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Abstract
When stress factors trigger transcriptional and metabolic changes, RNA interference (RNAi) is associated with gene expres-
sion regulation at the transcriptional and post-transcriptional levels. RDR, DCL and AGO proteins contribute to these gene 
silencing processes during stress reactions and plant development. An entire revision of the maize RDR, DCL and AGO 
genes was carried out prior to the experiments. In this study, the transcript changes of a total of 4 ZmRDR, 5 ZmDCL and 
17 ZmAGO genes were analysed in maize during either drought stress or MDMV infection, with or without salicylic acid 
pre-treatment or siRNA pre-treatment, respectively. The gene expression profiles showed the early, middle and late activity 
of these genes. Drought stress caused major changes in the expression profiles, indicating that there were various steps in 
stress response regulation. Moreover, insights were gained into the fine-tuning mechanisms of SA regulation. In the case of 
MDMV infection less diverse trends were observed, which were mainly focused on antiviral defence. However, treatment 
with exogenous siRNA seems to be an appropriate tool for the targeted influencing of RNAi, especially of AGO genes. These 
results represent the first contribution to the relationship between RNAi and salicylate signalling and between viral infection 
and siRNA-triggered defence in maize.
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Introduction

Maize is one of the most widely grown cereals worldwide. 
The world's total maize production was estimated at 1.05 
million thousand tonnes in 2019 (Knoema 2019). It has very 
diverse uses: in addition to animal feed, its industrial pro-
cessing is also important for the production of starch, invert 
sugar and alcohol. Furthermore, maize is a staple food in the 
most populous, poorer regions of the world. This important 
crop plant is exposed to many abiotic and biotic stress fac-
tors in the fields. Not only can the highly variable and often 
unpredictable weather test plant defence systems, but severe 

abiotic stress may further increase the susceptibility of plants 
to certain biotic stressors (Trębicki and Finlay 2019).

Drought, extreme temperature changes, heavy metals, 
increased soil salt content and certain pathogens (fungi, 
bacteria, viruses, insects) are able to launch a finely tuned 
signalling (e.g. MAPK—mitogen activated protein kinase, 
transcription factors) and gene expression system that elic-
its stressor-specific metabolic responses, enabling plants 
to survive (Atkinson and Urwin 2012). Another important 
regulatory mechanism is also involved in the transcriptional 
and post-transcriptional regulation of these gene networks, 
namely RNA interference (RNAi). RNAi is an evolutionarily 
conserved defence mechanism that allows sequence-specific 
cleavage following the recognition/formation of endogenous 
or exogenous double-stranded RNA molecules. The key 
proteins involved in the maturation and formation of these 
molecules are RNA-dependent RNA polymerases (RDRs), 
Dicer-like nucleases (DCL) and Argonaute RNA-binding 
proteins (AGO) (Shabalina and Koonin 2008).

The 20–30 nt long microRNA (miRNA) molecules 
endogenously generated in the process of RNAi are prin-
cipally responsible for plant development, the regulation 
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of metabolism, the maintenance of genome integrity, and 
even the development of stress responses. These miRNA 
molecules specifically bind to the AGO-RISC (Argonaute—
RNA-induced silencing complex) complexes containing the 
corresponding AGO proteins, thereby contributing to the 
sequence-specific binding and cleavage of transcripts of the 
genes to be silenced (Iwakawa and Tomari 2015; Gan et al. 
2017). In addition to post-transcriptional gene silencing, 
some miRNAs induce chromatin rearrangement by main-
taining DNA methylation, thereby inhibiting transcription 
from their target gene (Axtell 2013; Achkar et al. 2016). 
Accordingly, DCL, RDR and AGO isoenzymes are involved 
in numerous functions and affecting, among other things, the 
type and intensity of stress response and plant development 
(Fang and Qi 2016; Liu et al. 2018).

Salicylic acid (SA) is a key plant growth regulator influ-
encing developmental processes and plant immunity. It has 
an important regulatory role in stress responses to both 
biotic and abiotic challenges. During the development of a 
given stress response, RNAi participates in the fine-tuning 
of the classical sense signalling pathway, with the involve-
ment of small RNA (sRNA) molecules (Samad et al. 2017). 
However, the role of RNAi genes has not yet been clarified 
in the case of drought stress and SA signalling.

Among the biotic stressors that threaten sweet corn, plant 
pathogens, including viruses, play the main role. Maize 
dwarf mosaic virus (MDMV) pathogen uses plant resources 
to ensure its own intracellular growth, thereby contributing 
significantly to slowing down the development and growth 
processes of the plants (Kannan et al. 2018). In the case of 
MDMV infection, the single stranded RNA genome released 
from the coat protein units in the cytoplasm serves as the 
signal to the plant and the RNAi process is activated almost 
immediately. Small interfering RNA (siRNA) copies of the 
viral genome are rapidly formed due to the activity of the 
RDR and DCL enzymes, and then selectively incorporated 
into the AGO-containing RISC complexes. The AGO protein 
then mediates the sequence-specific binding and catalytic 
cleavage of the viral RNA designated by the sRNA molecule 
(Llave 2010; Khraiwesh et al. 2012). Utilizing the working 
principle of RNAi, plant defence can be activated by treat-
ment with longer double-stranded RNA molecules (dsRNA) 
or shorter small interfering RNA duplexes, mimicking the 
infection, but without real danger. Therefore, it may ulti-
mately be possible to prepare the plants for infection, thus 
contributing to slower viral proliferation or even complete 
inhibition (Konakalla et al. 2016; Kaldis et al. 2018).

The strength and effectiveness of the plant stress response 
significantly depend on the regulatory steps. Obtaining a bet-
ter understanding of the gene expression patterns of sRNA 
molecules and RNA-interfering enzymes and of their rela-
tionships would offer numerous hitherto untapped oppor-
tunities to enhance the stress response and to alleviate the 

damage caused by stress factors. Thus, exploring the regu-
lation of plant stress responses could provide information 
that would significantly improve the stress capacity of crops 
(Kamthan et al 2015).

The aim of the present work was to identify RNAi-asso-
ciated genes in maize plants, to clarify their function and 
to characterise the expressional changes and dynamics of 
the system under (i) drought stress with or without salicylic 
acid pre-treatment and (ii) MDMV infection with or without 
siRNA pre-treatment.

Materials and Methods

Identification of DCL, RDR and AGO Genes

Maize genome and transcript sequences were downloaded 
from MaizeGDB (https:// www. maize gdb. org/) and Gramene 
(https:// www. grame ne. org/). The downloaded sequences 
can be found in the supplementary files AGOcDNA.txt, 
DCLcDNA.txt and RDRcDNA.txt. Hidden Markov Model 
analysis and BLAST search alignment tools (Cannon et al. 
2011) were used to find the DCL, RDR and AGO genes of 
the B73 maize genome reference version 5.0 of MaizeGDB. 
The blastn algorithm of the National Center for Biotechnol-
ogy Information (NCBI, https:// blast. ncbi. nlm. nih. gov/) was 
used to find the homologous and similar sequences encoded 
by the Arabidopsis thaliana and Oryza sativa genomes, aim-
ing to identify the corresponding genes in the B73 maize 
genome. The Clustal Omega multiple sequence alignment 
program (https:// www. ebi. ac. uk/ Tools/ msa/ clust alo/) was 
used for the alignment analyses of similar sequences in a 
given gene family or subfamily. Phylogenetic analysis was 
carried out with the MEGA X program (Kumar et al. 2018) 
using the neighbor-joining method with 1,000 bootstrap rep-
licates. Genome Browser tool of MaizeGDB, optimised for 
reference version 5.0 (https:// jbrow se. maize gdb. org/), was 
used for mapping the chromosomal localisation of the DCL, 
RDR and AGO genes of maize.

Plant Material, Growth Conditions and Treatments

For the drought experiment, maize plants (Zea mays L. cv. 
MV 350) were grown in soil in a greenhouse with controlled 
climate and light conditions (14/10-h light/dark period, pho-
tosynthetic photon flux density (PPFD) of 200 μmol  m−2  s−1, 
25 °C and ~ 40% relative humidity). Three-day-old germi-
nated kernels were transferred to a 70% water capacity 
soil:sand (2:1) mixture, which was checked and moistened 
every day with 1⁄4 strength Hoagland solution (containing 
80 μM Fe(III)-EDTA as iron form). Salicylic acid (SA) treat-
ment was carried out by spraying 3 ml of 0.1 mM SA solu-
tion and 0.00025% Nonit mixture on each 11-day-old plant. 

https://www.maizegdb.org/
https://www.gramene.org/
https://blast.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://jbrowse.maizegdb.org/
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Non-stressed and drought-stressed plants were sprayed with 
3 ml 0.00025% Nonit solution. The plants were exposed to 
9-day drought stress from the age of 12 days. Samples were 
taken 3, 6 and 9 days past the beginning of drought (dpd). 
Drought conditions were controlled through the gradual 
reduction of soil water capacity from 70 to 50% (Fig S1). 
The sample plants were separated into 4 groups: DW—non-
stressed control plants; SA—SA-pretreated plants; DW-D—
plants exposed to drought stress; SA-D—SA-pretreated 
plants exposed to drought stress (Fig. S2). The appropriate 
treatment dose, drought conditions and sampling dates were 
determined during preliminary experiments based on physi-
ological measurements.

Sweet corn (Zea mays cv. Saccharata var. Honey Koern.) 
was used to study the mechanism of RNA interference 
under biotic stress. Pre-germinated corn grains were grown 
hydroponically, on ¼ strength Hoagland solution (contain-
ing 80 μM Fe(III)-EDTA as iron form). The plants were 
grown at 250 μmol  m−2  s−1 PPFD, 23/25 °C temperature 
and 50% relative humidity, in a SANYO MLR-350 HT 
(SANYO Electric Co., Ltd., Japan) plant growth chamber 
with a 14/10-h light/dark period. Plants without subsequent 
treatments were indicated as control (CO) plants (Fig S3). 
To investigate the effect of sRNA treatment on RNA inter-
ference, 10-day-old plants were treated with siRNA mole-
cules (treatment group siRNA). This siRNA sequence (Sense 
sequence: 5-P.G.A.A.G.C.A.C.A.G.A.A.G.G.A.G.G.C.A.G
.A.G; Antisense sequence: 5-P.C.U.C.U.G.C.C.u.c.c.U.U.C.
U.G.U.G.C.U.U.C) is complementary to the 5' portion of the 
coat protein subunit coding region of the MDMV genome 
and was determined in a previous sRNA sequencing pro-
ject. 10 μl of 30 ng/μl siRNA solution was injected into 
the open leaf sheaths of the maize plants. 11 and 13 days 
after the germination the plants in the MDMV group were 
infected mechanically with the Dallas A strain of MDMV. 
1 g leaf tissue from infected plants developing macroscopic 
symptoms were homogenized in 10 ml Sörensen phosphate 
buffer (pH 7.2, 0.06 M) and were used for inoculating the 
first and second leaves of MDMV group plants. Carborun-
dum was added as an abrasive. To investigate the effects of 
siRNA pretreatment in infected plants, siRNA-pre-treated 
plants were infected with the MDMV Dallas A strain (hence-
forth referred to as the siRNA-MDMV group). Sampling was 
performed one, two, and three weeks past the first MDMV 
infection (wpi).

Analysis of Gene Expression

Total RNA samples were isolated from the second leaves 
of maize plants using the Direct-zol RNA Miniprep Kit 
(Thermo Fisher Scientific, Rockford, IL, USA), including 
the DNA digestion step. cDNA was synthesised from 500 ng 
RNA with the RevertAid First Strand cDNA Synthesis Kit 

(Thermo Fisher Scientific). qRT-PCR reactions were run on 
an ABI StepOnePlus Real-Time PCR instrument (Thermo 
Fisher Scientific), using Maxima SYBR Green/ROX qPCR 
Master Mix (Thermo Fisher Scientific). Folylpolygluta-
mate synthase (FPGS), leunig (LUG) and membrane pro-
tein PB1A10.07c gene (MEP) were used as internal control 
genes to normalise the Cq values of the genes of interest 
(Manoli et al. 2012). The geometric mean of the internal 
control data across biological and technical replicates were 
applied for normalisation. The relative changes in gene 
expression were compared to the untreated control group and 
quantified according to the Pfaffl method (Pfaffl 2004). Prim-
ers were designed by Primer3 online software (Koressaar 
and Remm, 2007) and fine-tuned manually when necessary. 
Reaction efficiencies were calculated via the LinRegPCR 
software (Ramakers et al. 2003). The expression of the fol-
lowing genes was analysed by qRT-PCR: Dicer-like 1, 2, 3a, 
3b, 4 (DCL1, DCL2, DCL3a, DCL3b, DCL4); Mediator of 
paramutation 1 (MOP1); RNA-dependent RNA polymerase 
1, 4, 6 (RDR1, RDR4, RDR6); Argonaute 1a, 1b, 1c, 1e, 2b, 
4a, 4b, 4c, 5a, 5b, 6, 7, 10a, 10b, 18a, 18b (AGO1a, AGO1b, 
AGO1c, AGO1e, AGO2b, AGO4a, AGO4b, AGO4c, AGO5a, 
AGO5b, AGO6, AGO7, AGO10a, AGO10b, AGO18a, 
AGO18b) (Table S1).

Data Evaluation and Statistical Analysis

Three technical repeats and three biological repeats were 
used for the qRT-PCR experiments. After checking the nor-
mality of the data the results were statistically evaluated with 
ANOVA and Tukey’s honest significant difference (Tuke-
yHSD) post-hoc test at the 5% significance level (p ≤ 0.05) 
using the RStudio program package (Racine 2012). The 
heatmaps of the centred and scaled  log2 relative expression 
values were generated by the pheatmap package in RStudio 
(https:// CRAN.R- proje ct. org/ packa ge= pheat map). The gene 
clusters were classified by Z-score determination of each 
row. The data used for the analyses can be found in the sup-
plementary table (Table S2).

Results

DCL, RDR and AGO Genes in Maize

Qian et al. (2011) identified 5 DCL, 5 RDR and 18 AGO 
genes in the maize genome. Zhai et al. (2014) described 17 
AGO sequences, 12 of which were among the 18 AGO gene 
predictions of Qian et al. (2011) and five more. The pre-
sent gene hunting project approved the DCL genes (Table 1) 
identified by Qian et al. (2011), but it was proposed that 
the earlier data should be reconsidered for the RDR and 
AGO genes. Seven RDR genes (Table 1) and 20 AGO genes 

https://CRAN.R-project.org/package=pheatmap
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(Table 2) were distinguished in maize in the present work, 
some of them not found earlier and some described under 
another name. All the gene names given by Qian et al. (2011) 
were affirmed, except those for which revision was indispen-
sable. For instance, ZmRDR4 has been reconsidered as the 
former description was identical to the recently identified 
ZmRDR6, while a new gene with the name ZmRDR4 has 
been annotated here as an AtRDR3/4/5-OsRDR3/4 type gene 
and named after its similarity to OsRDR4. The ZmRDR5 
gene described by Qian et al. (2011) has been renamed 
ZmRDR5a, as two closely related genes were found in the 

maize genome (Fig. 1). The AGO genes were revised, first 
according to their similarity to the corresponding rice genes 
and secondly to well-known genes in Arabidopsis (Fig. 2).

Expression Patterns of RNAi Genes During 
SA‑Treatment and Drought Stress

Analysis of the gene expression profiles revealed early, 
middle and late activated RNAi genes. The gene activities 
and activity changes corresponded to mild, moderate and 
strong stress conditions, related to the decrease in field water 

Table 1  Name, MaizeGDB annotation number and chromosomal localisation of maize RDR and DCL genes

MaizeGDB ID Gene name Qian et al. (2011) Arabidopsis Rice Chr Chromosomal position

ZEAMMB73_280889 ZmRDR1 Zmrdr1 AtRDR1 OsRDR1 5 210.959.658..210.963.550
ZEAMMB73_89754 ZmMOP1 Zmmop1 AtRDR2 OsRDR2 2 42.148.655..42.154.259
Zm00001e008723 ZmRDR4 – AtRDR3 OsRDR3/4 2 110.497.184..110.517.840
ZEAMMB73_985632 ZmRDR5a Zmrdr5 AtRDR6/1 SHL2 9 108.658.809..108.662.630
ZEAMMB73_Zm00001d046881 ZmRDR5b – – SHL2 9 108.776.140..108.780.215
ZEAMMB73_Zm00001d046933 ZmRDR5c Zmrdr3 AtRDR1/6 SHL2 9 111.694.793..111.698.901
ZEAMMB73_Zm00001d040986 ZmRDR6 – AtRDR6 SHL2 88.400.525..88.434.195
Zm00001e000158 ZmDCL1 ZmDCL1 AtDCL1 OsDCL1 1 4.678.407..4.699.431
Zm00001e012491 ZmDCL2 ZmDCL2 AtDCL2 OsDCL2 5 20.821.099..20.841.816
Zm00001e018890 ZmDCL3a ZmDCL3a AtDCL3 OsDCL3a 3 169.086.662.. 169.107.164
Zm00001e004530 ZmDCL3b ZmDCL3b AtDCL3 OsDCL3b 1 235.396.864..235.416.257
Zm00001e041209 ZmDCL4 ZmDCL4 AtDCL4 OsDCL4 10 132.573.351..132.628.284

Table 2  Name, MaizeGDB annotation number and chromosomal localisation of maize AGO genes

MaizeGDB ID Gene name Qian et al. (2011) Zhai et al. (2014) Chr Chromosomal position

ZEAMMB73_978791 ZmAGO1a Zmago1a ZmAGO1a 6 43,253,105..43,261,555
ZEAMMB73_598597 ZmAGO1b Zmago1b ZmAGO1c 10 137,506,877..137,513,415
ZEAMMB73_526694 ZmAGO1c Zmago1c ZmAGO1b 2 17,563,301..17,573,156
ZEAMMB73_460987 ZmAGO1d Zmago1d ZmAGO1f 5 64,791,153..64,796,881
ZEAMMB73_554188 ZmAGO1e Zmago1e – 8 134,439,555..134,444,960
ZEAMMB73_Zm00001d025331 ZmAGO1f – – 10 114,363,946..114,370,019
ZEAMMB73_556605 ZmAGO2a Zmago2 ZmAGO2a 2 9,973,816..9,981,340
ZEAMMB73_711438 ZmAGO2b Zmago7 ZmAGO2b 10 141,823,070..141,828,449
ZEAMMB73_451965 ZmAGO4a – ZmAGO4 8 2,511,463..2,518,808
ZEAMMB73_187317 ZmAGO4b Zmago4d ZmAGO9 6 168,642,369..168,650,358
ZEAMMB73_671369 ZmAGO4c – – 3 43,646,018..43,657,336
ZEAMMB73_169759 ZmAGO5a Zmago5a ZmAGO5d 5 13,611,800..13,618,574
ZEAMMB73_436296 ZmAGO5b Zmago5b ZmAGO5a 2 233,385,077..233,392,000
ZEAMMB73_102277 ZmAGO5c – ZmAGO5b 5 4,001,278..4,009,529
ZEAMMB73_637358 ZmAGO6 Zmago5c ZmAGO5c 7 72,044,775..72,053,779
ZEAMMB73_352791 ZmAGO7 – ZmAGO7 1 75636094..75640439
ZEAMMB73_825392 ZmAGO10a Zmago10a ZmAGO10a 9 87,408,375..87,414,276
ZEAMMB73_232492 ZmAGO10b Zmago10b ZmAGO10b 6 103,286,382..103,293,200
ZEAMMB73_797202 ZmAGO18a Zmago18a ZmAGO18a 2 199,510,528..199,516,085
ZEAMMB73_473157 ZmAGO18b Zmago18b ZmAGO18b 1 250,132,189..250,137,737
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capacity resulting in drought stress. According to the expres-
sion data, various trends could be observed in the drought-
stressed groups. The expression of DCL1, DCL2, AGO2b, 
AGO7 and AGO18b showed a gradual increase throughout 
the experiment from inhibited to enhanced gene activity. 
DCL3b, RDR1, AGO1c, AGO4b, AGO10a and AGO10b 
showed a gradual decrease from enhanced to inhibited 
activity in both drought-stressed groups. Drought stress 
caused an “A”-shaped trend in the case of DCL3a, DCL4, 
MOP1, RDR6, AGO1a, AGO2a, AGO4a and AGO5b and 
a”V”-shaped pattern for AGO1b, AGO5a and AGO18a. The 
gradually increasing and decreasing expression patterns may 
indicate the early and late importance of these genes, respec-
tively, the V-shaped pattern showing a dual early-late role 
and the A-shaped trend corresponding to middle-activated 
genes (Fig. 3).

The gene expression heatmap visualizes the difference 
between expression data over the time course of each 
treatment. Genes with similar expression patterns form 
a cluster, so basically three groups that may play a major 
role in drought stress responses can be distinguished 
(Fig. 4). DCL3b, RDR1, AGO4b and AGO5a were early 
activated genes, whose activity decreased over time to the 
level of the DW group or became completely suppressed. 
The expression of these genes was also affected by SA 
pretreatment. MOP1 had constant high activity in all the 

Fig. 1  Phylogenetic relationships between RDR transcripts of 
maize, rice and Arabidopsis. Bootstrap values larger than 50 out 
of 1000 bootstrap replications are shown for each clade on the 
unrooted neighbour-joining (NJ) tree. Accession numbers and 
abbreviations: OsRDR1 (Os02g50330), OsRDR2 (Os04g39160), 
OsRDR3 (Os01g 10130), OsRDR4 (Os01g10140) and OsSHL2 
(Os01g34350); AtRDR1 (At1g14790), AtRDR2 (At4g11 130), 
AtRDR3 (At2g19910), AtRDR4 (At2g19920), AtRDR5 (At2g19930) 
and AtRDR6 (At3g49500)

Fig. 2  Phylogenetic relationships between AGO transcripts of maize, 
rice and Arabidopsis. Bootstrap values larger than 50 out of 1000 
bootstrap replications are shown for each clade on the unrooted 
neighbour-joining (NJ) tree. Accession numbers and abbreviations: 
OsAGO1a (Os02g45070), OsAGO1b (Os04g47870), OsAGO1c 
(Os02g58490), OsAGO1d (Os06g51310), OsAGO2 (Os04g52540), 
OsAGO3 (Os04g52550), OsAGO4a (Os01g16870), OsAGO4b 
(Os04g06770), OsAGO14 (Os07g09020), OsMEL1 (Os03g58600), 
OsAGO17 (Os02g07310), OsAGO12 (Os03g47820), OsAGO18 
(Os07g28850); AtAGO1 (At1g48410), AtAGO2 (At1g31280), 
AtAGO3 (At1g31290), AtAGO4 (At2g27040), AtAGO5 
(At2g27880), AtAGO6 (At2g32940), AtAGO7 (At1g69440), 
AtAGO8 (At5g21030), AtAGO9 (At5g21150) and AtAGO10 
(At5g43810)
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treatments, with an expression peak at 6 dpd for DW-D 
and SA-D. The activity of this gene remained high in the 
case of DW-D, while in SA-D there was a slight decrease. 
DCL4 and AGO18b were activated later, but their expres-
sion remained high till the end of the treatment in DW-D 
and SA-D. DCL1, DCL2, AGO2b and AGO7 were late acti-
vated genes. Apart from AGO18b, AGO7 had the largest 
change in expression, indicating its importance in the late 
phase drought stress response. SA pre-treatment caused 
mostly minor changes, though RDR1, AGO4a and AGO5a 

showed early, DCL4 and AGO5b middle and AGO7 late 
responses, while MOP1 had constant high activity.

Expression Pattern of RNAi Genes During MDMV 
Infection

The expression activity of RNA interference genes exam-
ined during the first three weeks of an MDMV infection 
showed several changes. As a result of the infection, 
increasing expression activity was observed in the RDR 

Fig. 3  Gene expression profiles recorded during SA treatment and drought stress. The data are presented as  log2 relative expression values. The 
mean values of the three biological and three technical replicates included on the graph can be found in the supplementary table

Fig. 4  Cluster analysis of gene expression based on the  log2 relative 
expression data during SA treatment and drought stress. The columns 
show the gene clusters and the rows the experimental conditions at a 

given time. The gene clusters were classified by the Z-score determi-
nation of each row. Red indicates up-regulated and blue down-regu-
lated genes



2054 Journal of Plant Growth Regulation (2022) 41:2048–2058

1 3

and DCL gene clusters during the first week, which mainly 
affected DCL3a and RDR1 (Fig. 5). However, gene activa-
tion was the most expressed in the AGO cluster, affecting 
a total of 6 genes (AGO1a, AGO1e, AGO10a, AGO10b 
and AGO18a). Thus, together with other stress-responsive 
genes, these RNAi genes may play an important role in the 
development of the early stress response during MDMV 
infection. In most cases expression decreased during the 
second and third week of infection, resulting in a gradually 
decreasing or V-shaped trend (Fig. 5).

Genes showing different expression activity trends can 
be clearly distinguished on the heatmap (Fig. 6). The gene 
expression trends of AGO1a, AGO4b, AGO10a, AGO10b, 
RDR1 and DCL3a were similar and appeared to be activated 
early in each treatment. In the case of AGO1a, AGO4b, and 
RDR1 this activation extended into the second week as well. 
The following group, consisting of AGO1e, AGO2a and 
AGO2b, exhibited increased activity to a greater or lesser 
extent in all three weeks during the course of infection. The 
only late activated genes were AGO7 and AGO18b. Accord-
ing to the heatmap, the activity of AGO18a was clearly the 

Fig. 5  Gene expression profiles recorded during siRNA treatment and MDMV infection. The data are presented as  log2 relative expression val-
ues. The mean values of the three biological and three technical replicates included on this graph can be found in the supplementary table

Fig. 6  Cluster analysis of gene expression based on the  log2 relative 
expression data during siRNA treatment and MDMV infection. The 
columns show the gene clusters and the rows the experimental condi-

tions at a given time. The gene clusters were classified by the Z-score 
determination of each row. Red indicates up-regulated blue down-
regulated genes
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most prominent, showing its key role in the defence against 
MDMV in this maize variety (Fig. 6).

Discussion

The function of RNAi genes have been examined in a num-
ber of studies. Based on the available literature, in the pre-
sent discussion we highlight the processes, regulatory steps 
and physiological changes in which genes that are activated 
in different periods, may be involved.

RNAi Expression Profiles can be Well Characterised 
During Drought Stress

RDR1, DCL3b, AGO4b and AGO5a proved to be early acti-
vated genes. As they regulate miRNA genesis and RNA-
dependent DNA methylation (RdDM), the early stress 
responses at the beginning of drought stress involve both 
transcriptional and post-transcriptional gene regulation 
(Axtell 2013). MOP1, RDR6, DCL3a, DCL4, AGO1a, 
AGO2a, AGO4a and AGO5b reached their expression peak 
in the middle of the 9-day stress experiment. In maize, the 
RDR2 homologue MOP1 gene is required for the establish-
ment and maintenance of paramutations and transcriptional 
silencing. Moreover, the MOP1/DCL3 and RDR6/DCL4 
siRNA pathways were reported to maintain the production 
of 22 nt siRNAs that take part in RdDM (Alleman et al. 
2006; Nobuta et al. 2008). Jiang et al. (2020) found synergy 
between the RDR6/DCL4 siRNA pathway and the regulation 
of the carbon metabolism and anthocyanin biosynthesis in 
Arabidopsis. The present results suggest that SA pre-treat-
ment enhanced the expression of RDR6 3 and 6 days after 
the beginning of drought. While in DW-D the initial activity 
constantly decreased, there was an expression peak at 6 days 
in the SA and SA-D groups. SA is known to enhance antho-
cyanin levels through its regulatory and direct metabolic 
effects (Khan et al. 2015), so RDR6 may be involved in this 
regulation. Two of the most important late activated genes 
were AGO7 and AGO18b. The product of AGO7 colocalizes 
and interacts with RDR6 and DCL4 enzymes and accumu-
lates in siRNA bodies during stress (Jouannet et al. 2012). 
AGO7 is loaded with ta-siRNAs targeting auxin response 
factors (ARF3 and ARF4), thus taking part in organ develop-
ment (Fahlgren et al. 2006; Jouannet et al. 2012). AGO18b 
is a negative regulator of the inflorescence meristem and 
shoot apical meristem in either the vegetative or the repro-
ductive phase or during the presence of a stress factor (Wu 
et al. 2017; Sun et al. 2019). According to these data, AGO7 
and AGO18b seem to be involved in regulating the balance 
between stress response and development. In this case the 
stronger the drought stress, the stronger the gene activity, 
which induces a gradual increase in the inhibition of SAM 

development, causing the growth of the seedlings to come 
to a halt during the presence of the stress factor.

RNAi is Involved in the Abiotic Stress Regulation 
of SA

From the abiotic stress point of view SA is a plant hormone 
inducing systemic changes while cooperating with other 
plant hormones (hormone crosstalk), so it is difficult to dis-
tinguish specific SA effects (Peleg and Blumwald 2011). 
The SA effect is well described according to biotic stress 
responses. However, numerous physiological, metabolomi-
cal and gene expression changes can be observed during 
abiotic stresses, as well. For example, the enhancement of 
photosynthetic efficiency and antioxidative enzyme activ-
ity or an increased level of polyamines are indirect effects 
resulting from regulatory changes caused by SA (Hayat 
et al. 2010). Moreover, stress protective SA treatment is 
concentration-dependent, suggesting the existence of fine-
tuning mechanisms in the SA regulatory pathway, which has 
not been fully explored in terms of abiotic stress responses 
(Curaba et al. 2014; Hernández et al. 2017). Gene expression 
results show that, after perceiving the presence of the stress 
factor, plants respond with chromatin remodelling in order 
to induce stress response mechanisms, in which RNAi and 
RdDM have a crucial role (Zhang et al. 2018). Exogenous 
SA treatment causes an expression pattern similar to that of 
drought stress in several RNAi genes. Thus, according to 
the previously described role of RNAi proteins SA seems 
to induce a priming mechanism through RdDM and chro-
matin remodelling, which may result in the faster activation 
of stress-responsive metabolic routes, such as anthocyanin 
biosynthesis. This raises the question of whether the concen-
tration-dependent effect of SA depends on the fine-tuning 
effect of siRNA pathways during abiotic stress responses.

Effects of MDMV Infection and siRNA‑(pre)
Treatments on RNAi Expression Profiles

Previously we examined this cultivar in detail in case of 
MDMV infection and various treatments. This cultivar 
shows great susceptibility for this type of virus and devel-
ops specific, well characterised symptoms. The MDMV 
can cause major changes in physiological, metabolomical 
and gene expression levels (Ludmerszki et al. 2017). How-
ever, RNAi expression patterns have not been studied yet 
in details.

As in the drought stress response, genes activated early 
or later in the process of RNA interference can be distin-
guished in the case of viral infection. Plant viruses, includ-
ing MDMV use the plants resources to replicate their own 
genetic material and proteins, so that the plants lack the 
necessary resources for development and growth (Revers 
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and Gracía 2015). Among other things, this results in the 
activation of gene silencing mechanisms at the post-tran-
scriptional level and in chromatin modification, besides 
further antiviral defence mechanisms. This is also evi-
denced by a slight increase in the activity of genes that 
also showed a significant change in the case of drought. 
RNAi has an essential role in antiviral defence (Li et al. 
2016). Besides its direct antiviral protection, RNAi also 
plays a role in metabolic and developmental changes dur-
ing biotic stress. During viral infections, the appearance 
of exogenous viral RNA in the cytoplasm of the plant cell 
serves as a signal to the plant that activates the mechanism 
of RNA interference. Proteins encoded by the RDR1 and 
RDR6 genes are thought to be responsible for the forma-
tion of double-stranded RNA, which can then be diced to 
secondary siRNA molecules during geminiviral infection 
(Guo et al. 2018). In a further step in the process, 21–24 nt 
RNA molecules cleaved by DCL4 endonuclease proteins 
may be incorporated into AGO-RISC complexes. In the 
case of an RNA virus infection, AGO1 and AGO7 proteins 
are primarily responsible for the binding of these siRNA 
molecules (Szittya and Burgyán 2013). The present results 
suggest that RNA-dependent RNA polymerase encoded 
by RDR1 may have been responsible for the formation of 
viral siRNAs during MDMV infection. While there was 
no significant increase in the activity of the DCL2 and 
DCL4 genes, the expression of DCL3a showed a slight 
increase in the first week of the treatments. Regarding 
the activation of AGO genes, it can be stated that in this 
experimental system the increase in AGO18a activity was 
the most dominant, while only minor changes could be 
observed for the AGO1 and AGO7 genes. AGO18a is a 
monocot-specific gene, whose expression responds to viral 
infections and plays a major role in the antiviral defence 
of infected tissues (Wu et al. 2015). The results presented 
here show that the treatment with viral-origin siRNA also 
enhanced AGO18a expression, leading to high activity 
similar to that in virus-infected plants. For the other genes, 
the main activity changes were detected in response to 
MDMV infection. However, DCL3a, MOP1 and AGO4b 
had a higher expression rate at the first sampling date in 
the siRNA-MDMV group, indicating a stronger initial 
stress response against infection. These genes also exhib-
ited enhanced activity in the siRNA group, suggesting 
that siRNA treatment activated a priming mechanism in 
the antiviral defence system. The late activation of AGO7 
and AGO18b suggested the downregulation of growth, 
reflecting the trend seen in the abiotic stress response. The 
results thus demonstrate that exogenous siRNA application 
influences the basic expression pattern of RNAi genes, 
so targeted treatment could induce a priming mechanism 
in plants, enhancing the antiviral RNAi defence system 
before the appearance of a pathogen.

Conclusions

Stress factors trigger transcriptional and metabolic changes, 
in which RNAi is associated with gene expression regula-
tion at the post-transcriptional level and with chromatin 
modification in transcriptional silencing. Moreover, it plays 
a major role in antiviral defence (Wendte and Pikaard 2016; 
Zhang et al. 2018). RDRs DCLs and AGOs contribute to 
these gene regulation processes during plant development as 
well (Finnegan and Matzke 2003). In this study, the activity 
of a total of 4 ZmRDR, 5 ZmDCL, and 17 ZmAGO genes 
were analysed during drought stress and MDMV infec-
tion in maize. Similar priming treatments were applied to 
reveal regulatory changes in maize during abiotic and biotic 
stress. The results revealed the differential expression pat-
terns exhibited by these genes under abiotic and biotic stress 
conditions. The gene expression profiles showed the early, 
middle and late activation of these genes. Drought stress 
caused major changes in the expression profiles, indicating 
the stress response regulation takes place in several steps. 
Moreover, insights were gained into the fine-tuning mecha-
nisms of SA regulation. We observed that salicylate sig-
nalling might be in relationship with RNAi. In the case of 
MDMV infection less diverse trends were observed, which 
were mainly focused on antiviral defence. However, treat-
ment with exogenous siRNA seems to be an appropriate 
tool for the targeted influencing of RNAi, especially of AGO 
genes.
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