
BioMed CentralBMC Genomics

ss
Open AcceResearch article
Cloning, characterization, and expression of microRNAs from the 
Asian malaria mosquito, Anopheles stephensi
Edward Andrew Mead and Zhijian Tu*

Address: Department of Biochemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA

Email: Edward Andrew Mead - emead@vt.edu; Zhijian Tu* - jaketu@vt.edu

* Corresponding author    

Abstract
Background: microRNAs (miRNAs) are non-coding RNAs that are now recognized as a major class of gene-regulating
molecules widely distributed in metozoans and plants. miRNAs have been found to play important roles in apoptosis, cancer,
development, differentiation, inflammation, longevity, and viral infection. There are a few reports describing miRNAs in the
African malaria mosquito, Anopheles gambiae, on the basis of similarity to known miRNAs from other species. An. stephensi is the
most important malaria vector in Asia and it is becoming a model Anopheline species for physiological and genetics studies.

Results: We report the cloning and characterization of 27 distinct miRNAs from 17-day old An. stephensi female mosquitoes.
Seventeen of the 27 miRNAs matched previously predicted An. gambiae miRNAs, offering the first experimental verification of
miRNAs from mosquito species. Ten of the 27 are miRNAs previously unknown to mosquitoes, four of which did not match
any known miRNAs in any organism. Twenty-five of the 27 Anopheles miRNAs had conserved sequences in the genome of a
divergent relative, the yellow fever mosquito Aedes aegypti. Two clusters of miRNAs were found within introns of orthologous
genes in An. gambiae, Ae. aegypti, and Drosophila melanogaster. Mature miRNAs were detected in An. stephensi for all of the nine
selected miRNAs, including the four novel miRNAs (miR-x1- miR-x4), either by northern blot or by Ribonuclease Protection
Assay. Expression profile analysis of eight of these miRNAs revealed distinct expression patterns from early embryo to adult
stages in An. stephensi. In both An. stephensi and Ae. aegypti, the expression of miR-x2 was restricted to adult females and
predominantly in the ovaries. A significant reduction of miR-x2 level was observed 72 hrs after a blood meal. Thus miR-x2 is
likely involved in female reproduction and its function may be conserved among divergent mosquitoes. A mosquito homolog of
miR-14, a regulator of longevity and apoptosis in D. melanogaster, represented 25% of all sequenced miRNA clones from 17-day
old An. stephensi female mosquitoes. An. stephensi miR-14 displayed a relatively strong signal from late embryonic to adult stages.
miR-14 expression is consistent during the adult lifespan regardless of age, sex, and blood feeding status. Thus miR-14 is likely
important across all mosquito life stages.

Conclusion: This study provides experimental evidence for 23 conserved and four new microRNAs in An. stephensi
mosquitoes. Comparisons between miRNA gene clusters in Anopheles and Aedes mosquitoes, and in D. melanogaster suggest the
loss or significant change of two miRNA genes in Ae. aegypti. Expression profile analysis of eight miRNAs, including the four new
miRNAs, revealed distinct patterns from early embryo to adult stages in An. stephensi. Further analysis showed that miR-x2 is
likely involved in female reproduction and its function may be conserved among divergent mosquitoes. Consistent expression
of miR-14 suggests that it is likely important across all mosquito life stages from embryos to aged adults. Understanding the
functions of mosquito miRNAs will undoubtedly contribute to a better understanding of mosquito biology including longevity,
reproduction, and mosquito-pathogen interactions, which are important to disease transmission.
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Background
microRNAs (miRNAs) are non-coding RNAs that are now
recognized as a major class of gene-regulating molecules
widely distributed in metozoans and plants [1,2]. Many
miRNA genes are transcribed by RNA polymerase II, yield-
ing primary miRNAs (pri-miRNAs) of hundreds to thou-
sands of bases in length [1,3-5]. A given pri-miRNA can be
either monocistronic, containing a sequence for one
mature miRNA, or polycistronic, containing a sequence
for multiple mature miRNA products [1,3,6]. In Dro-
sophila, the pri-miRNA is processed by a Drosha-Pasha
complex to yield pre-miRNA, small stem-loop structures
that are approximately 70 nucleotides (nt) in length [7,8].
These stem-loops, or hairpins, are then exported to the
cytoplasm and processed by Dicer-1 to form an
miRNA:miRNA* duplex [1,3,6]. The duplex molecules are
separated by a helicase, and based upon the strength of 5'
end pairing, one single strand is chosen as the mature
miRNA [3]. The opposing strand is referred to as the
miRNA* strand, and believed to rapidly degrade follow-
ing separation [3]. Mature miRNAs associate with an Arg-
onaute protein and bind their mRNA targets, which are
often in the 3' untranslated region (UTR), resulting in
inhibition of translation or possibly target mRNA degra-
dation in animals [2]. The "seed region" (bases 2–8 from
the 5' end) contributes significantly to miRNA-target rec-
ognition [9,10].

miRNAs have been found to play important roles in apop-
tosis, cancer, development, differentiation, inflammation,
longevity, and viral infection [8,11-17]. Estimates of the
extent of miRNA gene regulation vary from 4% of tran-
scripts in the Drosophila ovary [18] to a third of human
genes [19]. It is estimated that approximately 110 differ-
ent miRNAs are expressed across the different life stages of
D. melanogaster [20]. In flies, the adult stage is character-
ized by significant miRNA expression [21]. In a study to
uncover Drosophila miRNAs, Lai et al. (2003) reported 38
putative miRNAs in the African malaria mosquito, Anoph-

eles gambiae, that are conserved with Drosophila miRNAs
[20]. There are two additional reports describing An. gam-
biae miRNAs on the basis of similarity to known miRNAs
[22,23]. However, there is no direct experimental evi-
dence for any of these miRNAs in mosquitoes. We are
interested in identifying conserved as well as mosquito-
specific microRNAs and exploring their potential func-
tions in mosquito biology and mosquito-pathogen inter-
actions. We carried out our cloning work on 17-day old
adult female mosquitoes, which are highly relevant to dis-
ease transmission because it takes approximately two
weeks for Plasmodium parasites to mature and become
infective within a female mosquito [24]. We used An.
stephensi because this species is an important malaria vec-
tor in Asia and it is becoming a model Anopheline species
for physiological and genetics studies. Here we report
direct cloning and characterization of 23 conserved and
four new miRNAs from the An. stephensi adult female.
Comparative analysis uncovered the loss or significant
change of two miRNA genes in a divergent mosquito Ae.
aegypti. We also determined the expression profile of sev-
eral selected miRNAs including the four new miRNAs
across all life stages of An. stephensi. We performed further
expression analysis on two miRNAs that are implicated in
mosquito reproduction and longevity.

Results
One hundred and forty-eight An. stephensi small RNA
sequences showed 100% match to the An. gambiae
genome assembly and were identified as probable miRNA
sequences (Table 1). These small RNAs were represented
by 27 distinct sequences (Table 2). Thirteen additional
small RNA sequences had 1 mismatch to the An. gambiae
genome assembly (see Additional file 1). To be conserva-
tive, we only considered these 13 sequences as possible
miRNA candidates (Table 1 and Additional file 1) and we
did not include them in our list of Anopheles miRNAs.

Table 1: Classification of Cloned Small RNAs in An. stephensi.

RNA Species Number Present % of Total Clones

miRNAs shown in Table 2 1 148 40.22%
Possible miRNAs listed in Additional file 11 13 3.53%
rRNA 3 0.82%
tRNA 16 4.35%
Unidentified 2 51 13.86%
Low Quality or Short Sequences 3 137 37.23%
TOTAL 368 100%

1. We decided to include only miRNA candidates that match 100% to a locus in the An. gambiae genome as true miRNA candidates shown in Table 
2. There are several additional miRNA candidates that have 1 nucleotide mismatch to loci in the An. gambiae genome, which could either result 
from real differences between An. stephensi and An. gambiae, or errors introduced during cloning or sequencing. These miRNA candidates are not 
included in Table 2 but are provided in Additional file 1 as we feel further investigation is necessary to ascertain their identities.
2. Sequences do not match any known miRNAs or any other small RNAs or mRNAs.
3. Low quality sequences and sequences less than 17 nucleotides were not analyzed further.
Page 2 of 13
(page number not for citation purposes)



BMC Genomics 2008, 9:244 http://www.biomedcentral.com/1471-2164/9/244
Confirmation of previously predicted Anopheline miRNAs 
by direct cloning and northern blot
Seventeen of the 27 An. stephensi sequences shown in
Table 2 match predicted An. gambiae miRNA hairpins
(Table 2, category I). Fifteen of the 17 matches coincide

with the predicted mature miRNAs described either at
miRBase [25] (Table 2, category Ia) or in Chatterjee and
Chaudhuri (2006) [23] (Table 2, category Ib). Two
sequences appear to be miRNAs*, the passenger strand of
the miRNA:miRNA* duplex. The copy numbers of ast-

Table 2: Sequence and Characteristics of Cloned miRNAs in An. stephensi.

miRNA 1 miRBase Name3 Sequence4 Occurrence 5 Location6 Score 7

ast-let-7 (Ia) ast-let-7 UGAGGUAGUUGGUUGUAUAGU 12 3R, 10270763 (-) 14.8
ast-miR-124 (Ia) ast-miR-124 UAAGGCACGCGGUGAAUGC 1 3R, 29002032 (+) 11.32
ast-miR-14 (Ia) ast-miR-14 UCAGUCUUUUUCUCUCUCCUA 38 3R, 24898098 (+) 16.9
ast-miR-210 (Ia) ast-miR-210 UUGUGCGUGUGACAACGGCUA 7 X, 21450383 (+) 12.72
ast-miR-276 (Ia) ast-miR-276-5p AGCGAGGUAUAGAGUUCCUA 4 2L, 18991766 (+) 15.96
ast-miR-277 (Ia) ast-miR-277 UAAAUGCACUAUCUGGUACGA 4 2R, 28234532 (-) 15.78

ast-miR-277* 2 (Ia) CGUGUCAGAGGUGCAUUUA 1 2R, 28234583 (-) 15.78
ast-miR-281 (Ia) ast-miR-281 UGUCAUGGAAUUGCUCUCUUUA 24 2L, 17362444 (-) 16.14
ast-miR-283 (Ia) ast-miR-283 AAAUAUCAGCUGGUAAUUCU 1 2R, 37890092 (-) 14.92
ast-miR-317 (Ia) ast-miR-317 UGAACACAUCUGGUGGUAUCU 10 2R, 28252007 (-) 10.57
ast-miR-8 (Ia) ast-miR-8 UAAUACUGUCAGGUAAAGAUGU 13 3L, 38943098 (+) 14.73

ast-miR-8* 2 (Ia) CAUCUUACCGGGCAGCAUUA 1 3L, 38943058 (+) 14.73
ast-miR-9a (Ia) ast-miR-9a UCUUUGGUUAUCUAGCUGUAU 3 2L, 15089338 (-) 13.6

ast-miR-11 (Ib) ast-miR-11 CAUCACAGUCUGAGUUCUUGCU 1 2R, 13042084 (-) 14.97
ast-miR-276a (Ib) ast-miR-276-3p UAGGAACUUCAUACCGUGCUCU 2 2L, 18991809 (+) 14.72
ast-miR-34 (Ib) ast-miR-34 UGGCAGUGUGGUUAGCUGGUU 5 2R, 28232720 (-) 17.77 7

ast-miR-87 (Ib) ast-miR-87 GGUGAGCAAAUAUUCAGGUGU 1 X, 261196 (-) 12.12

ast-miR-12 (IIa) ast-miR-12 UGAGUAUUACAUCAGGUACUGGU 2 2R, 37888125 (-) 8.45
ast-miR-375 (IIa) ast-miR-375 UUUGUUCGUUUGGCUCGAGUUA 1 3R, 51640581 (-) 10.44
ast-miR-2a (IIa) ast-miR-2-1 UAUCACAGCCAGCUUUGAUGAG 2 2L, 37757111 (-) 15.99

ast-miR-304 (IIb) ast-miR-1889 ACACAUUACAGAUUGGGAUUA 2 2R, 37888805 (-) NS 8

ast-miR-306 (IIb) ast-miR-306 UCAGGUACUGGAUGACUCU 1 3R, 5888649 (-) 7.53 8

ast-miR-76 (IIb) ast-miR-981 UUCGUUGUCGACGAAACCUG 2 X, 1228349 (+) 12.73

ast-miR-x1 (IIc) ast-miR-996 UGACUAGAUUACAUGCUCGU 1 2R, 55572846 (-) 16.19
ast-miR-x2 (IIc) ast-miR-989 AUGUGAUGUGACGUAGUGGUA 6 3L, 2905484 (+) 15.15
ast-miR-x3 (IIc) ast-miR-1890 UGAAAUCUUUGAUUAGGUCU 1 3R, 21181098 (-) 17.45
ast-miR-x4 (IIc) ast-miR-1891 UGAGGAGUUAAUUUGCGUGUUUU 2 3R, 5819094 (-) 14.40

1. The names for these An. stephensi miRNAs are temporarily assigned according to similarity to known miRNAs. Formal name assignment will be 
made after miRBase submission. ast stands for An. stephensi. An. stephensi miRNAs shown here are divided into two main categories. Category I 
includes miRNAs that match An. gambiae miRNA predictions that were previously reported in miRBase (category Ia) or [23], category Ib). Category 
II are miRNAs that have not been reported in An. gambiae or any other mosquito species. This category includes miRNAs that displayed perfect or 
near-perfect (1 nucleotide mismatch only) match to miRNAs from non-mosquito species in miRBase (category IIa), miRNAs that displayed 80% or 
higher overall similarity to miRNAs from non-mosquito species in the miRBase (category IIb), as well as miRNAs that showed no match to any 
miRNAs in miRBase at the default e-value cutoff of 10 (category IIc). miRNAs in category IIc are temporarily labeled with an "x" in front of an 
Arabic numeral.
2. A "*" delineates that the sequence matches the miRNA* strand of miRNA:miRNA* heteroduplex.
3. These are formal names assigned by miRBase, which were received during the proofing stage. See the last paragraph of the Discussion section for 
details.
4. The longest sequence of each miRNA is shown. Variants with different ends are shown in Additional file 1. The observation of end variants has 
literary precedence (see [32]).
5. Occurrence refers to the number of times a sequence appeared during our cloning and sequencing.
6. Location refers to the location of match in the An. gambiae genome as there is no An. stephensi genome assembly available. The location is 
indicated by chromosome name, start position of the mature miRNA, and strand orientation. All matches are 100%.
7. Score refers to the result of miRscan analysis. Unless otherwise noted, the pre-miRNA sequences used for miRscan are pairs from An. gambiae 
and Ae. aegypti. In the original miRscan paper [29], most of the validated C. elegans miRNAs received scores of 9 or above although a small number 
of them received scores significantly less and some even received negative scores.
8. The precursor sequence of Ae. aegypti miR-34 contains a large segment in the loop region, which may be the cause for no score or "NS" by 
miRscan for the An. gambiae and Ae. aegypti pre-miR-34 alignment. Thus An. gambiae and D. melanogaster pre-miR-34 alignment was used for 
miRscan, which produced a score of 17.99.
9. We could not find homologs for miR-304 and miR-306 in Ae. aegypti. Homologs were found in D. melanogaster (see Figure 3), which were used 
for miRscan analysis shown here.
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miR-8*, and ast-mir-277* are less than those of ast-miR-8
and ast-miR-277, respectively. Intriguingly, miR-14,
which is involved in the regulation of apoptosis and lon-
gevity in D. melanogaster [26], represents 25% of all the
identified miRNAs. Northern analysis using total RNA
from 17-day old females with antisense Locked Nucleic
Acid (LNA) probes against 4 selected miRNAs (miR-9a, -
14, -210, and let-7) all showed bands of the correct size,
confirming cloning results (Figure 1, the last lane). The

LNA oligos contain a mixture of DNA nucleotides and
LNA nucleotides with 2'-4' methylene linkage providing
high binding affinity and enhanced specificity to targets as
compared to ordinary DNA oligos [27].

Six new miRNAs in Anopheles that are similar to known 
miRNAs from other organisms
Three An. stephensi small RNAs display perfect or nearly
perfect (only 1 mismatch) match to published miRNAs

Northern analysis of eight miRNAs across different developmental stages in An. stephensiFigure 1
Northern analysis of eight miRNAs across different developmental stages in An. stephensi. Shown here are eight 
northern blots performed using Dig-labeled miRCURY LNA probes designed for hybridization to either miR-14, let-7, miR-9a, 
miR-210, or to one of the four novel miRNAs (miR-x1–x4). The top panels are northern results and the bottom panels are 
RNA gels for verification of small ribosomal and tRNA integrity and equal loading of total RNA. ssDNA size markers (19 and 
23 nts, not shown) were also visualized on the RNA gel for size estimation. Ten micrograms of total RNA for each sample 
were used. Developmental stages examined were early embryo (Embryo 0–24: 0–24 hrs after egg deposition), late embryo 
(Embryo 24–41: 24–41 hrs after egg deposition), intermediate and late larval stages (II and IV, respectively), Pupa (P), and Adult 
(A). To be consistent with our cloning experiment, 17-day old adult females were used in these northern experiments.

miR-x1

miR-x2

miR-x3

miR-x4

  -Embryo-    Larvae    Pupa  Adult 
 0-24    24-41    I I      IV       P        A

miR-9a

miR-14

miR-210

let-7

  -Embryo-    Larvae      Pupa  Adult 
 0-24    24-41    I I       IV         P         A
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from organisms other than mosquitoes (Table 2, category
IIa) and three more show high similarity (> 84% identity
over 19 or more nt) to miRNAs from other organisms
(Table 2, category IIb). These small RNAs are named
according to their closest miRBase matches, which are
listed in Additional file 1. All precursor sequences for each
of the six miRNAs obtained from the An. gambiae genome
assembly formed good hairpins (see Figure 2B for an
example). Four of the six Anopheline miRNAs (miR-12,
miR-375, miR-2a, and miR-76) have conserved sequences
in Ae. aegypti and comparisons between the Anopheles and
Aedes hairpins produced miRscan scores ranging from
8.46 to 15.99, supporting their miRNA status (see Table 2
for the range of expected miRscan scores). miRscan looks
for hallmarks of miRNAs within a pair of conserved pre-
cursor stem-loop sequences by calculating a score based
on seven criteria, the most important of which is the con-
servation of the base pairing between a miRNA and its
antisense [28-30]. Two of the miRNAs, ast-miR-304 and
ast-miR-306, do not have conserved sequences (either
mature miRNA or hairpin) in Ae. aegypti and are described
in the next section. We selected ast-miR-76, a miRNA that
showed the lowest similarity to known miRNAs in cate-
gory IIa and IIb, for further verification using Ribonucle-
ase Protection Assay (Figure 2), which is theoretically
more sensitive than northern blot (Figure 1). A product of
expected size was detected thus supporting the expression
of ast-miR-76.

Two of the above miRNAs are worth noting. ast-miR-2a
matches dme-miR-2a perfectly thus is named as miR-2a.
There is an aga-miR-2 in miRBase (derived from two pre-
cursors aga-miR-2-1 and aga-miR-2-2), which is reverse
complementary to ast-miR-2a. Sequence comparison
showed that ast-miR-2a is not derived from aga-miR-2*
because of the existence of multiple indels/mismatches
between the alignment of aga-miR-2 and aga-miR-2*. The
orientation of our cloned ast-mir-2a is consistent with the
miRscan prediction based on An. gambiae and Ae. aegypti
hairpins (Table 2, score 15.99). In addition, ast-mir-304 is
reverse complementary to its top match (dme-miR-304)
with 86% identity, which is described in the next section.

Anopheles miR-304 and miR-306 are in two separate 
miRNA clusters located in introns of protein-coding genes
As mentioned above, Anopheles miR-304 and miR-306 do
not have conserved sequences in Ae. aegypti. However,
they both have homologs in D. melanogaster (Figure 3).
Comparisons between miR-306 sequences in An. gambiae
and D. melanogaster produced a miRscan score of 7.53,
which is consistent with its miRNA status. Comparisons
between miR-304 sequences in An. gambiae and D. mela-
nogaster produced no score (NS) during miRscan analysis.
The failure to produce a positive score by miRscan does
not automatically indicate that miR-304 is not a true
miRNA because nine out of the 88 known C. elegans/C.
briggsae miRNAs produced no scores and two even gave
negative scores [29]. A closer examination of the miR-304
hairpin from An. gambiae suggested that it met all of the

Analysis of ast-mir-76, a miRNA that was previously unknown in mosquitoesFigure 2
Analysis of ast-mir-76, a miRNA that was previously unknown in mosquitoes. The mature miRNA sequence was 
cloned from An. stephensi, and the hairpin precursor sequence was obtained from the An. gambiae genome assembly. A) Align-
ment of the pre-miRNA hairpins found in An. gambiae and Ae. aegypti. The mature miRNA is marked in red while miRNA* is 
marked in blue. Conserved nucleotides are indicated by a "+". B) Hairpin structure of An. gambiae mir-76. The mature miRNA 
predicted by miRscan (Table 2) is shown in red. C) RPA analysis of ast-mir-76. Lane 1, An. stephensi RNA with probe and 
digested; Lane 2, yeast RNA with probe and digested; Lane 3, yeast RNA without probe and digested; Lanes 4 and 5, empty 
lanes; Lane 6, undigested probe. A band of the correct size was only observed in An. stephensi total RNA samples (Lane 1). The 
size of the protected RNA product in lane 1 was estimated to be 24 nucleotides using markers as described in Figure 1. This 
size is as expected (the protected 20-nt long ast-miR-76 plus 4 undigested adenosines, see Methods).
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previously described criteria for miRNA structures
[31,32].

Interestingly, miR-304 is closely flanked by miR-12 and
miR-283 while miR-306 is in a different cluster with miR-
9b and miR-79 (Figure 3). Clustering of An. gambiae miR-
9b and miR-79 is noted on miRBase, but not miR-306;
clustering of An. gambiae miR-304, -12, and -283 is not

predicted in miRBase [33,34]. Both clusters are within
introns of protein coding genes. The miR-12, -304, -283
cluster occurs within a conserved gene of unknown func-
tion, while the miR-9b, -79, -306 cluster occurs within an
ortholog of a gene coding for a Drosophila serine-threo-
nine kinase group protein. The exons flanking each of the
miRNA clusters are conserved between An. gambiae, Ae.
aegypti, and D. melanogaster, which indicates that the clus-

Clustering of miRNAs genesFigure 3
Clustering of miRNAs genes. A) A miRNA gene cluster within an intron of a conserved gene of unknown function. The 
miRNA gene cluster contains miR-12, -283, and -304. B) A miRNA gene cluster within an intron of a gene coding for a serine-
threonine kinase group protein. The miRNA gene cluster contains miR-9b, -79, and -306. Note that one miRNA was not found 
in the genome of Ae. aegypti in both panels. Species name and gene identification are provided at the left side of the figure. 
Chromosome or supercontig numbers are indicated right next to diagram depicting the miRNA gene clusters. Chromosomal 
or supercontig positions of the regions depicted are above the boxes showing the exons. miRNA genes are shown as open 
arrows. The distance between the miRNA genes and neighboring exons are indicated below the diagram. The figure is not 
drawn to scale. The exons shown in both panels are orthologous as indicated by conserved amino acid sequences.
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ters are orthologous. The order of miRNAs within the
introns is conserved between An. gambiae and D. mela-
nogaster, again supporting the miRNA status of the Anoph-
eles miR-304 and miR-306. All miRNAs in the two clusters
are in the same orientation as the flanking genes, indicat-
ing that these miRNAs may be transcribed from the pro-
moters of their respective flanking genes, which is
consistent with previous reports [35,36]. In this regard, it
is suggestive that, albeit reverse complementary to each
other, the mature miR-304 in Anopheles and Drosophila are
both correctly annotated because the orientation of tran-
scription of miR-304 is consistent with the flanking gene
in both species.

Discovery of four novel mosquito miRNAs that have no 
apparent homolog outside of mosquitoes
As shown in category IIc of Table 2, there are four An.
stephensi small RNAs that produced no hits to any known
miRNAs from any species based upon searches of the miR-

Base with an e-value cutoff of 10. These sequences are
temporarily named ast-miR-x1 through ast-miR-x4. All
four sequences match perfectly to unique locations in the
An. gambiae genome assembly. Putative precursor
sequences flanking the four miRNAs in An. gambiae
showed strong hairpin structures (Figure 4). The precur-
sors of all four miRNAs showed high similarity to Ae.
aegypti genomic sequences and these hairpin pairs gave
miRscan scores between 14.4–17.45, indicating that they
strongly resemble the structure and conservation pattern
of known miRNAs. In particular, the mature miRNA
sequences were 100% conserved between An. gambiae, An.
stephensi, and Ae. aegypti. Northern blot analysis using 17-
day old female samples provided further confirmation for
these four miRNAs (Figure 1, last lane).

Sequence alignment and predicted secondary structure of four novel miRNAsFigure 4
Sequence alignment and predicted secondary structure of four novel miRNAs. Shown on the left are the sequence 
alignments between An. gambiae and Ae. aegypti miRNA precursor hairpins. Plus signs indicate conservation. The mature 
miRNA is marked in red while miRNA* is marked in blue. Note the perfect conservation of the mature miRNA (red), high 
conservation of the miRNA* sequence (blue), and lower conservation of the surrounding stem and loop structure, a hallmark 
conservation pattern of pre-miRNAs. Shown on the right are the predicted secondary structures of corresponding An. gambiae 
miRNA hairpins. The mature miRNA is marked in red on the hairpin.
Page 7 of 13
(page number not for citation purposes)



BMC Genomics 2008, 9:244 http://www.biomedcentral.com/1471-2164/9/244
Expression profile of mosquito miRNAs across different 
developmental stages
We decided to expand the expression analysis beyond the
adult stage and investigate the expression profiles of eight
miRNAs across different developmental stages, from early
embryo to female adult. Shown in Figure 1 are northern
blot results for four known miRNAs as well as all four new
miRNAs. Each miRNA showed a distinct pattern. miR-9a
is expressed in all life stages examined and its expression
is reduced in adults, which is consistent with what was
observed in D. melanogaster [21]. The level of miR-210
appears to be higher in late embryo and adult females
than in other stages. Let-7 expression begins in late larvae
in mosquitoes and continues into adult, again similar to
what was observed in D. melanogaster. We also determined
the expression profile of miR-14, which represents 25% of
the miRNA sequences during our cloning experiment
(Table 2). As shown in Figure 1, miR-14 displays a strong
signal starting from late embryonic to adult stages. miR-
14 is observed in all life stages in D. melanogaster as well
[37]. Further examination of miR-14 expression across
adult lifespan showed a relatively consistent expression
regardless of age, sex, and hematophagy (Figure 5). The
four novel miRNAs (miR-x1, -2, -3, -4) have unique
expression patterns as well, which will likely provide use-
ful clues to their function for future research. For example,
miR-x2 showed adult-specific expression while miR-x3
showed predominantly pre-adult expression (Figure 1).
miR-x2 was not detected in adult males (Figure 6). miR-x3
was at best weakly expressed in adult males while miR-x1

and x4 were clearly expressed in adult males (data not
shown).

miR-x2 in both An. stephensi and Ae. aegypti is 
predominantly found in the ovaries and its level is 
significantly reduced 72 hrs after blood feeding
We decided to carry out a detailed expression analysis of
miR-x2 in both An. stephensi and Ae. aegypti. When differ-
ent An. stephensi tissues were analyzed (Figure 6), miR-x2
showed strong signals in ovaries while no expression was
detected in the midgut samples. The expression of miR-x2
was weak in the heads and the "remainders" (thorax plus
abdomen without midgut and ovary). Following blood
feeding, miR-x2 expression in the ovaries remained high
at 24 hours post bloodmeal, but declined sharply by 72
hours post bloodmeal. miR-x2 was hardly detectable
among the other tissues in either of the post bloodmeal
time points. The same pattern of expression was observed
in the distantly related Ae. aegypti (Figure 6). We also con-
firmed the lack of miR-x2 expression in adult males in
both An. stephensi and Ae. aegypti (Figure 6). Thus miR-x2
expression profile is conserved between the two divergent
mosquitoes in all samples tested.

Discussion
Two criteria are critical for demonstrating a valid miRNA
[31,38]. First, expression of an approximately 22 nt RNA
should be detected by small RNA cloning or by RNA
hybridization methods such as northern blot [31,38]. Sec-
ond, the miRNA should be traceable back to a precursor
with a hairpin structure [31,38]. All 27 miRNAs described

miR-14 expression across An. stephensi adult lifespanFigure 5
miR-14 expression across An. stephensi adult lifespan. Shown here are northern blots performed using Dig-labeled miR-
CURY LNA probes designed for hybridization to miR-14. The top panel is the northern result and the bottom panel is a corre-
sponding RNA gel for verification of small ribosomal and tRNA integrity and equal loading of total RNA. ssDNA size markers 
(19 and 23 nts, not shown) were also visualized on the RNA gel for size estimation. Ten micrograms of total RNA for each 
sample were used. A) miR-14 expression in An. stephensi adult females fed with either sugar water (NBF, non-bloodfed) or 
blood meal (BF, bloodfed). The samples were 3, 5, 10, 17, and 24 day old adult females that were maintained on sugar water as 
well as adult females that were fed on blood on day 5 after emergence and collected at day 10, 17, and 24. Bloodfed females 
were allowed to oviposit two days after the blood meal. B) miR-14 expression in An. stephensi males and NBF females between 
3–17 days of age. We did not extend the comparative analysis to 24 days post emergence because the majority of males do not 
survive that long.

3        5       10      17       24      10     17      24 (days) 3        5       10      17       3        5       10     17 (days)

|---------------NBF-----------------| |---------BF----------| |------------Male-------------| |----------Female----------|

A B
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in this report, including two miRNA* sequences, met the
above criteria. The expression was indicated by direct
cloning of small RNAs from 17-day old female An.
stephensi samples and the precursor hairpin was identified
using the genome assembly of a related Anopheles species
of the same subgenus, An. gambiae. Additional evidence to
validate miRNA status that was proposed in the literature
includes proof of processing to a mature form via Dicer,
and conservation of the mature sequence and its precursor
[31,38]. For all 27 Anopheles miRNAs, we were able to
identify conserved sequences encompassing the entire
hairpin structure either from the genome assembly of a
divergent mosquito species, Ae. aegypti (25 out of 27) or
from D. melanogaster (see Additional file 1). Furthermore,
miRscan analysis based on conserved hairpin alignment
provided strong support for 26 of the 27 Anopheline miR-
NAs. In the case of ast-miR-304, which has no conserved
sequence in Ae. aegypti and no miRscan score, a closer
examination of the miR-304 hairpin from An. gambiae

suggests that it meets all of previously described criteria
for miRNA structures [31,32]. Furthermore, the Anopheles
miR-304 and the D. melanogaster miR-304 are both in a
conserved miRNA cluster and both are flanked by miR-12
and miR-283, thus lending additional support for the
validity of Anopheles miR-304. Finally miRNA expression
was detected for all nine selected ast-miRNAs during
either northern blot or RPA, complementing our cloning
results. Thus we feel that the overall support for the pres-
ence of these 27 miRNAs in Anopheles mosquitoes is
strong. One miRNA, ast-miR-2a, is worth noting. Cloning
results for ast-miR-2a, comparisons to dme-miR-2a, and
miRscan predictions are all consistent. However, ast-miR-
2a is reverse complementary to the aga-miR-2 reported in
miRBase.

As mentioned earlier, miR-304 and miR-306 do not have
obvious homologs in Ae. aegypti. In both An. gambiae and
D. melanogaster, miR-304 is closely flanked by miR-12 and

Expression of miR-x2 in An. stephensi and Ae. aegypti: sex-specificity, tissue distribution and the impact of blood feedingFigure 6
Expression of miR-x2 in An. stephensi and Ae. aegypti: sex-specificity, tissue distribution and the impact of blood 
feeding. Shown here are northern blots performed using Dig-labeled miRCURY LNA probes designed for hybridization to 
miR-x2. The top panels are northern results and the bottom panels are RNA gels for verification of small ribosomal and tRNA 
integrity and equal loading of total RNA. ssDNA size markers (19 and 23 nts, not shown) were also visualized on the RNA gel 
for size estimation. On the left panel for each species, a comparison between 5-day old adult male and 5-day old non-bloodfed 
female is shown. Ten micrograms of total RNA isolated from the whole mosquitoes were used. The middle and right panels 
are comparisons between adult female tissues or body parts in each species. Tissues used were Heads, Ovaries, Midguts, and 
Remainders. There were four samples for each tissue: BF, tissue sample from bloodfed females at 24 and 72 hrs post-blood-
feeding; NBF, tissue sample from non-bloodfed (sugar-fed) females at equivalent time points compared to the blood-fed sam-
ples. Five micrograms of total RNA for each sample were used. The markers lane is designated with an 'M' although the 
markers are not within the gel image panel because they are below the size of the ribosomal and tRNA.

|-----------Head----------|  |----------Ovaries---------|         |-----------Remainders----------| |----------Midgut----------|

Female Male        M    NBF   BF   NBF   BF     NBF    BF   NBF      BF           NBF  BF       M     NBF   BF    NBF    BF   NBF    BF

An. stephensi

|--------------Head---------------| |----------Ovaries---------| |------Remainders-------| |--------------Midgut--------------|

Female Male    NBF   BF    NBF     M      BF   NBF     BF    NBF  BF         NBF   BF    NBF   BF   NBF   BF      M     NBF    BF

|---24 hr---| |-------72 hr-------| |---24 hr----| |---72 hr---|                |----24 hr---| |---72 hr----| |---24 hr---|           |--72 hr---|

Ae. aegypti

Whole Body

Whole Body

|---24 hr---| |---72 hr---|  |---24 hr---| |---72 hr----|               |----24 hr---|           |---72 hr---| |---24 hr---| |---72 hr---|
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miR-283 while miR-306 is in a different cluster with miR-
9b and miR-79 (Figure 3). Both clusters are in the intron
of orthologous genes in the two species. Comparisons of
the two miRNAs clusters in these three species (Figure 3)
would suggest that miR-304 and miR-306 may have either
been lost in Ae. aegypti or evolved to significantly different
sequences. As the mature miRNA sequences of the Anoph-
eles and Drosophila miR-304 are reverse complementary to
each other, it is possible that the miR-304 precursor
sequence may have undergone an inversion after the two
dipteran lineages separated. Thus comparisons of clear
orthologous miRNA clusters will likely shed new light on
the evolution (expansion, loss, rearrangement) of miR-
NAs, which has not been well studied.

The expression profiles of the eight mosquito miRNAs are
informative. When D. melanogaster data are available for
comparison as in the cases of let-7 and miR-9a, similar
expression profiles were found between An. stephensi and
D. melanogaster. This is not surprising as these conserved
miRNAs are likely to have similar functions in these Dip-
teran insects. miR-14 was expressed in the same stages in
An. stephensi as in D. melanogaster. We provided extended
expression analysis on miR-14, the miRNA that represents
25% of the sequenced miRNAs during the cloning of the
17-day old An. stephensi samples. We showed that the
miR-14 level increased slightly during embryonic devel-
opment and remained relatively high through larvae,
pupae and adult stages and we did not observe significant
changes in adults regardless of age, sex, and blood feeding
status. These results do not necessarily imply that mos-
quito miR-14 is important to longevity, a function of miR-
14 demonstrated in D. melanogaster. Nonetheless, it
appears that miR-14 is important across different mos-
quito life stages from embryos to aged adults. Further
research on the targets and function of miR-14 in mosqui-
toes will help determine whether it is important to mos-
quito longevity. The expression profile of miR-x1 through
miR-x4 confirmed our cloning results for these new miR-
NAs, and provided useful information for future research
into their functions. The expression of miR-x2 in An.
stephensi was adult specific as well as female specific. miR-
x2 was predominantly expressed in the ovary and its level
was reduced 72 hrs after blood feeding. These results indi-
cate that miR-x2 is likely involved in An. stephensi female
reproduction. The same pattern of expression was shown
for miR-x2 in Ae. aegypti, a mosquito that is highly diver-
gent from An. stephensi. Thus the function of miR-x2 may
be conserved among divergent mosquitoes.

We have identified 10 miRNAs previously unknown to
mosquitoes, four of which did not match any known miR-
NAs in any organism. These four miRNAs are conserved
between An. stephensi, An. gambiae, and Ae. aegypti, sug-
gesting important functions possibly common to all mos-

quitoes as the Anopheles and Aedes genera are two of the
most divergent among all mosquitoes, separated approxi-
mately 145–200 million years ago [39]. Considering the
modest number of small RNA clones we sequenced dur-
ing this study and the specific developmental stage of our
total RNA source, we suspect that a number of novel miR-
NAs still await to be discovered in mosquitoes. This study
demonstrates the importance of direct cloning and expres-
sion profile analysis to the identification and characteriza-
tion of conserved as well as mosquito-specific
microRNAs, some of which will likely regulate genes that
significantly affect mosquito biology and perhaps mos-
quito-pathogen interactions.

Three research articles became available when this manu-
script was being reviewed. Two of these papers describe
additional miRNAs from Drosophila [40,41] and a third
paper reports cloning of 10 distinct miRNAs and primer
extension analysis of an additional 8 miRNAs from An.
gambiae midgut samples infected with Plasmodium bergei
[42]. Comparisons between the 27 miRNAs reported in
this manuscript and those published in the above three
papers showed that An. stephensi miR-x1 and miR-x2 are
nearly identical to An. gambiae miR-996 and miR-989,
respectively [42] and homologs of these two miRNAs are
found in the expanded list of Drosophila miRNAs [40,41].
Thus miR-x1 and miR-x2 are not unique to mosquitoes.
Ast-miR-76 showed a perfect match to the newly identi-
fied miR-981 in Drosophila [40,41], thus ast-miR-76
should be renamed as ast-miR-981. An additional five of
the cloned miRNAs reported in Winter et al. [42] match
five of the 27 miRNAs reported in this manuscript. They
are let-7, miR-281, miR-34, miR-12, and miR-306. An.
stephensi miR-x3 and miR-x4 showed no similarity to any
miRNAs in the miRbase which included updates from the
above three papers. Thus miR-x3 and miR-x4 remain
novel and potentially specific to mosquitoes. The final
names of these miRNAs as assigned by miRBase are
shown in Table 2. We also compared miRNA expression
profiles obtained in our study using northern analysis
with the profiles of overlapping miRNAs reported in Win-
ter et al. [42], which were obtained using primer exten-
sion. Winter and colleagues state that miR-989 (miR-x2)
is expressed only in midguts of An. gambiae (page 6958).
However, we have shown that miR-x2 (miR-989) is pre-
dominantly expressed in ovaries in both An. stephensi and
Ae. aegypti and miR-x2 was not detected in midguts under
our condition. We note that the Figure 2 of Winter et al.
[42] does show a much stronger expression in "leftovers",
which include ovaries, than in midguts.

Conclusion
This study provides experimental evidence for 23 con-
served and four new microRNAs in An. stephensi mosqui-
toes. Comparisons between miRNA gene clusters in An.
Page 10 of 13
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gambiae, Ae. aegypti, and D. melanogaster suggest the loss or
significant change of two miRNA genes in Ae. aegypti.
Expression profile analysis of eight miRNAs, including the
four new miRNAs, revealed distinct patterns from early
embryo to adult stages in An. stephensi. Further analysis
showed that miR-x2 is likely involved in female reproduc-
tion and its function may be conserved among divergent
mosquitoes. Consistent expression of miR-14 suggests
that miR-14 is likely important across all mosquito life
stages from embryos to aged adults. Understanding the
functions of mosquito miRNAs will undoubtedly contrib-
ute to a better understanding of mosquito biology includ-
ing longevity, reproduction, and mosquito-pathogen
interactions, which are important to disease transmission.

Methods
Mosquitoes
An. stephensi (Indian wild-type strain) and Ae. aegypti (Liv-
erpool strain) mosquitoes were maintained in humidified
incubators at 27°C on a 12 hour light:dark cycle.

Small RNA cloning and sequencing
For small RNA cloning, approximately 1000 female An.
stephensi adults were collected at 17 days post-emergence.
Mosquitoes were fed blood and allowed to oviposit prior
to collection. Aged females are the most relevant mos-
quito life stage for malaria transmission as it takes approx-
imately two weeks for Plasmodium parasites to mature
within the mosquito to an infective stage [24]. RNA was
isolated using a mirVana small RNA Isolation Kit
(Ambion, Austin, TX). Subsequent steps were performed
following published protocols [6] from the David Bartel
laboratory (Whitehead Institute, MIT, Cambridge, MA).
RNA oligo markers (18-mer, 24-mer; sequence as detailed
from [6]) were purchased from Dharmacon (Lafayette,
CO) and 2' ends were deprotected prior to use as indi-
cated by Dharmacon. These oligos were end-labeled with
32P (32P-γ ATP, Perkin-Elmer, Waltham, MA) by T4 poly-
nucleotide kinase (Promega, Madison, WI) and added to
the sample to isolate RNAs between 18 and 24 nt in
length. Next, 5' and 3' linkers were sequentially ligated to
the isolated small RNA as well as the RNA markers. cDNA
were generated by RT-PCR using primers derived from the
two linker sequences. cDNA were ligated into a 2.1 TOPO
TA vector (Invitrogen, Carlsbad, CA). Ligated plasmids
were transformed in One-Shot Mach 1-T1R Competent
cells (Invitrogen). We did not concatemerize cDNA prior
to cloning. Sequencing was performed by Virginia Bioin-
formatics Institute core facilities and the University of
Washington High Throughput Genomics Unit.

Small RNA Sequence Analyses
Sequences obtained from cloning were analyzed with
ClustalW [43] to identify inserts and orientation. After
removing low quality sequences determined by inspec-

tion of chromatographs, insert sequences were analyzed
using BLAST [44] against different databases as described
below to identify matches to known miRNAs, mRNAs,
tRNAs, rRNA, and other small RNAs (Table 1). Sequences
that were identical to previously predicted An. gambiae
miRNAs were identified by comparing with the miRBase
miRNA registry [25] and An. gambiae miRNA predictions
listed in [23] using BLAST [44]. Comparisons to miRBase
also revealed sequences that match miRNAs from other
organisms but were not reported in mosquitoes. The
remaining An. stephensi small RNA sequences that
matched the An. gambiae genome assembly were further
analyzed to uncover new miRNAs from mosquitoes
(Table 2). An. gambiae genome assembly was used to
retrieve miRNA precursors for secondary structural analy-
sis because there was little sequence information available
for the An. stephensi genome and the two species are in the
same subgenus Celia. The matching An. gambiae
sequences plus 100 nt flanking sequences were obtained
through Ensembl [45] and lowest energy conformations
were generated by Vienna RNAfold [46]. The above men-
tioned An. gambiae precursor sequences were used to
search for conserved sequences in Ae. aegypti, and in some
cases, in D. melanogaster. Conserved sequence pairs were
then examined via miRscan [28]. One An. stephensi
miRNA (ast-miR-304) was unscorable by miRscan (Table
2) and the precursor of this miRNA was examined using
the biogenesis criteria described in the literature: 1) the
miRNA appears in the stem of a hairpin structure; 2) there
is considerable similarity between the miRNA and
miRNA*; and 3) few bulges if any are present within the
miRNA:miRNA* pairing in the stem [31,32].

Northern blot
Northern hybridizations shown in Figure 1 were con-
ducted using miRCURY-LNA probes from Exiqon (Ved-
baek, Denmark) for eight different miRNAs. Total RNA
was isolated from An. stephensi of the same age or devel-
opmental stage and used for each blot. Ten micrograms of
total RNA was loaded for each sample in a 15% denatur-
ing polyacrylamide gel. After initial size confirmation
using let-7 RNA, 19 nt and 23 nt single-stranded DNA oli-
gos were used as size markers in subsequent experiments.
Gels were stained with ethidium bromide for verification
of equal loading and RNA quality before transferring to a
BrightStar-Plus membrane (Ambion). Subsequent steps
were based upon Wienholds et al. [47]. Following UV
crosslinking, membranes were prehybridized in a rotating
oven for 30 minutes at 42°C using ULTRAhyb-Oligo
Hybridization Buffer (Ambion), followed by overnight
hybridization in the same buffer at 42°C with a final con-
centration of 0.1 nM digoxigenin (DIG)-labeled antisense
miRCURY LNA probe (Exiqon). All probes used in north-
ern blots were designed to hybridize with An. stephensi
miRNAs. The membranes were washed twice for 35 min-
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utes in an Ambion-recommended wash buffer (2 × SSC,
0.5% SDS) at 42°C, and then once in low stringency
buffer for 5 minutes at room temperature. The mem-
branes were incubated for 30 minutes in blocking buffer
followed by a 1 hr incubation with Anti-DIG-alkaline
phosphatase fAb (Roche, Basel, Switzerland) in blocking
buffer. The membranes were washed three times for 15
minutes in low stringency wash buffer followed by twice
with alkaline phosphatase buffer. The membranes were
then immersed in CDP-Star solution (Roche) for 5 min-
utes, and placed inside saran wrap for exposure to X-ray
film for 30 minutes.

For the northern blots shown in Figure 5, a similar proce-
dure was followed. The samples were 3, 5, 10, 17, and 24
day old An. stephensi adult females as well as 3, 5, 10, and
17 day old An. stephensi adult males that were maintained
on sugar water. The same cohort of adult females, which
were fed on blood on day 5 after emergence and allowed
to oviposit two days later, were collected at day 10, 17,
and 24. RNA isolation and northerns were carried out as
detailed above. For tissue sample northern blots (Figure
6), five day old adult An. stephensi females were split into
two groups, one maintained on sugar water, the other pro-
vided a blood meal then maintained on sugar water.
Approximately twenty-four hrs post bloodfeeding, heads,
ovaries, midguts and remainders (everything left behind)
were collected from 60 bloodfed and 60 non-bloodfed six
day old mosquitoes. This procedure was repeated again at
72 hrs after blood feeding with eight day old mosquitoes.
The mosquitoes were not permitted to oviposit. All tissues
were stored in RNA later (Ambion) during collection, then
vortexed and stored in -80°C until RNA isolation as above
using a mirVana miRNA Isolation kit (Ambion). Northern
hybridization was performed as describe above except
that 5 ug of total RNA were used. The same procedure was
followed for Ae. aegypti mosquito tissue analysis. In sepa-
rate experiments, 10 ug of total RNA isolated from whole
body were used to compare the expression of miR-x2 in
males and non-bloodfed females of both species. We have
performed replicates for all expression profile analyses
and obtained consistent expression patterns between rep-
licates.

Ribonuclease Protection Assay (RPA)
RPA was used to examine ast-miR-76. Double-stranded
oligos with a T7 promoter 5' of an antisense sequence of
the miRNA were produced by annealing two single-
stranded oligos. The annealed oligos were used to synthe-
size an RNA probe that was 9 nt longer than the miRNA,
as seen below:

ast-miR-76

5'TTCGTTGTCGACGAAACCTGTTTTCTCCCTATAGT-
GAGTCGTATTA 3'

3'AAGCAACAGCTGCTTTGGACAAAAGAGGGATAT-
CACTCAGCATAAT 5'

Our design also considered the possibility for future mul-
tiplexing by adding extra 4 adenosines immediately fol-
lowing +1 which were indigestible according to the
instruction manual of the "mirVana miRNA Probe Con-
struction Kit" (Ambion). This permitted the undigested
probe to run at ~29 nt, and digested/protected probe to
run at ~24 nt. We utilized a "MEGAscript RNAi kit"
(Ambion) to synthesize radiolabeled (32P-UTP, Perkin-
Elmer) antisense transcripts. Templates were synthesized
for 4 hours, and purified from acrylamide gels by elution
and isopropanol precipitation (1× volume) with 1/10 vol-
ume 3 M NaOAc and glycogen. 50,000 cpm of probe was
added to 5 ug total RNA and denatured at 96°C for 3 min-
utes followed by 42°C hybridization overnight. Next, the
hybridized samples were digested with RNase A/T1 for 45
minutes at 37°C to remove single-stranded RNA, and to
trim unhybridized regions of the probes. Afterwards, the
samples were ethanol precipitated and resuspended in 5
ul 2 × loading buffer. Resuspended samples were dena-
tured at 96°C for 5 minutes followed by a quick chill on
ice before loading. RNA were separated using a 15% dena-
turing polyacrylamide gel at 150 V. Locations of bands
were examined by X-ray film exposure, using an intensify-
ing screen. Size markers were as described for northern
blot analysis.
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miRNA; nucleotide: nt; untranslated region: UTR.
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