
Supplementary materials and methods
Datasets

Pre-microRNA sequences were downloaded from the microRNA registry database (release 15.0) (http://www.mirbase.org/), which contains 14,197 hairpin precursor microRNAs of 133 species. Mature microRNAs can be processed from pre-microRNAs with two different types of secondary structure: single-stem pre-microRNAs (Supplementary Figure S1a) and multi-stem pre-microRNAs (Supplementary Figure S1b). Typical single-stem pre-microRNAs have only one paired stem and one symmetrical stem; multi-stem pre-microRNAs have several symmetrical or asymmetrical stems. All of these 14,197 hairpin sequences were classified into these two groups. As previously described, pre-microRNA-like hairpins were collected from the protein-coding regions as a negative dataset (Xue, et al., 2005). In total, 8,494 pseudo pre-microRNA-like hairpins were collected.

Test dataset I was composed of two parts: the first part was single-stem based and included 2,398 positive pre-microRNAs (miRBase v15.0) and 1,071 pseudo pre-microRNAs; the second part included 428 positive pre-microRNAs (miRBase v15.0) and 628 pseudo pre-microRNAs, all of which had multiple stems. To construct the test dataset II, two different versions of the miRBase database were compared (miRBase v15.0 vs. v16.0). Version 16.0 contained 1,085 pre-microRNAs from 32 species that were not included in version 15.0. These pre-microRNAs were also divided into two groups: one group contained 838 pre-microRNAs with single stems, and the other group contained 247 pre-microRNAs with multiple stems.

Biological features

Different biological features were considered for single- and multiple-stem pre-microRNAs. We proposed two strategies, A and B, to build the model. Strategy A detects the multi-stem pre-microRNAs for which a novel method was developed. As the standard stem-loop structure contains a stable paired stem and a symmetrical loop, the differences between the standard stem-loop and a candidate hairpin structure can be extracted as a measure of the possibility that a candidate hairpin is a real pre-microRNA. First, we predicted the RNA secondary structure with RNAfold (Hofacker, et al., 1994), and the structure symbols of the input sequence (“(”, “)”, “.”) were treated as a single structure string. Meanwhile, the input nucleic acid sequence was defined as a character string. The symbols of “(” and “)” represent a nucleotide that pairs with another one in this character string, and “.” indicates that the nucleotide could not pair with any other nucleotide. Then, the structure strings and character strings were reversed to give the reversed structure string and the reversed character string, respectively. Next, the strings and their reversed counterparts were aligned, and the gaps between these strings were filled with “_”. Finally, the aligned strings were divided into ten equal regions, and the ratios of each nucleotide pair type were calculated as input features. In total 140 features were extracted in this step, while two of the features were always 0. The minimum free energy (MFE) was also considered in the model. Finally, 139 features were selected (Supplementary Figure S2). Strategy B characterizes the single-stem type. To do this, 59 features were selected, of which 27 were based on sequence and structure composition (Supplementary Table S1 No 1-27), and the remaining 32 features were based on triplet elements (Supplementary Table S1 No 28-59) (Xue, et al., 2005).

Algorithm and methods

The support vector machine (SVM) is a universal constructive learning procedure based on statistical learning theory (Vapnik, 2000). SVMs map the samples into a high-dimensional feature space and seek an optimal hyper plane that divides the positive and negative samples with the maximum distance between them. SVMs have been applied to solve problems such as classifying tumours, analysing protein-protein interactions and identifying phosphorylation sites  ADDIN EN.CITE 
(Kim, et al., 2004; Koike and Takagi, 2004; Wang, et al., 2006)
. The kernel function of the SVM applied in this model was chosen by the try-and-test strategy, and three kinds of kernels were tested: a linear kernel, a radial basis kernel and a polynomial kernel. The radial basis kernel was finally selected by five-fold cross-validation using dataset I (Hsu, et al.). The radial basis kernel function is expressed as
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 There are two strategies to choose features, hence two SVM models are proposed. Both models were implemented using the e1071, caret and ROCR R packages  ADDIN EN.CITE 
(Dimitriadou, et al., 2005; Kuhn, et al., 2007; Sing, et al., 2009; Team, 2008)
.

For the multi-stem model, a specific explanation follows. Xijk represents the test data, where the index i denotes the ith observation, j denotes the jth region, and k denotes the kth pattern. We did not use the matrix as input features. Instead, Xi,…,Xn were used, where Xi =, and E denotes the MFE. We noticed that two of the features always equal to 0. As constant variables cannot contribute to classification, these two features were omitted, leaving 139 features in this model.

To improve the performance of our methods, a boosting method was used to combine the two models (Freund and Schapire, 1996). Boosting is a highly efficient way to improve weak classifiers, and it was also applied to SVMs in this work. Compared with single training algorithms, boosting has a higher time complexity, but the prediction performance is better than or at least comparable to that of the other algorithms. We directly use BSVM to boost weighted SVMs, and these boosted SVMs are called BSVMs (Diao, et al., 2002). 

Performance measurement

We employed four frequently considered measures: Specificity (Sp), Sensitivity (Sn), Accuracy (Ac), and the Mathew correlation coefficient (MCC) (Matthews, 1975). The measurements of Sn, Sp, Ac, and MCC are defined as 
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Among the predicted positive results, the real positives are defined as true positives (TP), while the others are defined as false positives (FP). Among the predicted negative results, real negatives are defined as true negatives (TN), while the others are defined as false negatives (FN).

To compare with the performance of the different models, we used ROC curves as a visual representation and a global measurement (Sing, et al., 2009). The true positive rate was plotted on the Y axis, and the false positive rate was plotted on the X axis. The larger the area under a ROC curve is, the better the model performance.
RNA isolation and Solexa sequencing

Human fetal ovary specimen was collected from the First Affiliated Hospital of Anhui Medical University, Hefei, China. All collections and using human tissues were under the approval of the Institutional Review Board at First Affiliated Hospital of Anhui Medical University. Written consent was obtained from patients donating tissue samples to the Hospital. Human fetal specimens with normal appearance and no evidence of disease were obtained following pregnancy termination. The tissue used here was extracted from a fetal of 24 weeks postconception (45mm foot length). For Solexa sequencing, total RNA was extracted using Trizol reagents (Takara, Dalian, China). Small RNAs (fewer than 30 bases) were collected after PAGE separation, and a pair of adaptors (5’ adaptors-GTTCAGAGTTCTACAGTCCGACGATC, 3’ adaptors-TCGTATGCCGTCTTCTGCTTG) ligated to 5' and 3' ends of the DNA. Then the small RNAs were amplified using the adaptor primers for 17 cycles and separated using agarose gels. The purified PCR products were used for cluster generation and sequencing analysis using the Illumina Genome Analyzer (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. After masking adaptor sequences and removing contaminated reads, clean reads were processed for computational analysis. Solexa reads were aligned against the human genome using SOAP (Li, et al., 2009). Sequences with perfect match or one mismatch were retained for further analysis. To further analyse the secondary structure of the sequence containing matched Solexa reads, 100 nucleotides of genomic sequence flanking each side of these sequences were extracted from the genome.

Experimental verification of top-scoring candidates

Plasmid construction

The DNA sequences encoding novel pre-microRNAs predicted by miRD were amplified by PCR using PrimeSTAR (Takara) from genomic DNA derived from human peripheral blood. The primers used are listed in Supplementary Table S2. The PCR products were digested using BamHI (Promega, Madison, Wisconsin, USA) with EcoRI (Promega), BamHI (Promega) with XhoI (Takara) or NotI (Takara) with Hind III (Promega), and then subcloned into the corresponding sites of pcDNA3.0 (Invitrogen, Carlsbad, California, USA) using T4 DNA ligase (Promega). All cloned sequences were verified by sequencing and enzyme digestion before used for transfection.
Cell culture and transfection

HeLa cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS (Hyclone, Logan, Utah, USA) and 1×penicillin and streptomycin (Invitrogen) in 5% CO2 at 37°C. Cells were transfected with recombinant plasmid (3ug) containing the DNA fragments encoding pre-microRNAs or pcDNA3.0 as a control using Lipofectamine 2000 (Invitrogen). Cells were harvested for further experiments 24 hours after transfection. 

Total RNA isolation 

Total RNA was extracted using Trizol reagents (Takara), according to the manufacturer’s instructions. 

MicroRNA quantification by SYBR Green 

cDNAs corresponding to specific microRNAs were synthesised using the prime Script™ 1st Strand cDNA Synthesis Kit (Tiangen, Beijing, China) with the specific stem-looped primers listed in Supplementary Table S3. The reaction mixture was incubated at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. Quantification of the mature microRNAs after transfection of HeLa cells was performed by real-time qRT-PCR using an Applied Biosystems StepOne™ Real-Time PCR System (Applied Biosystems, Foster city, California, USA) and a SYBR premix Ex TaqTM II kit (Takara) with the primers listed in Supplementary Table S3. The reactions were incubated in a 48-well optical plate at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 31 s. All reactions were run in triplicate. After reaction, the threshold cycle (Ct) was determined using the default threshold settings. The Ct is defined as the fractional cycle number at which the fluorescence passed a fixed threshold. The expression level of U6 was used as an internal reference.

Luciferase assay

Targets of novel microRNAs which were experimentally verified were predicted by miRanda. DNA sequences encoding part of 3'UTR of targeted genes were amplified by PCR using PrimeSTAR (Takara) from genomic DNA derived from human peripheral blood. Here are the primers: Lhx9 fw 5'-GTGCTCGAGCTCTAGTGTACACCTCTGTAT-3' Lhx9 rw 5'-GCGCGGCCGCTTCATTTGTATATAATAAA-3' Mlh3 fw 5'-GCTCTCGAGGCCAGATGAA

-ATTCAAGCCTAA-3' Mlh3 rw 5'-GTGCGGCCGCTAAAGGTAATCTATTAGATA-3'. PCR products were digested with XhoI (Takara) and NotI (Takara), and cloned downstream of a constitutively expressed firefly luciferase gene of the psiCHECKTM-2 (Promega). The sequences of inserted fragments were verified by sequencing.

HEK293T (human embryonic kidney) cell was cultured in DMEM supplemented with 10% FBS (Hyclone), and 1×penicillin and streptomycin (Invitrogen) in 5% CO2 at 37℃. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. In short, 105 cells were plated in a 24-well tissue culture plate the day before transfection. The luciferase reporter constructs (100ng), together with novel microRNA expression vectors or pcDNA3.0 as a negative control, were incubated with 1.5μl Lipofectamine 2000 and transfected into cells. After 6 hours of transfection, the transfection solution was replaced by fresh medium. Cell lysates were obtained 24 hours after transfection and assayed using the Dual-Luciferase® Reporter Assay System (Promega). The Renilla luciferase activity was normalized to the firefly luciferase.
Supplementary results

The performance for predicting multi-stem pre-microRNAs

Multi-stem pre-microRNAs are thought to make up a significant proportion of microRNA precursors in some species (Supplementary Table S4). Thus, we developed a special process for prediction of multi-stem pre-microRNAs (Strategy A). The performance of this model is shown in Supplementary Figure S3a. In a five-fold cross-validation on the training set, miRD achieved a sensitivity of 81.9% and a specificity of 93.2% on average, and the Ac and MCC reaches 88.5% and 0.763, respectively (Supplementary Table S5).

The performance for predicting single-stem pre-microRNAs

For single-stem pre-microRNAs, we proposed a set of features based on the sequence composition and the structure composition (Strategy B). The performance of this model in a five-fold cross-validation on the training set was shown in Supplementary Figure S3b. The Sp, Sn, Ac and MCC were 90.3%, 97.9%, 92.3% and 0.837, respectively (Supplementary Table S5).

The strategy A for multi-stem pre-microRNA prediction was also applied to single-stem prediction. The results of the five-fold cross-validation were shown in Supplementary Figure S3c. The Sp, Sn, Ac and MCC were 90.3%, 97.9%, 0.926 and 0.844, respectively (Supplementary Table S5). These results suggest that the strategy for multi-stem pre-microRNA prediction is also suitable for single-stem pre-microRNA prediction.

To improve the performance of our method, we tried to merge the two strategies to predict single-stem and multi-stem pre-microRNAs. This fusion strategy was based on the Boosting Support Vector Machine, which combines SVMs and a boosting method. The BSVM directly boosts weighted SVMs and has a better performance than single SVM classifiers and other learning methods according to our simulation and cross-validation work. The results of the five-fold cross-validation were shown in Supplementary Figure S3d, and the Ac and MCC reached 92.9% and 0.851, respectively (Supplementary Table S5). These results demonstrate better performance of strategy fusion in identifying pre-microRNAs from pseudo hairpins.

Comparison with other prediction tools

miRD was compared to tripleSVM and MIReNA using test dataset I. This dataset contained two parts: the first part were all single-stem pre-microRNAs, which included 2,398 positive and 1,071 pseudo pre-microRNAs, and the second part included 428 positive pre-microRNAs and 628 pseudo pre-microRNAs, all of which contained multiple stems (Method dataset). All our three methods performed better than tripleSVM and MIReNA. The Ac and MCC of our methods reached 93.6% and 0.863, respectively, which are much higher than those of the other two algorithms (Supplementary Table S6).

To test the abilities of the different tools to distinguish real pre-microRNAs from pseudo pre-microRNAs, test dataset II was applied (Method dataset). This dataset contained 838 single-stem pre-microRNAs and 247 multi-stem pre-microRNAs (see the Methods section). These 1,085 pre-microRNAs were newly discovered in 33 species. Our method has a higher accuracy than other algorithms (Supplementary Table S7). MiRD was able to identify more than 90% of single-stem pre-microRNAs for each species, and is more efficient than other algorithms in predicting multi-stem pre-microRNAs. According to the simulation results and the tests using the real pre-microRNA datasets, the performance of miRD is stable for both pre-microRNA types among different species. 

Sixteen novel microRNAs in human fetal ovaries predicted by miRD were verified experimentally

We combined Solexa sequencing techniques with computational methods to identify novel microRNAs in the human fetal ovary. Totally 1,160,132 Solexa reads were mapped into genome, 11,764 of which corresponding to 92 unique reads were novel candidate microRNAs. The sequence of their precursors were extracted and processed by miRD. Then, the precursors were sorted by their predicted probabilities to be pre-microRNAs (Supplementary Table S8).

After analysis by miRD, sixteen novel microRNAs with highest probabilities were verified experimentally. First, we used H2B-GFP-tagged pcDNA3.0 to evaluate the efficiency of plasmid transfection. More than 40% of cells showed GFP florescence after transient transfection (Supplementary Figure S4a,b). Then, we tested the specificity of our microRNA validation system. The sequence encoding pre-miR-376a was cloned into pcDNA3.0, and this vector was then transfected into HeLa cells. The relative expression levels of mature mir-200a miR-34b*, miR-320b, miR-448, miR-625, miR-449c, and miR-200a*, which served as negative controls, and miR-376a in the transfected cells were then quantified by stem-loop real-time PCR using SYBR Green dye. As shown in Supplementary Figure S4c, the relative expression of miR-376a increased significantly after transfection, while the expression of mir-200a miR-34b*, miR-320b, miR-448, miR-625, miR-449c, and miR-200a* remained unchanged.

Since the accuracy and efficiency of the system had been validated, these sixteen pre-microRNA candidates were cloned into the multiple cloning sites of pcDNA3.0, and the resulting vectors were transfected into HeLa cells. The expression of each corresponding mature microRNA was detected 24 hours after transfection. As shown in Supplementary Figure 5a, all these sixteen microRNAs showed significantly increased expression. The secondary structures of these validated novel pre-microRNAs were shown in Supplementary Figure 5b.

To better understand the physiological roles of all the validated novel microRNAs in the fetal ovary, miRanda (Betel, et al., 2007) was applied to predict the targets of these microRNAs. We found that several genes involved in reproduction specific biological processes were potential targets of these novel microRNAs (Supplementary file). Meiosis related genes, Mlh1, Mlh3, Syce1, Syce2, Sycp2 were targeted by novel-002, novel-003, novel-004 et al  ADDIN EN.CITE 
(Bolcun-Filas, et al., 2007; Bolcun-Filas, et al., 2009; Edelmann, et al., 1996; Svetlanov, et al., 2008; Yang, et al., 2006)
. Genes essential for folliculogenesis, such as Lhx9, Lhx8, Sohlh1 and Sohlh2 were targeted by novel-002, novel-003, novel-004, novel-007, novel-015 et al  ADDIN EN.CITE 
(Suzumori, et al., 2007; Wilhelm and Englert, 2002)
. Since it has been reported that these genes played important roles in the mouse reproductive system, dysfunction might lead to infertility or serious diseases. Luciferase assay was used to verify wether the function genes were targeted by these novel microRNAs. We constructed two luciferase reporters by cloning the DNA sequences encoding part of the 3' UTR of Lhx9 or Mlh3 mRNA downstream of Renilla luciferase gene (Supplementary Figure S6a). Relative luciferase activity decreased significantly in 293T cells co-transfected with pcDNA3.0-novel-002  and the Lhx9-constructs, as well as pcDNA3.0-novel-004 and the Mlh3-constructs (Supplementary Figure S6b). These results indicated that the novel microRNAs might regulate the functional genes in development of human fetal ovary. Taken together, we propose that these novel microRNAs may play important roles in human fetal ovary development by regulating several already known genes.

Web implications

A web-based version of miRD (http://mcg.ustc.edu.cn/rpg/mird/mird.php) was constructed, and implemented in PHP/PERL + MySQL + R. Users can either enter RNA sequences in FASTA or submit files containing the sequence of short reads and information of location of the reads in the genome. The web version of miRD provides results including the probabilities of submitted candidate sequence to be real pre-microRNA and information such as the secondary structure, and the minimum free energy.
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