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Abstract

MicroRNAs (miRNAs) play roles in various biological processes in plants including growth, de-
velopment, and disease resistance. Previous studies revealed that some plant miRNAs produce
secondary small interfering RNAs (siRNAs) such as phased, secondary siRNAs (phasiRNAs),
and they regulate a cascade of gene expression. We performed a genome-wide comparative
analysis of miRNAs in Solanaceous species (pepper, tomato, and potato), from an evolutionary
perspective. Microsynteny of miRNAs was analysed based on the genomic loci and their flank-
ing genes and most of the well-conserved mMiRNA genes maintained microsynteny in
Solanaceae. We identified target genes of the miRNAs via degradome analysis and found that
several miRNAs target many genes encoding nucleotide-binding leucine-rich repeat (NLR) or
receptor-like proteins (RLPs), which are known to be major players in defense responses. In ad-
dition, disease-resistance-associated miRNAs trigger phasiRNA production in pepper, indicating
amplification of the regulation of disease-resistance gene families. Among these, miR-n033a-3p,
whose target NLRs have been duplicated in pepper, targets more NLRs belonging to specific
subgroup in pepper than those in potato. miRNAs targeting resistance genes might have
evolved to regulate numerous targets in Solanaceae, following expansion of target resistance
genes. This study provides an insight into evolutionary relationship between miRNAs and their
target defense genes in plants.
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1. Introduction

Small RNA-mediated gene silencing is a gene regulatory system that
is conserved in eukaryotes.! Small RNAs are typically 20~24 nucleo-
tides in length and play important roles in diverse biological pro-
cesses, such as growth, development, hormone synthesis, and
response to biotic/abiotic stresses.”™* MicroRNAs (miRNAs) are a
class of small RNAs that act as gene regulators in plants and animals.
In plants, miRNAs are generally 21 nucleotides in length and
generated from hairpin-structured RNA precursors, processed by
Dicer-like proteins (DCL). These miRNAs associate with Argonaute
proteins to form the RNA-induced silencing complex (RISC) and
repress target genes via cleavage, which requires near-perfect base-
pairing with targets."

The cleavage of transcripts by miRNAs, which are either 227 or
21 nucleotides in length and contain one” or two target sites,® can
trigger the production of a secondary small RNA cluster. Secondary
small interfering RNAs (siRNAs) are derived from the cleaved tran-
scripts, converted into dsSRNA by suppressor of gene silencing 3 and
RNA-dependent RNA polymerase 6, and processed by DCL4/5 in a
phased manner.”'® Given the nature of their biogenesis, these
siRNAs are called phased, secondary siRNA (phasiRNA). PhasiRNA
is generally 21 nucleotides in length, and some phasiRNAs are incor-
porated into the RISC in the same manner as miRNA, leading to si-
lencing of the target mRNA in cis or trans.”'" Numerous plants, such
as rice,'> Arabidopsis,® alfalfa, and soybean,'! have tens to hundreds
of phasiRNA-producing loci (PHAS loci) in their genome. PHAS loci
could be protein-coding, or non-coding genes like the #rans-acting
siRNA-generating loci (TAS).'®!3 A well-studied example of the TAS
mechanism is the miR390-TAS3-ARF pathway, which is widely con-
served in land plants.'* In this pathway, miR390 triggers the produc-
tion of phasiRNAs from TAS3 transcripts, and these phasiRNAs
regulate auxin response factor (ARF) genes in trans.

Various studies have reported that plant miRNAs and phasiRNAs

regulate the expression of a range of gene families,” >

including
those related to disease resistance. In plants, there are two layers of
defense mechanisms. First, pattern recognition receptors (PRRs)
recognize specific patterns called pathogen-associated molecular pat-
terns (PAMPs) in pathogens, and induce defense responses (PAMP-
triggered immunity, PTI). Second, the pathogens overcoming PTI
secrete effectors, which are recognized by resistance proteins (R pro-
teins) that induce a subsequent downstream defense response such as
rapid and localized cell death (effector-triggered immunity, ETI)."
Previous studies reported that miRNAs such as those belonging to
the miR482/2118 superfamily, miR6019, miR6024, and miR6027
regulate genes encoding nucleotide-binding leucine-rich repeat
(NLR) proteins, which belong to a major gene family of R pro-
teins.!>182%21 Fyrthermore, NLR gene family is one of the represen-
tative PHAS genes in a broad range of plant families, including
Solanaceae, whose trigger is the miR482/2118 superfamily, 1182021

Recently, several studies investigated the evolution of miRNAs
across plant lineages via comparative analysis.”>*> These studies
revealed that the evolution and divergence of miRNAs are closely asso-
ciated with genome duplication and evolution of their target genes.
Especially, disease-resistance-related miRNAs, such as miR482 super-
family, were studied well in the aspect of co-evolution with target
NLRs."#2*%5 Origination of disease-resistance-associated miRNAs is
considered to result from tandem duplication of NLRs and these
miRNAs have co-evolved with their target NLRs.'® Each plant species
experienced divergent evolution of NLRs, therefore, the pool of disease-

resistance-associated miRNAs is distinctive in each plant species. %>

Solanaceae includes many crops that are widely grown in the
world, such as tomato (Solanum lycopersicum), potato (Solanum
tuberosum), and pepper (Capsicum annuum). Among them, pepper
is one of the economically important crops, widely used in food and
medicine. Previously, we identified miRNAs and some of their targets
through high-throughput sequencing in pepper.’> Another study
identified that pepper miRNAs regulate transcription factors, which
may play an important role in plant development, via a trans-omics
approach.?® In addition, there is a study covering the evolutionary
relationship of miR482/2118 superfamily and resistance genes in
Solanaceae.** However, there is no in-depth study that unravels the
detailed functions and evolutionary history of pepper miRNAs.

Here, to investigate functions of the pepper miRNAs, we con-
ducted comparative analyses of miRNAs and their targets in pepper,
tomato, and potato using degradome analysis. Interestingly, we
found that previously identified,"> but not characterized miRNAs
(miR-n026 and miR-n033) targeted genes involved in plant defense
systems, in addition to several known miRNAs (e.g. miR482).
Moreover, these miRNAs were identified as a trigger of phasiRNA
biogenesis. Among them, the can-miR-n033 family targets many
NLR genes and most of them belong to the subgroup that was highly
duplicated in pepper. Performing a comparative analysis based on
the estimated divergence times [Capsicum and Solanum: diverged 19
million years ago (mya); potato and tomato: diverged 8 myal,*” we
inferred that the miR-n033 family existed in a common ancestor to
pepper, tomato, and potato, and the miR-n033a acquired new tar-
gets in pepper, a result of NLR gene expansion in this species. This
study could advance our understanding of the evolutionary relation-
ship between miRNA and target genes, and target gene regulation by
miRNAs and phasiRNAs in plant immunity.

2. Materials and methods

2.1. Exploration of miRNAs in pepper, tomato, and
potato

Precursor and mature miRNA sequences from pepper (Capsicum ann-
uum L.), tomato (Solanum lycopersicum L.), and potato (Solanum
tuberosum L.) were identified from previous studies and online data-
base (Supplementary Tables S1 and $2).'%172%31 In addition, we
identified additional miRNAs with their precursor using small RNA-
Seq data and almost the same pipeline from our previous study.'® We
excluded the expression cut-off (raw reads > 1000) from the previous
pipeline to identify additional miRNAs in pepper.'® Some miRNAs
with different ID, but having identical sequences among pepper, to-
mato, and potato were integrated into same ID. Genome sequences
and gff files of pepper (v.1.55; http://peppergenome.snu.ac.kr/ (20
April 2018, date last accessed)), tomato (ITAG v.2.3; https://solgenom
ics.net/ (20 April 2018, date last accessed)), and potato (JGI v.4.03;
https://genome.jgi.doe.gov/ (20 April 2018, date last accessed)) were
used to locate miRNA loci. Visualization of chromosome location
was implemented using in-house Perl scripts. Genomic synteny of
miRNAs among Solanaceae was analysed by modified microsynteny-
based method.>* In brief, miRNAs between those in pepper and those
in tomato or potato were searched for the synteny test using BLASTN
(e-value < 1e-05). Five upstream and five downstream flanking pro-
teins of each miRNA gene were retrieved. Synteny of the flanking pro-
teins was analysed by MCScanX with BLAST e-value cut-off < Tle-
10.>* Microsynteny was defined as at least 2 out of 10 flanking pro-
teins of a miRNA pair having synteny with that of tomato or potato.
Chromosome rearrangement was not considered.
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2.2. Degradome sequencing analysis

To identify targets of miRNAs experimentally, pepper (C. annuum
CM334), tomato (S. lycopersicum Heinz), and potato (S. tuberosum
Phureja) were grown under standard conditions (27°C/19°C; 16 h
light/8 h dark). Various tissues (leaves, roots, stems, green fruits, red
fruits, tubers) were sampled and used for the degradome library. The
degradome libraries were constructed and sequenced using an
Ilumina HiSeq2000.>* From the raw sequencing data, adaptors
were removed, and qualified reads that were 15-26 nucleotides in
length were obtained. Among these, structural RNAs such as
rRNAs, tRNAs, snRNAs, and snoRNAs were removed using
BLASTN with default option against Rfam (http:/rfam.xfam.org/
(20 April 2018, date last accessed)).>® Subsequently, repeats and
transposons were also removed using the repeat database.*® Because
UTR sequences have not been identified in pepper, transcripts were
defined to coding sequence (CDS) and *1kb flanking sequences.
Analysis of signal to noise was conducted using the CleaveLand4
pipeline.®” The cut-off for significant targets was a p-value < 0.05 or
a score < 4. Significant targets were categorized into five classes
according to CleaveLand. Target genes were annotated by a
BLASTX search against the NR database and InterPro domains of
target genes were analysed using Blast2go.>®

2.3. Northern blot analysis

Total RNA was extracted from leaf of pepper, tomato, potato and
Nicotiana benthamiana using TRI Reagent (Ambion). A total amount
of 20 ug of RNA from leaves of each species was individually sepa-
rated in a 15% UREA polyacrylamide gel, electrophoretically trans-
ferred to Hybond-NX membrane (GE Healthcare), and was chemical
cross-linked via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC).*? For labelling reaction of probes, 2 ul of 10 uM oligo, 2 ul of
10X T4 PNK buffer (Takara), 2.5 pl of [y->*P] ATP, >7000 Ci/mmole
(~150 pCi/pl), 12.5 pl of dH,0, and 1 ul of T4 polynucleotide kinase
(Takara) were added to a 20 pl reaction for 1h at 37°C. The labelled
probes were further purified from unincorporated labels with
PERFORMA Spin Columns (Edge Bio) according to the manufac-
turers’ instruction. Probe sequences used for northern blot analysis
were sequences of the mature miRNAs in pepper (Supplementary
Table S1). Hybridization and washing procedures were performed es-
sentially as described.*® The membranes were exposed to a phosphor-
imager, and signals were analysed using BAS-2500 (Fuji).

2.4. PhasiRNA analysis

The phasiRNA prediction pipeline was written in Python language.
Same small RNA-Seq data, which were exploited to identify addi-
tional miRNAs in pepper, were used in phasiRNA analysis.!> Small
RNA reads were processed to trim adapters, and low-quality reads
were filtered and collapsed using the FASTX toolkit (http://hannon
lab.cshl.edu/fastx_toolkit/ (20 April 2018, date last accessed)).
Processed reads were aligned to the genomes of pepper, tomato, and
potato using Bowtie-1.1.2*' (-v 0 -a) and normalized by genome-
mapped counts (hit normalize) to prevent overestimating reads that
were mapped more than one time to the genome. The criteria to filter
the mapped reads were as below. (1) Small RNA reads with abun-
dance less than three were excluded because of computing difficulty.
(2) The reads that were mapped to the genome more than 25 times
were filtered. After filtering small RNA reads, a P-value was calcu-
lated to identify putative PHAS in the genome, filtering with P-value
< 0.001, and phasing score was calculated in the expanded PHAS
genes (—500 and +1000 bp) as the modified algorithm.** The filtered

PHAS genes, which had phasing scores of 15 or above, were
regarded as PHAS genes. PHAS genes were characterized using gene
annotation data (v.1.55; https://solgenomics.net/ (20 April 2018,
date last accessed)). Furthermore, if they were not associated with
non-coding RNAs such as rRNA, tRNA, and snRNA from the Rfam
database,® SILVA (https://'www.arb-silva.de/ (20 April 2018, date
last accessed)),*® plantRNA database (http://plantrna.ibmp.cnrs.fr/
plantrna/ (20 April 2018, date last accessed)),** and the genome
database of each species (https://solgenomics.net/ (20 April 2018,
date last accessed)), they were selected for further analysis. PHAS
genes were identified with respect to whether miRNAs trigger the
production of phasiRNA by degradome analysis via CleaveLand4.*”
To predict the target sites of the phasiRNAs, phasiRNAs from the
PHAS regions were analysed using CleaveLand4 as the input.’”
Phased loci were visualized using the Integrative Genomics Viewer
(IGV).»

2.5. Bioinformatic analysis for miR-n026 and miR-n033,
and motif analysis targeted by miRNAs

Genome sequences and gff files of pepper, tomato, and potato were
used for location of miRNAs. Syntenic relationships between pepper,
tomato, and potato genes that flank miRNA sequences were con-
firmed by MCScanX (BLASTP e-value < le-10).*> To examine
whether miR-n026 and miR-n033 exist in Solanaceous species, an
analysis was conducted using BLASTN with default option against
their genome. We referred to evolutionary distances between
Solanaceous species from other studies.*®*” The hairpin structures of
miR-n026 and miR-n033 were predicted using the RNAfold web
server.*® Transposable elements were found as described in a previ-
ous study.*” Subgroups of target NLRs in pepper, tomato, and po-
tato were classified according to a previous study.’® The sequences
targeted by each miRNA were translated considering the frame and
aligned using Clustal Omega.’! The aligned sequences were used to
create consensus sequences using WebLogo (http://weblogo.threeplu
sone.com/ (20 April 2018, date last accessed)).”* Target prediction of
miR-n026 and miR-n033 was conducted using psRNAtarget (score
< 3.5; http://plantgrn.noble.org/psRNATarget/ (20 April 2018, date
last accessed)).>® The phylogenetic tree of NLRs was from our previ-

ous study.*’

3. Results

3.1. Solanaceae miRNA genes are unevenly distributed
with clusters on chromosomes

To perform comprehensive analysis of miRNAs in Solanaceae, the
genomic locations of miRNA genes were investigated. Because pre-
existing studies identified miRNAs in pepper, tomato, and potato,
we used the sequences of miRNAs and their precursors from the lit-
15:17.28-31 1y the case of pepper, we identified
additional miRNAs based on data from our previous study because
we had applied strict criteria to identify novel miRNAs, which could
cause false negative.!> We collected 145, 123, and 275 mature
miRNAs, including those from guide and passenger strand, from the

erature and databases.

223, 93, and 393 miRNA genes in pepper, tomato, and potato, re-
spectively (Supplementary Tables S1 and S2). We defined species-
specific miRNAs as the miRNAs, whose mature and precursor
sequences are not overlapped with those of other species in this study
and in miRBase using BLASTN with default option (Supplementary
Table S3). These genes were classified into 93, 58, and 126 families,
respectively, and only 28 conserved families were shared among the
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three plants, suggesting the rapid divergence of miRNA genes after
divergence of the lineages (Supplementary Fig. S1). Although the
number of conserved miRNA families is lower than that of species-
specific miRNA families (Supplementary Fig. S1), the number of
conserved miRNA genes comprises more than half of the total
miRNA genes, indicating that there are more members in each con-
served miRNA family than in each species-specific miRNA family
(Supplementary Table S3).

We explored the genomic location of miRNAs in three
Solanaceous species, and the 198, 93, and 388 miRNA genes out of
223,93, and 393 miRNA genes were mapped onto the chromosomes
of pepper, tomato, and potato, respectively (Fig. 1, Supplementary
Fig. S2, and Table S4). The number of mapped miRNA genes is dis-
cordant with the number of miRNA genes because some scaffolds
which have miRNA genes were not mapped onto the chromosomes.
The genes were not evenly distributed on the 12 chromosomes. We
found some clusters of well-conserved miRNA genes in pepper, to-
mato, and potato. For example, nine miRNA genes producing can-
miR169a-g were located on chromosome 7 within 1.9 Mb of each
other (Fig. 1). Tomato and potato have similar clusters of miR169
on chromosome 7, although the numbers of miRNAs were different
(Supplementary Fig. S2). Therefore, duplication of miR169 on chro-
mosome 7 might have occurred before the divergence of the lineages
leading to pepper, tomato, and potato. To perform in-depth analysis,
we conducted microsynteny analysis on the miRNA genes and their
flanking protein-coding sequences, focusing on pepper. Among 126
conserved mapped miRNA genes in pepper, 77 miRNA genes have
at least 2 out of 10 flanking proteins showing synteny with that of to-
mato or potato, and 51 miRNA genes have more than five flanking
proteins with synteny. These results indicate that synteny of many
conserved miRNAs in pepper (Capsicum spp.) is stably maintained
after the divergence of the lineages to tomato/potato (Solanum spp.;
Fig. 1). However, some of the conserved miRNAs do not show syn-
teny in all three species, indicating the evolution of those miRNAs af-
ter the divergence of the lineages. For example, can-miR482f and
can-miR482d are closely located within a 73 kb region on chromo-
some 4 (Fig. 1), but only miRNA gene sequence of can-miR482f was
similar to those in tomato and potato. Meanwhile, we found some
clusters that consist of various miRNAs from different miRNA fami-
lies. For example, there is a clustered region that contains four
miRNA genes (miR-n033a, miR-n102, miR-n033b, and miR6027)
on chromosome 10 (Fig. 1). Additionally, there are five miRNA
genes (miR-n026, miR-n073, miR6023, miR-n036, and miR-n045)
in the clustered region of chromosome 12, but their precursor
sequences are not related, and therefore they might have evolved in-
dependently. Together, these findings indicate that miRNA genes
have undergone dynamic evolution in pepper.

3.2. Degradome analysis revealed that miRNAs are
involved in disease-resistance in Solanaceae

To identify targets of miRNAs on a genome-wide level, miRNA-
cleaved target libraries from pooled tissues (leaves, roots, stems,
green fruits, red fruits, and tubers) of pepper, tomato, and potato
were generated (see Materials and methods section). Sequencing of
Parallel Analysis of RNA Ends (PARE) libraries, also known as
degradome libraries, identifies the remnants of small RNA-directed
target cleavage globally by sequencing the 5> ends of uncapped
RNAs.**% A total of 251,689,162 sequencing reads in pepper,
226,553,118 in tomato, and 371,124,547 in potato were obtained
from degradome sequencing (Supplementary Table SS5). After

removing low-quality or structural RNA reads, 151,815,030,
103,905,693, and 269,954,139 final reads were used for processing
and 55.3%, 61.63%, and 73.96% of the reads were mapped to
the transcripts of pepper, tomato, and potato, respectively
(Supplementary Table S5). The target genes were identified using the
CleaveLand4 pipeline.®”

A total of 436, 352, and 169 pairs of miRNAs/target genes were
identified in pepper, tomato, and potato, respectively. Among these,
99, 72, and 70 miRNAs targeted at least one gene, according to a
pre-set standard (e-value < 0.05 or score < 4), respectively (Fig. 2A
and Supplementary Table S6). Regarding target genes, 390, 319, and
163 genes were targeted by miRNAs from pepper, tomato, and po-
tato, respectively (Supplementary Table S6). In the case of potato,
the total degradome reads are high, but the results might have been
underestimated because of the low number of unique reads
(Supplementary Table S5). In summary, we found consistent results
among targets of conserved miRNAs with the previous study. We
confirmed that can-miR396b, can-miR396¢, and sly-miR39b
targeted domain-rearranged methyltransferase (DRM) gene as vali-
dated previously (Supplementary Table $6).° To explore the targets
of miRNAs, we analysed the domains of the target genes (Fig. 2B).
We found that a large number of the target genes have the leucine-
rich repeat (LRR) and nucleotide-binding (NB) domains shared by
APAF-1, R genes, and CED-4 (NB-ARC) in Solanaceae. In particu-
lar, pepper had 115 target genes containing the LRR domain; this
number is much higher than that in tomato or potato (Fig. 2B). The
majority of these NLRs in pepper, tomato, and potato were regu-
lated by conserved miRNAs (miR482 family, miR6024, and
miR6027; Supplementary Table S6). Among these, miR6024 and
miR6027 were only identified in some Solanaceous species”® but
miR482 family exists in many plants'®. Although miR6024 and
miR6027 are relatively young miRNAs compared with miR482,
they also regulate many NLRs in the three species. The second most
abundant domain was transcription factors. Specifically, the majority
of conserved miRNA targets included transcription factors such as
Teosinte Branched 1, Cycloidea, and PCF (TCP), ARF, and MYB.

We analysed the target genes of species-specific miRNAs in detail
(Table 1). In results, we found that many pepper-specific miRNAs
had no identified target genes based on degradome analysis. These
results are consistent with previous findings that miRNAs have
evolved neutrally, so most young miRNAs, which are species-
specific, do not have target genes or functions.”®*” On the other
hand, some of pepper-specific miRNAs target multiple genes, encod-
ing NLRs, receptor-like proteins (RLPs), accelerated cell death pro-
teins, and F-box proteins. These genes are mostly involved in plant
defense mechanisms.’®*” For example, both can-miR-n002a-c and
can-miR-n005a-5p target three F-box proteins (Supplementary Table
S6). Especially, can-miR-n033a and can-miR-n026 targeted 31
NLRs and 17 RLPs, respectively. In general, only miRNAs which are
well-conserved throughout various plant species, such as miR482,
have a number of target genes.’” In contrast, most of young miRNAs
are weakly expressed and have few target genes.'*>”°%¢! However,
miR-n026 and miR-n033 were observed to target a number of genes
despite their short evolutionary history, indicating their potential
role in plant defense. In addition, we found that representative exam-
ples of cleaving disease-resistance genes by both conserved miRNAs
(miR482, miR6024, and miR6027) and pepper-specific miRNAs
(miR-n033a and miR-n026) seems evident in degradome analysis
(Supplementary Fig. S3). It supported our hypothesis about the sig-
nificance of pepper-specific miRNAs in regulation of pepper disease-
resistance.
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Figure 1. Genome-wide distribution of miRNA genes in pepper. Black boxes indicate 12 pseudomolecules of pepper. miRNA genes in black and red indicate the
location of conserved and pepper-specific miRNA families, respectively. Yellow and green boxes next to miRNAs indicate the miRNA genes and their flanking
protein-coding sequences have microsynteny with those of tomato and potato, respectively.
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Figure 2. Degradome analysis in Solanaceous species. (A) The numbers of miRNAs targeting at least one gene in pepper (Capsicum annuum), tomato
(Solanum lycopersicum), and potato (Solanum tuberosum) were indicated in the parenthesis. (B) The top 10 domains of degradome target genes were identi-
fied by InterproScan. X and Y axis indicate the number of genes having certain domains and the description of the domain, respectively. NB-ARC: nucleotide-
binding domain shared by APAF-1, resistance genes, and CED-4; TCP: teosinte branched1, cycloidea.

Table 1. Degradome targets by pepper-specific miRNAs in pepper
(Capsicum annuum)

Table 2. Genes producing phasiRNA cluster by miRNAs in pepper
(Capsicum annuum)

miRNA Target description No. of
targets
miR-n002a-c F-box/kelch-repeat protein 3
miR-n003a-c-3p ACCELERATED CELL DEATH 6-like 6
miR-n005a-5p F-box protein CPR30-like 3
miR-n010 Receptor-like protein 12-like 2
miR-n016a-b Leucine-rich repeat receptor kinase 2
miR-n022a-c ATP-citrate synthase beta chain 2 2
F-box PP2-B10-like 2
miR-n026 Receptor-like protein 12-like 17
Acetylajmalan esterase-like 4
miR-n033a Disease-resistance protein, late blight 31
resistance homolog®
miR-n033b Disease-resistance protein, late blight 4
resistance homolog®
miR-n056 Disease-resistance RPP13 2

and P are different from each other.

3.3. Small RNA clusters and phasiRNAs are also
associated with disease-resistance in pepper

Recent studies reported that some miRNAs can produce secondary
small RNAs, such as phasiRNA, to regulate a more extensive set of
transcripts.''"*'"*? Exploiting small RNA libraries from the previ-
ous study,’® we performed genome-wide analysis in pepper to iden-
tify putative PHAS loci using modified computational algorithms
with a stringent threshold, P-value < 0.001.**%* As a result, we

found 31 protein-coding PHAS loci (Table 2). Several gene families

miRNA trigger Genes producing phasiRNA cluster No. of genes

miR482 Disease-resistance protein, NB-LRR* 14
miR6027 Disease-resistance protein, NB-LRR" 2
miR-n026 LRR receptor-like protein 8
miR-n033 NB-LRR 4
miR169 Nuclear transcription factor Y subunit A 1
(NF-YA)

miR171 GRAS family transcription factor 1
miR393 Transport inhibitor response 1-like

and © are different from each other.

were identified as putative PHAS loci, such as NLR, RLP, nuclear
transcription factor Y, and transport inhibitor response 1-like
(TIR1-like) protein. Most of these protein-coding PHAS genes have

. - 11,42,63
been reported in other plant species,” "~

indicating a conserved
mechanism of phasiRNA biogenesis in various plants. However,
another well-conserved phasiRNA gene, TAS, was not identified in
our results. Interestingly, most PHAS loci are associated with dis-
ease resistance. These include 20 NLRs, 8 RLPs, and 1 TIR1-like
protein, which are believed to be involved in ETI and PTI in
plants.*®

We identified triggers of phasiRNA biogenesis with degradome
analysis using CleaveLand4®” (Table 2). Most miRNA triggers of
phasiRNA biogenesis in pepper were 22 nucleotides in length, with the
exception of can-miR169a-g and can-miR171i, which were 20 and 21
nucleotides in length respectively, consistent with previous studies
(Supplementary Table $1).%'*? Members of the miR482 family are
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Figure 3. can-miR-n026 induces phasiRNA biogenesis by cleaving RLP. (A) Mapping results of small RNA and degradome reads normalized by mapping count
to the genome and phasing score data were viewed using IGV. Red arrow indicates the cleavage site by can-miR-n026. Examples of (B) cis-acting phasiRNAs
and (C) trans-acting phasiRNAs. Red triangles indicate the cleavage sites by small RNAs. In degradome reads panel, pale red colour indicates reads mapped to
Watson strand and blue colour indicates those mapped to Crick strand in the genome.

known as phasiRNA triggers, suggesting amplification of NLR regula-
tion to extensively control disease resistance.''*! miR6027 also
represses NLRs, as in the case of miR482, and also plays a role
in phasiRNA biogenesis.”®** We determined that miR482 and
miR6027 initiated phasiRNA biogenesis by cleaving NLRs in pepper
(Supplementary Figs S4 and S5). One of the target genes of can-
miR482c¢ is coiled-coil NLR (CNL, CA05g06820), and a detailed map-
ping profile of small RNA and degradome reads demonstrated that the
can-miR482c cleavage site in CA05g06820 corresponds to the 21-nucle-
otide phasing window (Supplementary Fig. S4A). Likewise, other var-
iants of the miR482 family (can-miR482b, d, and f) were also identified
as phasiRNA triggers (Supplementary Table S7). can-miR6027-3p tar-
gets another CNL (CA04g14510) and induces phasiRNA biogenesis
(Supplementary Fig. S5A). However, another miRNA-targeting NLR,
miR6024, was not identified as a phasiRNA trigger in pepper. Previous
studies revealed that miR6024 acts as a trigger of phasiRNA biogenesis,

by targeting the 12 gene in tomato and Rx1 gene in potato.”®®® The
length of miR6024 is 22 nucleotides in tomato and potato, but 21
nucleotides in pepper (Supplementary Table S1). Because phasiRNA
triggers are typically 22 nucleotides in length,” can-miR6024-derived
phasiRNA biogenesis might not occur in pepper. can-miR393a-b is an-
other conserved miRNA that regulates TIRI-like genes and has been
reported as a phasiRNA trigger in soybean, where it is closely linked
with the basal defense response.®® It was also identified as a phasiRNA
trigger in pepper (Supplementary Table S7); it is therefore likely to be
associated with the basal defense response in pepper. We found
that pepper-specific miRNAs also induce phasiRNA biogenesis. can-
miR-n033 cleaves four NLRs and produces phasiRNA clusters
(Supplementary Fig. S6A). In addition, we found that can-miR-n026
triggered phasiRNA production by cleavage of eight RLPs (Table 2;
Fig. 3A). Interestingly, all the PHAS loci targeted by pepper-specific
miRNAs are associated with disease-resistance.
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We exploited degradome data to investigate the function of
phasiRNA using CleaveLand4 (P-value < 0.05 or penalty score
<4).>” We found that a few phasiRNAs from disease-resistance
genes act in cis or trans. can-miR482c¢ cleaved a CNL
(CA05g06820), producing phasiRNAs that regulated their own
NLR in cis or another NLR (CA05g05440) in trans (Supplementary
Fig. S4B and C). Additionally, can-miR-n026 cleaved an RLP
(CA08g01140), with results similar to that of can-miR482c¢ (Fig. 3B
and C). Similar findings were also observed with can-miR-n033a and
CA06g02150, except that there was no trans-acting phasiRNA
(Supplementary Fig. S6B). These results are consistent with previous
observations of cis- or trans-acting of phasiRNAs.'*

3.4. Evolution of miRNAs related to defense
mechanism in pepper

We found that several miRNAs in pepper targeted many genes-
encoding defense-related proteins, such as NLRs and RLPs. In addi-
tion, some of the targeted genes produced secondary small RNAs,
indicating they might have important roles in plant immunity. Then,
we validated expression of the several disease-resistance related
miRNAs in leaves of pepper, tomato, potato, and Nicotiana ben-
thamiana via northern blot (Supplementary Fig. S7). We identified
that can-miR-n033a-3p and can-miR-n026 were only expressed in
pepper and can-miR6027 was expressed in pepper, tomato, and po-
tato. It is consistent with the previous results that can-miR-n033a-3p
and can-miR-n026 are pepper-specific miRNAs'> and miR6027 is
conserved in tomato and potato.”” However, miR6023 was only
expressed in pepper, even though it is also known as a conserved

29 The mature

miRNA in tomato and potato (Supplementary Fig. S7).
sequence for miR6027 is identical across all three species, while
miR6023 is polymorphic, which could cause disruption of probe hy-
bridization (Supplementary Table S1). After validating expression of
disease-resistance-related miRNAs, we tried to validate the target
cleavage by disease-resistance-related miRNAs, especially can-miR-
n033a and miR-n026, via 5" RNA ligase-mediated rapid amplifica-
tion of ¢cDNA ends (RLM-RACE) assay. However, we could not
clone the target NLRs and RLPs because of their high redundancy.
Although we got negative results in 5’ RLM-RACE assay, we
got quite significant results in degradome analysis (Supplementary
Fig. S3) and there are other studies that validated miRNA-derived

167 therefore, we

cleavage through degradome analysis alone,
regarded that disease-resistance-related miRNAs in our study are still
reliable and conducted further analyses.

We examined whether genes of miR-n033 and miR-n026 only ex-
ist in pepper using BLASTN. We found that homologous regions are
located on the intergenic region of chromosome 10 and 12, respec-
tively (Fig. 4). The genes flanking these regions were conserved in to-
mato and potato. The hairpin sequence of miR6027 was conserved
among the three species and can-miR-n033a and can-miR-n033b
were located near miR6027 (Fig. 4A). Interestingly, we found candi-
dates of miR-n033a and miR-n033b in potato, which were not anno-
tated previously. Still, there was no similar sequence in tomato
(Fig. 4A). In particular, miR-n033b and miR6027 might share the
same precursor in pepper and potato, and their precursor sequences
are well-conserved (Supplementary Fig. S8A and B). We also con-
firmed that miR-n033b is expressed in potato using public small

17:30 (Supplementary Fig. S8E). In the case of

RNA sequencing data
miR-n033a, it is also well-conserved in pepper and potato, but it
does not exist in tomato (Supplementary Fig. S9). In addition, the

length of the intergenic region was ca. 46 kb in pepper, whereas it

was 4.2 kb and 3.6 kb in tomato and potato, respectively. The inter-
genic region was 10 times more expanded and contained the LTR
gypsy element in pepper. This may indicate a complex evolutionary
history in that region in pepper, tomato, and potato. To identify
whether miR-n033 regions were lost in tomato, we examined that
miR-n033 regions exist in other Solanaceous species [eggplant
(Solanum melongena 1.),°* Petunia axillaris,”” and Nicotiana
benthamiana*®] using BLASTN. We found that homologous region
of miR-n033a is well-conserved in them, and that of miR-n033b is
only conserved in Capsicum and Solanum species (Supplementary
Fig. S10). These observations indicate that miR-n033 genes origi-
nated in a common ancestor of pepper, tomato, and potato, and then
lost in tomato. In the case of miR-n026, the flanking genes were con-
served and the length of the intergenic region was not different
among pepper, tomato, and potato (Fig. 4B). We found that homolo-
gous region of miR-n026 exists in the three species (not annotated
previously in tomato and potato), but the precursor sequence of
can-miR-n026 is different from those in tomato and potato
(Supplementary Fig. S11A-C). miR6023 and miR-n026 might be
generated from the same precursor in tomato and potato, but from
distinct precursors in pepper (Fig. 4B). This might result from either
a pepper-specific translocation of the miR6023 region from the miR-
n026 region, or a translocation of the miR6023 region to the miR-
n026 region in an ancestor of Solanum species after the divergence of
the lineage to pepper. Although hairpin structure of miR-n026 is dif-
ferent between pepper and Solanum species, we confirmed the ex-
pression of miR-n026 candidates in tomato and potato using public
small RNA libraries.'”>*%¢*7° Thus, miR-n033 and miR-n026
regions showed the dynamic nature of the evolution, even in syntenic
regions.

3.5. Different target affinity of miR-n033 between pep-
per and potato
In a previous study, we classified NLRs into 13 subgroups, including
12 CNL types and 1 toll interleukin 1 receptor NLR (TNL) type,
based on the phylogeny of NB-ARC domains.>® To perform in-depth
analysis of NLR-regulating miRNAs, we analysed subgroups of the
target genes. Interestingly, most target genes of can-miR-n033a-3p
and can-miR-n033b-3p belong to the CNL-G1 subgroup of CNL
(Fig. SA), which is expanded subgroup since the divergence of pepper
from Solanum spp. The duplication events of CNL-G1 peaked at 10
mya.>® Therefore, these miRNAs might have got or reinforced their
affinity for CNL-G1 since the divergence of pepper from Solanum
spp. This result may indicate that the miR-n033 family has evolved
to regulate a number of NLR genes that have recently been dupli-
cated. To investigate how these miRNAs could regulate multiple tar-
gets, we identified the region of the NLR targeted by each miRNA
(Fig. 5B). The target site of can-miR-n033-3p at the NLR genes was
different from that of other NLR-targeting miRNAs with the excep-
tion of miR6027. can-miR-n033a-3p and can-miR-n33b-3p targeted
nucleotides encoding the resistance nucleotide binding site (RNBS)-D
motif of the NB domain, whereas the can-miR482 family and can-
miR6024 targeted the P-loop motif (Fig. 5B). We also analysed RLPs
targeted by can-miR-n026 using the same approach, but the RLPs
could not be classified as subgroups due to sequence variation.
Nevertheless, the target regions of miR-n026 and miR6023, leucine-
rich repeat N-terminal domain (LRRNT), are conserved (Fig. 5C).
As described above, we found that the homologous region of
miR-n026 exists in tomato and potato, and those of miR-n033 fam-
ily exist in potato. To examine whether difference exists in target
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Figure 4. Microsynteny analysis of clusters producing miR-n033 and miR-n026, targeting NLRs and RLPs, respectively. Red and blue boxes indicate species-
specific and conserved miRNA genes, respectively. Empty boxes with dot line indicate homologous regions of miRNAs that were not annotated. (A) Intergenic
regions producing miRNAs targeting NLRs in pepper (Capsicum annuum) and the corresponding regions in tomato (Solanum lycopersicum) and potato
(Solanum tuberosum) are depicted. Pink and light green arrows indicate genes encoding receptor protein kinase TMK1-like and Coatomer subunit beta-1-like,
respectively. Dark blue box indicates LTR/Gypsy element. miRNAs targeting NLRs were written in red. (B) Intergenic regions producing miRNAs targeting RLPs

in pepper and the corresponding regions in tomato and potato are depicted. Khaki and yellow arrows indicate genes encoding 4Fe-4S ferredoxin and ATP cit-

rate lyase, respectively. miRNAs targeting RLPs were written in red.

affinity of these miRNAs between three species, we extracted candi-
date sequences of miR-n026 and miR-n033 in tomato and potato,
and compared their target NLRs and RLPs in pepper, tomato, and
potato. Because of the different depths of the degradome data, we
exploited a target prediction program, psRNAtarget, to compare the
target genes of miRNAs (score < 3.5).°> Remarkably, can-miR-
n033a-3p was predicted to target more NLRs in CNL-G1 group (37,

32%), whereas can-miR-n033b-3p, stu-miR-n033a-3p, and stu-miR-
n033b-3p were predicted to target less those (19, 16%; 16, 44% and
12, 33%, respectively; Table 3). It suggests that only can-miR-
n033a-3p acquired an ability to target more NLRs which were ex-
panded in pepper, and small portion of expanded NLRs in CNL-G1
group was targeted by can-miR-n033a-3p. We investigated NLRs in
CNL-G1 targeted by miR-n033 to answer how can-miR-n033a-3p
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Figure 5. Group-specific NLR targets in pepper (Capsicum annuum). (A) The number of NLR targets according to their subgroups by miRNAs in pepper were
shown as heatmap. NLR subgroups were followed to previous study and subgroups G1-G12 belong to CNL.*° (B) Targeting regions in NLRs by miRNAs in pep-
per. Domains and motifs of NLRs were marked. Major and minor motifs were written in red and blue, respectively. Representative amino acid sequences
encoded by target regions were shown using WebLogo. Some miRNA targets were unclassified because they are thought to target untranslated regions.
(C) Targeting regions in RLPs by miRNAs in pepper. Domains of RLPs were marked. Representative amino acid sequences encoded by target regions were

shown using WebLogo.

could get more affinity than other miR-n033s. It might result from
the expansion of NLRs in CNL-G1 group of pepper (Fig. 6B).>° The
mature miR-n033 sequences are different in these species (Fig. 6A).
In addition, the consensus sequences of the CNL-G1 targeted
by miR-n033a-3p different between pepper and potato, and these
different sequences are corresponded with the sequences which are
different between can-miR-n033a-3p and stu-miR-n033a-3p
(Fig. 6C). Possible scenario is as described below: (1) miR-n033
genes existed in a common ancestor of pepper, tomato, and potato

(Supplementary Fig. S10) and they had a function to regulate CNL-
G1; (2) after pepper diverged from the ancestor (19 mya), CNL-G1
in pepper were highly duplicated (Fig. 6B) and it caused diversifica-
tion of CNL-G1; (3) can-miR-n033a-3p evolved to regulate more
CNL-G1 by mutation (Fig. 6A, C and Table 3). Therefore, it might
reinforce the affinity of can-miR-n033a-3p for CNL-G1. In the
case of stu-miR-n033b-3p, it was predicted to target more NLRs in
CNL-G9 group (18) than can-miR-n033a-3p (6), can-miR-n033b-3p
(3), and stu-miR-n033a-3p (3). Because, the number of NLRs in
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Table 3. Comparing target prediction results of miR-n033 in
pepper (Capsicum annuum) and potato (Solanum tuberosum)

miRNA Species G1* G3 GS G6 GY9 G112 Ng
can-miR-n033a-3p Pepper 37/116" 1/37 6/73  1/17 2
Potato  7/36 2/17 4/55
can-miR-n033b-3p Pepper 19/116 6/37 1/16 1/48 3/73 1/17
Potato 12/36  4/17 8/55 1
stu-miR-n033a-3p Pepper 4/116  1/37 3/73
Potato 16/36  1/17 1/55

stu-miR-n033b-3p Pepper 3/116  4/37 1/16 2/48 18/73 1/17
Potato 12/36  3/17 2/39 9/55 1

?G1 to Ng are classes of NLRs. Subgroups G1-G12 belong to CNL, Ng:
non-group.
"The number of predicted targets (score cut-off = 3.5)/total number of

NLRs belonging to each subgroup.*”

CNL-G9 group is slightly different between pepper (73) and potato
(55),°° the difference of target affinity might come from mutation of
stu-miR-n033b-3p. can-miR-n026 has many predicted target RLPs,
but miR-n026 in tomato and potato has few predicted target RLPs
(Supplementary Table S8), and their mature sequences are different,
similar to the case of miR-n033 (Supplementary Fig. S13). The differ-
ences in targeting affinity between miR-n026s might be the result
from mutation of miRNAs and/or expansion of target genes.

4. Discussion

miRNAs play central roles in the post-transcriptional regulation of gene
expression. In this study, we performed a comparative genome-wide
analysis of miRNAs and their targets in pepper, tomato, and potato.
Many of the miRNAs are conserved and share conserved targets and ge-
nomic synteny in plants. In three Solanaceous species, we observed simi-
lar patterns. However, some miRNAs, such as miR482d, have evolved
in a species-specific manner, even in closely related species.

Degradome analysis provides valuable information to understand
the genome-wide targets of miRNAs. In this study, we found consis-
tent results among targets of conserved miRNAs. We confirmed a
previous observation that the conserved miR396 targeted DRM,
which is found exclusively in pepper and tomato,'® via degradome
analysis (Supplementary Table S6). In addition, a number of target
genes of miRNAs were classified as being involved in the defense re-
sponse. Previous studies reported that some conserved miRNAs ap-
pear to be involved in defense mechanisms, both PTI and ETL In
Arabidopsis, PAMP induces the accumulation of miR393, which tar-
gets F-box auxin receptors, TIR1, and auxin signaling F-box protein
2 and 3.”" Suppression of auxin signalling by miR393 might result in
enhanced PTI. In addition, miR160a-targeted ARFs positively regu-
lated callose deposition induced by PAMP like flg22.”> miRNAs play
roles in PTI via regulation of hormone signalling, but they also target
NLR genes for ETL For example, miR1507, miR2109, and
miR2118 target several hundred NLR genes in Medicago trunca-
tula."*>7> In Solanaceous species—such as tomato, potato, and N.
benthamiana—miR482, miR5300, miR6019, and miR6027 were
identified to target NLR genes.”>*! In addition, some miRNAs tar-
geting NLRs can trigger the production of phasiRNA to regulate
NLRs. For example, three 22-nucleotide miRNAs (miR2118,
miR2109, and miR1507) target conserved domains of NLRs and ini-
tiate the production of phasiRNAs in legume.'! In N. benthamiana,

two miRNAs (nta-miR6019 and nta-miR6020) target the region of
the TIR domain in the N gene, and overexpression of these miRNAs
attenuate N-mediated resistance to TMV.*’

In this study, we found that several miRNAs targeted NLRs and
RLPs in pepper. Species-specific miRNAs are considered to have
evolved recently,”* and show lower expression levels than those of
conserved miRNAs, or are expressed in specific condition.”” In a sim-
ilar context, many species-specific miRNAs have few target genes,
because they evolved neutrally.”> However, can-miR-n033 and can-
miR-n026 were each found to target a number of NLRs and RLPs
(Table 1), even though they are thought to have evolved recently. In
addition, they produce phasiRNAs and regulate the transcripts of
NLRs or RLPs in cis or trans manners (Supplementary Fig. S6 and
Fig. 3). This indicates that miRNAs and phasiRNAs could regulate a
large number of genes involved in defense systems and might have
long-term benefits for R gene evolution. For example, NLRs usually
induce disease resistance through a hypersensitive cell death response
(HR) to infection.”® Several studies exhibited that some NLRs could
induce HR in the host without pathogen.””””® Therefore, if NLRs
are not properly regulated, this could result in significant fitness costs
in the host plants.®*® Consequently, miRNAs regulating NLRs might
have evolved to regulate a number of NLRs through the production
of phasiRNAs.”*! It might alleviate the possible problems due to
rapid evolution of R genes, such as unexpected HR. Thus, miRNAs
and phasiRNAs might facilitate divergent evolution of R genes.

It is known that hundreds of NLRs are present in plant genomes.
NLRs might have evolved during an arms race with pathogens. As
mentioned above, constant expression of NLRs and overactive im-
mune systems can be harmful to plants with respect to fitness costs. >
For example, a dominant mutant suppressor of npr1-1, constitutive
1, a TNL type gene, shows constitutive activation of defense without
pathogen perception, and the resulting phenotype was dwarfed with
curly leaves in Arabidopsis.®'-** Therefore, plants should control the
expression of NLRs during the absence of pathogens, and fine tuning
of NLR expression is important. In this study, we showed that miR-
n033 regulates a number of NLR genes in pepper and potato via
degradome analysis and target prediction (Table 1). Among them,
there are many CNL-G1 NLRs, which belong to a subgroup that is
expanded specifically in pepper (Figs 5 and 6),° whereas many
CNL-G9 NLRs are predicted targets of stu-miR-n033b-3p in potato
(Table 3). This indicates the divergent evolution of miRNA and their
target NLRs in the different species. However, few NLRs in CNL-G2
were found to be targets of miRNAs, although this group was also
expanded like CNL-G1 in pepper.’® Because degradome analysis
was performed with tissues in normal conditions, more miRNAs tar-
geting NLRs could be identified via miRNA profiling and degradome
analysis under pathogen challenge.

We also found that miR-n026 targets RLP genes. There are few
studies about miRNA regulation of RLP genes. A previous study
reported that the conserved sly-miR6022 and sly-miR6023 cleaved
Hcr9, a tomato Cf-9 homolog, which is the target of miR-n026.*°
Furthermore, the targeting of other RLPs by sly-miR6022 was veri-
fied via degradome analysis in tomato fruit.®*> Cf-9 genes confer resis-
tance against Cladosporium fulvum by recognition of pathogen-
derived avirulence determinants.®* In that case, necrosis in a host
containing Cf-9 was observed to occur during infection by C. fulvum
race 5. This suggests the important function of Her9 in disease resis-
tance. In another case, an RLP kinase, CaLRR51, was found to play
a role in the response of pepper to infection by Ralstonia solanacea-
rum. Moreover, the transient overexpression of CaLRRS1 resulted
in HR-like cell death responses, indicating the necessity of strict


Deleted Text:  
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy025#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy025#supplementary-data
Deleted Text:  
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy025#supplementary-data
Deleted Text: auxin response factor
Deleted Text: signaling
Deleted Text:  
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsy025#supplementary-data
Deleted Text: -
Deleted Text: -
Deleted Text:  
Deleted Text: -

572 MicroRNAs and target defense genes in Solanaceous plants

A vY

can-miR-n033a-3p UAGAGAAAGCAUGGCUUCAGGU

stu-miR-n033a-3p UARAGCAAGCAUGGCUUUAGGU

can-miR-n033b-3p UAAAGAAAGCAUGGCUUCAGGU

v C

can-miR-n033a-3p
v

stu-mlR-n033a-3p vy

[ 1111 WA,
stu-miR-n033b-3p UAAAGAAAGCAUGGUUUGAGGU ‘ AAGCCA | GC| F C| |

Pepper Potato

n033a n033b n033a n033b

@ CADGR00530_CN_G1_C1_Ma3_M5

|

——— @ CAD2g24750_CNL_G1_CT_Mad_Mi5
@ CADD 0_CNL_G1_C1

®c 7534:»1‘ | 5 a3 |

M5
e cN_m_c1‘ 3 WS
..cm%n%sao ENL m_m{:c%

1 5_Me:
i, 3630 _CAL_G1-C1_Rlad M5
T CADGg05110_CNL_ G1 Ci Med_M5
—.CMG 1190_ClL_G [}Sﬂ#ﬁ
@ mnﬂﬂd 003IDMT40008 1486_1110_CNL_G1_C1_Mad_Mi5
P@CDUUSDM’MD&&{GBCOMSDMT‘WN3559 561_CHL Gl C1_Na3_M4
PGSCO0030MP400040216_PGSCO003DMT400039783 th NL 6161 3}'5
@ PGSCO003DMP400036057_PGSCONOIDMTA0 L G17C1 Mad
PGSCOD0ADMP400044252 FGSCUWGDMT#UUUG&?S 571 NL_G1_C1
PGSCDDMDW'IEDUMBS 2_PGSCO003DMT400005663_1251_CNL_GT_C M!(MS

5 us msu‘is ssa CNL_NgPseudo_5_Ma3
“ ga @s&: nsnmﬁnasﬁst 1255 cm 61_ct Ma-i_Mﬁ

G1_C1_Miad_NiS
P«ssconnsmwmsasﬁ PGSCUOOSDMT‘UNZE!B; 983 CNt _GT_CT_Mad_M5
.P?CEIMJDWDDDJW? PGSCO003DMT400056552_B13_CN_GT_CT_Ma3_M5
PGSCO0DIDMP400036055_PGSCO00IDMT400053436_130T_CAL_G1_CT_Mad_M5
.s«mnsgnmmm 1249_CNL_G1_C1_Mad_M5

bt 3751 En
SoNGBQOIBNS021_ 1251 CNL GI_C1 Ned W
20 -0 Solyc060008400.1 1~ 1-led 15
©1_ad, TS

l.

e g R

g:uegmsm 1o e |‘c1'm'us
Solyo05g008690.1.1_566_NL_G1_C1_Ma3_Wet

Figure 6. (A) Alignment of mature miR-n033 sequences. Red triangles indicate different sequences between can-miR-n033a-3p and stu-miR-n033a-3p.
(B) Detailed phylogenetic tree of CNL-G1 from our previous study (refer Supplementary Fig. S2 from Seo et al.*°). Phylogenetic tree of whole CNL-G1 was in
Supplementary Fig. S12. Transparent red box indicates duplicated CNL-G1 in pepper. Red boxes indicate the target CNL-G1 of can-miR-n033. Blue boxes indi-
cate the target CNL-G1 of stu-miR-n033. Note, some CNL-G1 NLRs were excluded from the tree, because their NB-domain did not satisfy the criteria to construct
a phylogenetic tree. (C) Consensus sequences of CNL-G1 targeted by miR-n033a. Red triangles indicate the sequences, whose complementary sequences in

miRNAs are different.

regulation of RLPs.* We observed in this study that miR-n026
cleaved some Hcr9 genes in pepper (Table 2), and that there are
few predicted RLP targets in potato and tomato (Supplementary
Table S8). Therefore, RLP-targeting miRNAs in pepper appear to

have evolved with their targets to acquire the function of regulating
RLPs in order to avoid damage due to unexpected resistance
responses. It is possible that other regulatory pathways exist to com-
pensate for the absence of miR-n026 function in tomato and potato.
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We regarded that miR-n033 and miR-n026 are pepper-specific
miRNAs, but we found homologous sequences of them, and their
hairpin structures are also conserved in tomato and potato.
However, miR-n033 and miR-n026 were not identified previously in
tomato and potato. There are several possibilities that could explain
why miR-n033 and miR-n026 were not identified in tomato and
potato. First, when we examined their expression in tomato and po-
tato using public small RNA libraries, we merged all libraries from
several studies'”*%%%70 for each species. Therefore, expression of
miR-n026 and miR-n033 in tomato and potato are too low to be
identified as miRNA in the other studies. Also, it might explain why
we could not identify miR-n026 and miR-n033 in potato and tomato
via northern blot. We extracted total RNA only from leaf in a nor-
mal condition, and it is possible that miR-n026 and miR-n033 in to-
mato and potato were not expressed in that tissue or condition.
Second, in the case of miR-n033b and miR-n026, they are generated
from the same precursor with miR6027 and miR6023, respectively,
so miR-n033b and miR-n026 might be omitted, because the proba-
bility that a precursor has two entirely different mature miRNAs is
not considered generally. Third, length of the miR-n026 and
miR-n033 precursors in tomato and potato is quite long (>200nt),
then it is hard to identify them with general criteria for identification
of miRNA. Because of these possibilities, miR-n026 and miR-n033
in tomato and potato require experimental validation for further
study.

5. Conclusion

In this study, we systematically investigated the evolutionary patterns
of miRNAs and their targets. Our analysis revealed that some
miRNAs in pepper mainly targeted genes encoding defense-related
proteins. We found that miR-n026 and miR-n033 target a number
of NLRs and RLPs in pepper. This study provides insights into evo-
lution of miRNAs and target genes in the plant defense system,
which has led to differentiation of miRNA function.
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