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ABSTRACT

Small RNAs (sRNAs) are vital regulators of gene expression and involved in various biological processes. Among them, microRNAs (miR-
NAs) and phased small interfering RNAs (phasiRNAs) have been well defined and studied in the past decades. A bunch of scripts or pipelines
were developed to annotate miRNAs and phasiRNAs. However, some computational annotations are rough and without careful manual check,
resulting in low quality annotation. In this study, 19 public strawberry (Fragaria vesca) sSRNA sequencing data from nine different tissues were
collected to annotate miRNAs and PHAS loci in F. vesca. After bioinformatics analysis and careful manual checking, 167 known miRNAs, 27
miRNA*s with notable abundance, 54 novel miRNAs were accurately annotated. The terms of two miRNAs were corrected from miR477b and
miR5225 using miRN47 and miR3627h, respectively. Besides 21 nucleotides (nt) miR390, eleven miRNAs with a length of 22-nt are in charge of
triggering the biogenesis of 21-nt phasiRNAs from 110 PHAS loci in strawberry. In particular, we found several PHAS loci were targeted by two
different miRNAs (similar to the “two-hit” model) and the phasiRNA generating region located between two target sites. We speculate that one
target site is in control of triggering phasiRNA biogenesis and the other target site define the boundary of the region of phasiRNA biogenesis,
which likely provide an accurate way for phasiRNA generation. Overall, we provided a comprehensive and accurate annotation of miRNAs and
PHAS loci in the F. vesca genome.
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like protein, via accurate sequential slicing. The mature miRNA
and miRNA* are released by helicase. Mature miRNA is thereafter
methylated by HEN1 and incorporated into AGONAUTE1L (AGO1)

1. Introduction

In plants, small RNAs play essential roles in many aspects

of biological processes (Bartel, 2004; D’Ario et al., 2017; Chen
et al., 2018b). Based on the biogenesis and function, small RNAs
were classified into different categories (Axtell, 2013). miRNA,
which is typically 20- to 22-nt in length, is generated from a MIR
transcript that harbors a hairpin structure. The MIR precursor is
typically processed into miRNA/miRNA* duplex by DCL1, a Dicer-
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to form an RNA-induced silencing complex (RISC) that regu-
lates target genes by complementary nucleotide base-pairing
(Li et al,, 2005; Yu et al., 2005; Achkar et al., 2016). miRNA* is
often considered as nonfunctional byproducts, because it will
be degraded quickly and is much less abundant than its cor-
responding mature miRNA. However, a previous study showed
that miR393* was enriched in AGO2, suggesting that miRNA*
may be biologically functional (Zhang et al., 2011). Typically,
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a canonical miRNA, which is 21-nt in length, represses target
genes by directly slicing or translation repression (Voinnet, 2009).
In some cases, when an asymmetric bulge occurs on the miRNA
strand within the duplex, it will generate a 22-nt miRNA and
a 21-nt miRNA* by DCL1. The 22-nt miRNA loaded into AGO1
could not only slice its target genes but also trigger the biogene-
sis of phasiRNAs (Chen et al., 2010; Cuperus et al., 2010). After 22-
nt miRNA-mediated slicing, RNA-dependent RNA polymerase 6
(RDR®) is recruited to convert the 3’ cleaved fragment into double-
strand RNA (dsRNA). Later on, the dsRNA is processed by DCL4
/ DCLS5 into 21-/24-nt phasiRNAs respectively starting from the
cleavage site (Fei et al., 2013). The mechanism of 22-nt miRNA-
directed phasiRNA biogenesis is termed as “one-hit” model. An-
other mechanism for phasiRNA biogenesis is the 21-nt miR390-
mediated “two-hit” model. miR390 bound to AGO7 targets TAS3
through two target sites. The 5' proximal target site is always non-
cleavable while 3’ proximal target site is cleavable. After cleav-
age, 5’ fragment of TAS3 is selected as a substrate for producing
phasiRNAs (Axtell et al., 2006; Montgomery et al., 2008; Fei et al.,
2013).

To date, a lot of studies have indicated that miRNAs and
phasiRNAs are involved in different biological processes, such as
plant development (Wu et al., 2006; Marin et al., 2010; Cho et al.,
2012; Guan et al., 2014; Lin et al., 2015; Hobecker et al., 2017; Liu
et al., 2017b; Guo et al., 2018), defense responses (Si-Ammour et
al., 2011; Liu et al., 2014; Cui et al., 2015; Fei et al., 2016; Cai et
al., 2018; Wang et al., 2018; Hou et al., 2019) and abiotic stress re-
sistance (Li et al., 2014, 2016; Shuai et al., 2016; Liu et al., 20173a;
Sosa-Valencia et al., 2017; Xie et al., 2017) etc. Since miRNAs and
phasiRNAs act as vital regulators, a few researches have been
done on strawberry miRNAs. At the very beginning, microarray
and computational identification based on homology were used
to identify miRNA in strawberry (Li et al., 2009b; Dong et al., 2012).
With the development of high-throughput sequencing technol-
ogy and the release of strawberry genome (Shulaev et al., 2011),
sRNA sequencing was widely used to characterize miRNAs (Ge
et al., 2013; Li et al., 2013; Xu et al., 2013; Xia et al., 2015b, 2019;
Surbanovski et al., 2016; Liang et al., 2018) as well as phasiRNAs
(Xia et al., 2015b, 2019) while degradome sequencing was used to
identify the target genes for them (Xia et al., 2015b; Surbanovski
etal., 2016; Li et al., 2019). To efficiently tackle the vast amount of
sequencing data, lots of pipelines were developed. However, some
computational analyses are not accurate enough, leading to im-
proper annotation, such as fve-miR5225 and fve-miR1030, which
should be grouped into miR3627 and miR530 family, respectively.
Moreover, inaccurate computational annotations may also result
inincorrectregistration in miRbase, for example, the fve-miR477b
in miRbase shows no sequence similarity to other miR477 mem-
bers. Meanwhile, the term of some strawberry miRNA is disor-
dered, for example, miR164f in Fragaria x ananassa was assigned
based on the similarity to osa-miR164f rather than the num-
ber of loci in Fragaria x ananassa genome (Han et al., 2014). Pre-
vious studies on strawberry miRNAs focused on a certain or
few tissues, leading to incomplete miRNA / PHAS loci identifica-
tion (Surbanovski et al., 2016; Xia et al., 2015b, 2019). Analyzing
large-scale biological datasets may improve the accuracy of au-
thentic miRNA identification (Axtell and Meyers, 2018). Thus, we
collected 19 sRNAs sequencing data from 9 different tissues of F.
vesca and annotated miRNAs by in-house software sSRNAminer,

manually checking each accession following the criteria updated
recently (Axtell and Meyers, 2018) in order to provide accrate
and comprehensive miRNA annotation for strawberry. We also
annotated all miRNAs and miR2275 in strawberry genome. Fur-
thermore, four degradome data were used to genome-widely
profile the regulatory pathway directed by miRNAs and related
phasiRNAs.

2. Materials and methods

2.1. Collection of strawberry SRNA and degradome sequencing
dataset

Nineteen sRNA sequencing data and 4 degradome sequenc-
ing data from diploid strawberry (F. vesca) were downloaded from
NCBI (Table 1). Three sSRNA sequencing data of strawberry flower
were collected from GEO accession number GSE44930 (Xia et al.,
2013). From accession number GSE61798, we downloaded eight
sRNA sequencing data including four different tissues and three
degradome data from mixed tissues (Xia et al., 2015b). We got four
sRNA sequencing data and one degradome data via accession
number PRJNA282518 (Surbanovski et al., 2016). SRNA sequencing
data from four development stages of anther were downloaded
with the accession number SRP149613 (Xia et al., 2019). Detailed
information was supplied in Table 1.

2.2. Data preprocessing

Fasterq-dump was used to convert the original data from
sra format to fastq format (https:/github.com/ncbi/sra-tools/
wiki/HowTo:-fasterg-dump). Dnapi.py was then used to predict
the adaptor of sRNA sequencing data (https://github.com/jnktsj/
DNADpi). After that, we used an in-house software ‘sRNAminer’
to do a series of preprocessing for SRNA sequencing data. First,
sRNAseqAdaperRemover from sRNAminer was utilized to re-
move the adaptor of SRNA sequencing data based on previously
predicted adaptor and remove short reads, whose length was
less than 15. Then, sRNAseqCollasper was used to collapse reads
of the same sequence. After that, the clean reads were aligned
to Rfam and The Plant Organelles Database to remove noncod-
ing RNAs (rRNA, snoRNA, and tRNA) and DNA from chloroplast
and mitochondrial genomes by bowtie allowing one mismatch
within the alignment (Langmead, 2010; Mano et al., 2014; Kalvari
etal.,2018). The same bowtie parameter was applied to map clean
reads to the F. vesca V4.0 genome. sRNAsegAlignmentFormater
and sRnaAlnIndexBuilder were subsequently used to convert the
format of bowtie files and sort the file based on the position of
reads mapped on the genome, respectively.

2.3. miRNA identification

In order to get high confidential miRNA prediction, we iden-
tified miRNA based on formerly established criteria (Xia et al,,
2015a; Axtell and Meyers, 2018; Chen et al., 2019). miRNAminerCLI
from sRNAminer was used to annotate miRNAs based on sorted
mapping files. The default parameters were used and listed be-
low: the space size between miRNA and miRNA* was 5- to 300-
nt, the length of mature miRNA was between 20- and 22-nt, sR-
NAs with more than 20 hits in genome which are supposed to
be repeated sequences were filtered, the minimal abundance of
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Reference Scientific name Line Run number

Xia et al., 2015 Yellow Wonder SRR1586419
S5AF7 SRR1586420
SRR1586421
SRR1586422
SRR1586423
SRR1586424
SRR1586425
SRR1586426
SRR1586427
SRR1586428
SRR1586429
SRR771535

SRR771536

SRR771537

SRR7250917
SRR7250918
SRR7250919
SRR7250920
SRR2003391
SRR2003393
SRR2003394
SRR2003395
SRR2003396

Fragaria vesca

Xia et al., 2013 Fragaria vesca

Xia et al., 2019 Fragaria vesca Fragaria vesca

Surbanovski et al., Fragaria vesca Hawaii-4

2016 subsp. vesca

Fragaria vesca

Table 1 The information of sRNA and degradome data

Accession

N mber Library strategy Specific stage
GSE61798 sRNA-Seq 4DPA ovary wall
GSE61798 sRNA-Seq 10DPA ovary wall
GSE61798 sRNA-Seq 4DPA seeds

GSE61798 sRNA-Seq 10DPA seeds
GSE61798 sRNA-Seq 10DPA receptacles
GSE61798 sRNA-Seq Unopen flowers
GSE61798 sRNA-Seq Unexpanded leaves
GSE61798 sRNA-Seq 4W seedling
GSE61798 PARE Leaf and seedling-6MP
GSE61798 PARE Open flower and flower bud-6MP
GSE61798 PARE Achene and receptacle-6MP
GSE44930 sRNA-Seq Open flowers of 1D
GSE44930 sRNA-Seq Open flowers of 1D
GSE44930 sRNA-Seq Open flowers of 1D
SRP149613 sRNA-Seq Anthers of stage_6_S1
SRP149613 SRNA-Seq Anthers of stage_7_S2
SRP149613 sRNA-Seq Anthers of stage_8_S3
SRP149613 sRNA-Seq Anthers of stage_9_S4
PRINA282518 sRNA-Seq Stolons of 8WP
PRINA282518 sRNA-Seq Open flowers of 8WP
PRINA282518 sRNA-Seq Fruits of 8WP
PRJNA282518 PARE mixed stages
PRIJNA282518 sRNA-Seq Leaves of 8WP

Note: DPA. Days post anthesis; WP. Week-old plants; MP. Months plant; D. Day-opening; W. Week old plants. Shaded are PARE libraries.

miRNA was 10, cutoff of miRNA and miRNA* reads accounting
for total reads was 0.75, the proportion of mapped reads located
on the sense strand of the precursor was more than 90%. De-
tectKnownMIiR was used to annotate known strawberry miRNAs
(less than four mismatches), the rest potential miRNAs were an-
notated as novel miRNAs.

After that, we did manual check as described below. First, bam
files (Li et al., 2009a) were loaded into IGV-sRNA (Chen et al., 2019)
for viewing the sRNA mapping in each MIR loci (Robinson et al.,
2011). Generally, MIR locus has only two read peaks, of which the
higher one represents the miRNA while the other one denotes
the miRNA*, and both of them are derived from the sense strand.
Second, the Vienna RNA package was used for folding the precur-
sor sequences of all potential miRNAs (Hofacker, 2003). Revised
criteria of miRNA annotation were applied to screen miRNA sec-
ondary hairpin structure where five mismatches and three nu-
cleotides in asymmetric bulges are maximum (Axtell and Mey-
ers, 2018). For certain MIR locus, the miRNA* whose abundance is
more than 30% of the sum of miRNA and miRNA* abundance was
retained for subsequent analysis. Known miRNAs were named
based on homology (Kozomara et al., 2018) and “miRN” was used
as a prefix for denoting novel miRNAs.

2.4. PHAS loci identificaion

Identification of PHAS loci is based on P-value calculation,
which was developed and modified in previous researches (de

Paoli et al., 2009; Xia et al., 2013). PHASMinerCLI was used to
predict PHAS loci. The parameters were as below, the length of
siRNA with most abundance was either 21 or 24, the maximum
P-value was 0.001, the abundance ratio of in-phase siRNAs was
more than 0.3 and the minimum length of PHAS locus was
100bp. The PHAS loci with max phasing score higher than 15
were characterized as confident PHAS loci. PHAS loci along with
200bp flanking sequences (100 bp for each stream) were used to
seek the target sites of potential triggering miRNAs. TargetSoPipe
from sRNAminer was used to identify the trigger miRNA of PHAS
loci with a maximum penalty score of five and a maximum
mismatch of six. IGV-sRNA was used to distinguish PHAS loci
from MIR loci based on the fact that SRNAs generated from PHAS
loci are mapped to both strands. SWISS-PROT protein sequence
database was used to annotate filtered PHAS loci (Bairoch and
Apweiler, 2000; Camacho et al., 2009).

2.5. Identification of target genes for miRNAs and phasiRNAs

Adaptor sequences were removed from degradome data the
same way as SRNA data. Then clean data were analyzed via
CleaveLand4.0 to identify target miRNA transcripts (Brousse et
al., 2014). Target sites satisfied with the confident level of cate-
gory O to 2 and with alignment penalty score less than or equal
to 5 were selected as credible miRNA cleave sites. The rest tar-
get genes that belong to category 3 and 4 were neglected. The
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Fig. 2 The number of members in each miRNA family
The length of each miRNA family member is indicated in different colors. Green denotes 20-nt miRNA, purple 21-nt miRNA and
orange 22-nt miRNA.

gene ontology category was performed using TBtools (Chen et al.,
2018a).

3. Results
3.1. Re-annotation of strawberry miRNAs

To get a reliable annotation of strawberry miRNAs, we firstly
collected sRNA sequencing data from 19 published libraries,
which include five libraries from flowers, four from anthers, two
from ovary walls, one from receptacles, one from fruits, two from
seeds, one from seedlings, two from leaves and one from stolons
(Fig. 1). After filtering low quality reads and trimming adaptor se-

quences, all SRNAs sequences were mapped to the latest F. vesca
genome (V4.0) via bowtie while the digital expression of each
SsRNA was calculated by reads per 10 million (RP10M). To anno-
tate miRNAs, we referred to the latest criteria revised by Axtell et
al. (2018), followed by manual check.

As a result, 167 known miRNAs belonging to 70 families were
identified, 37 out of 70 were conserved or less-conserved miRNA
families and the rest 33 known miRNA families were identified
recently and seemed to be specific in strawberry (with annota-
tion accession from miR11283 to miR11315). Among known miR-
NAs, 30 of them were generated from at least two loci (Fig. 2).
miR156 family is the biggest family in strawberry, which owns
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11 family members derived from 11 different loci in straw-
berry genome (Fig. 2, Table S1). Besides, miR166, miR169, miR171,
miR482, miR2275, miR3627 and miR11288 also have more than
six family members. In addition, we annotated 27 known miRNA
stars that haven’t been degraded in strawberry. Their mature se-
quences were retained in strawberry with significant abundance
and might be functional as miRNA. For novel miRNAs annotation,
the detection of miRNA* expression is required. If novel miRNAs
in both strands of duplexes confer notable abundance (30% of
total reads of miRNA and miRNA*), we will name them with suffix
—3p and —5p, such as miRN40-3p and miRN40-5p. Consequently,
54 novel MIR genes were identified. Interestingly, miRN32 has
five loci in the strawberry genome (Fig. 2). While manual check,
we found two known strawberry miRNAs were mis-annotated.
The first is fve-miR477b, whose sequence is totally different from
the other miR477, such as fve-miR477a/c, vvi-miR477b, mdm-
miR477a, etc., meanwhile fve-miR477a/c and fve-miR477b target
different transcripts in strawberry (Fig. 3, a). The second case is
fve-miR5225, who presents the consensus sequence with fve-
miR3627 family members, and targets the same transcripts as
fve-miR3627a/b (Fig. 3, b). Thus, we renamed fve-miR477a and
fve-miR5225 as fve-miRN47 and fve-miR3627h respectively. In ad-
dition, the features (including position information of precursor,
mature miRNA and miRNA*) of all MIR genes were described in a
GFF file (Supplemental File 1).

3.2. The regulatory roles of strawberry miRNA

After identification of miRNAs from 19 strawberry sRNA li-
braries, we get the expression matrix (calculated as reads per
10 million, RP10M) of all miRNAs from different strawberry tis-
sues (Table S1). To get a clear expression pattern of all miR-

fve-miR477b/1-21
sly-miR477/1-21 ugu
ppt-miR477¢/1-20 a
Wi-miR477b/1-22 - - ag----
aof-miR477a/1-21 - -
mdm-miR477a/1-21 - -
stu-miR477a/1-21

nta-miR477b/1-21 - -
csi-miR477b/1-21 - - - Gu - - - -

fve-miR477a/1-22 - - clg - - - -
mes-miR477d/1-20 -cucucccucaagggcuucuc- - - - -
fve-miR477¢/1-22 - - ag----
ppe-miR477/1-22 - - ag----

cme-miR477b/1-20
nta-miR477a/1-21 --
lja-miR477/1-22 - - ga--- -
aqc-miR477e/1-20 -

Consensus
UGACUCUCCCUCAAGGGCUUCUCGUCGC

_

Occupancy ‘

fve-m*iRN47
5'CGCGCACCCGUUCAUCUUCGC 3'

LLTTEE T THn
FvH4_4¢33700.1 ., ,
552 1372 3 GCGCGUCGGCAAGGAGAAGAA 5

fve-miR477a 5' ACUCUCCCUCAAGGGCUUCUCG 3'
B M T

fve-miR477¢ 5'ACUCUCCCUCAAAGACUUCUAGS3'

NAs in different tissues (17 different tissues from 19 libraries),
we drew heat maps for known and novel miRNAs respectively
by hierarchical clustering and Z-score normalization (Figs. 4, 5).
As a result, we found that a bunch of miRNAs showed tissue-
specific or tissue-preferential expression. For example, miR2275
family and miR393a are specifically expressed in anthers (Fig. 6,
a). miR3627 family are highly expressed in unexpanded leaves
(Fig. 6, b). miR164c is accumulated mainly in the ovary wall (Fig. 6,
). miR11289, miR11292, miR11303, and miR167e reveal high ac-
cumulation in seeds (Fig. 6, d). The top three abundant novel miR-
NAs are miRNO04, miRNO09, miRN40 (Table S1). Interestingly, we
found miRN04 and miRN09 showed specific accumulation in an-
thers (Table S1). The expression of miRN04 is continuously ac-
cumulating while miRNOQ9 is decreasing during the development
of anthers. Besides, miRN08, miRN13, miRN14, miRN16, miRN18,
miRN28, and miRN33 also showed preferential expression in an-
thers (Fig. 6, e, Table S1). miRN39 and miRN44-3p preferentially
expressed in the ovary wall (Fig. 6, f). In most libraries, the expres-
sion level of miRN40-5p was higher than miRN40-3p. But in ovary
wall,receptacle and 10 DPA seeds, miRN40-3p showed higher ex-
pression level than miRN40-5p, indicating that miRNAs from dif-
ferent arms of certain precursor might accumulate preferentially
in different tissues (Table S1).

To investigate the biological functions of strawberry miR-
NAs, we identified target genes for all miRNAs using four de-
gradome sequencing data (detailed information Table 1). 1 530
target genes were identified and classified into five categories
(category O to 4, category O possesses the highest confidence
level) according to CleaveLand 4.0 pipeline. Out of them, 634
target genes from category 0, 1 and 2 were used for further
analysis. Functional annotations were further performed to in-
vestigate which processes of strawberry miRNAs are predomi-

mdm-miR5225/1-22 ucug
wi-miR3627/1-22 -uug
ppe-miR5225/1-22 ucug
gma-miR5225/1-22 ccug:
pab-miR3627a/1-22 - -acg
fve-miR3627g/1-22
ppe-miR3627/1-22
stu-miR3627/1-22

fve-miR3627a/1-22
fve-miR3627b/1-22
ptc-miR3627b/1-22
csi-miR3627¢/1-22
mes-miR3627/1-22

mtr-miR5225/1-22 ca

fve-miR3627e/1-22 uaug@
fve-miR3627f/1-22 uaug
fve-miR3627¢/1-21 - -u@
fve-miR3627d/1-22 - -u @

Consensus

UCUGUCGCAGGAGAGAUGGCACUA+C

Occupancy L I
fve-miTR3627h
fre-miR5225 5(i‘,l‘J‘thJ(f(ﬁU/l\(IBG‘A(ﬁllk(l;,?Lljcl;cl;(l:G?lc—— -3
0 0
A
- 0

fve-miR3627a/b 5' ———UCGCAGGAGAGAUGGCACUACC 3"

Fig. 3 Correction of two mis-annotated miRNAs
Multiple sequence alignment was applied by Clustal Omega and viewed in Jalview. The mis-annotated miRNAs are highlighted in red.
Other family members of miR477 and miR3627 are highlighted in magenta. a. Rename of miRN47, b. Rename of miR3627h.
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nantly involved in Table S2. Accordingly, most conserved miRNA-
directed regulatory pathways were identified via our analysis,
such as miR156-SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
(SPL) genes, miR159-MYBs, miR164-NACs, miR167- auxin response
factor (ARF) genes, miR168-AGO gene and miR482-disease resis-
tance genes (Table S2). Interestingly, miR164a/b and miR164c,
between whom there were only two different nucleotides (Ta-
ble S1), were found to regulate different NAC genes (Table S2).
Moreover, miR164a/b and miR164c showed different expression
pattern around different tissues (Fig. 6, c). All these observa-
tions indicated that miR164a/b and miR164c might be differen-
tiated functional. Strawberry novel miRNAs might be recently
evolved and presented novel target genes. For example, miRN09
regulates the expression of cytokinin dehydrogenase coding
genes, miRN26 targets F-box protein coding genes (Table S2).
To evaluate the potential roles of all miRNAs targeted genes in
strawberry, gene ontology (GO) was assigned to categorize tar-
get genes according to the cellular component, molecular func-
tion, and biological process. Based on biological process, all tar-
get genes were grouped into 14 categories, the top three over-
represented GO terms are response to stress, anatomical struc-
ture development and response to chemical. The most three fre-

quent terms based on molecular function are protein binding,
transferase activity and DNA-binding transcription factor activity
(Fig. 7). Besides targeting coding genes, 32 strawberry miRNAs are
capable of regulating 42 non-coding transcripts simultaneously.
Unexpectedly, two miRNAs (miR2275c* and miRN36) seem to tar-
get two non-coding RNAs (category 2 targets) exclusively. Only
5 of 44 ncRNA targets belong to category O targets, suggesting
most of these target genes need further validation. Several ncRNA
targets function as substrates of phasiRNA biogenesis, such as
TAS3 targeted by miR390, the five ncRNAs targeted by miR482
(Table S2).

3.3. Annotation of strawberry PHAS loci

Some strawberry miRNAs are 22-nt, such as miR2275, miR482,
miR393, miR3627 and miR11288 (Fig. 2), which might be capa-
ble of triggering phasiRNA biogenesis. After manual check, 192
PHAS loci producing 21-nt phasiRNAs with maximum phasing
score larger than 15 were selected for further study (Supple-
mental File 2). Among them, 110 PHAS loci were triggered by
miRNAs (Table S3). The rest PHAS loci lacking consistent miRNA
triggers might be processed by unknown mechanisms. In total,
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Fig. 6 Heatmap of tissues preferentially expressed miRNAs
The heatmap was drawn based on the digital expression data. The color bar is shown at the right side of the panel. Known miRNAs
preferentially expressed in anthers(a), leaves (b), ovary wall (c) and seeds (d). Novel miRNAs preferentially expressed in anthers (e)
and ovary wall (f).
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Fig. 7 Gene ontology categories of all strawberry miRNAs target genes
Categorization of miRNA target genes was applied according to biological process, cellular component, and molecular function.
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12 miRNAs (miR11285, miR11288, miR11293, miR2109, miR2118,
miR3627, miR390, miR393, miR482, miR828, miRN09, and miRN33)
were identified as triggers. Among these 110 PHAS loci, 83 PHAS
are protein coding genes, including disease resistance genes tar-
geted by miR482/miR2109, F-box protein coding genes targeted
by miR11288, pentatricopeptide repeat-containing protein (PPR)
coding genes targeted by miR11285, calcium-transporting ATPase
coding genes targeted by miR3627, bHLH coding genes/auxin sig-
naling F-box genes targeted by miR393, MYB targeted by miRN33,
cytokinin dehydrogenase coding genes targeted by miRN09 (Ta-
ble S3). 27 PHAS loci were annotated as noncoding transcripts,
which might act as substrates producing phasiRNAs regulating
downstream genes in trans. Additionally, 323 PHAS producing 24-
nt phasiRNAs were annotated in GFF file based on genome po-
sition (Supplemental File 3). Among them, 225 PHAS loci gener-
ating 24-nt phaisRNAs were triggered by miR2275 in strawberry
(Table S5).

Later on, we also checked the expression of all small
RNAs from each PHAS loci (Fig. 8). Notably, small RNAs from
PHAS loci (Fub6_2720273_2721068, Fub6_2716681_2717725 and
Fub6_3417771_3418603) targeted by miRN09 were accumulated
at a higher level at anthers, which is consistent with the
expression pattern of miRN09. Small RNAs from PHAS lo-
cus (Fub3_12138147_12138591) targeted by miR11288el specif-
ically expressed in seeds, however, the trigger miR11288e1l
was present in almost all tissues and showed no tissue
preference. A reasonable explanation is that the PHAS locus
(Fub3_12138147_12138591) specifically expressed in seeds. These
findings indicated that the expression pattern of phasiRNAs de-
pends on the expression of both the miRNA trigger and PHAS lo-
cus. Subsequently, we obtained top 10 abundant sRNA derived
from each PHAS loci from different tissues and used degradome
data to identify the downstream regulated genes. Hence, 2446
transcripts that were involved in many aspects of biological pro-
cesses were regulated by phasiRNAs in cis or in trans (Table S4),
indicating that miRNA trigger and their PHAS loci work together
and amplify silencing effect of miRNAs.

3.4. “Two-hit” phasiRNA biogenesis model in strawberry

As mentioned above, there are two models of phasiRNA bio-
genesis, “one-hit” model for almost all 22-nt miRNA trigger and
“two-hit” model for the miR390-TAS3 pathway. In most vascular
plants, 5 proximal miR390 target site on TAS3 is non-cleavable
while 3’ proximal target site is sufficient for miR390-directed slic-
ing, leading to a “two-hit, one-cleavage” model (Xia et al., 2017).
The cleavable site provides the initial position for phasiRNA bio-
genesis while the non-cleavable site acts as a “definer” to deter-
mine the region for phasiRNA biogenesis, providing a much more
accurate way to generate phasiRNAs (Felippes et al.,, 2017). In the
strawberry genome, besides miR390-directed “two-hit” model,
we found that miR11285a and miRN40-3p co-targeted PHAS lo-
cus Fub3_30369442_30370735, miR397 and miR482a co-targeted
PHAS locus Fub3_37130354_37131719 (Fig. 9). Both miR11285a and
miRN40-3p target site in Fub3_30369442_30370735 are cleavable
with 3.5 and 2.5 penalty score respectively. miR11285a is 22-nt
in length while miRN40-3p is 21-nt in length. In this case, 22-nt
miR11285a may work as the phasiRNA trigger and 21-nt miRN40-
3p-directed slicing defines the end of the phasiRNA generating

region. Within the defined region between two target sites, SRNAs
were generated in phase initiating from the miR11285a cleavage
site towards miRN40-3p cleavage site (Fig. 9, a). Almost no SRNA
were mapping out of the defined region. It is reasonable to specu-
late that miR11285a and miRN40-3p collaborate together to form
a “two-hit” like model as miR390 does. Similarly, 22-nt miR482a
and 21-nt miR397 act as phasiRNA trigger and “definer” respec-
tively in Fub3_37130354_37131719 and trigger the phasiRNA bio-
genesis within the defined region (Fig. 9, b).

4. Discussion
4.1. miRNA* might be functional

miRNA* was supposed to act as miRNA carrier and be de-
graded after unwinding from miRNA/miRNA* duplex. However,
there are a few studies demonstrating that miRNA* associated
with AGO guided the silencing of downstream genes, indicating
that miRNA* may function as miRNA does (Zhang et al., 2011).
In our study, besides known miRNA and novel miRNA, we anno-
tated 27 miRNA*s that have significant abundance. The rest 140
miRNA*s are absent or express at an extremely low level in most
libraries. These findings indicate that these 27 miRNA*s might be
selected and kept to participate in certain biological process, in-
stead, guide miRNAs might be degraded (Kobayashi and Tomari,
2016). Even miRNA* has high abundance, it doesn’t mean that it
could function as mature miRNAs. Most functional plant miRNAs
have a 5 terminal nucleotide “U” as their partner AGO1 prefers
to bind small RNAs with a 5" “U” to form a slicing complex (Kim,
2008). Out of 27 miRNA*, only 5 miRNA*s start with 5’ U. A rea-
sonable speculation is that these miRNA*s may bind other AGOs
to form a RISC. We also used degradome data to identify target
genes for these miRNA*. Fifty-nine target genes (belong to cate-
gory 0, 1 and 2) were predicted. Only 4 of them belong to category
0 and 1, indicating the function of these high abundant miRNA
stars remain largely unclear.

4.2. Manual check is essential for SRNA annotation

With the development of sequencing technology, the cost of
high-throughput sequencing is drastically reduced, leading to an
outbreak of sSRNA sequencing data. A bunch of scripts or pipelines
were developed for miRNA annotation. Most data were processed
by these pipelines and published directly without manual check,
leading to poor annotation. More and more poor annotation may
compromise the confidence of miRNA deposited in miRbase.
As we know, conserved miRNA annotation is based on blasting
against miRbase dataset, leading to vicious circle in miRNA an-
notation. Taking fve-miR477b in miRbase as an example, the se-
quence of fve-miR477b is totally different from the other miR477
registered in miRbase. It should be a new accession in miRbase. If
it hasn’t been corrected, its homologs from other species may be
also annotated as miR477. Thus, manual checking each MIR gene
one by one is highly recommended.

4.3. Novel “two-hit” PHAS loci in strawberry

The biogenesis of phasiRNA has been well studied in the
past decade. 22-nt miRNA-directed “one-hit” model is prevalent
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Fig. 8 Heatmap of phasiRNA from 110 PHAS loci in 17 libraries
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for producing phasiRNA across plant kingdom. In contrast, 21-
nt miR390 along with its specialized partner AGO7 seem to be
the only trigger of phasiRNA biogenesis via “two-hit” model (Fei
et al.,, 2013). Actually, a previous study demonstrated that “one-
hit” was sufficient for miR390 triggering the phasiRNA biogenesis
(Felippes et al., 2017). However, the configuration of “two-hit, one-
cleavage” may provide a better-defined region to generate phasiR-
NAs. Moreover, in “two-hit” model, 3’ proximal target site is cleav-
able and upstream sequence of degraded fragment was retained,
leading to trimming off the poly(A) tail of TAS3, which may facil-
itate the recruitment of RDR6 for dsRNA conversion (Baeg et al.,
2017). These findings suggest that “one-hit” model may be a fun-
damental model for phasiRNA biogenesis while “two-hit” model
is adapted to generate accurate phasiRNAs to specifically regu-
late downstream genes (Felippes et al,, 2017). In our study, we
found two cases that two miRNAs (one is 22-nt, the other is 21-nt)
target a common transcript and trigger the phasiRNA biogenesis
between two target sites. In both cases, 22-nt miRNA-mediated
slicing happens on the 5 end, playing a role as phasiRNA trigger
like regular 22-nt miRNA does in “one-hit” model. 21-nt miRNA-
mediated cleavage locates on the 3’ end, acting as a “definer” pro-
viding the terminus of phasiRNA biogenesis region. Meanwhile,
3’ end cleavage trims poly(A) tail which may be helpful for RDR6

recruitment. These observations provide insight that “two-hit”
model may be adopted by other miRNAs rather than miR390.
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