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Abstract

RNA methyltransferases post-transcriptionally add methyl groups to RNAs, which can regu-

late their fates and functions. Human BCDIN3D (Bicoid interacting 3 domain containing

RNA methyltransferase) has been reported to specifically methylate the 50-monopho-

sphates of pre-miR-145 and cytoplasmic tRNAHis. Methylation of the 50-monophosphate of

pre-miR-145 blocks its cleavage by the miRNA generating enzyme Dicer, preventing gener-

ation of miR-145. Elevated expression of BCDIN3D has been associated with poor progno-

sis in breast cancer. However, the biological functions of BCDIN3D and its orthologs remain

unknown. Here we studied the biological and molecular functions of CG1239, a Drosophila

ortholog of BCDIN3D. We found that ovary-specific knockdown of Drosophila BCDIN3D

causes female sterility. High-throughput sequencing revealed that miRNA and mRNA pro-

files are dysregulated in BCDIN3D knockdown ovaries. Pathway analysis showed that

many of the dysregulated genes are involved in metabolic processes, ribonucleoprotein

complex regulation, and translational control. Our results reveal BCDIN3D’s biological role

in female fertility and its molecular role in defining miRNA and mRNA profiles in ovaries.

Introduction

The epitranscriptome describes over 200 types of post-transcriptional RNA modifications,

which can regulate the fates and functions of RNAs [1–3]. Post-transcriptional modification

can occur on bases, riboses, and termini of RNAs. Dysregulation of RNA modification is asso-

ciated with neurological disorders, cancers, and other diseases in human [4].

Among the many types of RNA modifications, methylation modification is the most preva-

lent. A wide variety of RNAs such as mRNAs, tRNAs, rRNAs, and small silencing RNAs,

receive methylation modification on their bases, riboses, and termini, typically catalyzed by

RNA methyltransferase enzymes that use S-Adenosyl methionine (SAM) as a methyl donor.

For example, methylation of bases and caps of mRNAs can regulate their translation efficiency

and stability [3, 5]. Methylation of bases and riboses in tRNAs can regulate their stability and

codon-anticodon interaction [6]. Methylation of bases and riboses in rRNAs is important for
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efficient and accurate translation by ribosome [7]. Methylation of the 30-terminal ribose of

small silencing RNAs can stabilize them [8]. However, we are still far from the complete

understanding of RNA methylation. Which RNAs on which positions are methylated by

which RNA methyltransferase enzymes? What are the molecular and biological roles of each

of these RNA methylation?

Human RNA methyltransferase BCDIN3D (Bicoid interacting 3 domain containing RNA

methyltransferase) contains a methyltransferase domain and a Bicoid-interacting protein 3

domain (Fig 1A). It was previously reported that BCDIN3D specifically di-methylates 50-

monophosphate of pre-miR-145 using SAM as a methyl donor [9]. Dimethylation of 50-mono-

phosphate of pre-miR-145 blocks its cleavage by the miRNA generating enzyme Dicer, pre-

venting production of miR-145. It was also reported that BCDIN3D specifically mono-

methylates the 50-monophosphate of cytoplasmic tRNAHis [10]. Functional consequence of the

monomethylation of tRNAHis remains unknown. In addition, BCDIN3D mRNA is overex-

pressed in human breast cancer cells [11] and elevated expression of BCDIN3D mRNA has

been associated with poor prognosis in breast cancer [12]. BCDIN3D depletion in breast can-

cer cells abolishes their tumorigenic phenotypes [9]. Although BCDIN3D is conserved from

worm to human, the biological functions of human BCDIN3D and its orthologs remain

unknown. Moreover, molecular functions of BCDIN3D orthologs also remain elusive.

CG1239 is a Drosophila ortholog of BCDIN3D, and thus we name it Drosophila BCDIN3D

(Fig 1A). Drosophila BCDIN3D and human BCDIN3D share 26% identity and 38% similarity

in their amino acid sequences. Here, we studied Drosophila BCDIN3D to gain insights into its

biological and molecular functions. Ovary-specific depletion of BCDIN3D caused complete

female sterility. High-throughput sequencing showed dysregulation of miRNA and mRNA

profiles in BCDIN3D knockdown ovaries. Pathway analysis suggested dysregulated pathways

such as those involved in metabolic processes, ribonucleoprotein complex regulation, and

translational control. Our results reveal that Drosophila BCDIN3D plays crucial roles in female

fertility and contributes to normal miRNA and mRNA profiles in ovaries.

Results

Ovary-specific knockdown of BCDIN3D causes female sterility

To investigate the effects of loss of BCDIN3D function in vivo, we generated BCDIN3D

knockout alleles using the CRISPR-cas9 system [13]. Both homozygous and trans-heterozy-

gous BCDIN3D knockouts resulted in embryonic lethality. Since we could not generate com-

plete BCDIN3D null flies because of the embryonic lethality, we chose to knockdown

BCDIN3D expression using RNAi. As BCDIN3D is most highly expressed in the ovary (Fly-

Base. http://flybase.org/reports/FBgn0037368), we knocked down BCDIN3D expression spe-

cifically in ovaries using short hairpin RNAs driven by the ovary-specific mata-GAL4-VP16

driver. We tested four different BCDIN3D knockdown strains: shRNA-BCDIN3D-no1,

shRNA-BCDIN3D-no2, shRNA-BCDIN3D-no3, and shRNA-BCDIN3D-no4. As controls, we

used shRNA-mCherry and shRNA-white. Using qRT-PCR, we confirmed efficient knock-

down of BCDIN3D expression (89–96% depletion) in ovaries of shRNA-BCDIN3D-no1,

shRNA-BCDIN3D-no2, shRNA-BCDIN3D-no3, and shRNA-BCDIN3D-no4 flies, relative to

the control shRNA-mCherry and shRNA-white flies (Fig 1B).

BCDIN3D knockdown ovaries did not have dramatically different morphologies compared

with control knockdown ovaries (Fig 1C). However, none of the BCDIN3D knockdown flies

could lay eggs while control knockdown flies laid ~60–70 eggs per day per female (Fig 1D).

These results revealed that BCDIN3D is required for female fertility.
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Ovary-specific knockdown of BCDIN3D causes dysregulation of miRNA

profile

To gain insight into the molecular mechanism by which ovary-specific knockdown of

BCDIN3D causes female sterility, we performed high-throughput sequencing of ovary small

RNAs (sRNA-seq) using three biological replicates for each genotype (S1 Table). We found

that BCDIN3D knockdown causes dysregulation of miRNA profile in ovaries. Some miRNAs

are significantly upregulated and others are downregulated in BCDIN3D knockdown ovaries

compared with control knockdown ovaries (Fig 2). Endo-siRNAs (esi-1.1, esi-1.2, and esi-2.1)

were generally upregulated in BCDIN3D knockdown ovaries. The trends of the miRNA and

siRNA dysregulation were similar among the four different BCDIN3D shRNA knockdown

flies, showing reproducibility.

To confirm dysregulation of miRNA profiles in BCDIN3D knockdown ovaries, we per-

formed Northern blots to examine levels of individual miRNAs. Consistent with the sRNA-seq

results (Fig 2), miR-311-3p and miR-312-3p were downregulated in BCDIN3D knockdown

ovaries compared with control ovaries (Figs 3 and 4). In contrast, miR-318-3p, miR-994-5p,

and miR-276a-3p were upregulated in BCDIN3D knockdown ovaries compared with control

ovaries (Figs 3 and 4). We did not observe bands corresponding to precursors of these miR-

NAs (pre-miRNAs), which are ~60–80 nt long (Fig 3). These results show that the abundance

of these miRNAs is changed by BCDIN3D knockdown without a clear change in that of corre-

sponding pre-miRNAs.

As human BCDIN3D was reported to mono-methylates the 50-monophosphate of tRNAHis

[10], we also examined abundance of a few tRNAs (tRNAHis, tRNAPhe, and tRNAAsn) by

Northern blots. We observed no significant change in levels of tRNAHis, tRNAPhe, and

tRNAAsn in BCDIN3D knockdown ovaries compared with control ovaries (Figs 3 and 4).

Ovary-specific knockdown of BCDIN3D causes dysregulation of mRNA

profile

Next, we performed high-throughput sequencing of poly-A+ mRNAs (mRNA-seq) using

three biological replicates for each genotype (S2 Table). Principal component analysis and

sample-to-sample distance analysis showed that mRNA profiles in BCDIN3D knockdown

(four different fly strains [shRNA-BCDIN3D-no1, shRNA-BCDIN3D-no2, shRNA-BC-

DIN3D-no3, shRNA-BCDIN3D-no4], three biological replicates each [rep1, rep2, rep3]) clus-

tered together, away from those in control knockdown (two different strains [shRNA-

mCherry, shRNA-white], three biological replicates each) (Fig 5A and 5B). We examined dif-

ferential expression of ~17,000 individual genes (Fig 5C). Only 517 genes were significantly

(FDR<0.05) upregulated and 781 genes were downregulated in shRNA-white compared with

shRNA-mCherry. In contrast, ~3000 genes were upregulated and ~3000 genes were downre-

gulated in each of the four BCDIN3D knockdown strains compared with shRNA-mCherry.

Venn diagram analysis showed that among them, as many as 1694 genes were significantly

upregulated and 1416 genes were downregulated in all of the four BCDIN3D knockdown

Fig 1. Ovary-specific BCDIN3D knockdown flies cannot lay eggs. (A) Domain structures of Drosophila BCDIN3D and human BCDIN3D. (B) Relative

abundance of BCDIN3D mRNA normalized with rp49 mRNA in the ovaries of ovary-specific BCDIN3D knockdown and control knockdown flies. Mean ± SD

for three biological replicates. P-value<0.05 is indicated by � (Student’s t-test). (C) Stereomicroscope images of ovaries dissected from control and BCDIN3D

knockdown flies. Scale bar shows 0.5 mm. (D) The numbers of eggs laid by control and BCDIN3D knockdown females crossed with OregonR wild-type males.

Mean ± SD for three biological replicates. Each biological replicate datum represents the average number of eggs laid per single female in the cage containing 5

females and 3 males. P-value<0.05 is indicated by � (Student’s t-test).

https://doi.org/10.1371/journal.pone.0217603.g001
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strains but not in shRNA-white, relative to shRNA-mCherry, showing reproducibility in the

pattern of mRNA dysregulation (Fig 5D).

The top 30 upregulated and top 30 downregulated genes (based on the differential expres-

sion in shRNA-BCDIN3D-no4) exhibit reproducible patterns of mRNA dysregulation among

the four BCDIN3D knockdown strains (Fig 6). The top five upregulated genes were Ilp6 (Insu-

lin-like peptide 6), CG13321, Drat (Death resistor Adh domain containing target), Osi20 (Osi-

ris 20), and Fili (Fish-lips). The top five downregulated genes were CG12708, CG14567,

CG4570, CG13532, and plu (plutonium).

GO term pathway enrichment analysis of differentially expressed genes

1694 genes were significantly upregulated and 1416 genes were downregulated consistently in

BCDIN3D knockdown ovaries compared with control knockdown ovaries. Using these sets of

differentially expressed genes, we performed GO term pathway enrichment analysis to predict

the pathways dysregulated in BCDIN3D knockdown ovaries.

GO term analysis of the 1694 upregulated genes revealed high enrichment for GO term bio-

logical processes related with ribonucleoprotein complex (i.e. ribonucleoprotein complex

assembly and ribonucleoprotein), translation (i.e. formation of translation initiation ternary

complex, translational termination, translational elongation, translation, cytoplasmic transla-

tion) and RNAs (i.e. ncRNA metabolic process, rRNA metabolic process, rRNA processing,

RNA metabolic process) (Table 1). GO term molecular functions related with ribosomes and

RNA binding (i.e. structural constituent of ribosome, RNA binding, rRNA binding) were

enriched. GO term cellular components related with ribosome (i.e. cytosolic large ribosomal

subunit, ribosomal subunit, large ribosomal subunit, cytosolic small ribosomal subunit, preri-

bosome, ribonucleoprotein complex, mitochondrial large ribosomal subunit) were highly

enriched.

GO term analysis of the 1416 downregulated genes revealed high enrichment for GO term

biological processes related with metabolism (i.e. cellular macromolecule metabolic process,

DNA metabolic process, macromolecule metabolic process, metabolic process, organic sub-

stance metabolic process, and regulation of metabolic process) and cell cycles (i.e. nuclear divi-

sion, regulation of cell cycle, cell cycle process, mitotic nuclear division, cell cycle, meiotic

nuclear division, cell cycle phase transition, spindle organization, chromosome segregation)

(Table 2). GO term molecular functions related with binding and catalytic activity were

enriched. Various GO term cellular components were enriched. Dysregulation of these path-

ways may cause the female sterility by ovary-specific BCDIN3D knockdown.

Discussion

In this study, we show that ovary-specific knockdown of Drosophila BCDIN3D causes female

sterility without clear morphological defect in ovaries (Fig 1). High-throughput sequencing

studies demonstrated that BCDIN3D plays important roles in defining miRNA and mRNA

profiles in ovaries (Figs 2–6).

Fig 2. Ovary-specific knockdown of BCDIN3D causes dysregulation of miRNA profile in ovaries. Heatmap of

normalized miRNA and endo-siRNA (esi-1.1, esi-1.2, and esi-2.1) abundance in control and BCDIN3D knockdown

ovaries determined by high-throughput sequencing. Mean log2 fold-change of three biological replicates relative to

shRNA-mCherry control is shown. miRNAs are sorted in descending order of log2 fold-change in shRNA-BCDIN3D-

no4. To eliminate miRNAs with very low expression levels, only miRNAs (n = 50) whose normalized mean abundance

was more than 100 reads per million total reads in either of the strains are shown.

https://doi.org/10.1371/journal.pone.0217603.g002
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Some miRNAs were upregulated and other miRNAs were downregulated in BCDIN3D

knockdown ovaries (Figs 2–4). Previous studies showed that human BCDIN3D reduces miR-

145 level by di-methylating the 50-monophosphate of pre-miR-145, which prevents its

Fig 3. Northern blots of miRNAs and tRNAs confirm dysregulation of miRNA profiles. Representative images of Northern blots of selected miRNAs and

tRNAs in control and BCDIN3D knockdown ovaries. Quantification is shown in Fig 4.

https://doi.org/10.1371/journal.pone.0217603.g003
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processing by Dicer [9]. If Drosophila BCDIN3D similarly di-methylates certain pre-miRNAs

and thereby blocks the production of the corresponding miRNAs, BCDIN3D knockdown is

expected to cause upregulation of such miRNAs. We found that BCDIN3D knockdown causes

upregulation of miR-318-3p, miR-994-5p, and miR-276a-3p (Figs 3 and 4). In contrast, we did

not observe accumulation of pre-miR-318, pre-miR-994, and pre-miR-276a in control knock-

down ovaries compared with BCDIN3D knockdown ovaries in our Northern blots (Fig 3).

Thus, if these pre-miRNAs (pre-miR-318, pre-miR-994, and pre-miR-276a) are BCDIN3D

substrates and are di-methylated blocking Dicer cleavage, such di-methylated pre-miRNAs

might be degraded by other RNases rather than stably accumulated.

Other previous study showed that human BCDIN3D mono-methylates the 50-monophos-

phate of tRNAHis [10]. The presence or absence of monomethylation did not affect the steady

state level of tRNAHis in culture cells and therefore the molecular and biological functions of

this tRNAHis monomethylation remain unknown. We found that the levels of tRNAHis,

tRNAPhe, and tRNAAsn are not changed in BCDIN3D knockdown ovaries. This implies that, if

BCDIN3D mono-methylates tRNAHis, the modification does not affect steady-state stability of

Fig 4. Abundance of dysregulated miRNAs determined by sRNA-seq and Northern blots. (A) Normalized number of reads of miRNAs in control and

BCDIN3D knockdown ovaries determined by sRNA-seq. (B) Relative abundance of miRNAs in control and BCDIN3D knockdown ovaries determined by

Northern blots. Representative images are shown in Fig 3. (C) Relative abundance of tRNAs in control and BCDIN3D knockdown ovaries determined by

Northern blots. Representative images are shown in Fig 3. Mean ± SD for three biological replicates. P-value<0.05 is indicated by � (Student’s t-test).

https://doi.org/10.1371/journal.pone.0217603.g004

RNA methyltransferase BCDIN3D crucial for female fertility and miRNA and mRNA profiles in Drosophila ovaries

PLOS ONE | https://doi.org/10.1371/journal.pone.0217603 May 30, 2019 8 / 19

https://doi.org/10.1371/journal.pone.0217603.g004
https://doi.org/10.1371/journal.pone.0217603


Fig 5. Ovary-specific knockdown of BCDIN3D causes dysregulation of mRNA profile in ovaries. (A) Principal component analysis of mRNA profiles in

ovaries determined by mRNA-seq. Three biological replicates each [rep1, rep2, rep3] for each genotype were tested.(B) Sample-to-sample distance matrix of

mRNA profiles in ovaries determined by mRNA-seq.(C) MA plots of mRNA expression. x-axis shows mean of normalized counts among the 6 biological

samples tested (3 biological replicates each for two genotypess compared in each graph). y-axis shows log2 fold-change in the normalized counts relative to
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tRNAHis in Drosophila ovaries either. Further study should examine whether Drosophila
BCDIN3D methylates candidate pre-miRNAs and tRNAHis.

We identified tens of miRNAs and thousands of mRNAs whose expression level is dysregu-

lated upon BCDIN3D knockdown. Unbiased, transcriptome-wide approach to determine

RNAs that are directly bound and methylated by Drosophila BCDIN3D and characterizing

RNA methylation profiles between control and BCDIN3D knockdown ovaries will provide

useful insight on the mechanisms by which BCDIN3D regulates these RNA levels.

In this study, we showed for the first time the biological function of evolutionary conserved

RNA methyltransferase BCDIN3D in Drosophila female fertility. We also showed that Dro-
sophila BCDIN3D is important for normal miRNA and mRNA profiles in ovaries. Our results

indicate that RNA methylation by BCDIN3D plays crucial biological and molecular functions.

Materials and methods

Fly strains

shRNA-BCDIN3D-no1 plasmid construct was created by inserting dsDNA fragment com-

prised of oligo1 (5’-CTAGCAGTCGGCAACTATAAGCACTACTATAGTTATATTCAAGCATAT
AGTAGTGCTTATAGTTGCCGGCG-3’) and oligo2 (5’-AATTCGCCGGCAACTATAAGCACT
ACTATATGCTTGAATATAACTATAGTAGTGCTTATAGTTGCCGACTG-3’) into the pVa-

lium20 plasmid vector linearized with NheI and EcoRI [14] and was integrated at the attP40

site on the position 25C6 on the second chromosome of fly using the PhiC31 system [15].

shRNA-mCherry, shRNA-white, shRNA-BCDIN3D-no2, shRNA-BCDIN3D-no3, and

shRNA-BCDIN3D-no4 strains are all pValium20-based lines from Bloomington Drosophila Stock

Center (BDSC) with BDSC numbers 35785, 33623, 44506, 42912, and 44023, respectively. Ovary-

specific expression of the hairpin RNAs was induced by crossing these strains with the matα4--

GAL4-VP16 driver strain. Dissected ovary images were taken using Leica M125 Stereomicroscope.

Fertility assay

For the female fertility assay, five test virgin females were mated with three wild-type (Ore-

gonR) males in a cage with a 6-cm grape juice agar plate with wet yeast paste (Genesee) [16–

18]. The grape juice agar plate was exchanged with a fresh one every day. The number of eggs

laid on the third grape juice agar plate (set up on day 3 and recovered on day 4) was counted.

RNA preparation

Ovaries were hand-dissected from 2–5 days old flies fed with wet yeast paste [19]. Total RNA

from ovaries was purified using miRVana (ThermoFisher). Tens of ovaries were used for each

biological replicate preparation of the ovary RNA, resulting in tens to hundreds of microgram

of purified total ovary RNAs.

qRT-PCR

qRT-PCR was performed as previously described [17, 20–22]. RNAs were treated with Turbo

DNase (Thermo Fisher Scientific) and were reverse-transcribed into cDNA using an oligo-dT

primer and AMV Reverse Transcriptase (NEB). qPCR was performed using SsoAdvanced

Universal SYBR Green Supermix on CFX96 (Biorad) and results were analyzed using CFX

shRNA-mCherry control. (D) Venn diagrams of the numbers of significantly (FDR<0.05) upregulated genes (top) and downregulated genes (bottom) relative

to shRNA-mCherry control.

https://doi.org/10.1371/journal.pone.0217603.g005
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Manager (Biorad). The primers used were as follows. BCDIN3D, 5’-ACCGCAAGATGTGGTA
AACA-3’ and 5’-TCCATTGTGAAATCCAAAGTTACA-3’. rp49, 5’-CTGCCCACCGGATT
CAAG-3’ and 5’-CGATCTCGCCGCAGTAAAC-3’.

Northern blot

Northern blot was performed as described previously [16, 23]: 12 μg total ovary RNA was

denatured in formamide loading buffer (98% v/v formamide, 0.1% w/v bromophenol blue and

xylene cyanol, 10mM EDTA) at 95 C for 5 min and was resolved on a 0.4 mm thick, 12% dena-

turing polyacrylamide 7 M urea sequencing gel in 0.5×TBE (Tris-Borate-EDTA) buffer. After

electrophoresis, RNA was transferred at 20 V for 1 hr to a Hybond-N+ membrane (GE health-

Fig 6. Top30 upregulated and downregulated genes. Heatmap of relative abundance of top 30 upregulated and top 30 downregulated

genes determined by mRNA-seq. Mean log2 fold-change of three biological replicates relative to shRNA-mCherry control is shown.

Genes are sorted in descending order of log2 fold-change in shRNA-BCDIN3D-no4.

https://doi.org/10.1371/journal.pone.0217603.g006

Table 1. GO term enrichment analysis of upregulated genes.

PANTHER GO-Slim Biological Process P-value

ribonucleoprotein complex assembly (GO:0022618) 7.72E-11

ribonucleoprotein complex subunit organization (GO:0071826) 1.22E-10

protein-containing complex subunit organization (GO:0043933) 5.78E-10

formation of translation initiation ternary complex (GO:0001677) 6.75E-10

translational termination (GO:0006415) 6.75E-10

translational elongation (GO:0006414) 6.75E-10

cellular protein complex disassembly (GO:0043624) 1.96E-09

protein-containing complex disassembly (GO:0032984) 2.55E-09

ncRNA metabolic process (GO:0034660) 1.27E-07

rRNA metabolic process (GO:0016072) 5.02E-07

rRNA processing (GO:0006364) 2.51E-06

cellular component organization or biogenesis (GO:0071840) 1.62E-05

cellular component organization (GO:0016043) 1.21E-04

organic substance biosynthetic process (GO:1901576) 1.87E-03

biosynthetic process (GO:0009058) 2.70E-03

translation (GO:0006412) 2.84E-03

cellular macromolecule biosynthetic process (GO:0034645) 3.43E-03

macromolecule biosynthetic process (GO:0009059) 5.30E-03

cytoplasmic translation (GO:0002181) 5.55E-03

RNA metabolic process (GO:0016070) 5.68E-03

nucleobase-containing compound metabolic process (GO:0006139) 9.69E-03

cell surface receptor signaling pathway (GO:0007166) 9.79E-03

cellular aromatic compound metabolic process (GO:0006725) 1.06E-02

nucleic acid metabolic process (GO:0090304) 1.48E-02

cellular component biogenesis (GO:0044085) 4.01E-02

PANTHER GO-Slim Molecular Function P-value

structural constituent of ribosome (GO:0003735) 4.50E-21

structural molecule activity (GO:0005198) 1.93E-13

binding (GO:0005488) 5.40E-05

RNA binding (GO:0003723) 6.98E-05

(Continued)
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care) in 0.5×TBE buffer using a semi-dry transfer system (Transblot SD, Bio-Rad). The RNA

was UV cross-linked (HL2000, UVP) to the membrane and pre-hybridized in Church buffer

for at least 60 min at 37 C. DNA oligonucleotide probes were 50 32P-radiolabeled with T4 poly-

nucleotide kinase (NEB) and γ-32P-ATP. After labelling, non-incorporated nucleotides were

removed using a Sephadex G-25 spin column (GE healthcare) and the probes were added to

the Church buffer and hybridized for at least 6 hrs at 37 C. Membranes were washed three

times for 10 min in 2×SSC containing 0.05% (w/v) SDS at 37 C, subsequently exposed to Stor-

age Phosphor Screens (GE healthcare) and analyzed using FLA-9500 (GE healthcare). Probes

were stripped from the membranes in boiling 0.1% SDS solution. The membranes were re-

probed with the next probe. The DNA oligo probes used were as follows.

miR-275-3p, 5’-CGCGCGCTACTTCAGGTACCTGA-3’.

miR-276a-3p, 5’-AGAGCACGGTATGAAGTTCCTA-3’.

miR-279-3p, 5’-TTAATGAGTGTGGATCTAGTCA-3’.

miR-311-3p, 5’-TCAGGCCGGTGAATGTGCAATA-3’.

miR-312-3p, 5’-TCAGGCCGTCTCAAGTGCAATA-3’.

miR-318-3p, 5’-TGAGATAAACAAAGCCCAGTGA-3’.

miR-994-5p, 5’-ATCACGGCTACTATTTCCTTA-3’.

tRNAHis, 5’-CGTGGGGTCCTAACCACTAGACGATCACGGC-3’.

tRNAPhe, 5’-TCTAACGCTCTCCCAACTGAGCTATTTCGGC-3’
tRNAAsn, 5’-CGAACGCGCTAACCAATTGCGCCACGGAGGC-3’
2S RNA, 5’-TACAACCCTCAACCATATGTAGTCCAAGC-3’.

Table 1. (Continued)

rRNA binding (GO:0019843) 9.76E-03

PANTHER GO-Slim Cellular Component P-value

cytoplasmic part (GO:0044444) 1.26E-19

cytosolic large ribosomal subunit (GO:0022625) 9.19E-14

intracellular part (GO:0044424) 1.05E-13

ribosomal subunit (GO:0044391) 2.18E-13

large ribosomal subunit (GO:0015934) 2.18E-13

cell (GO:0005623) 1.18E-12

cell part (GO:0044464) 1.46E-12

cytosolic part (GO:0044445) 5.81E-10

cytosolic small ribosomal subunit (GO:0022627) 1.59E-09

preribosome (GO:0030684) 2.92E-07

small-subunit processome (GO:0032040) 6.73E-05

t-UTP complex (GO:0034455) 7.25E-05

ribonucleoprotein complex (GO:1990904) 1.37E-04

mitochondrial large ribosomal subunit (GO:0005762) 3.10E-03

actin cytoskeleton (GO:0015629) 7.05E-03

mitochondrial protein complex (GO:0098798) 1.02E-02

mitochondrial part (GO:0044429) 1.47E-02

DNA-directed RNA polymerase I complex (GO:0005736) 4.27E-02

preribosome, large subunit precursor (GO:0030687) 4.45E-02

Significantly enriched GO terms associated with the 1694 genes identified in Fig 5D, that are significantly

upregulated in shRNA-BCDIN3D-no1, shRNA-BCDIN3D-no2, shRNA-BCDIN3D-no3, and shRNA-BCDIN3D-

no4, but not in shRNA-white, relative to shRNA-mCherry.

https://doi.org/10.1371/journal.pone.0217603.t001
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Table 2. GO term enrichment analysis of downregulated genes.

PANTHER GO-Slim Biological Process

cellular macromolecule metabolic process (GO:0044260)

DNA metabolic process (GO:0006259)

macromolecule metabolic process (GO:0043170)

metabolic process (GO:0008152)

organic substance metabolic process (GO:0071704)

organelle organization (GO:0006996)

nuclear division (GO:0000280)

organelle fission (GO:0048285)

cellular process (GO:0009987)

regulation of metabolic process (GO:0019222)

regulation of biological process (GO:0050789)

regulation of cell cycle (GO:0051726)

biological regulation (GO:0065007)

cell cycle process (GO:0022402)

DNA biosynthetic process (GO:0071897)

cellular component organization (GO:0016043)

regulation of macromolecule metabolic process (GO:0060255)

biosynthetic process (GO:0009058)

cellular component organization or biogenesis (GO:0071840)

macromolecule biosynthetic process (GO:0009059)

mitotic nuclear division (GO:0140014)

organic substance biosynthetic process (GO:1901576)

cellular macromolecule biosynthetic process (GO:0034645)

DNA repair (GO:0006281)

cell cycle (GO:0007049)

transcription, DNA-templated (GO:0006351)

regulation of gene expression (GO:0010468)

DNA replication (GO:0006260)

regulation of cellular macromolecule biosynthetic process (GO:2000112)

regulation of macromolecule biosynthetic process (GO:0010556)

regulation of biosynthetic process (GO:0009889)

macromolecule modification (GO:0043412)

meiotic nuclear division (GO:0140013)

regulation of organelle organization (GO:0033043)

cell cycle phase transition (GO:0044770)

regulation of mitotic cell cycle (GO:0007346)

transcription by RNA polymerase II (GO:0006366)

regulation of mitotic cell cycle phase transition (GO:1901990)

DNA replication initiation (GO:0006270)

spindle organization (GO:0007051)

chromosome segregation (GO:0007059)

chromosome organization (GO:0051276)

PANTHER GO-Slim Molecular Function

binding (GO:0005488)

catalytic activity (GO:0003824)

catalytic activity, acting on a protein (GO:0140096)

protein binding (GO:0005515)

(Continued)
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Table 2. (Continued)

protein kinase activity (GO:0004672)

DNA binding (GO:0003677)

pyrophosphatase activity (GO:0016462)

hydrolase activity, acting on acid anhydrides, in phosphorus-containing anhydrides (GO:0016818)

hydrolase activity, acting on acid anhydrides (GO:0016817)

organic cyclic compound binding (GO:0097159)

nucleic acid binding (GO:0003676)

helicase activity (GO:0004386)

nucleoside-triphosphatase activity (GO:0017111)

enzyme binding (GO:0019899)

microtubule binding (GO:0008017)

DNA helicase activity (GO:0003678)

protein serine/threonine kinase activity (GO:0004674)

chromatin binding (GO:0003682)

tubulin binding (GO:0015631)

cytoskeletal protein binding (GO:0008092)

DNA replication origin binding (GO:0003688)

hydrolase activity (GO:0016787)

peptide N-acetyltransferase activity (GO:0034212)

cyclin-dependent protein kinase activity (GO:0097472)

cyclin-dependent protein serine/threonine kinase activity (GO:0004693)

double-stranded DNA binding (GO:0003690)

peptide-lysine-N-acetyltransferase activity (GO:0061733)

cysteine-type endopeptidase activity (GO:0004197)

acetyltransferase activity (GO:0016407)

histone binding (GO:0042393)

PANTHER GO-Slim Cellular Component

intracellular part (GO:0044424)

protein-containing complex (GO:0032991)

cell part (GO:0044464)

cell (GO:0005623)

catalytic complex (GO:1902494)

transferase complex (GO:1990234)

intracellular organelle part (GO:0044446)

nucleus (GO:0005634)

intracellular membrane-bounded organelle (GO:0043231)

membrane-bounded organelle (GO:0043227)

organelle (GO:0043226)

transferase complex, transferring phosphorus-containing groups (GO:0061695)

cytoplasm (GO:0005737)

nuclear part (GO:0044428)

chromosomal part (GO:0044427)

nucleoplasm part (GO:0044451)

CMG complex (GO:0071162)

serine/threonine protein kinase complex (GO:1902554)

protein kinase complex (GO:1902911)

MCM core complex (GO:0097373)

MCM complex (GO:0042555)

(Continued)
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High-throughput sequencing of small RNAs (small RNA-seq)

Three biological replicates each of small RNA libraries were prepared using size-selected 18–

30 nt long RNAs by gel purification, sequenced using HiSeq2500 platform (Illumina), and ana-

lyzed as previously described [16, 17, 19–22, 24–28].

Approximately 10–19 million reads were obtained for each library. Approximately 62–89%

of the reads were mapped to the dm6 Drosophila genome. Approximately 11–30% of the non-

rRNA-mapping reads were mapped to miRNA hairpins. The abundance of miRNAs normal-

ized by the sequencing depth (non-rRNA-mapping reads) in each library was calculated. Then

their mean abundance among the three biological replicates was calculated. Further normali-

zation was performed using quantitative results of the Northern blots for miR-275-3p, miR-

276a-3p, miR-279-3p, miR-311-3p, miR-312-3p, miR-318-3p, miR-994-5p, normalized by 2S

RNA. To eliminate miRNAs with very low expression levels, which are unlikely to have a phys-

iological role, only miRNAs (n = 50) whose mean abundance was more than 100 reads per mil-

lion total reads in either of the genotypes and three endo-siRNAs (esi-1.1, esi-1.2, and esi-2.1)

were described.

High-throughput sequencing of mRNAs (mRNA-seq)

Poly-A+ mRNA-seq libraries were constructed as previously described [16, 28, 29]. Paired-end

100 nt sequencing (2x 100 bp) was performed using HiSeq2500 platform (Illumina). Approxi-

mately 6–15 million reads were obtained for each library. Approximately 96–98% of the paired

reads were mapped to the dm3 Drosophila genome using HISAT2 [30] on the Galaxy platform

[31]. The differential expression was analyzed using featureCounts [32] and DESeq2 [33] on

the Galaxy platform [34, 35]. GO term and KEGG pathway enrichment analyses were per-

formed with GO Enrichment Analysis (http://geneontology.org/page/go-enrichment-analysis)

[36] using significantly differentially expressed genes.

Deposited sequenced libraries

The SRA accession number for the small RNA-seq and mRNA-seq libraries reported in this

manuscript is PRJNA518149.

Statistical test

Unpaired two-tailed Student’s t-test was performed to determine statistical significance. The

Benjamini-Hochberg method was used to adjust P-values for multiple comparisons.

Table 2. (Continued)

GINS complex (GO:0000811)

DNA replication preinitiation complex (GO:0031261)

protein-DNA complex (GO:0032993)

origin recognition complex (GO:0000808)

nuclear pre-replicative complex (GO:0005656)

pre-replicative complex (GO:0036387)

nuclear chromosome part (GO:0044454)

Significantly enriched GO terms associated with the 1416 genes identified in Fig 5D, that are significantly

downregulated in shRNA-BCDIN3D-no1, shRNA-BCDIN3D-no2, shRNA-BCDIN3D-no3, and shRNA-BCDIN3D-

no4, but not in shRNA-white, relative to shRNA-mCherry.

https://doi.org/10.1371/journal.pone.0217603.t002

RNA methyltransferase BCDIN3D crucial for female fertility and miRNA and mRNA profiles in Drosophila ovaries

PLOS ONE | https://doi.org/10.1371/journal.pone.0217603 May 30, 2019 16 / 19

http://geneontology.org/page/go-enrichment-analysis
https://doi.org/10.1371/journal.pone.0217603.t002
https://doi.org/10.1371/journal.pone.0217603


Supporting information

S1 Table. Normalized number of reads of miRNAs and endo-siRNAs in sRNA-seq.

(XLSX)

S2 Table. Differential expression analysis of mRNA-seq.

(XLSX)

Author Contributions

Conceptualization: Li Zhu, Susan E. Liao, Ryuya Fukunaga.

Data curation: Li Zhu, Susan E. Liao, Yiwei Ai, Ryuya Fukunaga.

Formal analysis: Li Zhu, Susan E. Liao, Yiwei Ai, Ryuya Fukunaga.

Funding acquisition: Ryuya Fukunaga.

Investigation: Li Zhu, Susan E. Liao, Yiwei Ai, Ryuya Fukunaga.

Methodology: Li Zhu, Susan E. Liao, Ryuya Fukunaga.

Project administration: Ryuya Fukunaga.

Supervision: Ryuya Fukunaga.

Writing – original draft: Ryuya Fukunaga.

Writing – review & editing: Li Zhu, Susan E. Liao, Ryuya Fukunaga.

References
1. Harcourt EM, Kietrys AM, Kool ET. Chemical and structural effects of base modifications in messenger

RNA. Nature. 2017; 541(7637):339–46. https://doi.org/10.1038/nature21351 PMID: 28102265;

PubMed Central PMCID: PMC5498787.

2. Helm M, Motorin Y. Detecting RNA modifications in the epitranscriptome: predict and validate. Nature

reviews Genetics. 2017; 18(5):275–91. https://doi.org/10.1038/nrg.2016.169 PMID: 28216634.

3. Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mRNA modifications. Nature

reviews Molecular cell biology. 2017; 18(1):31–42. https://doi.org/10.1038/nrm.2016.132 PMID:

27808276; PubMed Central PMCID: PMC5167638.

4. Jonkhout N, Tran J, Smith MA, Schonrock N, Mattick JS, Novoa EM. The RNA modification landscape

in human disease. Rna. 2017; 23(12):1754–69. https://doi.org/10.1261/rna.063503.117 PMID:

28855326; PubMed Central PMCID: PMC5688997.

5. Akichika S, Hirano S, Shichino Y, Suzuki T, Nishimasu H, Ishitani R, et al. Cap-specific terminal N (6)-

methylation of RNA by an RNA polymerase II-associated methyltransferase. Science. 2019; 363(6423).

https://doi.org/10.1126/science.aav0080 PMID: 30467178.

6. Hori H. Methylated nucleosides in tRNA and tRNA methyltransferases. Frontiers in genetics. 2014;

5:144. https://doi.org/10.3389/fgene.2014.00144 PMID: 24904644; PubMed Central PMCID:

PMC4033218.

7. Sergiev PV, Aleksashin NA, Chugunova AA, Polikanov YS, Dontsova OA. Structural and evolutionary

insights into ribosomal RNA methylation. Nature chemical biology. 2018; 14(3):226–35. https://doi.org/

10.1038/nchembio.2569 PMID: 29443970.

8. Ji L, Chen X. Regulation of small RNA stability: methylation and beyond. Cell research. 2012; 22

(4):624–36. https://doi.org/10.1038/cr.2012.36 PMID: 22410795; PubMed Central PMCID:

PMC3317568.

9. Xhemalce B, Robson SC, Kouzarides T. Human RNA methyltransferase BCDIN3D regulates micro-

RNA processing. Cell. 2012; 151(2):278–88. https://doi.org/10.1016/j.cell.2012.08.041 PMID:

23063121; PubMed Central PMCID: PMC3640255.

10. Martinez A, Yamashita S, Nagaike T, Sakaguchi Y, Suzuki T, Tomita K. Human BCDIN3D monomethy-

lates cytoplasmic histidine transfer RNA. Nucleic acids research. 2017; 45(9):5423–36. https://doi.org/

10.1093/nar/gkx051 PMID: 28119416; PubMed Central PMCID: PMC5435960.

RNA methyltransferase BCDIN3D crucial for female fertility and miRNA and mRNA profiles in Drosophila ovaries

PLOS ONE | https://doi.org/10.1371/journal.pone.0217603 May 30, 2019 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217603.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217603.s002
https://doi.org/10.1038/nature21351
http://www.ncbi.nlm.nih.gov/pubmed/28102265
https://doi.org/10.1038/nrg.2016.169
http://www.ncbi.nlm.nih.gov/pubmed/28216634
https://doi.org/10.1038/nrm.2016.132
http://www.ncbi.nlm.nih.gov/pubmed/27808276
https://doi.org/10.1261/rna.063503.117
http://www.ncbi.nlm.nih.gov/pubmed/28855326
https://doi.org/10.1126/science.aav0080
http://www.ncbi.nlm.nih.gov/pubmed/30467178
https://doi.org/10.3389/fgene.2014.00144
http://www.ncbi.nlm.nih.gov/pubmed/24904644
https://doi.org/10.1038/nchembio.2569
https://doi.org/10.1038/nchembio.2569
http://www.ncbi.nlm.nih.gov/pubmed/29443970
https://doi.org/10.1038/cr.2012.36
http://www.ncbi.nlm.nih.gov/pubmed/22410795
https://doi.org/10.1016/j.cell.2012.08.041
http://www.ncbi.nlm.nih.gov/pubmed/23063121
https://doi.org/10.1093/nar/gkx051
https://doi.org/10.1093/nar/gkx051
http://www.ncbi.nlm.nih.gov/pubmed/28119416
https://doi.org/10.1371/journal.pone.0217603


11. Liu R, Wang X, Chen GY, Dalerba P, Gurney A, Hoey T, et al. The prognostic role of a gene signature

from tumorigenic breast-cancer cells. The New England journal of medicine. 2007; 356(3):217–26.

https://doi.org/10.1056/NEJMoa063994 PMID: 17229949.

12. Yao L, Chi Y, Hu X, Li S, Qiao F, Wu J, et al. Elevated expression of RNA methyltransferase BCDIN3D

predicts poor prognosis in breast cancer. Oncotarget. 2016; 7(33):53895–902. https://doi.org/10.18632/

oncotarget.9656 PMID: 27259993; PubMed Central PMCID: PMC5288229.

13. Kondo S, Ueda R. Highly improved gene targeting by germline-specific Cas9 expression in Drosophila.

Genetics. 2013; 195(3):715–21. https://doi.org/10.1534/genetics.113.156737 PMID: 24002648;

PubMed Central PMCID: PMC3813859.

14. Ni JQ, Zhou R, Czech B, Liu LP, Holderbaum L, Yang-Zhou D, et al. A genome-scale shRNA resource

for transgenic RNAi in Drosophila. Nature methods. 2011; 8(5):405–7. https://doi.org/10.1038/nmeth.

1592 PMID: 21460824; PubMed Central PMCID: PMC3489273.

15. Bischof J, Maeda RK, Hediger M, Karch F, Basler K. An optimized transgenesis system for Drosophila

using germ-line-specific phiC31 integrases. Proceedings of the National Academy of Sciences of the

United States of America. 2007; 104(9):3312–7. https://doi.org/10.1073/pnas.0611511104 PubMed

Central PMCID: PMC1805588. PMID: 17360644

16. Fukunaga R, Han BW, Hung JH, Xu J, Weng Z, Zamore PD. Dicer partner proteins tune the length of

mature miRNAs in flies and mammals. Cell. 2012; 151(3):533–46. https://doi.org/10.1016/j.cell.2012.

09.027 PMID: 23063653; PubMed Central PMCID: PMC3609031.

17. Zhu L, Kandasamy SK, Liao SE, Fukunaga R. LOTUS domain protein MARF1 binds CCR4-NOT dead-

enylase complex to post-transcriptionally regulate gene expression in oocytes. Nature communications.

2018; 9(1):4031. https://doi.org/10.1038/s41467-018-06404-w PMID: 30279526.

18. Liao SE, Kandasamy SK, Zhu L, Fukunaga R. DEAD-box RNA helicase Belle post-transcriptionally pro-

motes gene expression in an ATPase activity-dependent manner. Rna. 2019. https://doi.org/10.1261/

rna.070268.118 PMID: 30979781.

19. Zhu L, Kandasamy SK, Fukunaga R. Dicer partner protein tunes the length of miRNAs using base-mis-

match in the pre-miRNA stem. Nucleic acids research. 2018. https://doi.org/10.1093/nar/gky043 PMID:

29373753.

20. Kandasamy SK, Fukunaga R. Phosphate-binding pocket in Dicer-2 PAZ domain for high-fidelity siRNA

production. Proceedings of the National Academy of Sciences of the United States of America. 2016;

113(49):14031–6. https://doi.org/10.1073/pnas.1612393113 PMID: 27872309.

21. Kandasamy SK, Zhu L, Fukunaga R. The C-terminal dsRNA-binding domain of Drosophila Dicer-2 is

crucial for efficient and high-fidelity production of siRNA and loading of siRNA to Argonaute2. Rna.

2017; 23(7):1139–53. https://doi.org/10.1261/rna.059915.116 PMID: 28416567.

22. Liao SE, Ai Y, Fukunaga R. An RNA-binding protein Blanks plays important roles in defining small RNA

and mRNA profiles in Drosophila testes. Heliyon. 2018; 4(7):e00706. https://doi.org/10.1016/j.heliyon.

2018.e00706 PMID: 30094376; PubMed Central PMCID: PMC6074722.

23. Lin X, Steinberg S, Kandasamy SK, Afzal J, Mbiyangandu B, Liao SE, et al. Common miR-590 Variant

rs6971711 Present Only in African Americans Reduces miR-590 Biogenesis. PloS one. 2016; 11(5):

e0156065. https://doi.org/10.1371/journal.pone.0156065 PMID: 27196440; PubMed Central PMCID:

PMC4873136.

24. Fukunaga R, Colpan C, Han BW, Zamore PD. Inorganic phosphate blocks binding of pre-miRNA to

Dicer-2 via its PAZ domain. The EMBO journal. 2014; 33(4):371–84. https://doi.org/10.1002/embj.

201387176 PMID: 24488111.

25. Han BW, Wang W, Li C, Weng Z, Zamore PD. Noncoding RNA. piRNA-guided transposon cleavage ini-

tiates Zucchini-dependent, phased piRNA production. Science. 2015; 348(6236):817–21. https://doi.

org/10.1126/science.aaa1264 PMID: 25977554; PubMed Central PMCID: PMC4545291.

26. Han BW, Wang W, Zamore PD, Weng Z. piPipes: a set of pipelines for piRNA and transposon analysis

via small RNA-seq, RNA-seq, degradome- and CAGE-seq, ChIP-seq and genomic DNA sequencing.

Bioinformatics. 2015; 31(4):593–5. https://doi.org/10.1093/bioinformatics/btu647 PMID: 25342065;

PubMed Central PMCID: PMC4325541.

27. Fukunaga R. Loquacious-PD removes phosphate inhibition of Dicer-2 processing of hairpin RNAs into

siRNAs. Biochemical and biophysical research communications. 2018; 498(4):1022–7. https://doi.org/

10.1016/j.bbrc.2018.03.108 PMID: 29550490; PubMed Central PMCID: PMC5881606.

28. Vakrou S, Fukunaga R, Foster DB, Sorensen L, Liu Y, Guan Y, et al. Allele-specific differences in tran-

scriptome, miRNome, and mitochondrial function in two hypertrophic cardiomyopathy mouse models.

JCI insight. 2018; 3(6). https://doi.org/10.1172/jci.insight.94493 PMID: 29563334.

29. Zhang Z, Theurkauf WE, Weng Z, Zamore PD. Strand-specific libraries for high throughput RNA

sequencing (RNA-Seq) prepared without poly(A) selection. Silence. 2012; 3(1):9. https://doi.org/10.

1186/1758-907X-3-9 PMID: 23273270; PubMed Central PMCID: PMC3552703.

RNA methyltransferase BCDIN3D crucial for female fertility and miRNA and mRNA profiles in Drosophila ovaries

PLOS ONE | https://doi.org/10.1371/journal.pone.0217603 May 30, 2019 18 / 19

https://doi.org/10.1056/NEJMoa063994
http://www.ncbi.nlm.nih.gov/pubmed/17229949
https://doi.org/10.18632/oncotarget.9656
https://doi.org/10.18632/oncotarget.9656
http://www.ncbi.nlm.nih.gov/pubmed/27259993
https://doi.org/10.1534/genetics.113.156737
http://www.ncbi.nlm.nih.gov/pubmed/24002648
https://doi.org/10.1038/nmeth.1592
https://doi.org/10.1038/nmeth.1592
http://www.ncbi.nlm.nih.gov/pubmed/21460824
https://doi.org/10.1073/pnas.0611511104
http://www.ncbi.nlm.nih.gov/pubmed/17360644
https://doi.org/10.1016/j.cell.2012.09.027
https://doi.org/10.1016/j.cell.2012.09.027
http://www.ncbi.nlm.nih.gov/pubmed/23063653
https://doi.org/10.1038/s41467-018-06404-w
http://www.ncbi.nlm.nih.gov/pubmed/30279526
https://doi.org/10.1261/rna.070268.118
https://doi.org/10.1261/rna.070268.118
http://www.ncbi.nlm.nih.gov/pubmed/30979781
https://doi.org/10.1093/nar/gky043
http://www.ncbi.nlm.nih.gov/pubmed/29373753
https://doi.org/10.1073/pnas.1612393113
http://www.ncbi.nlm.nih.gov/pubmed/27872309
https://doi.org/10.1261/rna.059915.116
http://www.ncbi.nlm.nih.gov/pubmed/28416567
https://doi.org/10.1016/j.heliyon.2018.e00706
https://doi.org/10.1016/j.heliyon.2018.e00706
http://www.ncbi.nlm.nih.gov/pubmed/30094376
https://doi.org/10.1371/journal.pone.0156065
http://www.ncbi.nlm.nih.gov/pubmed/27196440
https://doi.org/10.1002/embj.201387176
https://doi.org/10.1002/embj.201387176
http://www.ncbi.nlm.nih.gov/pubmed/24488111
https://doi.org/10.1126/science.aaa1264
https://doi.org/10.1126/science.aaa1264
http://www.ncbi.nlm.nih.gov/pubmed/25977554
https://doi.org/10.1093/bioinformatics/btu647
http://www.ncbi.nlm.nih.gov/pubmed/25342065
https://doi.org/10.1016/j.bbrc.2018.03.108
https://doi.org/10.1016/j.bbrc.2018.03.108
http://www.ncbi.nlm.nih.gov/pubmed/29550490
https://doi.org/10.1172/jci.insight.94493
http://www.ncbi.nlm.nih.gov/pubmed/29563334
https://doi.org/10.1186/1758-907X-3-9
https://doi.org/10.1186/1758-907X-3-9
http://www.ncbi.nlm.nih.gov/pubmed/23273270
https://doi.org/10.1371/journal.pone.0217603


30. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nature

methods. 2015; 12(4):357–60. https://doi.org/10.1038/nmeth.3317 PMID: 25751142; PubMed Central

PMCID: PMC4655817.

31. Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M, et al. The Galaxy platform for accessi-

ble, reproducible and collaborative biomedical analyses: 2018 update. Nucleic acids research. 2018; 46

(W1):W537–W44. https://doi.org/10.1093/nar/gky379 PMID: 29790989; PubMed Central PMCID:

PMC6030816.

32. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence

reads to genomic features. Bioinformatics. 2014; 30(7):923–30. https://doi.org/10.1093/bioinformatics/

btt656 PMID: 24227677.

33. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data

with DESeq2. Genome biology. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:

25516281; PubMed Central PMCID: PMC4302049.

34. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-

sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nature protocols. 2012; 7(3):562–78.

https://doi.org/10.1038/nprot.2012.016 PMID: 22383036; PubMed Central PMCID: PMC3334321.

35. Afgan E, Baker D, van den Beek M, Blankenberg D, Bouvier D, Cech M, et al. The Galaxy platform for

accessible, reproducible and collaborative biomedical analyses: 2016 update. Nucleic acids research.

2016; 44(W1):W3–w10. Epub 2016/05/04. https://doi.org/10.1093/nar/gkw343 PMID: 27137889;

PubMed Central PMCID: PMCPMC4987906.

36. Mi H, Muruganujan A, Casagrande JT, Thomas PD. Large-scale gene function analysis with the PAN-

THER classification system. Nature protocols. 2013; 8(8):1551–66. https://doi.org/10.1038/nprot.2013.

092 PMID: 23868073.

RNA methyltransferase BCDIN3D crucial for female fertility and miRNA and mRNA profiles in Drosophila ovaries

PLOS ONE | https://doi.org/10.1371/journal.pone.0217603 May 30, 2019 19 / 19

https://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1093/nar/gky379
http://www.ncbi.nlm.nih.gov/pubmed/29790989
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
https://doi.org/10.1093/nar/gkw343
http://www.ncbi.nlm.nih.gov/pubmed/27137889
https://doi.org/10.1038/nprot.2013.092
https://doi.org/10.1038/nprot.2013.092
http://www.ncbi.nlm.nih.gov/pubmed/23868073
https://doi.org/10.1371/journal.pone.0217603

