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Abstract

Flower development plays vital role in horticultural plants. Post-transcriptional regulation via small RNAs is important for plant
flower development. To uncover post-transcriptional regulatory networks during the flower development in Dimocarpus longan Lour.
‘Shixia’, an economically important fruit crop in subtropical regions, we collected and analyzed sRNA deep-sequencing datasets and
degradome libraries Apart from identifying miRNAs and phased siRNA generating loci (PHAS loci), 120 hairpin loci, producing
abundant sRNAs, were identified by in-house protocols. Our results suggested that 56 miRNA-target pairs, 22 21-nt-PHAS loci, and
111 hairpin loci are involved in post-transcriptional gene silencing during longan reproductive development. Lineage-specific or
species-specific post-transcriptional regulatory modules have been unveiled, including miR482-PHAS and miRN15. miR482-PHAS
might be involved in longan flower development beyond their conserved roles in plant defense, and miRN15 is a novel miRNA likely
associated with a hairpin locus (HPL-056) to regulate strigolactone receptor gene DWARF14 (D14) and the biogenesis of phasiRNAs
from D14. These small RNAs are enriched in flower buds, suggesting they are likely involved in post-transcriptional regulatory

networks essential for longan flower development via the strigolactone signaling pathway.
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1. Introduction

Longan (Dimocarpus longan Lour.) is an important economic fruit tree of the Sapindaceae family.
Although it is native to southeast Asia, it is grown in many subtropical and tropical countries (Wang et al., 2015;
Huang et al., 2021). As a fruit crop, floral formation and development greatly affect its yield; for instance,
inflorescence architecture formation is closely related to fruit set (Lee and Chang, 2019) and flower sex
differentiation. Moreover, longan ultimate female flowering rates are crucial for pollination success and stable
yield (Huang et al., 2021). To date, comprehensive transcriptome analyses have been performed to investigate the
underlying transcriptional regulatory mechanisms of longan flower development (Jia et al., 2014; Jue et al., 2019).
However, studies aiming to uncover post-transcriptional regulations of longan flower development are scarce.

Small RNAs (sRNAs), one of the most important regulators at the post-transcriptional level, are
predominantly 20-24 nucleotides (nt) in length in plants, and have been classified based on their distinct
biogenesis, which include almost all aspects of plant development and defense (Borges and Martienssen, 2015).
Among them, microRNAs (miRNAs) and phased small interfering RNAs (phasiRNA) are the most studied classes, for
their essential roles in plant growth and development (Jiang et al., 2020; Sharma et al., 2020; Li et al., 2021, 2022;
Zhang et al., 2022a, 2022b). In general, highly conserved miRNAs direct conserved regulatory modules and have
similar functions across flowering plants. For example, miR156-SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
(SPLs), miR172-APETALA2 (AP2), and miR390-TAS3-AUXIN RESPONSE FACTORS (ARFs) are involved in floral
transition or floral organ formation (Wang et al., 2009; Wu et al., 2009; Cho et al., 2013). miR2275, triggering the
biogenesis of 24-nt reproductive phasiRNAs, is involved in anther and pollen development in many angiosperms
(Xia et al., 2019). Some less conserved or lineage-specific miRNA might have unique functions in different species,
such as miR528, which modulates flowering time and anti-virus response in rice (Yang et al., 2019; Yao et al., 2019),
affects lodging resistance in maize (Sun et al., 2018), but responds to cold stress in banana fruits (Zhu et al., 2020).
On the other hand, different miRNA from different species may be involved in similar or relevant biological
processes, such as miR2118 in grass and miR11308 in Rosaceae species, which trigger the biogenesis of 21-nt
reproductive phasiRNAs in pre-meiotic anthers (Pokhrel et al., 2021). In grass, however, these 21-nt phasiRNAs
direct target mRNA cleavage in male germ cells, suggesting a role in anther development (Pokhrel et al., 2021). In
non-model plants, fewer studies investigate the sRNAs roles other than miRNAs and phasiRNAs. Hairpin-derived
siRNAs (hp-siRNAs), a considerable component of the sRNA population in plants, have been emerging as an
important regulator in certain biological processes. For example, hp-siR227s from MdHPL277 in apple are induced
by the pathogen Alternaria alternata infection, contributing to A. alternata leaf spot resistance (Zhang et al., 2018).

Strigolactone (SL) is a plant hormone involved in shoot branching and other biological processes (Gomez-
Roldan et al., 2008). In rice and Arabidopsis, the SL perception and signaling pathway is well known (Hamiaux et
al., 2012; Yao et al., 2016). The a/B-fold hydrolase DWARF14 (D14), is an SL receptor that recognizes SL and
hydrolyses SL (Hamiaux et al., 2012; Yao et al., 2016). The combination of D14 with the released D-ring from SL
recruits the SCF (SKP1, CULLIN, and F-BOX) complex. The SCF complex mediates degradation of SUPPRESSOR OF
MAX2 1-LIKE 6/7/8 (SMXL, D53 in rice) via the ubiquitin 26S proteasome system (Yao et al., 2016), leading to



derepression of related transcription factors (such as SPLs) and the activation of SL-elicited responses (Wang et al.,
2020; Xie et al., 2020). d14 mutants in rice and Arabidopsis promote shoot branching and alter plant architecture
(Arite et al., 2009; Seto et al., 2019). Post-transcriptional gene silencing (PTGS) also regulates plant architecture.
For example, miR156 mediates OsSPL14 cleavage (Jiao et al., 2010; Miura et al., 2010), which functions in parallel
with SL signaling (Song et al., 2017). However, to date, there is few research on the role of PTGS in SL perception
and signaling.

Compared with Arabidopsis, some biological processes during the flower development of longan and other
Sapindaceae fruit trees are species-specific, such as inflorescence architecture formation and flower sex
differentiation. To unveil the post-transcriptional regulation mechanism of longan flower development, we

performed comprehensive analyses of miRNA/phasiRNA/hp-siRNA and their target genes.

2. Materials and methods

2.1. Plant materials

Three 10-year-old ‘Shixia’ longan, one of the main cultivars in China, were used for this study. Trees were
planted in the South China Agricultural University orchard (Guangzhou, China, longitude and latitude are 113.4,
23.2, respectively). Different tissues, including flower buds in stage 1 (1.0 < diameter < 2.0 mm, FB-S1), stage 2
(2.0 < diameter < 2.5 mm, FB-S2), stage 3 (2.5 < diameter < 3.0 mm, FB-S3), stage 4 (diameter more than 3.0 mm,
FB-S4), stage 5 (flower buds that were about to bloom, FB-S5), male flowers (full blooming, MF), female flowers
(full blooming, FF), shoots (SH), young leaf (leaves approximately 3 cm long with light green color, YL), old leaves
(dark green and leathery leaves, OL), and roots (root tips with approximately 10 cm in length, RO), were collected
for sRNA and degradome sequencing. All samples with similar growing conditions were collected from the three

trees and quickly frozen in liquid nitrogen and stored at —80 °C.

2.2. Small RNA and degradome sequencing

Total RNA was extracted using RNAiso Plus (for RNA extraction, TaKaRa, Code No. 9108) and Fruit-mate (for
polysaccharide/polyphenol removal, TakaRa, Code No. 9192) kits, according to the product manual. A total of 5 ug
total RNAs with an RNA Integrity Number (RIN) higher than 7.5 were used for sRNA and degradome library
construction. In total, 32 sRNA libraries were constructed and sequenced on an lllumina HiSeq 2500 platform at
Novogene (Beijing, China), following standard operating procedures. A total of 50 pg of total RNA from
reproductive tissues (FB-S1 to S5, MF, and FF) and vegetative tissues (SH, YL, OL, and RO) were equally mixed and
used to construct degradome libraries, respectively, and sequenced on an lllumina HiSeq 2500 platform at
Lianchuan Biological Technology Co., Ltd. (Hangzhou, China) following standard operating procedure. All sSRNA and
degradome raw data generated in this study have been deposited into CNGB Sequence Archive (CNSA,
https://db.cngb.org/cnsa/) of China National GeneBank DataBase (CNGBdb) with accession number CNP0002481.



2.3. Data preprocessing

Raw data were preprocessed as previously published (Feng et al., 2019; Chen et al., 2021). In brief, adaptor
sequences, short reads, and low-quality reads, were removed from sequencing data. Then, non-coding RNAs
(rRNA, snoRNA and tRNA) and tags from the chloroplast and mitochondrial genomes were removed by mapping
against Rfam V13.0 (https://rfam.org/) (Kalvari et al.,, 2018) and The Plant Organelles Database 3
(http://podb.nibb.ac.jp/Organellome/podb3/search.php) (Mano et al., 2014), respectively. Preprocessed reads
were mapped to the ‘Shixia’ longan genome (https://www.ncbi.nlm.nih.gov/assembly/GCA_020457875.1/) by

bowtie (Langmead, 2010), allowing one mismatch within the alignment for further analyses.

2.4. miRNA and PHAS loci identification

The procedure and detailed parameters of miRNA annotation and PHAS loci identification have been
described previously (Feng et al., 2019; Chen et al., 2021). In brief, a MIR locus should achieve the following
criteria: (1) the space size between mature miRNA and miRNA star (miRNA*) should be between 5-nt and 300-nt,
(2) the mature miRNA should be 20-nt to 22-nt in length, (3) sSRNA with more than 20 hits in the genome were
filtered as they are likely from repeated sequences, (4) the miRNA and miRNA* abundance should be more than
75% of total reads from MIR locus, and (5) 90% of the mapped reads should be located on the sense strand of the
precursor. Each new MIR locus was checked manually according to the latest established standards to obtain a
high confidence miRNA identification (Axtell and Meyers, 2018). Known miRNAs were named according to
homology, while “miRN” was used as a prefix for nominating novel miRNAs. In a certain novel MIR locus, miRNA*
with notable abundance (30% higher than the sum of miRNA and miRNA*) were considered as functional small
RNAs and remained for subsequent analysis.

PHAS loci identification was based on P-value and phasing score (Xia et al., 2013). A PHAS locus must meet
the following requirements: (1) the most abundant siRNAs should be either 21-nt or 24-nt long, (2) the in-phase
siRNAs abundance should be more than 30%, (3) each PHAS locus should be more than 100 bp long, (4) the P-
value should be less than 0.001 while phasing score should be more than 10. And 400 bp flanking sequences (200
bp upstream and 200 bp downstream) plus the sequence of each PHAS locus were used to identify trigger miRNA,

and the penalty score of the alignment between trigger miRNAs and PHAS loci should be no more than 5.

2.5. Hairpin loci identification

An in-house pipeline was developed to identify hairpin loci in the longan genome, followed by a strict manual
check. First, SRNA clean reads were mapped to the longan genome using bowtie (Langmead, 2010) with modified
parameters: (1) sSRNA with no more than 50 hits in the genome were considered, and (2) one mismatch was
allowed (-m 50 -v 1). Second, the hcsiRNAMinerCLI module from TBtools (Chen et al., 2020, 2021) was adapted to
detect sRNA generating loci with modified parameters: (1) sSRNA loci with an interval of 500-bp were considered as
separate locus (--minRegionGap 500), (2) all 20-nt to 24-nt sSRNA were considered (--targetLens 20, 21, 22, 23, 24),
(3) the abundance ratio of 20-nt to 24-nt sRNA should be more than 90% (--minRepeatRatio 0.9). Third, a manual

check was conducted using IGV-sRNA (Chen et al., 2021) for each hairpin loci to ensure that sSRNA was mapped
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into both strands, the whole locus could be folded into a long hairpin secondary structure, and the sRNA

distribution in 5" arm of hairpin loci displayed similar pattern as the 3’ arm, forming an “symmetric” feature.

2.6. Identification of target genes for miRNA, phasiRNA and hairpin loci

Degradome data were used to identify target genes for miRNA and phasiRNA via Cleaveland 4.0 (Brousse et
al., 2014). Target genes were classified into five categories (0-4). Target transcripts with confident level of category
0-2 and alignment penalty score no more than 5 in one library were considered credible miRNA cleave sites.

To identify downstream target genes of hairpin loci, we used the sequences of each hairpin locus as blastn
queries (Camacho et al., 2009) (-evalue 1e-5) against longan coding sequences. The resultant transcripts were
annotated as potential target genes of hairpin sSRNAs unless they meet at least one of the following requirements:
(1) the identity of target genes is more than or equal to the average, (2) the alignment length of target genes is

more than or equal to the average.

2.7. qRT-PCR analysis

To determine the DID14 expression, the RNA samples used in the small RNA library construction were used to
perform gRT-PCR analysis. HiScript Il QRT SuperMix (Vazyme) and GoTaq gPCR Master Mix (Promega) were used in
reverse transcription and qPCR, respectively, following the manufacturer’s instructions. Two pairs of primers
flanking the target sites of miRN15 and hp-siRNAs from HPL-056 were designed. The primers flanking miRN15
target  site sequence  were  forward 5’-GATAACTATCTTGTACTTGGTCAT-3’ and reverse 5’-
AAGGTCATAGAAAACGATACG-3'. For hp-siRNA target site, 5-ATGCCAGAAGCCATACAA-3’ forward and 5’-
TCACTTGACTGAGGACATC-3’ reverse primers were used. The Actin gene was used as a reference gene in the gRT-
PCR assay, following kit instructions (GoTaq® gqPCR Master Mix, A6001, Promega) with Bio-Rad/CFX Touch real-
time PCR system. Expression levels were calculated as the mean of relative fold changes of three biological

replicates.

3. Results

3.1. miRNAs directed post-transcriptional requlation in longan flower development

To dissect the post-transcriptional regulation of longan flower development, seven reproductive tissues
(including flower buds in five different developmental stages, and mature male and female flowers) and four
vegetative tissues (including shoots, young leaves, mature leaves, and roots) were used in small RNA sequencing.
In contrast, mixed reproductive tissues and mixed vegetative tissues were used in degradome analyses (Fig. 1, a).
SRNA and degradome data analysis by canonical processing procedure showed more than 1.4 million unique, clean
reads were obtained for each library. Furthermore, more than 70% of clean reads were mapped to the latest
longan genome (Table S1), suggesting our data were of high quality.

In total, 143 known miRNAs belonging to 40 miRNA families and 52 novel miRNAs derived from 44 novel MIR

loci were identified (Table S2). Some miRNA family members showed tissue preferential expression patterns.
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Compared with other members of the miR156 family, miR156a was dominantly expressed in longan flower buds,
miR156¢ preferred to accumulate in leaves, and miR156f was expressed mainly in roots. miR172c was highly
expressed in reproductive tissues while miR172a/b ruled in vegetative tissues (Table S2). Some miRNA family
members shared similar expression patterns, such as all miR2275 members were reproductive tissue-specific and
highly expressed in early developmental stages (Table S2). Among all miRNAs, 27 were of higher expression
(foldchange > 2, RP10M > 10 in more than 1 library) in reproductive tissues (Fig. 1, b), which might play crucial
roles in longan flower development. miR156a is highly expressed in the early flower bud stage and decreases with
the development of flower buds. At the same time, miR172c accumulates over time with increasing age of flower
buds, suggesting miR156a and miR172c are likely involved in the juvenile-adult phase transition of longan flower,
consistent with previous reports (Wu et al., 2009) (Table S2). miR2118 aroused earlier in flower bud stage 1, while
miR2275 was highly expressed around stage 3, following the expression pattern of miR2118 and miR2275 in the
grass, indicating that they might have a similar function in reproductive development. Besides conserved miRNAs,
eight novel miRNAs were also predominantly expressed in reproductive tissues, such as miRN15.

Plant miRNAs serve as post-transcriptional regulation factors via direct slicing on their target genes.
Degradome sequencing was performed using mixed reproductive and vegetative tissues to obtain informative
regulatory networks of longan miRNAs. After analyses, 262 genes were identified as targets of 51 miRNAs with
strict criteria (the penalty score should be < 5, and the confidence category should < 2 in at least one library)
(Table S3). As expected, many conserved miRNA-target pathways were confirmed, for example, miR156-SPL,
mMiR159/miR828/miR858-MYB, miR160/miR167-ARF, miR164-NAC, miR172-AP2, miR396-GRF, miR397-Laccase
coding genes, and miR482-disease resistance genes. Besides, 52 transcripts were targeted by 18 novel miRNAs,
which might be unique regulatory pathways in longan (Table S3). Comparison of degradome signal level of each
target gene (normalized by RP10M) between reproductive and vegetative tissues showed 56 target genes were
notably repressed in reproductive tissues (red dots in Fig. 1, c), while 53 targets were repressed greatly in
vegetative tissues (blue dots in Fig. 1, c), suggesting miRNA-directed post-transcriptional regulations differ
between reproductive and vegetative tissues. This could be possibly due to the preferential accumulation of
related miRNAs in different tissues. For example, miR172c was mainly expressed in reproductive tissues, leading to
its target gene, Dil.14g006820, sliced at a higher degree. Higher expression of the novel miRNA, miRN15, in
reproductive tissues caused the specific cleavage of Dil.06g005400 (Fig. 1, d). These reproductive tissue-specific

miRNAs may lead to unique or preferential regulations essential for flower development in longan.
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Fig. 1 miRNA directed regulatory pathway that was involved in longan reproductive tissues
(a) Schematic representation of reproductive and vegetative tissues used in SRNA and degradome sequencing. Flower buds stage 1 (1.0 < diameter < 2.0
mm, S1), stage 2 (2.0 < diameter < 2.5 mm, S2), stage 3 (2.5 < diameter < 3.0 mm, S3), stage 4 (diameter more than 3.0 mm, S4), stage 5 (flower buds that were
about to bloom, S5), male flowers (full blooming, MF), female flowers (full blooming, FF), shoots (SH), young leaf (leaves approximately 3 cm long with light
green color, YL), old leaves (dark green and leathery leaves, OL), and roots (root tips with approximately 10 cm in length, RO) (b) Expression of miRNAs that
predominantly expressed in reproductive tissues. S1-S5: Stage 1-Stage 5 of flower buds, MF: male flower, FF: female flower, SH: shoot, YL: young leaf, OL: old leaf,
RO: root. The color bar at the right top side of the panel indicated the relative expression level of miRNAs in different tissues (c) Degradome signal level of
miRNA target genes between reproductive and vegetative tissues. Degradome signal level was calculated by log2 normalized degradome reads (Reads Per 10
Million, RP10M) in reproductive versus vegetative tissues. Red and blue dots represented target genes that were highly repressed in reproductive and vegetative
tissues respectively. (d) miR172c and miRN15 regulated Dil. 14g006820 and Dil.06g005400 in reproductive tissues. The expression level of miRNAs was showed
as the average value of reproductive and vegetative tissues. T-plots of target genes were drawn based on degradome data. Red dotted lines and red arrows
indicated the cleavage sites of each miRNA. Both sRNA-seq and degradome reads were normalized as RP10M.



3.2. PhasiRNA-directed post-transcriptional regulation in longan flower development

PhasiRNAs are another class of sRNA that regulate plant development and stress defense mainly via PTGS.
Using previously published methods, 88 21-nt-PHAS and 17 24-nt-PHAS loci were identified (each locus’s maximum
region phasing score should be > 10 in at least one library). miR390 mediated “two-hit” model generated
phasiRNAs from two TAS3-like loci, while all 24-nt-PHAS loci were triggered by miR2275 in longan (Table S4). These
two pathways are conserved in land plants and angiosperm, respectively (Xia et al., 2017, 2019). Besides, miR393,
miR482, miR828, miR3954, miRN15 were also capable of triggering the biogenesis of phasiRNAs in longan. In
addition, we cannot identify miRNA triggers for 52 PHAS loci, ten of which were annotated as pentatricopeptide
repeat-containing protein (PPR) (Table S4). After calculating the abundance of all siRNAs derived from each PHAS
loci, we found 22 21-nt-PHAS loci and all 24-nt-PHAS loci preferentially produced phasiRNAs in reproductive
tissues (Fig. 2, a), indicating these PHAS loci were probably involved in longan flower development. All 24-nt-PHAS
loci produced phasiRNAs at the early stage of flower development, concomitant with the expression pattern of
their trigger, miR2275 (Fig. 1, b; Fig. 2, a). Similarly, both PHAS-036 and its trigger, miRN15, showed preferential
expression patterns in reproductive tissues (Fig. 1, b; Fig. 2, a, b). miR3954a/b was highly expressed in longan
leaves (Table S2), PHAS-033 and PHAS-034, both triggered by miR3954, showed the similar expression pattern as
miR3954 (Table S4), but phasiRNAs from PHAS-035 that was also triggered by miR3954 were specifically
accumulated in reproductive tissues (Fig. 2, a b). These results indicated that phasiRNA expression pattern was
affected by the expression of its trigger miRNAs and their targeted PHAS loci. In addition, some PHAS loci showed
different expression between male flower and female flower, such as PHAS-008 and PHAS-023 targeted by miR482
(Table S4; Fig. 2, c), suggesting these PHAS loci might be involved in male or female organ development.

To examine the post-transcriptional roles of longan phasiRNAs, the top 30 most abundant phasiRNAs from
each PHAS locus were obtained and their target genes were identified using combined degradome data from
reproductive and vegetative tissues. These phasiRNAs were termed by the ID of their cognate PHAS loci and their
abundance rank, e.g., phasiR-013-14, indicates the 14th abundant phasiRNA from PHAS-013. As a result, 3 162
genes were identified under the potential regulation of 1 436 phasiRNAs from 88 21-nt-PHAS loci (Table S5). 941
and 477 genes were identified as confidential targets (penalty score < 5 and the confidence category < 2) in
reproductive and vegetative tissues, respectively (Table S5). miR390 triggered two TAS3 loci producing tasiARFs,
which in trans regulated ARF2A (Dil.12g014490), ARF3 (Dil.07g016180), and ARF4 (Dil.13g006460) in longan (Table
S5). PhasiRNAs triggered by miR482 and miR828 were also confirmed as regulators of nucleotide binding-leucine
rich repeat (NB-LRR) protein-coding genes and MYB, involved in disease resistance and anthocyanin biogenesis,
respectively (Table S5), as previous studies reported (Zhai et al., 2011). PhasiRNAs derived from PHAS-034 and
PHAS-035 triggered by miR3954 were suggested to regulate NAC (NAM, ATAF1/2, and CUC2) genes and PPR genes
respectively (Table S5). Intriguingly, reproductive tissues specific phasiRNAs from PHAS-036 (annotated as SL
receptor-like gene, Fig. 2, a b) triggered by miRNO15 in cis regulated two D14-like genes (Dil.06g005400,
Dil.09g009750) in longan (Table S5). This regulatory pathway is a novel one that has not been reported before,

which might be involved in suppressing SL signal transduction in longan reproductive tissues.
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Fig. 2 PhasiRNA-directed regulatory pathways that were involved in longan reproductive tissues

(a) Expression of phasiRNAs from PHAS loci that predominantly expressed in reproductive tissues. The color bar at the right bottom of the panel showed
the relative expression level of phasiRNAs in different tissues (b) miR3954 and miRN15 regulated PHAS-035 and PHAS-036, respectively, and triggered phasiRNA

biogenesis specifically in reproductive tissues. The original data of Rep. and Veg. for plotting were from library FB-S3-R2 and YL-R2. IGV-sRNA was used in data
plotting. The y-axis scales are showed at top left corner of each track. Dots in different colors represent sSRNA with different length. Red dotted lines indicate the
cleavage sites of trigger miRNAs. Triangle dots represent sSRNAs whose abundance exceeds the range of Y coordinates. (c) miR482 targeted PHAS-008 and PHAS-
023 and triggered phasiRNA biogenesis in both male and female flower, with higher expression level in male flower. Plotting data of MF and FF were from library

MF-R3 and FF-R3. MF (full blooming male flowers), FF (full blooming female flowers).

3.3. Functional specialization of the miR482-PHAS module in longan flower development

miR482 and miR2118 are members of the miR482/2118 superfamily that originated from gymnosperm.
miR482 and miR2118 mainly targets NB-LRRs in eudicots and long non-coding RNAs in grasses. Also, they trigger
phasiRNAs biogenesis, which are involved in plant immune and reproductive development (Zhai et al., 2011;
Komiya et al., 2014; Zhang et al., 2021). miR482-type mature sequences beginning with “UC” have a 2-nt shift
forward compared with miR2118-type, which started with “UU” (Zhang et al., 2021). Six MIR482 loci, encoding
four different mature sequences, were identified in longan. Among them, miR482b/c/e were miR482-type mature
sequences, while miR482a/d/f were miR2118-type. miR482b/c and miR482d/f were predominantly accumulated
in reproductive tissues (Fig. 3, a). Twenty PHAS loci triggered by the miR482 family were identified in longan (Table
S5; Fig. 3, b). The PHAS loci could be categorized into two groups based on the expression pattern of phasiRNAs
(Fig. 3, b). Notably, PHAS loci belonging to group | displayed a clear preferential expression in reproductive tissues,
while PHAS loci in group Il were ubiquitous in both reproductive and vegetative tissues (Fig. 3, b; Table S4).

Next, we explored miR482-PHAS module potential biological function by analyzing their downstream genes.
PHAS loci preferentially expressed by reproductive tissues are mostly involved in biological processes related to
development. In contrast, most of the genes regulated by the second group of PHAS loci are associated with
disease resistance (Fig. 3, b; Table S5). These data suggested that the miR482-PHAS module might be functionally

specialized in longan flower tissues. In particular, miR482 targeted a non-coding transcript PHAS-012 and triggered



the biogenesis of phasiRNAs. The top two abundant phasiRNAs (phasiR-012-01/02) targeted four genes with higher
confidence levels (category = 0 and penalty score < 3.5; Fig. 3, c, Table S5) in reproductive tissues, all of which were
annotated as squalene synthase coding genes. Squalene is a triterpene, a biochemical intermediate, a precursor
for the synthesis of B-amyrin and saponins, important secondary metabolites in the Sapindaceae family
(Thimmappa et al., 2014). These results indicated that the miR482-PHAS module had probably adapted expanding

functions in certain biological processes in specific plant lineages.
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Fig. 3 Expanding function of miR482-PHAS in longan flower development
(a) Expression of different members of miR482 in different tissues. Multiple sequence alignment of miR482 mature sequences was applied by Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and viewed in Jalview (V2.11). (b) PhasiRNA expression of PHAS loci targeted by miR482 in different tissues.
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tissues (c) miR482 triggered the biogenesis of phasiRNA from PHAS-012 and two resultant phasiRNA regulated four squalene synthase coding genes. The original
data of Rep. for plotting were from library FB-S4-R2. The red dotted line and red arrow indicated the cleavage site of miR482 while orange arrows showed the
cleavage site of phasiR-012-01/02.

3.4. siRNAs derived from transcripts containing hairpin structure regulated downstream genes in cis or trans
While analyzing sRNA data, several sRNA loci containing two sRNA enriched blocks drew our attention due to
their symmetric sRNAs distribution in the Integrative Genomics Viewer (Fig. 4, a; Fig. S1). Further analysis showed

that these sRNA loci harbored a secondary long stem-loop (hairpin-like) structure. The sRNA distribution in the 5’
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arm of a hairpin loci (HPL) showed an extreme similarity with the 3’ arm, contributing to the “symmetric” feature
(Fig. 4, a). As aforementioned, siRNAs from hairpin structures have been reported as post-transcriptional
regulators in plant development (Borges and Martienssen, 2015; Zhang et al., 2018). Hence, we developed a
genome-wide in-house pipeline to identify HPLs from the genome of longan. In total, 120 HPLs, between 563-nt to
14 531-nt in length were identified (Table S6). The proportion of hp-siRNA (6.48% of all sSRNAs in all libraries) was
larger than miRNA (5.11%) and phasiRNA (5.15%), indicating hp-siRNAs were likely another major subgroup of
siRNAs involved in post-transcriptional regulation in longan (Fig. 4, b).

Unlike miRNAs and phasiRNAs, most of hp-siRNAs (111 out of 120 loci) showed preferential expression in
reproductive tissues (Fig. 4, c; Table S6), suggesting their roles in reproductive development. Small RNAs' function
and action mode mainly depend on their length and association with ARGONAUTE (AGO) proteins. Small RNAs
with a length of about 21-nt (20-nt to 22-nt, short sRNA) associate with the AGO1 or AGO2 clades to direct PTGS,
while sRNAs of 24-nt (long sRNA) interact with the AGO4 clade to mediate TGS (Mallory and Vaucheret, 2010).
Thus, we calculated the length distribution of sSRNAs of each HPL from all libraries. Consequently, 79 out of 120
HPL mainly produced short 20-22-nt sRNAs. However, the length distribution of SRNA from a certain HPL varied in
different tissues. There were 102 out of 120 loci mainly producing short sRNAs in male flowers, while only 66 loci
generating short sRNAs in female flowers (Table S6). Almost in all loci (119/120), the proportion of short sRNA that
played main roles in PTGS was higher in male flower (red line in Fig. 4, d) than in female flower (black line in Fig. 4,
d), which might be due to different activities of DCLs between male and female flower. These data suggested that
hp-siRNAs directed PTGS might be involved in reproductive development and of different effects between male
and female flowers.

In contrast to the inerratic phasiRNA biogenesis, hp-siRNAs from HPL could be processed by multiple DCLs,
resulting in an unstable expression pattern of hp-siRNAs. Thus, we used hp-siRNA-generating regions of each HPL
as queries to identify their potential target genes. As a result, 595 genes were identified as downstream targets.
Some HPLs overlapped with coding genes could potentially regulate their homologous genes or other unrelated
downstream genes (Table S7) involved in various biological processes. Such as HPL-024, HPL-025, and HPL-029
could co-regulate 14 NAC genes, and HPL-030, HPL-035, HPL-041 regulate ARF7 and ARF13. As most hp-siRNAs
from a certain region could mediate post-transcriptional slicing on their target genes, multiple significant
degradome signals could be observed in the target transcripts. Notably, HPL-044 and HPL-063 were specifically
expressed in reproductive tissues (Fig. 4, e; Table S6), the hp-siRNAs from which mediated multiple cuts in
Dil.05g012340 and Dil.12g019370 specifically in reproductive tissues as well (Fig. 4, e), indicating hp-siRNAs from
HPL-044 and HPL-063 mediated PTGS occurred specifically in reproductive tissues. HPL-044 regulated nine F-box
protein-coding genes (including Dil.05g012340, Fig.4, e, Table S7), which were components of SCF (SPK-cullin-F-
box) E3 ubiquitin ligase complexes that could be involved in the ubiquitination of protein degradation pathway.
HPL-063 targeted four genes encoding Cyclic nucleotide-gated ion channel proteins (including Dil.12g019370, Fig.
4, e, Table S7), which could be involved in pollen development in plants (Kaplan et al., 2007). Our data provided
new insights that hp-siRNAs, besides well-studied miRNA and phaiRNA, were another large population of sSRNAs

that can mediate PTGS in reproductive development in longan.
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(a) Schematic representation of sSRNA production from a hairpin locus. (b) The abundance proportion of miRNA, phasiRNA and hp-siRNA in longan. The

population of each sRNA class was calculated by the average value of all SRNA libraries. (c) sSRNA abundance of all hairpin loci in reproductive tissues (The tissues
were S1, S2, S3, S4, S5, MF and FF from top to bottom) and vegetative tissues (The tissues were SH, YL, OL and RO from top to bottom). The color bar at the right
of the panel indicated the sRNA expression level in different tissues. (d) Length distribution of hp-siRNAs from each hairpin locus in male and female flower. The

red line indicated the proportion of short hp-siRNAs (20-nt to 22-nt) of each HPL in male flower, while the black line showed the proportion of short hp-siRNAs
of each HPL in female flower. The red dotted line was the reflective image of the red line. (e) hp-siRNAs from HPL-044 and HPL-063 regulated Dil.05g012340 and
Dil.12g019370. The original data of Rep. and Veg. for plotting were from library FB-S4-R2 and OL-R2. The pink shadow indicated the hp-siRNA region that could

regulate downstream target genes.

3.5. miRN15 cooperated with HPL-056 and HPL-068 to regulate SL receptor gene D14
Strigolactone acts as an important phytohormone regulating plant development and response to
environmental stimuli. Few works report siRNA directly involved in the SL signaling transduction pathway. In our

results, a novel miRNA, miRN15 and hp-siRNAs from HPL-056 and HPL-068 targeted SL receptor gene DID14
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(Dil.06g005400) and triggered secondary siRNA from DID14 (Tables S3 and S7). miRN15 was highly expressed in
reproductive and shoot tissues and almost absent in leaves and roots (Fig. 5, a; Table S2). Hp-siRNAs from HPL-056
showed a similar expression pattern as miRN15, except for old leaves, showing moderate accumulation (Fig. 5, b;
Table S6). miRN15 was 22-nt in length derived from a duplex with an asymmetric mismatch (bulge, Fig. 5, c), and it
triggered the biogenesis of phasiRNAs starting from its cleavage site in the first exon of Dil.06g005400 (red dot line
in Fig. 5, e). The secondary phasiRNAs (~21 nt) biogenesis was detected in all reproductive tissues but absent in
shoots, leaves, and roots (Fig. 2, a; Fig. S2), indicating the miRN15-D/D14-phasiRNA module was involved in SL
signal transduction specifically in reproductive tissues. It is puzzling why miRN15 was accumulated in the shoots
where phasiRNAs from Dil.06g005400 were absent. Potential regulators might have blocked the miRN15 directed
slicing on Dil.06g005400 in longan shoot.

Simultaneously, a region of 262-nt in HPL-056 (the same region could be found in HPL-068), where abundant
hp-siRNAs were accumulated, showed 76.34% sequence similarity with the second exon of Dil.06g005400 (Fig. 5,
d; Table S7), indicating that this group of hp-siRNAs from HPL-056 and HPL-068 likely regulate DID14 via PTGS (Fig.
5, d, e, pink shadow). As 34% of hp-siRNAs from HPL-056 were in the length of 22-nt (Table S6), we next checked if
hp-siRNAs from HPL-056 could trigger the secondary siRNA biogenesis. To exclude the influence from phasiRNAs
triggered by miRN15, sRNA data from old leaf and young leaf were used, since miRN15 was absent in both old leaf
and young leaf while hp-siRNAs from HPL-056 were moderately expressed in old leaf and almost undetectable in
young leaf (Fig. 5, a, b). As a result, compared with the first exon that generated 24-nt noise siRNA, 21-nt
secondary siRNAs were accumulated from the second exon in old leaves and shoots (Fig. 5, e). These secondary
siRNAs were not processed in phase and were mainly expressed in a single site (red arrow in Fig. 5, ). In contrast,
these secondary siRNAs were almost gone in young leaf and root, especially in the site marked by an orange arrow
(Fig. 5, e). This result was in line with the expression pattern of hp-siRNAs from HPL-056 (Fig. 5, b), suggesting that
hp-siRNAs from HPL-056 targeted Dil.06g005400 and triggered secondary siRNA biogenesis. We also checked the
expression of DID14 (Dil.06g005400) during flower development, gRT-PCR primers with the consideration of the
target sites of miRN15 and hp-siRNAs from HPL-056 were designed for the test. A similar expression pattern of
DID14 was detected (Fig. S3). DID14 expression was increased during the flower bud development while miRN15
was decreased (Fig. 5, a; Fig. S3), suggesting miRN15 might be the dominant regulator in the process of flower
development.

Our data demonstrated that SL signal receptor gene D14 was under post-transcriptional regulation of a novel
MIR and two HPL loci (Fig. 5, c, d, e), suggesting that DID14 may be regulated at three different levels in different
tissues. Dil.06g005400 was suppressed in all reproductive tissues by miRN15 and hp-siRNAs, triggered abundant
secondary siRNAs, most of which were in phase, and rendered strong repression of DID14 and its homologs (level |
in Fig. 5, e). In old leaf and shoot, only hp-siRNAs and moderated secondary siRNAs triggered by them were in
charge of the regulation of DID14 (level Il). In young leaves and roots where the miRN15 and hp-siRNAs were
absent, DID14 was not underregulated by PTGS (level Ill). Different sSRNAs generating from various pathways were
involved in the regulation of DID14, providing multiple PTGS layers to fine-tune the expression of DID14 and

subsequent precise modulation of SL perception and signaling.
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Fig. 5 miRN15 and HPL-056 co-regulated DID14 in different tissues

(a) Expression of miRN15 in different tissues. The value was normalized as RP10M. (b) Expression of HPL-056 sRNAs in different tissues. (c) Schema showing

the secondary structure and the SRNA abundance coverage along the precursor of miRN15. The original data were from FB-S5-R2 (Second biological replication
for flower buds to bloom). The red arrow indicates the cleavage site of miRN15 on DID14. (d) hp-siRNA production from HPL-056. Pink shadow showed the hp-
siRNA region that could regulate DID14. (e) miRN15 and HPL-056 co-regulated DID14 and triggered abundant secondary siRNAs in reproductive tissues (level I).
Only HPL-056 siRNAs regulated DID14 in old leaf and shoot (level I1) and triggered the biogenesis of secondary siRNA (red arrow). Almost no secondary siRNA
production on DID14 in young leaf and root (level I, orange arrow). The original data used for plotting in level I, Il, and Ill, were from FB-S5-R2, OL-R2 (Second

biological replication for dark green and leathery leaves) and YL-R2 (Second biological replication for leaves approximately 3 cm long with light green color),

respectively.

4. Discussion

Plant small RNAs have been extensively studied in the past two decades. Some, like miRNAs and phasiRNAs,
are processed via specific biogenesis pathways by conserved proteins (Achkar et al., 2016; Liu et al., 2020a). At
their discovery, miRNAs were thought to be conserved across the plant kingdom. Conserved miRNAs from non-

model plants were cloned based on their homologs in model plants; however, after broader analyses, only 22
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miRNA families were highly conserved across Tracheophyta species (Chdvez Montes et al., 2014). Much more
miRNA families were found to be lineage- or species-specific, and with lineage-specific or species-specific
functional diversification (Chavez Montes et al., 2014). As for phasiRNAs, miR390-TAS3 is conserved in land plants
(Xia et al., 2017). miR2118-directed phasiRNA pathways emerged in seed plants, although they are absent in some
lineages (Pokhrel et al., 2021). MiR2275 and 24-nt phasiRNAs’ expression patterns were consistent in all
angiosperms (Xia et al., 2019). miR828-MYB is conserved in eudicots and some monocots (Liu et al., 2020b). Other
lineage-specific phasiRNA pathways involved in specific biological processes, such as the miR1507/miR1510
triggered phasiRNA biogenesis involved in nodule development in soybean (Zhai et al., 2011), and the miRFBX
cluster and its resultant phasiRNAs targeted F-BOX genes related to the fruit shape of strawberry (Xia et al., 2015)
have been identified. Cuscuta miR12480 triggers the phasiRNAs biogenesis from SEOR1 that targeted host genes,
facilitating its parasitic activity (Shahid et al., 2018). In addition, conserved miRNA or phasiRNA pathways may
adopt new functions in a lineage. For example, miR482-NBLRR is involved in disease resistance in angiosperms,
while regulating nodule development in soybean (Zhai et al., 2011). miR828-MYB is involved in the light signal
pathway and wounding response (Shuai et al., 2016). Besides miRNAs and phasiRNAs, hp-siRNA might be a
neglected regulator in PTGS, and hairpin RNAs were suggested to be proto-MIRNAs in plants; thus, the extant
hairpin loci could be newly evolved or “young” regulatory loci (Borges and Martienssen, 2015), suggesting they
were non-conserved and might be involved in a specific pathway in a specific species or lineage.

This study profiled sRNA regulatory circuits in the horticulture fruit crop longan. Apart from conserved sRNA-
involved pathways, our analyses focused on the novel longan-specific pathways related to flower development.
Eighteen novel longan miRNAs targeted 52 transcripts. Besides, the miR482-PHAS pathway showed expanded
function in longan, including in secondary metabolism, by targeting squalene synthase genes. Most of the
identified 120 hairpin loci from all libraries showed a higher hp-siRNAs accumulation in reproductive tissues.
Intriguingly, almost in all hairpin loci, the proportion of short (20 nt to 22 nt) hp-siRNAs is higher in male flowers
than in female flowers, suggesting their involvement in sexual organ development or flower sex differentiation in
longan. In particular, dlo-miRN15 along with HPL-056 regulated SL receptor gene D14 were firstly discovered. SL is
a plant hormone involved in many different aspects of plant development, including shoot branching, leaf
elongation, and anthocyanin biosynthesis in Arabidopsis (Wang et al., 2020), plant architecture (tillering) in rice
(Miura et al., 2010; Hamiaux et al., 2012), and inflorescence architecture of wheat (Gao et al., 2019). SL binding to
the receptor D14 leads to further interaction with SMXLs/D53, mediating the polyubiquitination of the complex
and the degradation by the 26S proteasome, which derepress downstream transcriptional factors to activate SL-
elicited responses. In Arabidopsis and pea, BRANCHED 1 (BRC1) acts downstream of SL and control shoot
branching (Braun et al., 2012; Wang et al., 2020). In cotton, BRC1 regulates flowering time and branching by
integrating multiple hormone pathways (Sun et al., 2022), and SL-defective tomato plants show severe defects in
flowers and fruits (Kohlen et al., 2012), indicating SL involvement in flower development. Our data showed that
the sRNA-mediated PTGS on DID14 in longan was specifically enriched in reproductive tissues, suggesting this
pathway might be involved in flower development or inflorescence branching, closely related to fruit set and yield

production. Lineage- or species-specific PTGS might be worth more attention, especially in horticultural plants,
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because unveiling these pathways may help understand the underlying development mechanism of species-

specific features and benefit from their molecular breeding in the future.
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