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1 Summary 

2  In grasses, two types of phased, small interfering RNAs (phasiRNAs) are expressed largely in young, 

3 developing anthers. They are 21 or 24 nucleotides (nt) in length, and are triggered by miR2118 or miR2275, 

4 respectively. However, most of their functions and activities are not fully understood.

5  We performed comparative genomic analysis of their source loci (PHAS) in five Oryza genomes, and 

6 combined this with analysis of high-throughput sRNA and degradome datasets. In total, we identified 8216 

7 21-PHAS and 626 24-PHAS loci. Local tandem and segmental duplications mainly contributed to the 

8 expansion and supercluster distribution of the 21-PHAS loci. Despite their relatively conserved genomic 

9 positions, PHAS sequences diverged rapidly, except for the miR2118/2275 target sites, which were under 

10 strong selection for conservation. 

11  We found 21-nt phasiRNAs with a 5′-terminal uridine (U) demonstrated cis cleavage at PHAS precursors, and 

12 these cis-acting sites were also variable among close species. miR2118 could trigger phasiRNA production 

13 from antisense transcript of its own, and the derived phasiRNAs might reversely regulate miR2118 precursors. 

14  We hypothesized that successful initiation of phasiRNA biogenesis is conservatively maintained, while the 

15 phasiRNA products diverged quickly and are not individually conserved. In particular, phasiRNA production 

16 is under the control of multiple reciprocal regulation mechanisms.

17 Keywords: Oryza, phasiRNA, male reproductive, miR2118, diversification, cis activity 

18

19 Introduction 

20 Plant small RNAs (sRNA), including microRNAs (miRNAs) and small interfering RNAs (siRNAs), are short, 

21 processed transcripts with sizes ranging from 20- to 24-nt. They are incorporated into Argonaute (AGO) proteins and 

22 play important functions in multiple biological processes, such as development, phase transitions, biotic and abiotic 

23 stress responses, and transposon control (Brodersen et al., 2008; Axtell, 2013; Castel & Martienssen, 2013). Both 

24 miRNAs and siRNAs are categorized into several subclasses based on their size, origin, and functional pathways. 

25 Among classes of siRNAs, the phased, small interfering RNAs (phasiRNAs) are recognized by their mode of A
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26 generation (Fei et al., 2013; Komiya, 2017). The precursors of phasiRNAs, transcribed by RNA polymerase Ⅱ (Pol 

27 Ⅱ ), are either protein-coding or long, noncoding RNAs. A trigger miRNA, typically 22-nt in length, initiates the 

28 processing by cleavage at a complementary site, i.e. the miRNA target site. One of the cleavage products, usually the 

29 3′ fragment, is used as a template for synthesis of the double strand RNA (dsRNA) by RNA-DEPENDENT RNA 

30 POLYMERASE 6 (RDR6). Subsequently, the dsRNA is successively sliced by DICER-LIKE 4 (DCL4) in most land 

31 plants, or by DCL5 in grasses and some non-grasses monocots (Kakrana et al., 2018), into 21- or 24-nt siRNAs, i.e. 

32 phasiRNAs. The phasiRNA-producing loci are named as PHAS loci (Fei et al., 2013).

33 Functional studies of phasiRNAs are exemplified by studies of eight trans-acting siRNA (tasiRNA) genes in 

34 Arabidopsis, including TAS1a/b/c, TAS2, TAS3a/b/c and TAS4, from which the derived tasiRNAs regulate 

35 downstream genes in trans (Vazquez et al., 2004; Axtell et al., 2006). However, phasiRNAs originating from 

36 protein-coding transcripts could target genes of the same family, both in cis and trans, which is regarded as an 

37 efficient cascade regulation of large gene families, such as the pentatricopeptide repeat (PPR), MYB, NAC, F-box and 

38 nucleotide binding site leucine-rich repeat (NLR) families (Rajagopalan et al., 2006; Howell et al., 2007; Zhai et al., 

39 2011; Xia et al., 2015; Sosa-Valencia et al., 2017). NLRs, the disease resistance genes in plants, were reported to be 

40 the major phasiRNA-producing loci in many eudicots. Several miRNAs were able to induce NLRs into phasiRNA 

41 processing (Zhai et al., 2011). One of them, the miR482/2118 family, is relatively conserved in flowering plants and 

42 targeted at the P-loop encoding region in NLRs; miRNA diversification is driven by the NLR diversity (Zhang et al., 

43 2016).

44 In grasses, two types of phasiRNA are abundantly expressed in developing anthers: the 21-nt phasiRNAs 

45 triggered by miR2118, and the 24-nt by miR2275. In contrast to the protein-coding transcripts derived phasiRNAs in 

46 eudicots, the precursors of phasiRNAs in grasses are mostly long noncoding RNAs (lncRNAs) (Johnson et al., 2009; 

47 Song et al., 2012a; Komiya et al., 2014). Recent research in maize revealed that the 21- and 24-nt phasiRNAs are 

48 independently and spatiotemporally regulated in the process of anther development, with the 21-nt premeiotic 

49 phasiRNAs dependent on epidermal cell differentiation and the 24-nt meiotic phasiRNAs dependent on tapetal cell 

50 differentiation (Zhai et al., 2015). Similar expression pattern was also found in rice (Fei et al., 2016; Tamim et al., 

51 2018), indicating different roles of the two types of phasiRNAs in male organ development. Several mutations in the 

52 phasiRNA pathway are known to result in failure of male fertility in rice, including defects in the key components A
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53 RDR6 (Song et al., 2012b) and DCL4 (Liu et al., 2007). MEIOSIS ARRESTED AT LEPTOTENE 1 (MEL1) is the 

54 only AGO protein that is confirmed to preferentially interact with 21-nt phasiRNAs with a 5′-terminal cytosine (C) 

55 (Komiya et al., 2014). The mel1 loss of function mutant showed abnormal tapetum and aberrant pollen mother cells 

56 (Nonomura et al., 2007). Photoperiod-sensitive male sterility (PSMS), which initiated two-line hybrid rice breeding 

57 and contributes tremendously to rice production in China, is a phenomenon in which particular rice strains show male 

58 sterility or fertility, under long or short day conditions, respectively. Two controlling loci, pms1 and pms3, encode 

59 lncRNAs PMS1T and LDMAR, respectively (Ding et al., 2012; Fan et al., 2016). Both of them are targets of miR2118 

60 and produce 21-nt phasiRNAs (Fan et al., 2016; Tamim et al., 2018). These studies highlight the role of phasiRNAs 

61 in male reproductive development, with some loci controlling important agronomical traits. Recently, Tamim et al. 

62 (2018) found that 21-nt reproductive phasiRNAs can direct cis cleavage of their own precursor or bottom-strand 

63 transcripts and yield tertiary sRNAs in both rice and maize, indicating that cleavage activity is directed by some 21-nt 

64 phasiRNAs (Tamim et al., 2018). However, how these reproductive phasiRNAs evolve and whether there are 

65 functionally conserved phasiRNAs remains uninvestigated.

66 The genus Oryza is a model system for comparative and evolutionary studies. With the advances in the 

67 International Oryza Map Alignment Project (I-OMAP), at least 13 species in this genus have completed whole 

68 genome sequences (Stein et al., 2018). In the present study, we used five Oryza species to investigate the reproductive 

69 phasiRNAs, including Oryza sativa, Oryza rufipogon, and Oryza glaberrima with the AA genome type, Oryza 

70 punctata with the BB genome type, and Oryza brachyantha  with the FF genome type (Chen et al., 2013). These five 

71 species have clear phylogenetic relationships, with an evolutionary gradient of separation ranging from ten thousand 

72 years to 15 million years (MYA) (Stein et al., 2018). Thus, we could analyze the conservation patterns and 

73 evolutionary changes of phasiRNAs and PHAS loci within this model system. In addition, using high-depth sRNA and 

74 degradome data, we could explore the potential function of phasiRNAs using several computational approaches. 

75

76 Materials and Methods

77 Plant materials 

78 O. sativa (Nipponbare), O. rufipogon (W1943), O. glaberrima (IRGC96717), O. punctata (IRGC105690) and O. A
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79 brachyantha (IRGC101232) were grown in an experimental field in Beijing, China. To economically and efficiently 

80 identify PHAS loci, we used mixed young panicles with lengths including 1-2, 2-4, 6-8 and 8-10 cm in each species. 

81 High-throughput sRNA and degradome sequencing

82 Total RNA was isolated using the Trizol reagent (Invitrogen, Carlsbad, CA, USA). sRNA library preparation was as 

83 described previously (Zhao et al., 2013). The degradome library construction was performed according to a previous 

84 study (Ma et al., 2010). All libraries were sequenced on an Illumina HiSeq-2000 instrument at the Beijing Genomics 

85 Institute (BGI), Shenzhen, China.

86 Mapping of sRNA and degradome reads was performed using Bowtie (V1.1.0) (Langmead et al., 2009). Any read 

87 with more than 20 perfect hits to the genome was excluded from further analysis. Abundances of short reads in each 

88 library were normalized to “TP10M” (transcripts per 10 million). The genome sequence and annotation of O. sativa 

89 referred to RGAP 7 (http://rice.plantbiology.msu.edu/), the other four species referred to I-OMAP (Stein et al., 2018).

90 PHAS loci and trigger miRNA target site identification

91 PHAS loci were identified as described previously (Xia et al., 2013). In addition, regions overlapping with tRNAs, 

92 rRNAs and snoRNAs were filtered out. To identify the trigger miRNA target sites, (1) we used MEME (V4.10.0) 

93 (Bailey et al., 2009) to predict the 22-nt recognition motif of miR2118 and miR2275 in the whole genome, 

94 respectively; (2) identified the cleavage signals at the 10 - 11 position relative to the 3′ site of the recognition motif on 

95 the opposite strand using the degradome data (≥ 3 degradome reads at cleavage site); (3) for each PHAS, we searched 

96 for these corresponding motifs with cleavage signals at both sides (100 bp extension); and (4) PHAS loci with more 

97 than two recognition sites were manually divided into separate PHAS loci.

98 Comparison of PHAS between species

99 Orthologous genes between O. sativa and other Oryza species were identified using SynOrths (V1.0) (Cheng et al., 

100 2012). Synteny blocks were determined with two adjacent orthologous genes as anchors. We performed homology 

101 searches of O. sativa PHAS sequences in the other four genomes, or conversely, searching for the PHAS sequences of 

102 the four species in the O. sativa genome. If PHAS loci from two species were inside syntenic blocks, they were 

103 considered to have syntenic positions. If their sequences were also homologous (BLASTN, E-value < 1e-8 and with A
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104 coverage ≥ 1/3 of the query sequence), they were regarded as possible orthologs.

105 Substitution rate analysis

106 Homologous sequences were aligned using MUSCLE (V3.8.31) program (Edgar, 2004) using default parameters. 

107 Nucleotide sequence divergence (K) of noncoding sequence were estimated using the baseml modules in the PAML 

108 (V4.6) software (Yang, 2007).

109 Sequence data

110 Sequence data from this article can be found in the NCBI Sequence Read Archive database under accession number 

111 PRJNA504938.

112

113 Results 

114 Identification and characterization of PHAS loci

115 To identify the PHAS loci in Oryza, we performed high-throughput sRNA sequencing (sRNA-seq) of young panicles 

116 from O. sativa, O. rufipogon, O. glaberrima, O. punctata and O. brachyantha, separately. Degradome sequencing 

117 (degradome-seq) or parallel analysis of RNA ends (PARE) (German et al., 2008) was carried out using the same 

118 samples to analyze miRNA and siRNA targets. In addition, two additional replicates of the sRNA-seq and 

119 degradome-seq were prepared for O. sativa (Table S1). Based on the sRNA-seq mapping results and PHAS analysis, a 

120 total of 8216 21-PHAS and 626 24-PHAS loci were detected in the five genomes (Fig. 1A and Table S2). miR2118 

121 target sites were detected in 91% of the 21-PHAS loci, and miR2275 target sites in 76% of the 24-PHAS loci, 

122 respectively. The degradome reads were strand-specific and consistent with the original transcripts. Thus, we could 

123 determine the transcriptional direction of the phasiRNA primary precursors, i.e. the single-stranded, Pol Ⅱ  RNA 

124 transcripts (only named as phasiRNA precursors subsequently), according to the reads indicating cleavage at the 

125 target sites. From the sRNA mapping results, 21- and 24-nt sRNAs were the most abundant in quantity (Fig. 1B), and 

126 the 24-nt showed the greatest sequence diversity (Fig. 1C). These sRNAs were derived from diverse regions of the 

127 genomes (Fig. 1D), and more than 92% corresponded to 21-nt in 21-PHAS or 24-nt in 24-PHAS. Approximately 90% 

128 of the 21-nt sRNAs in 21-PHAS were “in phase” to the cycles of processing (Fig. 1E), while roughly 80% of 24-nt in A
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129 24-PHAS were “in phase” (Fig. 1F). These results support the accuracy of the data for the PHAS and miRNA target 

130 sites, thus facilitating subsequent analyses.

131 Based on the regions producing sRNAs, the size of the PHAS loci ranged from 100 to 2605 bp, with a mean size 

132 of ~400 bp. About 87% are distributed in the intergenic regions, while a few overlap with annotated genes (~7%), or 

133 transposable elements (TE, ~6%), at either the sense or the antisense strand (Fig. S1A, B). We analyzed the GC 

134 composition at the 21-PHAS and 24-PHAS regions using a sliding-window approach. We found that the GC 

135 composition within the 21-PHAS loci was significantly higher than that in the flanking regions (P = 2.84e-11), and 

136 also higher than that in the 24-PHAS loci (P = 2.702e-16) while the GC composition at 24-PHAS loci was relatively 

137 lower than their flanking regions (P = 7.046e-09). Such GC patterns were consistent in all five genomes (Figs 

138 S1C-G). The difference was more significant at the miRNA target sites, which is consistent with the high GC content 

139 of miR2118 compared with that of miR2275 (Figs S1H, I). These results suggest a quite different GC composition 

140 between 21-PHAS and 24-PHAS loci.

141 We found miR2118 predicted to target multiple NLR genes in Oryza species. Consistent with reports in eudicots 

142 (Zhai et al., 2011), target sites were inside P-loop encoding regions (Figs S2A, B), suggesting an evolutionarily 

143 conserved regulation of miR2118 at NLRs. However, most NLR targets did not produce obvious phasiRNAs (Figs 

144 S2A, B), and the number of NLR targets was less. In rice, over 500 NLRs are encoded in the genome (Luo et al., 

145 2012), at least 228 of them expressed (> 1 FPKM) in anther (based on the analysis of rice RNA-seq data from anthers, 

146 DRR016141), from which the miR2118 recognition motif was found in 85 genes. Only 18 of these were identified as 

147 targets with obvious miR2118-induced cleavage, and five of them showed weak phasiRNA signals after the cleavage 

148 sites, indicating a relatively minimal interaction of miR2118 with NLR transcripts in Oryza.

149

150 Local tandem and segment duplications contributed to the expansion and supercluster distribution of 21-PHAS

151 The 21-PHAS loci were found to form superclusters, as previously reported (Johnson et al., 2009). We further found 

152 that 21-PHAS loci in the same superclusters tended to maintain a consistent precursor direction. For example, the 

153 largest cluster in rice (on chromosome (Chr) 12 with position from 21,716,057 bp to 22,124,703 bp) contains one 

154 hundred and eleven 21-PHAS, 104 of which have the same direction on the genomic top or “plus” strand, suggesting A
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155 that these 21-PHAS precursors were consistently transcribed from the same strand. In addition, the large quantity and 

156 supercluster distribution of 21-PHAS loci suggested a localized gene expansion in Oryza. To investigate the expansion 

157 pattern, we analyzed DNA duplication by homologous searching of PHAS sequences over the repeat-masked genome 

158 using BLASTN, and compared the position of PHAS loci across the duplicate segments (E-value < 1e-8, and a 

159 homologous region ≥ 1/3 of the query PHAS).

160 Overall, most PHAS sequences are unique or low-copy, with over 70% of them found as single copy in Oryza 

161 genomes (Fig. S3A). For duplications that contributed to the expansion of PHAS loci, 83% ~ 100% of these duplicate 

162 segments were adjacent intrachromosomal duplications (Fig. 2A), that is, localized duplications with a median 

163 distance less than 8 kb. The directions of the paired, duplicated PHAS were mostly consistent (77% ~ 96%). This was 

164 found in both 21-PHAS and 24-PHAS, indicating the expansion of PHAS loci was primarily induced by localized 

165 tandem or segmental duplications. Only a few intrachromosomal or interchromosomal segment duplications 

166 contributed to the expansion of PHAS loci (Figs S3B, C). For instance, a detailed analysis of the duplication status of 

167 21-PHAS loci in a supercluster on O. sativa Chr 4 revealed that all sixty-six 21-PHAS loci were transcribed from the 

168 plus strand, and tandem duplications were frequent in this region (Fig. 2B). The sequences of OS_PHAS1311, 1313, 

169 1315, 1317 and 1319 were all homologous, demonstrating high levels of duplication of some 21-PHAS loci. One 

170 duplication event might include, and thus lead to the duplication of several adjacent 21-PHAS loci (Fig. 2C). Local 

171 duplications, especially tandem duplications, would lead to closely distributed and consistent precursor directions of 

172 PHAS loci, yielding the superclusters that we observed.

173

174 Position but not sequence conservation of PHAS loci between more divergent species 

175 To investigate the sequence conservation of these PHAS loci, we constructed syntenic blocks between O. sativa and 

176 other Oryza species with orthologous genes as borders. Then, we performed bidirectional, homology searches of 

177 PHAS sequences between O. sativa and other Oryza species to identify potentially homologous PHAS pairs (Figs 3A, 

178 B). The proportion of PHAS loci with homologs decreased quickly as the evolutionary distance increased. Within the 

179 less-diverged AA group (<1 MYA) (Stein et al., 2018), 70 to 90% of PHAS loci maintained homology. However, less 

180 than 40% of PHAS loci in O. sativa were homologous to those in O. punctata (6.76 MYA). Furthermore, only 5% of A
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181 PHAS loci in O. brachyantha (15 MYA) were homologous in O. sativa. Over a wider evolutionary distance, the 

182 proportion of sequences with homology in syntenic regions also decreased in CDS, UTR and intron of protein-coding 

183 genes (Fig. 3C). Nevertheless, the ratio was lowest in PHAS loci and their flanking regions, even lower than introns, 

184 which were assumed to be neutrally selected (after removing of the two splice site adjacent ends). These results 

185 indicated rapid divergence at PHAS regions.

186 Although the sequences of PHAS loci changed quickly, their genomic distributions were mostly consistent among 

187 the five species (Figs 3D, S4). Further investigation of these PHAS regions showed that the majority of PHAS loci 

188 were embedded in common syntenic blocks. For the two most divergent species, we found that ~85% (1986) of 

189 21-PHAS loci in O. sativa and ~ 90% (892) in O. brachyantha were present in 106 common syntenic blocks. The 

190 number of 21-PHAS loci in the syntenic blocks were highly correlated (Pearson's product-moment correlation r = 

191 0.70, P < 2.2e-16), suggesting that the number of PHAS loci were comparable between syntenic positions. 

192 Furthermore, the number of 21-PHAS loci on the two strands were also highly correlated (plus strand: r = 0.80, P < 

193 2.2e-16, minus strand: r = 0.62, P < 2.2e-16), suggesting the precursor directions of these 21-PHAS were also mostly 

194 consistent in the syntenic regions. 

195 To illustrate the properties of their genomic distribution, we examined a syntenic region of the 21-PHAS 

196 supercluster on Chr 6, in which 27, 27, 25, 28, and eighteen 21-PHAS loci were identified in the five species, 

197 respectively (from top to bottom, Fig. 3E). Of the twenty-seven 21-PHAS loci in O. sativa, all had orthologs in O. 

198 rufipogon; 22 had orthologs, three were segments (partial ortholog) and one was a homolog (outside the syntenic 

199 region) in O. glaberrima; 15 were orthologs, six were segments and two were homologs in O. punctata; and only 

200 three were segments in O. brachyantha, further supporting the rapid diversification of PHAS sequences. Most of these 

201 loci were found on the minus strand in the five species, suggesting the transcription directions of these PHAS 

202 precursors were conservatively maintained. However, in O. punctata, an inversion event was found to change the 

203 direction of at least 10 PHAS loci, suggesting that directional changes may result from specific evolutionary events 

204 (Fig. 3E). Finally, because of their low numbers and sparse distribution, the positional conservation pattern was weak 

205 at 24-PHAS regions.

206 A
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207 miR2118 and miR2275 target-site biased selection

208 Reproductive phasiRNA processing is initiated by miR2118 or miR2275 targeting with high base complementarity at 

209 target sites. The mature sequences of the two miRNAs were mostly conserved among Oryza species (Table S3). 

210 Correspondingly, the target sites should be under purifying selection to match the trigger miRNAs. To test this 

211 hypothesis, we calculated the nucleotide substitution rates (K) of PHAS loci, the 500 bp flanking sequences on both 

212 sides, the miRNA target sites (separately), and we compared these results with the K of neutrally-selected introns 

213 from protein-coding genes that adjacent to PHAS loci (intron_a). To evaluate the conservation level of PHAS and 

214 adjacent region, we compared the K of intron_a with randomly selected introns (intron_r), and also compared the K of 

215 PHAS with intergenic lncRNAs (lincRNAs) that didn’t produce phasiRNAs. We found that the K values of PHAS and 

216 their flanking regions were significantly higher than those of introns. Notably, the K values of intron_a were also 

217 significantly higher than intron_r (Figs 4A, B), further indicating that PHAS sequences were in regions experiencing 

218 high rates of variation. As expected, the K values of miR2118 and miR2275 target sites were significantly lower than 

219 introns (Figs 4A, B), consistent with purifying selection at target sites. The K values of 21-PHAS loci were relatively 

220 lower than in the flanking sequences (Fig. 4A), indicating weak selection at the 21-nt phasiRNA producing regions. In 

221 addition, we found no significant difference of the K between PHAS and non-PHAS lincRNAs, suggesting the 

222 sequence conservation level of PHAS were comparable with other lincRNAs.

223 To further assess the pattern of variation at PHAS regions, we analyzed the average variation at PHAS loci and 

224 their flanking regions using the distribution density of population SNPs and indels from the 3000 rice genomes project 

225 (Alexandrov et al., 2015). In addition, the occupation ratio of TEs, a major cause of genome variation, was also used 

226 to measure the variation pattern (Fig. 4C). We found an unbalanced pattern of variation, especially in the 21-PHAS 

227 regions, in which sequences close to the miR2118 target site tended to be more conserved than those distal, with the 

228 lowest density of variation at the target site, indicating relatively strong selection at target site sequences. Only a few 

229 24-PHAS loci were available for the analysis; therefore, we could not determine the pattern of variation at 24-PHAS 

230 loci with strong support. However, the miR2275 target sites also showed more conservation based on the indel and TE 

231 distribution patterns (Fig. 4C). Furthermore, we found all three variation types occurred more frequently in 24-PHAS 

232 loci than those in 21-PHAS (Fig. 4C), indicating a higher mutation rate at 24-PHAS loci.

233 We conducted sequence analysis of two rice 21-PHAS loci known to function in PSMS. In addition to PMS1T at A
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234 the pms1 site (Fan et al., 2016) (Fig. S5A), LDMAR from pms3 is also the target of miR2118 and produces 21-nt 

235 phasiRNAs (Ding et al., 2012) (Fig. S5B). The two 21-PHAS loci from LDMAR and PMS1T corresponded to 

236 OS_PHAS750 and OS_PHAS1809, respectively. However, the regions of the two 21-PHAS loci were located inside 

237 the two lncRNAs (Figs S5A, B top panel). Based on the phasiRNA processing mechanism, this suggests that only a 

238 portion of the 3′ fragments after the miR2118 cleavage site of the lncRNAs were used for phasiRNA generation. The 

239 orthologous loci of LDMAR were found in the AA group and O. punctata, while the orthologs of PMS1T were only 

240 present in the AA group, suggesting the recent emergence of pms1 and pms3. Consistent to the target site biased 

241 conservation, sequences at the miR2118 target sites in the two PHAS loci were more conserved, with a low SNP 

242 frequency in both (Figs S5A, B middle panel). Crucially, it was reported that the causal variants of PSMS in the two 

243 loci were SNP mutations in the second cycle after the miR2118 target sites (Figs S5A, B bottom panel) (Ding et al., 

244 2012; Fan et al., 2016). These two studies showed that sequences surrounding the SNPs, which contained the 

245 miR2118 target sites, are critical for the function of the two lncRNAs. LDMAR and PMS1T without the target site 

246 were both non-functional, probably because of failure to generate phasiRNAs (Ding et al., 2012; Fan et al., 2016). 

247

248 21-nt phasiRNAs with 5′-terminal U tend to induce cis-cleavage

249 Recently, Tamim et al. (2018) reported cis-cleavage function by some 21-nt reproductive phasiRNAs that target their 

250 own precursor or bottom strand transcripts. However, the rapid variation of PHAS sequences might lead to numerous 

251 divergent phasiRNAs in different species. The kinds of 21-nt phasiRNAs that can direct the target cleavage need to be 

252 investigated.

253 To identify functional (cleavage-directing) 21-nt phasiRNAs and their targets, we analyzed three high-throughput 

254 degradome datasets (Table S1) in O. sativa. We selected 21-nt phasiRNAs with at least 5 TP10M for target prediction 

255 at a genome-wide scale. In brief, we first mapped these degradome reads to the O. sativa genome, and selected the 

256 cleavage signals with sharp peaks using a described method (Zhai et al., 2015). Next, we extracted the sequence 

257 around the cleavage sites (we named this sequence the “cleavage-tag”). Then, we predicted the complementarity and 

258 scored the 21-nt phasiRNAs with these cleavage-tags using TargetFinder (Fahlgren & Carrington, 2010). Lastly, we 

259 selected those with best complementary (i.e. lowest penalty score) to the cleavage-tag and slicing site exactly 10 bp A
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260 after the 5′ terminus of the 21-nt phasiRNAs. Based on this analysis, we identified 2303, 1237, and 1557 potentially 

261 functional 21-nt phasiRNA-target pairs in the three datasets (Fig. S6A and Table S4). However, many of these 21-nt 

262 phasiRNA-target relationships were sample-specific, with only 553 shared across the three replicates (Table S5), 

263 accounting for 24.0%, 44.7% and 35.5% in each replicate. For comparison, we also analyzed rice miRNA targets 

264 using the same degradome datasets under the same criteria. A total of 1201 consistent miRNA-target pairs were 

265 identified, accounting for 84.4%, 87.3% and 85.5% in each replicate (Fig. S6B). This included many previously 

266 reported interacting partners, like miR156 to OsSPLs (Xie et al., 2012), miR160 to OsARFs (Huang et al., 2016), 

267 miR2118 and miR2275 at corresponding target sites in PHAS loci, supporting the robustness of our methods. It is 

268 probable that the reason for the relatively low reproducibility for most 21-nt phasiRNA-target interactions is weak or 

269 unstable cleavage, indicated by much lower quantity of degradome reads at those sites only detected in one library 

270 (V1) than those replicated in two (V2) or three (V3) libraries (Figs S6C, D). It may also be that the transcripts targeted 

271 by reproductive phasiRNAs are expressed at low levels and yield few degradome reads.

272 The 553 shared 21-nt phasiRNAs-targets are more likely to be functional than the sample-specific pairs. To 

273 determine whether there are common characteristics for these 21-nt phasiRNAs (a total of 540) and their target sites, 

274 we analyzed the nucleotide composition of the 21-nt sequences and the genomic features of the target sites, separately. 

275 We found that the 5′-terminal nucleotide of these 21-nt phasiRNAs was heavily biased toward uridine (U), accounting 

276 for over 92% of the instances, while the other positions showed no obvious bias (Fig. 5A). Consistent with the 

277 cis-activity (Tamim et al., 2018), most of the target sites were inside 21-PHAS regions (Fig. 5B). The cis regulation 

278 included the cis-targeting of bottom strand phasiRNAs at their precursors derived from RNA Pol Ⅱ  (PHAS_top), 

279 which accounted for ~65% of the targets. Another kind of cis regulation was top-strand phasiRNAs targeting at 

280 RDR6-derived bottom strand RNA (PHAS_bottom), as described by Tamim et al. (2018), which account for ~20%. 

281 We also discovered some trans regulations, including 21-nt phasiRNAs from one locus targeting the RNAs from 

282 another PHAS (4.7%), and a few 21-nt phasiRNAs targeting annotated genes (6.5%, many with unknown function and 

283 no enrichment at any GO term), TEs (0.9%) and unannotated intergenic regions (3.1%) (Table S5). To analyze 

284 whether functional 21-nt phasiRNAs tend to be present in specific phase cycles, we calculated the frequency of 

285 occurrence of these 540 21-nt phasiRNAs occurred in the first 25 cycles. We found that functional 21-nt phasiRNAs 

286 could be from several cycles, but with a relatively high ratio from the cycles close to the miR2118 target sites (Fig. A
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287 5C), consistent with the view that sequences adjacent to the target sites tend to be more conserved, i.e. more 

288 conservation at functional 21-nt phasiRNAs. Exceptionally, the proportion of functional 21-nt phasiRNAs from the 

289 first cycle (C1) was much lower. This might be consistent with the former report that 21-nt phasiRNAs from C1, 

290 which contained half of the miR2118 target site, was highly biased with low abundance and stability and might be 

291 non-functional (Tamim et al., 2018). In brief, these results showed that 5′ U 21-nt phasiRNAs have a high potential to 

292 direct cis-cleavage, perhaps reflecting loading into AGO1, which preferentially interacts with 5′ U 21-nt siRNA to 

293 induce cleavage (Mi et al., 2008), rather than the more typical AGO5 loading for 5′ C 21-nt phasiRNAs.

294

295 Cis-acting 21-nt phasiRNAs show low conservation

296 To identify evolutionarily conserved and functional (cleavage-directing) 21-nt phasiRNAs, we analyzed the targets of 

297 21-nt phasiRNAs in the other four Oryza species using the degradome datasets (Table S1), in comparison with that in 

298 O. sativa. Consistent with the rapid divergence of PHAS sequences, the number of homologous 21-nt phasiRNAs (≤ 4 

299 nt difference) from orthologous PHAS loci also decreased quickly with increasing evolutionary distance, and were 

300 rarely detected between O. sativa and O. brachyantha (Table S6). However, the abundance of homologous 

301 phasiRNAs between O. sativa and other Oryza species was highly correlated (Fig. S7A), suggesting conservation of 

302 expression for homologous phasiRNAs, to a certain degree. Using the same method as mentioned above, we found 

303 504, 976, 572 and 1035 potentially functional 21-nt phasiRNA-target pairs in O. rufipogon, O. glaberrima, O. 

304 punctata and O. brachyantha, separately (Table S4). Consistently, 42% to 75% of these functional 21-nt phasiRNAs 

305 were 5′ U (Fig. S7B), and 60% to 78% of the targets were under cis-regulation in the four species (Fig. S7C). For the 

306 540 functional 21-nt phasiRNAs in O. sativa, 57% and 55% of them have homologs in less diverged O. rufipogon and 

307 O. glaberrima, respectively. Their targets were also mostly similar or shared (Table S5). We further confirmed that 

308 these functional phasiRNAs tended to be from relatively conserved loci in O. rufipogon and O. glaberrima, based on 

309 Fisher’s exact test (Table S6). However, most of these consistent targets were cis-regulated, and we identified few 

310 consistencies at trans-regulated sites.

311 To illustrate the cis-cleavage activity of 21-nt phasiRNAs, two relatively conserved 21-PHAS loci were analyzed. 

312 In C6 of OS_PHAS768 (Fig. 5D), cis-cleavage was found in O. sativa and the homologous site in O. glaberrima, and A
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313 O. punctata, with obvious cleavage at the 10th/11th position relative to the 21-nt phasiRNA from the bottom strand. 

314 The sequence of O. rufipogon at C6 is consistent with that of O. sativa (Fig. S8A). The lack of cis-cleavage in O. 

315 rufipogon might be the weak cleavage not detected in this degradome library. In OS_PHAS1660, multiple cis-acting 

316 21-nt phasiRNAs were identified (Fig. 5E). Particularly, cis-cleavage at C4, C8 and C9 was supported in the AA 

317 group but not in O. punctata. Two indel mutations between the miR2118 target sites and the functional sites lead to 

318 the shift of phase register and resulting different 21-nt phasiRNA products (Fig. S8B). The 5′ nucleotides of the 

319 functional phasiRNAs (bottom strand) in the three cycles were U in AA group, while they were A, G, and G in O. 

320 punctata (Fig. S8B, Table S5), which are less likely to be loaded by AGO1 than the 5′ U type. However, there were 

321 other cis-cleavage sites (C3, C5) in O. punctata (Fig. 5E), suggesting cis-regulation were conserved in this 21-PHAS 

322 but with species-specific sites between AA and O. punctata. From this case, we also realized that indels with length 

323 that were not the multiple of 21 were easy to change the phase cycles and derived phasiRNAs at PHAS loci.

324

325 miR2118 induces its natural antisense transcripts into phasiRNA processing

326 The precursors of miR2118 distribute as clusters on Chr 4 and Chr 11 in the Oryza AA and BB groups, and primarily 

327 on Chr 4 in O. brachyantha (Fig. 6A). In O. sativa, the lncRNA AK068680 was found to be encoded on the antisense 

328 strand of the miR2118 cluster at the Chr 4 loci (Fig. 6B), with miR2118 precursors mostly in the intron of AK068680, 

329 which were also shown in the work of Song et al., 2012a. According to published lncRNAs in O. sativa (Zhang et al., 

330 2014), XLOC_035472 (equal to AK068680) and XLOC_012293, are transcribed from the antisense stand of miR2118 

331 clusters on Chr 4 and Chr 11, respectively (Fig. S9). These findings indicated that both strands were transcribed at the 

332 miR2118 loci, i.e. there were natural antisense transcripts (NATs) for miR2118 in O. sativa. Interestingly, 21-PHAS 

333 loci were also found in this region, with their Pol Ⅱ  precursor direction consistent with the lncRNAs (NATs, Fig. 

334 6B). Particularly, the miR2118 target sites of these 21-PHAS were only on the antisense strand of mature miR2118 

335 (Fig. 6C). This indicated that miR2118 directed cis-cleavage of its own NATs or preRNAs of the NATs, as most 

336 21-PHAS were within the intron or partially overlap with the exon of the NATs, and triggered the processing of 21-nt 

337 phasiRNAs (Fig. 6D), with the perfect target site on the opposite strand of mature miR2118. In O. sativa, cis-cleavage 

338 was found in two-thirds (20/30) of the mature miR2118 sites on the opposite strand, and at least nine 21-PHAS loci A
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339 were produced in this manner. Similar results were also found in the other four Oryza species at the miR2118 cluster 

340 regions (Fig. 6A), suggesting a conserved cis-regulation between miR2118 and its NATs in Oryza. Based on the 

341 cis-activity of 21-nt phasiRNAs, the derived 21-nt phasiRNAs from miR2118 NATs might have the potential to target 

342 the precursor of miR2118 or the NATs. Perhaps due to the low abundance of 21-nt phasiRNAs or weak cleavage 

343 signals in the panicle tissue that did not pass the threshold we set above, we observed a few 21-nt phasiRNAs that 

344 direct cleavage of miR2118 precursors in cis.

345

346 Discussion 

347 Reproductive phasiRNAs in grasses were mysterious for their specific expression, large varieties and important 

348 but mostly unknown function in anthers development. Here, we comprehensively investigated the genomic, 

349 evolutionary and functional properties of reproductive phasiRNAs and PHAS loci in Oryza. We noticed that the 

350 position but not sequence conservation of PHAS loci is quite similar to other non-PHAS lncRNAs (Mohammadin et 

351 al., 2015; Wang et al., 2015; Deng et al., 2018). However, PHAS loci, especially the 21-PHAS, are distinct for their 

352 trigger miRNA target-site biased selection and supercluster distribution patterns (Johnson et al., 2009). We found 

353 miR2118 could also target NLRs in Oryza but producing no or sparse phasiRNAs, which differs from many eudicots, 

354 in which NLRs are frequently found to be loci generating miR482/2118-triggered phasiRNAs (Zhai et al., 2011). It 

355 was reported that intron splicing, occurring in most protein-coding RNAs, might prevent siRNA generation in RDR6 

356 mediated gene silencing (Christie et al., 2011). Research in Arabidopsis revealed that phasiRNA biosynthesis from 

357 noncoding TAS transcripts occurred, or at least initiated, on membrane-bound polymers at rough endoplasmic 

358 reticulum (ER), a place suggested to inhibit the entry of mRNAs into phasiRNA biosynthesis (Li et al., 2016). These 

359 studies indicate that lncRNAs other than mRNAs are preferentially processed into phasiRNAs. Thus, we proposed 

360 that the large numbers of reproductive-specific PHAS lncRNAs in rice (possibly over 1000) (Komiya et al., 2014) 

361 may strongly compete with NLRs for miR2118 targeting and the phasiRNA processing machinery, lead to minimal 

362 regulation of miR2118 to NLRs. Besides, the different expression pattern of miR2118 between eudicots and grasses 

363 might be another cause of the targets difference. In eudicots, miR482/2118 is expressed in both vegetative and 

364 reproductive tissues (Zhai et al., 2011), while miR2118 in grasses is expressed mainly in male reproductive tissues A
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365 (Song et al., 2012a), in which reproductive lncRNAs are abundant.

366 The discovery that 5′ U 21-nt phasiRNAs tend to direct cis-cleavage is expected. The functions of siRNAs are 

367 AGO-dependent (Fang & Qi, 2016). AGO1 in plants preferentially binds to 5′ U 21-nt miRNAs or siRNAs and 

368 induces target cleavage (Mi et al., 2008). Recently, AGO1d and AGO1b were described as strong candidates to 

369 interact with 21-nt phasiRNAs in rice, based on coordinated expression of these AGOs with 21-nt phasiRNAs (Fei et 

370 al., 2016; Araki et al., 2020), possibly they bind the 5′ U type. Though we proposed the cis-cleavage of 5′ U 21-nt 

371 phasiRNAs, the possibility of some other functions of 21-nt phasiRNAs with 5′ C, A or G should not be excluded. 

372 Especially, MEL1- or AGO5c- loaded 5′ C 21-nt phasiRNAs are most abundant (Komiya et al., 2014; Patel et al., 

373 2018), suggesting an important function for some 5′ C 21-nt phasiRNAs. Recent studies in maize have proposed a 

374 putative function of phasiRNAs in cis DNA methylation (Dukowic-Schulze et al., 2016). Based on the analysis of 

375 public MethylC-seq datasets in rice, we also observed that CHG and CHH (H = A, C, or T) DNA methylation in 

376 PHAS regions, especially the body of 24-PHAS, at reproductive panicles (Li et al., 2012) was significantly higher than 

377 that at vegetative leaf tissues (Zemach et al., 2010) (Fig. S10). Cis-activities including cis-cleavage and possibly 

378 cis-methylation might serve as negative feedback regulation in phasiRNAs processing (Patel et al., 2018). On the one 

379 hand, cis-cleavage by bottom-strand, 21-nt phasiRNAs may directly reduce the quantity of PHAS precursors. On the 

380 other hand, increased DNA methylation at PHAS regions may also influence the transcription of the precursors. 

381 Cis-activities of phasiRNAs were consistent with their genomic property. As most PHAS loci were found to be 

382 unique, with few copies, and the derived phasiRNAs lacked complementarity to other sites, phasiRNAs might target 

383 mainly in cis (Zhai et al., 2015; Patel et al., 2018). In addition, we found that the cis-acting 21-nt phasiRNAs tend to 

384 be from conserved phase cycles in closely-related species, suggesting that this feedback regulation might be 

385 advantageous in the phasiRNA pathway. Furthermore, cis feedback regulation might be easily maintained during 

386 phasiRNA evolution. As bottom-strand phasiRNAs are always complementary to the PHAS precursors with no 

387 mismatch, no matter how the PHAS sequence diversified, there might be new cis-acting sites occurred randomly. 

388 Although we describe cis-activity of phasiRNAs, their trans functions may well be equally or more important, given 

389 that there is a tremendously diverse set of phasiRNAs active at reproductive stages that could have innumerable 

390 targets in trans. However, no matter whether they are cis- or trans-acting, the phasiRNA sequences appear almost 

391 random in their variation, and are both species-specific and poorly conserved.A
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392 It is unclear how top-strand 21-nt phasiRNAs could direct the cleavage of RDR6-derived bottom-strand RNA, as 

393 these are theoretically well-annealed in double-stranded RNA, while AGO-loaded siRNAs typically cleave 

394 single-stranded RNA. One possibility is that both strands of these PHAS region are transcribed, i.e. there are NATs for 

395 the PHAS precursors (just like miR2118 and its NATs), and the top-strand 21-nt phasiRNAs might target the NATs, 

396 resulting in a 12 nt shift of cleavage site relative to the miR2118 target site. With respect to previously published 

397 lncRNA results in O. sativa (Zhang et al., 2014), we found 18 lncRNAs overlapping the 21-PHAS loci investigated in 

398 our study, and 12 of them were on the opposite strand of the 21-PHAS precursor, suggesting some PHAS NATs exist 

399 and are potential cis-targets of top strand 21-nt phasiRNAs.

400 We observed a potentially complex reciprocal regulation mechanism between miR2118 and its NATs, and the 

401 derived 21-nt phasiRNAs have the potential to target miR2118 precursors. However, it is unknown how and when 

402 these NATs arose during grass evolution. In addition, how miR2118 is activated in the reproductive stage, and how to 

403 maintain the balance of miR2118, NATs and derived 21-nt phasiRNAs are important questions, the answers to which 

404 might increase our understanding of the function of reproductive phasiRNAs. In the study of PSMS, it was still 

405 undetermined how the SNPs in the second phasiRNA cycle lead to the phenotypic changes (i.e. male sterility). 

406 However, the two studies have indicated the functional importance of sequences close to the miR2118 target sites 

407 (Ding et al., 2012; Fan et al., 2016). Moreover, these observations plus the trigger miRNA target-sites biased 

408 conservation pattern prompted us to consider whether editing the miR2118/2275 target sites of other potential PHAS 

409 loci, or LDMAR and PMS1T orthologs in other rice varieties, might produce additional valuable mutant materials, 

410 which would facilitate rice breeding efforts.
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552 Fig. S1 PHAS loci were mostly in the intergenic regions and 21-PHAS have high GC composition than 24-PHAS.

553 Fig. S2 miR2118 could target NLRs and produce no or sparse phasiRNAs in O. sativa.

554 Fig. S3 Most 21-PHAS and 24-PHAS were unique or with low copies, and examples showing 21-PHAS loci expanded 

555 by segment duplication.

556 Fig. S4 The syntenic distribution property of PHAS on the 11 chromosomes of five Oryza genomes.

557 Fig. S5 Both pms1 and pms3 are 21-PHAS loci in O. sativa.

558 Fig. S6 21-nt phasiRNA-targets were less stable than miRNA-targets.

559 Fig. S7 21-nt phasiRNAs with 5As with 5with 5ble than miRNcis-cleavage in the four Oryza species.
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561 Fig. S9 The expression level of two potential miR2118 NATs in different tissues.

562 Fig. S10 DNA methylation level of PHAS loci was higher in reproductive yong panicles than vegetative leaves.

563 Table S1 Summary of reads quantities and genome mapping qualities of sRNA and degradome data for five Oryza 

564 species.

565 Table S2 The lists of PHAS loci found in the five Oryza genomes.

566 Table S3 miR2118 and miR2275 members in the five Oryza genomes.

567 Table S4 The lists of 21-nt phasiRNAs targets identified by degradome analysis in the five Oryza species.

568 Table S5 The 553 functional 21-nt phasiRNA-targets found in O. sativa, and their orthologous 21-nt phasiRNAs and 

569 targets in the other Oryza species.

570 Table S6 The number of total, or subset of the 540 functional 21-nt phasiRNAs, with homology between O. sativa 

571 and the other four Oryza species.

572

573 FIGURE LEGENDS

574 Fig. 1. PHAS loci identified from the sRNAs expressed at reproductive stage in five Oryza species.

575 (A) The number of PHAS loci identified in five Oryza species. (B) Size distribution of total sRNAs in each sRNA 

576 library, which showed that 21- and 24-nt sRNAs were mostly abundant at this stage. (C) Size distribution of unique 

577 sRNAs in each sRNA library, which showed that 24-nt have more varieties. (D) The ratio of 21, 22 and 24 nt sRNAs 

578 in different genomic regions. “sRNA” include tRNA, rRNA and snoRNA here. “other” represents unannotated region. 

579 (E) The histograms show the ratio of 21-nt sRNAs in the defined phase cycles (In PHAS) or outside phase cycles (Out 

580 of PHAS) at 21-PHAS region. (F) The histograms show the ratio of 24-nt sRNAs in the defined phase cycles (In 

581 PHAS) or outside phase cycles (Out of PHAS) at 24-PHAS region. Species abbreviations used in the manuscript: O. 

582 sativa (OS), O. rufipogon (OR), O. nivara (ON), O. barthii (OB), O. glaberrima (OGB), O. glumaepatula (OGL), O. 

583 meridionalis (OM), O. punctata (OP), O. brachyantha (FF).

584

585 Fig. 2. PHAS loci were expanded by local tandem duplication.

586 (A) The ratio of different duplication types according to their position. “adj”: the two duplicates were adjacent or less A
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587 than 1 Mb apart on the same chromosome; “dis”: the distance of the two duplicates was larger than 1 Mb on the same 

588 chromosome; “inter”: interchromosomal duplication. (B) A schematic graph showing 21-PHAS supercluster in Oryza 

589 sativa on chromosome 4, ranged from 20,991,722 bp to 21,237,202 bp, in which the PHAS copies induced by tandem 

590 duplications (green curves) have consistent PHAS direction. (C) A schematic graph showing one tandem duplication 

591 event that led to the expansion of three adjacent PHAS loci, as highlighted by the purple frame in panel B.

592

593 Fig. 3. PHAS loci show position but not sequence conservation among Oryza species.

594 (A) The percentage of O. sativa 21-PHAS and 24-PHAS loci with homology in the other four Oryza genomes. (B) The 

595 percentage of 21-PHAS and 24-PHAS in the other four Oryza genomes with homology in the O. sativa genome. Types 

596 are: “homolog” are homologous sequences found outside the syntenic region; “segment” are homologous sequences 

597 found in the syntenic region with a length less than 1/3 of the query sequence; “ortholog” are homologous sequences 

598 in a syntenic region; and “specific” are sequences with no homology in the O. sativa genome. (C) The ratios of 

599 21-PHAS, 24-PHAS, flanking regions of PHAS, CDS, UTR, intron of genes in O. sativa genomes that with orthologs 

600 in the other four Oryza species. The results show that both PHAS loci and their flanking regions have low sequence 

601 conservation than other genomic regions. Flanking regions involve “ 5′ ” (500 bp before the trigger site) and “ 3′ ” 

602 (500 bp after the terminal site of PHAS). Genes in O. sativa are selected from the adjacent regions of PHAS with 

603 distance less than 50 kb. (D) The distribution of 21-PHAS and 24-PHAS loci on chromosome 6 of the five Oryza 

604 species, coded as described in Fig. 1. The position of PHAS is highlighted. The red arrow points to the 21-PHAS 

605 clusters in Fig. 3E. (E) Detailed presentation of 21-PHAS clusters in the syntenic blocks of five Oryza genomes, with 

606 the two terminal border genes as LOC_Os06g09390 and LOC_Os06g09540 in O. sativa. The lines or bands between 

607 species indicate sequence homology. The blue lines show an inversion that changed the strand distribution of 10 

608 PHAS loci in O. punctata.

609

610 Fig. 4. PHAS loci experience high mutation with biased selection at trigger miRNA target sites. 

611 (A) Boxplots showing nucleotide substitution rates of 21-PHAS, flanking regions, miR2118 target sites (T), introns 

612 and non-PHAS lincRNAs. (B) Boxplots showing nucleotide substitution rates of 24-PHAS, flanking regions, miR2275 

613 target sites (T), introns and non-PHAS lincRNAs. The horizontal lines in the boxes are the median value, and the two A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

614 bars were the 25th and 75th percentiles, respectively. The nucleotide substitution rate was calculated based on pairwise 

615 comparison of Oryza sativa and the other Oryza species from AA group. “a” above the bars indicates K values were 

616 significantly higher (P < 0.01) than that of intron_a. “b” above the bars indicates K values were significantly lower (P 

617 < 0.01) than that of intron_a. “intron_a” indicates an intron selected from the protein-coding genes adjacent or inside 

618 PHAS superclusters; “intron_r” indicates an intron from randomly selected protein-coding genes. Flanking regions 

619 involve “ 5′ ” (500 bp before the target site) and “ 3′ ” (500 bp after the terminal site of PHAS locus). non-PHAS 

620 lincRNAs were selected from the published intergenic lncRNAs (Zhang et al., 2014) that have no overlap with our 

621 PHAS loci in O. sativa. (C) The three types of average variation densities at PHAS loci and its flanking regions. The 

622 red arrowheads point to the miRNA target sites. SNPs and indels were only analyzed in the O. sativa genome. 

623 Transposon data is from the repeat annotation of the five Oryza genomes. Only 21-PHAS or 24-PHAS regions with 

624 definite precursor direction and sequence length ≥ 200 bp were included. For each PHAS, up to 1 kb of sequences 

625 flanking each side were interrogated. Here, an overlapping sliding window of 5% of the sequence length, at a step of 

626 2.5% of the sequence length, was used in both flanking sides and the PHAS body. The mean value at same window 

627 position was used to depict the distribution pattern.

628

629 Fig. 5. 21-nt phasiRNAs with 5′-terminal U tend to induce cis cleavage.

630 (A) Nucleotide composition of 21-nt phasiRNAs with potential cleavage-directing functions, which shows that the 

631 5′-terminal nucleotides were mostly uridine (U). (B) The number of possible target sites in different categories. 

632 “PHAS_top” is the 21-nt phasiRNA precursor derived from RNA Pol Ⅱ. “PHAS_bottom” is consistent to the RDR6 

633 derived bottom strand RNA relative to the phasiRNA precursor. “PHAS_other” mean one 21-nt phasiRNA target 

634 transcripts from another PHAS locus in trans. (C) Relative ratios of functional 21-nt phasiRNAs in different phase 

635 cycles, which shows that functional 21-nt phasiRNAs tend to be present in the cycles close to the miR2118 target site, 

636 except for the first cycle (C1). (D) The cis-cleavage of 21-PHAS768 precursor at C6, which was consistent in Oryza 

637 sativa, O. glaberrima and O. punctata. (E) Multiple cis-acting phasiRNAs were found in 21-PHAS1660, in which 

638 cis-cleavage at C4, C8 and C9 were found in the three AA genomes, but not in O. punctata.

639

640 Fig. 6. miR2118 triggers the processing of 21-nt phasiRNAs from its natural antisense transcripts. A
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641 (A) The distribution of miR2118 clusters and antisense 21-PHAS loci in the syntenic regions at Chr 4 and Chr 11 in 

642 the five Oryza genomes. The green rectangle indicates tandem duplication in O. punctata at Chr 4. (B) The detailed 

643 distribution of genetic elements at the miR2118 cluster on O. sativa Chr 4. miR2118 clusters are encoded on the same 

644 strand, while the natural antisense transcripts AK068680 and at least six 21-PHAS loci are on the opposite strand. (C) 

645 The antisense sites of mature miR2118 are the target sites of 21-PHAS loci, as highlighted by the light-blue box in 

646 panel B. (D) Cis-cleavage at the antisense site of mature miR2118 triggers the production of 21-nt phasiRNAs. The 

647 red arrows at the sRNA track point to the 22-nt mature miR2118 sequence. The blue arrows at the degradome track 

648 point to the cis-cleavage reads at the antisense strand of mature miR2118.
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