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Abstract: Barley (Hordeum vulgare L.) is an economically important crop cultivated in temperate
climates all over the world. Adverse environmental factors negatively affect its survival and
productivity. RNA silencing is a conserved pathway involved in the regulation of growth,
development and stress responses. The key components of RNA silencing are the Dicer-like
proteins (DCLs), Argonautes (AGOs) and RNA-dependent RNA polymerases (RDRs). Despite its
economic importance, there is no available comprehensive report on barley RNA silencing
machinery and its regulation. In this study, we in silico identified five DCL (HvDCL), eleven AGO
(HvAGO) and seven RDR (HuRDR) genes in the barley genome. Genomic localization,
phylogenetic analysis, domain organization and functional/catalytic motif identification were also
performed. To understand the regulation of RNA silencing, we experimentally analysed the
transcriptional changes in response to moderate, persistent or gradient heat stress treatments:
transcriptional accumulation of siRNA- but not miRNA-based silencing factor was consistently
detected. These results suggest that RNA silencing is dynamically regulated and may be involved
in the coordination of development and environmental adaptation in barley. In summary, our
work provides information about barley RNA silencing components and will be a ground for the
selection of candidate factors and in-depth functional/mechanistic analyses.

Keywords: barley; RNA silencing; Dicer-like (DCL); Argonaute (AGO); RNA-dependent RNA
polymerase (RDR); heat stress

1. Introduction

Barley (Hordeum wvulgare L.) is the fourth most important crop in the world in terms of
cultivated area (50 MHa) and grain yield produced (140 Mt) [1]. Barley grain has a high nutritional
component content [2] and is used as a human food and animal feed. Grain germination speed and
consistency of endosperm cell wall breakdown into fermentable sugars makes it a primal raw
material for the production of alcoholic beverages or biofuels [1,3,4]. Barley straw contains a high
level of lignocellulose, that may also be used as a form of renewable energy [4]. Beyond the obvious
economic importance, studying barley is useful for understanding and increasing crop resilience.
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Barley domestication over ten thousand years ago offers strong evidence of its capacity to acclimate
to a wide range of environments; indeed, barley was proposed as a good model for adaptation
studies [5]. Although relatively tolerant to abiotic stresses among cereal crops, heat stress during
reproductive phase negatively affects barley grain yield and quality [6,7]. Barley genetic variation
may be employed for the development of efficient strategies to enhance its productivity under
diverse climatic conditions. There are over 400,000 barley accessions available [8]. Germplasm
availability and expansion may be critical for the sustained high yield of crops under climate
change and global warming conditions.

RNA silencing is an evolutionary conserved sequence-specific gene-inactivation pathway.
Originally evolved as an immunity system [9,10], RNA silencing acquired several cellular roles
including developmental regulation, stress responses, or chromatin organisation. RNA silencing
may act both at transcriptional (Transcriptional Gene Silencing, TGS) or post-transcriptional (Post-
Transcriptional Gene Silencing, PTGS) levels [11,12]. First discovered in plants, it was later
described in many other eukaryotic organisms [13-15].

Mechanistically, RNA silencing pathway can be divided into distinct phases, such as the
initiation phase, effector phase, and under specific circumstances, amplification phase. The
trademark molecules of RNA silencing are the small RNAs (sRNAs) [16,17]. These are 21-24
nucleotide (nt)-long double-stranded, 2-nt 3'-overhang RNA molecules generated by the RNase III-
type enzymes, called DICERs, in plants DICER-like proteins (DCLs) [18-20]. The most completely
described plant dicot model Arabidopsis thaliana genome encodes four DCLs (AtDCL1-4), each
having specialised functions. AfDCL1 generates micro RNAs (miRNAs) that function primarily in
development and environmental adaptation, Af{DCL2 and AtDCL4 are required for vegetative
phase change and disease resistance through phased small interfering RNAs (pha-siRNAs) and/or
trans-acting siRNAs (ta-siRNAs) generation, while AtDCL3 produces 24-nt heterochromatic
siRNAs (hc-siRNAs) that directs RNA-directed DNA methylation (RADM)-mediated epigenetic
regulation [17,21,22]. AtDCL2, AtDCL3 and AtDCL4 have partially redundant function in antiviral
defence and genome maintenance [23,24]. Monocots evolved a further DCL, the DCL5 (formerly
named DCL3b) via sub-functionalization of DCL3 (in monocots formerly DCL3a). The main
function of DCL5 is the production of monocot-specific 24-nt pha-siRNAs during generative organ
development [25-30]. DCL endonucleases contain several characteristic domains, including DEAD,
Helicase-C, Dicer dimer (DUF283), PAZ, RNase III (A and B, essential for endonuclease activity)
and double-stranded RNA binding motif (DSRMa and DSRMb) domains [28,31]. DCL substrates
are either long double-stranded RNA (dsRNA) precursors or single-stranded RNAs containing
hairpin structures. Following their biogenesis, sSRNAs associate with AGO proteins, RNase H-type
endonucleases [32,33].

AGOs, alongside the incorporated sRNA (and other associated proteins), form the RNA-
induced Silencing Complex (RISC). AGOs are the executor components, while sequence-specificity
of RISC activity is provided by the sSRNA. Domain structures of the previously characterised AGOs
revealed the conservation of four units: N-terminal, PAZ, MID and PIWI domains. N-terminal
domain plays a critical role in target cleavage and dissociation of the cleaved RNA strand, PAZ is
essential for SRNA’s 2-nt 3’ overhang binding, MID anchors sRNA’s 5’ phosphate, while PIWI of
certain AGOs has RNase activity [33,34]. The four metal-coordinating catalytic residues aspartic
acid, glutamic acid, aspartic acid, aspartic acid/histidine (D760, E788, D845 and D/H986, DED[D/H])
tetrad and a further conserved histidine residue (H798 in AtAGO1) within the PIWI domain are
crucial for endonuclease/effector capacity of AGOs in vitro and in vivo [35-37]. The presence of the
catalytic core, in some specific cases, is not sufficient for target cleavage ability [38,39]. RISCs find
their target RNAs via sequence complementarity, then cleave or repress their translation during
PTGS, or block their transcription due to DNA methylation and heterochromatin formation during
TGS [9,40].

Aberrant cellular RNAs lacking a cap structure or poly-A tail trigger RNA silencing through
the activity of RNA-dependent RNA polymerases (RDRs) [41-43], the third main class of RNA
silencing trans factors. RDR enzymes recognise aberrant RNAs (or maybe tethered by AGOs bound
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to the cleaved substrates) and convert them into dsRNAs, providing new substrates for DCLs.
RDRs, therefore, can both initiate and amplify the silencing of genes/transcripts homologous to the
trigger itself [44-46]. Domain organisation of RDRs is relatively simple, as they consistently possess
an RNA-dependent RNA polymerase (RARP) domain [41,43]. There are three major groups of
eukaryotic RDRs: RDRa, RDR and RDRY. In the plant lineage, RDRf3 group has been lost [41,43].
In A. thaliana, RDRa has three (AtRDR1, 2 and 6), and RDRy also three representatives (AtRDR3, 4
and 5, due to high similarity these were renamed as RDR3a, 3b and 3c, respectively). RDRa proteins
all share the conserved C-terminal canonical DLDGD catalytic core, while RDRy proteins possess
an atypical DFDGD motif [41,43]. Additionally, RDRa proteins have an N-terminal RNA-
recognition motif (RRM). RDRa enzymes were shown to be involved in endogenous gene
regulation by the ta-siRNA and pha-siRNA pathways [22,29], antiviral silencing [24,47-49],
heterochromatin organisation, and genome defence [17,21] while the roles of RDRy are presently
unknown.

Environmental factors, such as extreme hot temperature, cause severe damage to the plant cells
and organism by reducing fitness, endangering survival and propagation. Heat stress during cereal
grain filling period causes a decrease in the synthesis of storage proteins and starch and leads to
grain abortion [50]. There are a number of signal transduction pathways that initiate cellular
responses in order to repair or prevent further damage [51,52]. SRNAs have been proposed to
actively take part in fine-tuning the balance between development and stress responses during
stress and in the post-stress period [53-57].

Accumulation of certain sSRNAs and expression of RNA silencing factors is dynamically
modulated during development and stress, suggesting that RNA silencing regulation is required
for efficient response to environmental cues. Specific barley miRNAs are transcriptionally and post-
transcriptionally regulated by heat [58]. A. thaliana AtAGO proteins have varying levels and
patterning during different developmental stages and/or organs [59]. Brachypodium distachyon
BdAGOs and BdDCLs are expressed in an organ- and developmental stage-specific manner
[27,60,61]. Similarly, microarray-based profiling of rice (Oryza sativa) OsDCLs, OsAGOs and OsRDRs
during vegetative and reproductive stage or in response to abiotic stresses revealed their specific
and flexible regulation [25]. Maize (Zea mays) ZmAGO proteins are differentially produced under a
variety of abiotic stresses [62]. These findings strongly suggest a perpetual and effective regulation
of RNA silencing machinery at the transcriptional level.

DCL, AGO, and RDR gene families have several identified members in different crop species
e.g., rice, maize, tomato, cucumber, grapevine, foxtail millet, and pepper [26,63-67]. Although
barley is among the first cultivated plants with great economic importance and with a fully
sequenced genome, strikingly, there is still only scattered information available on its RNA
silencing machinery and its transcriptional regulation. In the present work, we identified the
members of barley DCL (HvDCL), AGO (HvAGO), and RDR (HvRDR) gene families, analysed their
phylogenetic relationship to model and crop plants, investigated their domain architecture and core
catalytic motifs/regions. Transcriptional changes of RNA silencing trans factors suggests that
siRNA-based silencing may play a role in adaptation to heat stress conditions.

2. Materials and Methods

2.1. Identification of HvDCL, HvAGO and HoRDR Homologues

Amino acid (aa) sequences of A. thaliana DCL, AGO, and RDR proteins (AtDCLs, AtAGOs,
AtRDRs) were obtained from the UniProt database (www.uniprot.org) [68]. Hidden Markov-model
(HMM) profiles were generated with HMMer tool (https://www.ebi.ac.uk/Tools/hmmer) [69]. A
profile-based search was performed with default parameters against the Ensembl Genomes Plants
database (http://ensemblgenomes.org/node/114254) [70]. Significant matches for H. vulgare were
listed and filtered manually to keep only those sequences which are greater than 50 kDa and
showed complex domain organisation, typical to respective protein families according to Pfam
(https://pfam.xfam.org/) [71]. Nucleotide and amino acid sequences of HvDCL, HvAGO, and
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HuRDR candidates were downloaded from Ensembl Plants database (https://plants.ensembl.org/)
[71]. Predicted isoelectric points of respective amino acid sequences were calculated with ExPasy
(https://web.expasy.org/compute_pi/) [72].

2.2. Phylogenetic Analysis, Chromosomal Localisation and Identification of Conserved Motifs

To compare the predicted HvDCL, HvAGO and HuvRDR homologues with other
monocotyledonous models and the dicotyledonous A. thaliana, amino acid sequences of Z. mays and
O. sativa DCL, AGO, and RDR (Zm- and OsAGO, -DCL and -RDR) proteins were downloaded from
UniProt database (www.uniprot.org) [68]. MEGA X software v10.1.8 [73] was employed to perform
multiple alignments using the Clustal W algorithm [74] and generate neighbour-joining [75]
phylogenetic trees with 1000 bootstrap replicates [76]. Barley’s predicted RNA silencing
components were named according to their phylogenetic relationship with the previously
identified members of the same protein family. The chromosomal localisation of HvDCL, HvAGO
and HuvRDR genes were obtained from Ensembl Plants database [70]. SMART web server
(http://smart.embl-heidelberg.de) was used to search for known protein domains. MEME web
server (http://meme-suite.org/tools/meme) [77] was employed for conserved motif prediction.
Search parameters were the following: optimum motif width 6 < n < 200, maximum number of
motifs: 20. Those motifs, which did not belong to structural domains of the analysed protein family
were rejected. The identified motifs were annotated using Pfam [71]. The percentage of similarity
and identity of respective protein sequences were calculated with Ident and Sim online Sequence
manipulation tool (http://www .bioinformatics.org/sms2/ident_sim.html) [78].

2.3. Plant Material and Abiotic Stress Treatments

Barley (H. vulgare L. cv. Golden promise) plants were grown in growth chambers at 18 °C, 16 h
daylength. For expression analysis of RNA silencing-related genes, roots and leaves of two-weeks-
old plants were collected and frozen in liquid nitrogen. For the heat stress (HS) treatments, 16-day-
old barley plants were subjected to persistent heat (40 °C for 24 h), or to mimic natural hot
temperature conditions, gradient heat stress (gHS) was employed, i.e., temperature was elevated
from 21 °C to 37 °C in a course of 4 h as described before [55]. Leaf samples were collected from
control and treated plants immediately following the treatments, frozen in liquid nitrogen and
stored at —70°C until use.

2.4. RNA Isolation, RT-PCR, Semiquantitative RT-PCR and RT-qPCR Analysis

Frozen leaf samples were homogenised in sterile mortars. RNA was isolated with Trizolate
reagent (UD GenoMed Ltd., Debrecen, Hungary) according to the manufacturer’s instructions. The
RNA concentration and 260/280 ratio were determined with NanoDrop spectrophotometer
(Thermo Fisher Scientific Inc. Waltham, MA, USA).

First-strand ¢cDNA was synthesised from 4 ug of DNase I (Thermo Fisher Scientific Inc.,
Waltham, MA, USA ) treated total RNA using RevertAid kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) according to the manufacturer’s protocol. Every putative HvDCL, HvAGO and
HouRDR genes were subjected to RT-PCR and semiquantitative PCR with manually designed gene-
specific primers (Table S1). HVACTIN (GeneBank ID: AY145451) was used as an internal control.
For the PCRs, Phire II hot-start polymerase (Thermo Fisher Scientific Inc., Waltham, MA, USA) was
used following the manufacturer’s instructions. The reaction profile was the following: initial
denaturation at 98 °C for 3 min, then 35 cycles of three steps consisting of denaturation at 98 °C for
5 sec, annealing of primers at a primer specific annealing temperature for 30 sec, elongation at 72 °C
for 8-20 sec, and final elongation at 72 °C for 5 min.

For semiquantitative RT-PCR, the number of cycles was adjusted to 30.5 uL of the reactions
were separated on 1.2% agarose gel (Lonza Inc. Rockland, ME, USA) and analysed with a
ChemiDoc gel imaging system (Bio-Rad, Hercules, CA, USA) using ImageLab software (Bio-Rad,
Hercules, CA, USA).



Biomolecules 2020, 10, 929 5 of 26

For RT-qPCR assays, 1 pg of DNase-treated total RNA and random primer was used for the
first-strand complementary DNA reaction according to the manufacturer’s instructions (New
England Biolabs, Ipswich, MA, USA). RT-qPCRs were done using qPCR Master Mix (NEB, M3003S,
www.neb.com) according to the manufacturer’s instructions. RT-qPCR reactions were run in a
LightCycler® 96 Real-Time PCR machine (Roche, Basel, Switzerland). The reaction profile was the
following: preincubation: 1 min 95 °C; amplification: 45 cycles of 15 sec 95 °C and 30 sec 60 °C;
melting: 10 sec 95 °C, 60 sec 65 °C and continuous heating to 97 °C; cooling: 30 sec 37 °C. At least
three biological and three technical replicates were assessed in each experiment and standard error
bars are shown. p-values were calculated using unpaired two-tailed Student t-test to assess the
significance of differences between the means of the treated and untreated samples. For a list of
primers please see Table S2.

2.5. RNA-Seq Analysis

Sequence data associated with the study by Pacak et al., [79] were downloaded from the NCBI
Gene Expression Omnibus database (accession number: GSE82134). The sequences were aligned to
the H. vulgare IBSC v2 transcriptome and the normalised expression values (transcript per million,
TPM) were calculated with kallisto v0.44.0, normalised between samples with sleuth v0.29.0 [80]
and represented on heat maps that were prepared with the R package pheatmap [81]. Differential
expression analysis was performed with sleuth v0.29.0 [80]. To test whether there is a significant
difference between the means of the heat-stressed (HS) and the not-treated (NT) samples, a Wald-
test was applied. The calculated p-values were corrected for multiple testing using the Benjamini-
Hochberg method [82]. A gene was considered significantly differentially expressed if the Q-value
was lower than 0.05 (5% false discovery rate).

3. Results

3.1. Identification and Structural Analysis of DCL, AGO and RDR Genes in Barley

To identify barley’s RNA silencing associated genes, the A. thaliana DCL, AGO and RDR
protein’s amino acid sequences were used as queries to build a Hidden Markov-model (HMM).
According to HMM profile analysis, a total number of five HvDCLs, eleven HVAGOs and seven
HouRDR genes were predicted in the barley genome. H. vulgare silencing components were named
based on the closest relative in A. thaliana, or monocot species O. sativa and Z. mays (Figure 1).
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Figure 1. Phylogenetic relationship of the predicted barley DCL (A), AGO (B), and RDR (C) proteins.
The evolutionary history was inferred using the Neighbor-Joining method [75]. The bootstrap
consensus tree inferred from 1000 replicates [76] is taken to represent the evolutionary history of the
taxa analysed. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches. The evolutionary
distances were computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site. All ambiguous positions were removed for each sequence pair
(pairwise deletion option). There were a total of 2145 (A), 1302 (B), and 1393 (C) positions in the
final dataset. Evolutionary analyses were conducted in MEGA X [73].

The putative RNA silencing gene chromosomal location, structure and encoded protein
predicted features are listed in Table 1. Exon number of HvDCLs was approximately the same as
their A. thaliana homologues (Tables 1 and S3). Genes encoding DCL homologues in barley possess
ORFs ranging from 4428 to 5994 bp. HVAGO OREF lengths are shorter, ranging from 2451 to 3654 bp.
HvAGO2 and HvAGO? possess only three exons while the other HvAGOs have a significantly
higher number of exons (21-23); this is similar to A. thaliana orthologues (Tables 1 and S3). The exon
number of HURDR genes showed great variety between paralogues (e.g., HyRDR6a has two exons,
HvRDR3 and 4 has 19), but are similar in the corresponding orthologues (Tables 1 and S3). HvRDRs
have rather uniform ORF lengths, ranged between 3348 and 3684 bp. Isoelectric point and
molecular weight of putative DCL, AGO, and RDR proteins were also estimated (Table 1).

Table 1. Features of predicted H. vulgare DCL, AGO and RDR homologues.

Predicted Chromosomal Accession No. of Ensembl ORF No. No.‘ of Isoelc‘ectrlc Mole‘cular
Gene Location (5’-3") Transcript Length Exons Amino Point Weight
Name* P (bp) Acids ®D** (Da)**
HvDCLs
HvDCL1 chr4H:630334902- HORVU4Hr1G084890.7 5994 19 1997 6.26 222185.89

630347021
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Hopcrp ~ ChroH:84450148- HORVU5Hr1G019300.8 4428 20 1475 8.56 165696.76
84493265
chr3H:638064590—
HoDCL3 30 HORVU3Hr1G092430.9 5058 26 1685 592 188438.84
chr2H:632322356-
HoDCL4 c3ror1as HORVU2Hr1G088270.9 4908 25 1635 6.17 185174.48
chr1H:310007028—
HoDCL5 10025536 HORVU1Hr1G042710.5 5052 26 1683 621 189830.24
HvAGOs
HvAGO1la Chr79H4:69;15891266_ HORVU7Hr1G007000.14 3654 23 1217 9.56 133685.87
chr7H:651899946—
HvAGO1d 65106855 HORVU7Hr1G120600.3 3195 2 1064 9.05 117524.50
chr2H:684121508—
HoAGO2 C84127760 HORVU2Hr1G098650.1 3144 3 1047 9.34 113039.59
chr3H:226356734
HoAGO4a st HORVU3Hr1G038830.1 2769 23 922 9.10 102605.58
chr7H:623895748—
HoAGO4b 23591200 HORVU7Hr1G107770.0 2451 2 816 4.88 201998.97
HvAGO5a Chr4£;81122;35_ HORVU4Hr1G004030.1 3102 2 1033 9.47 114317.97
chr2H:116787397—
HuAGO5b 16795008 HORVU2Hr1G031130.2 2532 2 843 9.17 94171.10
HoaGos ~ CrURZI2O842- e U0Hr1G012490.1 2652 23 883 9.5 98208.02
71302762
Hoagoy — ChTUR29969371= e U0HIG005350.1 3039 3 1012 9.28 114045.18
29973587
chr6H:183574909—
HoAGO10 s HORVUG6Hr1G036840.2 2850 21 949 9.43 105648.60
HoaGo1g ~ CTrSHE68596766- 1y ey UsHIG021290.1 3156 21 1051 9.17 114177.28
68603419
HvRDRs
chr6H:512834480—
HuRDR1a s 1osaarns HORVU6Hr1G074180.1 3348 5 1115 7.73 126707.04
chr6H:513108807-
HuRDR1b 1519020 HORVU6Hr1G074220.2 3549 5 1182 8.66 134118.47
chr2H:589496751—
HuRDR?2 S8os07ae HORVU2Hr1G081260.6 3414 4 1137 6.80 127637.79
HorpRrs ~ CHEII6IS6819-— ) e v UBHI1G027290.6 3588 19 1195 6.30 134565.32
116191312
chr3H:116503595—
HoRDR4 iy HORVU3Hr1G027340.4 3507 19 1168 6.83 131898.43
HoRDRea ~ CPeSHLO73186268— 1 oV UBHI1G107690.2 3684 2 1227 7.38 137814.98
673191806
HoRDR6b Chr311;3277081528603_ HORVU7Hr1G012280.1 3621 6 1206 8.17 135686.38

* Predicted gene name according to phylogenetic analyses. H. vulgare RNA silencing components
were named after their closest A. thaliana relative. For AGO1/5/10- and AGO18-clade proteins of
barley, monocotyledonous O. sativa and Z. mays were the base of the nomenclature. ** Predicted
values calculated by ExPasy. *** This transcript variant is not in the official ENSEMBL annotation;
therefore, it was provisionally named HORVU7Hr1G107770.0 variant.

To explore the evolution of main RNA silencing gene families in barley, we analysed the
genomic distribution by localising the genes on chromosomes. The exact chromosomal sites of
HuDCL, HvAGO and HvRDR genes were obtained from Ensembl Plants barley (IBSC_v2) database
(Table 1). The RNA silencing associated genes are distributed unevenly on the seven haploid
chromosomes of barley, which is similar to RNA silencing genes in multiple monocot genomes
[25,26].

The five HvDCL homologues are distributed on five chromosomes. In monocots, DCL3 gene
has been duplicated: DCL3 paralogous gene duplication was suggested to occur before the common
ancestor of barley and rice (ca. 60 mya) since DCL3 and DCL5 orthologues could be detected in rice,
maize, and Aegilops tauschii, a progenitor of wheat [28]. HVAGO homologues are present on
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chromosomes 2, 3, 4, 6, 7, Besides this, HYAGO6 and HvAGO? are located on the uncharacterised
chromosome, their exact location is still uncertain, according to the latest barley genome assembly.
To note, HvAGO1d is localised in close proximity of chromosome 7 telomere region. HvRDR
homologous genes of barley were detected on chromosomes 2, 3, and 6, respectively. Chromosome
3 hosts four putative barley RDRs (HvRDR3, HyRDR4, HvRDR6a, and HuvRDRG6bD). Interestingly,
HvRDR1a and HuRDR1b are located in close proximity to each other, only three predicted genes
separate them on chromosome 6. As they share about 81% sequence identity, they can be the result
of gene duplication (Supplementary Material 1). It was suggested previously that duplication of
HovRDR1 and HvRDR6 possibly reflects the divergence in disease resistance between monocots and
dicots [83].

3.2. Domain Analysis and Phylogenetic Relationship of Identified Barley DCL, AGO and RDR Proteins

To investigate their potential functionality, we examined the presence and order of
characteristic domains within the barley silencing proteins. For this, we performed domain search
with the SMART tool [84]. All important regions of DCL proteins, including DEAD, Helicase-C,
Dicer dimer (DUF283), PAZ, RNase III and dsRNA-binding motif (DSRM) were found in all
HuDCLs. The domain order was consistent with DCLs of A. thaliana or other monocot species
(Figure 2). Domain search with MEME tool using the amino acid sequences of HvDCL candidates
predicted the same domains and unravelled small variations between putative paralogs/orthologs,
however, the domains were only partially recovered (Tables 54 and S5).

Protein domains 100 OsDCL2a - — T )

DEAD
Helicase-C
Dicer dimer
PAZ
RNase Il
DSRM

97

100

100

98

|

100

100

100

OsDCL2b -

HvDCL2
ZmDCL2
AtDCL2
AtDCL4
ZmDCL4
0sDCL4
HvDCL4

100

AtDCL1
HvDCL1

59

100

112a

ZmDCL1

ol

OsDCL1
AtDCL3
HvDCL3

ZmDCL5

[qlel

100

€100

S100

73
ZmDCL3
100
65 0OsDCL3
0OsDCLS - ————
100
90 HvDCLS — ——

Figure 2. Phylogenetic relationship and conserved domains of A. thaliana, O. sativa, Z mays and H.
vulgare DCL proteins. Unrooted NJ trees were constructed with MEGA X software as described in
Figure 1 legend. The bootstrap values are shown next to the branches. Conserved domains were
identified with the SMART server [84]. The protein domain abbreviations are the followings: DEAD
(DEAD-like helicases superfamily), Helicase-C (helicase superfamily C-terminal domain), Dicer
dimer (Dicer dimerisation domain, or DUF283), PAZ (Piwi, Argonaute, Zwille)) RNAse III
(Ribonuclease III family), DSRM (Double-stranded RNA binding motif). The barley DCLs identified
in this study are marked with red.

Similarly, all predicted HvAGO proteins contained the characteristic domains in the precise
order, namely N-terminal, Argonaute linker 1 (L1), PAZ, L2, MID and PIWI (Figure 3, Table 54), as
the previously characterised AGO proteins [33,37,85]. Besides these, we mined for glycine and
arginine (GR)-rich domains upstream to the AGO N-domains, based on information from A.
thaliana and Chlamydomonas reinhardtii systems [86]. HvAGOla, 1d, 5a, 18, 2 and 7 were found to
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contain GR-rich regions consistent with previous data [86]. GR-rich regions may facilitate
interaction with ribosomes to enable AGO tethering for the effector phase of silencing [86]. The
observation that species including O. sativa, Z. mays, T. aestivum or B. distachyon also encode at least
one AGO protein having GR-rich region [86], suggests that targeting of specific AGOs to translating
mRNA targets is a widespread phenomenon in monocots. MEME search revealed complementary

results with slight differences within certain AGO homologs (Tables S4 and S6).
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Figure 3. Phylogenetic relationship and conserved domains of A. thaliana, O. sativa, Z mays and H.

vulgare AGO proteins. Phylogenetic trees were constructed as described in Figure 1 legend. The
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bootstrap values are shown next to the branches. Conserved domains were identified with the
SMART server [84]. The barley AGOs identified in this study are marked with red.

RDR proteins are defined by the presence of the RARP domain. Additionally, RDRa class
proteins contain an RNA-recognition motif (RRM). We have found the RARP domain in all
predicted HvRDRs and the RRM domain in RDR1a, 1b, 2, 6a and 6b proteins by SMART search
(Figure 4). The de novo MEME prediction recovered the RARP but not the RRM motifs (Tables 54

and 57).
Protein domains ﬂ:OsRDM —_— —_
RRM 96 OsRDR3 ——— —
BARE 100 HvRDR4 _—m —_— -
o
100 L HWRDR3 —— — |3
L
AtRDR3¢c ———— S £
100 _|:AI’RDR3|:) R _—
97 AtRDR3a ————— ——
bl AtRDR1 =~ ————— —
100
OsRDR1 - —
el
[— e o
= ZmRDR1 2
99 _|:HVRDR1b —— —
100 HvRDR1la - —_— —————
61 =
82 ZmRDR2 - ——————— —
100 OsRDR2 - ————— — z
HVRDR2 = ————— — S
s AtRDR2 - ——————— —
AtRDR6 - ——————— —
HYRDR6b — ————— _—
D
99 _:HvRDREa — — |2
100 ZmRDR4 -
ZmRDR5 — ——————— —

Figure 4. Phylogenetic relationship and conserved domains of A. thaliana, O. sativa, Z mays and H.
vulgare RDR proteins. Unrooted NJ trees were constructed with MEGA X software as described in
Figure 1 legend. The bootstrap values are shown next to the branches. Conserved domains were
identified with the SMART server [84]. The protein domain abbreviations are the followings: RRM
(RNA-recognition motif), RARP (RNA-dependent RNA polymerase domain). The barley RDRs
identified in this study are marked with red.

To investigate evolutionary relationship between the dicotyledonous model A. thaliana and the
monocotyledonous crops rice, maize and barley RNA silencing proteins, unrooted NJ phylogenetic
trees were constructed for each protein family from multiple alignments of full-length amino acid
sequences (Figures 2—4). Full alignment of all A. thaliana and barley DCL, AGO and RDR proteins
can be found in supplementary materials (Figures S1-S3, respectively).

According to the phylogenetic analysis, the examined DCL sequences were grouped into
clades with well-supported bootstrap values (Figures 1 and 2). Besides the four clades described in
dicots (DCL1-4 clades), monocots evolved a functionally different DCL, the DCL5 [22,30]. This sub-
branch of DCL3 family was therefore assigned in a fifth clade (DCL5 clade). The five candidate
HvDCLs were divided into these clades and named as HvDCL1, HvDCL2, HvDCL3, HvDCL4, and
HuDCL5 based on their high level of sequence similarities with the other members of the same
taxonomic group (Figure 2, Supplementary Material 1).

The unrooted NJ tree generated from aligned full-length A. thaliana, rice, maize and barley
AGO protein sequences were separated into four clades, namely AGO1/5/10, AGO18, AGO2/3/7
and AGO4/6/8/9 (Figure 3), from which three correspond to the A. thaliana AGO funding clades [87].
Five HvAGOs, namely HvAGO1la, HvAGO1d, HvAGO10, HvAGO5a and HvAGOS5b were clustered
into AGO1/5/10 clade with respective members of A. thaliana, rice and maize AGOs. Additionally, a
further sub-branch of this group evolved in grasses, the AGO18 clade [87]. Accordingly, HYAGO18
grouped together with OsAGO18, ZmAGO18a and ZmAGO18b, and did not contain any AtAGO
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protein. The AGO2/3/7 clade contained two barley proteins, namely HvAGO2 and HvAGO?7 which
had 50% and 66%, and 82% and 66% sequence similarity with respective A. thaliana and rice
proteins. Three putative barley proteins were clustered into the AGO4/6/8/9 clade, which were
designated HvAGO4a, HvAGO4b and HvAGO6 based on their high level of sequence similarity
(75%, 59% and 68%) with respective A. thaliana proteins (Figure 3 and Supplementary Material 1).

According to the phylogenetic analysis, RDR proteins of A. thaliana, maize, rice and barley
were divided into four clades (Figure 4). AfRDR1, ZmRDR1 and OsRDR1 were clustered together in
the first subfamily with two barley proteins designated HvRDR1a and HvRDR1b based on sequence
similarity with AfRDR1 (RDR1 clade). Next clade contains one barley member, HyRDR2 (RDR2
clade). In the third clade, a total of six A. thaliana, maize and rice proteins were clustered together
with two barley RDRs.

As sequence identity to each other was 42%, similarity 56%, these were named HvRDR3 and
HvRDR4 (RDR3/4 clade). The last clade contained RDRs similar to AtRDR6. Two barley members of
this group were designated HyRDR6a and HvRDR6b, according to their high sequence similarity to
AtRDRG6 (63% and 64%) and to each other (70%) (RDR6 clade) (Figure 4, Supplementary Material 1).

3.3. Functionally Conserved Amino Acid Residues in Domains of the Identified RNA Silencing Factors

To further corroborate the potential functionality and get an insight into the possible
mechanistic activities of the identified barley silencing proteins, we analysed the conservation of
regions involved in RNA-binding, enzyme catalysis or other essential features [31,88-90].

In-depth structural data on plant DCLs are very limited and comprises only domains outside
the processing centre [31,89]. The catalytic core of AfDCL4, however, was computationally
modelled, providing information about the amino acids involved in dsRNA recognition, binding, or
cleavage [90]. Based on these data, we thoroughly characterised barley DCLs (Figures 5 and 54).
Both the surrounding region and the catalytic residues directly involved in dsRNA cleavage of
RNase IITA (E1122, D1126, N1159, K1233, D1237 and E1240) and IIIB (E1330, D1334, N1367, K1418,
D1422 and E1425) were found to be well conserved between all A. thaliana and barley DCLs
(Figures 5A,B) [88,90]. Connector helix core L/IPSI/L/MM(X)uLK/R was also conserved, except in
HovDCL3 (Figure S4). The 3" RNA binding pocket of PAZ and 5" RNA binding pocket have high
variability among the studied structures; accordingly, we could not locate these unambiguously. N-
terminal part of PAZ-loop (NLL motif) responsible for dsRNA binding, was conserved, except in
HuvDCL2 (Figure S4). The AtDCL4 RNase IIIA TEKCHER motif and RNase IIIB analogous HPSYN
loop were predicted to interact with dsRNA; only limited conservation of these could be observed
(Figures 5A,B). T1150, R1151 (RNase IIIA) and T1358, R1415 (RNase IIIB) residues were predicted to
contribute to dsRNA positioning at cleavage sites; at T1150, a conserved threonine or serine was
found, implying that a hydroxylic side chain is required at this point (Figure 5A, open arrow);
T1358 residue (RNase IIIB) was also conserved (Figure 5B, open arrow). In contrast, residues
corresponding to R1151 (RNase IIIA) and R1415 (RNase IIIB) were highly variable, implying that
these are not critical for dsRNA positioning. In summary, data suggest that, although
binding/positioning of dsRNA is potentially different, the cleavage catalysis driven by HvDCLs
mechanistically is very likely similar to the RNase III type enzymes described before [90]. Besides
the regions discussed above, we have found other highly conserved residues and stretches (Figure
S1), implying their structural and/or functional relevance in a clade-independent manner. The
biological relevance of these remains to be validated experimentally.
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AtDCL4 TEKHﬁRLSL RLEVLGDAFLBFAVSRHLFLHHDSLDEGELTRRRSNVVNNSN HHWLYKETIABVVEALVGAF
HvDCL4 TERLHRISL RFEVLGDAFLEBYVVGRHNFLTYEELDEGQLTSRRSAIVNNSH HHWLHRETIADAVESLVGAF
AtDCL2 BTKK EEQFHL SLETLGDSFLEYAVCQQLFQHCHTHH LLSTKKDGMISNVM RRNLKRESVABDVVESL IGAY
HvDCL2 TKEIO:ﬁEFSQ SLETLGBSFL IATQHLYVKHKLQH TETKMEKNL ISNAA KMSVRSERIABTVEAL IGAY
AtDCL1 AAS OETFCY RAELLGDAYL VSRFLFLKYPQKHEGQL TRMRQQMVSNMV YRVLSSETLABVVEAL IGVY
HvDCL1 AASQHTFCY RAELLGDAYL VSRFLFLKYPQKHEGQL TRMRQQMVSNMV YRVLSSETLABVVEAL IGVY
AtDCL3 TL TCPESFSMERLELLGDSVLEYVASCHLFLKYPDKDEGQLSRQRQS I ISNSN  HRWVVSHSVSBCAEAL IGAY
HvDCL3 TLRESEDFSM RLELLGDSVLEYVVSCHLFLKFPDKDEGQLTSSRVD I ISNAA HRWMCSHTISBCVEAI IGAY
HvDCLS IITLRECETFSLERLELLGDSVLEYL IGCOLFLRYPMKHEGHLSDOMRSNAVCNAT HRWMCSHETISBCVEALVGAY

RNase IIIA
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AtDCL2 L T| YMMPE | PRC LEFLG SVLD‘YI.I KHLYDKYPCLSPGLLEBMRSASVNNEC I1S-FPRVLGBV I LA @
HvDCL2 L T YQTAGTTAC LEFLGDAVLDHLFIE IYFYNKYPECTPELLEBDLRSASVNNNC 1G-LPRVLGDV | LA =
AtDCL1 | THASRPSSG- VSC LEFVGDAVLDHL I FRHLFFTYTSLPPGRLEDLRAAAVNNEN DCKAPKRVLGD IV 1A &
HvDCL1 | THASRPSSG - VSC LEFVG AVLD;HI.I KHLFFTYTDLPPGRLEBLRAAAVNNEN DCKAPRVLGDI | 1A 2
AtDCL3 I THSSLRES- - - YSYERLEFLGDSVLDFL IBRHLFNTYEQTGPGEMEBDLRSACVNNEN S IQGPRALGBVV 1A =
HvDCL3 LTHPSLQESAERYS LEFLGDAVLD ILLMRHLFHSHKDTOEGELTDLRSASVNNEN ALRGPRVLGD IV 1A
HvDCLS I THPSILQELGVDYC LEFLGDSVLDLL IMRYLYVTHTOVOPGELEBDLRSALVSNEN TCKVPRVLGR IM 1A

Figure 5. Conservation of functionally critical amino acids between A. thaliana and barley DCL
proteins. Conserved residues involved in enzyme catalysis within (A) Rnase IIIA (E1122, D1126,
N1159, K1233, D1237, E1240, red arrow), (B) RNase I1IB (E1330, D1334, N1367, K1418, D1422, E1425,
red arrow), and (A,B) RNA-binding motifs (TEKCHER, HPS loops and T1150, T1358 residues, blue
line and open arrows). Residue numbers correspond to AtDCL4 amino acid positions. For full-
length alignment of DCLs see Figure S1.

Next, we took a closer look into the conservation of functional motifs in HvAGOs. PAZ domain
recognise and bind the 3" end of sSRNAs [91,92]. As data on plants are not available, we searched for
conserved motifs based on D. melanogaster and human AGO data [92,93]. Only limited conservation
was found in the amino acids involved in the sSRNA 3' end binding between DmAGO1 aromatic
cluster a3 (L, Y, F and Y, red squares), human HsAGO-eIF2C1 (H, Y, F, Y and L, blue circles) and A.
thaliana or barley AGOs (Figure S5). These residues potentially may take part in sRNA 3"-end
binding. Besides these, other highly conserved residues/motifs with potential functional importance
are present within this area (Figures S2 and S5).

AGO MID domain functions in sRNA binding, sorting and sRNA-target RNA pairing.
Residues Y691, K695, Q707 and K732 (numbers correspond to positions in AtAGO1) actively
involved in sRNA 5-phosphate-binding [94] were fully conserved in all A. thaliana and barley
AGOs (Figure 6A). sRNA sorting into different AGOs depends on multiple features, including
sRNA length and 5’ end nucleotide type [95-97]. SRNA 5’ terminal nucleotide is recognised by the
nucleotide specificity loop [95,98] within the MID domain (Figure 6A). In AtAGO1, the key
asparagine (N687) residue within this promotes 5-uridine (5'-U) binding. HvAGOla, 1d, 10 and
AGO18 all retain the N residue, suggesting similar preference. OsAGOla/b/c were shown to
predominantly associate with 5-U sRNAs, supporting this hypothesis [99]. AtAGOS5 prefers 5'-C
sRNAs [97] but permits binding of 5'-A, -G and -U sRNAs as well [95]. AGO5 members of the
AGO1/5/10 clade carries a conserved threonine (T) within the nucleotide-binding loop (Figure 6A).
AtAGO4 has a 5'-A ended sRNA binding priority. Insertion of a K and an N687K change (e.g.,
AGO1 MID-AGO4 chimaera) triggered a conformational change, inducing 5'-A preference instead
of 5-U [98]. All AGO4/6/8/9 clade members own a K at this position, indicating that 5-A sRNAs
may be favoured within this clade. Interestingly, the aspartic acid (D) residue within nucleotide
specificity loop of AtAGO?2, important for 5-A selection [95] is not conserved within AGO2/3/7
clade, instead, a histidine (H) replaces it. AtAGO? exclusively associate with miR390, however, no
preference for particular 5'-end nucleotide could be established [100]. Maintenance of the H within
the nucleotide specificity loop within AGO2/3/7 clade of A. thaliana and barley (except AtAGO2)
proteins suggests a functional purpose of this residue.
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Figure 6. Functionally conserved positions within MID and PIWI domains of A. thaliana and barley
AGO proteins. Residues within (A) MID domain sRNA-target interaction (I365, red arrow), 5'
terminal nucleotide selection (N687, open arrow) and 5-phosphate-binding (YKQK, red arrows)
residues and (B) PIWI domain catalytic tetrad ((DED[D/H], red arrows), additional H residue (open
arrow) and QF-V motif (blue line)) are indicated. Residue numbers correspond to AtAGO1 amino
acid positions. AGO clades are shown on the left. Monocot-specific AGO18 clade is marked with a

red star. For full-length alignment of AGOs see Figure S2.

Isoleucine 1365 ensures rapid and precise target binding [101]. I365 is present in A#/HvAGO1,
10, 18 proteins, while an L (I/L conservative change, hydrophobic and aliphatic) replaces it in
At/HvAGO5 and AGO2/3/7 clade proteins (Figure 6A). A partially non-conservative change
occurred at this position in AGO4/6/8/9 clade, with phenylalanine (F, hydrophobic and aromatic).
Interestingly, F was found to be preferentially involved in protein-DNA interactions and far less in
protein-RNA interactions [102], consistent with chromatin regulatory roles of AGO4/6/8/9 clade

proteins [103].

We also investigated if HVAGOs retained the DED[D/H] (DEDH or DEDD) tetrad and the
additional histidine (AtAGO1-H798 analogue) residue within PIWI, directly involved in enzyme
catalysis [35-37] (Figure 6B). The DED[D/H] tetrad was fully conserved in all HvAGO proteins. Five
out of eleven HvAGOs (HvAGOla, 1d, 5a, 7, and 18) also possessed the additional histidine
analogous to AtAGO1-H798. HvAGO?2 contained the DEDD tetrad and the additional H, signature
typical to AGO2/3 proteins [104]. However, HvAGO4a, 4b, 5b, 6, and 10 had amino acid
substitutions in the AtAGO1-H798 analogue position. The highly conserved glutamine-
phenylalanine-valine (QF-V) motif essential in sSRNA duplex recognition and sorting [105] was fully
conserved in all HvAGOs (Figure 6B). The clade-specific surroundings of D760, H798, E801 residues
and QF-V motif hints to roles in the functional diversification of AGO clades. We also analysed the
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AGO-hook motifs involved in GW protein partner and sRNA 5-end binding [106-108]: several
essential residues of HsAGO2 and hydrophobic stretches within pockets 1 and 2 show conservation
between A. thaliana and barley AGOs (Figure S6) pointing to biological relevance. Interestingly,
some of these regions possess clade-specific amino acid swaps. Residues directly involved in GW
protein AGO hooking and sRNA 5-end binding need to be defined experimentally.

Finally, we checked the presence of the catalytic core and its surrounding region within barley
RDRs. HvRDR1a, 1b, 2, 6a and 6b, belonging to RDRa clade all possessed the canonical DLDGD,
while RDRy clade proteins HURDR3 and 4 contained the atypical DFDGD catalytic core (Figure 7).
The enclosing of the catalytic centre also carried differences between RDRa and RDRy groups: the
PHX:EC/AS upstream stretch or the WD dipeptide downstream to the catalytic core is RDRa-
specific. These observations further underpin the motif and phylogenetic analysis on HvRDRs
(Figure 4). Retention of the active core within all RDRa members suggests that these factors are
potentially required at some stage during barley lifecycle.

DL/FDGD

AtRDR1 VNVPALN- - - -HMVDCVVFEPQKGLEPHPN SGSDL IYFVCWDQELVP- -PRTSEPMD - - - - - - - - YTPEPTQ
HvRDRla VY TPVLD - - - -HMVNCVVFEPQQGPHRPHPN SGSDL IXFVSWDPDEIP- - TRMVAPMD- - - - - - - - YTPAPTE
HVRDR1b VHSPLLG- - - -HMVNCVVEPQLGPRPHPN SGSPL IXNFVSWDPDLIP- - TRMVAPMD - - - - = - - - YTPAPTE -
AtRDR2 I YEVHFEE- - KGYLDC I | FPQKGERPHPN SGGPL QFFVSWDEKIIP--SEMDPPMD - - - - - - - - YAGSRPR | &
HVRDR2 VYDHGLYS - - KNLVDCVVFPQRGERPHPN SGGDL LYF I TWDEKLIP- -EKVDSPMD- - - - - - - - YTAARPR g
AtRDR6 VDVPQLH - - - -HMYDCL I FPQKGDRPH TNEASGSBL LYFVAWDQKL IPPNRKSYPAMH - - « -« - - - - YDAAEEK
HvRDR6a IDVPALH- - - -HLVDCLVFPKNGERPHANEASGSBL LYFVTWDEKL IPPGKKSWNPMD - - - - - - - - YSPAEAK
HvRDR6b VDVPELR- - - -HLVDCLVFPQONGERPHPDEASGSBL IXFVTWDEQL IPPRKQSWKPMD - - - - - - - - YSPPKVK
AtRDR3a TYVKALEDYVGNAKFAVFFPQKGPRSLGDE | AGGBF MYF ISRNPKELEHFKPSEPWVS-SSKPSKIYCGRKPS
AtRDR3b TYVKSLEQYVGNSKYGVFFPQKGPRSLGDE | AGGBF MYF ISRNPKELEHYKPSEPWVS-SSPRSKIYTGRQPS | >
HVRDR3 TYSEAIQDLVGDSKYAILFPVSGPRSLADEMGGGDF MYWVSRNPQLLKYFKPSEPWDQ- - RNPPRKAKQEKPQ g
HVRDR4 RY I KD IDDVVGYSRYAILFPTSGPRSLADEMANSBF MYWVS INEELLKQFKPSNPWEWGEVNKP IQAEKKCLL | &
AtRDR3c TYVKALEEYVGNSKFAVFEPQKGPRSLGDE I AGGRBF MYF ISRNPELLENFKPSEPWVS-LTPPSKSNSGRAPS

Figure 7. Presence of functionally critical amino acid residues in barley RDR proteins. Catalytic
domain within RdRP is shown. For full-length alignment of RDRs see Figure S3.

The high similarity between barley and corresponding genes/proteins of other species, the
presence of characteristic domains in the rigorous order (Figures 2—4) and functionally important
residues/motifs (Figures 5-7) suggest that the predicted barley genes/proteins are potentially the
orthologues of the previously characterised DCLs, AGOs and RDRs of A. thaliana or rice and that
these genes are probably functional and required during development and environmental
adaptation.

3.4. Autoregulation of RNA Silencing

RNA silencing factors including AGO and DCL transcripts were shown to be autoregulated in
many plant species by a negative feedback loop involving sRNAs [109,110]. Ath-miR168 and the
secondary siRNAs arising from miR168-guided cleavage negatively regulate AfAGO1 in a complex
but also robust manner [39]. This autoregulatory loop seems to be widely conserved among
vascular plants, and potentially also occurs in monocots. MiR168 was found in rice, wheat, maize, B.
distachyon and barley as well [111-114]. For these reasons, we analysed the potential of AGO1 being
negatively regulated through miR168 in barley. MiR168 target region was found in both HvAGO1a
and HvAGO1d (Figure 8). HvAGOla and HvAGO1d target-miR168 guide pairing topology and
locations of mismatches are very similar to the A. thaliana system, suggesting that both HvAGO1a
and 1b are probably subjects of an autoregulatory loop. This hypothesis is also supported by a
degradome data of barley HvAGO1a miR168-mediated cleavage [115].
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Figure 8. Secondary structure of miR168/target site duplex region of identified barley and
Arabidopsis thaliana AGO1 transcripts. G/U base-pairs are denoted by a circle, while mismatched
bases are marked with red.

MiR403 is the negative regulator of AGO2 and AGO3. MiR403 is present only in specific dicot
groups, having very similar sequence and few isoforms suggesting a recent evolutionary origin. MiR403
is probably absent in monocots [113,116]. In accordance with this, we were unable to find any potential
target region of miR403 in HvAGO2. Ath-miR162 has been shown to negatively regulate AtDCL1 in A.
thaliana [117]. Although found in rice, miR162 was not detected in barley, wheat or B. distachyon [112]. In
line with this, we could not find or predict miR162 target region within HvDCL1 gene.

3.5. Heat Stress Significantly Alters the Expression of RNA Silencing Genes

High-temperature stress (heat stress, HS) is considered to be one of the major abiotic stresses
affecting both composition of natural habitats and distribution and productivity of agriculturally
important plants worldwide [118-120]. Plants alter their developmental pathways to re-allocate
resources and ensure versatile stress management. To preliminary assess the transcriptional
alterations of RNA silencing components in response to HS, RNA-seq data of barley cv. Rolap
shoots provided by Pacak et al. [79] was analysed. A heat-map was generated using the normalised
expression values of every putative HvDCL, HvAGO and HuRDR gene (Figure 9A). According to
the RNA-seq data, HvDCL3, HvDCL5, HvAGO2, HvAGO6, and HvRDR2 were significantly induced,
while HvAGO1a was slightly downregulated in heat-stressed shoots (Figure 9).

A B HvDCL3 HvDCL5 HvRDR2
4.5 2
Z-score 5
n
- — A
v v E 3 1.5
| E 3
s T - 1
HvAGO4b o 15 -
HvRDR3 .
HVRDR1b & 1 0.5
HvDCL4
HvRDR1a
e : 0 o
a
HVDCL1 NT  HS NT  HS NT  Hs
HvAGO1d
: mgg(l-)% HvVAGO1la HvAGO2 HVAGO6
* HvRDR2 25 10 2.5
* HvA%E):f
* HvD e
HVAGO10 _20 mi g 2
=
HVAGO4a
* HvAGO1a g1s 6 15
e g
\7 7
HVAGO18 510 % 1
HVAGOS5a =
HvDCL2 g 5 2 05
0 0 0
NT HS NT HS NT HS

Figure 9. RNA-seq analysis of the data published by Pacak et al. [79]. (A) Heat map representation
of the expression pattern of silencing-related genes in heat-shocked (HS) and not treated (NT) barley



Biomolecules 2020, 10, 929 16 of 26

plants (data for the three biological replicates are shown separately). Colours represent Z-scores,
which show how many standard deviations the given value is above or below the mean of all values
in a row. Genes that are significantly differentially expressed between the NT and HS samples are
marked with asterisks. (B) Bar chart representation of the expression values of the significantly
differentially expressed RNA silencing-related genes. Expression values are normalised transcript
per million (TPM) units. Error bars represent standard errors.

To verify the results of the in silico analysis, expression of selected silencing-related genes,
including the ones that changed significantly upon heat stress in the RNA-seq experiment by Pacak
et al. [79], were validated by RT-qPCR (Figure S7). Additionally, semi-quantitative PCR consistently
measured elevated HvDCL3, HYAGO6, HvRDR2 and HvRDR6a but unchanged levels of HsDCL1
and HvAGO1 following persistent, long term heat stress (40 °C/24 h) treatments (Figure S8). Finally,
to mimic natural conditions, we performed the experiment by employing gradient heat shock
treatment (gHS, 21 °C to 37 °C in the course of 4 h, see Materials and Methods). Significant
accumulation of HvDCL3, HvAGO2, HvAGO6, HvRDR2 and HvRDR6a transcripts was again
certified. The two main factors of miRNA pathway HvDCL1 and HvAGOla however, were not
altered by this treatment either (Figure 10).
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Figure 10. RT-qPCR analysis of selected RNA silencing factor transcripts in gradient heat-shock
(gHS)-treated and non-treated (NT) barley leaves. p-values for significant changes are shown over
the bars. For details, see Materials and Methods.

In summary, moderate direct HS (35.5 °C/48 h), prolonged heat (40 °C/24 h) and gradient heat
(21-37 °C/4 h) all lead to transcriptional accumulation of siRNA- but not miRNA-based pathway
components (Table S8).

4. Discussion

Barley is a multi-purpose crop plant: besides its economic importance, is a model species for
cereal research (almost 20,000 papers were published on barley based on a PubMed keyword
search). As a close relative to wheat (separated ca. ten million years), it may be a good starting point
for studies difficult to conduct in wheat. Fertile hybrids may also be produced between barley and
wheat, enlarging the genetic utensils available. Importantly, barley is a more resilient plant and
adapts better to regions/habitats where wheat cannot be cultivated. Due to its diploid genome, it is
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suitable for easy obtaining of mutants through classical breeding or molecular (e.g., CRISPR
mutagenesis) tools. Therefore, understanding cellular pathways and their specific features in barley
is more convenient and could give a good model for crop science. Since RNA silencing plays a
crucial role in the life of plants, there is a growing need to identify and characterise its central
protein components in crop plants like barley.

DCL proteins are key factors of SRNA biogenesis. Unlike mammals, which have only one DCL
enzyme, plants possess at least a set of four DCLs of monophyletic origin. During evolution, more
complex plants tend to evolve more DCLs as a result of gene duplication events [28]. The close
phylogenetic relationship within DCL1, 2, 3 and 4 clade orthologues suggests functional
conservation. Mild differences, however, exist within the HvDCL and their orthologues: (i) The
domain organisation of HvDCL1 is very similar to the AfDCL1, while in rice and maize DCL1 PAZ
and Dicer-dimer domains are slightly altered. This change may have occurred after the divergence
of the common ancestor of wheat and barley from the ancestor of rice and maize (ca. 60 million
years ago) [28]; (ii) PAZ domain within monocot DCL2s (including barley) has a potentially
modified structure, suggesting a distinct folding and RNA binding; (iii) when analysed, we found a
highly conserved DCL catalytic core within all DCLs (Figure 5). However, dsRNA binding may be
possibly different between DCL orthologs/paralogs; (iv) in contrast to dicots, monocots evolved a
fifth DCL, DCL5 [28]. DCL5 is required for the production of specific 24-nt-long pha-siRNAs in
reproductive tissues of rice [30]. In maize, the absence of DCL5 causes temperature-sensitive male
sterility [121]. The presence and domain conservation of HDCL5 suggests a conserved and similar
function in barley. Based on the roles of 24-nt siRNAs in A. thaliana, we speculate that perhaps
DCL5 (and the 24-nt pha-siRNAs) may be involved in TGS during reproduction in barley. To reveal
the functionally important differences in DCLs between dicots and monocots or within monocot
lineages, further in silico, biochemical and genetic analyses are required.

AGO proteins are present in all eukaryotic organisms and can be identified by the combined
presence of PAZ and PIWI domains [85]. The A. thaliana, rice, maize, and B. distachyon genomes
encode 9 [39], 19 [25], 18 [26], and 16 [27] AGO genes, respectively. In wheat, two AGO genes have
been described so far [122]. We describe here eleven AGO candidates in barley. Interestingly, the
expansion of AGO family characteristic to monocots is not observed in barley. Although barley has
one of the largest diploid genome (ca. 5.3 Gb), it seems that the restricted number of HvAGOs are
able to fulfil all tasks required. Existence of functionally distinct AGO clades seems to widely
spread in plants. From these clades, the AGO1/5/10 contains the so-called binder and slicers, while
the AGO4/6/8/9 the modifiers. It was suggested that the AGO2/3/7 clade members are potentially
more flexible, and could provide both binder/slicer and modifier functions, depending on the
circumstances [123].

In barley, we have found five members of AGO1/5/10 clade. HYAGO1 and HvAGO5 have been
duplicated. Grasses in general exhibit an expanded AGO1/5/10 clade [87]. OsAGO1 family possess
the catalytic residues and have slicer activity [100]. We have also found perfect conservation of
DEDH + H motifs in HvAGOla, HvAGO1d and HvAGO5a but not in HvAGOb5b, where the
histidine residue (analogous to AtAGO1-H798, polar, hydrophobic) was replaced by a proline (non-
polar, hydrophilic) (DEDH + P, Figure 6). It was shown experimentally that H798P change turns
AtAGOI1 cleavage-deficient [35]. At 798 position a proline (P) residue is present in AtAGO®6, raising
the possibility that HvAGO5b also acts as a chromatin modifier. The observation that
OsAGO5c¢/MELL1 is required for H3 modification reprogramming during male meiosis in rice
supports this idea [124]. AGO10 has a particular function in A. thaliana: it sequesters miR165/166 to
block its activity and enhance its decay. AtAGO10 is required for stem cell maintenance in SAM
[125,126]. Whether this specialised role of AGO10 is preserved in monocots is not known. The
catalytic core (DEDH + Y) of HvAGO10 was unique amongst clade members (AfAGO10 has DEDH
+ H). Although tyrosine (Y) is similar to histidine (H), as both having aromatic and hydrophobic
side chains, the absence of the charge (H has a positive charge at physiological pH) may alter the
activity of HYAGO10. Overall, we postulate that within HvAGO1/5/10 clade, HvAGO1la and 1b may
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act canonically and redundantly, while HvAGO5a, HvAGO5b and HvAGO10 probably perform
differentiated/ specialised functions.

Grasses have evolved a further subgroup of AGO1/5/10, the AGO18 clade (Figure 3), that
seems to be required for specific tasks: AGO18 confers broad virus-resistance in rice [127]; on the
other hand, it was proposed that it binds 24-nt pha-siRNAs to regulate male reproductive organ
development [128]. The phylogenetic analysis of HvAGO18 placed it close to Z. mays and O. sativa
AGOQ18 ortholog proteins, implying similar functions.

AtAGO2 of the AGO2/3/7 clade binds 21-nt sSRNAs and was shown to have roles during
pathogen defence and double-stranded DNA repair [33,116,129,130]. In spite of the fact that
AtAGO2 and AtAGO3 are very similar, surprisingly, AtAGO3 binds 24-nt and targets transposable
elements through TGS [131]. In barley, only the homolog of AGO2 has been detected. HYAGO?2 also
contained the distinctive DEDD + H motif specific to AtAGO2/3 proteins (Figure 6). Which AGO
may substitute for AGO3 activity in barley, is an exciting question. The function of the second
member of the clade AGO7 is more conserved: it regulates organ development through miR390
binding and generation of ta-siRNAs from TAS3 precursor [100,132]. Domain organisation and
catalytic core in HYAGO? are similar to AtAGO? (Figure 3). As multiple TAS3 loci have been found
in barley [133], we assume conserved functions for HvAGO?.

The modifier AGO clade (AGO4/6/8/9) contains three functional members in A. thaliana
(AtAGOS is a pseudogene), with partial redundancy and specificity [134-136]. The clade members
bind primarily 24-nt hc-siRNAs with 5-A but also 21-nt ta-siRNAs to direct RADM [17,137,138].
Barley genome also encodes three members of this clade, HvAGO4a, 4b and 6. The DEDH + P
catalytic core of HvAGO4a, 4b and 6 is identical to AtAGO6 (Figure 6B). Domain topology and
phylogenetic analysis of HUAGO shows high similarity to A. thaliana, rice and maize clade members
suggesting chromatin regulatory roles. The observation that ZmAGO104 (ZmAGQO?9) is needed for
non-CG methylation of centromere region and knot-repeat DNA backs this theory [139]. We could
not define in silico the functional homolog of AGO9. At/ZmAGQO9 proteins are predominantly
expressed in ovules and regulate cell fate [136,139]. Which of barley AGO4/6/8/9 clade members
fulfils this task remains a future question.

Initially, RDR proteins were studied for their antiviral roles but later it became evident that
they are also required during gene expression control and chromatin regulation. Several barley
HuRDR genes were identified previously [83], however, we expanded this gene family with
systematic identification of multiple members (Figure 1 and Table 1). We noted a slight expansion
of RDRa (5 members) and a reduction of RDRy (2 members) clades. Phylogenetic analysis, domain
organisation and catalytic core type reinforce their classification (Figures 1 and 4). There are only
scattered data on RDRa protein functions in monocots: OsRDR1 is induced and required for
antiviral defence [140]; maize RDR2 ortholog MOP1 takes part in heritable chromatin silencing
[141]; SHL2, 4 and SHO1 proteins (RDR6 orthologs) are involved in ta-siRNA pathway in rice [142].
The close phylogenetic relationship and available functional data suggest conserved functions of
RDR1, 2 and 6 in barley. The existence of two HvRDR1 and HvRDR6 homologues suggests an
evolutionary selection for specialisation either during development or under stress responses.
Indeed, HvRDR1a/b and HvRDR6a/b transcription were selectively induced in different organs, in
response to different pathogens or under elevated temperature [83]. On the other hand, the
presence of the two RDRy proteins (HvRDR3, 4) informs about a need for their activity. Absence of
one or multiple RDR3, 4, and 5 proteins from different plants, however, suggests non-essential roles
[143].

To function in an equilibrated and flexible manner, RNA silencing needs to be strictly
regulated at multiple layers including miRNA-directed feedback loops. Several mechanisms have
been described, including miR168/AGO1, miR403/AGO2/3, miR162/DCL1 feedback loops
[109,110,116,117]. In monocots, multiple loci of the miR168 family are present suggesting that
AGO1s self-regulation occurs in monocots as well [113]. In our study, miR168 target sites were in
silico detected in both HvAGOla and 1d transcripts, implying that miR168-mediated regulation
potentially occur in barley (Figure 8) [115]. AGO1 regulation by miR168 was also proposed in maize
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[114]. The presence of miR168 and that of target sites within HvAGO1a and 1b, nonetheless, is not
the ultimate proof [144], therefore miR168-mediated self-regulation in monocots lacks the final
biochemical evidence. miR162/DCL1 and miR403/AGO2/3 feedback regulation [116,117] seems to be
absent from barley. Other components of RNA silencing (e.g., RDRs) may also be regulated. The
monocot-specific miR444 indirectly activates OsRDR1 to boost antiviral silencing response [140].
MiR444 is also present in barley, raising the possibility of a similar regulation [115].

Heat stress is a major threat to barley crop yield and quality. Previous studies demonstrated
the heat-regulated changes of specific miRNAs, ta-siRNAs, hc-siRNAs despite the rather stable
global level of sSRNAs [53,54,58,145-148]. Transcription of silencing frans factor is also modulated by
heat. Solanum lycopersicum AGO10a and AGO10b (SIAGO10a and SIAGO10b) were both activated by
heat [65]. AtAGOL is required for heat-stress memory [56]. Prolonged elevated temperature releases
transgene-induced PTGS, which was epigenetically inherited trans-generationally [145]. These data
show an intimate connection between environmental temperature, sSRNA biogenesis/activity,
silencing trans factor regulation and epigenetic/chromatin reprogramming.

To unravel heat-induced transcriptional regulation of silencing trans factors in barley, we
studied RNA-seq data available [79] (Figure 9). Based on these, we selected silencing factors and
assessed their change during three different heat stress regimes, including moderate HS (35.5 °C/48
h), prolonged heat (40 °C/24 h) and gradient elevation of heat (21-37 °C/4 h). Significant
accumulation of HvDCL3, HvAGO2, HvAGO6, HvRDR2 and HvRDR6a mRNA was confirmed
(Figures 9, 10, S7 and S8). The highly conserved miR390/TAS3/ARF pathway exerts its function via
the siRNA-based subgroup of silencing factors. We searched for TAS3-derived tasiRNA targets in
barley and identified three potential ARF target transcripts. Two of these targets were significantly
down-regulated upon heat stress (Figure S9) suggesting that the activity of siRNA-based silencing
is potentially elevated at higher temperature. Contrarily, the principal trans factors of miRNA
pathway, HvDCL1 and HvAGO1a seem to be much stable under the investigated circumstances. In
summary, data from RNA-seq, semi-quantitative and RT-qPCR measurements all converge and
points towards the transcriptional accumulation of factors enrolled primarily in siRNA-based
silencing, including hc-siRNA, pha-siRNA and RDR6-dependent sSRNA pathways. Importantly, our
gradient heat treatment mimics natural situations, e.g., temperature changes during a summer day,
therefore may be relevant in field conditions. As DCL3, AGO2, AGO6, RDR2 and RDR6 factors
were all involved in TGS or double-stranded DNA break repair [130,137,149], RNA silencing could
have chromatin regulatory and protective roles in barley during heat stress acclimation.

5. Conclusions

We have identified members of gene families having key roles in RNA silencing of barley and
provided basic data on their genomic location, clade, phylogenetic relations, domain and motif
organisation, and catalytic core build-up. Our data firmly suggests that these players are potentially
functional and likely required at some point during barley’s lifecycle. Transcriptional accumulation
of siRNA pathway factors hints to a probable role in environmental adaptation. This work will be a
stepping-stone to ask further fundamental and exciting questions that remained pending in barley
and monocot RNA silencing field.
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thaliana and barley RDR proteins, Figure S4: Partial alignment of A. thaliana and barley DCLs” PAZ domains,
Figure S5: Partial alignment of A. thaliana and barley AGOs’ PAZ domains, Figure S6: Partial alignment of A.
thaliana and barley AGOs” PIWI domains, Figure S7: RT-qPCR analysis of selected RNA silencing transcripts in
response to heat treatment (40 °C/24 h; HS) and non-treated (NT) barley leaves, Figure S8: Semi-quantitative
RT-PCR measurement of barley RNA silencing factor expressional changes in response to sustained heat stress
(40 °C/24 h), Figure S9: Targets of the conserved TAS3-derived siRNA in barley, Supplemental Material 1:
Identity and Similarity scores of A. thaliana, O. sativa, Z. mays and H. vulgare homologue proteins, Table S1: List
of primers used for semiquantitative PCR, Table S2: List of primers used for RT-qPCR, Table S3: Number of



Biomolecules 2020, 10, 929 20 of 26

exons in barley RNAi genes and their Arabidopsis homologues, Table S4: Domain organisation of barley RNAi-
related proteins according to Pfam, Table S5: Conserved motifs of HvDCLs identified by MEME, Table Sé:
Conservative motifs of HvAGOs identified by MEME, Table S7: Conserved motifs of HvRDRs identified by
MEME.

Author Contributions: Conceptualization, EH., ZH, J.T.; methodology, E.H., P.G,; validation, E.H., HM.S.,
F.M.; formal analysis, EH, HMS., FM. and P.G; investigation, E.H., HM.S.; resources, T.C., Z.H.; data
curation, EH., HM.S,, P.G.; writing —original draft preparation, H.Z., P.G., T.C.; writing—review and editing,
HE., AK, AD, P.G, HMS, GS, T.C,, ZH, visualization, E.H., P.G., HIM.S.; supervision, H.Z,, T.C., AK,,
and AD,; project administration, T.C., H.Z.; funding acquisition, G.S., T.C., H.Z. All authors have read and
agree to the published version of the manuscript.

Funding: This work was supported by the National Research Development and Innovation Office, NFKI grant
numbers 125300, 130384, 115934, 129171, 129283. Eva Hamar is a student of the University of Pannonia
Festetics Doctoral School. Henrik M. Szaker is a PhD student at E6tvos Lorand University, Doctoral School of
Biology.

Acknowledgments: We thank Erzsébet Poldan for her valuable assistance in the laboratory.
Conflicts of Interest: The authors declare no conflict of interest.

References

FAOSTAT. Available online: http://www.fao.org/faostat/en/#home (accessed on Mar 21, 2020).
. Barley grain | Feedipedia. Available online: https://feedipedia.org/node/227 (accessed on Mar 20, 2020).

3. Xie, W; Xiong, W,; Pan, J.; Ali, T.; Cui, Q.; Guan, D.; Meng, J.; Mueller, N.D.; Lin, E.; Davis, S.J. Decreases
in global beer supply due to extreme drought and heat. Nat. Plants 2018, 4, 964-973.

4. Mullen, C.A; Boateng, A.A.; Hicks, K.B.; Goldberg, N.M.; Moreau, R.A. Analysis and Comparison of Bio-
Oil Produced by Fast Pyrolysis from Three Barley Biomass/Byproduct Streams. Energy Fuels 2010, 24,
699-706.

5. Dawson, LK,; Russell, J.; Powell, W.; Steffenson, B.; Thomas, W.T.B.; Waugh, R. Barley: A translational
model for adaptation to climate change. New Phytol. 2015, 206, 913-931.

6. Savin, R.; Nicolas, M.E. Effects of timing of heat stress and drought on growth and quality of barley
grains. Aust. |. Agric. Res. 1999, 50, 357-364.

7. Rollins, J.A.; Habte, E.; Templer, S.E.; Colby, T.; Schmidt, J.; von Korff, M. Leaf proteome alterations in the
context of physiological and morphological responses to drought and heat stress in barley (Hordeum
vulgare L.). . Exp. Bot. 2013, 64, 3201-3212.

8.  Kniipffer, H. Triticeae Genetic Resources in ex situ Genebank Collections. In Genetics and Genomics of the
Triticeae; Muehlbauer, G.J., Feuillet, C., Eds.; Springer US: New York, NY, USA, 2009, Volume 7, pp. 31-79.

9.  Voinnet, O. Origin, Biogenesis, and Activity of Plant MicroRNAs. Cell 2009, 136, 669-687.

10. Shabalina, S.A.; Koonin, E.V. Origins and evolution of eukaryotic RNA interference. Trends Ecol. Evol.
2008, 23, 578-587.

11.  Wilson, R.C.; Doudna, J.A. Molecular mechanisms of RNA interference. Annu. Rev. Biophys. 2013, 42, 217-
239.

12. Castel, S.E.; Martienssen, R.A. RNA interference (RNAi) in the Nucleus: Roles for small RNA in
transcription, epigenetics and beyond. Nat. Rev. Genet. 2013, 14, 100-112.

13. Napoli, C.; Lemieux, C.; Jorgensen, R. Introduction of a Chimeric Chalcone Synthase Gene into Petunia
Results in Reversible Co-Suppression of Homologous Genes in trans. Plant Cell 1990, 2, 279-289.

14. Sen, G.L.; Blau, H.M. A brief history of RNAi: The silence of the genes. FASEB ]. 2006, 20, 1293-1299.

15. Fire, A; Xu, S.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806-811.

16. Hamilton, A.J.; Baulcombe, D.C. A species of small antisense RNA in posttranscriptional gene silencing in
plants. Science 1999, 286, 950-952.

17. Borges, F.; Martienssen, R.A. The expanding world of small RNAs in plants. Nat. Rev. Mol. Cell Biol. 2015,
16, 727-741.

18. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509-524.

19. Bologna, N.G.; Mateos, J.L.; Bresso, E.G.; Palatnik, J.F. A loop-to-base processing mechanism underlies
the biogenesis of plant microRNAs miR319 and miR159. EMBO J. 2009, 28, 3646-3656.



Biomolecules 2020, 10, 929 21 of 26

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

Bologna, N.G.; Schapire, A.L.; Zhai, J.; Chorostecki, U.; Boisbouvier, J.; Meyers, B.C.; Palatnik, J.F.
Multiple RNA recognition patterns during microRNA biogenesis in plants. Genome Res. 2013, 23, 1675
1689.

Holoch, D.; Moazed, D. RNA-mediated epigenetic regulation of gene expression. Nat. Rev. Genet. 2015, 16,
71-84.

Fei, Q.; Xia, R.; Meyers, B.C. Phased, secondary, small interfering RNAs in posttranscriptional regulatory
networks. Plant Cell 2013, 25, 2400-2415.

Qi, T.; Guo, J.; Peng, H.; Liu, P.; Kang, Z.; Guo, J. Host-Induced Gene Silencing: A Powerful Strategy to
Control Diseases of Wheat and Barley. Int. ]. Mol. Sci. 2019, 20, 206.

Csorba, T.; Kontra, L.; Burgyan, J. Viral silencing suppressors: Tools forged to fine-tune host-pathogen
coexistence. Virology 2015, 479-480.

Kapoor, M.; Arora, R.; Lama, T.; Nijhawan, A.; Khurana, ].P.; Tyagi, A.K,; Kapoor, S. Genome-wide
identification, organization and phylogenetic analysis of Dicer-like, Argonaute and RNA-dependent
RNA Polymerase gene families and their expression analysis during reproductive development and
stress in rice. BMC Genomics 2008, 9, 451.

Qian, Y.; Cheng, Y.; Cheng, X,; Jiang, H.; Zhu, S.; Cheng, B. Identification and characterization of Dicer-
like, Argonaute and RNA-dependent RNA polymerase gene families in maize. Plant Cell Rep. 2011, 30,
1347.

Sedi¢, E.; Zanini, S.; Kogel, K.H. Further Elucidation of the Argonaute and Dicer Protein Families in the
Model Grass Species Brachypodium distachyon. Front. Plant Sci. 2019, 10, 1332.

Margis, R.; Fusaro, A.F.; Smith, N.A.; Curtin, S.J.; Watson, ].M.; Finnegan, E.J.; Waterhouse, P.M. The
evolution and diversification of Dicers in plants. FEBS Lett. 2006, 580, 2442-2450.

Xia, R.; Chen, C.; Pokhrel, S.; Ma, W.; Huang, K.; Patel, P.; Wang, F.; Xu, J.; Liu, Z; Li, J; et al. 24-nt
reproductive phasiRNAs are broadly present in angiosperms. Nat. Commun. 2019, 10, 1-8.

Song, X.; Li, P.; Zhai, J.; Zhou, M.; Ma, L.; Liu, B.; Jeong, D.H.; Nakano, M.; Cao, S.; Liu, C.; et al. Roles of
DCL4 and DCL3b in rice phased small RNA biogenesis. Plant ]. 2012, 69, 462-474.

Qin, H.; Chen, F.; Huan, X.; Machida, S.; Song, J.; Yuan, Y.A. Structure of the Arabidopsis thaliana DCL4
DUF283 domain reveals a noncanonical double-stranded RNA-binding fold for protein—protein
interaction. RNA 2010, 16, 474-481.

Meister, G. Argonaute proteins: Functional insights and emerging roles. Nat. Rev. Genet. 2013, 14, 447-459.
Fang, X.; Qi, Y. RNAi in Plants: An Argonaute-Centered View. Plant Cell 2016, 28, 272-285.

Kwak, P.B.; Tomari, Y. The N domain of Argonaute drives duplex unwinding during RISC assembly. Nat.
Struct. Mol. Biol. 2012, 19, 145-151.

Baumberger, N.; Baulcombe, D.C. Arabidopsis ARGONAUTEL is an RNA Slicer that selectively recruits
microRNAs and short interfering RNAs. Proc. Natl. Acad. Sci. USA 2005, 102, 11928-11933.

Carbonell, A.; Fahlgren, N.; Garcia-Ruiz, H.; Gilbert, K.B.; Montgomery, T.A.; Nguyen, T.; Cuperus, ].T.;
Carrington, J.C. Functional Analysis of Three Arabidopsis ARGONAUTES Using Slicer-Defective
Mutants. Plant Cell 2012, 24, 3613-3629.

Arribas-Hernandez, L.; Marchais, A.; Poulsen, C.; Haase, B.; Hauptmann, ].; Benes, V.; Meister, G.;
Brodersen, P. The Slicer Activity of ARGONAUTEI Is Required Specifically for the Phasing, Not
Production, of Trans-Acting Short Interfering RNAs in Arabidopsis. Plant Cell 2016, 28, 1563-1580.

Swarts, D.C.; Makarova, K.; Wang, Y.; Nakanishi, K.; Ketting, R.F.; Koonin, E.V; Patel, D.].; van der Oost,
J. The evolutionary journey of Argonaute proteins. Nat. Struct. Mol. Biol. 2014, 21, 743-753.

Mallory, A.; Vaucheret, H. Form, function, and regulation of ARGONAUTE proteins. Plant Cell 2010, 22,
3879-3889.

Moazed, D. Small RNAs in transcriptional gene silencing and genome defence. Nature 2009, 457, 413-420.
Wassenegger, M.; Krczal, G. Nomenclature and functions of RNA-directed RNA polymerases. Trends
Plant Sci. 2006, 11, 142-151.

Komiya, R. Biogenesis of diverse plant phasiRNAs involves an miRNA-trigger and Dicer-processing. J.
Plant Res. 2017, 130, 17-23.

Willmann, M.R.; Endres, M\W.; Cook, R.T.; Gregory, B.D. The Functions of RNA-Dependent RNA
Polymerases in Arabidopsis. Arabidopsis Book 2011, 9, e0146.



Biomolecules 2020, 10, 929 22 of 26

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Branscheid, A.; Marchais, A.; Schott, G.; Lange, H.; Gagliardi, D.; Andersen, S.U.; Voinnet, O.; Brodersen,
P. SKI2 mediates degradation of RISC 5'-cleavage fragments and prevents secondary siRNA production
from miRNA targets in Arabidopsis. Nucleic Acids Res. 2015, 43, 10975-10988.

Parent, ]J.S.; Jauvion, V.; Bouché, N.; Béclin, C; Hachet, M., Zytnicki, M.; Vaucheret, H. Post-
transcriptional gene silencing triggered by sense transgenes involves uncapped antisense RNA and
differs from silencing intentionally triggered by antisense transgenes. Nucleic Acids Res. 2015, 43, 8464—
8475.

Martinez de Alba, A.E.; Moreno, A.B.; Gabriel, M.; Mallory, A.C.; Christ, A.; Bounon, R.; Balzergue, S.;
Aubourg, S.; Gautheret, D.; Crespi, M.D.; et al. In plants, decapping prevents RDR6-dependent
production of small interfering RNAs from endogenous mRNAs. Nucleic Acids Res. 2015, 43, 2902-2913.
Carbonell, A.; Carrington, J.C. Antiviral Roles of Plant ARGONAUTES. Curr. Opin. Plant Biol. 2015, 27,
111-117.

Ding, S.W. RNA-based antiviral immunity. Nat. Rev. Immunol. 2010, 10, 632-644.

Voinnet, O. Use, tolerance and avoidance of amplified RNA silencing by plants. Trends Plant Sci. 2008, 13,
317-328.

Barnabas, B.; Jager, K.; Fehér, A. The effect of drought and heat stress on reproductive processes in cereals.
Plant Cell Environ. 2008, 31, 11-38.

Ding, Y.; Shi, Y.; Yang, S. Molecular Regulation of Plant Responses to Environmental Temperatures. Mol.
Plant 2020, 13, 544-564.

Ohama, N.; Sato, H.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Transcriptional Regulatory Network of
Plant Heat Stress Response. Trends Plant Sci. 2017, 22, 53-65.

Gyula, P.; Baksa, I.; Téth, T.; Mohorianu, I.; Dalmay, T.; Szittya, G. Ambient temperature regulates the
expression of a small set of SRNAs influencing plant development through NF-YA2 and YUC2. Plant Cell
Environ. 2018, 41, 2404-2417.

Szaker, HM.; Gyula, P.; Szittya, G.; Csorba, T. Regulation of High-Temperature Stress Response by Small
RNAs. In Plant microRNAs: Shaping Development and Environmental Responses; Miguel, C., Dalmay, T.,
Chaves, I, Eds.; Springer International Publishing: Cham, Switzerland, 2020, pp. 171-197.

Szaker, HM.; Darké, E.; Medzihradszky, A.; Janda, T. Liu, H.,; Charng, Y. Csorba, T.
miR824/AGAMOUS-LIKE16 Module Integrates Recurring Environmental Heat Stress Changes to Fine-
Tune Poststress Development. Front. Plant Sci. 2019, 10, 1454.

Stief, A.; Altmann, S.; Hoffmann, K.; Pant, B.D.; Scheible, W.R.; Baurle, I. Arabidopsis miR156 Regulates
Tolerance to Recurring Environmental Stress through SPL Transcription Factors. Plant Cell 2014, 26, 1792—
1807.

Ravichandran, S.; Ragupathy, R.; Edwards, T.; Domaratzki, M.; Cloutier, S. MicroRNA-guided regulation
of heat stress response in wheat. BMC Genomics 2019, 20, 488.

Kruszka, K., Pacak, A., Swida-Barteczka, A.; Nuc, P.; Alaba, S.;, Wroblewska, Z.; Karlowski, W.;
Jarmolowski, A.; Szweykowska-Kulinska, Z. Transcriptionally and post-transcriptionally regulated
microRNAs in heat stress response in barley. J. Exp. Bot. 2014, 65, 6123-6135.

Schmid, M.; Davison, T.S.; Henz, S.R.; Pape, U.J.; Demar, M.; Vingron, M.; Scholkopf, B.; Weigel, D.;
Lohmann, J.U. A gene expression map of Arabidopsis thaliana development. Nat. Genet. 2005, 37, 501-506.
Winter, D.; Vinegar, B.; Nahal, H.; Ammar, R.; Wilson, G.V.; Provart, N.J. An “Electronic Fluorescent
Pictograph” Browser for Exploring and Analyzing Large-Scale Biological Data Sets. PLoS ONE 2007, 2,
e718.

Sibout, R.; Proost, S.; Hansen, B.O.; Vaid, N.; Giorgi, F.M.; Ho-Yue-Kuang, S.; Legée, F.; Cézart, L.;
Bouchabké-Coussa, O.; Soulhat, C.; et al. Expression atlas and comparative coexpression network
analyses reveal important genes involved in the formation of lignified cell wall in Brachypodium distachyon.
New Phytol. 2017, 215, 1009-1025.

Zhai, L.; Teng, F.; Zheng, K,; Xiao, J.; Deng, W.; Sun, W. Expression analysis of Argonaute genes in maize
(Zea mays L.) in response to abiotic stress. Hereditas 2019, 156, 27.

Zhao, H.; Zhao, K; Wang, J.; Chen, X.; Chen, Z.; Cai, R.; Xiang, Y. Comprehensive Analysis of Dicer-Like,
Argonaute, and RNA-dependent RNA Polymerase Gene Families in Grapevine (Vitis Vinifera). |. Plant
Growth Regul. 2015, 34, 108-121.

Qin, L.; Mo, N.; Muhammad, T.; Liang, Y. Genome-Wide Analysis of DCL, AGO, and RDR Gene Families
in Pepper (Capsicum Annuum L.). Int. ]. Mol. Sci. 2018, 19, 1038.



Biomolecules 2020, 10, 929 23 of 26

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

Bai, M.; Yang, G.S.; Chen, W.T.; Mao, Z.C.; Kang, HX,; Chen, G.H.; Yang, Y.H.; Xie, B.Y. Genome-wide
identification of Dicer-like, Argonaute and RNA-dependent RNA polymerase gene families and their
expression analyses in response to viral infection and abiotic stresses in Solanum lycopersicum. Gene 2012,
501, 52-62.

Yadav, C.B.; Muthamilarasan, M.; Pandey, G.; Prasad, M. Identification, Characterization and Expression
Profiling of Dicer-Like, Argonaute and RNA-Dependent RNA Polymerase Gene Families in Foxtail Millet.
Plant Mol. Biol. Report. 2015, 33, 43-55.

Gan, D,; Liang, D.; Wu, J.; Zhan, M,; Yang, F.; Xu, W.; Zhu, S.; Shi, J. Genome-Wide Identification of the
Dicer-Like, Argonaute, and RNA-Dependent RNA Polymerase Gene Families in Cucumber (Cucumis
sativus L.). J. Plant Growth Regul. 2016, 35, 135-150.

The UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47,
D506-D515.

Potter, S.C.; Luciani, A.; Eddy, S.R.; Park, Y.; Lopez, R.; Finn, R.D. HMMER web server: 2018 update.
Nucleic Acids Res. 2018, 46, W200-W204.

Hubbard, T.; Barker, D.; Birney, E.; Cameron, G.; Chen, Y.; Clark, L.; Cox, T.; Cuff, ].; Curwen, V.; Down,
T.; et al. The Ensembl genome database project. Nucleic Acids Res. 2002, 30, 38—41.

El-Gebali, S.; Mistry, J.; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.J.;
Salazar, G.A.; Smart, A.; et al. The Pfam protein families database in 2019. Nucleic Acids Res. 2019, 47,
D427-D432.

Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.; Wilkins, M.R.; Appel, R.D.; Bairoch, A. Protein
Identification and Analysis Tools on the ExPASy Server. In The Proteomics Protocols Handbook; Walker,
J.M., Ed.; Humana Press: Totowa, NJ, USA, 2005; pp. 571-607.

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K,; Battistuzzi, F.U. MEGA X: Molecular Evolutionary
Genetics Analysis across computing platforms. Mol. Biol. Evol. 2018, 35, 1547-1549.

Thompson, ].D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive
multiple sequence alignment through sequence weighting, position-specific gap penalties and weight
matrix choice. Nucleic Acids Res. 1994, 22, 4673—-4680.

Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees.
Mol. Biol. Evol. 1987, 4, 406-425.

Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evol. Int. J. Org. Evol.
1985, 39, 783-791.

Bailey, T.L.; Boden, M.; Buske, F.A.; Frith, M.; Grant, C.E.; Clementi, L.; Ren, J.; Li, W.W.; Noble, W.S.
MEME Suite: Tools for motif discovery and searching. Nucleic Acids Res. 2009, 37, W202-W208.

Stothard, P. The Sequence Manipulation Suite: JavaScript Programs for Analyzing and Formatting
Protein and DNA Sequences. BioTechniques 2000, 28, 1102-1104.

Pacak, A.; Barciszewska-Pacak, M.; Swida-Barteczka, A.; Kruszka, K.; Sega, P.; Milanowska, K.; Jakobsen,
I; Jarmolowski, A.; Szweykowska-Kulinska, Z. Heat Stress Affects Pi-related Genes Expression and
Inorganic Phosphate Deposition/Accumulation in Barley. Front. Plant Sci. 2016, 7.

Pimentel, H.; Bray, N.L; Puente, S.; Melsted, P.; Pachter, L. Differential analysis of RNA-seq
incorporating quantification uncertainty. Nat. Methods 2017, 14, 687-690.

Kolde, R. Pheatmap: Pretty heatmaps. R Package Version 2012, 61, 926.

Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. J. R. Stat. Soc. Ser. B Methodol. 1995, 57, 289-300.

Madsen, C.T.; Stephens, ]J.; Hornyik, C.; Shaw, J.; Collinge, D.B.; Lacomme, C.; Albrechtsen, M.
Identification and characterization of barley RNA-directed RNA polymerases. Biochim. Biophys. Acta
BBA—Gene Regul. Mech. 2009, 1789, 375-385.

Letunic, I; Bork, P. 20 years of the SMART protein domain annotation resource. Nucleic Acids Res. 2018,
46, D493-D496.

Hock, J.; Meister, G. The Argonaute protein family. Genome Biol. 2008, 9, 210.

Chung, B.Y.W.; Valli, A,; Deery, M.J.; Navarro, F.J.; Brown, K,; Hnatova, S.; Howard, J.; Molnar, A.;
Baulcombe, D.C. Distinct roles of Argonaute in the green alga Chlamydomonas reveal evolutionary
conserved mode of miRNA-mediated gene expression. Sci. Rep. 2019, 9, 1-12.

Zhang, H.; Xia, R.; Meyers, B.C.; Walbot, V. Evolution, functions, and mysteries of plant ARGONAUTE
proteins. Curr. Opin. Plant Biol. 2015, 27, 84-90.



Biomolecules 2020, 10, 929 24 of 26

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Weinberg, D.E.; Nakanishi, K.; Patel, D.J.; Bartel, D.P. The Inside-Out Mechanism of Dicers from Budding
Yeasts. Cell 2011, 146, 262-276.

Burdisso, P.; Suarez, L.P.; Bologna, N.G.; Palatnik, J.F.; Bersch, B.; Rasia, R.M. Second Double-Stranded
RNA Binding Domain of Dicer-like Ribonuclease 1: Structural and Biochemical Characterization.
Biochemistry 2012, 51, 10159-10166.

Mickiewicz, A.; Sarzynska, J.; Mitostan, M.; Kurzyniska-Kokorniak, A.; Rybarczyk, A.; Lukasiak, P.;
Kulinski, T.; Figlerowicz, M.; Btazewicz, J. Modeling of the catalytic core of Arabidopsis thaliana Dicer-like
4 protein and its complex with double-stranded RNA. Comput. Biol. Chem. 2017, 66, 44-56.

Lingel, A.; Simon, B.; Izaurralde, E.; Sattler, M. Structure and nucleic-acid binding of the Drosophila
Argonaute 2 PAZ domain. Nature 2003, 426, 465-469.

Yan, K.S,; Yan, S.; Farooq, A.; Han, A.; Zeng, L.; Zhou, M.M. Structure and conserved RNA binding of the
PAZ domain. Nature 2003, 426, 469-474.

Ma, J.B.; Ye, K;; Patel, D.J. Structural basis for overhang-specific small interfering RNA recognition by the
PAZ domain. Nature 2004, 429, 318-322.

Ma, J.B.; Yuan, Y.R,; Meister, G.; Pei, Y.; Tuschl, T, Patel, D.]. Structural basis for 5-end-specific
recognition of guide RNA by the A. fulgidus Piwi protein. Nature 2005, 434, 666—670.

Frank, F.; Hauver, J.; Sonenberg, N.; Nagar, B. Arabidopsis Argonaute MID domains use their nucleotide
specificity loop to sort small RNAs. EMBO J. 2012, 31, 3588-3595.

Thieme, C.J.; Schudoma, C.; May, P.; Walther, D. Give It AGO: The Search for miRNA-Argonaute Sorting
Signals in Arabidopsis thaliana Indicates a Relevance of Sequence Positions Other than the 5-Position
Alone. Front. Plant Sci. 2012, 3, 272.

Mj, S,; Cai, T.; Hu, Y.; Chen, Y.; Hodges, E.; Ni, F.; Wu, L.; Li, S.; Zhou, H.; Long, C.; et al. Sorting of small
RNAs into Arabidopsis Argonaute complexes is directed by the 5 terminal nucleotide. Cell 2008, 133,
116-127.

Zha, X.; Xia, Q.; Yuan, Y.A. Structural insights into small RNA sorting and mRNA target binding by
Arabidopsis Argonaute Mid domains. FEBS Lett. 2012, 586, 3200-3207.

Wu, L.; Zhang, Q.; Zhou, H.; Ni, F.; Wu, X; Qi, Y. Rice MicroRNA Effector Complexes and Targets. Plant
Cell 2009, 21, 3421-3435.

Montgomery, T.A.; Howell, M.D.; Cuperus, ].T,; Li, D.; Hansen, ]J.E.; Alexander, A.L.; Chapman, E.J.;
Fahlgren, N.; Allen, E.; Carrington, J.C. Specificity of ARGONAUTE7-miR390 interaction and dual
functionality in TAS3 trans-acting siRNA formation. Cell 2008, 133, 128-141.

Klum, SM.; Chandradoss, S.D.; Schirle, N.T.; Joo, C.; MacRae, 1.]. Helix-7 in Argonaute2 shapes the
microRNA seed region for rapid target recognition. EMBO ]. 2018, 37, 75-88.

Baker, C.M.; Grant, G.H. Role of aromatic amino acids in protein—nucleic acid recognition. Biopolymers
2007, 85, 456—470.

Nakama, M.; Kawakami, K.; Kajitani, T.; Urano, T.; Murakami, Y. DNA-RNA hybrid formation mediates
RNAi-directed heterochromatin formation. Genes Cells 2012, 17, 218-233.

Fatyol, K.; Ludman, M.; Burgyan, J. Functional dissection of a plant Argonaute. Nucleic Acids Res. 2016, 44,
1384-1397.

Zhang, X.; Niu, D.; Carbonell, A.; Wang, A.; Lee, A,; Tun, V.; Wang, Z.; Carrington, J.C.; Chang, C.E.A,;
Jin, H. ARGONAUTE PIWI domain and microRNA duplex structure regulate small RNA sorting in
Arabidopsis. Nat. Commun. 2014, 5, 5468.

Till, S.; Lejeune, E.; Thermann, R.; Bortfeld, M.; Hothorn, M.; Enderle, D.; Heinrich, C.; Hentze, M.W.;
Ladurner, A.G. A conserved motif in Argonaute-interacting proteins mediates functional interactions
through the Argonaute PIWI domain. Nat. Struct. Mol. Biol. 2007, 14, 897-903.

Giner, A.; Lakatos, L.; Garcia-Chapa, M.; Lopez-Moya, ].J.; Burgyan, J. Viral Protein Inhibits RISC Activity
by Argonaute Binding through Conserved WG/GW Motifs. PLOS Pathog. 2010, 6, e€1000996.

Azevedo, ].; Garcia, D.; Pontier, D.; Ohnesorge, S.; Yu, A.; Garcia, S.; Braun, L.; Bergdoll, M.; Hakimi,
M.A.; Lagrange, T.; et al. Argonaute quenching and global changes in Dicer homeostasis caused by a
pathogen-encoded GW repeat protein. Genes Dev. 2010, 24, 904-915.

Vaucheret, H.; Vazquez, F.; Crété, P.; Bartel, D.P. The action of ARGONAUTEI] in the miRNA pathway
and its regulation by the miRNA pathway are crucial for plant development. Genes Dev. 2004, 18, 1187-
1197.



Biomolecules 2020, 10, 929 25 of 26

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Varallyay, E.; Valdczi, A.; Agyi, A Burgyan, J.; Havelda, Z. Plant virus-mediated induction of miR168 is
associated with repression of ARGONAUTE1 accumulation. EMBO J. 2010, 29, 3507-3519.

Lu, C.; Jeong, D.H.; Kulkarni, K;; Pillay, M.; Nobuta, K.; German, R.; Thatcher, S.R.; Maher, C.; Zhang, L.;
Ware, D.; et al. Genome-wide analysis for discovery of rice microRNAs reveals natural antisense
microRNAs (nat-miRNAs). Proc. Natl. Acad. Sci. USA 2008, 105, 4951-4956.

Schreiber, A.W.; Shi, B.].; Huang, C.Y.; Langridge, P.; Baumann, U. Discovery of barley miRNAs through
deep sequencing of short reads. BMC Genomics 2011, 12, 129.

Jagtap, S.; Shivaprasad, P.V. Diversity, expression and mRNA targeting abilities of Argonaute-targeting
miRNAs among selected vascular plants. BMC Genomics 2014, 15, 1049.

Chavez-Hernandez, E.C.; Alejandri-Ramirez, N.D.; Judrez-Gonzalez, V.T.; Dinkova, T.D. Maize miRNA
and target regulation in response to hormone depletion and light exposure during somatic
embryogenesis. Front. Plant Sci. 2015, 6, 555.

Ozhuner, E.; Eldem, V.; Ipek, A.; Okay, S.; Sakcali, S.; Zhang, B.; Boke, H.; Unver, T. Boron Stress
Responsive MicroRNAs and Their Targets in Barley. PLoS ONE 2013, 8, e59543.

Harvey, J.JW.; Lewsey, M.G.; Patel, K.; Westwood, ].; Heimstddt, S.; Carr, ].P.; Baulcombe, D.C. An
Antiviral Defense Role of AGO?2 in Plants. PLoS ONE 2011, 6, e14639.

Xie, Z.; Kasschau, K.D.; Carrington, ]J.C. Negative Feedback Regulation of Dicer-Likel in Arabidopsis by
microRNA-Guided mRNA Degradation. Curr. Biol. 2003, 13, 784-789.

Grover, A.; Mittal, D.; Negi, M.; Lavania, D. Generating high temperature tolerant transgenic plants:
Achievements and challenges. Plant Sci. 2013, 205, 38-47.

Zinn, K.E.; Tunc-Ozdemir, M.; Harper, J.F. Temperature stress and plant sexual reproduction:
Uncovering the weakest links. J. Exp. Bot. 2010, 61, 1959-1968.

Richter, K.; Haslbeck, M.; Buchner, J. The Heat Shock Response: Life on the Verge of Death. Mol. Cell 2010,
40, 253-266.

Teng, C.; Zhang, H.; Hammond, R.; Huang, K.; Meyers, B.C.; Walbot, V. Dicer-like 5 deficiency confers
temperature-sensitive male sterility in maize. bioRxiv 2018, 498410, doi:10.1101/498410.

Meng, F.; Jia, H.; Ling, N.; Xue, Y.; Liu, H.; Wang, K,; Yin, J.; Li, Y. Cloning and characterization of two
Argonaute genes in wheat (Triticum aestivum L.). BMC Plant Biol. 2013, 13, 18.

Waterhouse, P. RNA interference: A dark horse in the AGO stable. Nat. Plants 2016, 2, 1-2.

Liu, H.; Nonomura, K.I. A wide reprogramming of histone H3 modifications during male meiosis I in rice
is dependent on the Argonaute protein MELL. |. Cell Sci. 2016, 129, 3553-3561.

Zhu, H.; Hu, F; Wang, R; Zhou, X.; Sze, S.H.; Liou, L.W.; Barefoot, A.; Dickman, M.; Zhang, X.
Arabidopsis Argonaute 10 specifically sequesters miR166/165 to regulate shoot apical meristem
development. Cell 2011, 145, 242-256.

Yu, Y.; Ji, L.; Le, B.H.; Zhai, J.; Chen, J.; Luscher, E.; Gao, L.; Liu, C.; Cao, X.; Mo, B.; et al. ARGONAUTE10
promotes the degradation of miR165/6 through the SDN1 and SDN2 exonucleases in Arabidopsis. PLOS
Biol. 2017, 15, €2001272.

Wu, J; Yang, Z.; Wang, Y.; Zheng, L.; Ye, R;; Ji, Y.; Zhao, S;; Ji, S.; Liu, R.; Xu, L.; et al. Viral-inducible
Argonautel8 confers broad-spectrum virus resistance in rice by sequestering a host microRNA. eLife 2015,
4, e05733.

Zhai, J.; Zhang, H.; Arikit, S.; Huang, K.; Nan, G.L.; Walbot, V.; Meyers, B.C. Spatiotemporally dynamic,
cell-type-dependent premeiotic and meiotic phasiRNAs in maize anthers. Proc. Natl. Acad. Sci. USA 2015,
112, 3146-3151.

Zhang, X.; Zhao, H.; Gao, S.; Wang, W.C,; Katiyar-Agarwal, S.; Huang, H.D.; Raikhel, N.; Jin, H.
Arabidopsis Argonaute 2 Regulates Innate Immunity via miRNA393*-Mediated Silencing of a Golgi-
Localized SNARE Gene, MEMB12. Mol. Cell 2011, 42, 356-366.

Wei, W.; Ba, Z.; Gao, M.; Wu, Y.; Ma, Y.; Amiard, S.; White, C.I; Rendtlew Danielsen, ].M.; Yang, Y.G.; Qi,
Y. A Role for Small RNAs in DNA Double-Strand Break Repair. Cell 2012, 149, 101-112.

Zhang, Z.; Liu, X.; Guo, X.; Wang, X.J.; Zhang, X. Arabidopsis AGO3 predominantly recruits 24-nt small
RNAs to regulate epigenetic silencing. Nat. Plants 2016, 2, 16049.

Douglas, R.N.; Wiley, D.; Sarkar, A.; Springer, N.; Timmermans, M.C.P.; Scanlon, M.]. Ragged seedling?2
Encodes an ARGONAUTE?-Like Protein Required for Mediolateral Expansion, but Not Dorsiventrality,
of Maize Leaves. Plant Cell 2010, 22, 1441-1451.



Biomolecules 2020, 10, 929 26 of 26

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Shen, D.; Wang, S.; Chen, H.; Zhu, Q.H.; Helliwell, C.; Fan, L. Molecular phylogeny of miR390-guided
trans-acting siRNA genes (TAS3) in the grass family. Plant Syst. Evol. 2009, 283, 125.

Havecker, E.R.; Wallbridge, L.M.; Hardcastle, T.J.; Bush, M.S.; Kelly, K.A.; Dunn, R.M.; Schwach, F.;
Doonan, ].H.; Baulcombe, D.C. The Arabidopsis RNA-Directed DNA Methylation Argonautes
Functionally Diverge Based on Their Expression and Interaction with Target Loci. Plant Cell 2010, 22, 321-
334.

Duan, C.G.; Zhang, H.; Tang, K.; Zhu, X.; Qian, W.; Hou, Y.J.; Wang, B.; Lang, Z.; Zhao, Y.; Wang, X,; et al.
Specific but interdependent functions for Arabidopsis AGO4 and AGO6 in RNA-directed DNA
methylation. EMBO J. 2015, 34, 581-592.

Olmedo-Monfil, V.; Duran-Figueroa, N.; Arteaga-Vazquez, M., Demesa-Arévalo, E.; Autran, D.;
Grimanelli, D.; Slotkin, R.K.; Martienssen, R.A.; Vielle-Calzada, J.P. Control of female gamete formation
by a small RNA pathway in Arabidopsis. Nature 2010, 464, 628-632.

Wu, L.; Mao, L.; Qi, Y. Roles of DICER-LIKE and ARGONAUTE Proteins in TAS-Derived Small
Interfering RNA-Triggered DNA Methylation. Plant Physiol. 2012, 160, 990-999.

Matzke, M.A.; Mosher, R.A. RNA-directed DNA methylation: An epigenetic pathway of increasing
complexity. Nat. Rev. Genet. 2014, 15, 394-408.

Singh, M.; Goel, S.; Meeley, R.B.; Dantec, C.; Parrinello, H.; Michaud, C.; Leblanc, O.; Grimanelli, D.
Production of Viable Gametes without Meiosis in Maize Deficient for an ARGONAUTE Protein. Plant
Cell 2011, 23, 443-458.

Wang, H.; Jiao, X.; Kong, X.; Hamera, S.; Wu, Y.; Chen, X,; Fang, R.; Yan, Y. A Signaling Cascade from
miR444 to RDR1 in Rice Antiviral RNA Silencing Pathway. Plant Physiol. 2016, 170, 2365-2377.

Alleman, M.; Sidorenko, L.; McGinnis, K.; Seshadri, V.; Dorweiler, J.E.; White, J.; Sikkink, K.; Chandler,
V.L. An RNA-dependent RNA polymerase is required for paramutation in maize. Nature 2006, 442, 295
298.

Nagasaki, H.; Itoh, J.; Hayashi, K.; Hibara, K.; Satoh-Nagasawa, N.; Nosaka, M.; Mukouhata, M.; Ashikari,
M,; Kitano, H.; Matsuoka, M.; et al. The small interfering RNA production pathway is required for shoot
meristem initiation in rice. Proc. Natl. Acad. Sci. USA 2007, 104, 14867-14871.

Nakasugi, K.; Crowhurst, R.N.; Bally, ]J.; Wood, C.C.; Hellens, R.P.; Waterhouse, P.M. De Novo
Transcriptome Sequence Assembly and Analysis of RNA Silencing Genes of Nicotiana benthamiana. PLoS
ONE 2013, 8, €59534.

Dalmadi, A.; Gyula, P.; Balint, J.; Szittya, G.; Havelda, Z. AGO-unbound cytosolic pool of mature
miRNAs in plant cells reveals a novel regulatory step at AGO1 loading. Nucleic Acids Res. 2019, 47, 9803~
9817.

Zhong, S.H.; Liu, ].Z,; Jin, H.; Lin, L.; Li, Q.; Chen, Y.; Yuan, Y.X,; Wang, Z.Y.; Huang, H.; Qi, Y.J.; et al.
Warm temperatures induce transgenerational epigenetic release of RNA silencing by inhibiting siRNA
biogenesis in Arabidopsis. Proc. Natl. Acad. Sci. USA 2013, 110, 9171-9176.

Yu, X; Wang, H.; Lu, Y.; de Ruiter, M.; Cariaso, M.; Prins, M.; van Tunen, A.; He, Y. Identification of
conserved and novel microRNAs that are responsive to heat stress in Brassica rapa. J. Exp. Bot. 2012, 63,
1025-1038.

Li, S,; Liy, J.; Liu, Z.; Li, X;; Wu, F.; He, Y. HEAT-INDUCED TAS1 TARGET1 Mediates Thermotolerance
via HEAT STRESS TRANSCRIPTION FACTOR Ala-Directed Pathways in Arabidopsis. Plant Cell 2014,
26, 1764-1780.

Lin, J.S.; Kuo, C.C; Yang, 1.C; Tsai, W.A,; Shen, Y.H.; Lin, C.C; Liang, Y.C.; Li, Y.C.; Kuo, Y.W.; King,
Y.C.; et al. MicroRNA160 Modulates Plant Development and Heat Shock Protein Gene Expression to
Mediate Heat Tolerance in Arabidopsis. Front. Plant Sci. 2018, 9, 68.

Nuthikattu, S.; McCue, A.D.; Panda, K.; Fultz, D.; DeFraia, C.; Thomas, E.N.; Slotkin, R.K. The Initiation
of Epigenetic Silencing of Active Transposable Elements Is Triggered by RDR6 and 21-22 Nucleotide
Small Interfering RN As. Plant Physiol. 2013, 162, 116-131.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



