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Sequence Analyses. The homologous sequences of Dm310s in D.
sechellia, D. simulans, D. yakua, D. erecta, D. ananassae, and D.
pseudoobscura were parsed from the whole-genome alignments of
the 12 Drosophila species (http://genome.ucsc.edu). Phylogenetic
reconstruction among the mature sequences ofmiR310s was done
with the neighbor-joining method (1) based on Kimura’s two-pa-
rameter distances (2) as implemented in MEGA version 4.0 (3).

Cloning and Transformation. Five hundred sixty-one base pairs
containing four miRNAs of miR310s were amplified from D.
melanogaster line Iso-1 genomic DNA utilizing PCR with Plati-
numTaqHiFi (Invitrogen), using the following primer pair with 5′
restriction sites: mel-310-F (5′-CGGAATTCGTATTACCCGA-
CATCGTTCTAGCC-3′) and mel-310-R (5′-CCCTCGAGCG-
ATTTCACAGATTTAAATGTTGA-3′); the homologous clus-
ter in D. pseudoobscura was amplified from genomic DNA of a
WT strain using the primer pair, pse-310-F (5′-GAGAATT-
CAGTGCGTGCAGTGGAACTGAAAAT-3′) and pse-310-R
(5′-GACTCGAGAGGCCGAAGACTGCCAATATGTTA-3′).
Cycling conditions were 95 °C for 3 min, followed by 30 cycles at
95 °C for 30 s, 55 °C for 30 s, and 68 °C for 1 min, and then 68 °C
for 7 min. The amplicon was gel-purified, restriction-digested,
and cloned into the EcoRI and XhoI sites of pUAST (4). Before
using the cloned DNA for transforming flies, the clone was se-
quenced to verify that there were no errors during amplifica-
tion. w1118 flies were transformed with p(UAS-Dm310s) or
p(UAS-Dp310s), using pTURBO (Flybase. ID:FBmc0002087)
helper plasmid and standard procedures (5).

Fly Stocks. We used the P{GawB} line NP5941 (Kyoto Stock Cen-
ter; no. 113798) as a source of GAL4. The P-element in this line
is inserted 173 bp upstream from stem-loop miR-313, the first
miRNA in miR310s. NP5941 flies themselves are extremely
healthy and are phenotypicallyWT.OtherGAL4 stocks usedwere
P{GawB}DJ715 (Bloomington Stock Center; no. 8179) and P
{Act5C-GAL4}25FO1 (Bloomington Stock Center; no. 4414). EP
(2)2587 [P(3)l(2)05510EP2587; Szeged Stock Center)] was used
for the imprecise excision screen to produce the Dm310s knock-
out.All stocks weremaintained on yeast-cornmeal agar at 25 °C on
a 12-h light/dark cycle.

Generation of Dm310s Deletion. The Dm310s null allele was gen-
erated in an imprecise P-element excision screen using the stock
EP(2)2587 that contains a P-element inserted 76 bp upstream of
the 5′ end of miR-313 EST (6). Of the four miRNAs in Dm310s,
miR-313 is the closest downstream of the EP(2)2587. The P el-
ement in EP(2)2587 was mobilized with Δ2–3 transposase from
a stable Δ2–3 chromosomal insertion at cytological position 99B.
White-eyed male progeny were crossed to a CyO balancer strain
and analyzed by PCR analysis using primers corresponding
to the P element and/or the genomic sequences flanking it. PCR
sequencing identified a 1,416-bp deletion removing the whole
miR310s cluster with the flanking genes intact.

Viability Assay. Ten balanced female flies from each transformant
line were crossed with 10 GAL4 homozygote male flies in three in-
dependent experiments. Two kinds of GAL4 lines, DJ715 and
NP5941, were used for the viability assay. Parent flies were trans-
ferred to fresh vials after 3 dof egg-laying, thereby providing uswith
six vials’ worth of progeny from each cross. The balanced female
flies carrying the UAS transgene provided an internal control of

the fertility of the female flies. The number of progeny with or
without balancer was scored for each kind of cross. Viability was
calculated as the number of progeny carrying the balancer against
the number ofUAS-GAL4–containing progeny. The viability assay
using the NP5941-GAL4 line was repeated twice independently.
The Kolmogorov–Smirnov test and Mood’s median test detected
no significant difference (P > 0.05) in the distribution of viability
among transgenic lines. We therefore pooled the data together to
calculate the viability of each transgenic line when driven by
NP5941-GAL4. A bar plot was used to display the frequency of
Dm310s andDp310s transgenic lines with different viability effects
when they were driven by GAL4 line DJ715 or NP5941. Mann–
Whitney U tests were used to test the viability difference between
Dm310s and Dp310s lines. The correlation of viability under the
control of two kinds of GAL4 was determined using the Spearman
rank correlation test.

Northern Blot Hybridization.UsingNP5941-GAL4 virgin female flies
and UAS-miR310s male flies (in which the 310 cluster is derived
from either D. melanogaster or D. pseudoobscura), crosses were set
up in vials on cornmeal agar at 25 °C with a 12-h light/dark cycle.
That miR310s was, in fact, being overexpressed was tested using
a small RNA Northern blot protocol. Briefly, L3 progeny larvae
were collected and RNA was extracted using the miRvana RNA
extraction kit (Ambion, Inc.). Thirty micrograms of small RNAwas
loaded in eachwell of a 15% (wt/vol) urea-PAGEassay and run at 4
°C for about 2 h. The RNA was transferred to a positively charged
nylon membrane (Roche Diagnostics) using a semidry transfer
apparatus (Fisher Scientific). RNA was fixed using UV cross-link-
ing (Hoefer) and was probed using digoxigenin-labeled (Roche
Applied Science) antisense DNA probes (IDT) to one miRNA in
either the D. melanogaster (miR-312) or D. pseudoobscura (second
miRNA encoded by the cluster) 310 cluster at 48 °C overnight in
UltraHybe-oligo buffer (Ambion, Inc.). After developing blots,
membranes were stripped according tomanufacturer protocols and
reprobed with a DNA probe to detect the 30-nt 2S rRNA. Probe
sequences were anti-Dme-miR-312 (5′-TCAGGCCGTCTCA-
AGTGCAATA-3′), anti-Dps-miR-312 (5′-TTGGACCGGGGCT-
AGTGCAATA-3′), and anti-2S rRNA (5′-TACAACCCTCAA-
CCATATGTAGTCCAAGCA-3′). Alkaline phosphatase-tagged
antibody (Roche Diagnostics) was used to probe the DIG-labeled
RNA probe further, and the membrane was developed using
a CDP-Star kit (Roche Applied Science).

Semiquantitative RT-PCR. Progeny L3 larvae were collected from
the crosses between NP5941 female and male flies from w1118,
Dm310s, and Dp310s lines. Total RNA was extracted using the
miRvana RNA extraction kit. The expression levels of miR310s
were quantified with end-point stem-loop RT-PCR (7). Pilot ex-
periments were performed initially to make sure that only single
specific products were obtained with the PCR primers and to de-
termine the amount of RT product dilution and the range of cycle
number to use. Briefly, 50 ng of total RNAwas reverse-transcribed
with miR-specific stem-loop primer using a Taqman MicroRNA
Reverse Transcription Kit (Applied Biosystems) following the
manufacturer’s instructions, except that the reaction volume was
scaled down to 7.5 μL. One microliter of RT product was sub-
sequently used as a template for theRT-PCRamplification in a 10-
μL reaction system of Taqman Universal PCR Master Mix (Ap-
plied Biosystems). The PCR cycling conditions were as follows:
95 °C for 15min for the initial activation step, with 35 cycles each of
94 °C for 15 s, 60 °C for 30 s, and 72 °C for 20 s. 2S rRNAwas used as
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a control gene. The RT product of 2S rRNA was diluted 1,500-
fold, and 1 μL was added as template in a 10-μL PCR system.
Primers used are listed in Table S1. Amplicons were visualized on
a 3% (wt/vol) TAE agarose gel. Images were analyzed using aGel-
Pro Analyzer 4.0 (Media Cybernetics, L.P.). The whole assay was
done with three biological repeats.

Microarray Assay. To detect the effect of cross-speciesmiR310s on
the transcriptome, we collected L3 progeny larvae from the crosses
between NP5941 female and UAS-miR310s male flies; L3 larvae
from the cross between NP5941 female and w1118 male flies were
used as controls. TotalRNAwas extracted usingTRIzolRReagent
(GIBCO BRL), followed by purification with an RNeasy Mini kit
(QIAGEN). Microarray assays were performed on two different
platforms: DGRC-1 Amplicon Transcriptome Microarrays (Dro-
sophilaGenomicsResourceCenter, IndianaUniversity,Bloomington,
IN) and Drosophila Tiling 1.0F Arrays (Affymetrix).
Dm310s line M1–7 and Dp310s line P4–18 with median via-

bility among either Dm310s or Dp310s lines were used in the
crosses for cDNA microarray analysis. After RNA extraction and
purification, cDNA synthesis, hybridization, and washing were
performed according to the Dendrimer Use and Hybridization
Protocol from the Drosophila Genomics Resource Center (8).
Six cDNA microarrays in three dye-swap pairs were used, with
each pair comparing either control and transgenic line or two
types of transgenic lines. Slides were scanned using a GenePix
4000B microarray scanner (Axon Instruments). Cy3 and Cy5 in-
tensities of cDNA microarrays were extracted using GenePix
Pro. 6 (Axon Instruments).
In addition to the two transgenic lines used in the cDNA

microarray, a more viableDm310s line, M1–3, was included in the
crosses for the tiling arrays to validate the consistency of results in
the consideration of position effect. Triple biological repeats were
conducted for each sample, resulting in 12 tiling arrays in total.
The expression profiles of the imprecise and precise deletions of
EP(2)2587 were also compared by using 6 tiling arrays with triple
biological repeats for each genotype. Total RNA was extracted
from L3 larvae as described above. Double-stranded cDNAs were
reverse-transcribed from total RNA samples with the One-Cycle
cDNA Synthesis Kit (Affymetrix) in the presence of oligo (dT)20
primer (Invitrogen). The cDNA was purified by means of a Gen-
eChip Sample Cleanup Module (Affymetrix) and then biotin-
labeled using a BioPrime DNA labeling system (Invitrogen).
Hybridization, washing, staining, and scanning were carried out
following the GeneChip Whole Transcript Double-Stranded
Target Assay Manual (Affymetrix). The hybridized Drosophila
tiling 1.0F arrays were scanned using a GeneChip Scanner 3000
(Affymetrix). Raw data of tiling arrays were collected by means
of Affymetrix GeneChip Operating software.

Microarray Analyses.Raw data from cDNA arrays were normalized
using within-array print-tip locally weighted scatterplot smooth-
ing (LOESS) normalization and between-array quantile nor-
malization as implemented in the BioConductor package Linear
Models for Microarray Data (LIMMA) (9). Differential gene
expression was determined using a linear modeling approach,
followed by empirical Bayes moderated t statistics (10). The
design matrix was constructed for directed two-color design
without common reference so that the coefficients estimated by
the linear model correspond to the log2 ratios of Dm310s line
M1–7 vs. control and Dp310s line P4–18 vs. control. Moderated t
statistics were used to evaluate differential expression between
each pair of contrasts. Intensities of null and control spots were
discarded before fitting the linear model. The P values generated
by this analysis were adjusted to control the false discovery rate
(FDR) using the Benjamini–Hochberg method (11).
Quantile normalization was applied to the Probe Cell intensity

file (the CEL file) of the 12 tiling arrays of theDm310s(+) set and

6 tiling arrays of the Dm310s(−) set using CisGenome (http://
www.biostat.jhsph.edu/∼hji/cisgenome/), where outlier and
masked cells were removed in the CEL files. The probe sequences
of theDrosophila tiling 1.0F array (Affymetrix) weremapped toD.
melanogaster genome and transcript datasets release 5.4 (ftp://ftp.
flybase.net/genomes/Drosophila_melanogaster/dmel_r5.4_FB2007_
03) using the BLAST-like alignment tool (BLAT) (12). The per-
fect-match 25-bp probes that have a single hit to the genome and
are specific to the transcripts of a single gene were used for ex-
pression analysis. For the annotated transcripts with more than
three probes, a paired t test was applied to the mean intensity of
each probe within a transcript-specific probe set to determine the
differential expression between the genotype of interest vs. con-
trol. P values were adjusted for multiple testing using the Benja-
mini–Hochberg method (11). For both cDNA and tiling arrays,
transcripts that changed at least 1.5-fold with respect to the control
having a significant threshold of FDR = 0.05 were considered as
differentially expressed. The expression fold changes for tiling
arrays were calculated using the mean intensity of the probe set.
All the microarray data have been deposited in the Gene Ex-
pression Omnibus (GEO) under the SuperSeries accession num-
ber GSE15863.
Volcanoplotswere used to display the significance of expression

difference against log2-fold changes. Empirical cumulative plots
were used to visualize the difference in log2-fold change distribu-
tion between the WGE transcriptome and the subset of putative
targets of miR310s. In empirical cumulative plots, we used only
a single transcript that has miRNA target prediction on its 3′UTR
[from the TargetScan Web site (http://www.targetscan.org)] to
present each gene, calculated as the median fold change of these
transcripts for the Dm310s, Dp310s, and Dm310s(−) lines, and
then centered the fold change distribution of the reported genes
having target prediction to zero by subtracting the median from
the fold changes for each line. The above analyses were performed
with the R package (http://www.R-project.org) (13).

Target Prediction. Target predictions from TargetScan release 5.1
(14, 15), PicTar (single miRNA target predictions with the setting
S1) (16), and PITA “TOP” category with 3/15 flank version 6 (17)
were obtained from the respective Web sites. We further sepa-
rated the evolutionarily conserved and unconserved targets and
focused on those with perfect-match 3′UTR sites to positions 2–8
of miR (denoted as 8-mer sites in this study). The 3′UTR align-
ments of 12 Drosophila species were downloaded from the Tar-
getScan Web site (http://www.targetscan.org). The conserved and
nonconserved targets with 8-mer sites were predicted using the
TargetScanS algorithm (14), where 8-mer sites in this study are
equal to the “8mer” (theWatson–Crick match to miR nucleotides
2–8, followed by an A) and “7mer-m8” sites (the Watson–Crick
match to miR nucleotides 2–8) denoted in TargetScanS.

Functional Annotation Analysis. Testing for overrepresentation of
functional categories was carried out using the Database for An-
notation,Visualization,andIntegratedDiscovery(DAVID)version
2008 (18, 19). Categories analyzed included GO categories (Bi-
ological Process, Molecular Function, and Cellular Component),
protein domain categories (InterPro Name, Superfamily Name,
SMART Name), pathways database (KEGG Pathways), and func-
tional categories (COG Ontology, Sp Pir Keywords, Up Seq Fea-
ture). The Benjamini correction for multiple testing was applied to
the Expression Analysis Systematic Explorer (EASE) scores (20),
and the significance threshold was set for an adjusted P < 0.05.

Expression of GAL4 Drivers
To check the expression pattern of GAL4, we used DJ715 and
NP5941 lines to drive UAS-GFP. In the DJ715 line, GAL4 is
reported to be expressed in the adult brain (21).We find that when
used to drive UAS-GFP, this GAL4 is expressed in the larval oe-
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nocytes, testes and accessory gland, salivary glands, and nervous
system in addition to the adult brain (Fig. S1 A–E). According to
the Drosophila Genomics Resource Center Web site, NP5941
(DGRCno. 113798) is reported to be expressed in larval oenocytes
and adult genitalia. When using NP5941-GAL4 to drive UAS-
GFP, we did observe the GFP expression in oenocytes and geni-
talia.WealsoobservedNP5941-GAL4expression in imaginal disks
and salivary gland of third instar larvae as well as in adult abdomen,
proboscis, antennae, leg, and wing (Fig. S1 F–O). The in situ hy-
bridization of miR-311 showed ubiquitous expression in imaginal
disks (all the disks of leg, wing, and eye-antenna; RichardCarthew,
NorthwesternUniversity, Evanston, IL, personal communication).
Our observation of larval and adult expression of NP5941-GAL4
is consistent with the results of in situ hybridization in general. In
the miR collection of Ruby et al. (22),miR310s are detected to be
expressed in embryo, imaginal disks, brains, and salivary glands
from third instar larvae, adult heads, and adult bodies. The tissue
distribution ofmiR310s in deep sequencing is generally concordant
with the expression pattern of NP5941-GAL4. Moreover, the ob-
served high GFP intensity in third instar larval imaginal disks,
salivary gland, and brain is consistent with the relatively high level
of Dm310s expression in the pooled imaginal disk library of deep
sequencing (22). Therefore, NP5941-GAL4 expression is consis-
tent with the results of in situ hybridization and deep sequencing,
likely to mimic the expression pattern of nativemiR310s.

Overexpression of Dm310s and Dp310s Under the Control of
GAL4
We performed Northern blot hybridization and semiquantitative
RT-PCR to verify the overexpression of transgenic Dm310s and
Dp310s under the control of GAL4 driver NP5941. Both Dp310s
and Dm310s are indeed expressed in the third instar larvae when
driven by GAL4 (Fig. 1 B and C and Fig. S2). We should also
point out that Dp310s are slightly less highly expressed than
Dm310s, despite the fact that the lethality effect is much stronger
for Dp310s. In control larvae that do not carry the transgenic
Dp310s or Dm310s, the expression of this miR was detected by
RT-PCR (Fig. 1B) but not by Northern blot analysis (Fig. S2),
which is consistent with the known expression pattern of miR310s
by deep sequencing (22, 23). Thus, GAL4 enhances the expression
of miR310s in the transgenic lines.

Effect of Dps-miR-310 on WGE
Dm310s and Dp310s share a conserved seed, except that the seed
of Dps-miR-310 (AUUGCAG) differs from the others (AUUG-
CAC) at the eighth position (Fig. 1). To assess how much this
change may have contributed to the observed misregulation in the
Dp310s line, we examined the expression pattern of the putative
targets of Dps-miR-310. In our tiling array dataset, there are 252
conserved targets of Dps-miR-310 predicted by TargetScanFly
Custom. Among them, 26 genes do not overlap with the predicted
targets of Dm310s. The fold changes of these Dps-miR-310–
specific targets (n = 26) did not significantly vary between the
Dm310s and Dp310s lines (P = 0.159, Kruskal–Wallis test). In-
deed, only 4 of the 26 Dps-miR-310–specific targets are signifi-
cantly misexpressed in Dp310s. These 4 targets are also mis-
regulated in the Dm310s lines. Therefore, the seed base change
does not have an important role in the WGE difference between
the Dm310s and Dp310s lines.

Different Strength of miRNA-Target Interactions Between
Dm310s and Dp310s
Although seed match is crucial for target recognition, secondary
structure and several features of site context may also help to specify
miRNA targeting (17, 24). We have estimated the miRNA-target
interaction for pairwise 3′UTR sequences of predicted targets and
mature sequences of Dm310s and Dp310s by using (i) ΔΔG, the
energy difference between miRNA-target duplex formation and
unpairing, as implemented in PITA (17), and (ii) context score,
considering features of site-type contribution, 3′ pairing contri-
bution, local adenine-uracil (AU) contribution, and position
contribution, as implemented in TargetScan (24). Among the 205
putative targets with conserved 8-mers (8-mer and 7-mer-m8 sites)
match to mature Dm310s, 137 and 92 genes in tiling data have
a more negative ΔΔG or context score for Dm310s than Dp310s,
respectively. Even if these predicted targets have stronger binding
affinity or more favorable sites for Dm310s, they were still signif-
icantly less down-regulated in theDm310s line than in theDp310s
line (ΔΔG, P= 3.563 × 10−6 and context score, P= 2.305 × 10−5;
one-sided Kolmogorov–Smirnov test). Therefore, the strong
miRNA-target interaction itself cannot account for the observa-
tion that Dp310s are more disruptive than Dm310s.
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Fig. S1. Expression pattern of UAS-GFP driven by DJ715-GAL4 and NP5941-GAL4. The expression of DJ715-GAL4 was observed in oenocytes (A), testes and
accessory gland (B), salivary gland (C), nervous system (D), and brain (E). The expression of NP5941-GAL4 was observed in salivary gland (F), oenocytes (G),
imaginal disks (H), brain (I), female genitalia (J), ovaries (K), abdomen (L), proboscis and antennae (M), wing (N), and leg (O).

Fig. S2. Overexpression of Dm310s and Dp310s as detected by Northern blot hybridization. (Lower) 2S rRNA is shown as a loading control. (Upper Left)
Control and NP5941-GAL4/UAS-Dm310s carrying larval RNA probed with a digoxigenin-labeled probe antisense to Dme-miR-312 are shown. (Upper Right)
Control and NP5941-GAL4/UAS-Dp310s carrying larval RNA probed with a digoxigenin-labeled probe antisense to the second D. pseudoobscuramiR encoded in
the cluster are shown.
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Fig. S4. Motifs that regulate the expression of direct targets (T1–T3) of miR310s. (A) Simple repression. An example of T1 may be CrebA, which is down-
regulated in both Dm310s and Dp310s lines. (B) Feedback loop. The simple mechanism might account for the unchanged expression of the direct target in
Dm310s lines (T2), an example of which is Ras85D. (C) Feedback loop interrupted. T2 in Dp310s lines was down-regulated, suggesting interruption of the
feedback loop. We are in the process of identifying possible candidates for T3 when T2 is Ras85D. One of the candidates is the Δ transcript, which is a target of
Dp310s as predicted by PITA [Kertesz M, Iovino N, Unnerstall U, Gaul U, Segal E (2007) The role of site accessibility in microRNA target recognition. Nat Genet
39:1278–1284].

Fig. S3. Effects of the transgenic miR310s on the predicted target genes. The putative targets predicted by TargetScanS (n = 346) (A), PicTar (n = 255) (B), and
PITA TOP category (n = 172) (C) tended to be more down-regulated inDp310s (blue curves) than in Dm310s (red curves) lines (P = 2.98 × 10−4, P = 2.98 × 10−4, and
P = 7.53 × 10−3 for TargetScanS, PicTar, and PITA TOP category targets, respectively, by Kolmogorov–Smirnov test). (D) In theDm310s(−) line, the putative targets
with conserved and unconserved 8-mer sites were overexpressed relative to the transcriptome as a whole when miR310s were deleted (plotted as in Fig. 3D.)
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