-998

Figure 4

Higher levels of miRNAs are observed in the female
Ae. aegypti midgut 24 hrs after blood feeding
(Gut_BF) compared to sugar feeding (Gut_SF).
Three-day old females were either fed on blood or sugar and
dissected 24 hrs later. 10 pg of total RNA were used per
sample. The top panels are northern results and the bottom
panels are RNA gel images for verification of small ribosomal
RNA and tRNA integrity and loading of total RNA.

in multiple developmental stages in three of the four miR-
NAs. The exceptions are the relatively low embryonic
expression of miR-1175 in Ae. aegypti (Figure 5B) and the
low or hardly detectable embryonic expression of miR-
1891 in Ae. aegypti and T. amboinensis (Figure 5D), com-
pared to the rest of the species studied here. Overall, this
is consistent with the observation that conserved miRNAs
tend to be widely expressed [12,37]. On the other hand,
miR-M1 is expressed only in the embryos in all four spe-
cies.

http://www.biomedcentral.com/1471-2164/10/581

Four other miRNAs (miR-1174, miR-N1, miR-N2, and
miR-N3) are only detected in a subset of the four mosqui-
toes. As shown in Figure 6, miR-1174 is not found in T.
amboinensis but strong signals were detected in the other
three species. MiR-1174 level in Ae. aegypti embryos is low
or hardly detectable. It is interesting to point out that miR-
1174 and miR-1175 are in the same contig separated by
only ~200 bp. The expression patterns of miR-1174 and
miR-1175 are similar in all three blood-feeding mosqui-
toes, suggesting that they may be under the same tran-
scriptional control. MiR-1174 and miR-1175 share some
sequence similarity at the 5' end. Thus it is possible that
miR-1174 and miR-1175 resulted from gene duplication
and miR-1174 may either have been lost in T. amboinensis
or evolved beyond recognition by the miR-1174 probe.
Ae. aegypti miR-1174 and An. gambiae miR-1174 differ by
one nt. It is also possible that miR-1174 simply was not
duplicated in T. amboinensis.

As described earlier, miR-N1, N2, and N3 are from the
same intronic cluster. As shown in Figure 7, miR-N1 was
abundant in both Ae. aegypti and Cx. quinquefasciatus
embryos. It was undetectable in An. stephensi. MiR-N2 was
abundant in Ae. aegypti embryos, but undetectable in the
embryos of Cx. quinquefasciatus. MiR-N2 was also unde-
tectable in An. stephensi. MiR-N3 was found in Cx. quin-
quefasciatus embryos, but not in Ae. aegypti. MiR-N3 was
also undetectable in An. stephensi. The expression data are
consistent with genomic sequence analysis, which is
described in the previous section on the miR-N1, N2, N3
cluster.

We performed northern blots using all of the above eight
miRNA probes to see if any signal was detected in D. mel-
anogaster. We used at least 5 pg of total RNA from different
developmental stages or a specific stage expected for a par-
ticular miRNA. None of the eight probes produced any
miRNA signal while the positive control (Ae. aegypti sam-
ple) showed intense signals (data not shown). This is con-
sistent with these miRNAs being only found in
mosquitoes.

Functions of "mosquito-specific'" miRNAs

All of the eight tested mosquito-specific miRNAs showed
embryonic expression in at least one mosquito species
(Figures 5, 6, and 7), suggesting that these miRNAs may
play important roles in mosquito embryonic develop-
ment. Two of these miRNA clusters are worth noting. The
first is the miR-M1-1 and miR-M1-2 cluster, which is only
expressed in embryos in all four genera of mosquitoes
tested. The conserved expression pattern and sequence
conservation across all major branches of Culicidae sug-
gest that miR-M1 is important during mosquito embryo-
genesis. Another interesting group of miRNAs are the
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C D

Emb L1+2L3+4 PupaeF M Emb L142L3+4 PupaeF M

Four mosquito-specific miRNAs that are expressed in all four species of three highly divergent genera. MiRNAs
examined include miR-M1 (A), miR-1175 (B), miR-1890 (C), and miR-1891 (D). Expression was examined across the develop-
mental stages of An. stephensi, An. gambiae, Ae. aegypti, and T. amboinensis. The top panels are northern results and the bottom
panels are RNA gel images for verification of small ribosomal RNA and tRNA integrity and loading of total RNA. Emb, pooled
embryos between 0-36 hr after egg deposition; L1+2, pooled Istand 2™ instar larvae; L3+4, pooled 3rdand 4th instar larvae;
Pupae, mixed pupae; F, adult females one to five days after emergence; M, adult males |-5 days after emergence. 15 ng of total
RNA per sample for An. stephensi, An. gambiae, and Ae. aegypti were used. 10 ug of T. amboinensis total RNA per sample were
used. For T. amboinensis northerns, 3" instar larvae were not included. For the T. amboinensis miR-M| northern, hybridization
and washes were carried out at 49°C instead of 42°C to reduce background across the membrane.

miR-N1, -N2, and -N3 cluster. Two miR-N1 and one miR-
N2 hairpins are in the first intron of a gene in Ae. aegypti
encoding a putative transcription factor. Two miR-N1
hairpins and a miR-N3 hairpin are found in the ortholo-
gous gene in Cx. quinquefasciatus. None of these miRNAs
are found in An. gambiage. In addition, miR-N2 is only
found in Ae. aegypti while miR-N3 exists only in Cx. quin-
quefasciatus. These miRNAs share the same 7-8 bp 5'
sequences in the seed regions important for target recog-
nition. MiR-N1, N2, and N3 are all expressed in the
embryos. Thus it is possible that these miRNAs derive
from duplication events and the duplicated miRNAs may
evolve into new sequences that acquire new functions. We
postulate that, given their abundance and their lineage
specificity, the N1/N2/N3 cluster may play a role in deter-
mining important lineage specific traits in mosquitoes. It
will be important to determine the targets of these miR-

NAs to truly understand their function. Currently, the
annotation of the 3'-UTRs of Ae. aegypti genes is limited.
As these annotations improve, miRNA target prediction
will likely be fruitful.

Conclusion

We report the first systematic analysis of miRNAs in Ae.
aegypti during which 98 pre-miRNAs were uncovered.
Thus we substantially expanded the list of miRNAs found
in mosquitoes. We also provided experimental evidence
for 89 of the miRNA and miRNA* sequences. We also
uncovered highly abundant and conserved miRNA*
sequences, which is consistent with the suggestion that
some miRNA* are functional. There are 14 miRNA clus-
ters and 17 cases where more than one pre-miRNA hair-
pin produces the same or highly similar mature miRNAs
in Ae. aegypti . These miRNAs are a rich source for future
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Emb LI1+42L344 Pupae F M

An. stephensi

An. gambiae

Ae. aegypti

T. amboinensis

Figure 6

MiR-1174 is expressed in An. stephensi, An. gambiae, and Ae. aegypti, but not in T. amboinensis. The top panels are
northern results and the bottom panels are RNA gel images for verification of small ribosomal RNA and tRNA integrity and
loading of total RNA. Emb, pooled embryos between 0-36 hr after egg deposition; L1+2, pooled Istand 2"dinstar larvae; L3+4,
pooled 3rdand 4t instar larvae; Pupae, mixed puape; F, adult females one to five days after emergence; M, adult males one to
five days after emergence. 15 g of total RNA per sample for An. stephensi, An. gambiae, and Ae. aegypti were used. 10 ng of T.
amboinensis total RNA per sample were used. For T. amboinensis, 3" instar larvae were not included. "+ Cont" indicates a pos-
itive control which was An. stephensi embryos (12-24 hr).
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B

Ae. aegypli Culex Anopheles

M Emb Emb

Emb LI1+2 L3+4 Pupae F

C

Aedes  Culex Anopheles
Emb Emb Emb

MiR-N1, miR-N2, and miR-N3 expression is restricted in particular lineages in mosquitoes. A) miR-N| is
expressed in Ae. aegypti and Cx. quinquefasciatus, but not in An. stephensi nor T. amboinensis. Emb, pooled embryos between 0-36
hr after egg deposition; L1+2, pooled Istand 2"dinstar larvae; L3+4, pooled 3rdand 4t instar larvae; Pupae, mixed pupae; F,
adult females one to five days after emergence; M, adult males one to five days after emergence. Culex Emb, Cx. quinquefasciatus
embryos 0-24 hrs after egg deposition. "+ Cont", positive control, Ae. aegypti embryos (12-24 hr). 15 ug of total RNA per sam-
ple for An. stephensi and Ae. aegypti were used. 10 pg of T. amboinensis total RNA per sample were used. For T. amboinensis, 374
instar larvae were not included. B) miR-N2 is expressed in Ae. aegypti but not detected in Cx. quinquefasciatus and An. stephensi
embryos. Symbols are as in A. Anopheles Emb, pooled An. stephensi embryos between 0-36 hr after egg deposition. C) miR-N3
is expressed in Cx. quinquefasciatus, but not detected in Ae. aegypti and An. stephensi embryos. Symbols are as in A and B. Aedes
Emb, pooled Aedes aegypti embryos between 0-36 hr after egg deposition.

comparative analysis to uncover the evolutionary patterns
of miRNA duplication and the process of creating new
miRNAs in mosquitoes. Perhaps most importantly, we
identified eight novel miRNAs that are potentially specific
to mosquitoes. This discovery expanded the list of mos-
quito-specific miRNAs from five [21,27] to 13. Four of the
13 miRNAs are specific to certain lineages within mosqui-
toes. The expression profiles of a few miRNAs suggest
stage-specific functions and functions related to embry-
onic development or blood feeding. A better understand-
ing of the functions of these miRNAs will offer novel
insights in mosquito biology and may lead to novel
approaches to combat mosquito-borne infectious dis-
eases.

Methods

Insects

Ae. aegypti (Liverpool strain), An. gambiae (G3 strain), An.
stephensi (Indian wild type strain), and T. amboinensis
(CDC strain originally from San Juan, PR)mosquitoes
were reared in a humidified insectary at 27°C on a 12
hour light:dark cycle. Cx. quinquefasciatus embryos at 0-24
hrs post-egg-deposition were kindly provided by Drs
Aaron Brault and David Clark at the University of Califor-
nia, Davis. D. melanogaster wild type(Catalina strain, stock
number 14021 -0231.47) samples were provided by the
Tucson Drosophila Stock Center (Tucson, AZ). D. mela-
nogaster W1118 eggs at 0-24 hrs post-egg-deposition were
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provided by Duke University Model Systems (Duke Uni-
versity, Durham, NC).

Ae. aegypti sample preparation for 454 pyrosequencing
Three samples were prepared for 454 sequencing. Female
Ae. aegypti were either fed on mice or kept on sugar water,
three days post-emergence. Midguts were dissected at 24
hours post blood meal and midguts from sugar-fed
females were also dissected at the same time interval. To
collect the third sample , which was mixed-age embryos,
all eggs were laid on filter papers during one-hour inter-
vals. The filter papers were then kept in an incubator
(27°C, ~70% Relative Humidity) before collection at
appropriate hours and stored in RNAlater (Ambion, Aus-
tin, Texas). The same volumes of eggs from different time
periods were then mixed. This collection design ensured
that embryos between 0-48 hrs post-egg-deposition were
collected in similar quantities. All three samples were sent
to vertis Biotechnologie AG (Freising-Weihenstephan,
Germany) for small RNA cloning. All samples were
ground in liquid nitrogen and RNA smaller than 200 bp
were enriched with the mirVana miRNA isolation kit
(Ambion). The population of miRNAs with a length of
15-30 bp was passively eluted from polyacrylamide gels.
The RNA was then precipitated with ethanol and dis-
solved in water. The small RNAs collected had a poly(A)-
tail added to their 3'-OH by poly-(A) polymerase. The 5'-
phosphate of the small RNAs were ligated to an RNA
adapter. First-strand cDNA synthesis was then performed
using an oligo(dT)-linker primer and MMLV-RNase H
reverse transcriptase. The resulting cDNAs were PCR-
amplified to about 20 pg/pl. Primers used for PCR ampli-
fication were designed for amplicon sequencing according
to the instructions of 454 Life Sciences (Branford, CT).
The PCR-amplified cDNAs were size-selected using elec-
troelution to obtain products of 119-134 bp. These
cDNAs were then sequenced by 454 Life Sciences. The
total small RNA reads are 55, 000, 33, 000 and 42, 000 in
embryos, sugar-fed midguts (Gut_SF), and blood-fed
midguts (Gut_BF), respectively.

Identification of pre-miRNA sequences in Ae. aegypti

Sequences that match known mosquito and D. mela-
nogaster pre-miRNAs (miRBase v.12.0, September 2008)
were used to identify miRNAs in Ae. aegypti. Potential
homologues were identified in the genome assemblies of
Ae. aegypti, An. gambiae and Cx. quinquefasciatus. The
homologous sequences plus 200 bp flanking sequences
were retrieved from three mosquito genomes and aligned
using Clustalx [38] with a gap open penalty of five and a
gap extension penalty of 0.05. The alignments were man-
ually inspected and pre-miRNAs were identified and con-
firmed by RNAfold http://rna.tbi.univie.ac.at/cgi-bin/
RNAfold.cgi using default settings. Eighty-nine pre-miR-
NAs were identified in Ae. aegypti including pre-miRNAs

http://www.biomedcentral.com/1471-2164/10/581

for five previously reported miRNAs that have only been
found in mosquitoes so far. Expanding this homologous
search approach by using all miRNA and miRNA*
sequences in miRBase (September 2008 version) as que-
ries did not yield additional pre-miRNAs in mosquitoes.

To identify novel miRNAs (or pre-miRNAs), we searched
the Ae. aegypti 454 small RNA sequence libraries for
sequences that matched both Ae. aegypti and Cx. quinque-
fasciatus genome assemblies by BLAST (Ref [39]; e-value
cut-off is 0.01). We focused on the comparison between
Ae. aegypti and Cx. quinquefasciatus because these two spe-
cies are more closely related to each other than to An. gam-
biae. The basic approach is to use sequences in the Ae.
aegypti small RNA libraries that showed conservation to
Cx. quinquefasciatus non-coding sequences as leads to find
novel miRNAs. Briefly, we first filtered the 454 small RNA
sequence libraries by removing sequences that match pre-
viously characterized miRNAs, Ae. aegypti transposable
elements (TEfam: http://tefam.biochem.vt.edu), and
other known mosquito non-coding RNAs. We also
masked all cDNA transcripts from the Cx. quinquefasciatus
genome assembly using RepeatMasker  http://
www.repeatmasker.org/ on a Linux server. We then iden-
tified sequences in the masked Cx. quinquefasciatus
genome that matched the filtered Ae. aegypti small RNA
libraries using BLASTN (e-value cut-off is 0.01). We then
retrieved these matched Cx. quinquefasciatus sequences
with their flanking genomic sequence as well as the
homologous sequences in the Ae. aegypti assembly. The
homologous sequences from the two species were aligned
and folded as described in the above paragraph. Nine
novel pre-miRNAs that could produce 7 distinct miRNAs
were identified in Ae. aegypti during this study (Table 1).
Efforts to identify novel miRNAs simply by whole-
genome comparison between Ae. aegypti and Cx. quinque-
fasciatus did not yield additional miRNAs, nor did efforts
based on comparison of 454 small RNA sequences to Ae.
aegypti genome alone.

To determine whether the novel miRNAs discovered in
this study are indeed novel, we used BLAST [39] under
low stringent conditions as well as oligomap [31], a pro-
gram designed for comparisons of short sequences such as
miRNAs, allowing gaps and mismatches. BLAST searches
were done using low stringent parameters (word size at
seven, e-value cut-off at 10) against miRBase and non-
redundant GenBank sequences. Oligomap [31] was per-
formed against all miRBase sequences using default
parameters.

454 sequence count

To determine the number of miRNA and miRNA* hits per
sample, 98 Ae. aegypti pre-miRNAs identified above were
used as query for BLAST analysis. We require 100% match
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in at least 18 bp for a sequence to be counted. This
approach does not distinguish between paralogous pre-
miRNAs that produce the same miRNAs, nor does it dis-
tinguish between miRNAs that share at least 18 bp perfect
match.

Sample collection for northern blots

For Ae. aegypti midgut samples, the sample collection was
done the same way as described for preparing samples for
454 sequencing. Sample collections from different devel-
opmental stages of Ae. aegypti, An. stephensi, and An. gam-
biae are briefly described below. Embryo collections were
made at 0-12, 12-24, and 24-36 hours after placing a
damp collection cup within a cage. To generate points
after 12 hours, egg containers were set aside and allowed
to incubate at 27°C in a damp collection cup. 0-36 hour
samples represent equal mixed pools of 0-12, 12-24 and
24-36 hour samples. Larval samples were collected at each
instar, and pooled to generate early (I and II instars) and
late (III and IV instars) larvae as listed in each figure.
Pupal samples were collected from a pool of varied ages.
Adults one to five days following eclosion were collected.
In some cases, we did not separate early and late larval
samples and used one mixed larval sample instead. These
variations are specified in the figure legends of the north-
ern blots. For T. amboinensis, embryos were collected at 0-
24 hours post-oviposition. Samples were also collected
for 1stand 2ndinstar larvae and pooled to generate an early
larvae sample, and a separate collection of 4t instar larvae
was collected for late larvae. Pupae were collected from a
pool of varied ages, and male and female adults were col-
lected at two to five days post emergence.

Northern blot

All samples were either directly processed for RNA isola-
tion or flash frozen on liquid nitrogen immediately fol-
lowing collection, then stored at -80°C. Total RNA
isolation was carried out using a mirVana miRNA isola-
tion kit (Ambion, Austin, TX). The amount of total RNA
used for each sample is specified in the relevant figure leg-
end. Northern blots were carried out based upon [27].
Briefly, total RNA were loaded onto 15% denaturing poly-
acrylamide gels, and run beside 19 and 23 nucleotide long
ssDNA markers. The RNA gels were transferred to Bright-
Star-Plus nylon membranes (Ambion), crosslinked using
a UV crosslinker, and prehybridized, then hybridized
overnight in the ULTRAhyb-Oligo Hybridization Buffer
(Ambion) with the appropriate DIG-labeled probe at
42°C. Wash conditions were the same as described in
[27]. Antisense 5' digoxigenin-labeled miRCURY LNA
probes were purchased from Exiqon (Vedbaek, Den-
mark). Probe sequences were reverse-complementary to
sequences shown in Table 1. The probe for miR-1174 is
derived from aga-miR-1174 (miRBase) and it had one
base difference to aae-miR-1174.
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