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Abstract
The unveiling of small RNA (sRNA)-mediated gene regulatory pathways has

profoundly shaped our understanding of the complexity of gene regulation. In eukaryotes,
SRNAs have been found to control cellular metabolism, growth and differentiation, to
maintain genome integrity, and to combat viruses and mobile genetic elements. To gain
insight into the roles of small RNAs in apple and peach, we conducted SRNA-seq,
computational analysis and molecular experiments to genome-widely characterize their
microRNAs (miRNASs) and trans-acting siRNA (tasiRNA) pathways.

We identified totally 75 miRNAs or families, including 23 conserved, 10 less-
conserved and 42 apple-specific ones, and 118 miRNA target genes in apple. Two
classical trans-acting siRNA (tasiRNA) pathways, miR390-TAS3 and miR828-TAS4,
were characterized with similar but unique tasiRNA biogenesis profiles and target
specificities. Importantly, miR159, miR828 and miR858 can collectively target up to 81
MYB genes potentially involved in diverse aspects of plant growth and development. In
contrast to the location of the miR159 target site in a sequence-divergent region, the
target sites of miR828 and miR858 are located in the region encoding the conserved R3
repeat domain of MYB proteins. 10 out of the 19 miR828-targeted MYBs undergo the
biogenesis of various phased siRNA (phasiRNA), which potentially regulate diverse
genes outside the MYB family. In peach, totally 94 miRNAs or families and 80 target
genes were identified. Similar pathways of tasiRNA (miR828-TAS4 and miR390-TAS3)
or phasiRNA (miR828-MYB-siRNA) processing were also characterized in peach.

Taking advantage of reverse computation and public available deep-sequencing data,
we demonstrated that the miRNA-TAS-PPR-siRNA pathway is a highly dynamic and
widespread feature of eudicots. Nine eudicot plants, representing six different plant
families, have evolved similar tasiRNA pathways to instigate phasiRNA production from
PPR genes, which are triggered by different 22-nt miRNAs, including miR7122,



miR1509, and fve-PPRtri1/2 and through distinct mechanistic strategies, like miRNA
direct-targeting or indirect-targeting through TAS-like genes, one-hit or two-hit, or even
two layers of tasiRNA-TAS interactions. We found that the MIRNA genes of these
miRNA triggers show great identity with the Arabidopsis MIR173, implying a common
origin of this group of miRNAs (super-miR7122). Combined results from phylogenetic
analyses and conservation extent profiling revealed that the super-miR7122 was
potentially evolved from another miRNA superfamily (super-miR4376), which probably
originated from the miR390. Additionally, the miR482/2118-NB-LRR-siRNA pathway

was found to be conserved, but evolved with distinct features, in apple and peach.

Taken together, widespread and complex miRNA and tasiRNA regulatory networks
have been adapted in apple and peach. They add another crucial layer of regulation on
gene activity and stability, and must exert essential functions in all aspects of plant life.



Acknowledgement

I would like to express my sincere appreciation to Zongrang Liu and Eric P. Beers for
their guidance and mentorship during my thesis work, Tony Wolf, Bingyu Zhao, Roger
Harris for support and advice. A special thanks to Rongcai Yuan, who gave me this
invaluable study opportunity, in memory of his care and financial support during the first
year of my study. Many thanks to the following people: Hong Zhu, Christopher Dardick,
Ann M. Callahan, Yonggiang An, Blake Meyers for discussion and suggestion,
Chengsong Zhao, and Guangdu Gao for technique assistances, Dennis Bennett, Carrie
Whitaker, Jinjin Zhang, and Zhifeng Wen for experimental assistances. Thanks also to
my family and friends, above all my lovely wife Jing Xu and daughter Linsey Xia.



Dedication
This dissertation is dedicated to my wife Jing Xu, my daughter Linsey Xia, my parents
Anming Xia and Yingming Xia, my parents-in-law Jianhua Xu and Yan Chen, my
brother Wusheng Xia's family and my sister Huiyan Xia's family for their love and

support.



Table of Contents

ADSTFACT ... I
ACKNOWIEAGEMENL. ...t sb et iv
DEAICALION ...ttt %
Table Of CONENES .....oeiicie s Vi
LISt OF TADIES.......eeeee e viii
LISE OF FIQUIES ...ttt et sr e te e e neesaeenaesneeneeenee e iX
Chapter 1 General iNtrodUCTION .........ccveiieiieie e 1
1.1 SMAHT RNAS ..ot 1
1.2 Core components of RNA silencing pathways in plants...........ccccccoeevviveieiiennnnn, 2
1.3 Biogenesis and function of small RNAS in plants ..., 5
1.4 High-throughput next generation sequencing technology ..........cccoccevieieiinnenn. 8
1.5 RETEIBINCES ... 10
Chapter 2 Apple miRNAs and tasiRNAs with novel regulatory networks................. 15

Chapter 3 Unique expression, processing regulation, and regulatory network of peach
(Prunus Persica) MIRNAS .......ooiie ettt e e ae e e sreeeeenes 34

Chapter 4 MicroRNA superfamilies descended from miR390 and their roles in

secondary SIRNA DIOQENESIS ........ciuviiiiieiiee et nne e 36
4.1 INEFOTUCTION ...t 38
B2 RESUIS ... 40
4.3 DISCUSSTON ...tttk b bbb bbbttt 50
A4 MAEEITAIS ... 57
4.5 RETEIENCES ...ttt 62

Chapter 5 Network of miR482/2118 regulating PHAS NB-LRR defense genes in apple
10 I 1= Vol o ST 66

o0 A [0 (o o [ ]o3 (o] o USRI 67



B 2 RESUIES .ottt e et e e e 68

5.4 DISCUSSTON ...ttt bbbt r ettt b e 69
5.5 RETEIENCES ...t 71
APPENAIX T TADIES ... enre e e nae e 72
APPENTIX TT FIQUIES ...ttt sttt nae e 90

vii



List of Tables

Table 4-1 PHAS genes/loci identified in peach (Prunus persica)...........cccoeeeveinnnns 72
Table 5-1 miRNA members of miR482/2118 superfamily in apple and peach............. 73
Table 5-2 PHAS NBS-LRR genes in Peach..........coovvuiiiiiiiiiiieiieee e e e e, 74
Table 5-3 PHAS NBS-LRR genes in apple......oo oo e e 78
Table 5-4 PHAS loci targeted by mdm-miR2118.........ccoiiiiiii e 89

viii



List of Figures

Figure 4-1 Identification of PHAS PPR genes and the trigger miRNA in peach.......... 90
Figure 4-2 TasiRNAs derived from miR7122-targeted PpTAS1/2 reinforce the silencing
effect of PPR genes in peach...........oooiii i e 92
Figure 4-3 Diverse miR7122-TASL-PPR-siRNA pathways identified...................... 93
Figure 4-4 miR7122-TASL-PPR-siRNA pathway identified in apple with distinct
(=5 LD 5 94
Figure 4-5 miRNA-TASL-PPR-siRNA pathway identified in strawberry and legume
0] 0 £ 96
Figure 4-6 miRNA triggers share a common origin and show sequence similarity to many
Other MIRNAS. ... e e e e DT
Figure 4-7 MIR7122s are potentially evolved from MIR390s via MIR4376s................98
Figure 4-8 Model proposed for miRNA evolution via duplication and
NeofUNCLIONAlIZAtION. ... ... i 100
Figure 4-S1 siRNA distribution along PpTASL1/2, a peach PPR gene and MdTASL1
...102
Figure 4-S2 MIR7122-(TAS)-PPR-siRNA pathway is conserved in strawberry.......... 104
Figure 4-S3 Two layers of trans-acting interaction involved in the miR1509-TASL-PPR-
SIRNA pathway in soybean and medicago...........ocvvviuiieiieiieiie i, 105
Figure 4-S4 Alignment of MIRNA gENES.......ouiiiiie it it e e e e e e 107
Figure 4-S5 Stem-loop structure of miRCL in Citrus...............ccooevivivevnn e enn ... 108
Figure 4-S6 Phylogenetic analysis of PHAS PPR genes and distribution of target sites of
MIRNAS or tasiRNAS along PPR repeats.........coovviiiiiiiiiiiici e e 109
Figure 4-S7 Stem-loop structures of newly identified miRNA homologues of the
MIRA4376 superfamily..........ci i 111
Figure 4-S8 Stem-loop structures of MIR7122s identified..............ccooviieiininnnn. 117
Figure 5-1 miR482/2118 in apple and peach..........cocovviiiiii i, 118



Chapter 1

General introduction

The discovery of small [~20-24 nucleotide (nt)] regulatory noncoding RNAs has been
reshaping our understanding of RNA molecules in the last two decades. These small
RNAs (sRNAs) regulate the genome function at some of the most important levels,
including heterochromatin formation, chromosome segregation, gene transcription, RNA
processing, RNA stability, and gene translation (Baulcombe, 2004; Carthew and
Sontheimer, 2009). The effects of SRNAs at the transcriptional or post-transcriptional
level are general inhibitory, and the corresponding regulatory mechanisms are therefore
collectively referred to as RNA silencing, where SRNAs always serve as specificity
determinant, directing effector proteins to target nucleic acid molecules via base-pairing
interactions (Carthew and Sontheimer, 2009; VVoinnet, 2009).

1.1 Small RNAs

In eukaryotes, the primary RNAs are derived from the decoding of genetic information
stored in the DNA genome by DNA-dependent RNA polymerases which convert the
DNA into RNA (transcription). Eukaryotes normally possess three nuclear RNA
polymerases (Pols) to decipher their genomes, with Pol | specified in the transcription of
primary transcripts which mature into different catalytic RNA of ribosomes, Pol 11
transcribing thousands of protein-coding genes, long non-coding RNAs and miRNAs,
and Pol 11 transcribing several classes of smaller RNAs, such as 5S ribosomal RNA,
transfer RNA, small regulatory RNAs and short interspersed nuclear elements (Haag and
Pikaard, 2011). Remarkably, plants have evolved two additional Pols, Pol 1V and V,
which orchestrate non-coding RNA-mediated gene silencing processes. Pol IV is required
for 24-nt sSiRNA production and Pol V for siRNA-mediated gene silencing of transposons
and other repeated elements (Haag and Pikaard, 2011).

Upon transcription, primary RNAs of specific features are routed into the RNA
silencing pathway, which share four consensus biochemical steps in plants: (1) induction
by double-stranded RNA (dsRNA), (2) dsRNA processing into 18-25-nt long SRNAs, (3)

3'-0-methylation of SRNA, and (4) sSRNA incorporation into effector complexes that



associate with partially or fully complementary target RNA or DNA (Chapman and
Carrington, 2007; Voinnet, 2009). These common steps are involved with several core
components, including RNA-dependent RNA polymerase (RDR) proteins, Dicer-like
ribonucleases (DCLs), dsSRNA binding proteins (DRBs), SRNA methyltransferases and
Argonaute (AGO) proteins.

1.2 Core components of RNA silencing pathways in plants
1.2.1 RNA-dependent RNA polymerase proteins (RDR)

RDRs are defined by the presence of a conserved RNA-dependent RNA polymerase
catalytic domain. In eukaryotes, there are three major clades of RDRs, RDRa, RDR, and
RDRy, and only RDRa and RDRy genes have been identified in plants (Zong et al.,
2009). The Arabidopsis possesses six RDR genes (RDR1-6), including three RDRa genes,
RDR1/2/6, which involve in diverse RNAI processes, and three RDRy genes, RDR3/4/5,
whose function awaits clarification. (Willmann et al., 2011). RDR1, RDR2, and RDR6
convert single-stranded RNAs (ssRNAs) to double-stranded RNAs (dsRNAS) that are
subsequently processed into different types of sSiRNAs targeting specific endogenous loci.
RDR2 is responsible for the biogenesis of the most abundant endogenous siRNAs in
plants---heterochromatin siRNAs (hc-siRNAs). RDR2 is also required for the production
of a class of long siRNAs (23-27-nt) that originate from miRNA-producing stem-loop
precursor (Chellappan et al., 2010). RDR6 is involved in the biogenesis of two additional
types of siRNAs: trans-acting sSiRNAs and natural antisense siRNA (nat-siRNAS)
(Peragine et al., 2004; Vazquez et al., 2004; Allen et al., 2005; Borsani et al., 2005;
Yoshikawa et al., 2005). The major role of RDR1, not as much studied as did RDR2/6, is
producing and amplifying exogenous, virus-derived siRNAs in infected plants (Wang et
al., 2010).

1.2.2 Dicer-like ribonucleases (DCL)

The dsRNAs, formed by RDRs, are sebsequently processed into specifically sized
SRNA duplexes by Dicer-like (DCL1-4) proteins, which is a type of ribonuclease Il1-like
enzymes. Arabidopsis has four specialized DCL proteins, which catalyze the formation of
miRNA (DCL1), 22-nt (DCL2), 24-nt (DCL3) and 21-nt (DCL4) siRNAs from selected

dsRNA precursors. DCL1 involves in the accurate processing of ~21-nt miRNAs from
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their foldback precursors (Park et al., 2002; Reinhart et al., 2002). DCL2 plays roles in
formation of natural antisense siRNAs and in transitive silencing of transgene transcript
(Borsani et al., 2005; Mlotshwa et al., 2008). DCL3 functions to process RDR2-
dependent dsRNA precursors to produce 24-nt-long siRNAs acting in silencing of
transposable elements and heterochromatin formation (Cao and Jacobsen, 2002; Xie et al.,
2004). DCL4 generates 21-nt trans-acting siRNAs (tasiRNASs) and exogenous viral
SRNAs (Xie et al., 2005; Yoshikawa et al., 2005). DCL2 and DCL3 also play a surrogate
role of DCL4 in antiviral RNA silencing (Bouche et al., 2006; Garcia-Ruiz et al., 2010).

1.2.3 dsRNA binding proteins (DRB),

Since DCL proteins do not possess the property of RNA binding, its processing of
SRNAs from dsRNAs requires a partner that is a double-stranded RNA binding protein
(DRB). Arabidopsis has a small family of five DRBs (DRB1-5) (Hiraguri et al., 2005).
DRB1, also known as HYL1, is involved in the DCL1-mediated miRNA processing from
the foldback precursor, and it probably recruits DCL1 through binding to the
mMiIRNA/mMIRNA* duplex and guides the selection of the miRNA strand (Han et al., 2004;
Eamens et al., 2009; Yang et al., 2010). DRB4 works together with DCL4 involving in
the biosynthesis of tasiRNAs, exogenous viral sSIRNA, as well as some miRNAs (Adenot
et al., 2006; Bouche et al., 2006; Rajagopalan et al., 2006; Nakazawa et al., 2007; Garcia-
Ruiz et al., 2010). DRB2, DRB3, and DRB5 were recently found to function in a non-
canonical miRNA pathway with DRB2 participated in the biogenesis of selected
miRNAs and DRB3 and DRB5 mediated target gene silencing of DRB2-associated
miRNAs (Eamens et al., 2012b; Eamens et al., 2012a).

1.2.4 Small RNA methyltransferase

After the generation of small RNA duplexes from dsRNAs, these duplexes are
channeled into a 2'-O-methylation process mediated by methyltransferases. HUA
ENHANCERL1 (HEN1) was first identified in Arabidopsis as a methyltransferase that
methylates both miRNA and siRNA duplexes (Yu et al., 2005; Yang et al., 2006). HEN1
homologues, prevalently present in other organisms, were found to methylate SRNAs in
other plants, piRNAs in animals and AGO2-associated SRNAs in Drosophila (Horwich et
al., 2007; Kirino and Mourelatos, 2007; Ohara et al., 2007; Abe et al., 2010; Kamminga
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et al., 2010). 2'-O-methylation on the 3' terminal ribose protects SRNAs from 3'-5'
degradation and 3' uridylation, serving as a major mechanism modulating the turnover
rate of SRNAs (Li et al., 2005; Yu et al., 2005; Kamminga et al., 2010).

1.2.5 Argonaute proteins (AGO)

The name of ARGONAUTE (AGO) stemmed from the founding member of the
Arabidopsis thaliana AGO1, null mutant of which has tubular shaped leaves resembling
the tentacles of a argonaute squid (Bohmert et al., 1998). Shortly after the discovery of
the Arabidopsis AGO1, the vital role of AGO proteins in small RNA-directed silencing
was characterized in numerous organisms (Mallory and Vaucheret, 2010). Based on their
functional domains, eukaryotic AGO proteins can be divided into two major groups: the
AGO and the PIWI subfamilies (Hutvagner and Simard, 2008; Vaucheret, 2008).
Numbers of AGO gene range from 0 in yeast Saccharomyces cerevisiae to as many as 27
in the nematode worm Caenorhabditis elegans, with Drosophila melanogaster and human
expressing five and eight AGO genes, respectively (Mallory and Vaucheret, 2010). All of
these AGO proteins fall into both subfamilies, while plant AGO proteins are all restricted
to the AGO subfamily. In Arabidopsis there are 10 AGO proteins, which is
phylogenetically classified into three major clades, the AGO1/5/10 clade; the AGO2/3/7
clade; and the AGO4/6/8/9 clade (Vaucheret, 2008). The working body of RNA silencing
complexes is defined by an AGO protein and an associated SRNA, which acts as a
sequence-specific guides leading AGO proteins to perfectly or partially complementary
RNAs (Mallory and Vaucheret, 2010). Not only can AGO proteins function as Slicer
proteins, but also regulate target genes through translational inhibition, likely depending
the degree of complementarity between a small RNA and its target gene. In Arabidopsis,
transcriptional gene silencing (TGS) and posttranscriptional gene silencing (PTGS) result
from the action of specialized AGO protein and specialized SRNAs. TGS complexes
involve AGO proteins from the AGO4/6/9 clade, which typically associate with 24-nt
SRNAs. By contrast, PTGS complexes involve the cleavage-competent AGO1 and AGO7
and their associated 21- to 22-nt SRNAs (Mallory and VVaucheret, 2010). AGO1 and
AGO10 are required for translational control of several miRNA targets (Brodersen et al.,
2008). Recently, AGO10 was found to specifically sequester miR165/166 to regulate
shoot meristem development (Zhu et al., 2011). Besides the SRNA length, 5' nucleotide
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identity of SRNAs contribute to the sorting of SRNAs into AGO proteins. AGO1 prefers
21-22-nt SRNA with a 5" U whereas AGO2 selectively associate with 21-nt 5° A sSRNAS;
the majority of AGO4/6/9 loaded sSRNAs are 24-nt long and have a 5' initial A, whereas
AGOS5 preferentially associates with 24-nt SRNA beginning with a 5' C (Mi et al., 2008;
Havecker et al., 2010).

1.3 Biogenesis and function of small RNAs in plants

Based on the biogenesis and function properties, SRNAs in plant cells can generally be
divided into two major categories: microRNAs (miRNAs) and small interfering RNAs
(SIRNAS).

1.3.1 microRNASs

Plant miRNAs are predominantly 20-22-nt small RNAs processed from primary
MIRNA transcripts (pri-miRNA) transcribed by Pol Il from long non-coding MIRNA
genes. The pri-miRNA contains a region of imperfect self-complementarity that folds
into a stem-loop RNA helix (Voinnet, 2009). The stem-loop structure, the source of
dsRNAs, is processed by the DCL1 with the aid of two other proteins, the C2H2-zinc
finger protein SERRATE (SE) and the double -stranded RNA-binding protein
HYPONASTIC LEAVES1 (HYL1/DRB1), which could facilitate the recognition and
routing of pri-miRNA and the loading or positioning of DCL1 (Han et al., 2004; Grigg et
al., 2005; Dong et al., 2008). The DCL1 cleavage of both arms of the stem-loop helix
releases the miRNA/mMiRNA* duplex, which possesses a 2-nt overhang at both ends. The
first cleavage of most MIRNAs is occurred at the loop-distal side of the stem-loop with a
distance of ~15-nt from an unpaired region (Mateos et al., 2010; Song et al., 2010;
Werner et al., 2010), although the MIR159/319 family is cleaved loop-side first (Addo-
Quaye et al., 2009; Bologna et al., 2009).The mature miRNA/miRNA* duplex is then
methylated at both 3' ends by the S-adenosyl methionine-dependent methyltransferase
HENZ1 and transferred to the cytoplasm with the aid of HASRTY protein (Yu et al., 2005).
The final step of miIRNA maturation is the separation of the miRNA and miRNA*and

incorporation of the mature miRNA into an AGO effector protein. The differential



thermostability of the miRNA/miRNA* duplex ends and the HYL1/DRBL1 contributes to
the selection of mature miRNA strand (Takeda et al., 2008; Eamens et al., 2009).

The major role of plant miRNAs is regulating their target genes through mRNA
slicing, although translational repression of target genes by miRNAs is widely present
(Voinnet, 2009). These two layers of regulation, protein production and RNA stability
control, often coincide spatially or temporally (Voinnet, 2009). However, the functional
analysis of plant miRNAs has been focused on their slicing roles so far. Based on the
conservation extent, plants miRNAs can be grouped into conserved, and lineage/species-
specific miRNAs (Jones-Rhoades et al., 2006; Axtell and Bowman, 2008). There are 23
conserved miRNAs (or families) which is present in the common ancestor of
spermatophyte (Jones-Rhoades et al., 2006; Cuperus et al., 2011). These conserved
mMiRNAs are usually of high expression in cells and targeting pivotal transcription factors
playing critical roles in diverse developmental stages or metabolic pathways. For
instances, the sequential action of miR156 and miR172 coordinates the developmental
phase transition of Arabidopsis (Wu et al., 2009), and miR165/166 regulate shoot apical
meristem development through targeting class 111 homeodomain-leucine zipper (HD-ZIP
I11) transcription factor (Zhu et al., 2011). By contrast, the lineage/species-specific
miRNAs are of a relatively low abundance, and are thought to be less functionally

essential, thus less well-characterized (Jones-Rhoades et al., 2006).
1.3.2 Small interfering RNAs

Another class of SRNAs, small interfering RNAs (siRNA), accounts for the majority
of the SRNA population in plants. Most of siRNA are of 24-nt in length and derived from
repetitive genomic elements including centromeres, transposons and retrotransposons,
which are targets of DNA methylation and heterochromatin formation, thus this class of
24-nt siRNAs are referred to as heterochromatin siRNA (hc-siRNAS) or repeat-associated
siRNAs (ra-siRNAs) (Rajagopalan et al., 2006; Zhang et al., 2006; Law and Jacobsen,
2010). First Pol 1V generates single-stranded RNA (ssRNA) transcripts from these
repetitive loci (Pontier et al., 2005). sSRNAs are then converted to dsSRNAs by RDR2,
which are subsequently chopped into 24-nt siRNA duplexes by DCL3 (Law and Jacobsen,
2010). Mature siRNAs are incorporated into the AGO4-family protein complex to direct
RNA-dependent DNA methylation (RADM)of target DNA loci. The siRNA mediated
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RdDM are associated with diverse critical biological processes, including transposition
control, heterochromatin establishment, and post-transcriptional gene regulation (Matzke
et al., 2009; Allen and Howell, 2010; Law and Jacobsen, 2010).

1.3.3 Trans-acting siRNAs

Apart from the predominant 24-nt siRNA, plants also produce a 21-nt class of SiRNA,
trans-acting sSiRNAs (tasiRNA). The biogenesis of tasiRNASs relies on a miRNA cleavage
on their non-coding transcripts of trans-acting sSiRNA genes (TAS), after which one of the
cleaved fragments is stabilized by SUPPRESSOR OF GENE SILENCING3 (SGS3) and
converted into dSRNA by RDR6 (Peragine et al., 2004; Yoshikawa et al., 2005). DCL4 is
recruited to the miRNA cleavage site and sequentially processes the dsRNA into 21-nt
tasiRNA duplexes, thus all the tasiRNAs are in phase with the cleavage site (Allen et al.,
2005; Yoshikawa et al., 2005; Axtell et al., 2006). Like miRNA, tasiRNAs are
incorporated into AGO effector complexes to exert slicing activity in trans to target
genes.

22-nt miRNAs trigger secondary siRNA production from their targeted transcripts,
and the miRNA triggers are often with a 5-end U, implying an association of the AGO1
complex (Chen et al., 2010; Cuperus et al., 2010). To date, four classical TAS gene
families have been well characterized in Arabidopsis, including the TAS1/2, TAS3, and
TAS4 targeted by miR173, miR390, and miR828, respectively (Allen et al., 2005; Axtell
and Bartel, 2005; Yoshikawa et al., 2005; Rajagopalan et al., 2006). After the miR173-
guided cleavage in TAS1/2, the poly(A) end fragment is routed into dsSRNA formation
and ensuing production of tasiRNAs targeting several PPR genes which might serve roles
in cytoplasmic male sterility (Yoshikawa et al., 2005; Howell et al., 2007). Similarly, the
miR828 directs the tasiRNA biogenesis from the poly(A) side after its cleavage in TAS4,
and one of its derived tasiRNAs regulate several MYB genes associated with anthocyanin
biogenesis (Rajagopalan et al., 2006; Luo et al., 2011). Distinct from the 22-nt miR173
and miR828 which trigger siRNA production with only one target site bearing in the
target gene (one hit), the 21-nt miR390 instigates the tasiRNA production from TAS3
through a different "two-hit" mechanism, with the TAS3 gene bearing two miR390 target
sites, a noncleavable 5' site and a cleavable 3' site (Axtell et al., 2006). After the cleavage

of the 3' site, the cap-end fragment, instead of the poly(A)-end fragment, is converted to
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dsRNAs and ensuing tasiRNA is produced in a 3'-5' direction, thus all the tasiRNAs are
in phase with the 3' cleavage site (Allen et al., 2005; Axtell et al., 2006). Two tasiRNAs
(also termed as tasiARFs) target auxin responsive factors, which play essential roles in
leaf patterning and organ development (Allen et al., 2005; Axtell et al., 2006; Fahlgren et
al., 2006).

Additionally, protein-coding genes are also channeled into secondary siRNA
production by 22-nt miRNAs or tasiRNAs (Howell et al., 2007; Wang et al., 2011; Zhai
et al., 2011). These secondary siRNAs are collectively referred to as phased siRNAs
(phasiRNAS), some of which may target genes in trans (tasiRNAS) or may act in cis
(casiRNAs ), but the exact function for most phasiRNAs remains unexplored (Zhai et al.,
2011).

1.3.4 Other types of SRNAs

Mant other types of SRNAs have also been reported in plants. Natural anti-sense
siRNAs (nat-siRNAs) are processed from dsRNAs derived from convergent transcription
of adjacent genes, which are induced by abiotic and biotic stresses or in specific
developmental stages (Borsani et al., 2005; Zhang et al., 2012). The biogenesis of nat-
SiRNAs requires DCL1 or DCL2, RDR6, and PollV in Arabidopsis (Borsani et al., 2005).
Recently a novel class of 21-nt SRNAs is found to be involved in DNA double-strand
breaks (DSBs) repair, and are referred to as DSB-induced sSRNA (diRNAS). Its biogenesis
requires the P13 kinase, PollV, and DCL proteins in Arabidopsis (Wei et al., 2012).

1.4 High-throughput next generation sequencing technology

As early as 1993, long before the mechanism of RNA silencing was uncovered, the
first small RNA, now known as miRNA lin-4, was identified in Caenorhabditis elegans
by forward genetic studies (Lee et al., 1993). The identification of a second miRNA, also
through forward genetics in C. elegans, let-7 prompted the search of other small RNAs,
and tens of miRNAs were found in several animal species through direct cloning. Since
then direct cloning as well as bioinformatics prediction have revealed a large complement
of miRNAs in diverse animal and plant species (Chen, 2009). After the first successful
application of high-throughput next-generation DNA sequencing (NGS, also termed as

deep-sequencing) technology for SRNA sequencing (Lu et al., 2005), the characterization
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of SRNASs has been booming to all kind of species and this NGS technology has become
the authentic approach to genome-widely profile the SRNA population in cells.
Compared to the traditional Sanger sequencing protocols, the NGS is of advantage in
many aspects. The NGS is of extremely large capacity, i.e., it can conduct numerous
sequence determinations in parallel without prior knowledge of sequence information.
Apart from providing nucleotide-order information, the results of NGS can reflect the
relative expression level of every single sequence. Moreover the NGS is more labor-,
cost-, and time-effective. It can finish the resequencing of a human genome within hours.
Therefore, the NGS has been used for many applications, including human genome
resequencing, de nove assemblies of bacterial and low eukaryotic genomes, transcriptome
cataloguing (RNA-seq), small RNA repertoire characterization (SRNA-seq), genome-
wide profiling of epigenetic marks (methyl-seq) and chromatin structure (ChiP-seq), and

species classification and new gene discovery by metagenomic studies (Metzker, 2010).
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Abstract

Background:MicroRNAs (miRNAs) and their regulatory functions have been extensively characterized in model
species but whether apple has evolved similar or unique regulatory features remains unknown.

Results:We performed deep small RNA-seq and identified 23 conserved, 10 less-conserved and 42 apple-specific
miRNAs or families with distinct expression patterns. The identified miRNAs target 118 genes representing a wide
range of enzymatic and regulatory activities. Apple also conserves twoTASgene families with similar but unique
trans-acting small interfering RNA (tasiRNA) biogenesis profiles and target specificities. Importantly, we found that
miR159, miR828 and miR858 can collectively target up to 81MYBgenes potentially involved in diverse aspects of
plant growth and development. These miRNA target sites are differentially conserved amongMYBs, which is largely
influenced by the location and conservation of the encoded amino acid residues in MYB factors. Finally, we found
that 10 of the 19 miR828-targetedMYBs undergo small interfering RNA (siRNA) biogenesis at the 3 cleaved, highly
divergent transcript regions, generating over 100 sequence-distinct siRNAs that potentially target over 70 diverse
genes as confirmed by degradome analysis.

Conclusions:Our work identified and characterized apple miRNAs, their expression patterns, targets and regulatory

outside the MYB family.

functions. We also discovered that three miRNAs and the ensuing siRNAs exploit both conserved and divergent
sequence features ofMYBgenes to initiate distinct regulatory networks targeting a multitude of genes inside and

Background

The discovery of RNA interference in the late 1990s [1]
prompted a revolution in RNA biology, and the unveiling
of small RNA (sRNA)-mediated gene regulatory pathways
has profoundly shaped our understanding of the complex-
ity of gene regulation. In eukaryotes, sSRNAs have been
found to control cellular metabolism, growth and differen-
tiation, to maintain genome integrity, and to combat
viruses and mobile genetic elements [2]. These regulatory
sRNAs have been classified into at least six groups, includ-
ing microRNAs (miRNAs), heterochromatic small interfer-
ing RNAs (hc-siRNAs), trans-acting small interfering
RNAs (tasiRNAs), natural antisense small interfering
RNAs (nat-siRNAs), repeat-associated small interfering
RNAs (ra-siRNAs), and in metazoans, the piwi-interacting
RNAs (piRNAs) [3-7].
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miRNAs are derived from single-stranded RNA precur-
sors that are transcribed by RNA polymerase 1l to gener-
ate self-complementary fold-back structures (stem-loop or
hairpin) processed subsequently by DICER-like 1 (DCL1)
in association with other protein factors [6,8]. Distinct
from miRNA biogenesis, small interfering RNAs (siRNAs)
are generated from long double-stranded RNAs that are
converted from single-stranded RNAs by plant RNA-
dependent RNA polymerases (RDRs), which usually give
rise to transcript-wide, distinct siRNA species from both
strands dependent on the choice of DCL proteins involved
[8]. Biogenesis of predominant small 21-nucleotide siR-
NAs requires RDR6 and DCL4 while that of predominant
24-nucleotide siRNAs requires RDR2 and DCL3 [9,10].
miRNAs and siRNAs are incorporated into different RNA-
induced silencing complexes (RISCs) [11], where one of
the Argonaute (AGO) factors catalyzes sequence-specific
endonucleotic cleavage of targeted gene transcripts [12,13]
in the cases of miRNAs and 21-nucleotide siRNAs [11], or
translational repression occasionally for some miRNAs

2012 Xia et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (httpy//creativecommons.org/licenses/by/ 2.0, which permits unrestricted use, distribution, and reproduction in
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[14], or induction of DNA methylation in the case of 24-
nucleotide siRNAs [15,16]. The biogenesis of tasiRNAs
exploits both miRNA and 21-nucleotide siRNA biogenesis
pathways, and requires all the factors necessary for
miRNA and 21-nucleotide siRNA production, including
DCL1, RDR6 and DCL4 as well as other protein factors
[5,17]. In Arabidopsis, the transcript from a trans-acting
SIRNA (TAS) gene is first cleaved by one of three specia-
lized miRNAs (miR173, miR390 and miR828), and then
either the 3-cleaved (in the case of miRNAS828, miR173)
or the 5 -cleaved transcript fragments (in the case of
miR390) are converted into double-stranded RNAs by
RDR6 and subsequently diced into phased 21-nucleotide
siRNAs by DCL4 to generate multiple but distinct
tasiRNA species, some of which are found to further guide
sequence-specific cleavage of their targeted gene tran-
scripts through the RISC [5,17-20]. To date, only four TAS
gene families have been identified inArabidopsisand their
biogenesis has been extensively characterized [21].

In plants, miRNAs are the second most abundant
sRNAs [22], acting as powerful endogenous regulators.
For example, many distinct miRNAs target transcripts
encoding an array of transcription factors that control
plant development and phase transition in Arabidopsis,
maize and woody species [23-25], while others are
involved in stress response and disease resistance [26-28].
In humans, it is estimated that at least 30% of genes are
regulated by miRNAs [29], further underscoring their
fundamental importance. Whether a similar proportion
of plant genes are subjected to miRNA-mediated regula-
tion is unknown; however, a large number of miRNAs
have been identified, characterized and reported in
diverse plant species, including Arabidopsis [30,31], rice
[32], maize [33], poplar [34,35], grape [36], soybean [37],
orange [38] and peanut [39]. The latest release of pub-
lished miRNAs (miRBase 17) contains over 15,000
miRNA gene loci in over 140 species, and over 17,000
distinct mature miRNA sequences [40]. Like many gene
regulatory systems, miRNAs show both conservation and
diversity among plant lineages. Many miRNAs are con-
served in angiosperms or even embryophyta [41], while a
significant number of miRNAs or miRNA families show
species-specificity, reflecting their fast evolving, function-
ally diverging natures [11,41-43].

Apple (Malus domestica ) is a major temperate fruit
crop worldwide. Tts fruit is a widely consumed and rich
source of phytochemicals, which may play a key role in
reducing chronic disease risk in humans [44]. As a peren-
nial species, apple undergoes many distinct developmental
programs and inducible responses during its life cycle that
cannot be easily replicated or investigated in annual model
species such asArabidopsis. For example, apple requires a
long period of juvenility (5 to 7 years) before flowering
[45] and its reproductive cycle lasts for nearly a year, as
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fruit forms from flower buds initiated during the previous
summer. Its fruit development, which spans the spring,
summer and fall seasons, comprises fruit enlargement,
color changes, texture improvement and ripening, all of
which are directly relevant to crop productivity and quality
[45]. That apple trees produce fruit over a period spanning
several decades is another important consideration for
investigation of plant longevity. Thus, apple trees represent
an important model for investigating the fundamental
biology of a wide range of specialized strategies and pro-
grams to adapt or respond to seasonal and perhaps cli-
matic changes as well as biotic and abiotic stress
challenges while implementing multiple coordinated
developmental events necessary for perennial fruit produc-
tion. In addition to its importance as a new genomic
model for tree fruit and Rosaceae studies, the discovery of
genetic mechanisms that regulate fruit development and
quality or stress responses and disease resistance could
enhance the molecular breeding of apple for horticultu-
rally important traits.

Although several groups have recently reported bioinfor-
matic prediction and identification of a few miRNA
families for apple [46,47], nearly all those reported are
conserved miRNAs. Whether apple has evolved specific
miRNAs and unique regulatory networks, which genes
they target, if any, and what biological processes they regu-
late remain largely unknown. In this study, as part of a
long-term goal to elucidate the role of miRNAs in apple,
we exploited deep sequencing and computational and
molecular analyses to comprehensively identify the con-
served and apple-specific miRNAs and their targets, and
characterized their expression in various tissues. We also
delineated novel miRNA- and tasiRNA-mediated regula-
tory networks that modulate a large number of genes
inside and outside theMYB family, which has not been
reported in other species.

Results

Identification of conserved and less-conserved miRNAs in
apple

A total of 59 million reliable reads were obtained from
deep sequencing of leaf-, root-, flower- and fruit-derived
sRNA libraries, and most of these reads (about 78% for
redundant reads and 65% for unique reads) have at least
one perfect match to the apple genome (Table S1 in
Additional file 1). sSRNAs from each library or tissue
shared a more or less similar distribution pattern (Fig-
ures Sla-f in Additional file 2), with 24-nucleotide
sRNAs (over 40%) being the most abundant followed by
21-nucleotide sRNAs, consistent with earlier findings in
Arabidopsis [30], tomato [48], and soybean [37]. Those
reads (46 million) that perfectly mapped to the apple
genome were subjected to further analyses for miRNA
identification. As a result, we identified 23 miRNAs or
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families (Figure la) that are conserved in both angios-
perms and coniferophyta lineages [41]; we refer to these
as conserved mikRNAs in this study. These miRNAs bore
a canonical stem-loop structure in their precursors
(Table S2 in Additional file 1). Expression levels of the
conserved miRNAs, as reflected by normalized reads
(reads per million genome-matched reads (RPM)),
showed a great variation among families in all four tis-
sues. The highest read abundance (166,000 RPM) was
detected for miR156 and was 5 to 16 times more than
other relatively abundant miRNA families, including
miR165/166, miR167, miR396, and miR159, whose total
abundance ranged from 10,000 to 30,000 RPM (Figure
la; Table S3 in Additional file 1). Although lower
expression (between 1,500 and 4,000 RPM) was
observed for the miR162, miR164, miR168, miR172 and
miR399 families, their overall expression level was 3 to
20 times greater than any of the remaining 12 conserved
miRNA families (Figure 1a; Table S3 in Additional file
1). Almost all miRNAs showed, to various degrees, dif-
ferential expression among the tissues analyzed, with the
greatest variation observed for miR156, which was
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miR169 | 7 | 159 miRgzs = 0
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Figure 1 Analysis of the identified conserved and less-conserved miRNA expression in apple tissues. (a, b) Heat map and read
abundance of the conserved (a) and less-conserved (b) miRNAs in four tissues. The read abundance was normalized and expressed as reads per
million (RPM) of genome-matched reads in each tissue, Only reads having two or fewer mismatches to miRNA sequences were counted for this
analysis. Read abundance is also denoted by color, as illustrated at the top-right corner of each panel. miRMAs selected for validation by RNA gel
blot analysis are underlined.(c)RNA gel blot analysis of selected miRNAs in different tissues. Sizes of small RNA markers are indicated at left in
nucleotides (nt). Blotting results from probing and reprobing the same filter were grouped together. The appleUégene serves as a loading
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expressed at an abundance of more than 150,000 RPM
in root but only 184 RPM in fruit (Figure la). Most of
the conserved miRNA families comprised multiple spe-
cies of different mature sequences (<2 mismatches) and
distinct length predominance (Tables S3 and S4 in
Additional file 1).

We also identified ten miRNAs or families that have a
canonical stem-loop structure (Figure 1b; Table S2 in
Additional file 1) and were reported in some plant spe-
cies or families but are not widely conserved in both
angiosperm and coniferophyta lineages [41]. They are
referred to as less-conserved miRNAs in this study.
Compared to the conserved miRNAs, most of the less-
conserved miRNAs exhibited relatively lower expression,
with the most notable exception being miR535, which
was expressed at an abundance of more than 20,000
RPM (Figure 1b). However, these less-conserved miR-
NAs, like the conserved miRNAs, were differentially
regulated among the tissues examined. For example,
leaf- and root-biased expression was observed for
miR535, while flower-biased expression was apparent
for miR828 (Figure 1b). Surprisingly, miR4376 exhibited
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| miR165/166
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virtually exclusive expression in leaf tissues where 2,228
RPM were detected in comparison with less than 4
RPM in other tissues.

To validate miRNA RPM data, we performed RNA gel
blot analysis for selected miRNAs representing con-
served, less-conserved and apple-specific (discussed
below) examples in six different tissues, four of which
(leaf, root, flower and fruit) could be compared to SRNA
sequencing data (Figures 1c, 2, and 3c¢). We found that
while blotting results for some miRNAs - miR828,
miR858, miR390 (Figure 3¢) and miR4376 (Figure 1c) -
were reflective of the relative abundances of sequenced
RNAs from these four tissues, many others displayed
varying degrees of divergence between the two analyses.
For example, miR172 RPM values and blot signals for
leaf and flower were in agreement, while the blot signal
for fruit, which should be nearly four-fold higher than for
root, based on RPM values, was barely detectable. Addi-
tionally, miR396, which showed relative blot signal
strength that was high for vegetative and low for repro-
ductive tissues, revealed the opposite pattern through
RNA sequencing (Figure 1a). At present we do not know
why some RNA sequencing values were corroborated by
RNA blots while others were not. However, contradic-
tions between in vivo RNA levels and sequencing results
for miRNAs have been previously reported forArabidop-
sis [30] and grapevine [36]. Since the hybridization signal
of RNA gel blotting is proportional to gene transcript
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abundance in general, the bias introduced against or for
certain sequences or sequence motifs during either
library construction or sequence amplification or deep
sequencing may have contributed to the observed
deviations.

Apple-specific miRNAs

Since numerous family- or species-specific miRNAs con-
sidered to be of a more recent evolutionary origin [11]
have been identified in other species, apple is likely to
have evolved unique miRNAs as well. After excluding
sRNA reads homologous to known miRNAs (two or fewer
mismatches, miRBase 17) and other non-coding sRNAs
(Rfam 10), the remaining 20- to 22-nucleotide sRNAs
were subjected to rigorous secondary structural analysis of
their precursors using RNAfold software [49]. Those pre-
cursors with a canonical stem-loop structure were further
analyzed through a series of stringent filter strategies to
ensure that they met common criteria established by the
research community [50,51]. A total of 42 miRNA candi-
dates derived from 75 loci (Tables 1 and S5 in Additional
file 1) met the screening criteria, of which 21 had miRNA
star (miRNA®) sequences identified from the same
libraries, while the other 21 had no miRNA* identified
(Table 1). We considered the 21 candidates with miRNA*
sequences as apple novel miRNAs and the remaining 21
without miRNA* sequences as apple miRNA candidates.
Collectively, we term them apple-specific miRNAs. Of the

| miRC12
-3

us

| mirc13

us

applellagene serves as a loading control.

Figure 2Confirmation of apple-specific miRNA expression by RNA gel blot analysis. RINA gel blot analysis was performed as described in
Materials and methods with exposure time varying from a few hours to two to three days for some low-abundance miRNAs (miR18, miR18,
miR20). The blotting results from the same filter were grouped together. Sizes of small RNA markers are indicated at left in nuclectides (nt). The

19



Xiaet al.Genome Biology2012,13:R47
http://genomebiology.com/2012/13/6/R47

Page 5 of 18

(d) =

[ i by nily $15 trichome initiation in shoats or

I MYBs targeted by mIRS5E and miRa28 == - - fosthelrpaltoming _ ________._
B MvEs targsted by miRS28 only ]” Savonoibosnesicina Bseass,

= MYBs targated by miR 159 only Anthocyanin blosynthesis

MYEs targated by miRB5E and miR 159 related RZR3 MYBs

Conserved region Divergent region

52 ABA-mediated responses
to enviromental signals

514 awillary meristom formationor
root growth

==
it

‘E‘-'_l‘..?-_ 512 glucosinolate blosynthesls

—EE%’:’.‘ ] S11 plant resistance against insects or
i osmotic siress responses

S 59 negatively raguiating triehome beanching

CAGGGCEAACAGACAACGANRTAAAGAACTAQTGEAATTCTCAT T TGAGCAAG.

miR858 larget_site miR828 target_site
MYB{MDPO0O0OO124555) MYB(MDPOODO124555)
é(wno; }(819)

8 -CCGEGUCGARCAGAURAUGAR-3" 5'-UGGARCACUCAUUUGAGEAAGR-3"
erininrrirnienolnl PEELr enrrrrenrnrneiretn
3'-AGUCCAGCUUGUCUGUUGCUU-5" 3" =ACCUUAUGAGUARACUCGUUCY=5"
miRas8 miR@28

7521 positive reguiatons dedcated o
coll wall thickening in fibar calls

Figure 3 Complex MYB regulatory network mediated by miR159, miR828, and miRB58. (a) Numbers of MYE genes targeted by apple
miR159, miR828 and miR858.(b)Conservation of the region co-largeted by miR828 and miR858 among diverse plant species, includingZea
mays(ZM; BTOB8210),0nyza satival05; NM_001050499) Physcomitrella patens(PPa; XM_001781987) Solanum lycopersicum(SL; AK322126) Vitis
viniferalWy; XM_0022693868),Gossypium tomentosumi(GT; EU249416),Fopulus trichocarpalPT; XM_002315854) Arabidopsis thalianalAT;
NM_116126),Prunus persicalPPe; ppal16135m), andMalus domestica {MD; MDPOOD0124555). The sequence-conserved region in theMYE
coding region is shown in black while the sequence-divergent region is shown in red. Pairing of miR828 and miR858 with their target sites in a
representativeMYBtranscript is illustrated below.(c)RNA gel blot analysis of expression of miR390, miRB28 and miRB58 in various tissues.(d)
Phylogenetic analysis and functional relationship between apple andArabidopsisMYB factors. The tree was inferred using the neighbor-joining
method and 1,000 bootstraps with MYB amino acid sequences and Clustal X2 software. The subgroup and function annotation were designated
as described previously [56,58]. Subclans consisting of only ArabidopsisMYBs were collapsed are and denoted with black triangles. TheMYB
genes that are targeted by a specific miRNA or co-targeted by two miRNAs are denoted in a specific color as designated in (a). miRB28-targeted
MYBs capable of producing secondary siRNAs are marked with a star, andMYBs whose cleavage was confirmed by degradome analysis are
marked with filled circles. ABA, abscisic acid; nt, nucleotide.

42 apple-specific miRNAs, 32 belong to the 21-nucleotide
class of miRNAs and 10 to the 22-nucleotide class (Table
1). In general, the apple-specific miRNAs were much less
abundant compared to the conserved miRNAs in all

tissues examined. For example, only miRC1 displayed total
read abundance above 20,000 RPM, while 33 of the 42
miRNA candidates yielded levels below 100 RPM (Table
1). This low level expression was further confirmed by
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Table 1 Novel or candidate miRNAs found in apple (excerpted®)

Match Normalized reads
Name miRNA sequence Cuntig" Len Str position miRNA* sequence® Leaf Root Flower Fruit Total
miRC1T  ACAGGGAAGAGGTAGAGCATG MDC008505.260 21 - 3797  ATGCACTGCCTCTTCCCTGGE 1,091 23,246 "] 12 24349

miRC2  ACCTAGCTCTGATACCATGAA  MDCD1B599370 21 + 9369 TGIGGTATCAGGACTATGTTA 893 261 5364 1823 8341
miRC3  CTACCGATGCCACTAAGTCCCA MDC017130228 22 + 6809  GGACTTAGTAGCTCGGTGA 266 247 1567 671 2751

miRC4  TGTTATATTGTCAGATTGTCA MDC019554.272 21 - 10,154  ACAGTCTGACAATATAACGTG 1035 502 6 0 1,543
miRCS  AATGGAAGGGTAGGAAAGAAG MDC006350.123 21 - 2997 TCTTTCCTATCCCTCCCATICC 1,021 324 144 0 1490
miRCéa TCCTCTTGGTGATCGCCCTGT  MDC0O09272708 21 - 4,184  AGGGTGATTAACAAAGGGATG 359 279 336 319 1,294
miRCeb TCCTCTTGGTGATCGCCCTGC MDC006081961 21 - 466  AGGGTGGTTACCAATGGGATG 122 218 0 46 385
miRC7  TTATACAGAGAAATCACGGTCG MDCOD9778.59 22 = 4,735  ACCGTIGTTTTICTGTATAAAG 511 624 108 27 1,270
miRCE  AAGAGCGGGATGTGTAAAAGG MDC001018301 21 + 2490  CTTTTACCTATCCCATTCTGT 248 0 0 0 248
miRC9  TCTGTCGTGGGTGAGATGGTGC MDCO11178406 22 - 16699 TTCATCTCTCCTCGACAGAAG 137 90 1] 4 231
miRC10  GAATTCCTTCTCCTCTCCTTT MOCO2644970 21 - 340 AGGAGGGAGAGAGGGTTTITAC O 0 166 i 173
miRC11  CACCAATATCAACTTTATITG MDC005581.168 21+ 2657  AATAAAGTTGATATTGGTGTG 6 12 RS 38 100
miRC12 TCTGTCGAAGGTGAGATGGTGC MDC003092251 22 +  B878  TTCATCCCTCCTCGACTGAAG 10 64 0 73
miRC13 ATCCAACGAAGCAGGAGCTGA MDC009318.175 21 + 3804  AGCTGCTGACTCGTTGGTTCA 0 0 18 42 60
miRC14 CGAACTTATTGCAACTAGCTT  MDCD0B558.180 21+ 6507  CAAGCTAGTTGTAATAAGTTC 24 1] 13 0 38
miRC15 AAAGTATCAAGGAGCGCAAAG MDC014075.204 21 - 26060 TTGCGTTCCACTGATTCTTTCG 8 8 9 2 27
miRC16 CATCTGGGTCGTTCAAATTTA MOC009589.307 21 - 1975  AATTTGAACGGCCCAGATGGG 10 12 0 0 22
miRC17  ATCATGCGATCCCTTCGGACG MDC005391.194 21 + 11,429 TCCAAAGGGATCGCATTGATCT 11 0 0 0 11
miRC18 ATACTCATCGAATTTGTCATA MDC012422128 21 + 849  TGACAAATTGGATGAGTATTC 3 0 4 1] 8
miRC19 TGGGATGTTGGTATGGTTCAA  MDC016463.170 21 - 5187  GAGUCGTGCCAATATCACAGT 0 7 0 0 7
miRC20 TGAAGAGAAGAGCGTTGITIGG MDC001494456 22 - 33010 TGACAGCCTCITCTTCTCATG 6 0 0 0 6
miRC21 ATCATTAACACTTAATAACGA MDCO05081432 21 + 219 TTATTAAGTGTTAATGATTGG 0 0 0 2 2
miRC22 CCATATGTCCCTCCATATACT  MDC016302308 21 + 5368  No star found ] 0 72 8 80
miRC23 AATGATGATCAAACAACCCTT MOCO20884221 21 + 4086  No star found 0 0 46 P 48
miRC24 TGAACTTGGCTGAATGTGGACT MDC001394253 22 - 378 Mo star found 22 19 1] 0 40
miRC25 TTTCGGAACCACTTACACCCA  MDC017130228 21 + 9,764  No star found 1] 0 24 1] 24
miRC26 TCCCCAAAACCCCTCATICCAA MDCO17130228 22+ 9987 No star found 0 1] 15 0 15
miRC27 TTGCCAAAGGAGATCTGCTCAG MDC019485.283 22 - 7997 Mo star found 6 0 0 6 12
miRC28 TGCATTTGCACCTGCACTTGT  MDC007946.169 21 - 672 No star found 0 0 9 3 1
miRC29 CAAAGCTTTTAATATCAGTCGA MDCO18873313 22 - 10447  No star found 0 0 5 6 10
miRC30 TCCCTCAAGGGCTTCCAATATT  MDC004268215 22 + 9006  No star found 0 0 0 10 10
miRC31 TCCATAATTTTTCCAGATCAA MDC0O05072383 21+ 9885 No star found "] 0 8 0 8
miRC32 TGGTTTGGTTGGAAAACGGCT  MDC008935.286 21 = 27,531  No star found 0 P 0 0 7
miRC33 AATTAGGUTGGCATTAGACAA  MDC009589310 21 + 3312 No star found 6 0 0 0 [¢]
miRC34 TGGTGATAGGATAGTTGGAAG  MDCO10150221 21 - 29453  No star found 6 0 0 1] [:]
miRC35 TACTGTTATAATGGCATTCCC MOCO0108652 21 + 12332 No star found 5 0 0 0 5
miRC36 CICAATTTGAACGLGTGGCTA  MDC015454016 21 + 3,773  No star found 0 5 0 0 )
miRC37 TGGCCTTGGTGGAAGAGATCC  MDCO00614265 21 - 5670  No star found 0 4 1] 1] 4
miRC38 TGGGCCTGGTCAGGAGGATCC  MDC018501.179 21 - 2535  No star found 0 4 0 0 4
miRC39 TTAAATACAAGCAGLAGCTCT MDCO11810.069 21+ 42284 No star found 0 3 0 0 3
miRC40 CACCTGGGACTTGCAGCCATG  MDC009540.066 21 + 1,015 No star found 3 0 0 0 3
miRC41 CATCCGAATTACCAATAACTG MDCO0974672 21 b 18725 No star found 0 0 3 1} 3
miRC42 ATAGATGGAAGCTACCAACCC  MDCO13676252 21+ 6,707  No star found 1] ] 1] 3 3

“Detailed information is listed in Table 55 in Additional file 1. "Only one matched locus is shown in this table. Others are included in Table S5 in Additional file 1.
“The star sequence may have multiple variants. Only the best star sequence is shown in this table. Len, length; Str, strand.

RNA gel blot analysis showing that signal was detectable ~ For example, miRC1, miRC2, miRC5, miRC6, miRC9,
for only 18 of 42 apple-specific miRNAs (Figure 2). miRC14, miRC15, miRC17, miRC18 and miRC20 showed
Almost all of the apple-specific miRNAs exhibited differ-  preferential accumulation in either one or two tissues
ential expression among tissues (Table 1 and Figure 2).  while miRC8 was exclusively expressed in leaf (Table 1
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and Figure 2). As reported above for conserved and less-
conserved miRNAs, RPM values for selected apple-specific
miRNAs corresponded to relative signal intensity observed
in RNA gel blots in some cases (miRCI and miRC2), but
several cases of divergence were observed as well. For
example, miRC3 was the second-most abundant miRNA
in fruit, miRC7 the most abundant in root and miRC10
was exclusively expressed in flower (Table 1), but RNA gel
blots showed no or barely detectable signals for these
three miRNAs in those tissues (Figure 2). As noted above
for conserved and less-conserved miRNAs, RNA blotting
revealed that the majority of the tested miRNAs were
abundant in bark tissue from young seedlings, while very
few were highly expressed in fruit (Figure 2).

Targets of known and apple-specific miRNAs

To identify gene targets for the known (both conserved
and less-conserved) and apple-specific miRNAs reported
here, we performed degradome sequencing to generate a
total of 21 million short reads representing 5 ends of
uncapped, poly-adenylated RNAs. About 65% of the
unique reads can be perfectly aligned to the apple tran-
scriptome [52]. These reads were subsequently screened
and analyzed with the software Cleaveland 2.0 [53,54]. A
total of 118 targets that fell into 5 categories (0 to 4) were
identified (Table 2; Table S6 in Additional file 1), with 62
targets for 14 of the 23 conserved, 38 for 5 of the 10 less-
conserved, and 18 for 8 of the 42 apple-specific miRNAs
or families (Table 2; Table S6 in Additional file 1).

Among these targets for the conserved miRNA families,
13 fell into in category 0, which represented the most
abundant degradome tags corresponding to the cleavage
site and matching cognate transcripts, and 25 of them into
category 2, whose cleavage abundance was higher than the
median but below the maximum. The number of identi-
fied gene targets varied for different miRNAs, ranging
from one to nine (Table 2; Table S6 in Additional file 1),
but those miRNAs that targeted members of a gene family
usually had more targets. For example, miR156 could tar-
get nine members of the squamosa promoter-binding-like
protein family, and miR167 targeted six members of the
auxin response factor (ARF) family (Table 2; Table S6 in
Additional file 1). Although most of the genes (54 of 62)
identified were the conserved targets for these miRNAs
across a wide range of plant species, a few of them (8 of
62) had not been reported in other species. For example,
miR319, which is known to targetTCP4in other species,
was found to target two genes coding for GDP-mannose
3,5-epimerase. Similarly, miR396, which exclusively tar-
geted several members of the growth regulating factor
(GRF) gene family in plants also targeted five IAA-amino
acid hydrolase genes, three replicate factor C subunit 1
genes and one TIR-NB-LRR resistance gene. It was noted
that a few identified apple-specific gene targets fell into
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category 4, which represents a low confidence group and
might need to be further validated experimentally. Of the
38 targets identified for five less-conserved miRNAs or
families, a single target was found for miR2111, miR3627,
and miR535 (Table 2; Table S6 in Additional file 1). The
remaining 35 targets identified were shared by miR828
and miR858, with the former targeting four MYB genes
and MdTAS4 and the latter targeting up to 30 genes,
including 24 coding for MYB factors, 2 coding for mate
efflux proteins and 3 coding for lipases (Table 2; Table S6
in Additional file 1). miR828 and miR858 have been
shown to target MYBs in other species but their target
number was very limited [36,55]. Finding an unusually
large number of MYBtargets for miR828 and miR858 sug-
gests that they gained more diverse and broad regulatory
roles in apple.

Gene targets were also identified for eight apple-speci-
fic miRNAs. Of the 18 gene targets identified, two
belonged to category 0 and seven to category 2, while the
remaining were classified into category 3 or 4 (Table 2;
Table S6 in Additional file 1). Most of the apple-specific
miRNAs, unlike their conserved counterparts, had rela-
tively fewer gene targets with a higher alignment score.
The apple-specific miRNAs, like conserved ones, targeted
genes with diverse functions. For example, miRC5 tar-
geted a gene coding for ARO4 protein while miRC42 tar-
geted a gene encoding mitogen-activated protein kinase
2. miRC25 and miRC29 each targeted two members of
gene families that code for cytochrome P450 and oligo-
peptide transporter 2, respectively. Further, miRC10 tar-
geted up to six members of the translation initiation
factor 2 subunit beta gene family and one protein kinase
gene. Hence, these apple-specific miRNAs may be
involved in regulation of an array of metabolic and biolo-
gical processes and signaling pathways.

Three miRNAs target an unexpectedly large number of
MYBgenes in apple

TheMYB gene family represents one of the largest families
in plants, and some of its members are regulated by miR-
NAs [56]. In Arabidopsis, miR159, miR828 and miR858
were either predicted or confirmed to target at least 13
MYB genes [56,57]. Our degradome analysis confirmed
they collectively targeted 29 MYBs (Table 2; Table S6 in
Additional file 1, and Figure S2a, b in Additional file 2),
which raised a question of how many genes these miRNAs
actually targeted because the degradome analysis in this
study identified less than 40% of the targets for the
conserved miRNAs and an even lower percentage for
the less-conserved and apple-specific miRNAs. To address
the possibility that some MYB gene targets were missed
during degradome analysis, possibly due to inactive or low
levels of target gene expression in the plant tissues ana-
lyzed, we performed target prediction analysis in over 400
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Table 2 Example targets for apple miRNAs (or families)®
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miRNA Target AS® RN_reads” (TPB) Categ{)r‘;r"'| Target gene annotation

Conserved targets for conserved miRNAs

miR156 MOPO0001 46640 1 11247 0 Squamosa promoter-binding-like protein
miR152 MDPOO00147309 45 45713 0 Transcription factor GAMYB

miR164 MDPO0001 21265 25 267473 v] NAC domain-containing protein
miR165/165 MDPOO00426630 3 212.24 0 Homeobox-leucine zipper protein
miR167 MDPOO00137461 4 6258 2 Auxin response factor

miR168 MDPO000161046 0 3265 2 Argonaute protein

miR171 MOPOO00151144 25 1633 3 Scarecrow-like protein

miR172 MDP0O000281079 3 212.24 0 Ethylene-responsive transcription factor RAP
miR319 MDP0000243495 3 1633 2 Transcription factor TCP4

miR390 CN4s0861¢ MdTAS3

miA393 MDP0000203334 25 272 3 Auxin signaling F-box protein

miR395 MDPOO00121656 35 22584 2 3-Phosphoadencsine 5-phosphosulfate synthase
miR396 MDP0000204597 4 3265 0 Growth regulating factor (GRF)

tasiARFs MDPO000179650 1 2449 2 Auxin response factor

Other non-conserved targets for conserved miRNAs

miR319 MDPOO00296691 45 272 4 GDP-mannose 3,5-epimerase

miR396 MDPO000454027 4 544 4 IAA-amino acid hydrolase ILR1-like 6
miR393 MDPO000253476 4 2177 3 Unknown

Targets for other known miRNAs

miR2111 MDPOO00416146 4 1769 2 Unknown

miR3627 MOPOO00S41000 4 2721 2 Amino acid transporter

miR535 MDP0000185769 4 2721 3 Cysteine protease

miR&28 MDP0OO00124555 1 69,205.65 0 MYB transcription factor

miR828 CN490819 (MdTAS4) 25 2,065.23 0 Non-coding mRMNA

miR858 MDP0OO00140602 3 1,379.54 0 MYB transcription factor

miR858 MDP0OO00161125 45 351.01 0 Mate efflux family protein

miR858 MDP0O000726382 45 272 3 Lipase family protein

Targets for apple-specific miRNAs

miRC3 MDPO000485327 2 326.52 0 Unknown protein

miRCS MDPOO00863013 5 1633 3 ARO4 (ARMADILLO REPEAT OMLY 4)
miRCH MDPOO00410000 5 1633 2 Uncharacterized protein

miRC10 MDP0OO00294365 4 18503 0 Protein kinase

miRC16 MDPOO00737474 5 3808 2 Uncharacterized protein

miRC25 MDPO000306273 45 1088 2 Cytochrome P450 8681

miRC29 MDPO000279462 45 1360 2 Oligopeptide transporter 2

miRC42 MDPOO00286564 5 2721 2 Mitogen-activated protein kinase kinase 2

A detailed list is included in Table 56 in Additional file 1. “The alignment score (AS) threshold was set to 4.5 and 5 for known and apple-specific miRNAs,
respectively. “AN_reads, repeat normalized reads; TPB, transcripts per billion. “Category 0: > 1 raw read at the position, abundance at position is equal to the
maximum on the transcript, and there is only one maximum on the transcript. Category 1: = 1 raw read at the position, abundance at position is equal to the
maximum on the transcript, and there is more than one maximum position on the transcript. Category 2: > 1 raw read at the position, abundance at position is
less than the maximum but higher than the median for the transcript. Category 3: > 1 raw read at the position, abundance at position is equal to or less than
the median for the transcript. Category 4: only 1 raw read at the position. “Cleavage was predicted based on the distribution of tasiRNAs.

putative appleM YBs and identified an additional 8, 15 and
42 MYB genes with a cleavage-favorable alignment score
(<5) for miR159, miR828 and miR858, respectively. Thus, a
total of nineMYBs for miR159, 19 for miR828 and 66 for
miR858 were found, bringing the total number of MYBs
potentially regulated by these miRNAs to 81 (Figure 3a;
Table S7 in Additional file 1). We also found that miR858

shared 11 targets with miR828 and two with miR159 (Fig-
ure 3a; Table S7 in Additional file 1), but no common tar-
get was identified for miR828 and miR159.

MYB proteins are divided into four classes, 1R, 2R
(R2R3), 3R (RIR2R3) and 4R, depending on the number
of adjacent repeats homologous to R1, R2 and R3 in the
animal ¢-Myb [56], but most MYBs in plants belong to
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the R2R3 class [58,59], many of which share a very simi-
lar genomic organization and protein structure with a
conserved region at the 5 end and a divergent one at
the 3 end (Figure 3b). Out of the 81 MYB genes that
we confirmed or predicted as miRNA targets, 67
belonged to the R2R3 class. The miR159 target site was
found to locate in the sequence-divergent region, while
the miR858 and miR828 target sites both mapped to a
55-nucleotide region in the conserved coding region
upstream of the divergent region, and the two sites were
separated by a 12-nucleotide fragment with the position
of the miR858 target site at the 5 end and that of
miR828 at the 3 end (Figure 3b). The dual cleavage by
miR858 and miR828 was confirmed in one of the
targeted MYBs (MDP0000124555) by RNA ligation-
mediated 5 rapid amplification of ¢cDNA ends (RLM-5-
RACE) analysis (Figure 3b). Strikingly, this 55-nucleotide
fragment encompassing the miR858 and miR828 tar-
geted sequences and 12-nucleotide spacer was found to
be highly conserved across a wide range of dicots and
monocots (Figure 3b). The finding that miR828 and
miR858 co-targeted a group of MYB genes prompted us
to examine whether they were co-expressed or differen-
tially regulated among apple tissues. Figures 1b and 3¢
show that miR828 and miR858 exhibit a distinct expres-
sion pattern that was generally corroborated by both
RNA gel blots and RNA sequencing. miR828 was speci-
fically expressed in flower while miR858 accumulated in
all tissues tested, but was found to be most abundant in
mature fruit (Figure 3c), suggesting that miR828 and
miR858 differentially regulated their co-targeted MYBs
in different tissues.

Potential functions of the miRNA-targetedMYBs in apple

InArabidopsis , the R2ZR3 MYB gene family comprises 25
subgroups and includes many members that have been
functionally characterized and conserved between diver-
gent species [56-58]. These previous characterizations
could be instrumental for deciphering the function of
apple MYBs and the possible regulatory roles of these
MYB-targeting miRNAs in apple. We performed phyloge-
netic analysis for those 81 miRNA-targeted apple MYBs
withArabidopsisRZR3MYBs to investigate their potential

functions (Figure 3d). Six of the nine miR159-targeted
MYBs were placed into MYB subgroup 18 involved in
anther and pollen development, while the remaining three
were close to subgroup 25, which is associated with
embryogenesis inArabidopsis(Figure 3d). Hence, miR159

may regulate male organ and embryo development and
growth in apple. The 19 miR828-targeted MYBs were
related to three subgroups: $6, S7 and S15 (Figure 3d).
Subgroups S6 and 57 were shown to directly or indirectly
control anthocyanin biosynthesis in plant tissues, while
§15 MYBs are involved in regulating trichome initiation
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and root hair patterning. Notably, most of the miR828-tar-
getedMYBs are linked with primary and secondary meta-
bolism related to anthocyanin production and color
development. The 66MYBs targeted by miR858 represent
at least 14 subgroups shown to regulate diverse biological
processes and metabolism pathways relevant to cell wall
formation, lignification, anthocyanin biosynthesis, cell fate
and identity, plant development and response to biotic
and abiotic stresses inArabidopsis. Nine of the ten MYBs
co-targeted by miR828 and miR858 cluster together within
subgroup 5, which is involved in the regulation of
proanthocyanidin biosynthesis (Figure 3d). Thus, the roles
of miR858-mediated regulation of MYBs in apple are pre-
dicted to be much broader than those for either miR828
or miR159. Of the 81 MYBs analyzed, the 29 MYBs con-
firmed as targets by degradome analysis fell into at least
seven subgroups (S6, S5, 9, S14, S15, S18 and 520), with
the majority of the confirmedMYBs clustered with the S5
and S6 groups, which are primarily involved in anthocya-
nin biosynthesis (Figure 3d).

The co-targeting sequence of miR828 and miR858 is
located in the region encoding the conserved R3 repeat
domain of MYB proteins

That miR828 and miR858 targeted substantially different
numbers of MYB genes despite the adjacent location of
their target sites prompted us to examine conservation
profiles of their target sequences at both the amino acid
and nucleotide levels (Figure 4). We found that thel8
amino acid polypeptide encoded by the 55-nucleotide
sequence that bears both miR828 and miR858 target sites
was located in the conserved R3 DNA binding domain of
MYB factors (Figure 4a). Homology searching against the
whole apple proteome using thel8 amino acid polypep-
tide obtained a total of 251 apple MYB factors containing
this signature sequence, with 209 belonging to the R2R3
group and 4 and 38 belonging to the RIR2R3 and R3
groups, respectively (Figure 4a). The R3 domain consists
of three a-helices (Figure 4a, c), and the third helix (H3)
in each MYB repeat domain makes direct contact with its
DNA target with the assistance of the first and second
helices (H1 and H2) in basic helix-loop-helix (bHLH)
motif folding (Figure 4a, ¢) [60,61]. Among the three
helices in the R3 domain, the H3 helix that encompasses
ten amino acid residues was most conserved among all
MYB factors analyzed (Figures 4¢; Figure S3a in Addi-
tional file 2). Of the 18 amino acid residues, the first
seven (1 to 7) encoded by the 21-nucleotide miR858 tar-
get site were located in the highly conserved region cov-
ering three amino acid residues upstream and four amino
acid residues at the 5 end of H3 while most of the last
seven (12 to 18) encoded by the miR828 target site were
located in the much less conserved region downstream of
H3 (Figure 4c¢, d). Similar homology searching in
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Arabidopsis found that 129 MYBs, including 124 R2R3
and 5 RIR2R3 MYBs, bear a similar signature sequence
in the R3 domain (Figure S3b in Additional file 2). Corre-
spondingly, the miR858 target site was found to be more
conserved than the miR828 target site at the nucleotide
level in both apple andArabidopsis (Figure 4e; Figure
$3b in Additional file 2). This difference was particularly
pronounced in a region (positions 10 to 20 in the
miR858 target site, and 44 to 54 in the miR828 target
site) that specifically pairs with the miRNA seed region
(positions 2 to 12) (Figure 4e; Figure S3b in Additional
file 2). Since pairing between the miRNA seed region and
corresponding target site is critical for miRNA cleavage
[62], the level of sequence conservation in this region
could impact miR828- and miR858-targeted MYB
populations.

Based on alignment scores <5, 66 and 19 apple MYBs
were identified to be targeted by miR858 and miR828,
respectively (Figure 3a). Given that many target sites with
high alignment scores > 5 have been proven to be cleava-
ble [63,64], the actual number of MYB targets is likely to
be larger than what we reported in Figure 3a. Therefore,
we further analyzed the alignment score distribution pro-
files for these two miRNAs among all the 251 apple
MYBs, and found 95 of the 251 MYBs with a less clea-
vage-favorable alignment score (> 5 and<7) and 90 with a
cleavage-unfavorable alignment score (> 7) with miR858
(Figure 4b, top). In contrast, 211 of the 251MYBs showed
a cleavage-unfavorable alignment score (> 7) with miR828
while only a very small portion of them had a cleavage-
favorable or less cleavage-favorable alignment score (<7)
(Figure 4b, top). A similar pattern was observed among
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129Arabidopsis MYBs (Figure 4b, bottom). These results
imply that the targeting capacity of miR858 and miR828 in
apple andArabidopsismight be even broader than those
reported in Figure 3a, especially for miR858.

tasiRNA biogenesis pathways with unique features
evolved in apple

To date, only four TAS families (A¢TASI-4) and three
miRNAs (miR173, miR828, and miR390) that target TAS
transcripts and trigger tasiRNA production have
been reported and well characterized in Arabidopsis
[5,18-20,30]. Both miR390 and miR828 were identified in
apple (Figure 1a, b), and showed highest expression speci-
fically in flower as detected by RNA blot and RNA sequen-
cing methods (Figures la, b and 3C). A TAS4 homolog,
MdTAS4, was found in apple (Figure 5e), and degradome
analysis showed that miR828 cleaved MdTAS4 (Figure
S4E in Additional file 2). Sequencing data showed that
abundant 21-nucleotide sRNAs were produced along the
3 cleaved MdTAS4 transcript, and most of those sSRNAs
belonged to the first (miR828 target site) and second regis-
ter while some of them fell into the 12th register (Figure
S4E in Additional file 2). Analysis of siRNA abundance in
four libraries showed thatMdTAS4-derived tasiRNAs pri-
marily accumulated in flower tissues (Figure S4E in Addi-
tional file 2), which is in agreement with the flower-biased
expression of miR828 in apple (Figure 3c). InArabidopsis,
siR81(-), one of the AtTAS4-derived siRNAs, was shown
to targetAtMYB75,AtMYB90andAtMYB113, which are
associated with anthocyanin biosynthesis [30,65]. Our ana-
lysis also predicted that apple TAS4-siR81(-) potentially
targeted at least three MYB homologs (data not shown),
and degradome data confirmed that apple TAS4 -siR81(-)
targeted an additional gene (MDP0000225680) coding for
a bHLH transcription factor (Figure 5e), which is also
involved in the regulation of anthocyanin biosynthesis in
apple [66]. Thus, apple TAS4-siR81(-) is likely to target
bothMYB and bHLH genes.

The apple genome was rich in TAS3 homologs, and at
least two TAS3 gene families, termed MdTAS3-1 and
MdTAS3-2, were identified MdTAS3-Ihas at least three
homologs (Figure 5b).MdTAS3-1aandMdTAS3-1bshare
about 98% sequence identity, but each share only 80%
sequence identity with MdTAS3-Ic. Our deep sequence
data show that bothMdTAS3-1a/bandMdTAS3-1chave
two miR390 cleavage sites flanking phased-tasiRNA gen-
eration regions (Figure 5a). The 5 target site bears a con-
served mismatch in the tenth position, as its counterpart
does in Arahbidopsis, and should be non-cleavable, while
the siRNA distribution data suggest that the 3 site could
be cleavable and likely sets the phasing for the production
of 21-nucleotide tasiRNAs (Figure S4a, b in Additional file
2). The two conserved tasiARFs are flanked by a constant
tasiRNA-generation region at the 3 end and a divergent
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region at the 5 end (Figure 5a). These features are consis-
tent with canonical features characterized for AfTAS3 in
Arabidopsis [20]. Interestingly, tasiRNAs from each mem-
ber displayed leaf- and flower-biased accumulation despite
the nearly exclusive expression of miR390 in flower
(Figures 1a, 3c and 5d; Figure S4f in Additional file 2).

The MdTAS3-2 family exhibited similar and distinct
features relative to the MdTAS3-1 family. The two
MdTAS3-2 homologs, MdTAS3-2a and MdTAS3-2b, are
relatively short compared to the MdTAS3-1 family and
share about 85% sequence identity (Figure 5b). Like the
MdTAS3-1 family, both MdTAS3-2a and MdTAS3-2b
transcripts have two miR390 cleavage sites flanking an
approximate 190-nucleotide region for 21-nucleotide
phased siRNA production (Figure S4c, d in Additional
file 2). In contrast toMdTAS3-1,MdTAS3-2family tran-
scripts encode only one tasiARF, and there was no mis-
match in the tenth position of the 5 miR390 target site
(Figure 5c). Moreover, these short TAS3genes are absent
in Arabidopsis but conserved in many dicots sharing the
presence of the dual miR390 target sites and production
of a single tasiARF (Figure 5¢). Unlike MdTAS3-1, the
regions flanking the MdTAS3-2 tasiARF are orientation-
ally reversed, with a constant region at the 5 end and a
divergent region at the 3 end (Figure 5c¢). Based on the
siRNA distribution pattern, the 3 site of miR390 is pre-
dicted to set the phase for siRNA generation (Figure S4c,
d in Additional file 2). Similar toMdTAS3-1,MdTAS3-2-
derived tasiRNAs also preferentially accumulated in both
leaf and flower tissues but with much less abundance
(Figure 5d; Figure S4f in Additional file 2).

Earlier studies showed thatArabidopsis TAS3 -derived
tasiARFs directly target several ARF genes [67], which
were proposed to act as suppressors in the auxin signaling
pathway [68]. Our degradome data show that they guide
the cleavage of at least three appleARFtranscripts (Figure
S2¢ in Additional file 2). Homologous sequence alignment
revealed that the cleaved appleARFsare closely related to
AtARF2,AtARF3 and AtARF4.

miR828-activated, MYBtranscript-derived siRNAs and

their gene targets

The possibility that miR828-cleaved TASZRNA fragments
could be channeled into tasiRNA biogenesis [30,65] led us
to examine whether all miR828-cleaved MYB transcripts
are also subjected to tasiRNA biogenesis. With direct
searching against small sequencing libraries, we were able
to map a large number of sSRNA reads to the coding
regions of ten miR828-targetedMYBs. TheseMYBs share
similar genomic organization with the location of the
miR828 target site in the third exon just before the diver-
gent region where siRNA biogenesis occurred (Figure 5f).
Further analysis showed that the generated siRNAs were
in phase with the miR828 cleavage site, and the siRNA
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generation pattern varied among the tenMYBs (Figure S5
in Additional file 2). Interestingly, despite the apparent
flower-biased expression of miR828 (Figure 3c), distinct
patterns of accumulation of phased siRNAs were observed
among the ten miR828-targetedMYBs (Figure S5 in Addi-
tional file 2). We found that a total of more than 100
phased, sequence-distinct 21-nucleotide siRNA species
were produced from the cleaved 3 transcripts of these
MYBs (Figure 5f). To ascertain whether these siRNAs
were able to guide the cleavage of other gene transcripts,
we carried out degradome analysis with a stringent align-
ment score (<4.5) and found that they could potentially
target as many as 77 genes, including sixMYBgenes, and
a diverse array of other genes encoding proteins such as
potassium transporters, protein kinases, hydrolases, oxi-
doreductases, transcription factors and DNA-, protein-
and ion-binding proteins (Figure 5f Table S8 in Additional
file 1).

Discussion

Apple miRNAs with conserved as well as new gene
targets

A recent study reported 16 conserved and less-conserved
miRNAs in apple based on bioinformatics prediction using
EST sequences [47], which is far more limited compared
to those identified in other plant species [30,35,36]. In this
study, we emploved deep sequencing and computational
analyses to identify 33 known (23 conserved and 10 less-
conserved) miRNA families and 42 apple-specific (21
novel and 21 candidate) miRNAs (Figure 1 and Table 1;
Table S3 in Additional file 1), which provides, to date, the
most comprehensive list of identified miRNAs in apple.
The majority of these miRNAs displayed tissue-specific
expression (Figure 1), which is consistent with a general
scenario in which miRNAs are differentially regulated in
fruit trees [36,38,46,47] and other species [30,35,69],
although additional work is needed to resolve examples of
apparently divergent results from RNA gel blotting versus
sRNA sequencing, as noted in this report and elsewhere
[30,36]. It is known that miRNAs are involved in regula-
tion of leaf morphology and polarity, lateral root forma-
tion, hormone signaling, phase transition, flowering time,
floral organ identity and reproduction, anthocyanin pro-
duction and stress and pathogen response [8,65,70,71]. In
apple, we have identified a total of 100 gene targets for 19
of the 33 known miRNAs using degradome analysis
(Table 2; Table S6 in Additional file 1), and the majority of
these targets are conserved in plant species, indicating
broad conservation of the known miRNA regulatory roles
in plants. However, a few of the known miRNAs, including
miR319 and miR396, were found to target additional genes
in apple that have not been previously reported, while
others like miR828 and miR858 target an unexpectedly
large number of MYB genes. Hence, while these known
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miRNAs conserve their gene targets, they also appear to
have an expanded target gene population in apple.

Although many newly evolved miRNAs that may exhibit
weak expression, imperfect processing and lack of targets
are believed to serve no biological function, many of them
have been shown to target and regulate specific genes or
gene families in various species [36,64,72]. Eight of the 42
apple-specific miRNAs or candidates were also found to
target specific genes, implicating these miRNAs in the
control of signal transduction cascades, secondary metabo-
lism and protein translation (Table 2; Table S6 in Addi-
tional file 1). Our inability to detect gene targets for the
remaining apple-specific miRNAs or candidates may be
due to a low level of expression or the stress- or develop-
mentally inducible nature of their target genes.

AppleTASgene families with unique features and target
specificity

In Arabidopsis, four TAS families targeted by three miR-
NAs, including miR173, miR390 and miR828, have been
characterized [5,17-20,30,63]. The miR390-TAS3pathway
is highly conserved in the plant kingdom [20], and the
miR828- TAS4pathway is widely represented in dicot spe-
cies [65], but no miR173-TAS1/TAS2 pathway has been
found in other species besidesArabidopsis. In this study,
we showed that apple conserved the miR390-TAS3 and
miR828-TAS4 pathways with expanded features. Apple
possesses an additional MdTAS3-2family that comprises
two loci and transcribes short mRNA species with distinct
structural organization of the siRNA generation region,
which bears only one characteristic functional tasiARF,
instead of the two in MdTAS3-1 transcripts (Figure 5¢).
The TAS3-2 family is not present in Arabidopsis but is
widely conserved in many other dicot species (Figure 5¢)
[73]. Despite an extra TAS3 family in apple, the derived
tasiARFs were found to target similard RFgenes homolo-
gous to the Arabidopsis genes AtARF2, AtARF3 and
ALARF4(Figure S2¢ in Additional file 2), which negatively
regulate auxin signaling [68]. Whether these genes are dif-
ferentially targeted byMdTAS3-1orMdTAS3-2tasiARFs

is difficult to determine. Nevertheless, the existence of
moreTAS3genes with distinct expression patterns could
enable the auxin signal to be fine-tuned within a specific
cell, tissue or developmental context.

One interesting feature of the apple miR828-TAS4path-
way is that its derived tasiRNA,MdTAS4-siR81(-), targets
an additional gene. In Arabidopsis, AtTAS4-siR81(-), a con-
served siRNA derived from the phased siRNA production
of AtTAS4, is shown to target at least three MYBs that
positively regulate anthocyanin accumulation in response
to environmental stresses [30,65,74]. In apple, besides the
three predictable MYBs, MdTAS4-siR81(-) also targets a
bHLH transcription factor (MdbHLH3) that interacts with
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MdMYBI10 (MDP0000259614) to regulate anthocyanin
biosynthesis in apple [66].

Unique miR828-activated, siRNA-cascaded gene
regulatory network and its potential biological function
One of the interesting findings in this study is that
miR828 potentially targets up to 19 MYBs in apple, 10
of which are subjected to siRNA biogenesis, with pro-
duction of over 100 diverse siRNA species from the
diverged region of MYBs (Figure 5f). In Arabidopsis,
miR828, which indirectly targets AtMYB113 through
AtTAS4-siR81(-), also directly targets AtMYBI113[65].
Up-regulation of miR828, AtTAS4 and AtTAS4-siR81(-)
is correlated with that of their three direct or indirect
targets (PAPI/AtMYB75, AtMYB90 andAtMYB113 )
under phosphate (Pi) and nitrogen deficiency conditions
[74], which appears to contradict the anticipated nega-
tive role of miR828 in regulation of anthocyanin produc-
tion. Interestingly, the elevated expression of PAPI1/
AtMYB75 (and possibly AtMYB90 and AtMYBI113)
induces miR828 and AtTAS4 expression, presumably
through binding of these MYBs to the 5 cis-elements in
MIR828 and AtTAS4 promoter regions [74]. Such auto-
regulatory feedback was proposed to maintain proper
anthocyanin production under stress conditions [65,74].
Conceivably, the miR828-activated siRNA biogenesis in
seven of the ten targeted MYBs that relate to anthocya-
nin accumulation in apple would reinforce this feedback
regulation to ensure proper color appearance in a speci-
fic tissue or apple fruit during development. However,
identification of over 70 genes as targets for theMYB -
derived siRNAs suggests that they may function beyond
the feedback regulation of anthocyanin accumulation
(Figure 5f; Table S8 in Additional file 1). The identified
targeted genes are predicted to code for proteins regu-
lating diverse functions ranging from hydrolase, oxidore-
ductase and kinase activities, and iron transport to
DNA-, ATP-, and co-enzyme-binding activities (Figure
5f; Table S8 in Additional file 1), suggesting that this
miRNA-activated, MYB-dependent and siRNA-cascaded
gene regulation might orchestrate major physiological or
biochemical or secondary metabolism switches asso-
ciated with anthocyanin production and the pigmenta-
tion process.

miRNAs as master regulators to regulate a large number
ofMYBs through targeting of conserved sequences

The finding that three miRNAs potentially target up to
81 different MYBs indicates that miRNAs can, like tran-
scription factors, serve as master regulators to modulate
expression and function of a large number of genes in
plants. This unique regulatory network is primarily based
on the high degree of sequence pairing between miRNAs
and their targeting sites as well as the availability of the
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miRNA target sites among the MYBpopulation.MYB
genes typically share a conserved 5 region and diverge at
their 3 end [56]. Conceivably, the miRNA-targeted sites
residing in highly conserved functional domains would
be necessarily preserved among the MYB population
relative to those located in the divergent region. Consis-
tent with this prediction, miR828 and miR858 target
sites, which overlap the conserved R3 region, are found
in more MYBs than the miR159 target site located in the
divergent region (Figure 3a). Similarly, the miR858 target
site, which overlaps the more highly conserved 5 end of
the H3 domain, is conserved in more MYBs than the
miR828 site, which overlaps the less conserved 3 end of
the H3 domain (Figure 4c-4e). Thus, sequence conserva-
tion and divergence of the miRNA target sites could
directly impact the miRNA targeted gene population
within a gene family.

Although the footprint of the 55-nucleotide sequence
encompassing both miR828 and miR858 target sites is
detected in dicot and monocot species (Figure 3b),
miR828 and miR858 emerged only in dicot species [41],
indicating that miR828- and miR858-mediated regulation
ofMYBgenes is a feature of dicot species, consistent with
our finding that miR828 and miR858 target a large num-
ber of MYBs in both apple andArabidopsis(Figure 3a). It
is not clear why this regulatory network specifically occurs.
in dicots while large MYB families exist in monocots as
well [75]. Currently, it is known that MYBs are differen-
tially regulated by transcription factors [76] as well as a
variety of post-translation interactions or modifications.
Our new discoveries related to miRNA-mediated regula-
tion of a multitude of MYBs strengthens our understand-
ing of how apple and other dicot species integrate
transcriptional, post-transcriptional and post-translational
regulatory mechanisms to achieve exquisite spatio-
temporal regulation of each member of the MYB family.

Intriguingly, miR858 was found to co-target 11MYB s
with miR828 and twoM YBs with miR159 (Figure 3a), rais-
ing the question of whether the convergence of two miR-
NAs upon the same MYB genes is an evolutionary
coincidence or conveys some biological significance. The
latter possibility is favored by the fact that 10 out of 11
MYBs co-targeted by miR828 and miR858 are related to
regulation of anthocyanin biosynthesis. miR828 and
miR858 may either redundantly reinforce each others
silencing function or differentially regulate anthocyanin
accumulation in various apple tissues. The detection of
differential expression of miR828 and miR858 among var-
ious tissues appears to support their different regulatory
roles (Figure 3c).

The targeting of multiple members of gene families by
one or a few miRNAs is not unique to the MYB family.
Recently, a similar regulatory strategy was reported for
NB-LRRdefense genes inMedicago, where three miRNAs
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collectively target over 70 NB-LRR loci [77]. Since plant
genomes have evolved many large gene families with
unique sequence conservation features, such regulatory
strategies could be conceivably adopted by various spe-
cies to modulate large groups of genes. Further charac-
terization of this mechanism for regulating multi-gene
families among different species could provide insight
regarding both their evolution and function.

Conclusions

We carried out extensive characterization of miRNAs,
their targets and expression in apple and provide a com-
prehensive list of miRNAs identified. We show that apple
conserves and has evolved a variety of miRNAs with dis-
tinct expression patterns, and these miRNAs target dozens
of apple genes with a wide range of functions. The discov-
ery of an additional shortMdTAS3 family suggests that
miR390 and tasiARFs may play more complicated roles in
the auxin signaling pathway. More importantly, we reveal
the existence of two similar but distinct regulatory net-
works in apple: direct miRNA targeting of a large number
ofMYBs and miR828-activated andMYB-derived siRNA-
cascaded targeting of 77 genes primarily outside theMYB
family, which has not yet been reported in other species.

Materials and methods

Plant material

Malus domestica of Golden delicious, grafted on
M.111 rootstock, was selected in an orchard located in
the Alson H Smith Agricultural Research and Extension
Center for tissue collection of leaf, flower and fruits. Root
and bark tissues were collected from rapidly growing,
two-year-old seedlings. Fruits were harvested at 15 and

120 days after anthesis (DAA).

RNA preparation and small RNA sequencing

Total RNA from different tissues was extracted using the
Plant RNA Purification Reagent (Invitrogen, Grand Island,
NY, USA). sRNA quantity and quality was evaluated by
the Agilent 2100 Bioanalyzer. RNA samples of RNA integ-
rity number (RIN) above 8 were sent to BGI (Hong Kong,
China) for sRNA and degradome sequencing using stan-
dard protocols on the SOLID sequencing system or Illu-
mina Hiseq 2000 platform.

Small RNA data analysis

Small RNA libraries were constructed and sequenced for
four apple tissues. The GenBank Gene Expression Omni-
bus (GEO) accession number for the sequencing data is
GSE36065. All the sequencing data were first processed
by removing the 3 adaptor sequence using CLC Geno-
mic Workbench 4.9 (CLC bio, Aarhus, Denmark). Any
sequences without adaptor matches were excluded from
further analyses. Reads homologous to non-coding RNAs
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and conserved miRNAs were removed by BLATN align-
ment against the Rfam 10 [78] and mature miRNAs col-
lected in miRBase (release 17) [79], allowing up to two
mismatches. The remaining sSRNAs were subjected to
new miRNA identification. Read mapping was conducted
using Bowtie [80], and Vienna RNA package [49] was
used for the secondary structure prediction of sRNAs.
Only those sRNAs (20- to 22-nucleotide) with a good
stem-loop structure (no more than four mismatches, and
no more than one central bulge) and a miRNA/miRNA*
pair accounting for more than 75% reads matching to the
precursor locus were considered as potential miRNAs
(Additional files 3 and 4). Detailed screening critera were
set up according to Meyers et al. [51]. The total number
of reads perfectly matching the apple genome in a given
library was used for the normalization of read abundance,
which was denoted as RPM (reads per million reads).
Apple genome sequences were retrieved from the Gen-
ome Database for Rosaceae [52]. The R package was used
for the construction of heat maps.

Multiple alignment, phylogenetic analysis and Gene
Ontology annotation

Multiple alignment was conducted using CLUSTAL X2,
with the coloration based on the residue identity (above
60%) [81]. All the appleM YBtargets for miR828, miR858,
and miR159 were predicted by Targetfinder 1.6 with the
alignment score no more than 5. Amino acid sequences of
126 R2R3 and 5 R1R2R3 MYB factors inArabidopsiswere
retrieved from TAIR [82]and the phylogenetic tree was
inferred using the neighbor-joining method and 1,000
bootstraps with putative full-length sequences using
CLUSTAL X2 [81]. The subgroup and function annota-
tion were designated according to Duboset al. [56]. Gene
Ontology annotation for the target genes of the MYB-
derived siRNAs was performed using Blast2GO [83] with
the default settings.

TheMYBs, including 251 from apple and 129 fromAra-
bidopsis, were retrieved by using the conserved 18 amino
acid sequence corresponding to the co-targeting region
(PGRTDNEIKNYWNTHLKK) to blast against the Apple
Genome V1.0 predicted peptides [52] and the Arabidopsis
TAIR10 proteins [82] with an e-value of 100. The classifi-
cation of MYB subfamilies (R3, R2R3, R1R2R3) was based
on the quantity of conserved R-repeats identified by NCBI
Conserved Domain Search [84]. The consensus nucleotide
sequences of the co-targeting region were obtained by
counting the most frequently appearing residue at the cor-
responding position. The alignment score of each target
site was calculated according to the scoring algorithm
established by Allen et al. [18]: mismatches and single-
nucleotide bulges or gaps were assessed by a penalty of 1
while GU base pairs were assessed by a penalty of 0.5; and
the penalty score from mismatches, bulges, gaps and GU
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pairs for positions 2 through 13 was doubled. Sequence
logos were produced by GENIO/logo [85].

RNA gel blot

For RNA gel blot analysis, 25 to 50p g of total RNA from
apple leaf, bark, root, flower, young fruit and mature fruit
was separated on 15% denaturing polyacrylamide gel and
transferred to Amersham HybondTM-NX membranes
(GE Healthcare, Waukesha, WI, USA). RNA was cross-
linked using EDC (N-(3-dimethylaminopropyl)-N -ethyl-
carbodiimide hydrochloride (Sigma, St Louis, MO, USA).
The probes of 21-nucleotide DNA oligonucleotides
(Table S9 in Additional file 1) that are reverse comple-
mentary to apple-specific miRNA candidates were
labeled with P**-gamma-ATP by T4 polynucleotide
kinase (NEB, Ipswich, MA, USA). A miRNA Marker
Probe (21-nucleotide; NEB, Ipswich, MA, USA) was used
for sRNA size determination. The prepared membrane
filters were hybridized at 42 overnight, then washed
twice at 55C with washing buffer containing 2 SSC and
2% SDS. Membranes were then exposed to phosphorsc-
reens and scanned with a Typhoon TRIO Variable Mode
Imager (GE Healthcare). Membrane exposure time was
adjusted, dependent on signal intensity.

Degradome analysis

For degradome sequencing, mixed RNAs with equal
amounts from leaf, root, flower and fruit tissues were
used. After adaptor-trimming and genomic mapping as
done for the sSRNA data, the Cleaveland pipeline 2.0
[55] was optimized to analyze the degradome sequen-
cing data in collaboration with Targetfinder 1.6 [86].
The alignment score threshold was set to 4.5 for con-
served and less conserved miRNAs (except for two ARF
targets of miR167 and two MYB targets of miR858, for
which the score was 5) and to 5 for novel and candidate
miRNAs. The apple consensus gene set and the annota-
tion information of miRNA target genes were retrieved
from Genome Database for Rosaceae (GDR). Degra-
dome data were normalized to transcripts per billon
(TPB).

RLM-5-RACE

Following the manufacturer s instructions for the First-
Choice RLM-RACE Kit (Ambion, Austin, TX, USA), 2
pg of total RNA isolated from apple flower was used for
ligating 5 RNA adaptors at 15 overnight. Two specific
primers (Table S9 in Additional file 1) were designed to
conduct nested PCRs, and PCR products were cloned to
the pGEM-easy vector (Promega, Madison, W1, USA)
and sequenced by Bechman Coulter Genomics (Danvers,
MA, USA).
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Additional material

Additional file 1: Supplemental Tables 51 to 59. Tahle 57: reads
statistics in four libraries. Table S2: read length distribution in each
conserved miRNA family. Table S3: homologous sequences for known
miRNAs. Table S4: known mifNAs with good stem-loop structure
predicted. Table S5: detailed list of novel and candidate miRNAs found in
apple. Table 56: targets of apple miRNAs {or families; detailed list). Table
S7:MYBgenes targeted by miR828, mig58, and miR159. Table S8: targets
ofMYB-derived phased siRNAs, Table 59: RMA gel blotting probes and
RLM-5-RACE primers,

Additional file 2: Supplemental Figures 51 to 55. Figure 51: diversity
and size distribution of redundant and unique sRMAs, Figure 52:
distribution of 21-nucleotide phasing sifNAs aleng appleTASgenes.
Figure 53: multiple alignment of R3 repeat domain for 251 apple and
1294rabidopsisMYBs. Figure 54: T-plots for targets of miRB28, miRB58
and tasiARF. Figure 55: distribution analysis of siRMAs derived from the
ten miR828-targetedMYBgenes.

Additional file 3: Predicted secondary structures of the apple-
specific miRNAs. This file contains all the secondary stem-loop
structures for the apple-specific miRNAs. The miRNA and miRMA®
sequences are denoted in red and green, respectively.

Additional file 4: Mapping plots of novel apple miRNAs. This fil=

contains all the mapping plots illustrating the read distribution along the
precursor region of novel apple miRNAs,
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Abstract

developmental programs.

spatial-temporal role in peach fruit development.

Background:MicroRNAs (miRNAs) have recently emerged as important gene regulators in plants. MiRNAs and their
targets have been extensively studied inArabidopsisand rice. However, relatively little is known about the
characterization of miRNAs and their target genes in peach (Prunus persica), which is a complex crop with unigue

Results:We performed small RNA deep sequencing and identified 47 peach-specific and 47 known miRNAs or
families with distinct expression patterns. Together, the identified miRNAs targeted 80 genes, many of which have
not been reported previously. Like the model plant systems, peach has two of the three conservedtrans-acting
sIRNA biogenesis pathways with similar mechanistic features and target specificity. Unique to peach, three of the
miRNAs collectively target 49MVYBs, 19 of which are known to requlate phenylpropanoid metabolism, a key
pathway associated with stone hardening and fruit color development, highlighting a critical role of miRNAs in the
requlation of peach fruit development and ripening. We also found that the majority of the miRNAs were
differentially requlated in different tissues, in part due to differential processing of miRNA precursors. Up to 16% of
the peach-specific miRNAs were differentially processed from their precursors in a tissue specific fashion, which has
been rarely observed in plant cells. The miRNA precursor processing activity appeared not to be coupled with its
transcriptional activity but rather acted independently in peach.

Conclusions:Collectively, the data characterizes the unigue expression pattern and processing regulation of
peach miRNAs and demonstrates the presence of a complex, multi-level miRNA regulatory network capable of
targeting a wide variety of biological functions, including phenylpropanoid pathways which play a multifaceted

Keywords:miRNA, Deep sequencing,Prunus persica, Pre-miRNA processing, Trans-acting siRNA, MYB

Background

There are many mechanisms by which plants regulate
gene expression to ensure normal development and ap-
propriate responses to both biotic and abiotic signals.
One regulatory mechanism involves endogenous small
RNA (sRNA) molecules, 20~24-nt in length [1,2], which
act by silencing gene expression. In plants, sSRNAs have
been classified based on their biogenesis, including
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microRNAs (miRNAs), heterochromatic siRNAs (hc-siR-
NAs),trans-acting siRNAs (tasiRNAs) and natural anti-

sense siRNAs (nat-siRNAs) [1,3-6]. TasiRNA biogenesis
from TAS loci depends on miRNA-directed cleavage of
their transcripts [4,7,8] and three tasiRNA pathways have
been characterized in Arabidopsis [7,9]. Although miR-
NAs only constitute a small fraction in the sSRNA popula-
tion [10,11], the miRNA-guided post-transcriptional
gene regulation is one of the most conserved and well-
characterized gene regulatory mechanisms [6,10,12]. In-
creasing evidence shows that miRNAs negatively regulate
their target genes, which function in a wide range of bio-
logical processes, including organogenesis, signal trans-
duction and stress responses [13,14].
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Abstract

TasiRNAs are a major class of small RNAs performing essential biological functions
in plants. The first-reported tasiRNA pathway of miR173-TAS1/2 produces tasiRNAs
regulating a set of PPR genes and has been characterized only in Arabidopsis to date.
Here we demonstrate that the miRNA-TAS-PPR-siRNA pathway is a highly dynamic and
widespread feature of eudicots. Nine eudicot plants, representing six different plant
families, have evolved similar tasiRNA pathways to instigate phasiRNA production from
PPR genes, which are triggered by different 22-nt miRNAs, including miR7122,
miR1509, and fve-PPRtril/2, and through distinct mechanistic strategies exploiting
miRNA direct-targeting or indirect-targeting through TAS-like genes (TASL), one-hit or
two-hit, or even two layers of tasiRNA-TASL interactions. Intriguingly, although those
miRNA triggers display high sequence divergence caused by the occurrence of frequent
point mutations and splicing shifts, their corresponding MIRNA genes show pronounced
identity with the Arabidopsis MIR173, implying a common origin of this group of
mMIiRNASs (super-miR7122). Further analyses reveal that super-miR7122 may have
evolved from a newly defined miR4376 superfamily, which probably originated from the
widely conserved miR390. The elucidation of this novel evolutionary path expands our
understanding of the course of miRNA evolution, especially for relatively conserved
miRNA families.

37



4.1 Introduction

Small RNAs (sSRNAS), typically 20-24 nucleotides (nt) long, are important gene and
chromatin regulators in plants. MicroRNAs (miRNAs) are 20-22-nt RNAs that negatively
regulate target genes through homology-directed mRNA cleavage or translational
inhibition at the post-transcriptional level (Bartel, 2004; VVoinnet, 2009). Another class of
sRNAs, small interfering RNAs (siRNAs), account for the majority of the SRNA
repertoire in cells and are implicated in a variety of processes, including combatting viral
and transposon replication, establishment and maintenance of heterochromatin, and post-
transcriptional gene regulation (Baulcombe, 2004; Jones-Rhoades et al., 2006; Matzke et
al., 2009; Law and Jacobsen, 2010). Trans-acting siRNAs (tasiRNAS) are a class of 21-nt
siRNAs which direct sequence-specific cleavage of their target genes, as do miRNAs.
TasiRNA biogenesis from trans-acting siRNA transcripts (TAS) requires an initial
cleavage of the mRNA transcripts by a specific miRNA, after which one of the cleaved
products is made double-stranded by RNA-DEPENDENT RNA POLYMERASE 6
(RDR®6), and subsequently diced by DICER-LIKE ENZYME 4 (DCL4) into 21-nt
species; these 21-nt secondary siRNAs have a characteristic phased pattern initiating at
the miRNA cleavage site (Vazquez et al., 2004; Allen et al., 2005; Yoshikawa et al.,
2005). Some of the phased siRNAs (phasiRNASs) may further target their parental genes
in cis or other genes in trans , distinguishing them as either casiRNAs (cis-acting RNAS)
or tasiRNAs, respectively (Zhai et al., 2011).

To date, four TAS gene families have been well characterized in Arabidopsis,
including the “one-hit” AtTAS1/2/4 initiated by a single target site of a 22-nt miRNA
(1227, miR173 or miR828) and the “two-hit” AtTAS3 with two target sites of the 21-nt
miR390 (“2,;”) (Yoshikawa et al., 2005; Axtell et al., 2006; Rajagopalan et al., 2006).
MiR173-targed TAS1/2 produce tasiRNAs targeting a few pentatricopeptide repeat-
containing proteins (PPRs) (Yoshikawa et al., 2005; Howell et al., 2007), miR828-TAS4-
derived sSiRNAB81(-) targets genes coding MY B transcription factors (MY Bs)
(Rajagopalan et al., 2006; Luo et al., 2012; Xia et al., 2012; Zhu et al., 2012) while
miR390-TAS3-spawned tasiARFs regulate genes coding for auxin responsive factors
(ARFs) (Williams et al., 2005; Fahlgren et al., 2006; Xia et al., 2012). Although miR828
was originally identified as a trigger of phasiRNA production solely for the non-coding
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TAS4 in Arabidopsis, it was later found to trigger phasiRNA production in a few MY B-
encoding genes as well (Xia et al., 2012; Zhu et al., 2012). In fact, phasiRNA production
has been demonstrated to occur in numerous protein-coding genes, including those
coding for nucleotide-binding site leucine-rich repeat proteins (NB-LRRs) (Klevebring et
al., 2009; Zhai et al., 2011; Shivaprasad et al., 2012), MYBs (Xia et al., 2012; Zhu et al.,
2012), PPRs (Chen et al., 2007; Howell et al., 2007), Ca®*-ATPase (Wang et al., 2011),
and TIR/AFB2 (transport inhibitor response 1 / auxin signaling F-box protein 2) auxin
receptors (Si-Ammour et al., 2011). In most cases, the miRNA triggers are 22-nt and act
through the 1, mode, while a few of them, such as miR156 and miR172, are 21-nt and
act together to function (like miR390) via the 2,; mode (Zhai et al., 2011). Although
originally described for 21-nt miRNAs, the two-hit mechanism can also employ 22-nt
miRNAs, as in the case of miR1509 in Medicago truncatula that triggers phasiRNA
biogenesis through binding and cleavage at two sites in its target gene (Zhai et al., 2011).
Intriguingly, but apparently rarely, 22-nt tasiRNAs can also serve as effective triggers of
phasiRNAs, as in the case of a predominantly 22-nt TAS2-derived tasiRNA 3' D6(-) (also
termed as tasiR2140) that is capable of initiating phasiRNA biogenesis in PPRs, while
one of the TAS1c-derived 21-nt tasiRNAs works together with miR173 to delimit the
boundary of phasiRNA production along the cleaved transcript (Yoshikawa et al., 2005;
Howell et al., 2007; Chen et al., 2010; Rajeswaran et al., 2012). Evidently, both miRNA
and tasiRNA can exploit different mechanisms to precisely trigger and define phasiRNA
production in specific gene regions.

In contrast to the broad conservation of the miR390-TAS3 pathway in seed plants and
the miR828-TAS4 pathway in eudicots, the miR173-TAS1/2 pathway has not been
reported in species beyond Arabidopsis (Axtell et al., 2006; Cuperus et al., 2011; Luo et
al., 2012),. Several models have been proposed for the evolution of plant MIRNAs (Allen
et al., 2004; Felippes et al., 2008; Piriyapongsa and Jordan, 2008), however, a complete
view of how most individual MIRNAs originated and evolved is still lacking, especially
for the relatively conserved MIRNASs. In this study, we characterized a widely-adapted
mMiRNA-TAS-PPR-siRNA regulatory circuit in eudicots. The initial miRNA triggers of

PPR phasiRNA production share a common ancestor with miR173. We also demonstrate
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that these miRNA triggers are evolutionarily related to the highly conserved miR390

family, revealing a novel miRNA evolutionary history.

4.2 Results
4.2.1 PHAS gene identification with reverse computation

Plant genomes are rich in coding genes or non-coding genomic loci capable of
producing 21-nt sSiRNAs (Howell et al., 2007; Johnson et al., 2009; Zhai et al., 2011,
Zhang et al., 2012). Twenty-two nucleotide miRNAs can trigger the production of
secondary phasiRNAs, which are generally 21-nt in length and in phase with the miRNA
cleavage site, from the 5' end of the 3' cleavage product of their targeted transcripts (Chen
et al., 2010; Cuperus et al., 2010). Both coding genes and non-coding transcripts capable
of phasiRNA production (PHAS genes) have been identified in many species but efficient
identification of these PHAS genes and their miRNA trigger remains challenging. We
developed customized computation pipelines for genome-wide identification of PHAS
genes and their corresponding miRNA triggers. The process, named as reverse
computation, is illustrated in Figure 1A, and includes a p-value-based strategy similar to
that of Chen et al. (2007), to first retrieve PHAS genes and then identify their
corresponding triggers.

We first tested our pipelines in peach using its annotated transcriptome. From the four
peach deep-sequencing SRNA libraries available, we were able to identify 350 PHAS
gene candidates, of which 263 (about 75%) protein-coding genes were capable of
secondary siRNA production with a p-value < 0.001 (Figure 1B), a threshold proposed by
Chen et al. (2007), including 94 NB-LRR defense genes, 20 PPR genes, 10 kinase-like
genes, and other genes coding for transcription factors (MYB, NAC, TIR/AFB) or SRNA
biogenesis related genes (SGS, AGO and DCL) (Table 1; see Supplemental Table 1
online). Members of these gene families have been reported to produce secondary
siRNAs in other plants, like Medicago and soybean (Zhai et al., 2011). Additional PHAS
genes encode other proteins like UDP-glucosyl transferase and the dehydration
responsive protein RD22 (Table 1). Two TAS genes, miR390-targeted TAS3 and miR828-
targeted TAS4 which produce tasiRNAs (Zhu et al., 2012), were retrieved with an
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extremely low p-value in a genome-wide profiling of non-coding PHAS loci (Table 1).
Our reverse computation analysis also helped identify triggers for these PHAS genes,
including miR482/2118 as the trigger for NB-LRRs, miR828 for MYBs, miR393 for
TIR/AFBs, and miR168 for AGOs (Table 1). These results verified our computation
pipelines as a valid and efficient means for the identification of PHAS genes and their

miRNA triggers.

4.2.2 miR7122 as a trigger for phasiRNA production in both PPRs and TAS-like loci

in peach

Our initial analysis showed that 23 peach PPR genes produced phasiRNAs (including
three with p-value > 0.001; see Supplemental Table 2 online). MiR161, miR400 and
miR173 directly or indirectly trigger the phasiRNA production of PPR genes in
Arabidopsis (Axtell et al., 2006; Chen et al., 2007; Howell et al., 2007). In searching for
homologs of these mMiRNAS, however, using the current criterion for miRNA families (<
4 base differences) (Meyers et al., 2008), these miRNAs appears to be absent from peach
(Zhu et al., 2012), suggesting different miRNAs might trigger the PPR phasiRNAs. To
address this, we profiled all the possible SRNA complementary sites for the 23 PPR
genes and identified a confident target site [alignment score (AS) < 5] in 10 out of the 23
PPRs for ppe-miR7122, with cleavage in three putative PHAS PPRs supported by PARE
data (see Supplemental Table 2 online)(Zhu et al., 2012). Detailed examination of the
mapping profile revealed that the miR7122 cleavage site set the phase of the phasiRNA
production (Figure 1D). In peach, two miR7122 variants (a/b) were identified, both of
which possess all the features required to trigger phasiRNA biogenesis: 22-nt in length, 5'
terminal U, and a bulge-bearing stem-loop precursor (Figure 1C) (Chen et al., 2010;
Manavella et al., 2012; Zhu et al., 2012).

In Arabidopsis, PPRs are targeted not only by miR161, miR400 and miR173, but also
by TAS1/2-derived tasiRNAs. To ascertain whether ppe-miR7122 also indirectly targets
PPRs through trans-acting siRNAs, we performed a genome-wide search for ppe-
miR7122 targeted genomic loci and found that two loci, separated in the genome by
about 4500 bp, were cleaved by ppe-miR7122 and generated robust siRNAs (Figure 2).

These loci, which share 78% sequence identity and appear to be non-protein coding, are
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likely to represent TAS-like genes, hereafter referred to as PpTASL1 and PpTASL2. The
majority of tasiRNA generated at the poly(A) proximal end fell into the second phase
(Figure 2A, see Supplemental Figure 1A online), and several phased siRNAs, as expected,
were predicted to target PPRs in trans (Figure 2B; see Supplemental Table 3 online). In
particular, two tasiRNAs [PpTASL1-3' D2(-) or PpTASL2-3' D2(-)], predominantly 22-nt
in length, potentially target 14 PHAS PPRs (AS < 5) and trigger subsequent phasiRNA
production, based on the siRNA matching pattern (see Supplemental Figure 1B online).
Six out of these 14 PHAS PPRs have either no or a less cleavage-favorable (AS > 5)
target site for ppe-MIR7122 (see Supplemental Table 2 online), indicating synergistic and
complementary roles of these TASL-derived tasiRNAs with the ppe-miR7122. Similar
22-nt tasiRNA triggering of siRNA production in PPRs and reinforcement of the
silencing effect have also been reported in the miR173-TAS2-PPR pathway in
Arabidopsis (Yoshikawa et al., 2005; Howell et al., 2007; Chen et al., 2010). Thus, as
illustrated in Figure 3 (category 1), the ppe-miR7122 in peach is, like miR173 in
Arabidopsis, able to trigger siRNA production from PPR genes by direct targeting or
through an additional indirect TASL-tasiRNA path.

4.2.3 Apple miR7122 triggers the phasiRNA production of PPR genes only through
tasiRNAs with a two-hit 22, mode

The identification of a homologous miR7122 (mdm-miR7122, Figure 1C) in our
previous study in apple (Xia et al., 2012) prompted us to evaluate whether an analogous
miR7122-(TASL)-PPR-siRNA pathway was conserved in apple. After examining the
apple small RNA data, 15 PPRs (three with p-value > 0.001) were retrieved from our
phasing analysis (see Supplemental Table 4 online), indicating that apple PPRs are
channeled into phasiRNA biogenesis as well. However, reverse computation failed to
identify any complementary target sites for mdm-miR7122 within these PHAS PPR
genes. Instead, two 22-nt SRNAs located tandemly in the apple genome were found to be
potential triggers. Analysis of sequence folding (e.g. secondary structure) failed to
identify possible stem-loop structures for the precursor locus, suggesting these two
SRNAs are unlikely to be miRNAs, for which biosynthesis requires a canonical stem-loop

structure. The question of how these two SRNAs originated inspired us to examine the
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SRNA population matched to the precursor locus. We found that extremely abundant
siRNAs were produced from this locus (Figure 4A). Trigger identification for this locus
revealed that mdm-miR7122 was the potential trigger of sSiRNA production. Curiously,
two target sites of mdm-miR7122, 792 bp apart, were found in this locus, and siRNAs
predominantly 21-nt in length with some 22-nt siRNAs (Figure 4E) were profusely
produced only from the region bordered by the two mdm-miR7122 target sites (Figure
4A). Both target sites are predicted to be cleavable based on the sequence-pairing, but we
only confirmed the cleavage of the 5' site using 5'-RLM-RACE, which was consistent
with the bulk of siRNAs in phase with the 5' cleavage site (Figure 4A and 4B; see
Supplemental Figure 1C online). However, the majority of 21 tasiRNAs fell into the third
register (a two nucleotide shift), instead of the first register that is in phase with the 5'
cleavage site (see Supplemental Figure 1C online). This out-of-phase phenomenon was
also observed for other TAS or PHAS genes, perhaps due to slippage of the Dicer activity
or reinforcement of cis-acting tasiRNAs (Axtell et al., 2006; Zhai et al., 2011;
Rajeswaran et al., 2012; Xia et al., 2012). Since the nucleotide sequence of this PHAS
locus appears not to code a polypeptide of any significant length or homology, we
denoted it as MdTASL1.

In total, 233 siRNA species were produced from MdTASL1, 123 of which had both 21-
nt and 22-nt variants (Figure 4F); over half of these sSiRNAs (135 out of 233) were
predicted to be capable of targeting PPR genes in apple (AS <5, Figure 4F; see
Supplemental Table 5 online). Deeper sequence analyses uncovered that MATASL1 has a
duplicated 83-nt sequence (R1 and R2) 78-nt away from the 5' cleavage site (Figure 4B),
and the two 22-nt tasiRNAs triggering siRNA production from PPR genes are located in
tandem within this repetitive region (Figure 4B and 4C). One is in phase with the 5'
cleavage site in the R1 repeat, while the other is in phase in the R2 repeat (Figure 4C).
Accordingly, we designated these two siRNAs as 3' D6(-) and 3' D11(-) in accordance
with their phase position (Figure 4C). They potentially co-target a 44-nt region in PPR
genes which encodes a peptide of 14 amino acids spanning the adjacent parts of two PPR
repeats (Figure 4D); the 3' D11(-)-mediated cleavage of three PPR genes was confirmed
by the PARE data (see Supplemental Table 5 online). Taken together, we conclude that,
distinct from the ppe-miR7122 which targets PPR directly or indirectly through TAS-like
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genes, mdm-miR7122 triggers PPR phasiRNA production solely by targeting MdTASL1
through a two-hit 2,;, mode (Figure 3, category IlI).

4.2.4 The MiRNA-TAS-PPR-siRNA pathway is more robust in strawberry

To ascertain whether analogous pathways are conserved in Rosaceae species, we
conducted sSRNA deep-sequencing and similar reverse computation analyses in
strawberry. Nineteen PPR genes (see Supplemental Table 6 online, including eight PPRs
not annotated accurately and one with p-value > 0.001) were shown to produce
phasiRNAs; two 22-nt miRNAs with critical structural features (22-nt in length, 5'
terminal U, and a bulge-bearing stem-loop precursor) were identified as potential triggers.
Pairwise comparison of their sequences revealed that they share 16 identical nucleotides
with a 4-nt mutual shift (Figure 5A), but both show high sequence divergence (> 7 base
differences) relative to the miR7122 conserved in peach and apple. We designated these
as the strawberry PPR triggers 1 and 2 (fve-PPRtril/2). The high similarity of these two
trigger miRNAs showed an 18-base overlap of their target sites, with the target site of
fve-PPRtril shifted 4-nt toward the 5' end of target genes relative to fve-PPRtri2 (Figure
5B). Apart from the PPR genes, fve-PPRtril/2 appeared to target five other putative
coding genes and 18 non-coding TAS-like loci in the strawberry genome, suggesting fve-
PPRtril/2 have gained targets outside the PPR family and thus are involved in a more
extensive trans-acting network (Figure 5B; see Supplemental Table 7 online). It is
noteworthy that five TAS-like loci are clustered in the same scaffold (scf05113146), with
three residing within a ~9 kb region (see Supplemental Figure 2 and Supplemental Table
7 online). They all show low similarity to PPR genes, and several phasiRNAs derived
from these TAS-like loci have the potential to target PPR genes, indicative of a trans-
acting role in line with that of TAS1/2 in Arabidopsis. Thus, as shown in Figure 3
(category 1), fve-PPRtril/2 directly or indirectly trigger the phasiRNA production of PPR
genes, like ppe-miR7122, but in a much more robust way.

4.2.5 Legume plants evolved a similar miRNA-TAS-PPR-siRNA pathway with

distinct mechanistic modes.
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Regulation of PPR transcripts via secondary siRNA production has been reported for
several plant species, including Arabidopsis (Howell et al., 2007), soybean (Zhai et al.,
2011), and poplar (Klevebring et al., 2009), indicating a broad existence for this pathway.
Zhai et al. (2011) reported several PHAS PPR genes, but their miRNA triggers are
currently unknown. To explore whether the pathway(s) by which PPR genes produce
phasiRNAs in soybean shares features with those in the Rosaceae, we analyzed publicly
available SRNA data from soybean. This identified a regulatory pathway consisting of
two layers of TASL-tasiRNA interactions (Figure 5C; see Supplemental Figure 3 online).
First, a 22-nt miR1509 targets a transcript derived from an intergenic locus (GmTASL-L1)
and initiates a first layer of sSiRNA biogenesis via a possible 22, mode. Subsequently, a
22-nt tasiRNA [GmTASL-L1-D2(-)] from this locus triggers a second layer of SIRNA
biogenesis from another intergenic non-coding locus GmTASL-L2, previously reported by
Zhai et al. (2011) (Figure 5C; see Supplemental Figure 3 online). GmTASL-L2 generates
21 or 22-nt phased tasiRNAs, some of which are able to target PPR genes and
subsequently initiate sSiRNA production (Figure 5C; see Supplemental Table 8 online).
Eight of 13 PHAS PPRs have a target site complementary to gma-miR1508, for which
cleavage in five PPRs was confirmed in the PARE data and also resulted in phasiRNA
production (see Supplemental Figure 3 and Supplemental Table 8 online). A similar two-
layer pathway was also identified in Medicago truncatula, another legume species
(Figure 5C; see Supplemental Figure 3 online), although we failed to identify gma-
miR1508 homologues for that species. An additional layer of complexity in soybean and
Medicago is that the tasiRNA TASL-L1-D2(-) is capable of directly targeting PPR genes
and initiating subsequent siRNA production, with the cleavage of a Medicago PHAS PPR
gene (Medtr1g043080) by MtTASL-L1-D2(-) confirmed by PARE data (see Supplemental
Table 8 online). In summary, PPR phasiRNA biogenesis can be initiated indirectly by
miR1509 through one or two layers of TASL-tasiRNA interactions in both soybean and
Medicago, with the miR1508-PPR-siRNA pathway present only in soybean (Figure 3,
category 1V).

4.2.6 miRNA triggers share a common origin and the miRNA-TAS-PPR-siRNA
pathway is conserved in many other species.
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The functional similarity of miR173, miR7122, fve-PPRtril/2, and miR1509 as
triggers of the production of tasiRNASs targeting PPR genes raised the question of
whether these miRNA triggers are evolutionarily related. To address this question, we
performed a multiple alignment using the foldback sequences of eight relevant MIRNA
genes (Figure 6A). Surprisingly, we found that with the exception of the ath-
MIR173/mtr-MIR1509b pair for which the identity was only 52%, all interspecies
pairwise comparisons revealed high levels of identity, ranging from 60% to 85% (Figure
6B). In particular, the miRNA and miRNA* as well as their adjacent sequences are
highly conserved (Figure 6A; see Supplemental Figure 4A online). Three of the eight
MIRNAs show different processing positions with a 5-nt shift toward the 5' end occurring
for ath-miR173 and fve-PPRtri2, and a 1-nt shift for fve-PPRtril (Figure 6A). Our results
strongly suggest that these eight MIRNA genes, including MIR173, MIR7122s, fve-
PPRTRI1/2, and MIR1509s, evolved from a common ancestor.

To examine the conservation of these miR7122-related miRNAs and their functions in
plants, we used publicly available deep-sequencing data to retrieve miR7122 homologues
from five additional species including tobacco (Nicotiana tabacum, nta-miR7122), grape
(Vitis vinifera, vvi-miR7122), citrus (Citrus sinensis csi-miR7122), tree cotton
(Gossypium arboreum, gar-miR7122), and lettuce (Lactuca sativa, Isa-miR7122), all of
which are of the same splicing pattern as ppe-miR7122 without any miRNA shift (Figure
6C). Using reverse computation, we identified the miR7122-TAS-PPR-siRNA pathway in
these species, except in tree cotton and lettuce due to the absence of their sequenced
genomes. In citrus, in addition to the miR7122 homologue (a 22-nt isoform of csi-
miR3954; derived from a different MIRNA gene), we identified another miRNA trigger
(csi-miRC1, see Supplemental Figure 5 online), which is predicted to directly target a
PHAS PPR gene (see Supplemental Table 9 online). Similarly, we identified in poplar
another 22-nt miRNA as the trigger of the TAS-PPR-siRNA pathway, ptc-miR6427,
instead of a miR7122 homologue (see Supplemental Table 9 online). Evidently,
regulation of PPR genes mediated by miR7122 homologues is widespread in plants but
with great mechanistic plasticity and diversity. Taken together, these pathways appear to

fall into four categories as outlined in Figure 3.
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Next, to examine the degree of homology shared by PHAS PPRs from different
species, a total of 91 PHAS PPR gene sequences retrieved from eight species were
subjected to phylogenetic analysis. These PPRs generally clustered together into species-
specific subclasses (see Supplemental Figure 6A online), and the target site for miRNA
or tasiRNAs appeared to be randomly distributed along or outside the PPR repeat-coding
region (see Supplemental Figure 6B online), implying that the strategy of targeting PPRs
by miRNAs or tasiRNAs may have evolved relatively quickly after the divergence of
these plant species, consistent with the extraordinary evolutionary plasticity of PPR genes
in plants (O'Toole et al., 2008).

4.2.7 miR7122 shares, to various degree, sequence identity with many other miRNAs

The identification of the homologous relationship among miR7122-homologous
miRNAs indicates that miRNAs of a common ancestor and similar function are often
divergent (> 4 bases) or shifted along the precursor (> 2 bases). Therefore, we applied
more permissive search parameters to identify close relatives of miR7122. We found that
miR7122 shares substantial identity with miR4376, especially in grape, in which vvi-
miR4376 (see Supplemental Figure 7 online) and vvi-miR7122 share 17 nucleotides with
60% sequence identity detected over the length of the MIRNA foldback sequences (see
Supplemental Figure 4B online). A deeper search in miRbase uncovered several other
MiRNAs that shared identity with miR7122 or miR4376, including the widely conserved
miR390, and the lineage/species-specific mMiRNAs such as miR391, miR1432, miR5225
and miR3627. Multiple alignments revealed a 13-nt core sequence highly conserved
among these miRNAs (Figure 6D), suggestive of a potential common origin. The core
sequence, which shows relatively more sequence divergence among the miR7122
homologues (including miR7122, miR1509, miR173, and miR3954, Figure 6D), is not
consistently positioned within the miRNAs from different families, for instance,
miR1432 shifted three nucleotides in the 3' direction while miR173 shifted five
nucleotides in the 5' direction, compared to miR390 (Figure 6D), indicating the common
occurrence of sequence mutation and miRNA shifts during evolution within this group of
plant miRNAs.

47



4.2 .8 Potential evolution of MIR7122s from MIR390s via MIR4376s

Next, we asked how these miRNA families evolved in the plant kingdom. The
sequence similarity described above for these miRNAs provided a strong clue that they
may have evolved from a common, ancestral MIRNA gene. To test this possibility, we
performed phylogenetic analysis for all the MIRNA genes from these families. Given that
only the sequences of miRNA and miRNA* in the foldback sequences are relatively
conserved during evolution (Jones-Rhoades et al., 2006; Fahlgren et al., 2010; Ma et al.,
2010) and that frequent miRNA sequence shift was observed in this group of miRNAs
(Figure 6D), to obtain a confident multiple alignment which is the requirement of
accurate phylogenetic analysis, we used the sequences consisting of the miRNA,
MiRNA* and five nucleotides of their flanking sequences at each end to perform
alignment and subsequent phylogenetic tree construction.

As shown in the unrooted tree in Figure 7A, the MIRNA genes of miR390, a highly
conserved miRNA family of great sequence consistency (< 2 nucleotide differences) and
of extremely conserved biological function in plants, represented a basal clade and a
separate group independent of other MIRNA genes. As expected, MIR7122 homologues
constituted one of the two major clades other than MIR390 members, with MIR7122
genes dispersed among the MIR173 and MIR1509 taxa (Figure 7A). We designated this
clade as the superfamily of MIR7122 (super-MIR7122). Unexpectedly, MIRNA genes of
miR391 members, previously classified into the miR390 family (Xie et al., 2005;
Cuperus et al., 2011), were grouped into a separate clade with MIR4376, MIR1432,
MIR3627 and MIR5225. Pairwise sequence comparisons revealed that miR391 showed
greater identity with miR4376 compared to miR390, especially for mdm-miR391 and
gma-miR4376, which has only two nucleotide differences (Figure 7A; see Supplemental
Figure 4C online). We identified a complementary site for ath-miR391 in the Arabidopsis
gene coding for Ca**-ATPase 10 [AtACA10 (AT4G29900)] (see Supplemental Table 10
online), which is also suggestive of the closer evolutionary relationship of MIR391 to
MIR4376, because miR4376 has been proven to target AtACA10 homologous genes in
members of the Solanaceae (Wang et al., 2011). The monocot-specific miR1432 also
possesses high degree of sequence identity with the miR4376 (Figure 6D), which was
reported to be present in eudicots in a lineage-specific manner (Wang et al., 2011),
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implying miR1432 is likely to be the variant of miR4376 in monocots. This is further
supported by the observation that osa-miR1432 is also predicted to target a gene coding
for Ca?*-ATPase (0s04g51610) (see Supplemental Table 10 online) (Lu et al., 2008;
Sunkar et al., 2008). Similarly, miR5225 and miR3627 showed a high degree of sequence
identity with miR4376 and were predicted to target AtACA10 homologues (see
Supplemental Figure 4D and 4E and Supplemental table 10 online). These observations
support the accuracy of our phylogenetic tree analysis (Figure 7A), thereby classifying
MIR391, MIR1432, MIR4376, MIR3627 and MIR5225 as members of the MIR4376
superfamily (super-miR4376).

Overall, super-MIR7122 showed a close relationship with super-MIR4376, which was
more closely related to MIR390 (Figure 7A). Therefore, we propose that super-MIR7122
evolved from super-MIR4376, which originated from the MIR390 family (Figure 7A).

4.2.9 miR7122 and theTAS-PPR-siRNA pathway emerged only in eudicot plants

To further explore the proposed evolutionary path from MIR390, we examined the
extent of conservation of the three (super-)families using extensive publicly-available
data (small RNAs and genomes). As previously reported, miR390 is present in the
common ancestor of all embryophytes (land plants) (Cuperus et al., 2011) (Figure 7B).
For the miR4376 superfamily, we were able to identify 24 homologues (representing
miR4376, miR1432, miR3627, miR5225) in 16 plant species besides those deposited in
miRbase (see Supplemental Figure 7 online). The most ancient super-miR4376
homologue was identified from Picea abies, a Pinaceae plant belonging to the
Coniferophyta. Two super-miR4376 homologues were also retrieved from Amborella
trichopoda, a basal flowering plant (angiosperm). Thus, the super-MIR4376s were
probably present in the common ancestor of all spermatophyta (seed plants) (Figure 7B).
However, super-MIR7122 emerged much late and only detected in the common ancestor
of eudicots (Figure 7B), in agreement with the restricted appearance of the PPR-siRNA
pathway in the eudicots. Thus, our results further revealed MIR390 as the common
ancestor of both super-MIR4376 and super-MIR7122, and confirmed the delineated
evolutionary course of super-MIR7122 from MIR390 through super-MIR4376.

49



Accordingly, we inferred the evolutionary history for these three (super-)families as
that the MIR4376 superfamily was probably originated from MIR390 after the divergence
of seed plants at ~360 Mya (million years ago), after which the MIR1432 family evolved
from MIR4376 following the origin of monocots at ~140 Mya (Figure 7C), and the
MIR7122 superfamily arose after the split of the eudicots from its nearest relative at ~110
Mya (Figure 7C).

4.3 Discussion

We identified a miRNA-TASL-PPR-siRNA pathway in many eudicots, which is
commonly triggered by the miR7122 superfamily. We also elucidated the potential
evolutionary path of this miRNA superfamily, thereby expanding our understanding of
the process of miRNA evolution.

4.3.1 22-nt sSRNAs trigger secondary siRNA production

We identified a group of miRNAs, including miR7122, fve-PPRtril/2, and miR1509,
which are able to trigger secondary siRNA production in either TASL genes or PPRs. We
also discovered their homologous relationship with miR173 in Arabidopsis and classified
them all together into a miRNA superfamily, super-miR7122. All the members of the
super-miR7122, including the well-characterized miR173, are of 22-nt in length and an
initial nucleotide “U” (Figure 6C); their miIRNA/mMiRNA* duplexes are of asymmetrical
structure with a bulge in the mature miRNA strand (see Supplemental Figure 8 online).
The initial nucleotide “U” is vital for loading the miRNA to AGOL, the major effector
protein directing RNA target cleavage (Mi et al., 2008; Chen et al., 2010). Even when
shift in the processing sites of the mature miRNA has occurred, as for fve-PPRtri1/2 and
miR173 (Figure 6A), the initial nucleotide “U” was preserved, consistent with the
importance of AGO1-loading for secondary siRNA production (Montgomery et al.,
2008b). Although sequence mutation frequently occurred for this group of miRNAs
(only four nucleotides are completely conserved, Figure 6C), leading to nucleotide and
position variation in the single bulge in the mature miRNA strand (see Supplemental

Figure 8 online), the asymmetric miRNA/mIRNA* duplex persisted, in agreement with
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the requirement of an asymmetric structure for processing miRNAs of 22-nt in length, an
important feature for a canonical miRNA trigger capable of initiating secondary siRNA
production (Chen et al., 2010; Cuperus et al., 2010; Manavella et al., 2012).

The production of 22-nt tasiRNAs was found to be prevalent in plants, and many of
these 22-mers were capable of triggering secondary siRNA production in either TASL
genes or PPRs in different species. This was described for the TAS2 in Arabidopsis
(Yoshikawa et al., 2005; Chen et al., 2007; Howell et al., 2007), PpTASL1/2 in peach,
MdTASL1 in apple, GmTASL-L1/2 in soybean and MtTASL-L1 in Medicago, as well as
NtTASL1/2 in tobacco (see Supplemental Table 9 online). This observation is consistent
with the importance of the 22-nt length in triggering secondary siRNA production, but it
is hard to reconcile with a recent proposal that an asymmetric bulge in the miRNA-
duplex structure is necessary for secondary siRNA production, regardless of miRNA or
miRNA* length (Manavella et al., 2012), because tasiRNAs are derived from double-
stranded RNAs which are converted from miRNA-cleaved single-stranded RNAs,
therefore are perfectly paired and presumably free of any asymmetric bulge (Peragine et
al., 2004; Vazquez et al., 2004; Allen et al., 2005; Yoshikawa et al., 2005). Further,
miR828, which is able to trigger sSiRNA production in TAS4 transcripts and MYB genes
(Rajagopalan et al., 2006; Xia et al., 2012; Zhu et al., 2012), is produced from a
symmetrical duplex without an asymmetric bulge. Thus it appears that mechanisms
underlying miRNA triggering of phasiRNA production in plants are far more complex.

4.3.2 miR7122-mediated regulation of PPR genes is ubiquitous but mechanistically

complex in eudicots

We were able to identify the miR7122-TAS-PPR-siRNA pathway in nine different
eudicots representing six plant families, indicating that this pathway is widely present in
eudicots. For those pathways (as summarized in Figure 3), the initial miRNA triggers are
homologous to each other and the processing of PPR genes into phasiRNA is conserved
among different species. However, the intermediate components forming these regulatory
circuits are highly dynamic from species to species. The miR7122 homologues can either
target the PPR genes directly or act through TASL genes to initiate the phasiRNA

production from PPR genes; the TASL-tasiRNA interaction can be multi-layered, as in
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legume plants, and the miRNA triggers function through either 1,, or 2,, modes to
activate TASL or PPR phasiRNA biogenesis. We found that two-layers of TASL-tasiRNA
interactions are integrated into a single trans-acting circuit in soybean and Medicago, i.e.,
miR1509 acts through the TASL-L1-tasiRNA-D2(-) (a first layer) and TASL-L2-tasiRNAs
(a second layer) to initiate phasiRNA production from PPR genes (Figure 5C). This
second layer could have an advantage of adding more regulatory flexibility to the trans-
acting circuit. While most of the TASL or PHAS PPR genes are triggered via 1,,-acting
MiRNAs, we were able to identify three 2,, PHAS loci including MdTASL1, GmTASL-L1
and MtTASL-L1. In contrast to the first 2,, PHAS gene (Medtr7g012810) reported in
Medicago in which two target sites are cleavable by miR1509 and phasiRNAs are
produced only from the region flanked by the two sites (Zhai et al., 2011), we identified
cleavage at only the 5' target site of miR1509 in GmTASL-L1 and MtTASL-L1 while
phasiRNA production was also detected in the region downstream from the 3' site (see
Supplemental Figure S3 online). A similar phenomenon was observed for a PHAS NB-
LRR gene in tomato, with two target sites of the trigger miR482 (5' cleavable target site
and 3' noncleavable site) and siRNA produced all the way through the 3’ site
(Shivaprasad et al., 2012). For MdTASL1, although we failed to detect the cleavage of
the 3 site, phasiRNAs were produced only from the region flanked by the two target sites,
and low abundant siRNAs were found to be in phase with the 3' cleavage site, implying
that the MdTASLL1 is more similar to the Medtr7g012810 in which both sites are cleavable.
Comparing these two types of 2,, loci, it is conceivable that two target sites might be of
unequal importance, as indicated in MdTASL1 where the 5' mdm-miR7122 target site
may have more functional importance than the 3' site since it is the 5' site that sets the
phase for the biogenesis of the two functional essential tasiRNA triggers of PPR siRNA
production. Thus, the less important site may become nonfunctional or even lost over
time, unlike the classic TAS3 2, triggers in which the non-cleaving 5’ site is required
(Axtell et al., 2006; Montgomery et al., 2008a). An alternative explanation is that the 3'
site of MATASL1 may serve as a protein-binding site to set the boundary of sSiRNA
production, like the 5" non-cleavable miR390 site in AtTAS3 which is essential for
miR390:AGO7 complex binding to terminate the RDR6-mediated synthesis of
complementary RNA (Rajeswaran and Pooggin, 2012).
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In addition to miR7122 homologues, other miRNAs able to trigger PPR phasiRNA
production have been identified in some species, including miR400 and miR161 in
Arabidopsis (Howell et al., 2007), csi-miRC1 in citrus, and miR1508 in soybean.
Intriguingly, miR1508 is missing from Medicago, a close relative of soybean, and
miR6427, instead of a miR7122 homologue, was identified as the trigger of PPR
phasiRNA biogenesis in poplar, illustrating both the dynamism and prevalence of the
mMIiRNA-TASL-PPR-siRNA pathway in eudicots.

4.3.3 Evolution of the MIR7122 superfamily from the widely conserved MIR390 via
the MIR4376 superfamily is driven by target variation

We demonstrated that the miRNA triggers of the PPR-siRNA pathway (miR7122,
miR1509, fve-PPRtril/2 and miR173) in different species are of a common origin and
belong to the same miR7122 superfamily. Unlike other miRNA (super-) families
targeting a large family of PHAS genes, members of the miR7122 superfamily are of
great sequence diversity, which could be attributed to two causes: (1) processing shifts,
particularly apparent in miR173 and fve-PPRtri2, in which the miRNA sequence shifts as
much as five nucleotides toward the 5' end (Figure 6A and C); and (2) point mutations,
i.e. only eight nucleotide positions were highly conserved (over 90% identity) across all
of the species examined (Figure 6C). It is known that miR828 and the miR482/2118
superfamily directly cleave their target genes (MYBs and NB-LRRs, respectively)
instigating phasiRNA production without an intermediate role of TAS genes. These two
miRNA (super-) families share the common feature of targeting highly conserved regions
in their target genes (Zhai et al., 2011; Xia et al., 2012). However, the target sequences
for miR7122 homologues and their ensuing tasiRNAs show high sequence diversity and
are randomly distributed within PHAS PPR genes, which have low levels of sequence
similarity in any given genome (see Supplemental Figure 6). In contrast to the MYB and
NB-LRR families which are defined by highly-conserved functional domains, the large
PPR family typically consists of hundreds of members and is characterized by two to 35
tandem repeats of a highly degenerate, 35 amino acid motif (Lurin et al., 2004;

Shivaprasad et al., 2012). The PPR coding regions are generally tolerant to
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nonsynonymous mutation and share little identity among family members at the
nucleotide level. This dynamic nature of PPR genes could drive the rapid evolution of
miRNA or other SRNA triggers for phasiRNA production to achieve proper regulation of
gene function, which could account for the significant sequence divergence observed in
the super-miR7122 and the requirement of a variety of tasiRNAs via one or two layer(s)
of regulatory complexity. In fact, the sequence diversity of non-coding TASL genes
would provide more flexibility for the derived phasiRNAs or tasiRNAs to meet rapid
sequence change in the PPR genes in order to down-regulate them effectively. Hence,
we propose that the rapid variation of targeting sequences in PPR or TASL genes could
eventually drive the evolution of miRNA triggers (Figure 8), leading to the high sequence
diversity within the super-miR7122. The change of targeting sequences caused by point
mutation (® in Figure 8) would result in the switch of a functional, mature miRNA (from
“A” to “C”), and give rise to the preferential processing of the functionally advantageous
variant “C”, substituting the loss-of-function “A” variant (Stage | to Stage Il). Continued
selection would further reinforce the preferential processing of “C”, ultimately generating
a new miRNA (Stage Il1).

We also elucidated a novel miRNA evolutionary pathway, in which the miR7122
superfamily is potentially evolved from another superfamily (super-miR4376), which
originated from the conserved family miR390 (Figure 7). These three miRNA (super-)
families regulate distinct genes of diverse biological functions, with the miR390
regulating several auxin responsive factors through TAS3-derived tasiARFs and the
miR4376 superfamily targeting genes coding for Ca®*-ATPase (Axtell et al., 2006; Wang
et al., 2011), while the miR7122 superfamily regulates PPR genes. Undoubtedly,
diversification of target genes and selection pressure to diversify the proteins they encode
can diversify the miRNA targeting sequences, serving to drive miRNA evolution.
Therefore, the MIRNA evolution from MIR390 to super-MIR7122 via super-MIR4376 is
as well driven by the target variation (Figure 8). Briefly, after the initial gene duplication,
one of the duplicated MIRNA genes is preserved to maintain the original essential
function, while the other would be subjected to extensive mutation over time to create
different miRNA variants, some of which could match or acquire new gene targets (@ in

Figure 8). The new function for the miRNA variant “C”, initially gained by chance, may
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confer adaptive advantages under conditions of stress or reproductive isolation and
stimulate the preferential processing of variant “C” (Stage Il). This neofuctionalization
process would eventually lead to the fixation of a new miRNA (Stage I11). This model of
“target-driven miRNA evolution” also fits to the super-miR4376 homologues, whose
target sites are not well conserved, instead are of relatively high diversity in their target
genes (see Supplemental Table 10 online) (Wang et al., 2011).

In both inter- and intra- superfamily evolution, sequence mutations would evenly
occur in the foldback sequence of MIRNA genes, but fewer mutations would be retained
in the mMiIRNA/miRNA* duplex than other regions of MIRNA foldback sequences because
of a higher purifying selection pressure (Fahlgren et al., 2010; Ma et al., 2010). This is
apparent in the low sequence identity outside of the 13 bp core sequence among all the
miRNAs from these three (super-) families (Figure 6D). Mutations outside of the core
sequence are not without effect, however, as they would impact the formation of
secondary stem-loop structure, e.g. the loop position and stem length (Song et al., 2010),
possibly causing shifts in processing sites and giving rise to various miRNA variants. But
only those mutations beneficial to the preferential processing of the advantageous new
miRNA (“C” in Figure 8) would be selectively preserved. In the long term, the sequence
similarity between the newly spawned MIRNA and its ancestral MIRNA would be
gradually diluted due to mutation in the foldback sequences and miRNA processing
changes.

The identification of two plant miRNA superfamilies, super-miR7122 and super-
miR4376, and the discovery of the evolutionary path from MIR390 to super-MIR7122 via
super-MIR4376 provide strong evidence for a sustained, deep evolutionary history of
these plant miRNAs. We have linked one of the most conserved plant miRNAs (miR390)
to narrowly-conserved or lineage-specific miRNAs (miR173). Variation of target
sequences has served as one of the major driving forces in this divergence. To date, the
origin of most plant MIRNAs, especially highly conserved MIRNAs, remains largely
unknown, although several evolutionary routes have been proposed. This includes the
generation of new MIRNA genes from inverted gene duplication of their target genes
(Allen et al., 2004), random foldback sequences (Felippes et al., 2008), or miniature
inverted-repeat transposable elements (Piriyapongsa and Jordan, 2008). All of these
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routes require the accumulation of unpaired bases in the foldback sequences, acquisition
of DCL1 as a processing enzyme, and subsequent production of discrete miRNA species,
all in the context of coevolution with the miRNA targets (Voinnet, 2009). By contrast,
generating a new MIRNA from a pre-existed MIRNA would dramatically reduce the “cost”
of adaption to the miRNA-biogenesis pathway, because the pre-existed MIRNA has
already provided a “draft” of the structure for the new MIRNA - the canonical stem-loop
structure and the DCL1-dependency required for miRNA biogenesis. Therefore, this

route of spawning new miRNAs should be more efficient, resembling the “birth-and-

death” cycle for many protein-coding genes (Nei and Rooney, 2005).

4.3.4 Possible function of the miR7122-TAS-PPR-siRNA pathway in plants

The wide conservation of the miR7122-TAS-PPR-siRNA pathway in eudicots suggests
it assumes important biological functions. Most PPR proteins have nucleotide sequence-
specific binding activity, and have been proposed to be molecular adaptors directing
RNA processing complexes to target RNAs in mitochondria or chloroplasts (Lurin et al.,
2004; Schmitz-Linneweber and Small, 2008). PPR proteins can be separated into two
major classes based on the nature of their PPR motifs, the P and PLS class (Schmitz-
Linneweber and Small, 2008). In plants, the P class of PPR proteins, to which phasiRNA
production is restricted, may be involved in plant fertility, as discerned from roles of
these proteins in cytoplasmic male sterility (CMS) (Howell et al., 2007; Schmitz-
Linneweber and Small, 2008). To produce hybrid seed, nuclear “restorer” (Rf) genes,
encoding P-class PPR proteins in most cases, are capable of preventing the expression of
mitochondrial CMS-inducing genes, which encode hydrophobic CMS-specific
polypeptide (Schmitz-Linneweber and Small, 2008). Intriguingly, we failed to identify a
similar PPR-siRNA pathway in monocots, although most of these Rf genes seem to share
common characteristics in plants, even from species as divergent as rice and Arabidopsis
(Schmitz-Linneweber and Small, 2008). The reason for the absence of PPR-siRNA
pathway is probably the lack of miRNA triggers in monocots, in which the super-
miR4376 ancestor has evolved into a 21-nt miR1432 instead of a 22-nt miR7122
homologue. Thus, the biological function of the PPR-siRNA pathway may be substituted
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by other sSRNA-involved mechanisms in monocots, as suggested in a recent study that a
non-coding RNA locus producing a 21 bp sRNA, likely a phasiRNA, was characterized
as an important regulator of male sterility in rice (Ding et al., 2012; Zhou et al., 2012).
Additionally, miR4376, a miRNA evolutionarily related to miR7122, is also involved in
reproductive growth through regulating an ACA10 gene and triggering phasiRNA
production (Wang et al., 2011). Taken together, we speculate that the miR7122-TAS-
PPR-siRNA pathway may play essential roles in the reproductive processes of plants, an

important topic for future investigations.

4.4 Materials
4.4.1 Plant material and RNA isolation for strawberry

Plant tissue collection, RNA isolation and SRNA sequencing for peach (Prunus
persica cv. Lovell) and apple (Malus x domestica cv. Golden delicious) were reported
and described early in Zhu et al. (2012) and Xia et al (2012), respectively. Sequencing of
small RNAs in Diploid strawberry (Fragaria vesca) was similarly performed. Total
RNAs were isolated from 1 day-opening flowers of the inbred line “Yellow Wonder
5AF7’ grown in growth chambers (Hollender et al., 2012) using RNeasy Plant Mini Kit
(Qiagen, Valencia, CA). Small RNAs were enriched by precipitating the supernatant
passing through Qiashedder spin column. The recovered small RNA samples were used
for library construction and deep sequencing in Genomics Resources Core Facility at
Weill Cornell Medical College (New York, NY).

4.4.2 Bioinformatic analysis

Publicly available deep-sequencing data from peach, apple, soybean, medicago, grape
and other species were downloaded from Genbank Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo), and original SRA files were dumped into FASTQ files
using the SRA Toolkit (http://www.ncbi.nlm.nih.gov/sra). FASTA toolkits

(http://hannonlab.cshl.edu/fastx_toolkit/) was used for data processing, including format
conversion, adaptor trimming and read collapsing. Read mapping was conducted using

Bowtie (Langmead et al., 2009) with no mismatches allowed, and Vienna RNA package
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(Hofacker, 2003) or Mfold (Zuker, 2003) was used for the secondary structure prediction
of miRNA precursors. Multiple alignments were performed using Clustalw2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) with default settings, and viewed with
Jalview (http://www.jalview.org/). Sequence logo (Figure 4D) was produced by
GENIO/logo (http://www.biogenio.com/logo/logo.cgi). miRNA target prediction and
confirmation were conducted by combining the utilization of Targetfinder
(http://carringtonlab.org/resources/targetfinder) and Cleveland 2.0 (Addo-Quaye et al.,
2009). The p-value plot (Figure 1B) was produced using the R package (http://www.r-
project.org/). Small RNA abundance was normalized to RPM (reads per million), and

PARE reads were normalized to TPTM (transcripts per ten million).

4.4.3 Computational calculation of p-value and phasing score

After mapping sSRNA reads to the reference genome, unique SRNAs were denoted
with their matching coordinates. 2-nt positive offset was added for SRNA matching to the
antisense strand, because of the existing of 2-nt overhang at the 3' end of SRNA duplex.
A transcriptome or genome wide search was performed using a 9-cycle sliding window
(189 bp) with each shift of 3-cycle (63 bp), and windows were reported when > 10
unique reads fell into a 9-cycle window, > 50% of matched unique reads were 21-nt in
length, and with > 3 unique reads fell into a certain register. Next reported windows with
overlapping region were combined into a single longer window. Then a p-value was
calculated for each windows based on the mapping results using an algorithm similar that
of Chen (2007) with optimization.

)

P value: p(k) = Pr(X)

Pr(X =k) =

where n = number of total unique 21-nt SRNAs matched within a window; k = number of
unique 21-nt SRNAs fall into the maximum register (k=3); and m = number of 21-nt
phases within a window.

Phasing score were calculated using the algorithm developed by De Paoli (2009)

within a 9-cycle window (phase cycle length was set to 21-nt).
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phasing score = Iln k>3

9 p. k-2
1410 x ==Lt
< + 1+zu>

ere n = number of phase cycle positions occupied by at least one 21-nt SRNA within a 9-

cycle window; P = total number of reads for all 21-nt SRNAs falling into a given phase
within a 9-cycle window; and U = total number of reads for all 21-nt SRNA falling out of
the given phase.

Phasing score data were viewed using the Integrative Genomics Viewer (IGV)
(Robinson et al., 2011).

4.4.4 Deep sequencing data and reference sequence files

All sSRNA deep sequencing and PARE data are accessible in the GenBank GEO with
the corresponding accession number listed in Supplemental Table 11. Transcriptome and
genome files for the Rosaceae plants (apple, peach, and strawberry) and other plants were
downloaded from the Genome Database for Rosaceae (GDR, http://www.rosaceae.org)

and the Phytozome (http://www.phytozome.net), respectively. MiRNA and foldback

sequences were retrieved from the miRbase (version 19, www.mirbase.org).

4.4.5 Phylogenetic analysis

Nucleotide sequences, consisting of the miRNA, miRNA* and 5-nt flanking
sequences at each end, of 95 MIRNA genes were aligned using the [lUB DNA weight
matrix by Clustalw2, with an open gap penalty of 10 and an extension gap penalty of 0.1
in pairwise alignments, an extension gap penalty of 0.2 in multiple alignments, and a gap
distances penalty of 5. Manual refinement was conducted for the nucleotide alignment by
Jalview (shown in Supplemental file 1). The phylogenetic tree was inferred using the
Maximum Likelihood method based on the Tamura-Nei model by MEGAS (Tamura et
al., 2011). The bootstrap consensus tree inferred from 1000 replicates is taken to
represent the evolutionary history of the taxa analyzed. Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates are collapsed. Uniform rate
variation among site was enabled. Initial tree for the heuristic search was obtained

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
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distances estimated using the Maximum Composite Likelihood approach, and then
selecting the topology with superior log likelihood value. All positions with less than 50%
site coverage were eliminated. That is, fewer than 50% alignment gaps, missing data, and
ambiguous bases were allowed at any position. There were a total of 62 positions in the

final dataset.

4.4.6 5'-RLM-RACE

Following the manufacturer’s instructions for the First-Choice RLM-RACE Kit
(Ambion, Austin, TX, USA), 5 ug of total RNA isolated from apple flower was used for
ligating 5' RNA adaptors at 15°C overnight. Two specific primers (1st: 5'-
CTGCCCTCCACCATTTCTTTG-3' and 2nd: 5-AGCTAAATCACACGCTTCAAAC-3)
were designed to conduct nested PCRs, and PCR products were cloned to the pGEM-easy
vector (Promega, Madison, W1, USA) and sequenced by Bechman Coulter Genomics
(Danvers, MA, USA).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure 1 SiRNA distribution along PpTASL1/2, a peach PPR gene and
MdTASLL1.
Supplemental Figure 2 MiIRNA-TASL-PPR-siRNA pathway is conserved in
strawberry.
Supplemental Figure 3 Two layers of trans-acting interaction involved in the
miR1509-TAS-PPR-siRNA pathway in soybean and medicago.
Supplemental Figure 4 Alignment of MIRNA genes.
Supplemental Figure 5 Stem-loop structure of miRCL1 in citrus.
Supplemental Figure 6 Phylogenetic analysis of PHAS PPR genes and distribution of
target sites of mMiIRNAs or tasiRNAs along PPR repeats.
Supplemental Figure 7 Stem-loop structures of newly identified miRNA homologues
of the miR4376 superfamily.
Supplemental Figure 8 Stem-loop structures of MIR7122 homologues identified.
Supplemental Table 1 PHAS genes identified in peach.
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Supplemental Table 2 PHAS PPR genes identified in peach.

Supplemental Table 3 PpTASL1/2-derived tasiRNAS predicted to target PPR genes.

Supplemental Table 4 PHAS PPR genes identified in apple.

Supplemental Table 5 MdTASL1-derived tasiRNAs predicted to target PPR genes.

Supplemental Table 6 PHAS PPR genes identified in strawberry.

Supplemental Table 7 PHAS genomic loci or other genes targeted by fve-PPRtril/2 in

strawberry.

Supplemental Table 8 PHAS PPR genes identified in soybean and medicago.

Supplemental Table 9 PHAS PPR genes or genomic loci related to PPR-siRNA

pathways in other species.

Supplemental Table 10 Predicted target genes for miR391, miR1432, miR5225 and

miR3627.

Supplemental Table 11 Deep sequencing data used for analysis.

Supplemental File 1 Multiple alignment of MIRNA excerpted sequences.
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Chapter 5
Network of miR482/2118 regulating PHAS NB-LRR defense genes in
apple and peach
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5.1 Introduction

Plants have adapted diverse strategies to counter pathogen invasion. In essence, there
are two types of immunity triggered by distinct innate immune receptors (Jones and
Dangl, 2006). The primary immune response uses transmembrane pattern recognition
receptors (PRRs) to respond to slowly evolving pathogen-associated molecular pattern
(PAMPS), thus is regarded as PAMP-triggered immunity (PTI) (Chisholm et al., 2006;
Jones and Dangl, 2006). The PTI can be suppressed by some pathogens through
delivering effector proteins to the plant cell, in response to which the host plants can
deploy surveillance proteins (R proteins) to either directly or indirectly monitor the
presence of the pathogen effector proteins, triggering the effector-triggered immunity
(ETI) (Chisholm et al., 2006; Jones and Dangl, 2006). ET1 is an accelerated and
amplified PTI response, usually resulting in a hypersensitive cell death response (HR) at
the infection site (Jones and Dangl, 2006). The majority of R genes encode intracellular
immune NB-LRR proteins, which are named after their characteristic nucleotide binding
(NB) and leucine-rich repeat (LRR) domains.

Recently abundant phasiRNA were found to be produced from NB-LRR genes, with
22-nt miRNAs from the miR482/2118 superfamily identified as the common trigger by
targeting at a region coding for the conserved P-loop motif (Zhai et al., 2011; Li et al.,
2012; Shivaprasad et al., 2012). Some of the secondary siRNAs derived from NB-LRR
genes are potentially regulating some immunity-related genes (Shivaprasad et al., 2012).
Therefore, the miR482/2118-NB-LRR-siRNA pathway may not only act as a counter-
counterdefense system that play crucial roles in immune responses upon pathogen
infection, but also serve as a regulatory circuit to minimize plant fitness cost when
infection pressure is low (Li et al., 2012; Shivaprasad et al., 2012). We found the
miR482/2118-NB-LRR-siRNA pathway is also conserved in peach and apple with
multiple members of the miR482/2118 superfamily and over 100 PHAS NB-LRR genes
identified in both of them. We also found that certain miR482/2118 variants targeted
putative non-coding genomic loci and triggered phasiRNA production in addition to NB-
LRR genes.
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5.2 Results
5.2.1 miR482/2118 homologs in apple and peach

The miR482/2118 superfamily is widely conserved in plants. The miR482/2118 was
also found to be present in apple and peach. As described in Shivaprasad et al. (2012),
there is a 2-nt mutual sequence shift between miR482 and miR2118, with the first
position of miR2118 aligned to the third position of miR482. Following this rule, we
identified four MIR2118 genes and two MIR482 genes in apple with three MIR2118
genes (mdm-MIR2118a/b/c) and the two MIR482 genes (mdm-MIR482a/b) generating
miRNAs with the same sequence (Table 5-1). In peach, totally nine MIR482/2118 genes
were encoded in the genome, including six MIR2118 genes and three MIR482 genes, two
of which (ppe-MIR482b/c) generate an identical miRNA sequence (Table 5-1). In apple,
the miR482/2118 family possesses sequence divergence in eight positions within the
aligned region in addition to the 2-nt shift, with mdm-miR2118d showing higher identity
to the mdm-miR482a/b (Fig. 5-1A). Similarly, sequence variation was observed in seven
positions of the aligned region of the peach miR482/2118 superfamily (Fig. 5-1B).
Surprisingly, six members of the peach MIR482/2118 are closely located within a 7 kb
region in the scaffold_1 of the peach genome, including five MIR2118 genes and one
MIR482 gene (Table 5-1, Fig. 5-1C). All the mature miRNAs of these six MIRNA genes
are located in the 3" arm of their stem-loop precursor (Fig. 5-1C).

5.2.2 PHAS NB-LRR genes in apple and peach

As aforementioned, the NB-LRR genes were identified as the largest PHAS gene
family in peach with totally 93 NB-LRR genes processing secondary siRNAs (p-value <
0.001) (Table 5-2). Among them, 54 genes bear a complementary target site (AS <5) for
at least one of the miRNA members of the peach miR482/2118 family (Table 5-2). The
PHAS NB-LRR gene population is even larger in apple. Totally 295 apple NB-LRR genes
were found to produce phased siRNAs (p-value < 0.001), 85 of which possess a target
site of the mdm-miR482/2118 (Table 5-3).

5.2.3 Neofunctionalization of mdm-miR2118 and ppe-miR2118b
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Most of the 22-nt miRNAs, capable of triggering phasiRNA production, are of an
initial "U" (uridine) nucleotide, which is essential for the miRNA loading to the AGO1
effector, where miRNA-guided mRNA cleavage occurs (Montgomery et al., 2008; Chen
et al., 2010; Cuperus et al., 2010). Intriguingly, the mdm-miR2118 (including mdm-
miR2118), ppe-miR2118b, and ppe-miR2118f start with a "C" (cytosine) nucleotide,
instead of a classical "U". Functional analysis found that the mdm-miR2118 is able to
target a set of putative non-coding genomic loci (TAS-like genes) and initiate their
phasiRNA production, in addition to serve as trigger for a subset of NB-LRR genes (Table
5-4). Some of these non-coding loci show a low degree of partial similarity to NAC genes,
implying these loci may generate tasiRNAs regulating NAC genes. Similarly, the ppe-
miR2118b also has putative non-coding targets, which produced abundant phasiRNAS as
well. Sequence similarity to other known genes is hardly detected for those non-coding
PHAS genes.

5.4 Discussion

The capacity of NB-LRR genes processing phasiRNAs was first reported in legume plants
(Zhai et al., 2011), and then was demonstrated to be present more broadly in other plants
(Li et al., 2012; Shivaprasad et al., 2012). The widely conserved miR482/2118 was
identified as the major trigger, which targets NB-LRR genes at the region coding for the
conserved P-loop motif (Zhai et al., 2011; Shivaprasad et al., 2012). In addition to the
miR482/2118 superfamily, other miRNAs , probably young and species- or lineage-
specific, have also evolved to regulate NB-LRR genes, including miR6019 and miR6020
in tobacco, miR1507 and miR2109 in medicago and soybean (Zhai et al., 2011; Li et al.,
2012). Among them, the miR6019 and miR1507, in contrast to the 21-nt miR6020, are
22-nt in length and able to initiate phasiRNA production. Interestingly, the miR2109 is
22-nt long in medicago but predominantly 21-nt in soybean, indicating miRNA size
diversification may allow flexibility in the degree of silencing of target genes due to
differences in their ability to trigger phasiRNAs that amplify post-transcriptional
silencing (Zhai et al., 2011; Li et al., 2012). The phasiRNAs derived from NB-LRR genes
may potentially regulate other immunity-related genes in trans in addition to reinforcing

the silencing of NB-LRR genes in cis (Shivaprasad et al., 2012). Moreover for some
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miR482/2118 duplexes in apple and peach, the star strand (miR482/2118%*) is of higher
abundance than the corresponding miRNAs. Conceivably the strand switch may be of
important functions in the entire regulatory network through unknown mechanism. Also
we found mdm-miR2118 and ppe-miR2118b targeted non-coding PHAS genomic loci
other than NB-LRR genes. It is possible that TASL-derived phasiRNAs provide another
layer of gene regulation associated with plant immunity. Additionally, many truncated
NB-LRR transcripts are produced in plant genomes (Meyers et al., 2003). They may serve
as a miRNA competitor to compromise the silencing effect of miRNA triggers. In general,
the miRNA-NB-LRR-siRNA pathway is a greatly complex regulatory network, playing

crucial roles in the plant immune system.
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Appendix | Tables
Table 4-1 PHAS genes/loci identified in peach (Prunus persica)

. Loci or
Trigger miRNA PHAS IOC.' or gene p-value® References
gene families
number

i Allen et al. 2005; Axtell et al. 2006;
ppe-miR390 TAS3 1 0 Zhu et al. 2012
ppe-miR828 TAS4 1 0 Rajagopalan et al. 2006; Zhu et al. 2012
ppe-miR828 MYB 5 (1) 0 Xia et al. 2012; Zhu et al. 2012
ppe-miR482/2118 NB-LRR 94 (14) 0 Zhai et al. 2011

. Chen et al. 2007, 2010; Howell et al.
ppe-miR7122— PPR 20(3) 0 2007; Zhai et al. 2011;

. Chen et al. 2010; Si-Ammour et al.
ppe-miR393 TIR/AFB 2 0 2011; Zhai et al. 2011
tasiARF ARF 3 9.09E-06  Axtell et al. 2006;
ppe-miR408 Laccase 2 4E-10
ppe-miR4376 Ca?*-ATPase 3 0 Wang et al. 2011
NA® NAC 6 (3) 3.67E-05 Zhaietal. 2011
ppe-miR168 AGO 2 (1) 0.000743 Chen et al. 2010; Zhai et al. 2011
NA SGS 2 0 Zhai et al. 2011
NA DCL 1 0.000386  Zhai et al. 2011
NA ATP TR 5 0 Zhai et al. 2011
NA UDP-glucosyl 5 ) 0.000533

transferase

NA RD22 17 (1) 4.5E-10
NA Kinase-like 10 (4) 5.97E-06  Zhaietal. 2011

Note: * median p-value was used for a gene family with > 2 PHAS genes identified; ™
the value in parentheses indicates the number of additional PHAS genes with p-value >
0.001 in the corresponding gene family; © NA: not available. ARF: auxin responsive
factor; RD22: responsive to dehydration 22; ATP TR: ATP binding/protein

binding/transmembrane receptor.

72



Table 5-1 miRNA members of miR482/2118 superfamily in apple and peach

. .~ Matching Matching

ID Sequence Matching contig strand position
mdm-miR2118a CUACCGAUGCCACUAAGUCCCA MDC017130.228 + 6809
mdm-miR2118b CUACCGAUGCCACUAAGUCCCA MDC019300.125 - 1308
mdm-miR2118c CUACCGAUGCCACUAAGUCCCA MDC019300.66 - 1894
mdm-miR2118d UUCCCAAGCCCGCCCAUUCCUA MDC002407.840 + 1665
mdm-miR482a UCUUUCCUAUCCCUCCCAuUUCC MDC006350.123 2936
mdm-miR482b UCUUUCCUAACCCUCCCAUUCC MDC000859.244 - 731
ppe-miR2118a UUCCCAAGCCCGCCCAUUCCAA scaffold_3 + 10579365
ppe-miR2118b CUACCGAUUCCACCCAUUCCGA scaffold_1 + 29644701
ppe-miR2118c UUUCCGAAACCUCCCAUUCCAA scaffold_1 + 29646139
ppe-miR2118d UUGCCUAUUCCUCCCAUGCCAA scaffold_1 + 29646838
ppe-miR2118e UUGCCAACCCCGCCCAUUCCAA scaffold_1 + 29648326
ppe-miR2118f CUUCCCAAACCUCCCAUUCCUA scaffold_1 + 29648613
ppe-miR482a UCUUUCCUACUCCACCCAUUCC scaffold_1 + 29651667
ppe-miR482b UCUUUCCCAAUCCACCCAUGCC scaffold_6 + 2760161
ppe-miR482¢c UCUUUCCCAAUCCACCCAUGCC scaffold_6 - 2718614
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Table 5-2 PHAS NBS-LRR genes in peach

ID  Accession# miRNA trigger p-value  Annotation

1 ppa001384m ppe-miR2118a 0 disease resistance protein (CC-NBS-LRR class)
2 ppa016635m ppe-miR482a 0 disease resistance protein (CC-NBS-LRR class)
3 ppa021194m ppe-miR482a 0 disease resistance protein (CC-NBS-LRR class)
4 ppa001212m  ppe-miR482a/b/c 0 disease resistance protein (CC-NBS-LRR class)
5 ppa001003m  ppe-miR482b/c 0 disease resistance protein (CC-NBS-LRR class)
6 ppa015274m ppe-miR2118a 0 disease resistance protein (NBS-LRR class)

7 ppa019824m ppe-miR2118a 0 disease resistance protein (NBS-LRR class)

8 ppa020450m ppe-miR2118a 0 disease resistance protein (NBS-LRR class)

9 ppa020745m ppe-miR2118a 0 disease resistance protein (NBS-LRR class)

10 ppa021741m ppe-miR2118a 0 disease resistance protein (NBS-LRR class)

11 ppa022876m ppe-miR2118a 0 disease resistance protein (NBS-LRR class)

12 ppa000343m ppe-miR2118ale 0 disease resistance protein (NBS-LRR class)

13 ppa000391m ppe-miR2118a/e 0 disease resistance protein (NBS-LRR class)

14 ppa019071m ppe-miR2118al/e 0 disease resistance protein (NBS-LRR class)

15 ppa021541m ppe-miR2118al/e 0 disease resistance protein (NBS-LRR class)

16 ppa026310m ppe-miR2118al/e 0 disease resistance protein (NBS-LRR class)

17 ppa026334m  ppe-miR2118c 0 disease resistance protein (NBS-LRR class)

18 ppb024266m  ppe-miR2118c/f 0 disease resistance protein (NBS-LRR class)

19 ppa018842m ppe-miR2118d 0 disease resistance protein (NBS-LRR class)

20 ppa021551m ppe-miR2118d 0 disease resistance protein (NBS-LRR class)

21 ppa024822m ppe-miR2118d 0 disease resistance protein (NBS-LRR class)

22 ppa000373m  ppe-miR2118f 0 disease resistance protein (NBS-LRR class)

23 ppa000247m  ppe-miR482a 0 disease resistance protein (NBS-LRR class)

24 ppa000274m  ppe-miR482a 0 disease resistance protein (NBS-LRR class)

25 ppa000335m  ppe-miR482a&ppe-miR2118a/e 0 disease resistance protein (NBS-LRR class)

26 ppa000407m  ppe-miR482a&ppe-miR2118ale 0 disease resistance protein (NBS-LRR class)

27 ppa014576m ppe-miR482a&ppe-miR2118a/e 0 disease resistance protein (NBS-LRR class)

28 ppa017078m  ppe-miR482a&ppe-miR2118ale 0 disease resistance protein (NBS-LRR class)
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29
30
31
32
33
34
35
36
37
38
39
40
41
42

43

44

45

46

47
48
49
50

o1

52
53
54
55

ppa017126m
ppa017399m
ppa019097m
ppa023090m
ppa016138m
ppa020719m
ppa018378m
ppa001315m
ppa000477m
ppb015618m
ppa016623m
ppa017433m
ppa023180m
ppa024626m

ppa015762m
ppa020740m
ppa001015m

ppa000953m

ppa001007m
ppa026003m
ppa015104m
ppa001182m

ppa015444m

ppa022023m
ppa016120m
ppa022790m
ppa023373m

ppe-miR482a&ppe-miR2118a/e
ppe-miR482a&ppe-miR2118a/e
ppe-miR482a&ppe-miR2118a/e
ppe-miR482a&ppe-miR2118a/e
ppe-miR482a&ppe-miR2118d/e
ppe-miR482a&ppe-miR2118d/e
ppe-miR482b/c

ppe-miR2118d

ppe-miR2118e

ppe-miR2118e

ppe-miR482a

ppe-miR482a

ppe-miR482a

ppe-miR482a

ppe-miR2118a
ppe-miR2118a
ppe-miR2118d

ppe-miR482a/b/c&ppe-miR2118d

ppe-miR482b/c
ppe-miR482a

ppe-miR482b/c
ppe-miR2118d

ppe-miR2118a

ppe-miR482a
ppe-miR482a/b/c

O O O OO OO0 O0OO0O0OO0oOo o o o

o

0

0

1.00E-10
4.38E-08
8.40E-08
1.63E-06

3.53E-06

8.04E-05
0.000106
0
0

disease resistance protein (NBS-LRR class)

disease resistance protein (NBS-LRR class)

disease resistance protein (NBS-LRR class)

disease resistance protein (NBS-LRR class)

disease resistance protein (NBS-LRR class)

disease resistance protein (NBS-LRR class)

disease resistance protein (NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

RPM1 (RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1); nucleotide binding / protein binding
RPM1 (RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1); nucleotide binding / protein binding
RPM1 (RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1); nucleotide binding / protein binding
RPM1 (RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1); nucleotide binding / protein binding
disease resistance protein (CC-NBS-LRR class)

disease resistance protein (TIR-NBS-LRR class)

disease resistance protein (NBS-LRR class)

disease resistance protein (CC-NBS-LRR class)

RPM1 (RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1); nucleotide binding / protein binding

disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (NBS-LRR class)

disease resistance protein (CC-NBS-LRR class)
disease resistance protein (CC-NBS-LRR class)
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56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

81

82

83

ppa024579m
ppa025033m
ppa026312m
ppb019722m
ppa000970m
ppa001008m
ppa015125m
ppa018247m
ppa019012m
ppa019037m
ppa019094m
ppa019200m
ppa022119m
ppa022439m
ppa024157m
ppa027039m
ppb015994m
ppa000524m
ppa015410m
ppa018131m
ppa022336m
ppa023459m
ppa024258m
ppa024336m
ppa025472m

ppa001076m
ppa016482m

ppa015433m

O O O O OO OO0 OO0 O0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0OOOoOOo o o o

disease resistance protein (CC-NBS-LRR class)
disease resistance protein (CC-NBS-LRR class)
disease resistance protein (CC-NBS-LRR class)
disease resistance protein (CC-NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
RPM1 (RESISTANCE TO P. SYRINGAE PV

MACULICOLA 1); nucleotide binding / protein binding

RPM1 (RESISTANCE TO P. SYRINGAE PV

MACULICOLA 1); nucleotide binding / protein binding

RPP8 (RECOGNITION OF PERONOSPORA
PARASITICA 8); nucleotide binding
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84

85

86
87
88
89
90
91
92
93

ppa017506m

ppa018885m

ppa019683m
ppa023712m
ppa016937m
ppa015461m
ppa025473m
ppa024306m
ppa027225m
ppa016991m

0

0

1.10E-09
6.50E-09
8.50E-09
5.26E-08
2.80E-05
0.000217
0.000522
0.000617

RPP8 (RECOGNITION OF PERONOSPORA
PARASITICA 8); nucleotide binding

RPP8 (RECOGNITION OF PERONOSPORA
PARASITICA 8); nucleotide binding

disease resistance protein (NBS-LRR class)
disease resistance protein (CC-NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (NBS-LRR class)
disease resistance protein (TIR-NBS-LRR class)

7



Table 5-3 PHAS NBS-LRR genes in apple

ID Gene ID tmr:;;:)ra\ p-value  Annotation

1 MDP0000292704 miR2118a/b/c 0 TMV _resistance_protein_N

2 MDP0000291494 miR2118a/b/c 0 TMV _resistance_protein_N

3 MDP0000160232 miR482a 0 Putative_disease_resistance_protein_RGA3

4 MDP0000190531 miR482a 0 Putative_disease_resistance_RPP13-like_protein_1
5 MDP0000129088 miR482a 0 TMV _resistance_protein_N

6 MDP0000378930 miR482a 0 TMV _resistance_protein_N

7 MDP0000811129 miR482a 0 Disease_resistance_protein_RPM1

8 MDP0000906293 miR482a 0 Disease_resistance_protein_RPM1

9 MDP0000552270 miR482a 0 Putative_disease_resistance_ RPP13-like_protein_1
10 MDP0000415930 miR482a 0 Putative_disease_resistance_protein_ RGA3

11 MDP0000210772 miR482a 0 TMV_resistance_protein_N

12 MDP0000704323 miR482a 0 Putative_disease_resistance_protein_RGA3

13 MDP0000138499 miR482a 0 Putative_disease_resistance_protein_RGA3

14 MDP0000160821 miR482a 0 Disease_resistance_protein_At4g27190

15 MDP0000258186 miR482a 0 TMV_resistance_protein_N

16 MDP0000279585 miR482a 0 TMV_resistance_protein_N

17 MDP0000279752 miR482a 0 TMV _resistance_protein_N

18 MDP0000464475 miR482a 0 Putative_disease_resistance_protein_ RGA3

19 MDP0000295886 miR482a 0 TMV_resistance_protein_N

20 MDP0000472864 miR482a 0 TMV_resistance_protein_N

21 MDP0000233739 miR482a 0 Putative_disease_resistance_protein_RGA3

22 MDP0000734561 miR482a 0 Disease_resistance_protein_At4g27190

23 MDP0000772634 miR482a 0 Putative_disease_resistance_RPP13-like_protein_1
24 MDP0000266556 miR482a 0 Putative_disease_resistance_RPP13-like_protein_1
25 MDP0000312668 miR482a 0 Putative_disease_resistance_protein_ RGA4
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

MDP0000161787
MDP0000223518
MDP0000148024
MDP0000472974
MDP0000309995
MDP0000286700
MDP0000119559
MDP0000136726
MDP0000191794
MDP0000410777
MDP0000174796
MDP0000316884
MDP0000260531
MDP0000157081
MDP0000304601
MDP0000166800
MDP0000167895
MDP0000182552
MDP0000637744
MDP0000173380
MDP0000732188
MDP0000174069
MDP0000213925
MDP0000724110
MDP0000810351
MDP0000287351
MDP0000168385
MDP0000195139

miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a
miR482a

O O O O O O O O O O O O OO O 0O O OO oo oo oo o o o o

TMV _resistance_protein_N
Disease_resistance_protein_At4g27190
Putative_disease_resistance_ RPP13-like_protein_1
Putative_disease_resistance_RPP13-like_protein_1
Putative_disease_resistance_protein_RGA1
Putative_disease_resistance_ RPP13-like_protein_1
Putative_disease_resistance_protein_ RGA3

TMV _resistance_protein_N
Putative_disease_resistance_RPP13-like_protein_1
Putative_disease_resistance_ RPP13-like_protein_1
Disease_resistance_protein_At4g27190
Putative_disease_resistance_protein_ RGA4
Putative_disease_resistance_RPP13-like_protein_1
Putative_disease_resistance_protein RGA4
Putative_disease_resistance_protein_ RGA3
Putative_disease_resistance_protein_RGA3
Putative_disease_resistance_protein_RGA3

TMV _resistance_protein_N

TMV _resistance_protein_N

TMV _resistance_protein_N
Disease_resistance_protein_At4g27190
Putative_disease_resistance_ RPP13-like_protein_1
Putative_disease_resistance_ RPP13-like_protein_1
TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA3

TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA3
Putative_disease_resistance_protein_ RGA4
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54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

MDP0000211316
MDP0000214360
MDP0000232600
MDP0000275398
MDP0000715013
MDP0000131170
MDP0000315988
MDP0000315301
MDP0000311542
MDP0000308801
MDP0000901826
MDP0000301892
MDP0000182716
MDP0000267866
MDP0000284699
MDP0000173414
MDP0000164312
MDP0000307119
MDP0000146388
MDP0000312606
MDP0000215060
MDP0000376600
MDP0000573171
MDP0000738080
MDP0000811127
MDP0000284479
MDP0000302574
MDP0000825919

miR482a
miR482a
miR482a
miR482a
miR482a
miR482b
miR482b
miR482b
miR482b
miR482a/b
miR482b
miR482b
miR482b
miR482b
miR482b
miR482a
miR482b
miR482a
miR482b
miR482a
miR2118a/b/c
miR2118a/b/c
miR2118a/b/c
miR482a
miR482a
miR482a
miR482a
miR482a

O O O O O O OO O o o o o o

0
7.00E-10
5.35E-06
6.16E-06
2.75E-05
6.81E-05
0.000202
0.000202
0.000202
0.00044
0.000566
0.00057
0.000585
0.000585

Putative_disease_resistance_protein_RGA3

TMV _resistance_protein_N
Putative_disease_resistance_protein RGA4
Putative_disease_resistance_RPP13-like_protein_1
Putative_disease_resistance_protein_ RGA4
Disease_resistance_protein_ RGA2
Disease_resistance_protein_ RGA2
Putative_disease_resistance_protein_RGA1
Disease_resistance_protein_ RGA?2
Putative_disease_resistance_protein_RPP8-like_protein_1
Putative_disease_resistance_protein_ RGA1

TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA1
Disease_resistance_protein_ RGA2
Disease_resistance_protein. RGA2
Disease_resistance_protein_RPS5
Disease_resistance_protein_ RGA?2
Putative_disease_resistance_ RPP13-like_protein_1
Disease_resistance_protein_ RGA2
Putative_disease_resistance_protein_RGA3

TMV _resistance_protein_N

TMV _resistance_protein_N

TMV _resistance_protein_N
Putative_disease_resistance_protein_ RGA4
Disease_resistance_protein_ RPM1

TMV _resistance_protein_N
Putative_disease_resistance_protein RGA4
Putative_disease_resistance_protein_ RGA4
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82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

MDP0000220175 miR482a

MDP0000272830
MDP0000553601
MDP0000265485
MDP0000300921
MDP0000272762
MDP0000634037
MDP0000641906
MDP0000458200
MDP0000296941
MDP0000380952
MDP0000309287
MDP0000264960
MDP0000223201
MDP0000295375
MDP0000198228
MDP0000624125
MDP0000209861
MDP0000432746
MDP0000265756
MDP0000197733
MDP0000308635
MDP0000210751
MDP0000569556
MDP0000157208
MDP0000166759
MDP0000309588
MDP0000715969

0.000608 Putative_disease_resistance_protein_RGA3

O O O O O O O O O O OO OO O O O OO oo o oo o o o o

Putative_disease_resistance_protein_RGA3

TMV _resistance_protein_N
Probable_disease_resistance_RPP8-like_protein_2
Probable_disease_resistance_RPP8-like_protein_2
Putative_disease_resistance_protein RGA4

TMV _resistance_protein_N
Putative_disease_resistance_RPP13-like_protein_1
Putative_disease_resistance_protein_At1g59780
TMV _resistance_protein_N
Putative_disease_resistance_protein_At4g19050
Putative_disease_resistance_protein_ RGA4

TMV _resistance_protein_N
Disease_resistance_protein_ RGA2
Putative_disease_resistance_protein_ RGA3
Putative_disease_resistance_RPP13-like_protein_1
TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA3
Putative_disease_resistance_protein_At4g19050
TMV_resistance_protein_N
Probable_disease_resistance_RPP8-like_protein_2
Putative_disease_resistance_protein_RGA3
Putative_disease_resistance_protein_RGA1

TMV _resistance_protein_N
Putative_disease_resistance_RPP13-like_protein_1
Putative_disease_resistance_protein_RGA3
Disease_resistance_protein_ RGA2
Putative_disease_resistance_protein_At3g14460
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110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

MDP0000218445
MDP0000291677
MDP0000263446
MDP0000582553
MDP0000453695
MDP0000158933
MDP0000574827
MDP0000157531
MDP0000579550
MDP0000399716
MDP0000759303
MDP0000150893
MDP0000735861
MDP0000292984
MDP0000584095
MDP0000657897
MDP0000301983
MDP0000309192
MDP0000294102
MDP0000317557
MDP0000426020
MDP0000152934
MDP0000189702
MDP0000184060
MDP0000275483
MDP0000457846
MDP0000675339
MDP0000173694

O O O O O O O O O O OO OO O O O OO oo oo oo o o o o

Putative_disease_resistance_protein_RGA1
TMV _resistance_protein_N
Putative_disease_resistance_protein RGA4
Disease_resistance_protein_ RGA2
Putative_disease_resistance_protein_At4g19050
Disease_resistance_protein. RGA2
Putative_disease_resistance_protein_ RGA1
TMV_resistance_protein_N

TMV _resistance_protein_N

TMV _resistance_protein_N
Disease_resistance_protein_ RPM1
Putative_disease_resistance_protein_RGA3
TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA3
TMV _resistance_protein_N
Putative_disease_resistance_protein_At4g19050
Putative_disease_resistance_protein_RGA1
Putative_disease_resistance_protein_At1g50180
Disease_resistance_protein_ RGA2
Disease_resistance_protein_RPM1
Disease_resistance_protein_RPM1
Putative_disease_resistance_protein_ RGA1
Putative_disease_resistance_protein RGA4
TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA4
Putative_disease_resistance_ RPP13-like_protein_1
TMV _resistance_protein_N
TMV_resistance_protein_N
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138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

MDP0000207179
MDP0000306762
MDP0000290186
MDP0000662922
MDP0000578301
MDP0000126186
MDP0000205727
MDP0000280705
MDP0000601725
MDP0000241462
MDP0000135249
MDP0000142444
MDP0000273281
MDP0000725802
MDP0000125338
MDP0000198998
MDP0000240942
MDP0000310628
MDP0000178216
MDP0000195674
MDP0000260265
MDP0000279176
MDP0000305882
MDP0000591990
MDP0000294230
MDP0000708478
MDP0000172886
MDP0000286805

O O O O O O O O O O OO O O O O O OO oo o oo oo o o o

Putative_disease_resistance_protein_RGA3
TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA3
Disease_resistance_protein_RPM1
Disease_resistance_protein_At4g27190
Putative_disease_resistance_protein_RGA3
TMV _resistance_protein_N
Disease_resistance_protein_ RGA?2
Putative_disease_resistance_protein_ RGA4
Disease_resistance_protein_ RGA2
Putative_disease_resistance_protein_RGA3
Disease_resistance_protein_RPM1
Putative_disease_resistance_protein_ RGA4
Putative_disease_resistance_protein_RGA3

Probable_disease_resistance_protein_At5963020

Putative_disease_resistance_protein_RGA3
Putative_disease_resistance_protein_RGA3
Putative_disease_resistance_protein RGA4

Putative_disease_resistance_ RPP13-like_protein_1

Putative_disease_resistance_protein_RGA3

Putative_disease_resistance_RPP13-like_protein_1

TMV _resistance_protein_N
Disease_resistance_protein_ RPM1

Putative_disease_resistance_RPP13-like_protein_1
Putative_disease_resistance_RPP13-like_protein_1

Disease_resistance_protein_ RGA2
Disease_resistance_protein_ RGA2
TMV _resistance_protein_N
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166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

MDP0000693359
MDP0000816743
MDP0000169431
MDP0000202315
MDP0000247576
MDP0000317856
MDP0000127009
MDP0000151729
MDP0000171561
MDP0000227547
MDP0000455346
MDP0000242361
MDP0000311735
MDP0000314069
MDP0000442056
MDP0000231100
MDP0000288587
MDP0000410696
MDP0000636042
MDP0000252069
MDP0000284876
MDP0000573412
MDP0000159004
MDP0000166360
MDP0000206335
MDP0000268912
MDP0000294503
MDP0000468697

O O O O O O O O O O O O OO O O O OO oo oo oo o o o o

TMV _resistance_protein_N

TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA3
Disease_resistance_protein_RPM1
Disease_resistance_protein_ RGA?2

TMV _resistance_protein_N
Disease_resistance_protein_ RGA2
Putative_disease_resistance_protein_ RGA4
Putative_disease_resistance_protein_At3g14460
Disease_resistance_protein_ RPM1

TMV _resistance_protein_N
Disease_resistance_protein_RPM1
Disease_resistance_protein_RPM1
Putative_disease_resistance_protein_RGA3
Disease_resistance_protein_ RPM1
Putative_disease_resistance_protein_ RGA4
TMV _resistance_protein_N

TMV _resistance_protein_N
Putative_disease_resistance_protein_ RGA1
TMV _resistance_protein_N
Disease_resistance_protein_RPM1

TMV _resistance_protein_N
Disease_resistance_protein_ RPM1

TMV _resistance_protein_N
Putative_disease_resistance_protein_RGA3
Probable_disease_resistance_protein_At5963020
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Table 5-4 PHAS loci targeted by mdm-miR2118

Align- Target-site

miRNA PHAS loci > Strand Target-site sequence p-value
score position

mdm-miR2118a/b/c MDC013847.449:8650..11009 2 8703-8724 1 UGGGAUUUGGUGGCAUCGGUAA O
mdm-miR2118a/b/c  MDC017425.176:8127..9509 2 8165-8186 1 UGGGAUUUGGUGGCAUCGGUAA 0
mdm-miR2118a/b/c MDC007882.217:1853..3206 2 1861-1882 1 UGGGAUUUGGUGGCAUCGGUAA 0
mdm-miR2118a/b/c  MDC021042.366:7100..10015 2 9958-9979 -1 UGGGAUUUGGUGGCAUCGGUAA 0
mdm-miR2118a/b/c MDC005296.140:6219..6918 2 6715-6736 -1 UGGGAGUUAGUGGCAUCGGUAA O
mdm-miR2118a/b/c  MDC007579.331:5..901 3 841-862 -1 UAGGAUUUGGUGGCAUCGGUAA 0
mdm-miR2118a/b/c  MDC010300.238:13303..13649 2 13367-13388 1 UGGGAUUUGGUGGCAUCGGUAA 1.77E-06
mdm-miR2118a/b/c  MDC019637.224:17388..17815 2.5 17770-17791 -1 UGGGAGUUGGUGGCAUCGGUAA 3.22E-05
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Figure 4-1 Identification of PHAS PPR genes and the trigger miRNA in peach.

(A) Workflow of identifying PHAS genes/loci and miRNA trigger (reverse computation).
(B) p-value distribution of all putative PHAS genes in peach. The p-value threshold of
0.001 is indicated with a dotted line.

(C) Stem-loop structures of the miR7122 homologues in peach (ppe-miR7122a and b)
and apple (mdm-miR7122). Positions of miRNA and miRNA* sequences are marked in
red and green, respectively; position of bulge in each stem-loop structure is marked with

a light-blue circle.
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(D) Phasing score and read abundance distribution along a PHAS PPR gene in peach
flower and leaf tissues viewed together with PARE data in the Integrative Genomics
Viewer (IGV). Phasing score was calculated based on the mapping results of 21-nt
SRNAs (see METHODS). Paring of miR7122 and target site is denoted in the upper-right
corner with the cleavage site marked with a small red arrow; grey gridlines show the 21-
nt phasing pattern set up by the miR7122 cleavage site. The gene transcription direction
and miR7122 cleavage site confirmed by PARA data are denoted by a big arrow and a
red bar, respectively.
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Figure 4-2 TasiRNAs derived from miR7122-targeted PpTAS1/2 reinforce the
silencing effect of PPR genes in peach.

(A) Genomic configuration of PpTASL1/2, and their phasing score and read abundance
distribution in peach flower and fruit tissues viewed together with PARE data in IGV.
Phasing score was calculated based on the mapping results of 21-nt SRNAs (see
METHODS). Grey gridlines show the 21-nt phasing pattern set up by the miR7122
cleavage site. The gene transcription direction and miR7122 cleavage site confirmed by
PARA data are denoted by big arrows and red bars, respectively.

(B) Diagrams illustrating the pattern and position of secondary siRNAs (green squares for
22 nt and yellow for 21nt) potentially targeting PPR genes. The miR7122 cleavage site
(red bar) confirmed by PARE data set the phase for the phasiRNA production in both
PpTASL1 and PpTASL2. Generated siRNAs are numbered in order (D1, 2, 3, etc.) with
strand information indicated in parentheses ("'+" for plus strand and "-" for minus strand).
MiR7122-mRNA parings are denoted below with the cleavage site marked with a small

red arrow.
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Figure 4-3 Diverse miR7122-TASL-PPR-siRNA pathways identified.

Four categories of miR7122-TAS(L)-PPR-siRNA pathways identified in nine plants are
summarized. The dotted arc around the “PPR” represents the ability of processing
secondary siRNAs. The length of trigger SRNA is indicated near the arrows. Category I:
in peach and strawberry, PPR phasiRNA production was triggered by ppe-miR7122 and
fve-PPRtril/2, respectively, through direct targeting or the intermediation of TASL genes;
Category IlI: in Arabidopsis and citrus, PPR phasiRNA generation was triggered either by
miR173 and csi-miR7122, respectively, through the intermediation of TAS(L) genes, or
by directly targeting of other miRNAs; Category IllI: in apple, tobacco, and grape, PPR
SiRNA production was triggered by miR7122 solely through the intermediation of TASL
genes; Category 1V, in soybean and Medicago, PPR phasiRNA generation was triggered
by miR1509 through one or two layers of TASL-tasiRNA interactions or by direct

targeting of gma-miR1508 in soybean as well.
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Figure 4-4 miR7122-TASL-PPR-siRNA pathway identified in apple with distinct

features.

(A) Genomic configuration of MATASL1 and its phasing score and read abundance

distribution in apple flower and fruit tissues viewed in IGV. Phasing score was calculated
based on the mapping results of 21-nt SiRNAs (see METHODS). Position of two mdm-

mMiR7122 target sites are denoted in red (5' site) and grey (3 site) boxes; grey gridlines

show the 21-nt phasing pattern set up by the 5' cleavage site of mdm-miR7122.
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(B) A diagram illustrating the pattern of secondary siRNA biogenesis initiated by the 5'
target site. Parings of mdm-miR7122with target sites are denoted below with the
cleavage site marked by small red (5' site) and grey (3' site) arrows, respectively; two
repetitive regions (R1 and R2) and tasiRNAs that trigger PPR phasiRNA production are
individually labeled and indicated in boxes of different colors. Result of 5'-RLM-RACE
is included in parentheses right below the 5' target site; the numbers separated by the
backslash indicate the number of sequenced DNAs with 5'-end corresponding to the
mdm-miR7122 cleavage site (10" position) and the number of total sequenced DNAs.
(C) Double-stranded sequences of the two identical 83-bp regions (R1 and R2) with sites
in phase with the 5' cleavage site indicated with grey dotted lines and the two identical
tasiRNAs that trigger PPR phasiRNA production marked in pink or orange.

(D) Position and conservation logo of the amino acid sequence encoded by the sequence
targeted by the two trigger tasiRNAs. PPR repeat is denoted by orange boxes.

(E) Length distribution of mdm-miR7122-triggered, MdTASL1-derived phasiRNA
population.

(F) Categories of MATASL1-derived phasiRNAs and their function. SIRNAs are

classified according to their size and their ability to target PPRs.
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Figure 4-5 miRNA-TASL-PPR-siRNA pathway identified in strawberry and legume
plants.

(A) Stem-loop structures of strawberry miRNA triggers (fve-PPRtril and fve-PPRtri2) of
PPR phasiRNA production. miRNA and miRNA* are marked in red and green,
respectively, and bulges in stem-loop structures are indicated with a light-blue circle.
Sequence comparison of fve-PPRtril/2 is shown below.

(B) Hlustration of sequence co-targeted by fve-PPRtril and fve-PPRtri2. Numbers of
genes potentially targeted by fve-PPRtril/2 is illustrated in a doughnut chart below.

(C) A diagram illustrating the miR1509-TASL-PPR-siRNA pathway with one or two
layers of TASL-tasiRNA interaction in soybean and Medicago. TASL genes and pattern of
their phasiRNA biogenesis are individually denoted. The 22 nt tasiRNAs that are capable
of targeting or triggering phasiRNA production in TASL transcripts or PPRs are marked
in red. The potential direct cleavage of PPR transcripts by the 22 nt tasiRNA, GmTASL-
L1-D2(-), is denoted with dotted line. The dotted arc around the “PPR genes” represents

the ability of processing secondary siRNAs.
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Figure 4-6 miRNA triggers share a common origin and show sequence similarity to

many other miRNAs.

(A) Conservation profile of foldback sequences of eight MIRNA genes with miRNA and

miRNA* marked in red and green boxes, respectively. The sequence of the 61~94 bp

region is denoted as dots and full view of the alignment can be found in Supplemental

figure 4A online. Conservation degree of each nucleotide along MIRNA transcripts, as

calculated by frequency, is correspondingly represented by colors, with dark color

standing for a high level of conservation and light color for a low level.

(B) Pairwise alignment scores (percentage) for each MIRNA gene.

(C) Conservation profile of all the miR7122 homologues identified. Consensus sequence

and conservation logo are included below.

(D) Conservation profile of miR7122-related miRNAs. All the miRNA sequences were

retrieved from miRbase (version 19). Position of the core sequences is marked with a red

box.
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Figure 4-7 MIR7122s are potentially evolved from MIR390s via MIR4376s.
(A) Phylogenetic analysis of MIR7122-related MIRNA genes. Excerpted nucleotide
sequences encompassing the miRNA, miRNA* and five nucleotide flanking sequences of

them were aligned using CluastalW2 (see alignment in Supplemental file 1 online). The

bootstrap consensus tree was inferred using the Maximum Likelihood method and 1,000

bootstraps with bootstrap values (above 50) indicated near the nodes (see detailed steps in

METHODS). Each major group is denoted with distinct colors.

98



(B) Conservation extent of miR7122-related miRNAs and PPR-siRNA pathway in plants.
Boxes are highlighted if a miRNA or pathway was identified in at least one species for
each of the plant families listed. Plant taxonomy was designated according to the
Angiosperm Phylogeny Group classification 111 (APGII), as described by Cuperus et al
(2010). Em: Embryophyta; Tr: tracheophyta; Sp: spermatophyta. Grey squares indicate
that the existence of PPR-siRNA pathway cannot be determined due to the absence of
sequenced genome.

(C) A diagram illustrating the possible evolutionary history of MIR7122-related MIRNA
genes. Branch width represents the antiquity of the corresponding MIRNA gene family.

MY A: millions years ago.
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Figure 4-8 Model proposed for miRNA evolution via duplication and
neofunctionalization.

For a given MIRNA gene, many miRNA variants are typically processed apart from
the most abundant one, which we referred as mature miRNA (Stage 1). This mature
mMIiRNA “A” is the functional one able to cleave the target gene, and the variants are
normally of low-level abundance and nonfunctional (Stage I). Occasionally, for miRNAs
from the same superfamily (®), like super-miR7122 and super-miR4376, mutations
occurred in the target site make the original mature miRNA “A” unable to cleave its
target gene, but one of the variant “C” happens to complementarily pair with the target
gene and cleave it. Or for miRNAs from different superfamilies (@), the variant “C”
gains function to target another gene different from the authentic target gene of the
mature miRNA “A”. Conceivably, the functional variant switch (from “A” to “C” in @)
or the newly-gained function (@), conveying adaptive advantages, would give rise to the
preferential processing of the variant “C”, and the “A” becomes less abundant (Stage II).
After a long time, the variant “C” is evolved as the predominant mature miRNA, the
previous “A” is almost lost (Stage I11). During the long-time evolutionary process, more
frequent mutations happens in regions of MIRNA genes other than the miRNA/MiRNA*

duplex because of less selection pressure imposed on those regions. Point mutations in
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the foldback sequences, occurring as well in the miRNA/mMIRNA* region but at a much
lower frequency, cause the change of the stem-loop structure and subsequent splicing

shift, leading to the miRNA sequence shift.
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Figure 4-S1 siRNA distribution along PpTASL1/2, a peach PPR gene and MdTASL1
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(A/C) Dot plots and radar charts illustrating the siRNA production of PpTASL1/2 (A) and
MdTASL1 (C). Target sites of miR7122 are indicated by small black arrows. Radar chart
displays the abundance of reads corresponding to each of the 21 possible phasing
registers, with the 5' end of the miRNA trigger guided cleavage of the target site defined
as register 1. The total number of small RNAs mapping to that register is plotted as
relative distance from the center. The transcript direction is denoted by big arrows on the
upper-right corner.

(B) Phasing score distribution along a peach PHAS PPR gene (ppa027230m). Parings of
miRNA or tasiRNA and their target sites are denoted; grey gridlines show the 21-nt
phasing pattern set up by the cleavage site of the PpTASL1-D2(-). A diagram showing the
SiIRNA production pattern after the potential cleavage guided by the PpTASL1-D2(-) is
included below.
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Figure 4-S2 MIR7122-(TAS)-PPR-siRNA pathway is conserved in strawberry
Phasing score distribution along a PHAS PPR gene (A) and three TAS-like loci (B) in
strawberry. Pairings of fve-PPRtril or 2 and target sites are indicated correspondingly;

genomic configuration of three TAS-like loci is denoted on the right of panel B; grey
gridlines show the 21-nt phasing pattern set up by the cleavage site of fve-PPRtril or 2.
The transcript direction is denoted by big arrows on the left or right side.
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Figure 4-S3 Two layers of trans-acting interaction involved in the miR1509-TASL-
PPR-siRNA pathway in soybean and medicago.

Phasing score distribution along TASL-L1s, TASL-L2s and PPRs are viewed together
with PARE data in IGV. Parings of the trigger (miRNA or tasiRNA) and the target site
are denoted for each gene with cleavage site marked with a small red arrow; grey gridline
show the 21-nt phasing pattern set up by the cleavage site of the corresponding trigger.
Uncleaved target site of TASL-L1s are indicated in grey boxes. Diagrams showing the
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siRNA production pattern after the cleavage guided by trigger miRNAs or tasiRNAs are
included below; tasiRNAs serving as triggers of next-layer TASL or PPR genes are
highlighted in yellow. Red bars in the PARE data track indicates the values
corresponding to the cleavage site of trigger miRNAs or tasiRNAs. The transcript

direction is denoted by big arrows on the left or right side.
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Figure 4-S4 Alignment of MIRNA genes.

(A) Full view of multiple alignment of foldback sequences of eight MIRNA genes, with
miRNA and miRNA* marked in red and green boxes, respectively.

(B-E) Pairwise alignment of foldback sequences of MIRNA genes. Sequences of miRNA
and miRNA>* are highlighted in red or light-blue boxes, respectively; identical
nucleotides within the miRNA aligned region are marked in light-blue. Overall similarity

for each pair is included below each panel.
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MiRNA: MiRNA*:
TCAAGTGAGGTTCGGT AAAGGCCGAACCTCAC

Figure 4-S5. Stem-loop structure of miRC1 in citrus.
Stem-loop structure was produced by RNAfold. MiRNA and miRNA* are highlighted
with red and green lines, respectively, with their corresponding sequences denoted beside.
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Figure 4-S6 Phylogenetic analysis of PHAS PPR genes and distribution of target
sites of mMiIRNAs or tasiRNAs along PPR repeats.

(A) Phylogenetic analysis of PHAS PPR genes identified in various plants. Multiple
alignment of PPR genes was performed with Clustalw2 with similar settings with
alignment results shown in Aupplemental file 2. Phylogenetic tree analysis for PPR genes
was conducted using the neighbor-joining method by MEGAS. The bootstrap consensus
tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa

analyzed. Branches corresponding to partitions reproduced in less than 50% bootstrap

109



replicates are collapsed. The evolutionary distances were computed using the Poisson
correction method and are in the units of the number of amino acid substitutions per site.
The analysis involved 91 amino acid sequences. All positions with less than 50% site
coverage were eliminated. There were a total of 560 positions in the final dataset.

(B) Distribution of target sites of miRNAs or tasiRNAs along PPR repeats. Target sites

of miRNAs or tasiRNAs are marked in yellow.
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Figure 4-S7 Stem-loop structures of newly identified miRNA homologues of the
mMiR4376 superfamily.

Structures were predicted using Mfold. MiRNA names were assigned according to the
most similar miRNA hit retrieved by blasting the new miRNA sequence against miRbase
(version 19). Mature miRNAs are highlighted in pink.
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Figure 4-S8 Stem-loop structures of MIR7122s identified.
Stem-loop structures were produced by RNAfold. Mature miRNAs are marked with

red lines; position of bulges in MiIRNA/mMIRNA* duplex is indicated with light-blue

arrows.
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Figure 5-1 miR482/2118 in apple and peach

(A) miRNA alignment of the miR482/2118 superfamily in apple. Nucleotide
conservation in each position is denoted with various colors with dark color
corresponding to a high level conservation and light color to a low level. Consensus
sequence and conservation logo are included below.

(B) miRNA alignment of the miR482/2118 superfamily in peach. Six miR482/2118
members clustered in the same scaffold are marked in the red box.

(C) Stem-loop structure of six miR482/2118 members. miRNA and miRNA* position are
highlighted in red and green, respectively. The distances between two close miRNAs are

indicated.

118



THE END

119



	Abstract
	Acknowledgement
	Dedication
	Table of Contents
	List of Tables
	List of Figures
	Chapter 1 General introduction
	1.1 Small RNAs
	1.2 Core components of RNA silencing pathways in plants
	1.2.1 RNA-dependent RNA polymerase proteins (RDR)
	1.2.2 Dicer-like ribonucleases  (DCL)
	1.2.3 dsRNA binding proteins (DRB),
	1.2.4 Small RNA methyltransferase
	1.2.5 Argonaute proteins (AGO)

	1.3 Biogenesis and function of small RNAs in plants
	1.3.1 microRNAs
	1.3.2 Small interfering RNAs
	1.3.3 Trans-acting siRNAs
	1.3.4 Other types of sRNAs

	1.4 High-throughput next generation sequencing technology
	1.5 References

	Chapter 2  Apple miRNAs and tasiRNAs with novel regulatory networks
	Chapter 3  Unique expression, processing regulation, and regulatory network of peach (Prunus persica) miRNAs
	Chapter 4 MicroRNA superfamilies descended from miR390 and their roles in secondary siRNA biogenesis
	4.1 Introduction
	4.2 Results
	4.2.1 PHAS gene identification with reverse computation
	4.2.2 miR7122 as a trigger for phasiRNA production in both PPRs and TAS-like loci in peach
	4.2.3 Apple miR7122 triggers the phasiRNA production of PPR genes only through tasiRNAs with a two-hit 222 mode
	4.2.4 The MiRNA-TAS-PPR-siRNA pathway is more robust in strawberry
	4.2.5 Legume plants evolved a similar miRNA-TAS-PPR-siRNA pathway with distinct mechanistic modes.
	4.2.6 miRNA triggers share a common origin and the miRNA-TAS-PPR-siRNA pathway is conserved in many other species.
	4.2.7 miR7122 shares, to various degree, sequence identity with many other miRNAs
	4.2.8 Potential evolution of MIR7122s from MIR390s via MIR4376s
	4.2.9 miR7122 and theTAS-PPR-siRNA pathway emerged only in eudicot plants

	4.3 Discussion
	4.3.1 22-nt sRNAs trigger secondary siRNA production
	4.3.2 miR7122-mediated regulation of PPR genes is ubiquitous but mechanistically complex in eudicots
	4.3.3 Evolution of the MIR7122 superfamily from the widely conserved MIR390 via the MIR4376 superfamily is driven by target variation
	4.3.4 Possible function of the miR7122-TAS-PPR-siRNA pathway in plants

	4.4 Materials
	4.4.1 Plant material and RNA isolation for strawberry
	4.4.2 Bioinformatic analysis
	4.4.3 Computational calculation of p-value and phasing score
	4.4.4 Deep sequencing data and reference sequence files
	4.4.5 Phylogenetic analysis
	4.4.6 5'-RLM-RACE

	4.5 References

	Chapter 5 Network of miR482/2118 regulating PHAS NB-LRR defense genes in apple and peach
	5.1 Introduction
	5.2 Results
	5.2.1 miR482/2118 homologs in apple and peach
	5.2.2 PHAS NB-LRR genes in apple and peach
	5.2.3 Neofunctionalization of mdm-miR2118 and ppe-miR2118b

	5.4 Discussion
	5.5 References

	Appendix I Tables
	Appendix II Figures

